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Foreword 
The A C S S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
I N C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

THE C U R R E N T S T A T E O F K N O W L E D G E of proteins at interfaces is reflected 
in this book. Developed from a symposium that was one of a continuing 
series entitled "Surface Chemistry in Biology, Dentistry, and Medicine," the 
book is organized around the subtopics of behavior, mechanisms, methods 
of study, blood-material interactions, and applications of proteins at solid-
liquid, air-water, and oil-water interfaces. 

We asked authors who had worked in this field for some time to 
provide minireviews or overviews of their previous work. We also accepted 
original contributions from them and from those new to the field. Some 
authors chose to forgo the minireview approach in favor of newer work, 
but in general many of the contributions provide the broader view we had 
hoped for. 

The content of this book is quite diverse. Many factors contribute to 
this diversity, including the fact that the contributors' formal training varies 
widely. Investigators trained as immunologists, biochemists, polymer 
chemists, chemical engineers, and physical chemists provided chapters. 
Subjects range from the behavior of prothrombin at oil-water interfaces, to 
enhancement of albumin binding of certain biomaterials, to studies of 
protein foam stability. Finally, methods used also vary. Each technique is 
now recognized as inherently sensitive to certain aspects of proteins at 
interfaces but insensitive or inapplicable to the measurement of other 
aspects. For example, in situ ellipsometry is an exquisitely sensitive method 
but must be used with highly smooth, reflective surfaces and cannot be used 
easily to detect one protein among other proteins in a mixture. 

The book's broad range can make easy understanding of the field 
difficult for nonspecialists. On the other hand, the book provides a rich 
source of information for those motivated enough to pursue the topic. We 

IX 
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hope that Proteins at Interfaces will be of interest and use to both 
experienced investigators and to newcomers who need to learn more about 
the field. 

JOHN L. BRASH 

Department of Chemical Engineering 
McMaster University 
Hamilton, Ontario L8S 4L7, Canada 

THOMAS A. HORBETT 

Department of Chemical Engineering, BF-10, and 
Center for Bioengineering 

University of Washington 
Seattle, WA 98195 

December 19, 1986 
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Chapter 1 

Proteins at Interf aces: Current Issues and 
Future Prospects 

Thomas A. Horbett1 and John L. Brash2 

1Department of Chemical Engineering, BF-10, and Center for Bioengineering, 
University of Washington, Seattle, WA 98195 

2Department of Chemical Engineering, McMaster University, Hamilton, 
Ontario L8S 4L7, Canada 

The ability of proteins to influence a wide variety of 
processes that occur at interfaces i s well recognized. 
The biocompatibi l i ty of clinical implants, mammalian and 
bacter ia l cell adhesion to surfaces, initiation of blood 
coagulation, complement act ivat ion by surfaces, so l id 
phase immunoassays, and protein binding to cell surface 
receptors all involve proteins at interfaces . 
Furthermore, prac t i ca l problems such as contact lens 
foul ing, foaming of protein solutions, and fouling of 
equipment in the food processing industry, are direct 
consequences of the re la t ive ly high surface a c t i v i t y of 
proteins. In general, any process involving an interface 
in which contact with a protein solution occurs is l i k e l y 
to be influenced by protein adsorption to the interface. 
Thus, several reviews of protein adsorption have been 
published (1-5). 

Since previous reviews provide excellent coverage of 
the generally well understood or frequently studied 
aspects of the i n t e r f a c i a l behavior of proteins, this 
chapter w i l l focus on several facets of protein 
adsorption that have so far not been examined in much 
detail. While t h i s approach i s a t y p i c a l f o r an overview 
chapter, i t i s i n keeping with the i n t e n t of t h i s book to 
provide information t o the reader that r e f l e c t s more 
recent developments i n t h i s f i e l d . Furthermore, as w i l l 
be seen, the t o p i c s t o be dis c u s s e d n e c e s s i t a t e r e 
examination of previous s t u d i e s and provide some u n i f y i n g 
views of t h i s r a t h e r d i v e r s e s c i e n c e . 

The main t o p i c s t o be presented i n c l u d e the o r i g i n s 
of the surface a c t i v i t y of p r o t e i n s , m u l t i p l e s t a t e s of 
adsorbed p r o t e i n s , and the competitive a d s o r p t i o n 
behavior of p r o t e i n s . These t o p i c s were chosen because i t 
appears that a b e t t e r understanding of each i s necessary 

0097-6156/87/0343-0001 $09.25/0 
© 1987 American Chemical Society 
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2 PROTEINS AT INTERFACES 

to d e s c r i b e many of the i n t e r f a c i a l phenomena i n v o l v i n g 
p r o t e i n s , yet the fundamental concepts u n d e r l y i n g each 
have not been d i s c u s s e d as f u l l y as we hope t o do i n t h i s 
chapter. F i n a l l y , we des c r i b e some f u t u r e areas of 
research that are l i k e l y t o y i e l d important advances i n 
our understanding of p r o t e i n behavior at i n t e r f a c e s . 

On the O r i g i n s of D i f f e r e n c e s i n the Surface A c t i v i t y of 
Pr o t e i n s 

Molecular P r o p e r t i e s I n f l u e n c i n g Surface A c t i v i t y of 
P r o t e i n s . The molecular p r o p e r t i e s of p r o t e i n s that are 
thought t o be re s p o n s i b l e f o r t h e i r tendency t o r e s i d e at 
surfac e s are summarized i n Table I. The s i z e , charge, 
s t r u c t u r e , and other chemical p r o p e r t i e s of p r o t e i n s that 
presumably i n f l u e n c e surface a c t i v i t y are a l l 
fundamentally r e l a t e d t o t h e i r amino a c i d sequence, which 
i s f i x e d f o r each type of p r o t e i n but v a r i e s g r e a t l y 
among p r o t e i n s . Thus, d i f f e r e n c e s i n surface a c t i v i t y 
among p r o t e i n s a r i s e from v a r i a t i o n s i n t h e i r primary 
s t r u c t u r e . At t h i s p o i n t , f u r t h e r e n q u i r i e s i n t o the 
o r i g i n of surface a c t i v i t y d i f f e r e n c e s among p r o t e i n s 
become q u i t e p r o b l e m a t i c a l because l i t t l e d e t a i l e d 
i n f o r m a t i o n i s a v a i l a b l e that r e l a t e s v a r i a t i o n i n the 
primary s t r u c t u r e of p r o t e i n s t o changes i n the surface 
a c t i v i t y of the molecules. However, a d i s c u s s i o n of 
s p e c i f i c f a c t o r s w i l l serve t o c l a r i f y our concepts i n 
t h i s regard. 

S i z e i e presumably an important determinant of 
surface a c t i v i t y because p r o t e i n s and other 
macromolecules are thought t o form m u l t i p l e contact 
p o i n t s when adsorbed t o a su r f a c e . The i r r e v e r s i b i l i t y 
t y p i c a l l y observed f o r p r o t e i n s adsorbed t o surfaces i s 
thought to be due to the f a c t that simultaneous 
d i s s o c i a t i o n of a l l the contacts with the surfac e i s an 
u n l i k e l y event. M u l t i p l e bonding i s a l s o i n d i c a t e d by the 
r e l a t i v e l y l a r g e number of p r o t e i n carbonyl groups that 
contact s i l i c a s urfaces upon ad s o r p t i o n (£). The bound 
f r a c t i o n of peptide bond carbonyl groups, as c a l c u l a t e d 
from s h i f t s i n i n f r a r e d frequencies a f t e r adsorption, has 
been found t o be i n the range of 0 .05-0 .20 (£.) . The bound 
f r a c t i o n s correspond t o 77 contacts per adsorbed albumin 
molecule, and up t o 703 contacts per adsorbed f i b r i n o g e n 
molecule (£). On the other hand, s i z e i s c l e a r l y not on 
o v e r r i d i n g f a c t o r determining the surface a c t i v i t y 
d i f f e r e n c e s among p r o t e i n s . For example, hemoglobin 
appears t o be f a r more surface a c t i v e than f i b r i n o g e n 
(2)t yet the molecular weight of hemoglobin (65,000) i s 
approximately 1/5 that of f i b r i n o g e n (330,000). While 
albumin n e a r l y i s the same s i z e as hemoglobin, i t i s much 
l e s s s u r f a c e a c t i v e . F i n a l l y , s l i g h t v a r i a t i o n s i n the 
amino a c i d sequence of hemoglobin make l a r g e d i f f e r e n c e s 
i n s u r f a c e a c t i v i t y even though these v a r i a n t s have the 
same molecular weight (see below). 
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1. HORBETT AND BRASH Current Issues and Future Prospects 3 

Table I. Molecular P r o p e r t i e s of P r o t e i n s 
P o s s i b l y I n f l u e n c i n g T h e i r Surface A c t i v i t y 

1. S i z e : l a r g e r molecules may have more contact p o i n t s . 

2. Charge : molecules nearer t h e i r i s o e l e c t r i c pH may 

adsorb more e a s i l y . 

3. S t r u c t u r e : 

a. S t a b i l i t y : l e s s s t a b l e p r o t e i n s may be more 
surface a c t i v e . 

b. u n f o l d i n g r a t e s : more r a p i d u n f o l d i n g may favor 
surface a c t i v i t y . 

c. C r o s s - l i n k i n g : -S-S- bonds may reduce surf a c e 
a c t i v i t y . 

d. Subunits: more subunits may increase surface 
a c t i v i t y . 

4 . Other chemical p r o p e r t i e s : 

a. Amphipathicity: some p r o t e i n s may have more of the 
types of sid e chains favored f o r 
bonding. 

b. " O i l i n e s s " : more "hydrophobic" p r o t e i n s may be 
more surface a c t i v e . 

c. S o l u b i l i t y : l e s s s o l u b l e p r o t e i n s may be more 
surface a c t i v e . 
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4 PROTEINS AT INTERFACES 

The charge and charge d i s t r i b u t i o n of p r o t e i n s are 
l i k e l y t o i n f l u e n c e surface a c t i v i t y because i t i s known 
that most of the charged amino ac i d s r e s i d e at the 
e x t e r i o r of p r o t e i n molecules. These charged residues 
must t h e r e f o r e come i n t o c l o s e proximity with the surface 
i n the process of adsorption. Experimentally, p r o t e i n s 
have f r e q u e n t l y been found to e x h i b i t g r e a t e r a d s o r p t i o n 
at or near the i s o e l e c t r i c pH, perhaps because charge-
charge r e p u l s i o n among the adsorbed molecules i s 
minimized under these c o n d i t i o n s . However, Norde has 
concluded that the reduc t i o n i n adsorption at pH's away 
from the i s o e l e c t r i c i s due to s t r u c t u r a l rearrangements 
i n the adsorbing molecule, r a t h e r than charge r e p u l s i o n 
(4.) . In t h i s context, i t i s p e r t i n e n t to note t h a t the 
i s o e l e c t r i c pH (pi) of hemoglobin i s near n e u t r a l i t y 
(7.2) and that t h i s p r o t e i n i s much more surface a c t i v e 
at pH 7.4 than e i t h e r f i b r i n o g e n (pi =5.5) or albumin 
(pi = 4.8). It would be of i n t e r e s t to compare the 
s u r f a c e a c t i v i t y of these molecules at pH's other than 
7.4 to determine whether the ranking of surface 
a c t i v i t i e s changed as the i s o e l e c t r i c pH of each p r o t e i n 
was approached. The r o l e of p r o t e i n surface charge i s 
e s p e c i a l l y important and probably predominant at 
i n t e r f a c e s with f i x e d i o n i c charges, as shown by the 
a b i l i t y t o adsorb p r o t e i n s to i o n i z e d matrices. 
Adsorption t o t h i s type of surface i s s t r o n g l y a f f e c t e d 
by the degree of opposite charge on the p r o t e i n and the 
degree of competition provided by l i k e charged ions i n 
the b u f f e r . Adsorption t o charged matrices i s the b a s i s 
f o r the widely a p p l i e d s e p a r a t i o n of p r o t e i n s by ion 
exchange chromatography. 

S t r u c t u r a l f a c t o r s important i n the surface a c t i v i t y 
of p r o t e i n s are not w e l l understood. We may speculate 
that p r o t e i n s l i k e l y to u n f o l d to a g r e a t e r degree or 
that u n f o l d more r a p i d l y would be more surface a c t i v e 
because more contacts per molecule co u l d be formed and 
because the c o n f i g u r a t i o n a l entropy gain favors the 
a d s o r p t i o n . Thus, d i s u l f i d e cross l i n k e d p r o t e i n s would 
be l e s s l i k e l y t o u n f o l d as r a p i d l y or completely and 
t h e r e f o r e be l e s s surface a c t i v e . This p r e d i c t i o n i s 
amenable to experimental t e s t s ince r e d u c t i o n of 
d i s u l f i d e bonds can be done s p e c i f i c a l l y and completely 
with very m i l d reagents. The only known t e s t of t h i s idea 
was the observation that d i s u l f i d e bond r e d u c t i o n by 
t h i o g l y c o l l i c a c i d increased the number of bonds formed 
by albumin adsorbed to s i l i c a by about 50% (£). On the 
other hand, a d d i t i o n a l c r o s s - l i n k i n g of albumin with 
d i e t h y l malonimidate d i d not reduce the number of bonds 
formed (£), perhaps because n a t i v e albumin i s already 
h e a v i l y c r o s s - l i n k e d by 16 d i s u l f i d e linkages (£). 
F i n a l l y , the existence of non-covalently bonded subunits 
i n a p r o t e i n may favor surface a c t i v i t y because 
rearrangements of the i n t e r - s u b u n i t contacts t o allow 
more contact of each subunit with the surface can 
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1. HORBETT AND BRASH Current Issues and Future Prospects 5 

probably occur more r e a d i l y than rearrangements w i t h i n 
each subunit. Measurement of the r e l a t i v e surface 
a c t i v i t y of the subunits of hemoglobin i n comparison t o 
the t e t r a m e r i c whole molecule might provide an 
i n t e r e s t i n g t e s t of t h i s idea. 

Chemical d i f f e r e n c e s among p r o t e i n s a r i s i n g from the 
p a r t i c u l a r balance of amino a c i d residues i n each p r o t e i n 
probably are a l s o important f a c t o r s i n f l u e n c i n g the 
surface a c t i v i t y of p r o t e i n s . The amphipathic nature of 
p r o t e i n s , due to the presence of hydrophobic, h y d r o p h i l i c 
and charged amino a c i d s i d e chains, provides an 
opportunity f o r bonding t o s i t e s t h a t vary c o n s i d e r a b l y 
i n chemical nature. Thus, f o r a p a r t i c u l a r surface, some 
p r o t e i n s may have more of the type of residue that favors 
bonding to the kin d of adsorpt i o n s i t e s p r e v a l e n t on t h i s 
s urface, and t h e r e f o r e would be more surface a c t i v e than 
other p r o t e i n s . More g e n e r a l l y , the idea that p r o t e i n s 
have a hydrophobic or o i l y core suggests t h a t p r o t e i n s 
that are more hydrophobic may be p r e f e r r e d on many 
surfac e s , e s p e c i a l l y i n view of the apparent importance 
of hydrophobic i n t e r a c t i o n s i n p r o t e i n i n t e r a c t i o n s with 
some surf a c e s . L a s t l y , s i n c e the s o l u b i l i t y of a 
p r o t e i n i n the bulk phase i s a complex f u n c t i o n of i t s 
o v e r a l l chemical composition, and because ad s o r p t i o n t o 
an i n t e r f a c e can be thought of as i n s o l u b i l i z a t i o n or 
phase separation, i t could be that d i f f e r e n c e s i n 
s o l u b i l i t y are important i n d i c a t o r s of d i f f e r e n c e s i n 
surface a c t i v i t y . However, the r a t h e r high s o l u b i l i t y of 
hemoglobin (ca 300 mg/ml i n s i d e red c e l l s ) argues against 
t h i s idea because t h i s p r o t e i n i s q u i t e surface a c t i v e 
(1) . 

Surface A c t i v i t y of Hemoglobin Genetic V a r i a n t s . The 
best experimental evidence on the molecular o r i g i n s of 
d i f f e r e n c e s i n the surface a c t i v i t y of p r o t e i n s has come 
from study of the behavior of hemoglobin g e n e t i c v a r i a n t s 
at the air/water i n t e r f a c e (10-14). The d i f f e r e n c e s i n 
surface a c t i v i t y of these v a r i a n t s were o r i g i n a l l y 
i n d i c a t e d by the f o r t u i t o u s observation by Asakura et a l . 
that hemoglobin S s o l u t i o n s tend t o form p r e c i p i t a t e s 
when shaken, u n l i k e s o l u t i o n s of the normal hemoglobin A 
v a r i a n t ( l u ) . Hemoglobin S i s predominant i n the red 
c e l l s of humans with the s i c k l e c e l l d i s e a s e . The ra t e of 
p r e c i p i t a t i o n induced by mechanical shaking i s r e f e r r e d 
t o as "mechanical s t a b i l i t y " i n t h i s l i t e r a t u r e . 

Since shaking of p r o t e i n s o l u t i o n s induces bubble 
formation, and because a g i t a t i o n without bubble formation 
(by slow s t i r r i n g ) causes a much slower r a t e of 
p r e c i p i t a t i o n , the enhanced p r e c i p i t a t i o n r a t e of 
hemoglobin S s o l u t i o n s was a t t r i b u t e d t o an enhanced r a t e 
of surface denaturation at the a i r / w a t e r - l i q u i d 
i n t e r f a c e . This idea was confirmed by d i r e c t 
measurements of the p r o p e r t i e s of hemoglobin f i l m s at the 
air/water i n t e r f a c e with a surface balance. The surfac e 
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6 PROTEINS AT INTERFACES 

balance experiments showed that s u r f a c e pressure k i n e t i c s 
(π - t) and isotherms (π - A) f o r hemoglobin S and other 
v a r i a n t s were markedly d i f f e r e n t from hemoglobin A (14.) . 
The decrease i n surface pressure f o l l o w i n g i n j e c t i o n of 
hemoglobin s o l u t i o n s i n t o the subphase occurred more 
q u i c k l y and was greater at steady s t a t e f o r hemoglobin S 
than f o r hemoglobin A. Furthermore, the π - A curves f o r 
the two v a r i a n t s became much more a l i k e when done at 
lower temperatures (14) , i n agreement with the 
obser v a t i o n that d i f f e r e n c e s i n mechanical s t a b i l i t y 
among the g e n e t i c v a r i a n t s tend t o disappear at lower 
temperatures (10). The pressure-area isotherms f o r the 
v a r i a n t s , obtained by compression of the p r o t e i n f i l m s , 
a l s o showed d i s t i n c t d i f f e r e n c e s . The sharp in c r e a s e i n 
the r e s i s t a n c e t o f u r t h e r compression ( a t t r i b u t e d t o 
monolayer formation) occurred at an area of 8000 Â^/ 
molecule f o r hemoglobin S compared t o 5000 Â^/molecule 
f o r hemoglobin A. The greater area per molecule suggests 
a g r e a t e r degree of u n f o l d i n g of the hemoglobin S 
molecule compared t o hemoglobin A. 

Study of the mechanical s t a b i l i t y of other 
hemoglobin v a r i a n t s has r e s u l t e d i n the f o l l o w i n g 
ranking: HbA « HbC ^6Glu-> Lys) « HbF (γ chain 
r e p l a c e s β chain) « HbA2 (δ chain r e p l a c e s β chain) « Hb 
Deer Lodge (β2 His-*Asp)< Hb Ko r l e Bu (β73 Asn -> Asp) < 
HbS (ββΘΙιι -» Val) < Hb C H a r l e m (p6Glu -> V a l ; β73 Asp -» 
Asn) (12.) . The not a t i o n s i n par e n t h e s i s i n d i c a t e the 
amino a c i d s u b s t i t u t i o n s e.g., β β ΰ ^ —» V a l means the 
glutamic a c i d at p o s i t i o n 6 i n the β subunit has been 
r e p l a c e d with a v a l i n e r e s i d u e . The m a j o r i t y of these 
d i f f e r e n c e s i n mechanical s t a b i l i t y are a t t r i b u t a b l e t o 
d i f f e r e n c e s i n surface a c t i v i t y i . e . , the π-Α or π-t 
isotherms at the air/wat e r i n t e r f a c e have been shown t o 
vary c o n s i d e r a b l y f o r these v a r i a n t s . However, some 
apparent exceptions t o t h i s c o r r e l a t i o n e x i s t , e.g. no 
d i f f e r e n c e i n the surface a c t i v i t y of Hb Ko r l e Bu and HbA 
was observed d e s p i t e t h e i r d i f f e r e n c e i n mechanical 
s t a b i l i t y . 

The l a r g e d i f f e r e n c e i n the surface a c t i v i t i e s of 
HbA and HbS apparently a r i s e s from a s i n g l e Glu —> V a l 
amino a c i d s u b s t i t u t i o n at p o s i t i o n 6 i n the β chain. 
S i m i l a r l y , the v a r i a n t Hb CHarlem' which has an 
a d d i t i o n a l Asn —» Asp s u b s t i t u t i o n at β73, i s even more 
unstable. In co n t r a s t , Hb Korle Bu, having only the Asn —» 
Asp s u b s t i t u t i o n at β73, i s much more s t a b l e than HbS. 
These r e s u l t s c l e a r l y i n d i c a t e that seemingly minor 
changes i n primary s t r u c t u r e can induce l a r g e changes i n 
the surface a c t i v i t y of p r o t e i n s . On the other hand, the 
data a l s o show tha t the m u l t i p l e d i f f e r e n c e s r e s u l t i n g 
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1. HORBETT AND BRASH Current Issues and Future Prospects 1 

from replacement of the β chain with e i t h e r the γ chain i n 
HbF or the 5 chain i n HbA2 do not introduce s i g n i f i c a n t 
changes i n surface a c t i v i t y . Thus, the amino a c i d 
composition of the γ chain v a r i e s from the β chain at 38 
out of the 146 amino a c i d p o s i t i o n s (15) without apparent 
e f f e c t on the surface a c t i v i t y of HbF compared t o the 
normal v a r i a n t , HbA. 

The d i f f e r e n c e s i n surface a c t i v i t y of some of the 
hemoglobin g e n e t i c v a r i a n t s are d i f f i c u l t t o r a t i o n a l i z e 
i n terms of the e f f e c t s of s i z e , charge, or chemistry 
that were d i s c u s s e d p r e v i o u s l y (see Table I) because 
these e f f e c t s presumably operate i n an a d d i t i v e or 
cumulative way. Thus, f o r example, i t i s d i f f i c u l t t o 
see how the change of a s i n g l e residue c o u l d change the 
balance of amphipathicity g r e a t l y because a l l the 
residues of the p r o t e i n i n f l u e n c e t h i s p roperty. 
Instead, the larg e e f f e c t of s i n g l e amino a c i d 
s u b s t i t u t i o n s on hemoglobin surface a c t i v i t y p o i n t s t o a 
very important r o l e f o r s t r u c t u r a l s t a b i l i t y i n the 
i n t e r f a c i a l behavior of p r o t e i n s . Since s t r u c t u r a l 
t r a n s i t i o n s i n p r o t e i n s occur i n a cooperative f a s h i o n , 
e.g., p r o t e i n "melting" occurs over a narrow range of 
temperature, s t r u c t u r a l s t a b i l i t y c o uld be s t r o n g l y 
i n f l u e n c e d by s i n g l e amino a c i d s u b s t i t u t i o n s . 

The importance of s t r u c t u r a l t r a n s i t i o n s on the 
surface a c t i v i t y of Hb v a r i a n t s i s a l s o i n d i c a t e d by the 
f a c t t hat mechanical s t a b i l i t y and surface a c t i v i t y 
d i f f e r e n c e s among the v a r i a n t s tend t o disappear at lower 
temperatures and i n the deoxygenated s t a t e . The 
temperature e f f e c t s have been a t t r i b u t e d t o s t a b i l i z a t i o n 
of hydrophobic i n t e r a c t i o n s at lower temperatures (14). 
The much gre a t e r mechanical s t a b i l i t y and lower surface 
a c t i v i t y of the deoxygenated forms of hemoglobin S and 
other v a r i a n t s has a l s o been i n t e r p r e t e d t o mean that 
s t r u c t u r a l t r a n s i t i o n s are being i n f l u e n c e d by the 
s u b s t i t u t i o n s , because i t i s known that the oxy and deoxy 
forms d i f f e r i n t h e i r three dimensional s t r u c t u r e s . 
Furthermore, d e u t e r a t i o n of HbS reduces i t s surface 
a c t i v i t y , an e f f e c t thought t o a r i s e from the stronger 
hydrogen bonding and van der Waals i n t e r a c t i o n s that 
occur i n t h i s solvent (14). The l o c a t i o n of the β6 Glu —» 
Va l s u b s t i t u t i o n i n HbS at the outside of the molecule, 
where i t does not contact other residues, the f a c t t h a t 
HbC with a β6 g l u —» l y s s u b s t i t u t i o n r e t a i n s i t s 
s t a b i l i t y , and f i n a l l y the requirement f o r the oxygenated 
s t a t e t o reduce s t a b i l i t y , suggest that the surface 
a c t i v i t y of the hemoglobin molecule (and perhaps other 
p r o t e i n s ) i s very s e n s i t i v e to minor changes i n the 
conformational s t a t e s a c h i e v a b l e . 
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8 PROTEINS AT INTERFACES 

M u l t i p l e States of Adsorbed P r o t e i n s 

Background. The idea that adsorbed p r o t e i n s may e x i s t i n 
more than one s t a t e has been taken i n t o account i n more 
recent models of p r o t e i n adsorption (16-18) , although 
many e a r l i e r i n v e s t i g a t o r s used a simple Langmuir model 
that does not consider such a p o s s i b i l i t y . However, 
review of the l i t e r a t u r e on p r o t e i n adsorption r e v e a l s 
that there i s a l a r g e amount of experimental evidence 
supporting the concept of m u l t i p l e s t a t e s . In a d d i t i o n , 
i t i s found that there are q u i t e p l a u s i b l e mechanisms to 
e x p l a i n how and why p r o t e i n s could r e s i d e at i n t e r f a c e s 
i n more than one way. The motivation f o r these thoughts 
came o r i g i n a l l y from attempts to understand changes i n 
the detergent e l u t a b i l i t y of adsorbed p r o t e i n s , so these 
experiments and an a n a l y s i s of them are b r i e f l y presented 
by way of a concrete i n t r o d u c t i o n to the concept of 
m u l t i p l e s t a t e s . 

The a b i l i t y t o remove f i b r i n o g e n or albumin from a 
v a r i e t y of polymeric surfaces with the detergent sodium 
d o d e c y l s u l f a t e (SDS) was found to g r a d u a l l y decrease i f 
the time between adsorpt i o n and e l u t i o n was lengthened 
(19). Since the e l u t i o n c o n d i t i o n s were h e l d constant, 
the data suggested that the b i n d i n g s t r e n g t h of the 
adsorbed p r o t e i n s had changed over time, i n d i c a t i n g that 
they c o u l d e x i s t i n more than one way, or " s t a t e " on the 
s u r f a c e . The rate of l o s s of SDS e l u t a b i l i t y was 
s t r o n g l y enhanced at e l e v a t e d temperatures but was very 

ο 
low i f the samples were s t o r e d at 4 C r a t h e r than room 
temperature. The temperature e f f e c t s suggest that the 
p o s t - a d s o r p t i o n changes i n e l u t a b i l i t y are probably due 
to conformational a l t e r a t i o n s which allow more contacts 
per molecule ("molecular spreading"). The s t u d i e s a l s o 
imply that the incomplete e l u t i o n observed even i f 
e l u t i o n was done immediately a f t e r a d s o r p t i o n i s due t o 
t r a n s i t i o n s that occured during adsorption — t h a t i s , 
some of the p r o t e i n s i n the adsorbed l a y e r are i n one 
s t a t e (elutable) while other molecules are i n the non-
e l u t a b l e s t a t e . This thought l e d to a more general 
a n a l y s i s of p r o t e i n s i n m u l t i p l e s t a t e s of adsorption 
because i t was c l e a r that more evidence was needed to 
support t h i s hypothesis. The p o s s i b l e mechanisms that 
could l e a d t o m u l t i p l e s t a t e s and the experimental 
evidence that supports t h i s idea are presented i n the 
remainder of t h i s s e c t i o n . 
Mechanisms f o r M u l t i p l e S t a t e s . P o s s i b l e mechanisms that 
could lead t o m u l t i p l e s t a t e s of adsorbed p r o t e i n s are 
summarized i n Table II and i l l u s t r a t e d i n F i g u r e s 1-5. 
The a d s o r p t i o n of a p r o t e i n molecule at a s i t e i s l i k e l y 
t o be i n f l u e n c e d by the existence of molecules already 
adsorbed at nearby s i t e s , by e i t h e r geometric r e d u c t i o n 
of the area a v a i l a b l e f o r adsorption as the surface s i t e s 
become occupied ("occupancy" e f f e c t s , F i g u r e la) or by 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
1



1. HORBETT AND BRASH Current Issues and Future Prospers 9 

Table I I . M u l t i p l e States of Adsorbed P r o t e i n s : 
Some P o s s i b l e Mechanisms 

1. " I n t r i n s i c " heterogeneity due to occupancy e f f e c t s 
and adsorbate - adsorbate i n t e r a c t i o n s . 

2 . S t r u c t u r a l l y a l t e r e d forms of the p r o t e i n may e x i s t 
on the surface due t o : 

a. P r e - e x i s t i n g d i s t r i b u t i o n of conformations i n 
s o l u t i o n phase; 

b. Rapid conformational changes accompanying 
adsorption; 

c. Slow conformational changes a f t e r a d s o r p t i o n 
("residence time" e f f e c t s ) . 

3. O r i e n t a t i o n a l s t a t e s due to "patchiness" of p r o t e i n 
e x t e r i o r . 

4. M u l t i p l e b i n d i n g modes due t o amphipathicity of 
p r o t e i n and mixed s i t e nature of s u b s t r a t e . 

5. A d i s t r i b u t i o n with regard to number of bonds per 
molecule may be expected on s t a t i s t i c a l grounds. 
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PROTEINS AT INTERFACES 

Site size greater than molecular size 

Site size less than molecular size 

b Intermolecular distance > effective range of repulsive forces 

Intermolecular distance < effective range of repulsive forces 

Figure 1. I n t r i n s i c heterogeneity as a cause of 
m u l t i p l e s t a t e s of adsorbed p r o t e i n s , a. Occupancy 
e f f e c t s , b. Adsorbate - adsorbate i n t e r a c t i o n s . 
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1. HORBETT AND BRASH Current Issues and Future Prospects 11 

" Final " 

F i g u r e 2. S t r u c t u r a l l y a l t e r e d forms as a cause of 
m u l t i p l e s t a t e s of adsorbed p r o t e i n s , a. Pre
e x i s t i n g forms i n s o l u t i o n , b. Rapid formation upon 
adsor p t i o n , c. Slow conformational change a f t e r 
a d s o r p t i o n . 
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PROTEINS AT INTERFACES 

Figure 5. S t a t i s t i c a l d i s t r i b u t i o n of bonds per 
molecule as a cause of m u l t i p l e s t a t e s of adsorbed 
p r o t e i n s . 
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1. HORBETT AND BRASH Current Issues and Future Prospects 13 

r e p u l s i v e f o r c e s t h a t are expected whenever the molecules 
are c l o s e enough ["adsorbate-adsorbate" i n t e r a c t i o n s , 
Figure l b ] . These f a c t o r s may cause the adsorbed 
p o p u l a t i o n t o be i n t r i n s i c a l l y heterogeneous with respect 
t o p r o t e i n - s u r f a c e i n t e r a c t i o n s . 

The term " i n t r i n s i c a l l y heterogeneous" i s used 
because l i m i t a t i o n s on access t o the subs t r a t e are 
probably inherent i n the process of l o a d i n g a l l a v a i l a b l e 
surface s i t e s with p r o t e i n . These l i m i t a t i o n s i n t u r n 
probably cause d i f f e r e n t modes of contact t o occur f o r 
molecules adsorbed at low co n c e n t r a t i o n than at high 
c o n c e n t r a t i o n , as i l l u s t r a t e d s c h e m a t i c a l l y i n Fi g u r e 1. 
Most monolayer adsorption models a p p l i e d t o p r o t e i n s at 
i n t e r f a c e s do not e n v i s i o n t h i s type of heterogeneity 
because they are based on the Langmuir model f o r gas 
ads o r p t i o n . The Langmuir model was o r i g i n a l l y developed 
f o r a d s o r p t i o n i n v o l v i n g very small species that are 
uncharged and e s s e n t i a l l y uniform over t h e i r surface with 
regard t o t h e i r a b i l i t y t o i n t e r a c t with the s u b s t r a t e . 
N e i t h e r assumption a p p l i e s t o p r o t e i n s . 

S e v e r a l d i f f e r e n t s t r u c t u r a l l y a l t e r e d forms of the 
same p r o t e i n molecule may c o - e x i s t i n the adsorbed l a y e r , 
because of adsorpt i o n of these species from an 
e q u i l i b r i u m d i s t r i b u t i o n p r e - e x i s t i n g i n the bulk phase 
(Figure 2a), r a p i d changes induced by adsorpt i o n (2b), or 
slow re-arrangements l e a d i n g t o forms that are more 
t i g h t l y adsorbed as more contacts are formed (2c). The 
exi s t e n c e of s e v e r a l conformations of the same p r o t e i n i n 
the s o l u t i o n phase i s suggested by the f a c t t hat c e r t a i n 
regions of p r o t e i n s appear t o be able t o undergo motion, 
e s p e c i a l l y i n Ν or C t e r m i n a l s e c t i o n s of the amino a c i d 
sequence. Furthermore, the a v a i l a b i l i t y of e n e r g e t i c a l l y 
s i m i l a r s t r u c t u r a l s t a t e s of p r o t e i n s , as i n d i c a t e d by 
conformational s h i f t s induced by l i g a n d b i n d i n g , 
temperature changes, or pH s h i f t s , makes i t l i k e l y t h at a 
c e r t a i n f r a c t i o n of the bulk p r o t e i n w i l l e x i s t i n other 
than the average or lowest energy s t a t e during the 
adsorpti o n process. C l e a r l y , whether the adsorbed s t a t e 
i n c l u d e s a s u b s t a n t i a l f r a c t i o n of a l t e r e d forms due t o 
t h i s cause w i l l depend on the degree of s e p a r a t i o n i n 
energy s t a t e s of the bulk p r o t e i n p o p u l a t i o n . On the 
other hand, the a b i l i t y of p r o t e i n s t o undergo both r a p i d 
and slow s t r u c t u r a l a l t e r a t i o n s upon adsorp t i o n seems to 
be a p l a u s i b l e source of m u l t i p l e s t a t e s because such 
changes co u l d c o n t r i b u t e t o in c r e a s e d bonding per 
molecule. A l t e r a t i o n of the s t r u c t u r e c o u l d allow c l o s e r 
approach of the e x t e r n a l residues t o the surfa c e as w e l l 
as i n c r e a s e d exposure of normally i n t e r n a l hydrophobic 
residues, both of which could increase the number of 
bonds with the su r f a c e . The s t r u c t u r a l a l t e r a t i o n s a l s o 
would c o n t r i b u t e t o an increase of entropy i n the system 
(see below). 

The non-uniform d i s t r i b u t i o n of amino a c i d residues 
on the e x t e r i o r of the p r o t e i n molecules, the o v e r a l l 
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14 PROTEINS AT INTERFACES 

geometric asymmetry of p r o t e i n molecules, and the 
e x i s t e n c e of "patches" at the p r o t e i n e x t e r i o r e n r i c h e d 
i n amino a c i d residues of a p a r t i c u l a r type (e.g., 
n e g a t i v e l y charged), together with the f a c t that bonding 
to the surface may be favored much more by c e r t a i n types 
of residues, suggests that c e r t a i n o r i e n t a t i o n s of the 
adsorbed molecules are more l i k e l y than others. However, 
si n c e a v a r i e t y of o r i e n t a t i o n a l s t a t e s may each b r i n g a 
s u b s t a n t i a l number of the favored residues i n t o c l o s e 
contact with the surface (see Figure 3), we may 
reasonably expect that more than one o r i e n t a t i o n a l s t a t e 
e x i s t s i n the adsorbed p r o t e i n l a y e r . 

Recent s t u d i e s of monoclonal antibody b i n d i n g t o 
adsorbed myoglobin have provided some inf o r m a t i o n on the 
o r i e n t a t i o n a l s t a t e of adsorbed p r o t e i n s . Each of the 
a n t i b o d i e s s t u d i e d bound to s p e c i f i c but d i f f e r e n t 
regions of myoglobin c a l l e d "epitopes". Some of the 
a n t i b o d i e s e x h i b i t e d the same a f f i n i t y f o r myoglobin i n 
the s o l u t i o n and adsorbed s t a t e , but others had very much 
lower b i n d i n g a f f i n i t y f o r adsorbed myoglobin than f o r 
myoglobin i n s o l u t i o n . E i t h e r conformational changes, or 
s t e r i c b l o c k i n g of the b i n d i n g s i t e due t o o r i e n t a t i o n 
towards the substrate could e x p l a i n these d i f f e r e n c e s but 
here only the o r i e n t a t i o n a l e x p l a n a t i o n w i l l be 
d i s c u s s e d . 

The reduced a f f i n i t y of some but not a l l a n t i b o d i e s 
with s p e c i f i c i t y towards various regions of an adsorbed 
molecule i s e x a c t l y what one would expect i f the adsorbed 
molecules were o r i e n t e d i n such a way as t o prevent 
access of the antibody t o c e r t a i n regions of the 
molecule. However, the data f o r myoglobin seem t o imply a 
s u r p r i s i n g u n i f o r m i t y i n the o r i e n t a t i o n , since the 
a f f i n i t y would be reduced only i f a l l of the adsorbed 
molecules were i n a given o r i e n t a t i o n a l s t a t e . Thus, f o r 
example, i f h a l f the adsorbed molecules were o r i e n t e d 
with the epitope f u l l y a v a i l a b l e to the bulk phase and 
the other h a l f with the epitope o r i e n t e d towards and 
p a r t i a l l y blocked by the substrate, the antibody b i n d i n g 
should i n d i c a t e the presence of both high a f f i n i t y and 
low a f f i n i t y b inding, e.g., two slopes i n the Scatchard 
p l o t of the b i n d i n g data. The a b i l i t y t o detect antibody 
b i n d i n g to a f r a c t i o n of molecules i n the adsorbed l a y e r 
which r e t a i n the same b i n d i n g constant as the p r o t e i n i n 
s o l u t i o n , i n the presence of a m a j o r i t y o r i e n t e d i n such 
a way as to reduce the binding, depends on the 
experimental e r r o r encountered. Thus, the data on 
monoclonal antibody b i n d i n g to adsorbed myoglobin may not 
mean a l l molecules are o r i e n t e d one way, but i t does 
suggest that most are. On the other hand, the use of 
" s o l i d phase" immunoassay techniques i n which antibody i s 
bound f i r s t t o a s o l i d s u bstrate and then used t o measure 
l i g a n d uptake has shown that only some of the adsorbed 
a n t i b o d i e s (e.g., 1%) b i n d l i g a n d , c l e a r l y i n d i c a t i n g the 
e x i s t e n c e of more than one s t a t e ( p o s s i b l y o r i e n t a t i o n a l ) 
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1. HORBETT AND BRASH Current Issues and Future Prospects 15 

of adsorbed a n t i b o d i e s (see chapter by Giaever and 
Keese). 

M u l t i p l e b i n d i n g modes may a l s o e x i s t due to the 
mixed s i t e nature of a r e a l i n t e r f a c e (Figure 4). A 
p e r f e c t l y homogeneous, p e r f e c t l y c l e a n i n t e r f a c e i s 
d i f f i c u l t i f not impossible to produce, and i n any case 
i s probably not r e p r e s e n t a t i v e of a c t u a l m a t e r i a l s used 
i n a d s o r p t i o n s t u d i e s . For example, most s i l i c o n e rubber 
samples i n c l u d e s i l i c o n d i o x i d e f i l l e r s whose surface 
p r o p e r t i e s d i f f e r markedly from the p o l y d i m e t h y l s i l o x a n e 
polymer, the l a t t e r of which i s i t s e l f l i k e l y t o be 
somewhat heterogeneous with respect t o molecular weight 
and degree of c r o s s - l i n k i n g . Some polymers ( i n c l u d i n g 
polyurethanes) a c t u a l l y phase segregate i n t o markedly 
d i f f e r e n t domains because of d i f f e r e n c e s i n t h e i r 
chemical p r o p e r t i e s (20). Even ch e m i c a l l y simple 
m a t e r i a l s such as polyethylene are known t o have a r a t h e r 
wide range of s t r u c t u r a l arrangements (e.g. " c r y s t a l l i n e " 
and amorphous r e g i o n s ) . Thus, surfaces probably have a 
v a r i e t y of s i t e s t o which a p r o t e i n can adsorb, each of 
which may favor d i f f e r e n t types of amino a c i d residues 
f o r bonding. To occupy a l l the s i t e s on a surface, i t i s 
thus p o s s i b l e that the p r o t e i n s may e x i s t i n a v a r i e t y of 
adsorbed s t a t e s , as diagrammed s c h e m a t i c a l l y i n Figure 4. 

F i n a l l y , a s t a t i s t i c a l argument f o r the e x i s t e n c e of 
m u l t i p l e s t a t e s of adsorbed molecules can be made. 
Chemical species are thought t o e x i s t i n a s e r i e s of 
s t a t e s governed by a p r o b a b i l i t y f u n c t i o n that i s r e l a t e d 
t o the energy of each s t a t e the Boltzmann 
d i s t r i b u t i o n . In the case of an adsorbed p r o t e i n 
molecule, t h i s idea i s represented i n F i g u r e 5 by 
d i f f e r e n c e s i n the number of bonds per molecule. I f the 
t o t a l energy r e l e a s e d upon the formation of these 
v a r i o u s l y bonded molecules does not d i f f e r g r e a t l y , as i s 
l i k e l y i n a process i n v o l v i n g many bonds per molecule, 
then a d i s t r i b u t i o n with regard to the number of bonds 
per molecules i s expected. The importance of t h i s source 
of m u l t i p l e s t a t e s i s d i f f i c u l t t o assess because i t 
depends on both the s t r e n g t h of i n d i v i d u a l bonds and the 
number i n v o l v e d i n adsorption of p r o t e i n s , n e i t h e r of 
which i s p r e s e n t l y known. 

Evidence f o r M u l t i p l e States of Adsorbed P r o t e i n s . The 
evidence to be reviewed here supporting the e x i s t e n c e of 
m u l t i p l e s t a t e s of adsorbed p r o t e i n s d e r i v e s from many 
types of s t u d i e s (see Table I I I ) . In each study, 
d i f f e r e n t techniques were used to study the behavior of 
p r o t e i n s at i n t e r f a c e s but none was s p e c i f i c a l l y designed 
nor a p p l i e d t o i n v e s t i g a t e the p o s s i b l e e x i s t e n c e of 
m u l t i p l e s t a t e s of adsorbed p r o t e i n s . Furthermore, the 
p r o t e i n s , s u r f a c e s , and o b j e c t i v e s of each study v a r i e d . 
Nonetheless, t h i s d i v e r s e data base i s c o n s i s t e n t i n 
support of the existence of m u l t i p l e s t a t e s , and i t s 
d i v e r s i t y may t h e r e f o r e a c t u a l l y provide g r e a t e r 
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16 PROTEINS AT INTERFACES 

Table I I I . Evidence f o r M u l t i p l e States 

1. Weakly & t i g h t l y bound p r o t e i n s are i n d i c a t e d by: 

• p a r t i a l b u f f e r d e s o r p t i o n ; 
• p a r t i a l p r o t e i n exchange; 
• p a r t i a l p r o t e i n displacement; 
• p a r t i a l detergent e l u t i o n . 

2. F r e u n d l i c h isotherms (Θ = k C 1 / f n ) imply 
heterogeneity. 

3. Decreases i n SDS e l u t a b i l i t y of p r o t e i n s as 
residence time and temperature in c r e a s e a f t e r 
a d s o r p t i o n . 

4. The bound f r a c t i o n of γ-globulin on s i l i c a i s lower 
at high f r a c t i o n a l s a t u r a t i o n . 

5. Calorimetry s t u d i e s i n d i c a t e t h a t the molar ΔΗ f o r 
adsorption v a r i e s markedly with surface coverage. 

6. Fluorescence recovery curves a f t e r photobleaching of 
rhodamine-albumin on quartz i n d i c a t e presence of 
three bound s t a t e s : i r r e v e r s i b l e , slowly 
r e v e r s i b l e , and r a p i d l y r e v e r s i b l e . 

7. Adsorption " h y s t e r e s i s " on d e r i v a t i z e d g e l s : 
desorption r a t e s f o r phosphorylase b i n c r e a s e with 
i n c r e a s i n g f r a c t i o n a l s a t u r a t i o n . 

8. IgG d e s o r p t i o n from s i l i c a and n-pentyl s i l a n i z e d 
s i l i c a occurs at two very d i f f e r e n t r a t e s . 
Residence time lowers de s o r p t i o n r a t e from s i l i c a 
markedly. 

9. P r o t e i n adsorption may occur i n " i s l a n d s " on some 
su r f a c e s . 

10. P a r t i a l l o s s e s i n enzyme a c t i v i t y occur upon 
adsor p t i o n . 

11. BHK c e l l i n t e r a c t i o n s with adsorbed f i b r o n e c t i n are 
enhanced by albumin co-adsorption. 

12. The sequence of fibrinogen/albumin p r e - a d s o r p t i o n 
i n f l u e n c e s p l a t e l e t r e a c t i o n s in vivo. 

13. P l a t e l e t r e t e n t i o n i n bead columns i s w e l l 
c o r r e l a t e d with a n t i f i b r i n o g e n uptake but not with 
the t o t a l amount of f i b r i n o g e n adsorbed. 
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1. HORBETT AND BRASH Current Issues and Future Prospects 17 

confidence i n t h i s c o n c l u s i o n than c o u l d be d e r i v e d from 
a narrower set of experiments. 

Evidence supporting m u l t i p l e s t a t e s of p r o t e i n 
adsorption i n c l u d e observations i n d i c a t i n g the presence 
of weakly and t i g h t l y bound p r o t e i n s . The adsorption of 
p r o t e i n s to s o l i d surfaces i s t y p i c a l l y i r r e v e r s i b l e i n 
the sense that continued, extensive soaking i n the b u f f e r 
used f o r adsorpt i o n does not remove a l l the p r o t e i n . 
However, some of the p r o t e i n present a f t e r a b r i e f 
i n i t i a l r i n s e i s p a r t i a l l y or slowly removable i n a 
second, longer b u f f e r r i n s e . A f u r t h e r f r a c t i o n (but 
s t i l l not a l l ) i s removed when the adsorbed surface i s 
pl a c e d i n a s o l u t i o n of the p r o t e i n , a process r e f e r r e d 
to as exchange (21,22) . S i m i l a r l y , some of the f i b i n o g e n 
adsorbed from plasma i s removed when the surface i s put 
i n a hemoglobin s o l u t i o n , a process r e f e r r e d t o as 
displacement (23). F i n a l l y , s t i l l more adsorbed p r o t e i n 
(but u s u a l l y not a l l ) i s removable by detergents (24 F25) . 
P a r t i a l removal by b u f f e r or p r o t e i n or detergent 
suggests that some of the adsorbed molecules are more 
t i g h t l y h e l d then others, i . e . , that the adsorbed l a y e r 
i s heterogeneous with respect t o the r e v e r s i b i l i t y of 
ads o r p t i o n . The processes u n d e r l y i n g such evident 
heterogeneity are not c l e a r , however. The s t u d i e s on 
e l u t a b i l i t y l o s s e s already d i s c u s s e d seem t o shed some 
l i g h t on t h i s question because t r a n s i t i o n s i n the s t a t e 
of the adsorbed p r o t e i n s appear t o occur at d i f f e r e n t 
r a t e s , depending on p r o t e i n or polymer type as w e l l as 
temperature. 

Secondly, p r o t e i n adsorption isotherms are ofte n not 
Langmuirian but i n s t e a d f i t a F r e u n d l i c h isotherm, 
θ = kC^/ n. In t h i s equation, which i s a power f u n c t i o n , θ 
i s the f r a c t i o n a l surface coverage, k i s a constant, C i s 
the bulk phase p r o t e i n c o n c e n t r a t i o n , and η i s another 
constant, g e n e r a l l y greater than 1.0. The F r e u n d l i c h 
isotherm has t r a d i t i o n a l l y been explained i n terms of 
heterogeneous adsorption processes (26). Adsorption from 
a s o l u t i o n c o n t a i n i n g only one type of p r o t e i n i s 
co n c e n t r a t i o n dependent, r i s i n g towards a " s a t u r a t i o n " 
amount at higher c o n c e n t r a t i o n which approximates the 
value expected f o r a close-packed monolayer. However, 
s a t u r a t i o n values are f r e q u e n t l y a f a c t o r of 2 or more 
above or below monolayer coverage, and c l o s e i n s p e c t i o n 
of the data r e v e a l s that s a t u r a t i o n i s t y p i c a l l y never 
reached but i n s t e a d the adsorption i n c r e a s e s more slowly 
at higher concentrations than at low co n c e n t r a t i o n s . 
Nonetheless the Langmuirian monolayer model i s f r e q u e n t l y 
a p p l i e d to p r o t e i n adsorption isotherms. Deviations from 
monolayer s a t u r a t i o n values are a s c r i b e d t o lack of 
knowledge of tru e surface area or t o v a r i a t i o n s i n 
packing due to o r i e n t a t i o n of the molecules (e.g., " s i d e -
on" versus "end-on" o r i e n t a t i o n s ) . However, the Langmuir 
model of hard, non-deformable spheres adsorbing to a 
homogeneous surface without l a t e r a l i n t e r a c t i o n between 
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18 PROTEINS AT INTERFACES 

the adsorbing molecules, o r i g i n a l l y d evised f o r gas 
adsorption, h a r d l y i s a r e a l i s t i c model f o r p r o t e i n 
a d s o r p t i o n . I f , i n s t e a d , one considers a d s o r p t i o n t o be 
a molecular v e r s i o n of adhesion, then p r o t e i n s may e x i s t 
i n a v a r i e t y of s t a t e s due to various degrees of 
achievement of the t i g h t e s t bonding p o s s i b l e . In t h i s 
model, the molecules do not achieve maximal and uniform 
adhesive bonding because of competition f o r s i t e s by 
adjacent molecules and because of s t a t i s t i c a l l y 
p r e d i c t a b l e v a r i a t i o n s i n the number of bonds per 
molecule. 

The f r a c t i o n of the peptide bond carbonyl groups 
i n v o l v e d i n γ-globulin bonding t o c o l l o i d a l s i l i c i a has 
been measured using i n f r a r e d d i f f e r e n c e spectroscopy 
(6 P 27) . The frequency of the bound carbonyl s h i f t s t o a 
wavelength s l i g h t l y d i f f e r e n t from unbonded carbonyl, and 
so can be measured d i r e c t l y . The f r a c t i o n of γ-globulin 
carbonyl groups bonded was higher (ca 0.20) when 
adsorpti o n occurred from low c o n c e n t r a t i o n p r o t e i n 
s o l u t i o n s than from high c o n c e n t r a t i o n s o l u t i o n s (ca 0.02 
i n the p l a t e a u region of the isotherm). These data were 
i n t e r p r e t e d t o mean that the f r a c t i o n of the γ-globulin 
molecule t h a t would i n t e r a c t with the s u r f a c e depended 
somewhat on the area a v a i l a b l e t o do so. Thus, t h i s 
example c l e a r l y suggests that a molecule may adsorb i n 
more than one way, and i m p l i e s that at l e a s t at 
intermediate concentrations, one would expect γ-globulin 
molecules to be present i n both the more bonded (low 
concentration) and l e s s bonded (high concentration) 
s t a t e s . The g e n e r a l i t y of t h i s example i s u n c e r t a i n 
however, because changes i n bound f r a c t i o n with 
c o n c e n t r a t i o n d i d not occur f o r other p r o t e i n s s t u d i e d 
(prothrombin, albumin). 

The heat r e l e a s e d upon p r o t e i n adsorption t o 
suspended p a r t i c u l a t e s has been measured by s e v e r a l 
d i f f e r e n t groups of i n v e s t i g a t o r s (9 f 28-30; see a l s o the 
chapter by Norde et a l . ) . In a process i n which a l l the 
adsorbates i n t e r a c t with the adsorbent i n the same way, 
the heat r e l e a s e d per mole should be a constant. The 
molar heat r e l e a s e d upon adsorption of c e r t a i n organic 
polymers i s independent of f r a c t i o n a l s urface coverage 
(ϋ), but molar heats of p r o t e i n adsorption vary widely i n 
some cases. For example, while the molar heat f o r 
f i b r i n o g e n adsorption t o carbon i s e s s e n t i a l l y i n v a r i a n t 
as the f r a c t i o n a l coverage of the surface with p r o t e i n 
i n c r e a s e s , the molar heat of adsorption of γ-globulin and 
f i b r i n o g e n t o g l a s s were both found to decrease g r e a t l y 
with i n c r e a s i n g surface coverage (28,29). S i m i l a r l y , the 
molar heat r e l e a s e d upon adsorption of albumin t o 
hematite v a r i e d with the f r a c t i o n a l coverage by p r o t e i n 
Q ) . These data seem to be an unequivocal i n d i c a t i o n of 
d i f f e r e n t types of i n t e r a c t i o n s between p r o t e i n and the 
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1. HORBETT AND BRASH Current Issues and Future Prospects 19 

s u r f a c e at d i f f e r e n t degrees of coverage, i . e . , that 
molecules adsorbing at low coverage have more i n t e r a c t i o n 
with the surface than at high coverage. Presumably, such 
d i f f e r e n c e s would lead t o mixed s t a t e s of a d s o r p t i o n at 
any degree of coverage, since i t seems u n l i k e l y that the 
t r a n s i t i o n from c o n d i t i o n s of high molar heats t o low 
molar heats would be abrupt. 

Some of the c l e a r e s t evidence f o r m u l t i p l e adsorbed 
s t a t e s comes from the photo-bleaching experiments of 
Burghardt and Axelrod (21). Rhodamine l a b e l e d albumin 
adsorbed t o quartz can be permanently bleached by a 
short, high i n t e n s i t y f l a s h of l a s e r l i g h t a p p l i e d t o a 
small area of the adsorbed s u r f a c e . The reappearance of 
f l u o r e s c e n c e i n the bleached spot i s a measure of 
exchange with the (unbleached) bulk phase p r o t e i n s as 
w e l l as surface d i f f u s i o n of adsorbed but unbleached 
molecules from areas outside the i l l u m i n a t e d spot. The 
fl u o r e s c e n c e i n t e n s i t y i n the bleached spot d i d not 
r e t u r n t o the o r i g i n a l value, but was p a r t i a l l y r e s t o r e d . 
The p a r t i a l r e s t o r a t i o n of the i n t e n s i t y o c curred i n two 
d i s t i n c t phases, one r a p i d and one slow. The r e s u l t s 
t h e r e f o r e i n d i c a t e an i r r e v e r s i b l y bound f r a c t i o n 
(accounting f o r the incomplete r e s t o r a t i o n of o r i g i n a l 
f l u o r e s c e n c e ) , and both a q u i c k l y r e v e r s i b l e and a slowly 
r e v e r s i b l e adsorbed s t a t e . Thus, at l e a s t three s t a t e s of 
albumin adsorbed t o quartz seem t o e x i s t simultaneously. 

The term a d s o r p t i o n " h y s t e r s i s " of phosphorylase b 
on agarose g e l s c o v a l e n t l y modified with b u t y l groups 
d e s c r i b e d by Jennissen (32) r e f e r s t o the f a c t t h a t 
d e s o r p t i o n occurs much more slowly than a d s o r p t i o n . More 
importantly, the desorption r a t e was found t o in c r e a s e 
(by about a f a c t o r of 5) as the f r a c t i o n a l s a t u r a t i o n 
with adsorbed phasphorylase i n c r e a s e d from 0.1 t o 0.75. 
These data i n d i c a t e that an adsorbed p r o t e i n may be h e l d 
very d i f f e r e n t l y , depending on the degree of coverage of 
the surface with p r o t e i n . At a given degree of 
adsorption, i t i s l i k e l y that p a r t of the adsorbed 
molecules e x i s t i n the r a p i d l y removable form while 
another p o p u l a t i o n of slowly removable molecules a l s o co
e x i s t s . 

Other, more d i r e c t evidence f o r c o - e x i s t i n g 
p o pulations of adsorbed p r o t e i n s with very d i f f e r e n t 
r a t e s of removal i s provided by the behavior of IgG on 
s i l i c a and n-pentyl s i l a n i z e d s i l i c a (33). The d e s o r p t i o n 
of t h i s p r o t e i n from s i l i c a , when i t had been allowed to 
r e s i d e on the surface l e s s than 100 min, was l i n e a r with 
the square root of time, suggesting a s i n g l e s t a t e 
e x i s t e d . However, a f t e r longer residence times on s i l i c a 
(1000 min), the desorption curves were d i s t i n c t l y 
b i p h a s i c . B i p h a s i c desorption was observed f o r IgG 
adsorbed t o n-pentyl s i l a n i z e d s i l i c a but i n t h i s case i t 
was observed even a f t e r short residence times. Thus, 
under these c o n d i t i o n s some of the IgG desorbed much more 
r a p i d l y than the remainder. I t i s d i f f i c u l t t o a t t r i b u t e 
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20 PROTEINS AT INTERFACES 

these b i p h a s i c curves t o anything other than the f a c t 
t h at the adsorbed IgG molecules e x i s t i n at l e a s t two 
s t a t e s . It i s e q u a l l y important to note t h a t simply 
a l l o w i n g more residence time a f t e r a d s o r p t i o n to s i l i c a , 
or u s i n g a more hydrophobic surface, apparently causes 
the adsorbed molecules t o convert from a s i n g l e s t a t e t o 
a mixed p o p u l a t i o n with regard to d e s o r p t i o n r a t e s . These 
data support the e x i s t e n c e of m u l t i p l e s t a t e s and a l s o 
suggest that they may a r i s e from changes i n the 
adsorbate/adsorbent i n t e r a c t i o n a f t e r a dsorption occurs. 
The explanation of the residence time e f f e c t on IgG 
de s o r p t i o n r a t e s i s analogous to the i n t e r p r e t a t i o n given 
to the l o s s i n detergent e l u t a b i l i t y , as d i s c u s s e d 
p r e v i o u s l y . 

The adsorption of p r o t e i n s to surfaces i n 
congregated groups or i s l a n d s has been suggested by 
s e v e r a l d i f f e r e n t i n v e s t i g a t i o n s (34-39). These s t u d i e s 
were done with dehydrated p r o t e i n f i l m s and so there i s 
j u s t i f i a b l e s k e p t i c i s m about t h e i r u l t i m a t e s i g n i f i c a n c e . 
However, i s l a n d formation, with empty patches of surface 
between, was not observed on a l l the surfaces s t u d i e d . 
Thus, even i f a r t i f a c t s e x i s t due to dehydration or 
s t a i n i n g , important d i f f e r e n c e s i n the i n t e r a c t i o n of 
p r o t e i n s with the various surfaces are being revealed. I f 
p r o t e i n s do indeed adsorb i n patches or i s l a n d s on some 
surfaces, i t may c o n t r i b u t e to the e x i s t e n c e of m u l t i p l e 
s t a t e s of adsorbed p r o t e i n s because the p r o t e i n s at the 
edge of such patches would lack the i n f l u e n c e s of nearest 
neighbors, i . e . , adsorbate-adsorbate i n t e r a c t i o n s would 
d i f f e r . Furthermore, the s i z e and frequency of the 
patches appears to be dependent on both the p r o t e i n 
c o n c e n t r a t i o n and time of adsorption (see chapter by 
P r i c e and Rudee) so that a uniform d i s t r i b u t i o n of 
i s l a n d s i s not too l i k e l y . Thus, i t may be that some 
p r o t e i n s molecules adsorb i n d i v i d u a l l y while others are 
members of a patch. 

Several b i o l o g i c a l i n d i c a t o r s of the behavior of 
p r o t e i n s at i n t e r f a c e s a l s o suggest the e x i s t e n c e of 
m u l t i p l e s t a t e s . Thus, f o r example, enzymes adsorbed t o 
many surfaces t y p i c a l l y lose some (but not a l l ) of t h e i r 
a c t i v i t y r e l a t i v e to that i n the bulk phase (40-42; see 
a l s o chapter by M i z u t a n i ) . In some s t u d i e s t h i s has been 
found to be due to the l o s s of the a c t i v e s i t e on a 
c e r t a i n f r a c t i o n of the molecules and i t s r e t e n t i o n on 
the remainder (43). G r i n n e l l has shown th a t the a b i l i t y 
of f i b r o n e c t i n to induce BHK c e l l spreading i s s t r o n g l y 
dependent on the substrate and whether co-adsorbed 
albumin was present. Thus, BHK c e l l spreading to 
f i b r o n e c t i n coated polystyrene dishes was very low unless 
t r a c e s of albumin were present i n (and presumably co-
adsorbed with) the f i b r o n e c t i n , whereas BHK c e l l 
spreading on " t i s s u e c u l t u r e " grade p o l y s t y r e n e coated 
with f i b r o n e c t i n was high both i n the presence and 
absence of albumin (25). These data i n d i c a t e t hat more 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
1



1. HORBETT AND BRASH Current Issues and Future Prospects 21 

than one f u n c t i o n a l l y important s t a t e i s a v a i l a b l e to 
adsorbed f i b r o n e c t i n . S i m i l a r l y , p l a t e l e t i n t e r a c t i o n s 
with s u r f a c e s pre-adsorbed with f i b r i n o g e n and albumin 
are markedly dependent on the sequence of the adsorption, 
r a t h e r than on j u s t the amounts of adsorbed p r o t e i n s 
(44). Surfaces having e s s e n t i a l l y equal amounts of 
albumin and f i b r i n o g e n induced very d i f f e r e n t p l a t e l e t 
d e p o s i t i o n when used as shunts p l a c e d i n contact with dog 
blood ex vivo, depending on which p r o t e i n was adsorbed 
f i r s t . These r e s u l t s suggest that f i b r i n o g e n can be 
adsorbed i n at l e a s t two, f u n c t i o n a l l y d i f f e r e n t s t a t e s . 
This idea i s a l s o supported by the r e s u l t s of Lindon et 
a l . (see t h e i r chapter) s i n c e p l a t e l e t r e t e n t i o n i n 
polymer coated bead columns was w e l l c o r r e l a t e d with the 
r e a c t i v i t y of adsorbed f i b r i n o g e n t o a n t i b o d i e s but not 
with the t o t a l amount of f i b r i n o g e n adsorbed. 

Competitive Adsorption Behavior of P r o t e i n s at I n t e r f a c e s 

The nature of competition i n m u l t i - p r o t e i n systems i s a 
question of great i n t e r e s t which i s touched on by a 
c o n s i d e r a b l e number of the papers i n t h i s volume. Such 
i n t e r e s t i s understandable i n that many of the areas of 
a p p l i c a t i o n i n v o l v e adsorption from complex media; f o r 
example blood, plasma or serum, t e a r f l u i d and other body 
f l u i d s , s o i l , milk, and food products g e n e r a l l y . The 
i n f o r m a t i o n normally sought concerns the c o n c e n t r a t i o n 
p r o f i l e of the p r o t e i n s on the surface and how t h i s i s 
r e l a t e d to the c o n c e n t r a t i o n " p r o f i l e " i n the bulk phase. 
In general there i s a r e d i s t r i b u t i o n of p r o t e i n s i n the 
s u r f a c e phase, r e s u l t i n g i n an enrichment of some 
components and an impoverishment of others r e l a t i v e t o 
the bulk phase. The r e d i s t r i b u t i o n may a l s o be time 
dependent and the k i n e t i c s as w e l l as the e q u i l i b r i u m 
aspects are of i n t e r e s t . 

Of fundamental importance are the system v a r i a b l e s 
and the p r o p e r t i e s of p r o t e i n s and surfaces which 
determine the surface r e d i s t r i b u t i o n . These f a c t o r s have 
not been adequately i n v e s t i g a t e d i n terms of simply 
i d e n t i f y i n g them, and s t i l l l e s s i n terms of determining 
the p r e c i s e way i n which the r e d i s t r i b u t i o n depends on 
them. One might a l s o ask how the r e d i s t r i b u t i o n can be 
c o n t r o l l e d f o r a given o b j e c t i v e , f o r example the 
i s o l a t i o n of a given p r o t e i n from a mixture, or the 
p r e f e r e n t i a l adsorption of a " p a s s i v a t i n g " p r o t e i n which 
e f f e c t i v e l y "turns o f f " f u r t h e r i n t e r f a c i a l a c t i v i t y . The 
c l a s s i c example of t h i s type i s the p r e f e r e n t i a l 
a d s o r p t i o n of albumin from blood which, i t i s b e l i e v e d , 
would render the blood c o n t a c t i n g surface non-
thrombogenic. This approach has been i n v e s t i g a t e d f o r 
many years and i s d i s c u s s e d i n t h i s volume i n the paper 
of Eberhart et a l . 

The present s t a t e of knowledge i n r e l a t i o n to 
competitive adsorption i s c e r t a i n l y meager i f not q u i t e 
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22 PROTEINS AT INTERFACES 

n i l . A few s c a t t e r e d s t u d i e s of blood p r o t e i n mixtures 
and blood plasma have been p u b l i s h e d and are reviewed i n 
s e v e r a l of the papers i n t h i s book. Of course there i s a 
wealth of what might be c a l l e d anecdotal i n f o r m a t i o n i n 
the l i t e r a t u r e of p r o t e i n chromatography (e.g., 45-51). 
The sum t o t a l of these s t u d i e s i s of l i t t l e help i n the 
formulation of a g e n e r a l i z e d p r e d i c t i v e model of 
competitive adsorption, and i n t h i s respect the f i e l d i s 
overdue f o r a systematic a s s a u l t . 

Some s p e c u l a t i o n as to the f a c t o r s which i n f l u e n c e 
competitive adsorption may be i n order. The i n f l u e n c e of 
the adsorbing surface i t s e l f w i l l be at the l e v e l of the 
p o s s i b l e types of i n t e r a c t i o n provided by i t s chemical 
p r o p e r t i e s r e l a t i v e to those of the p r o t e i n . Charge, 
hydrophobicity, and r e a c t i v e chemical f u n c t i o n a l groups 
are the main p r o p e r t i e s to be considered. C l e a r l y there 
must be r e c i p r o c i t y between surface and p r o t e i n i n t h i s 
regard and we need only d i s c u s s these f a c t o r s i n r e l a t i o n 
t o one or the other of the two. To s i m p l i f y the 
d i s c u s s i o n we consider the i n t e r a c t i o n s of a m u l t i -
p r o t e i n system with a given u n s p e c i f i e d surface, keeping 
i n mind that the surface f a c t o r s must be superimposed to 
complete the p i c t u r e . Some of the more important p r o t e i n 
p r o p e r t i e s i n f l u e n c i n g competitive a d s o r p t i o n are 
probably as f o l l o w s : e l e c t r i c a l charge, h y d r o p h o b i c i t y -
h y d r o p h i l i c i t y and a v a i l a b l e chemical f u n c t i o n a l groups 
at the p r o t e i n surface, s t a b i l i t y / f r a g i l i t y of the 
p r o t e i n conformation, p r o t e i n - p r o t e i n i n t e r a c t i o n s i n the 
adsorbed l a y e r , r e l a t i v e c o n c e n t r a t i o n i n the bulk phase, 
and molecular s i z e . These f a c t o r s may be c l a s s i f i e d as 
e i t h e r a f f i n i t y f a c t o r s or k i n e t i c f a c t o r s . Thus charge, 
chemical p r o p e r t i e s , conformational s t a b i l i t y and 
i n t e r l a y e r i n t e r a c t i o n s may be considered t o be a f f i n i t y 
f a c t o r s s i n c e they w i l l i n f l u e n c e the b i n d i n g r e a c t i o n s 
themselves. R e l a t i v e c o n c e n t r a t i o n i s p r i m a r i l y a k i n e t i c 
f a c t o r through i t s e f f e c t on the r a t e of t r a n s p o r t and 
the r a t e of adsorption (or binding) of the p r o t e i n . 
P r o t e i n molecular s i z e may be considered both a k i n e t i c 
f a c t o r through i t s e f f e c t on d i f f u s i o n and an a f f i n i t y 
f a c t o r through i t s e f f e c t on the number of b i n d i n g s i t e s . 

As already i n d i c a t e d , p r o t e i n e l e c t r i c a l charge has 
a strong e f f e c t on p r o t e i n b i n d i n g and p r o t e i n s of 
opposite o v e r a l l charge sig n would probably have 
d i f f e r e n t a f f i n i t i e s f o r a surface charged i n a s i n g l e 
sense, e i t h e r p o s i t i v e l y or n e g a t i v e l y . This would be 
r e f l e c t e d i n a dependence on the i s o e l e c t r i c p o i n t s 
(I.E.P.) of the p r o t e i n s i n the mixture r e l a t i v e t o the 
pH. Important caveats must always be kept i n mind with 
respect to charge. F i r s t the "p o i n t " or "smeared out" 
model of charge may not be appropriate. (Norde et a l . 
i n d i c a t e that t h i s model a p p l i e s mainly i n the 
neighborhood of the I.E.P. — see t h e i r c o n t r i b u t i o n i n 
t h i s book). Instead, l o c a l areas of both p o s i t i v e and 
negative charge which are present on the surfac e of the 
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1. H O R B E T T A N D B R A S H Current Issues and Future Prospects 23 

p r o t e i n may b i n d as independent e n t i t i e s . Second, 
d i v a l e n t c a t i o n b r i d g i n g can occur between negative 
charges on the p r o t e i n and the s u r f a c e . 

Other chemical p r o p e r t i e s of the p r o t e i n surface 
such as the presence of hydrophobic and h y d r o p h i l i c 
patches and chemical f u n c t i o n a l groups c o u l d o b v i o u s l y 
give r i s e t o s p e c i f i c forms of b i n d i n g such as 
hydrophobic and hydrogen bonding (e.g., - N H 2 on p r o t e i n 
and C=0 on s u r f a c e ) . The formation of covalent bonds 
r e q u i r i n g high a c t i v a t i o n energy seems u n l i k e l y i n the 
temperature range of i n t e r e s t f o r most a p p l i c a t i o n s where 
p r o t e i n adsorption occurs. 

The conformational f r a g i l i t y of a p r o t e i n may a l s o 
a f f e c t i t s a b i l i t y t o compete i n a d s o r p t i o n . The 
occurrence of conformational change upon ad s o r p t i o n w i l l 
c o n t r i b u t e a gain of entropy, thereby i n c r e a s i n g the 
a f f i n i t y of the p r o t e i n f o r the surface ( i . e . , the 
decrease i n Gibbs f r e e energy accompanying a d s o r p t i o n ) . 
Many f a c t o r s of course c o n t r i b u t e to conformational 
s t a b i l i t y , i n c l u d i n g i n t e r n a l hydrophobic i n t e r a c t i o n s , 
hydrogen bonding, and d i s u l f i d e bonds. C l e a r l y a l s o , the 
entropy e f f e c t should be g r e a t e r f o r l a r g e r p r o t e i n s , 
thus c o n t r i b u t i n g to the p r e f e r e n t i a l a d s o r p t i o n of 
l a r g e r p r o t e i n s as d i s c u s s e d below. 

P r o t e i n - p r o t e i n i n t e r a c t i o n s i n the s u r f a c e l a y e r 
w i l l a l s o a f f e c t the r e d i s t r i b u t i o n of p r o t e i n s between 
bulk and s u r f a c e . As f o r the s i n g l e p r o t e i n systems the 
major e f f e c t i s l i k e l y t o be charge-charge i n t e r a c t i o n s . 
However, f o r s i n g l e p r o t e i n s there may be a predominance 
of r e p u l s i v e e f f e c t s , whereas there w i l l a l s o be 
a t t r a c t i v e e f f e c t s i n multi-component systems between 
p r o t e i n s which have o v e r a l l negative and o v e r a l l p o s i t i v e 
charge, r e s p e c t i v e l y . These charges w i l l of course depend 
on the I.E.P. 1s of the p r o t e i n s i n r e l a t i o n t o the pH of 
the medium. Again, as i n d i c a t e d above, the p o i n t charge 
model may be i n a p p r o p r i a t e i f l o c a l charge e f f e c t s and 
small ion b r i d g i n g are important. 

As p r e v i o u s l y mentioned, the r e l a t i v e concentrations 
of p r o t e i n s i n the bulk phase w i l l a f f e c t the r a t e s of 
a r r i v a l of the p r o t e i n s at the surface and then the r a t e s 
of a d s o r p t i o n once th e r e . The r a t e of a r r i v a l at the 
surface may be expressed as: 

dC _diff surf 
dt = C 

1/2 

diff 
C f is considered to be a 2-dimensional bulk concentration near the 
surf 

surface, t i s time, C Q i s the bulk c o n c e n t r a t i o n f a r from 
the surface, and D i s the d i f f u s i o n c o e f f i c i e n t . A r r i v a l 
r a t e s thus depend on bulk c o n c e n t r a t i o n and on 
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24 PROTEINS AT INTERFACES 

d i f f u s i v i t y , the l a t t e r of which increa s e s with 
decreasing s i z e of the p r o t e i n . 

Adsorption r a t e per se has the general form 

= f(C,T) 

where Γ i s surface concentration, C i s p r o t e i n 
c o n c e n t r a t i o n near the surface and Τ i s temperature. The 
dependence on C i s l i k e l y to be f i r s t order. The r a t e of 
a d s o r p t i o n w i l l thus depend on the p r o t e i n c o n c e n t r a t i o n 
near the surface and t h i s w i l l be determined i n i t i a l l y by 
the d i f f u s i o n r a t e . The r e a c t i o n r a t e constant w i l l a l s o 
i n f l u e n c e a d s o r p t i o n r a t e , and t h i s should depend on 
frequency f a c t o r s and temperature i n the usual Arrhenius 
sense. 

The e f f e c t of p r o t e i n s i z e on competitive adsorption 
has not been i n v e s t i g a t e d to any great extent. By analogy 
with s y n t h e t i c polymers, la r g e p r o t e i n s are expected t o 
adsorb i n preference to small p r o t e i n s . I t i s w e l l 
e s t a b l i s h e d that i n adsorption from a s o l u t i o n of a 
s y n t h e t i c polymer having a broad molecular s i z e 
d i s t r i b u t i o n , the high MW species are p r e f e r e n t i a l l y 
adsorbed (51). The analogy with p r o t e i n s i s , however, not 
exact because the s y n t h e t i c polymer species are 
c h e m i c a l l y the same while i n a mixture of p r o t e i n s , 
chemical as w e l l as s i z e d i f f e r e n c e s must be recognized. 
It has been shown r e c e n t l y by Zsom (52) t h a t albumin 
dimers and higher oligomers adsorb i n preference to 
monomeric albumin. Thus i t may be p r e d i c t e d that " a l l 
other things being equal" there w i l l be a tendency f o r 
l a r g e p r o t e i n s to be p r e f e r e n t i a l l y adsorbed. 

These, then, are the f a c t o r s which appear to be 
important i n competitive a d s o r p t i o n . The question of how 
they i n t e r a c t and combine to produce a given 
c o n c e n t r a t i o n d i s t r i b u t i o n i n the adsorbed l a y e r from a 
given c o n c e n t r a t i o n d i s t r i b u t i o n i n the bulk phase i s 
c l e a r l y complex. Some i n d i c a t i o n of m u l t i f a c t o r 
i n t e r a c t i o n s i s given by s t u d i e s i n blood plasma which 
provides a medium "par e x c e l l e n c e " f o r competitive 
a d s o r p t i o n . In a number of l a b o r a t o r i e s i t has been found 
that f i b r i n o g e n i s adsorbed i n i t i a l l y and i s l a t e r 
d i s p l a c e d from the surface by other p r o t e i n s of much 
lower bulk c o n c e n t r a t i o n (see chapters i n t h i s book by 
Brash; Vroman; Horbett). This behavior may be e x p l a i n e d 
by assuming that the d i s p l a c i n g p r o t e i n s have much 
gr e a t e r a f f i n i t y constants than f i b r i n o g e n . I n i t i a l l y , 
however, because of the e f f e c t of c o n c e n t r a t i o n on 
d i f f u s i o n , f i b r i n o g e n dominates the adsorbed l a y e r . L a t e r 
when the bulk c o n c e n t r a t i o n of the high a f f i n i t y t r a c e 
p r o t e i n s near the surface i s s u f f i c i e n t l y great they are 
adsorbed and f i b r i n o g e n i s d i s p l a c e d . This explanation 
a l s o depends on the microscopic r e v e r s i b i l i t y of 
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1. HORBETT AND BRASH Current Issues and Future Prospects 25 

a d s o r p t i o n which has been invoked to e x p l a i n p r o t e i n 
exchange between surface and s o l u t i o n (32,53). Such a 
mechanism a l s o provides a b a s i s f o r s e q u e n t i a l a d s o r p t i o n 
i n m u l t i - p r o t e i n systems as suggested by Vroman (see h i s 
c h a p t e r ) . 

The above d i s c u s s i o n provides some i n d i c a t i o n of how 
k i n e t i c and a f f i n i t y f a c t o r s may i n t e r a c t i n competitive 
s i t u a t i o n s . The more complex problem of how t o synthesize 
a l l of the p o s s i b l e f a c t o r s i n t o a q u a n t i t a t i v e 
p r e d i c t i v e model of competitive a d s o r p t i o n remains to be 
solved, and i s c e r t a i n l y worthy of c o n s i d e r a b l e e f f o r t . 
Data f o r such models are c u r r e n t l y u n a v a i l a b l e . They 
could be obtained i n two ways. F i r s t i t may be assumed 
that a f f i n i t y constants i n s i n g l e p r o t e i n systems c o u l d 
be measured and, with a knowledge of d i f f u s i o n 
c o e f f i c i e n t s , c ould be used to p r e d i c t a d s o r p t i o n l a y e r 
compositions i n mixtures. This approach may have some 
v a l i d i t y at low surface concentrations but ignores the 
e f f e c t of i n t e r l a y e r i n t e r a c t i o n s at higher coverages. 
The only v a l i d approach to the measurement of a f f i n i t i e s , 
f o r the moment, i s to use the mixtures themselves. I t may 
not be too much to hope f o r the f u t u r e , however, that 
" p a r t i a l " a f f i n i t i e s that could be used to estimate 
a f f i n i t i e s i n multi-component systems co u l d be determined 
as s u f f i c i e n t knowledge of such systems develop. 

Future Research on P r o t e i n s at I n t e r f a c e s 

An o v e r a l l assessment of the s t a t e of research t o date on 
p r o t e i n s at i n t e r f a c e s i s that much more i s known about 
the amount of p r o t e i n adsorption under v a r i o u s c o n d i t i o n s 
than about the a c t u a l nature of the adsorbed l a y e r or 
about the f u n c t i o n a l consequences of the a d s o r p t i o n 
process. Many e x c e l l e n t , w e l l understood methods are 
a v a i l a b l e f o r measuring the q u a n t i t y adsorbed, but few 
good techniques e x i s t f o r determining the q u a l i t a t i v e 
f e a t u r e s , e.g., the s t r u c t u r e or o r i e n t a t i o n of an 
adsorbed p r o t e i n , or f o r studying the r e l a t i o n s h i p of a 
p a r t i c u l a r aspect of the adsorption process t o i t s 
i n f l u e n c e on other processes at the i n t e r f a c e (e.g., 
c e l l u l a r i n t e r a c t i o n s ) . Furthermore, p r e d i c t i v e models 
f o r any aspect of the adsorption process i n terms of 
s p e c i f i c p r o p e r t i e s of p r o t e i n s or the i n t e r f a c e are 
l a c k i n g . Perhaps most importantly, r e a d i l y measurable 
constants (e.g., the a f f i n i t y of a p r o t e i n f o r the 
surface) that can be c o l l e c t e d and c o n f i d e n t l y compared 
between l a b o r a t o r i e s are notably l a c k i n g . Thus, a r a t h e r 
l a r g e amount of information about the behavior of 
p r o t e i n s at i n t e r f a c e s must be obtained by f u t u r e 
research. Some of the t o p i c s r e q u i r i n g s u b s t a n t i a l new 
e f f o r t s are summarized i n Table IV and b r i e f l y d i s c u s s e d 
i n the remainder of t h i s s e c t i o n . 

Comparative s t u d i e s of the a d s o r p t i o n behavior of 
c l o s e l y r e l a t e d p r o t e i n s and peptides probably 
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26 PROTEINS AT INTERFACES 

Table IV, Future Research on P r o t e i n s at I n t e r f a c e s 

(1) Molecular understanding of the surface a c t i v i t y of 
p r o t e i n s . 

(2) How heterogeneous i s the adsorbed l a y e r with regard 
to the " s t a t e " of adsorbed p r o t e i n s ? 

(3) B e t t e r ways to measure and c h a r a c t e r i z e 
conformational change of adsorbed p r o t e i n s . 

(4) Ways t o measure o r i e n t a t i o n and s t u d i e s of the 
e f f e c t of o r i e n t a t i o n on p r o t e i n r e a c t i v i t y at 
surfaces - enzymes, a n t i b o d i e s . 

(5) E f f e c t s of adsorption g e n e r a l l y on p r o t e i n 
r e a c t i v i t y - enzymes, a n t i b o d i e s , zymogen-enzyme 
conversion. 

(6) P r o t e i n a f f i n i t y constants both i n s i n g l e p r o t e i n 
and multi-component systems, i n c l u d i n g t h e o r i e s f o r 
adsorpti o n isotherms. 

(7) P r e d i c t i v e models f o r competitive a d s o r p t i o n 
accounting f o r displacement (Vroman) e f f e c t s . 

(8) C o n t r o l of adsorption - s e l e c t i v i t y , o r i e n t a t i o n , 
conformation - through p r o p e r t i e s of adsorbing 
s u r f a c e . 

(9) Role of adsorbed p r o t e i n s i n c e l l u l a r i n t e r a c t i o n s 
with s u r f a c e : composition vs. s t a t e . 

(10) M o d i f i c a t i o n of adsorbed p r o t e i n l a y e r s by c e l l u l a r 
i n t e r a c t i o n s , i n c l u d i n g r o l e i n " p a s s i v a t i o n " . 
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1. HORBETT AND BRASH Current Issues and Future Prospects 27 

c o n s t i t u t e s the best approach to f u r t h e r understanding of 
the molecular p r o p e r t i e s i n f l u e n c i n g surface a c t i v i t y 
d i f f e r e n c e s among p r o t e i n s . The very recent comparative 
s t u d i e s of hen and human lysozyme (see chapter by Horsley 
et a l . i n t h i s book) are the f i r s t of t h i s type. Studies 
of the adsorption behavior of hemoglobin g e n e t i c and 
l i g a n d v a r i a n t s to s o l i d surfaces would be a l o g i c a l and 
probably p r o d u c t i v e extension of the s t u d i e s of these 
v a r i a n t s at the air/water i n t e r f a c e . In a d d i t i o n , 
however, the a v a i l a b i l i t y of f a m i l i e s of p o l y p e p t i d e s , 
prepared by e i t h e r s y n t h e t i c or d i g e s t i v e methods, 
provides an opportunity t o study the i n f l u e n c e of 
c o n t r o l l e d changes i n sequence on surface a c t i v i t y . T h is 
approach has already been used s u c c e s s f u l l y i n a n a l y s i s 
of peptide r e t e n t i o n behavior on hydrophobic matrices 
(54). F i n a l l y , s i n c e the competitive b i n d i n g of peptide 
fragments of p r o t e i n s has proven u s e f u l i n a n a l y s i s of 
p r o t e i n s b i n d i n g t o c e l l u l a r r e ceptors (55), a s i m i l a r 
approach may prove i n t e r e s t i n g i n a n a l y z i n g s p e c i f i c 
c o n t r i b u t i o n of various s e c t i o n s of the sequence t o the 
adsorption process. 

The l i k e l y e x i s t e n c e of m u l t i p l e s t a t e s of 
adsorption of p r o t e i n s t o surfaces a l s o r a i s e s s e v e r a l 
questions r e q u i r i n g new research. For example, the 
evidence suggesting that two or three s t a t e s e x i s t with 
regard to d e s o r p t i o n may only r e f l e c t the i n s e n s i t i v i t y 
of the techniques used t o date. The adsorbed l a y e r may 
a c t u a l l y c o n t a i n a r a t h e r wide range of adsorbed s t a t e s 
of p r o t e i n molecules. In other words, the adsorbed l a y e r 
may be much more heterogeneous i n t h i s regard than 
evidence to date has shown. Refinement of techniques to 
e l u c i d a t e t h i s question are q u i t e p o s s i b l e — e.g., the 
use of a graded s e r i e s of e l u t i n g agents v a r y i n g i n 
s u r f a c t a n t power may show that a continuous s e r i e s of 
c l a s s e s of adsorbed p r o t e i n s e x i s t , each removable at a 
given degree of s u r f a c t a n t power. S i m i l a r l y , extension 
of antibody b i n d i n g s t u d i e s on adsorbed p r o t e i n s to a 
wider range of antibody concentrations and the c o l l e c t i o n 
of c l o s e l y spaced experimental data may r e v e a l the 
e x i s t e n c e of more than one b i n d i n g c l a s s . 

A major area f o r new research concerns the 
s t r u c t u r a l and f u n c t i o n a l consequences of adsorption of 
p r o t e i n s t o surfaces (items 3-5 i n Table IV). Measurement 
of conformational change i s s t i l l i n an e a r l y stage of 
development. Most methods f o r studying adsorbed p r o t e i n 
conformation are r e s t r i c t e d to comparison of s p e c t r a l 
d i f f e r e n c e s induced by adsorption, without knowledge of 
the a c t u a l type or amount of change these d i f f e r e n c e s 
r e f l e c t . B e t t e r methodology, e s p e c i a l l y on q u a n t i t a t i v e 
aspects, i s s o r e l y needed i n t h i s area. The o r i e n t a t i o n 
of adsorbed p r o t e i n s may prove to be r e a d i l y explored 
with the monoclonal antibody method and t h e r e f o r e 
c e r t a i n l y deserves wider a p p l i c a t i o n . F i n a l l y , the 
behavior of enzymes and a n t i b o d i e s at i n t e r f a c e s i s not 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
1



28 PROTEINS AT INTERFACES 

only important i n a range of a p p l i c a t i o n s , but i t a l s o 
provides a r a t h e r d i r e c t route to understanding p r o t e i n s 
at i n t e r f a c e s because these molecules have n a t u r a l 
p r o p e r t i e s ( a c t i v e s i t e , l i g a n d b i n d i n g s i t e ) that may be 
r e a d i l y probed to determine the f u n c t i o n a l consequence of 
a d s o r p t i o n . For example, i t would be of i n t e r e s t to know 
whether a l l or only some of adsorbed f i b r i n o g e n molecules 
are a v a i l a b l e f o r f i b r i n o p e p t i d e A r e l e a s e by thrombin 
cleavage. Q u a n t i t a t i o n of the degree of enzyme 
i n a c t i v a t i o n , or of the degree of a c t i v a t i o n of a 
zymogen, or of the f r a c t i o n of adsorbed antibody that 
r e t a i n s i t s l i g a n d b i n d i n g a b i l i t y , a l l can provide much 
info r m a t i o n . To date, however, the few s t u d i e s of t h i s 
type have t y p i c a l l y not gone beyond r e p o r t i n g some l o s s 
i n f u n c t i o n without q u a n t i t a t i n g t h i s more e x a c t l y . 

The development of sets of r e l a t i v e or absolute 
a f f i n i t y constants d e s c r i b i n g the i n t e r a c t i o n of p r o t e i n s 
with surfaces i n a q u a n t i t a t i v e way i s a very important 
goal f o r f u t u r e research. This goal may p o s s i b l y be 
achieved at l e a s t p a r t l y through a t h e o r e t i c a l 
d e s c r i p t i o n of a d s o r p t i o n isotherms that allows the 
accurate ranking of p r o t e i n s , even though the process i s 
o p e r a t i o n a l l y i r r e v e r s i b l e and may not be d e s c r i b a b l e by 
the usual e q u i l i b r i u m constant so u s e f u l i n d e s c r i b i n g 
other b i n d i n g phenomena. A l t e r n a t i v e l y , i t may prove 
necessary to use k i n e t i c s t u d i e s i n which c a r e f u l 
a n a l y s i s of mass t r a n s f e r rates allows the c a l c u l a t i o n of 
e f f e c t i v e n e s s f a c t o r s , i . e . , number of p r o t e i n molecules 
adsorbed per u n i t time d i v i d e d by the t o t a l number of 
p r o t e i n molecules that contacted the surface per u n i t 
time. 

A concerted e f f o r t i s p r e s e n t l y needed to study the 
mechanisms i n f l u e n c i n g adsorption behavior i n p r o t e i n 
mixtures. Does adsorption from mixtures behave as the 
sum of independent adsorption events determined by 
s p e c i f i c a f f i n i t y constants c h a r a c t e r t i s t i c of each 
species? Can such a simple explanation s u f f i c e to 
e x p l a i n the peak i n adsorption isotherms seen f o r 
f i b r i n o g e n from plasma ("the Vroman e f f e c t " ) and a l s o 
from b i n a r y mixtures (56 r 57)? I f the d i f f e r e n c e s i n 
a d s o r p t i o n behavior of mixtures compared t o s i n g l e 
adsorbates are b e t t e r understood than at present, a 
g r e a t e r degree of c o n t r o l of the adsorption process to 
achieve a d e s i r e d end (e.g., s e l e c t i o n of a d e s i r e d 
p r o t e i n ) may be p o s s i b l e . For example, i f the Vroman 
e f f e c t i s a general feature of a l l p r o t e i n mixtures, then 
c l e a r l y there i s an optimum con c e n t r a t i o n f o r adsorption 
to achieve the g r e a t e s t s e l e c t i v i t y . 

Another important area f o r future research i s t o 
determine more c l e a r l y how the p r o p e r t i e s of the 
adsorbing surface i n f l u e n c e the adsorbed l a y e r . For 
example, i s i t p o s s i b l e to s e l e c t f o r a p a r t i c u l a r 
o r i e n t a t i o n of an adsorbed p r o t e i n by changing the 
s u r f a c e from very hydrophobic to more h y d r o p h i l i c ? Is i t 
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1. HORBETT AND BRASH Current Issues and Future Prospects 29 

p o s s i b l e t o change t h i s o r i e n t a t i o n s y s t e m a t i c a l l y by 
us i n g graded s e r i e s of copolymers v a r y i n g i n the 
h y d r o p h o b i c / h y d r o p h i l i c balance? A l t e r n a t i v e l y , i f i t 
can be shown that c e r t a i n types of i n t e r f a c i a l p r o p e r t i e s 
are more l i k e l y to induce conformational change than 
others (e.g., the o f t e n mentioned p o s s i b i l i t y t h a t 
hydrophobic surfaces may favor u n f o l d i n g t o allow 
contacts with normally i n t e r n a l i z e d hydrophobic amino 
a c i d r e s i d u e s ) , then one can expect to be able t o c o n t r o l 
the nature of the adsorbed l a y e r i n a r a t h e r s u b t l e way. 

A major area s t i l l not c l e a r l y understood i s the 
exact r o l e of p r o t e i n s adsorbed from complex mixtures i n 
c e l l u l a r i n t e r a c t i o n s with such i n t e r f a c e s . Do c e l l s 
i n t e r a c t with adsorbed p r o t e i n l a y e r s a ccording to how 
much of a p a r t i c u l a r p r o t e i n i s present, or i s the 
conformation or s t a t e of the p r o t e i n more important? 
This problem has been an important focus of research 
aimed at understanding the fundamental processes i n v o l v e d 
i n the b i o c o m p a t i b i l i t y of implants. There i s some recent 
evidence showing th a t d i f f e r e n c e s i n short term c e l l u l a r 
events are d i c t a t e d by the d i f f e r e n c e s i n the s t a t e of 
the adsorbed p r o t e i n on d i f f e r e n t s u r f a c e s , r a t h e r than 
j u s t on the composition of the adsorbed l a y e r (see Lindon 
et a l . ' s chapter i n t h i s book and reference 58). 

The r o l e of p r o t e i n adsorption i n longer term 
c e l l u l a r i n t e r a c t i o n s with surfaces i s l e s s c l e a r . Thus, 
f o r example, a comparison between f i b r o n e c t i n a dsorption 
from serum and the long-term growth of 3T3 c e l l s has 
suggested that these c e l l s can sometimes overcome a 
r e l a t i v e l a c k of adsorbed f i b r o n e c t i n , and grow w e l l , 
apparently by exuding t h e i r own f i b r o n e c t i n (59). 
S i m i l a r l y , there are now s e v e r a l d i v e r s e i n d i c a t i o n s 
showing that c e l l u l a r i n t e r a c t i o n s with surfaces can 
modify the adsorbed p r o t e i n l a y e r (see chapter by 
F e u e r s t e i n and reference 60). The f r e q u e n t l y noted 
" p a s s i v a t i o n " of surfaces p l a c e d i n the bloodstream, i n 
which an i n i t i a l p e r i o d of extensive thrombus d e p o s i t i o n 
i s f o llowed by a c h r o n i c s t a t e with much lower adherent 
thrombus, may a l s o be an important example of changes i n 
the adsorbed l a y e r induced by c e l l u l a r i n t e r a c t i o n s (58). 
In t h i s case a l s o , there i s ample reason t o wonder at the 
connection between the i n i t i a l l y adsorbed l a y e r 
(determined by the plasma) and the steady s t a t e events. 
To date, an examination of the p r o t e i n s at the i n t e r f a c e 
a f t e r long blood contact has not been performed. 

In summary, even t h i s b r i e f and somewhat incomplete 
survey of p o t e n t i a l areas f o r future research on p r o t e i n s 
at i n t e r f a c e s has r e v e a l e d a number of important problems 
about which we are l a r g e l y uninformed. Furthermore, i t 
i s c l e a r t h a t progress i n understanding p r o t e i n s at 
i n t e r f a c e s i s o f t e n d i f f i c u l t t o achieve and that true 
breakthroughs that have s t i m u l a t e d other areas of 
research have been few i n t h i s f i e l d . On the other hand, 
many i f not most of the papers i n t h i s book r e f l e c t 
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30 PROTEINS AT INTERFACES 

o r i g i n a l and c r e a t i v e approaches t o studying the behavior 
of p r o t e i n s at i n t e r f a c e s , and thus provide an accurate 
i n d i c a t i o n of the d i v e r s i t y of research i n t h i s f i e l d . 
Future research developments w i l l l i k e l y continue t h i s 
t r a d i t i o n of d i v e r s i t y , i n no small part as a response t o 
the d i f f i c u l t y of the problems remaining. Hopefully, the 
r e q u i r e d methodological and conceptual breakthroughs w i l l 
come about as more and more approaches are developed. 
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Chapter 2 

Protein Adsorption at Solid-Liquid Interfaces: 
A Colloid-Chemical Approach 

W. Norde, J. G. Ε. M . Fraaye, and J. Lyklema 

Department of Physical and Colloid Chemistry, Agricultural University, De Dreijen 6, 
6703 BC Wageningen, Netherlands 

Protein adsorption on solid surfaces is discussed 
from a colloid chemical and thermodynamic point of 
view. Information is mainly obtained from adsorption 
isotherms, (proton)titrations, electrokinetics and 
calorimetry. The adsorption behavior of human plasma 
albumin and bovine pancreas ribonuclease at various 
surfaces is studied. The differences in behavior 
between the two proteins are related to differences 
in the structural properties. Furthermore, the 
essential role of the low molecular weight 
electrolytes in the overall protein adsorption 
process is stressed. 

Since the beginning of this century the adsorption of proteins at 
phase boundaries has been investigated for various reasons. A vast 
amount of literature, including several review articles (e.g., 
1,2,3,4), is available now. Most of the published work deals with 
adsorbed amounts and only during the last few decades have issues 
such as adsorption mechanisms and structure of the adsorbed 
molecules been discussed. 

Surveying the literature, i t appears that the interfacial 
behavior of proteins is a controversial subject. The main reason i s 
that many studies have been performed under insufficiently defined 
conditions and/or that conclusions have been drawn on the basis of 
too scanty experimental evidence. Furthermore, the theoretical 
description of adsorbed layers of simple, flexible polymers is s t i l l 
in its infancy (5,6). As the structure of proteins is much more 
complex than that of those simple polymers, theories of polymer 
adsorption need to be greatly extended to become applicable to 
proteins. Clearly, our current knowledge of protein adsorption 
mechanisms and of the structure of the adsorbed layer is far from 
complete. 

In a number of ways the adsorption of polymers, including 
proteins, differs from that of low molecular weight substances. A 
polymer molecule attaches to the sorbent surface via several 
segments. Even i f the adsorption free energy per segment is low, 

0097-6156/87/0343-0036$06.00/0 
© 1987 American Chemical Society 
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2. NORDE ET AL. Protein Adsorption at Solid-Liquid Interfaces 37 

say, 1 kT, attachment of tens of segments adds up to a large 
adsorption free energy of some tens of kT for the whole molecule. As 
a result, polymer molecules do not readily desorb in the pure 
solvent but they may be displaced by adding other (macro)molecules 
that adsorb with a larger (segmental) free energy. 

The three-dimensional structure of a protein molecule is the 
net result of interactions inside the molecule and interactions 
between the protein and its environment. Adsorption involves the 
transfer of protein from solution to the sorbent surface and the 
concomitant displacement of solvent and, possibly, other components 
from that surface. The resulting environmental change may induce 
alterations in the protein structure, which, in turn, may affect the 
biological activity of the protein. Needless to say, structural 
variations upon adsorption are of great relevance to the various 
practical applications of immobilized proteins. 

It is evident that elucidation of the interfacial behavior of 
proteins is not a simple matter and requires contributions from 
several disciplines. In recent years considerable progress has been 
made in applying spectroscopic techniques to proteins in the 
adsorbed state (e.g., 7,8,9). In such studies a (small) part of the 
molecule is analyzed in detail. In our laboratory we study protein 
adsorption from a more classical, colloid-chemical point of view. 
Arguments are derived from experimental data referring to whole 
protein molecules or to layers of them. Information is obtained from 
adsorption isotherms, proton titrations and both electrokinetic and 
thermochemical measurements. Recently, topical questions such as 
reversibility of the adsorption process and changes in the protein 
structure have been considered. This more hol i s t i c approach has 
produced some insights that could not easily be obtained otherwise. 

Adsorption Isotherms 

The shape of the equilibrium isotherm (adsorbed amount Γ as a 
function of the concentration c in solution) yields information 
about the free energy of adsorption. For most flexible, highly 
solvated polymers high-affinity isotherms are obtained, i.e. 
isotherms in which the i n i t i a l part coincides with the Γ-axis after 
which a levelling off takes place to a (pseudo-) plateau. 

However, isotherms for globular proteins often show a f i n i t e 
i n i t i a l slope. They develop well-defined plateaus at rather dilute 
concentrations in solution ( c < 1 g dm ). 

In interpreting adsorption isotherms, a distinction should be 
made between very low coverage ( i n i t i a l part of the isotherm), where 
the protein molecules interact with the sorbent surface only, and 
high surface coverage (adsorption plateau), where lateral 
interactions between the adsorbed molecules play a role as well. 

In the literature not much attention has been paid to the 
i n i t i a l part of the isotherm. Due to analytical limitations, the 
trends in this region often are rather uncertain. With human plasma 
albumin (ΗΡΑ) adsorbing on either polystyrene latex (10) or single 
crystals of polyoxymethylene (11) i t has been observed that the 
slope of the i n i t i a l part of the isotherm becomes less steep with 
increasing pH. Anticipating the discussion in the following section, 
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38 P R O T E I N S A T I N T E R F A C E S 

this could be caused by an increased number of carboxyl groups of 
the protein oriented towards the sorbent surface. 

Furthermore, on polystyrene i t was found that the adsorption of 
ΗΡΑ in the low surface coverage region increased with increasing 
temperature, except at the isoelectric point (i.e.p.) of the protein 
where the adsorption appeared to be independent of the temperature. 
According to Clapeyron's law a positive value for (6r/ôT) c implies 
an endothermic adsorption process under isosteric conditions. 
Although with protein adsorption isosteric conditions are d i f f i c u l t 
to establish, the qualitative conclusion is that at pH# i.e.p. the 
adsorption enthalpy is positive. Hence, under those conditions, 
adsorption must be entropically driven. We w i l l return to this 
subject in section 5. 

Usually, the plateau-value, Γ ρ, of the isotherm corresponds 
roughly to a close-packed monolayer of native molecules in a side-on 
or end-on orientation. It indicates that, at least at solution 
concentrations that are not excessively high, multilayers are not 
formed. In various systems i t is observed that Γρ(ρΗ) is at a 
maximum in the isoelectric region of the protein molecule (e.g., 
7,12,13,14). For example, Γ ρ(ρΗ) curves for ΗΡΑ at several sorbents 
are shown in Figure 1. The occurrence of a maximum at the i.e.p., 
independent of the nature of the sorbent, suggests that the charge 
of the protein molecule greatly influences Γ ρ. In particular, for 
ΗΡΑ on polystyrene surfaces ample evidence has been collected to 
conclude that the reduction in Γ on either side of the i.e.p. is 

Ρ 
due to structural rearrangements in the adsorbing molecules, rather 
than to increased lateral repulsion. Since the trends in Γ ρ(ρΗ) for 
the other surfaces are similar, they also may be caused by changes 
in the structure of the ΗΡΑ molecule. It i s , furthermore, remarkable 
that ΗΡΑ and many other proteins adsorb spontaneously on hydrophilic 
surfaces, even if the surface has the same charge sign as the 
protein (e.g. ΗΡΑ on hematite, pH > 6.8). Under such conditions 
dehydration of the sorbent surface and overall electrostatic 
interaction oppose the adsorption process. 

Therefore another contribution, originating from the protein 
molecule, drives the adsorption. 

Although the Γ ρ(ρΗ) pattern, as shown in Figure 1, is quite 
common, i t is not followed by a l l proteins. As an example, Γ_(ρΗ) 
for bovine pancreas ribonuclease (RNase) on different sorbents is 
shown in Figure 2. On polystyrene latex, Γ is essentially 
independent of the pH of adsorption. The value of Γ ρ is comparable 
with that of a complete monolayer of native RNase molecules. It 
suggests that only minor structural changes, if any, occur and that 
they are not affected by the protein charge (the i.e.p. of RNase is 
pH 9.3). The affinity of RNase for the uncharged, less hydrophobic 
polyoxymethylene crystals is so low that no significant adsorption 
can be detected. With the hydrophilic hematite, RNase adsorption 
occurs only in the pH range where the protein and the sorbent are 
oppositely charged. Thus, in contrast to ΗΡΑ, RNase does not adsorb 
on hydrophilic surfaces, except if i t is aided electrostatically. It 
is concluded that the factor that dominates ΗΡΑ adsorption is less 
strong, or absent, in RNase. It is probable that these differences 
in the adsorption behavior between ΗΡΑ and RNase are related to 
differences in structural properties between these two proteins. 
This w i l l be discussed further below. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
2
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- mg m 

o ^ - t -
pH 

Figure 1. Plateau values for the adsorption of human plasma 
albumin on polystyrene latex (Δ), silver iodide (*), 
polyoxymethylene (•) and hematite (·). 
Electrolyte: 0.01 M KNOo or 0.05 M KNO3 (for adsorption at 
polyoxymethylene). Τ = 22 eC. 

1.5- mg rrf 

1.0-

0 . 5 -

pH 

Figure 2. Plateau values for the adsorption of bovine pancreas 
ribonuclease on polystyrene latex (o), polyoxymethylene ( • ) 
and hematite (x). Conditions as in Figure 1. 
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Adsorption (Ir)reverstbllity 

As indicated, protein adsorption isotherms are often not of the 
high-affinity type. However, desorption of the protein into the pure 
buffer does not occur significantly within hours or days. This 
observation lends support to the suggestion that, after adsorption, 
structural changes occur in the protein molecule in order to adapt 
its structure to the new environment. Such structural changes lower 
the free energy of the system, and, hence, the af f i n i t y between 
protein and sorbent surface increases after adsorption. The 
condition of simultaneous detachment of several segments from the 
sorbent surface can be expected to slow the rate of desorption into 
the pure buffer, relative to the rate of adsorption. However, 
proteins may desorb readily on changing other conditions, e.g. pH or 
ionic strength of the medium or by adding a component that has a 
larger (segmental) free energy of adsorption (11). Moreover, 
relatively fast exchange between adsorbed and dissolved protein 
molecules has been observed by various investigators (e.g., 
15,16,17,18). 

For ΗΡΑ, removed from the sorbents hematite, s i l i c a and 
polyoxymethylene, the molecular structure has been compared with 
that of the native molecule, on the basis of their circular 
dichroisra spectra (11). It was found that after desorption the helix 
content of ΗΡΑ is some twenty to thirty percent lower. This 
reduction is virtually independent of the type of sorbent and the 
desorption method. It suggests that the change in the helix content 
is related to properties of the protein molecule i t s e l f . It is s t i l l 
not clear to which extent the adsorption and the desorption step 
affect the protein structure. It is furthermore interesting that the 
helix reduction is larger for the samples with lower revalues. This 
supports the earlier conclusion that a reduced Γ ρ value reflects 
further structural rearrangements in the protein molecule. It is 
noted that the decrease in the helix content of desorbed ΗΡΑ found 
by us is considerably less than that reported by others (19). 

RNase removed from hematite surfaces did not show significant 
alteration of its helical content. This is in agreement with our 
interpretation of the constant Γ ρ(ρΗ) for this protein. 

Charge Effects 

In an aqueous medium, proteins and solid surfaces are usually 
charged. In both systems the charge is neutralized by counter- and 
co-ions, that are partly physically bound and partly diffusely 
distributed. The charge distribution in and around a protein 
molecule and at a sorbent surface is schematically represented in 
Figure 3. 

When the protein approaches the surface the electrical double 
layers overlap, giving rise to a redistribution of charge. This can 
have a significant impact on protein adsorption. Tn some systems, 
e.g. RNase with a hydrophilic sorbent surface, overall electrostatic 
repulsion between the protein and the sorbent prevents adsorption. 
With other proteins, e.g. ΗΡΑ, interactions between charged groups 
do not play a decisive role. 

Interactions between charges on proteins and surfaces are 
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screened by low molecular weight ions in the system. On increasing 
the ionic strength, larger values of Γ ρ are usually observed 
(10,20,21). If this is found in the case where the protein and the 
sorbent are oppositely charged, i t indicates that Γ ρ is primarily 
influenced by charge-charge interactions within, or between, protein 
molecules rather than between protein and sorbent. The influence of 
ionic strength cannot always easily be interpreted. It has been 
reported that the effect of ionic strength on ΗΡΑ adsorption depends 
on the type of sorbent used (12). Furthermore, adsorption may be 
sensitive to the type of ion present (22,23). The conclusion is that 
the role of low molecular weight ions is more complex than just 
electrostatic screening between interacting charges. 

Proton titration data (11,24) point to the uptake of H + ions by 
molecules of ΗΡΑ and RNase upon adsorption on polystyrene particles. 
Especially the pK of the carboxyl groups undergoes a considerable 
shift to higher values. It is inferred that a relatively large 
fraction of the carboxyl groups faces the negatively (!) charged 
polystyrene surface. The titration data also reveal the different 
adsorption behavior between ΗΡΑ and RNase. For RNase the shift in 
the titration curve is essentially independent of the pH of 
adsorption, whereas for ΗΡΑ the shift increases the further the pH 
of adsorption is away from the i.e.p. of the protein. These results 
confirm the conclusions in the foregoing section: the structural 
perturbation, if any, in RNase is not sensitive to the pH of 
adsorption and the structure of adsorbing ΗΡΑ is progressively 
altered on moving the pH away from the i.e.p. 

Electrophoresis experiments (25,26,27) lead to the conclusion 
that ions, other than Η , are also transferred between the solution 
and the adsorbed protein layer. Figure 4 shows the charge alteration 
due to the transfer of ions (including H+) for plateau-adsorption of 
ΗΡΑ and RNase on various surfaces. The trends are in qualitative 
agreement with expectations according to electrostatic interaction 
between the protein and the sorbent surface. The conclusion is that 
charge-charge interactions are easily neutralized by adsorption of 
low molecular weight ions. 

Based on a model we published some ten years ago (28), the 
amount of co-adsorbed ions was estimated. Direct determination of 
ion uptake, using the radionuclides Na+, Ba and the 
paramagnetic Mn̂  ion has semi-quantitativily confirmed the model 
predictions (23). According to the model, the ion uptake has an 
electrostatic reason, i.e. i t happens to prevent accumulation of net 
charge in the low dielectric contact region between the protein and 
the sorbent surface, which would otherwise result in high values for 
the electrostatic potential. In addition to transfer of charge, the 
uptake of ions involves transfer of matter. Hence, the molar Gibbs 
energy, g, of transfer of an ion i between the solution s and the 
protein layer ρ contains both a chemical and an electrical term: 

g t

P " g 4

8 - ( μ 1

Ρ - μ 4

β ) + z t F ( Ψ Ρ " Ψ 8 ) 

where is the chemical potential of i in the phase indicated by 
the superscript, ψ the electrostatic potential, z^ the valency of i 
and F the Faraday constant. As water usually is a better solvent for 
ions than the proteinaceous layer, μ J* - μ^ δ > 0, i.e., the chemical 
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PROTEINS AT INTERFACES 

© Θ 

layer 

sorbent 

Figure 3. Schematic illustration of the charge distribution in 
and around a dissolved protein molecule and at a sorbent 
surface. 
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Figure 4. Charge transfer (expressed per unit area of the 
sorbent surface) between the solution and adsorbed layers of 
human plasma albumin (ΗΡΑ) and bovine pancreas ribonuclease 
(RNase) on various sorbents. Plateau adsorption. 

ΗΡΑ on negatively charged polystyrene. 
ΗΡΑ on positively charged polystyrene. 
ΗΡΑ on hematite. 
RNase on negatively charged polystyrene. 

The charge of ΗΡΑ, RNase and hematite vary with pH, with 
isoelectric points of 4.8, 9.3 and 6.5, respectively. 
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contribution to the ion transfer opposes the overall protein 
adsorption. However, i f no ions were incorporated the electrostatic 
potential in the adsorbed layer would reach very high values. 
Alternatively, such high potentials would be avoided i f the protein 
would unfold into a very loose structure that was freely permeable 
to water and small ions and where the dielectric permittivity was 
not much lower than in the bulk of the buffer. Such loose structures 
are seldom found with globular proteins. It i s , therefore, concluded 
that the chemical effect of ion transfer is less unfavorable than 
the exposure of hydrophobic amino acid residues to the aqueous 
medium, as would occur in a loosely structured, highly solvated, 
layer. 

More detailed information on ion exchange involved in protein 
adsorption can be derived from titration experiments in systems 
where the charge of the protein and the sorbent can be varied 
independently. Currently, we are studying such systems, using bovine 
plasma albumin (BPA) and cytochrome c as the proteins and silver 
iodide (Agi) particles as the sorbent. In these systems there are 
two potential determining ion couples, the H+/OH~ couple for the 
protein and the Ag +/I~ couple for the sorbent. They enable 
independent control of protein and surface charge. Below, we w i l l 
briefly discuss some results obtained with the BPA - Agi system. 
A series of pH static Ag +/I~ titrations of adsorbed BPA have been 
performed. From the data i t follows that for these rather special 
systems the extra uptake or release of protons suffices to 
neutralize the charge in the contact region between the protein and 
the sorbent surface. Furthermore, under not too extreme conditions 
(pH ~ 5) the capacitance of the interfacial electrical double layer 
is f a i r l y high (ca. 0.5 F m ) and resembles a typical Stern layer 
capacitance, indicating that a considerable amount of water is s t i l l 
present in the contact region. When the pH is low (pH ~ 4) the 
capacitance depends on the proton buffering capacity of the adsorbed 
protein. On increasing the charge contrast between surface and 
protein i t becomes more d i f f i c u l t for a protein molecule to 
neutralize the surface charge because of an increasing number of 
already titrated acid-base sites. As a result, the capacitance drops 
to low values (ca. 0.1 F m~2). This is an interesting phenomenon, 
because from thermodynamics i t follows that a decreasing capacitance 
may be understood as a decreasing a f f i n i t y of the protein for the 
surface, even though a larger charge contrast between the protein 
and the sorbent exists. 

Thermodynamics of Protein Adsorption 

It is evident that the protein adsorption process is the result of 
various interactions mutually occurring between protein molecules, 
solvent molecules, low molecular weight ions, other solutes and the 
solid surface. The f e a s i b i l i t y of protein adsorption (at constant 
pressure and temperature) is determined by the overall Gibbs energy 
of the process, A a^ gG. 

Several authors have evaluated A a (j gG from the adsorption 
isotherm (e.g., 29,30,31,32). Such an analysis adopts some model 
assumptions (e.g., Langmuir theory) and assumes that the isotherm 
represents a reversible process. It has been discussed in section 3 
that this assumption is questionable. 
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44 PROTEINS AT INTERFACES 

In view of this, a thermodynamic analysis should be based on 
the determination of the adsorption enthalpy, A a (j gH, and the 
adsorption entropy, A a ( J gS. At given temperature A a (j gG = ^ads^ " 
™ads s-

Because of the almost infinite number of structural variations 
that protein and solvent molecules may undergo during adsorption, an 
ab i n i t i o s t a t i s t i c a l computation of A a ( i gS is practically 
impossible. At constant pressure, which is usually the case for 
adsorption f rom solution, 

H equals the heat of adsorption. 
Therefore, A a cj gH can be determined directly by (micro)calorimetry. 

We have measured A a (j gH for plateau adsorption of ΗΡΑ on 
different substrates (11,26,33) and for RNase on polystyrene (33). 
With both proteins, and under many conditions, A a (j gH > 0, implying 
again that spontaneous adsorption occurs by virtue of an entropy 
increase: A a (j gS > 0. In section 2 the same conclusion has been drawn 
for the Interaction between ΗΡΑ and polystyrene latex at low surface 
coverage. 

Figure 5 shows A a (j gH for ΗΡΑ on hematite at low and high 
surface coverage. In this way the contribution due to crowding at 
the surface can be studied. It appears that this contribution 
becomes more positive with increasing distance from the i.e.p. of 
the protein, which could be due to increased lateral repulsion 
between the adsorbed ΗΡΑ molecules. 

The calorimetric measurements for ΗΡΑ and RNase on polystyrene 
latexes have been analyzed in great detail (34). Based on additional 
data for these systems, it was possible to assign contributions to 

Η from various interactions. By subtracting the sum of the 
estimated contributions from the total enthalpy measured, the most 
elusive constituent, ^ ,gH t , resulting from rearrangements in 
the protein structure (including hydration), can be deduced. It 
appears that the structural rearrangements are endothermic, as would 
be expected for a reduction of secondary and/or tertiary structure. 
Moreover, for ΗΡΑ, A a d g H g t r is larger i f the pH of adsorption is 
further from the i.e.p. Typically, the values found for A a ( î gH g t r p r 

are in the range of 0 - 15 J per gram of protein. 
The adsorption of negatively charged ΗΡΑ (pH 7.4, ionic 

strength 0.01 M KNÔ ) on hydrophilic, negatively charged surfaces of 
hematite and s i l i c a deserves additional attention. As discussed in 
section 2, under these conditions spontaneous adsorption is due to 
some driving 'force 1 originating from the protein. Since, for 
plateau-adsorption, A a (j gH amounts to +201 kJ mol""1 and +136 kJ mol~* 
for ΗΡΑ at hematite and s i l i c a surfaces, respectively, this driving 
force must be of entropie nature. A lowering of the helix content of 
ΗΡΑ at both surfaces from 55% to ca. 45% (11) (cf. section 3), would 
imply a maximum entropy gain of 691 J Κ-1πιο1 which, at 25 *C, 
yields a contribution of -205 kJ mol to A a (j gG. Hence, it is shown 
that even a relatively small change in the structure of the protein 
molecule could already account for a lowering of A a (j gG that could 
overcome the unfavorable effects of electrostatic repulsion and 
dehydration of a hydrophilic surface. If such structural adaptations 
are suppressed, as in the case of RNase, adsorption would not occur 
at a hydrophilic surface that is uncharged or like-charged. 
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NORDE ET AL. Protein Adsorption at Solid-Liquid Interfaces 

Figure 5. Adsorption enthalpy of human plasma albumin on 
hematite surfaces at two different surface coverages, i.e. at Γ 
= Γ ρ ( ) and Γ » 0 . 1 Γ ( ). The difference curve 
( ) reflects the enthalpy contribution from interactions 
between adsorbed albumin molecules. Electrolyte: 0 . 0 1 M KNO3 ; 
Τ = 25 *C (Reproduced with permission from Ref. 4. Copyright 
1986 Elsevier Science Publishers B.V.). 
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46 PROTEINS AT INTERFACES 

Relation between Structural Properties of the Protein and i t s 
Adsorption Behavior 

Some of the interactions that determine the three-dimensional 
structure of a protein molecule support a compact conformation, 
whereas others tend to expand the molecule. In aqueous solution 
hydrophobic parts of the protein are buried as much as possible in 
the interior of the molecule but in the adsorbed state the 
hydrophobic residues may be exposed to the sorbent surface, s t i l l 
shielded from water. Therefore, an expanded structure w i l l be 
promoted upon adsorption i f the compact structure in solution is 
stabilized by intramolecular hydrophobic bonding. More precisely, 
whether or not adsorbing protein molecules change their structure 
depends on the contribution from intramolecular hydrophobic bonding, 
relative to those from other interactions, to the overall 
stabilization of the structure in solution. In reference (4) such an 
analysis of the structure determining factors has been made for ΗΡΑ 
and RNase. It leads to the conclusion that ΗΡΑ, more than RNase, is 
able to adapt its structure at sorbent surfaces. 

Interaction between hydrophobic amino acid residues stabilizes 
secondary structures such as α-helices and β-sheets. A reduction of 
the intramolecular hydrophobic bonding would cause a decrease of 
such secondary structures, which has indeed been found for, e.g., 
ΗΡΑ (11,19). As discussed, the entropy gain resulting from increased 
rotational freedom could be one of the major reasons for spontaneous 
protein adsorption. 

Aspects for Future Research 

The dawning understanding of some general principles of protein 
adsorption helps us to direct further research. One main problem to 
be solved concerns the reversibility (exchange and desorption) of 
the sorption process. This problem is intimately connected to 
structural rearrangements upon adsorption. Such rearrangements, in 
turn, are related to the contributions of different structure 
determining factors, relative to each other. Therefore, to identify 
the adsorption mechanism, i t seems f r u i t f u l to combine adsorption 
data with a characterization of the structure determining factors. 
Against this background, studies with a series of proteins of 
varying structural properties and with one and the same protein 
adsorbing from gradually changing solvents are recommended. 

Literature Cited 

1. Brash, J.L.; Lyman, D.J. In The Chemistry of Biosurfaces; 
Hair, M.L., Ed.; Marcel Dekker: New York, 1971; p. 177. 

2. MacRitchie, F. Advan. Protein Chem. 1978, 32, 283. 
3. Ivarsson, B.; Lundström, I. CRC Critical Reviews in 

Biocompatibility 1985, 2, 1. 
4. Norde, W. Advan. Colloid and Interface Sci. 1986, 25, 267. 
5. Fleer, G.J.; Lyklema, J. In Adsorption from Solution at the 

Solid-Liquid Interface; Parfitt, G.D.; Rochester, C.H., Eds.; 
Academic Press: New York, 1983; p. 153. 

6. Van der Schee, H.A.; Lyklema, J. J. Phys. Chem. 1984, 88, 6661. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
2



2. NORDE ET AL. Protein Adsorption at Solid-Liquid Interfaces 47 

7. Morrissey, B.W.; Stromberg, R.R. J. Colloid Interface Sci. 
1974, 46, 152. 

8. Burghardt, T.P.; Axelrod, D. Biochemistry 1983, 22, 1979. 
9. Hlady, V.; Reinecke, D.R.; Andrade, J.D. J. Colloid Interface 

Sci. 1986, 111, 555. 
10. Norde, W.; Lyklema, J. J . Colloid Interface Sci. 1978, 66, 

257. 
11. Norde, W.; MacRitchie, F.; Nowićka, G.; Lyklema, J. J . Colloid 

Interface Sci. 1986, 112, 447. 
12. Koutsoukos, P.G.; Mumme-Young, C.A.; Norde, W.; Lyklema, J. 

Colloids and Surfaces 1982, 5, 93. 
13. MacRitchie, F. J. Colloid Interface Sci. 1972, 38, 484. 
14. Bagchi, P.; Birnbaum, S.M. J. Colloid Interface Sci. 1981, 83, 

460. 
15. Lok, B.K.; Cheng, Y.-L.; Robertson, C.R. J. Colloid Interface 

Sci. 1982, 91, 351. 
16. Chan, B.M.C.; Brash, J.L. J. Colloid Interface Sci. 1981, 84, 

263. 
17. Brash, J.L.; Uniyal, S.; Samak, Q. Trans. Am. Soc. Artif. Int. 

Organs 1974, 20, 69. 
18. Weathersby, P.K.; Horbett, T.A.; Hoffmann, A.S. J . Bioeng. 

1977, 1, 395. 
19. Soderquist, M.E.; Walton, A.G. J. Colloid Interface Sci. 1980, 

75, 386. 
20. Shastri, R.; Roe, R.J. Org. Coat. Plast. Chem. 1979, 40, 820. 
21. Susawa, T.; Murakami, T. J. Colloid Interface Sci. 1980, 78, 

266. 
22. Mizutani, T. J . Colloid Interface Sci. 1981, 82, 162. 
23. Van Dulm, P.; Norde, W.; Lyklema, J. J. Colloid Interface 

Sci., 1981, 82, 77. 
24. Norde, W.; Lyklema, J. J . Colloid Interface Sci. 1978, 66, 

266. 
25. Norde, W.; Lyklema, J. J . Colloid Interface Sci. 1978, 66, 

277. 
26. Koutsoukos, P.G.; Norde, W.; Lyklema, J. J. Colloid Interface 

Sci. 1983, 95, 385. 
27. Norde, W. Colloids and Surfaces 1984, 10, 21. 
28. Norde, W.; Lyklema, J. J. Colloid Interface Sci. 1978, 66, 

285. 
29. Dillman, W.J.; Miller, I.F. J. Colloid Interface Sci. 1973, 

44, 221. 
30. Lee, R.G.; Kim, S.W. J. Biomed. Mater. Res. 1974, 8, 251. 
31. Brash, J.L.; Samak, Q.M. J. Colloid Interface Sci. 1978, 65, 

495. 
32. Schmitt, Α.; Varoqui, R.; Uniyal, S.; Brash, J.L.; Pusineri, 

C. J. Colloid Interface Sci. 1983, 92, 25. 
33. Norde, W.; Lyklema, J. J . Colloid Interface Sci. 1978, 66, 

295. 
34. Norde, W.; Lyklema, J. J. Colloid Interface Sci. 1979, 71, 

350. 
RECEIVED February 13, 1987 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
2



Chapter 3 

Early Stages of Plasma Protein Adsorption 

Todd M . Price1 and M . Lea Rudee2 

1Department of Biology, University of California—San Diego, La Jolla, CA 92093 
2Departments of Electrical Engineering and Computer Science, University of 

California—San Diego, La Jolla, CA 92093 

Plasma proteins are adsorbed to the surfaces of carbon, 
polystyrene, and a series of polyetherurethanes of 
increasing surface energy from both a static and a flowing 
milieu. The conformations of the individual protein 
molecules and the structure of the protein films formed are 
studied by electron microscopy. The conformation of 
individual protein molecules and the structure of the 
adsorbed films are found to be dependent upon the surfaces 
to which they are adsorbed, and the flow conditions under 
which the protein solutions contact the materials. 

Research in our laboratory has been directed towards understanding 
the structures of both individual protein molecules and the films 
these proteins form when they adsorb to the surfaces of blood-
contacting, bioengineering materials. The goal is to understand the 
mechanisms which control the thrombogenic nature of materials that 
contact the blood. 

The f i r s t event following the contact of materials with blood 
is plasma protein adsorption (1). Subsequently, platelets may adhere 
to this adsorbed protein film. The platelets may then activate, 
release the contents of their alpha and dense granules, change 
their shape, increase their rate of adhesion to the surface, and 
recruit subsequently arriving platelets to the activation reaction. 
Initiation of the clotting cascade may then ensue with the formation 
of a thrombus. This thrombus w i l l have three possible fates: ( i . ) 
continued growth to occlusion of the device, ( i i . ) embolization with 
or without downstream consequences, or ( i i i . ) dissolution via the 
fibr i n o l y t i c pathway. Thrombosis is a major factor limiting the 
u t i l i t y of blood contacting devices, especially small bore venous 
vascular grafts where low flow rates lead to the formation of f i b r i n 
rich clots. 

The intact, healthy endothelium is the only known non-

0097-6156/87/0343-0048$06.00/0 
© 1987 American Chemical Society 
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3. PRICE AND RUDEE Plasma Protein Adsorption 49 

thrombogenic material. A l l other materials placed in contact with the 
blood are thrombogenic. Most researchers agree that the thrombogenic 
behavior of materials is largely mediated by; (i) the nature of the 
protein film adsorbed from the blood, ( i i ) the interactions of this 
film with both the underlying substrate and the subsequently 
deposited blood elements, and ( i i i ) the flow characteristics of the 
device (.2). 

Due to the fundamental importance of the adsorbed protein film, 
many methods have been used to characterize i t s nature. These 
methods include: ellipsometry (3,4), Fourier transform infrared 
spectroscopy (FTIR) (5,6), multiple attenuated internal reflection 
spectroscopy (MAIR) (7,8) immunological labeling techniques (9), 
radioisotope labeled binding studies (Π))> calorimetric adsorption 
studies (li.)> circular dichroism spectroscopy (CDS) (12), 
electrophoresis (_13), electron spectroscopy for chemical analysis 
(ESCA) (14), scanning electron microscopy (SEM) (15,16,9), and 
transmission electron microscopy (TEM) (17-19). 

We chose to study the adsorption of plasma proteins to surfaces 
by using high resolution transmission electron microscopy. This 
allowed us to assess conformational changes of the protein molecules 
due to the specific surface to which they are adsorbed, and to 
p.xamine surfaces following i n i t i a l protein adsorption. U t i l i z i n g this 
technique, we have been able to observe individual molecules as well 
as the structure of the protein films adsorbed to these surfaces. 

The composition of the adsorbed films can be assessed by both 
the characteristic shapes of the molecules observed at low surface 
concentrations, and by the reaction of the films with antibodies 
conjugated to colloidal gold particles (£). These electron dense 
antibody-gold-particle conjugates are visible in the electron 
microscope, and the diameters of the gold particles can be controlled 
so that two or three different size cohorts can be unambiguously 
distinguished from one another. This provides a method of 
compositional analysis of the adherent film which involves neither 
radiolabeling the protein making up the film under investigation, nor 
chemically altering the antibody reagent. This approach avoids the 
possible experimental artifacts due to the labeling chemistry. The 
adherent films may be simultaneously probed with several different 
antibody-gold particle conjugates specific to different plasma 
proteins and therby determine the composition of the film. 

EXPERIMENTAL 

PROTEINS. Human fibrinogen, supplied by the laboratory of Dr. 
Russell F. Doolittle of the Department of Chemistry at UCSD, was 
prepared by a cold ethanol precipitation technique (35). Human serum 
albumin was obtained from Schwartz-Mann as a lyophile. Plasma was 
obtained from human volunteers by venipuncture, u t i l i z i n g an 18 gauge 
needle and drawing the blood into a Vacutainer tube containing 
sodium citrate. Following centrifugation, the cellular fraction was 
discarded and the plasma used immediately. 

Colloidal gold particles were prepared by the reduction of 
chloroauric acid with c i t r i c acid or phosphoric acid. Following 
conjugation at pH 9 with a f f i n i t y purified antibodies, the colloidal 
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50 PROTEINS AT INTERFACES 

gold-antibody conjugate solutions were stabilized with polyethylene 
glycol. Following the exposure of the test surfaces in the flow 
c e l l , the surfaces were removed and incubated with the antibody-gold 
conjugate and then washed. The colloidal gold labeled surfaces were 
then shadowed as described below and examined in the electron 
microscope. 

ELECTRON MICROSCOPY. The samples were prepared for electron 
microscopy as follows. The test materials with the adsorbed protein 
were placed in a vacuum evaporator (2θ· The specimens were 
dehydrated in vacuo (10 Torr) for 60 min., shadowed with tungsten, 
and carbon coated. The plastic substrates were dissolved in an 
appropriate solvent, either 1,2-dichloroethane (EDC), or N,N-
dimethylaeetamide (DMAC). The carbon replica, mounted on an 
microscope grid, was examined in the electron microscope. For 
observation, we used a Philips 300 electron microscope operated at 80 
kV with a 50 micron objective aperture. 

MATERIALS. Spectroscopically pure carbon was deposited onto freshly 
cleaved mica in a Denton DV-502 vacuum evaporator, the carbon films 
were then stripped off onto water and mounted on microscope grids. 
Preparation of polystyrene and polycarbonate substrates is described 
elsewhere (17). A series of polyetherurethanes were obtained from 
the laboratory of Dr. B.D. Ratner, Department of Chemical Engineering 
at the University of Washington. They were synthesized from methylene 
bis(4-phenylisocyanate), three different polypropylene glycols, and 
ethylene diamine as a chain extender. The polyether segments in these 
materials were derived from: the monomer, 1,2,-propanediol m.w.76; a 
polypropylene glycol 7-mer of m.w.425 d., and a polypropylene glycol 
34-mer of m.w.2000 d.. These materials are abbreviated peu-ppd, peu-
425, and peu-2000 respectively. In order to insure that the surfaces 
of the polyetherurethanes were sufficiently smooth to allow imaging 
of the proteins adsorbed to them, these materials were cast from 
solutions of DMAC against the surface of mercury. The side of the 
polyetherurethane film exposed to the protein solutions was the one 
in contact with the mercury. 

RESULTS AND DISCUSSION. 

Imaging biological macromolecules in the transmission electron 
microscope requires several manipulations which may lead to 
di f f i c u l t y in the interpretation of the results. The molecules 
imaged in the microscope column are far from the state in which they 
originally adsorbed to the material surface. ̂ The electron microscope 
operates under a vacuum of approximately 10 Torr. Material placed 
in the column is therefore dry. 

Electron scattering by a sample is proportional to the atomic 
number of the scattering material. Biological materials are composed 
of such low atomic number atoms that they are poor electron scatters, 
and contrast enhancement techniques must be employed. Typically, 
heavy metals are employed to render contrast to biological samples. 
Solutions of heavy metal salt may be used to either negatively or 
positively stain biological materials, or elemental heavy metals may 
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3. PRICE AND RUDEE Plasma Protein Adsorption 51 

be vapor deposited at a shallow angle in order to outline molecules 
adsorbed to smooth surfaces. In the study of protein films adsorbed 
to surfaces, negative staining (_18), and partial gold decoration (19) 
have been successfully employed to observe the protein film. We have 
employed unidirectional, vapor deposited tungsten as a contrasting 
agent. For a review of methods used to image macromolecules, see 
Slayter (21). A l l results obtained in the electron microscope must be 
interpreted in the light of the environment of the high vacuum of the 
microscope column and i t s inherent anhydrous environment. 

Low angle shadowing requires that the specimen to be imaged is 
adsorbed to a smooth substrate. Consequently, the polyetherurethane 
materials were cast against the surface of a mercury puddle. This 
provided a surface sufficiently smooth to image individual 
macromolecules. The other plastic substrates were cast against glass 
microscope slides, and the carbon substrates vapor deposited onto the 
surface of freshly cleaved mica. 

Our earliest studies consisted of exposing amorphous carbon 
films to citrated whole blood for relatively long periods of time (up 
to 5 min.) in a static (i.e. no flow) system, washing to remove 
adherent cellular material, metal shadowing, and observing the 
apparent increase in roughness as the surface accumulated a layer 
of adsorbed protein Figure 1. Our interpretations of these images as 
the backside of a thick carpet of adsorbed protein led us to the use 
of diluted c e l l free plasma. The protein solutions were applied to 
the surfaces by atomization. This insured that a f i n i t e amount of 
protein reached the surface, and that there was no time dependent 
accretion of protein on the surface that would obscure the details of 
the molecular structure. 

When plasma was diluted one thousand fold, individual protein 
molecules were apparent, and the characteristic Hall and Slayter 
(22) trinodular shape of the fibrinogen was discernable in many of 
the fields, Figure 1C. This led us to look more closely at the 
structure of the fibrinogen molecule and the location of i t s 
postulated domains in collaboration with Dr. Russell F. Doolittle in 
the Chemistry Department at UCSD. 

Specific antisera to the various domains of the fibrinogen 
molecule were prepared. These a f f i n i t y purified, polyclonal 
antibodies were cleaved with papain, and their antigen binding 
fragments (fab) were isolated. These specific fabs were reacted, in 
solution, with intact fibrinogen. The solutions were then diluted, 
sprayed onto ultra thin carbon films, and unidirectionally shadowed 
with tungsten (27). Figure 2 shows the results. The fabs can be 
seen to be specifically attached to the domains of the molecule 
against which they had been raised. Figure 2A shows an unreacted 
control fibrinogen molecule demonstrating the characteristic Hall and 
Slayter trinodular morphology. Figure 2B is a micrograph of the 
reaction of the fibrinogen solutions with fabs directed to a region 
on the fibrinogen alpha-chain. Figures 2C and 2D are of anti-D domain 
fabs. Figures 2E and 2F are of anti-E domain fabs. 

The carbon support films used in the previous studies were 
similar, i f not identical to LTI carbon (36), a material well 
tolerated by the circulation and used to coat prosthetic heart 
valves. These carbon substrates were replaced with other materials in 
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52 PROTEINS AT INTERFACES 

Figure 1. Carbon films are exposed to static, citrated whole 
blood. Panel A is the control surface with no exposure to 
blood, Panel Β is a 5 sec. exposure, and panel D is a 60 sec. 
exposure. Panel C is plasma diluted 1:1000 and sprayed onto a 
carbon surfacet the arrows indicate fibrinogen molecules. Scale 
bars represent 500 nm. 

Figure 2. Panel A is purified human fibrinogen sprayed onto the 
surface of thin carbon films. Panels B-F are of purified human 
fibrinogen reacted with fabs specific to: a portion of the alpha 
chain extension (B), the D-domain (terminal nodule) of fibrinogen 
(C and D), and the Ε-domain (central nodule)of fibrinogen (E and 
F). The scale bar represents 50 nm. 
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3. PRICE AND RUDEE Plasma Protein Adsorption 53 

order to evaluate the effect of the surface on the structure of the 
adsorbed protein. 

When fibrinogen solutions were sprayed onto polystyrene 
surfaces, the morphology of the molecule was quite different from 
that found on the carbon surfaces, Figure 3. The alpha-chain 
protuberance of the fibrinogen molecule, whose existence had been 
demonstrated by sequence data (23), was resolved, Figure 3B and C. We 
believe this observation was due to two factors: ( i . ) the interaction 
of the protein with the surface, which apparently extended the alpha-
chain protuberance away from the body of the molecule and rendered i t 
available to the shadowing metal, and ( i i . ) to the improved 
resolution afforded by the electron microscopic technique employed 
(24). The alpha-chain protuberance of the fibrinogen molecule has 
been observed only on polystyrene surfaces and never on the surface 
of carbon Figure 3D. When the molecule is adsorbed to mica or carbon 
surfaces (25,26), the alpha-chain protuberance of fibrinogen was 
thought to l i e either coiled at the surface of the D (terminal) 
domain or associated with the other alpha chain protuberance in the 
fibrinogen dimer near the Ε domain. 

The alpha-chain protuberance had not been directly observed 
previously, although we had indirectly shown i t s existence by 
imaging anti-alpha-chain fab fragments pre-bound to the fibrinogen 
molecule when sprayed onto carbon surfaces, Figure 2B (27)· The 
separation of the fab from the fibrinogen D-domain in Figure 2B is a 
consequence of the antisera having been raised to a proteolytic 
fragment of the alpha chain, which derived from the central portion 
of the alpha-chain extension of the molecule. Although the alpha 
chain extension is not resolved directly on this carbon surface, i t s 
existence can be inferred by the localization of the fab near, but 
not attached directly to, the D-domain. The results we obtain by 
dispersing the molecules onto polystyrene, and the association of the 
anti-alpha chain fab near to but not directly with the D domain, lead 
to the conclusion that the alpha-chain extension exists as a random 
c o i l protruding away from the D-domain. 

Another phenomenon found to occur when fibrinogen was adsorbed 
to the polystyrene surface was that the axes of the molecules were 
not randomly oriented; instead, the axes were aligned and pointed in 
the direction of the center of the dried droplet (Figure 3A). This 
observation led to the hypothesis that the physical mechanism 
responsible for this orientation of the molecules was Blodgett-
Langmuir transfer. The adsorption takes place at the air- l i q u i d - s o l i d 
interface, with the adsorption of the fibrinogen molecule occurring 
f i r s t by the alpha-chain protuberance. As the droplet a i r - l i q u i d 
interface recedes, the alpha-chains extensions are drawn out, 
rendered resolvable by the shadowing process, and the molecules are 
aligned radially. This alignment of the molecules on polystyrene was 
not observed when the alpha-chain protuberances were removed 
enzymatically, Figure 3E, or when fibrinogen, with or without the 
alpha-chain protuberance, was dispersed onto carbon surfaces, Figure 
3D. 

Fibronectin was another plasma protein with relevance to the 
thrombotic reaction that we studied. We found that the structure of 
the fibronectin molecules dispersed onto carbon was also quite 
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54 PROTEINS AT INTERFACES 

different from those dispersed onto polystyrene surfaces (28). 
Figure 4 shows that fibronectin, when adsorbed to polystyrene 
surfaces, appears in an elongated, nodular form, Figures 4 A and B. 
When i t is adsorbed to mica or carbon, however, i t exists in coiled 
pleiomorphic form, Figures 4C and D. This finding has since been 
confirmed (29-31), and the current thought is that the plasma 
fibronectin molecule exists in a coiled, inactive form in the 
circulation, and upon adsorption to a surface i t unfolds, exposing 
its functional domains (f i b r i n binding, platelet binding, etc.). 
These results graphically illu s t r a t e the influences of the surface 
directly on the structure of the molecules' tertiary conformation; 
however, these experiments occurred under static conditions, and the 
effects of the flowing milieu of the circulatory system was not 
addressed. 

FLOW STUDIES 

In order to study the effect of f l u i d shear on the adsorption of 
proteins, a flow c e l l was developed in the laboratory of Dr. Kenneth 
Keller of the Department of Chemical Engineering at the University of 
Minnesota. It was designed to produce a constant shear rate over the 
surface of the test materials. The test materials are mounted in the 
flow c e l l as a 90 degree wedge, divided along i t s axis and oriented 
so that the division plane is parallel to the direction of flow 
Figure 5. Due to this design, two different surfaces may be 
simultaneously exposed to the flowing solution. The test materials 
may be either manufactured in the shape of a half wedge, or a thin 
film of the test material may be mounted on the surface of the wedge 
(32). This latter method was used in these studies. A deceleration 
cone, mounted immediately upstream of the test surfaces, flattens the 
velocity profile of the flowing solution. The dependence of the shear 
rate produced at the surface of the test material upon the f l u i d 
flow rate has been calculated and tested for this device, and an 
approximately linear relationship has been obtained (Kreczmer, M.L., 
personal communication). 

The samples were mounted in the test c e l l with particular 
attention that they were not contaminated by contact with any 
liquids. The flow c e l l was then connected to a plumbing system that 
contained a protein solution reservoir, a wash buffer reservoir, and 
a three-way-valve. The flow c e l l , with the test materials mounted at 
the wedge surface, was connected to the system and f i l l e d with 
buffer. The system was purged of a i r , and degassed under vacuum. 
After the establishment of a flow of buffer through the c e l l , the 
three-way-valve was used to switch the input line to the sample 
protein reservoir for a selected period of time. Following the 
exposure of the surfaces to the protein solution, the valve was 
switched back to the buffer reservoir and the c e l l flushed with about 
300 ml. of buffer. 

In the flow c e l l , the test surfaces were exposed to the flowing 
solutions under well characterized flow conditions. Carbon, 
polystyrene, and polycarbonate surfaces were exposed to the flowing 
(135/sec. shear rate), dilute (100 micrograms/ml.) solutions of 
intact native human fibrinogen, human fibrinogen with the alpha chain 
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3. PRICE AND RUDEE Plasma Protein Adsorption 55 

Figure 3. Fibrinogen sprayed onto surfaces of polystyrene (Panels 
A,B»C,and E), and carbon (Panel D). In panel Ε the alpha chain 
extension has been enzymatically removed. The scale bar 
represents 50nm. 

Figure 4. Human plasma fibronectin sprayed onto the surface of 
polystyrene (Panels A and B), and the surface of carbon (Panels C 
and D). The scale bar represents 100 nm. 
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56 PROTEINS AT INTERFACES 

Figure 5. The flow c e l l , with the cover removed for cla r i t y , 
showing the test material wedge w, the decelleration cone dc, and 
the flow chamber fc. (Reproduced with permission from Ref. 17. 
Copyright 1985 John Wiley and Sons.) 
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3. PRICE AND RUDEE Plasma Protein Adsorption 57 

extensions removed enzymatically, and human serum albumin. Several 
different exposure times were observed. 

The results of the adsorption of intact fibrinogen are 
illustrated in Figure 6. At the shortest times, the typical 
trinodular structure of the fibrinogen molecule was observed on the 
surfaces of carbon. However, on polystyrene surfaces, the 
fibrinogen molecules adsorbed as denatured irregular deposits which 
were distributed uniformly over the surface and lacked the trinodular 
structure of the fibrinogen molecule. This is in marked contrast to 
the behavior of fibronogen sprayed onto polystyrene and adsorbed 
during the evaporation of the droplet that was described above. In 
the case of the droplet, the relatively static conditions led to a 
trinodular structure, and the observation of the alpha-chain, Figures 
3B and 3C. The flowing conditions in the c e l l produced a fundamental 
difference in the behavior of the single molecule of fibrinogen on 
polystyrene, but not on carbon. As the exposure times increased, 
the protein films that formed on carbon surfaces became continuous, 
while on polystyrene a network developed. With additional exposure, 
the voids in the network decreased in size and the areas of protein 
increased in thickness. This process continued u n t i l only small 
isolated islands of uncoated substrate existed. Although the 
mechanism leading to the network is not understood, the major 
differences between carbon and polystyrene illu s t r a t e the 
sensitivity of this electron microscope technique in differentiating 
the behavior of different materials. 

When solutions of fibrinogen and human serum albumin were used 
in the flow c e l l , Figures 6 and 7 respectively, a network of adsorbed 
protein formed on the polystyrene substrates. However, the size of 
the albumin network (i.e., the thickness of the strands of protein 
and the size of the voids) was much smaller than the network formed 
by fibrinogen. Colloidal gold conjugated with a f f i n i t y purified IgG 
antibodies to serum albumin was employed to identify the composition 
of the adsorbed protein film. The i n i t i a l results of these 
experiments are shown in Figure 8. An interesting result of these 
experiments is that the gold label is located only on the protein 
film network and not on the exposed substrate. This demonstrates the 
specific nature of the binding of the conjugated label to i t s 
antigen, as there is no binding to the exposed substrate in the open 
area of the network. 

This observation of the incomplete coverage of the substrate by 
the adsorbed protein film has been documented by others. Brash and 
Lyman (_18) noted that on the surface of PTFE, gamma globulin was 
found to cover the surface incompletely. Eberhart (19) observed 
that even at exposure times (>1 hour) and solution concentrations 
vastly in excess (30 fold) of those used in our experiments, 
fibrinogen, albumin and gamma globulin films formed which l e f t 
substantial portions of the underlying PTFE surface uncovered. 
Recently Johnston (32) has also observed by ESCA that adsorbed 
hemoglobin films incompletely cover the surfaces of materials. 

POLYETHERURETHANES. Polyetherurethanes are block copolymers (37) 
with phase domains resulting from the aggregation of the urethane-
urea hard segments and the soft polyether segments. As the molecular 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
3



58 P R O T E I N S A T I N T E R F A C E S 

Figure 6. Purified solutions of fibrinogen at 100 micrograms/ml 
contacted these surfaces at a shear rate of 135/sec. The scale 
bar represents 100 nm. (Reproduced with permission from Ref. 17. 
Copyright 1985 John Wiley and Sons.) 
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3. PRICE AND RUDEE Plasma Protein Adsorption 59 

Figure 7. Human serum albumin exposed in the flow c e l l to the 
above surfaces for 2.5 sec. at increasing shear rates. The scale 
bar represents 100 nm. 

Figure 8. Polystyrene exposed to human serum albumin in the flow 
c e l l for 6 sec at 135/sec, then reacted with the anti-HSA 
antibodies conjugated with 20 nm. colloidal gold particles. The 
scale bar represents 100 nm. 
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60 PROTEINS AT INTERFACES 

weight of the polyether segment increases, the surface of these 
polymers has been shown, by ESCA (20), and FTIR (38) to become 
increasingly different in composition from the bulk of the material. 
The low molecular weight polyether tends to concentrate at the 
surface, with the urethane (hard segment) buried in the bulk of the 
polymer. Merrill (3̂ 7) has suggested that the relatively good blood 
compatibility of the polyetherurethanes is due to the presence of the 
polyether segment at the surface. The polyether segment adopts an 
amorphous structure at physiological temperatures when linked to the 
urethane segments. Further, polymers designed as hard segment 
analogs have been shown to adsorb more thrombin than those 
polyurethanes which contain the amorphous polyether segment (39). The 
peu-ppd, manufactured with the smallest polyether segment (the 
monomer), is the hard segment model of these materials and has the 
highest surface energy. The other two polyether urethanes are of 
intermediate (peu-425) and low surface energy (peu-2000). 

These polymers were exposed in the flow c e l l to albumin 
solutions (100 micrograms/ml.) for 2.5 sec. at shear rates 1/2, 1, 
and 2 times the rates used to expose the surfaces of carbon, 
polystyrene, and polycarbonate in the series of experiments described 
above. These shear rate values were 60/sec, 135/sec, 260/sec, and 
540/sec. The results are illustrated in Figure 7. Note that the 
morphology of the protein films formed varies on a given surface with 
increasing wall shear rate except for the soft segment model, peu-
2000. On the soft segment model the existence of a protein film 
cannot be visualized at a l l , and the morphology of the surface is 
similar in a l l of the examples shown. The inability to resolve any 
protein film is presumably due to the amorphous character of the 
polyether dominated surface. 

When the albumin films are adsorbed to the surface of the peu-
425, the formation of a protein film is evident. Some substructure is 
seen at the 270/sec and 540/sec shear rates. However, the most 
striking observation is that the hard segment model peu-ppd, which 
would be expected to adsorb proteins the most readily, adsorbs 
albumin in a fashion similar to the polystyrene surfaces. The 
albumin adsorbs to the peu-ppd as distinct molecules at the low flow 
rates, and at the 270/sec rate the formation of a network is evident. 

CONCLUSIONS 

We have shown that the morphology of the adsorbed individual molecule 
and the protein film is dependent upon the surface to which the 
protein is adsorbed and the wall shear rate at which the protein 
solution contacts the surface. We have studied the interaction of 
proteins with surfaces from two approaches; the f i r s t involved 
observations of the tertiary structures of individual molecules, and 
the second involved the use of a flow c e l l and the exposure of test 
materials to flowing, dilute, purified human plasma protein 
solutions. On the hydrophobic surfaces of polystyrene and 
polycarbonate, albumin and fibrinogen films form networks. On the 
surface of the hard segment model polyurethane, the morphology of the 
adsorbed film is very similar to that formed on the hydrophobic 
polystyrene and polycarbonate surfaces. On the peu-2000, the lowest 
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3. PRICE AND RUDEE Plasma Protein Adsorption 61 

surface energy material, no images of a protein film could be 
obtained. On the surface of carbon, fibrinogen and albumin adsorb as 
individual molecules and eventually form a continuous protein film 
without network formation. 

The formation of a network, or incomplete coverage of the 
substrata by adsorbed proteins, has been noted by several 
laboratories u t i l i z i n g different methodologies. Consequently, these 
observations must be kept in mind during the design of protocols and 
in the interpretation of experimental outcomes. In the cases of the 
materials mentioned above, one may not assume that the substrata are 
completely coated with a continuous layer of protein. Substantial 
areas of uncovered surface may continue to remain exposed and 
unprotected by a passivating layer of protein. 
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Chapter 4 

Adsorption and Chromatography of Proteins 
on Porous Glass: Activity Changes of Thrombin 

and Plasmin Adsorbed on Glass Surfaces 

Takaharu Mizutani 

Pharmaceutical Sciences, Nagoya City University, Mizuho-ku, Nagoya 467, Japan 

The activity changes of thrombin, plasmin, trypsin, 
phosphatase and peroxidase adsorbed to porous glass 
have been studied. Some of the factors influencing 
enzyme inactivation are as follows. 
1. Adsorption:the activities of free plasmin, trypsin, 

and phosphatase were greater than in the bound 
state, but free thrombin had less activity than 
bound thrombin. 

2. Time:the activity of all bound enzymes decreased 
with increasing adsorption time. 

3. Stability:the bound enzymes thrombin, plasmin and 
phosphatase were more stable than in the free 
state, but trypsin and peroxidase were more stable 
in the free than in the bound state. 

4. Temperature:temperature had a strong effect on 
trypsin and peroxidase, but only a weak effect on 
phosphatase and thrombin. 

Thus inactivation of enzymes on the surface varied 
from one enzyme to another and did not follow a 
common pattern. 

The adsorption of proteins on the surface of glass i s well known i n 
many areas of biochemistry (1-3). For example, blood c l o t t i n g i s 
promoted on glass surfaces, and s i l i c o n i z a t i o n i s used to minimize 
t h i s e f f e c t . C l o t t i n g s t a r t s when f a c t o r XII i s a c t i v a t e d by the 
ani o n i c charge of the s i l a n o l groups on the glass surface (4-5_). 
I t i s a l s o known that macrophages adhere well on glass surface and 
t h i s adhesiveness allows separation of macrophages from other c e l l s . 
The adhesion promoting substance has been i s o l a t e d from macrophages 
(6). The adhesion of blood p l a t e l e t s to glass surfaces i s known i n 
the f i e l d of c l i n i c a l chemistry, and blood p l a t e l e t s adhere more on 
surfaces coated with f i b r i n o g e n (2)· Another general e f f e c t of 
adhesion to glass surfaces i s the d i f f e r e n c e i n adhesiveness between 
cancer c e l l s and normal c e l l s i n c u l t u r e dishes (8). The adsorption 
behavior of human plasma f i b r o n e c t i n on s i l i c a substrates has been 
studied (9-10). 

0097-6156/87/0343-0063$06.00/0 
© 1987 American Chemical Society 
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64 PROTEINS AT INTERFACES 

The amounts of proteins adsorbed on the surface of glassware 
has a s i g n i f i c a n t e f f e c t on the q u a n t i t a t i v e a n a l y s i s of very small 
amounts of p r o t e i n i n the case of radioimmunoassay or enzymeimmuno-
assay (.11 ). Columns of glass beads with bound antigens were used 
fo r the preparation of lymphocytes to prove the c l o n a l s e l e c t i o n 
theory (.12). F l a g e l l i n of Salmonella was found to be adsorbed on 
glass surfaces ( 13!). Boone (14) and Kataoka et a l . (15) separated 
c e l l s or proteins based on adhesion to glass beads or s y n t h e t i c 
polymers. 

Adsorption of proteins on glass surface i s not a s p e c i f i c pheno
menon but rather a general phenomenon which i s u s u a l l y neglected 
because of the low surface area of t y p i c a l glassware. However, i n 
the case of porous glass which has a surface area of some hundreds of 
square meters per g, adsorption cannot be neglected ( 1_6). Porous 
glass having a large pore s i z e has a l s o been developed f o r s i z e ex
c l u s i o n chromatography and i s u s e f u l for i s o l a t i o n of c e l l o r ganelles 
a f t e r treatment with Carbowax 20M to prevent adsorption ( 17)» In 
the f i r s t part of t h i s paper, the author summarizes h i s research on 
the adsorption of proteins to porous glass surfaces, and a p p l i c a t i o n 
to adsorption chromatography. In the second part, the a c t i v i t y 
changes of enzymes adsorbed to glass surfaces are discussed. 

Studies of Adsorption of Proteins on Porous Glass 

Table 1 summarizes the r e s u l t s of our i n i t i a l studies of p r o t e i n 
adsorption on porous glass ( lj8). The studies contained the y i e l d of 
albumin from CPG columns i n various b u f f e r s . The y i e l d s were low i n 
sodium c h l o r i d e , sodium carbonate, phosphate, borate, acetate, c i t 
r a t e and b a r b i t a l b u f f e r , because of the adsorption of albumin on 
porous g l a s s . The y i e l d s were higher (30%) i n T r i s - H C l b u f f e r . The 
adsorption of p r o t e i n and b a s i c amino acids depends st r o n g l y on the 
f a c t that the former i s not i n h i b i t e d by inorganic s a l t s but the 
l a t t e r i s i n h i b i t e d by sodium c h l o r i d e . E l u t i o n with s o l u t i o n s of 
amino a c i d b u f f e r s such as g l y c i n e and alanine at pH 8-8.9 r e s u l t e d 
i n about 70% recovery of the p r o t e i n . Although ammonium acetate has 
carboxyl groups and ammonium groups, i t could not be s u b s t i t u t e d f o r 
the g l y c i n e of the ampholytes. This suggested the s i g n i f i c a n c e of 
z w i t t e r i o n s . As the y i e l d with /3-alanine shows, the proximity of 
amino groups to carboxyl groups i s not always necessary. Such 
prevention of p r o t e i n adsorption i n amino a c i d b u f f e r s i s b e l i e v e d to 
have i t s o r i g i n i n the occupation of the p r o t e i n - b i n d i n g s i t e on the 
g l a s s surface by amino a c i d s . However the i n h i b i t i o n of adsorption 
i s more e f f e c t i v e with basic amino acids such as l y s i n e (19). 

Adsorption of proteins on porous glass v a r i e d with the p r o t e i n , 
the b u f f e r and the pH of the b u f f e r . Based on these d i f f e r e n c e s , 
porous glass can be used as an adsorbent f o r the separation of pro
t e i n s by adsorption chromatography (20, .21). The amounts of basic 
amino a c i d s , nucleosides, c a t i o n s , and proteins adsorbed were about 
4-5μπ\ο1/100 m ( 22-23). These r e s u l t s i n d i c a t e that these materials 
adsorb on the surface as monolayers. 

The amounts of p r o t e i n adsorbed on porous glass at various pH 
were studied (19). Albumin was adsorbed the most at pH 5, lysozyme 
at pH 11, chymotrypsin at pH 8; these values correspond to the i s o -
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4. M I Z U T A N I Adsorption and Chromatography of Proteins on Porous Glass 65 

Table I. Y i e l d s of Bovine Serum Albumin from Columns of 
Controlled-pore Glass with Various Buffers 

Buffer pH Y i e l d (%) 
0.05M Phosphate 7.4 0 
0.05M Phosphate-0.2M NaCl 7.4 0 
0.05M Phosphate-IM NaCl 7.4 0 
0.05M Phosphate-3M NaCl 7.4 0 
0.05M Phosphate-IM NaCl-2% ethanol 7.4 3 
0.05M Phosphate-IM NaCl-5% ethanol 7.4 4 
0.05M NaHC03 8.7 7 
0.05M Na2C0 3 11.4 8 
0.01M NaOH 12 3 
0.05M Borate 8.7 21 
0.035M Barbitone 8.6 16 
0.5M T r i s hydrochloride 8.6 33 
0.5M T r i s acetate 8.6 27 
0.1M Ammonium acetate 8.3 5 
0.5M Potassium acetate 8.3 17 
0.1M C i t r a t e 8.0 15 
0.05M Glycine 6.0 17 
0.05M Glycine 8.0 68 
0.038M Glycine-0.005M T r i s - H C l 8.9 76 
0.38M Glycine-0.05M T r i s - H C l 8.9 76 
0.056M Alanine 8.0 68 
0.056M Alanine-0.2M T r i s - H C l 8.6 13 
0.056M /3-Alanine 8.0 64 
0.056M /3-Alanine-0.2M T r i s - H C l 8.6 21 

Reproduced with permission from Ref. 18. Copyright 1975, E l s e v i e r 
S c i . Pub. B.V. 

e l e c t r i c points of the proteins and i n d i c a t e that the proteins are 
adsorbed most exte n s i v e l y to a glass surface at t h e i r i s o e l e c t r i c 
p o i n t s . Based on the negative charge of the s i l a n o l groups on the 
glass surface, proteins should be adsorbed at a more a c i d i c pH, where 
they would have a p o s i t i v e charge. However i n t e r a c t i o n between 
proteins i n the layer would be another important f a c t o r . Therefore 
i t i s concluded that the adsorption of proteins onto porous glass was 
caused by two f a c t o r s ; one i s amine-silanol i o n i c bonding and the 
other i s a aggregative property of proteins on s i l i c a . 

Messing has suggested that the i n t e r a c t i o n s involved i n the 
adsorption of proteins on glass surfaces are i o n i c bonding and hydro
gen bonding (24^). Also, B r e s l e r et a l . have suggested the p a r t i c i 
p ation of hydrophobic bonding based upon thermodynamic studies (25). 
To i n v e s t i g a t e t h i s aspect, the adsorption of albumin on porous glass 
i n various detergent s o l u t i o n s was studied (19). Figure 1 shows the 
r e s u l t s . Albumin was adsorbed well on porous glass even i n 8M urea 
and 6M guanidine-HCl both of which a f f e c t hydrogen bonding. In urea, 
the amount of albumin adsorbed was much the same as i n water. The 
amount adsorbed i n guanidine-HCl was s l i g h t l y lower than that i n 
urea; t h i s phenomenon i s not due to the i n h i b i t i o n of hydrogen bon
ding but to the high s a l t concentration i n 6M guanidine-HCl. Since 
the h e l i c a l regions of proteins are denatured i n about 2-4M guanidine 
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66 PROTEINS AT INTERFACES 

(26), hydrogen bonding should not be present i n p r o t e i n molecules i n 
6M guanidine-HCl. But under these c o n d i t i o n s , proteins adsorb to 
porous g l a s s ; therefore hydrogen bonding does not seem to be impor
tant f o r p r o t e i n adsorption on g l a s s . 

As f o r i o n i c bonding, another main i n t e r a c t i o n made i n adsorp
t i o n , we showed that for albumin modified with succinate the amount 
adsorbed was about 3 mg/g of porous g l a s s , about 2% of that i n 
d i s t i l l e d water (Figure 1). This i n d i c a t e d that i o n i c amine-silanol 
bonding between amino groups on the p r o t e i n and negative s i l a n o l on 
glass surfaces plays an important r o l e . This phenomenon was con
firmed f o r glass surfaces through the use of g l y c e r y l porous g l a s s . 
The amount adsorbed on 1 g(62 m2 ) of modified porous glass was 8.7 mg 
(21), i . e . 9% of that on unmodified porous g l a s s , thus suggesting 
that the s i l a n o l groups on glass surfaces are e s s e n t i a l f o r p r o t e i n 
adsorption. Studies with a hydrophobic probe (20) showed that the 
probe binds more to proteins having a low a f f i n i t y f o r glass sur
faces; t h i s r e s u l t suggests that hydrophobic i n t e r a c t i o n s are not 
important for p r o t e i n adsorption to g l a s s . 

Adsorption patterns of albumin on porous glass i n v a r i o u s deter
gents were studied (29). Albumin was not adsorbed on glass i n SDS 
or i n a hard soap (composed of sodium stéarate and parmitate) 
s o l u t i o n , p o s s i b l y because of r e p u l s i o n between terminal s i l a n o l 
groups on porous glass and negatively charged dodecyl residues hydro-
p h o b i c a l l y bound on the p r o t e i n molecules. In sodium v a l e r a t e , t h i s 
i n h i b i t i o n of adsorption was not observed, suggesting that a sodium 
s a l t of a f a t t y a c i d having detergent a c t i v i t y was a f a c t o r i n i n h i 
b i t i n g adsorption. In cont r a s t , albumin was adsorbed more i n a l c o 
h o l i c detergent s o l u t i o n s ( T r i t o n X-100 and B r i j 35) and a c a t i o n i c 
soap s o l u t i o n (benzalkonium c h l o r i d e ) ; therefore p r o t e i n s adsorbed 
on glassware cannot be completely removed with such detergent s o l u 
t i o n s . Based on our fi n d i n g s that p r o t e i n i n e t h y l a l c o h o l , o c t y l a l -
cohol, and a l c o h o l i c detergent s o l u t i o n s adsorbed well on porous 
g l a s s , and that carbohydrates having a l c o h o l i c OH groups were not 
adsorbed on porous g l a s s , i t i s concluded that a l c o h o l i c OH does not 
a f f e c t the adsorption of p r o t e i n s . 

We now discuss our r e s u l t s on adsorption chromatography ( 2_1 ). 
Figure 2 shows the e l u t i o n pattern of r a b b i t serum. These e l u t i o n 
patterns were strongly influenced by pH. Y i e l d s of the f r a c t i o n s 
e l u t e d at 4°C and 37°C using 20 mg and 100 mg of r a b b i t serum (one 
f i f t i e t h to one hundredth of the adsorption capacity of porous glass) 
at pH 8 are s i m i l a r to each other. I t i s concluded that the repro
d u c i b i l i t y of the e l u t i o n pattern of prot e i n s i s good f o r p r o t e i n 
amounts i n the range of one tenth to one hundredth of the adsorption 
capacity of porous g l a s s . Y i e l d s at 37°C were a l s o s i m i l a r to those 
at 4°C, suggesting that the e f f e c t of temperature was not strong. 

We now consider these data from the standpoint of the separa
t i o n s e f f e c t e d . Disc g el patterns of the separated f r a c t i o n s of 
ra b b i t serum at pH 8 shows that albumin with a m o b i l i t y of 0.7 r e l a 
t i v e to BPB (marker dye), was present i n f r a c t i o n I (Figure 2). 
oi-Globulin ( t r a n s f e r r i n ) with a r e l a t i v e m o b i l i t y of 0.4 was present 
i n f r a c t i o n II and r - g l o b u l i n with a low m o b i l i t y was present i n 
f r a c t i o n IV. Most of the Γ-globulin i n f r a c t i o n IV was of high 
m o b i l i t y and r e l a t i v e l y small s i z e . r - G l o b u l i n of high molecular 
weight, which d i d not move on the g e l , was absent i n f r a c t i o n IV. 
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4. M I Z U T A N I Adsorption and Chromatography of Proteins on Porous Glass 67 

The g l o b u l i n s found i n f r a c t i o n V were eluted with 0.1% SDS. The 
recovery with solvent not containing SDS was low. 

In a schematic e l u t i o n pattern of some standard p r o t e i n s , per
oxidase was e l u t e d f i r s t with s a l i n e , BSA came next with g l y c i n e 
b u f f e r at pH 6.6 and hemoglobin and c a t a l a s e were eluted at a pH of 
nearly 8.0. Aldolase, lysozyme, chymotrypsinogen A, malate dehydro
genase, and cytochrome c were not e l u t e d under these c o n d i t i o n s , but 
were eluted with 0.1% SDS. The adsorption order does not depend on 
the i s o e l e c t r i c point, the molecular mass, or the content of basic 
amino a c i d s . However, adsorption may depend on the c*-helix content, 
and the secondary s t r u c t u r e of those proteins may be important. We 
have a l s o reported on p r o t e i n adsorption and separation on s i l i c o 
nized glass surfaces (30), and on the adsorption and separation of 
n u c l e i c acids on those same surfaces (31-35). 

Recent Results on A c t i v i t y Changes of Proteins Bound to Glass Surface 

From the standpoint of blood c l o t t i n g on the surfaces of a r t i f i c i a l 
organs, the a c t i v i t y and s t r u c t u r a l changes of proteins bound on 
surfaces have been studied (36-41). The enzyme used i n our studies 
were thrombin, plasmin, t r y p s i n , phosphatase and peroxidase. Throm
bin and plasmin are, r e s p e c t i v e l y , key components of the coagulation 
and f i b r i n o l y t i c systems. K i n e t i c parameters were obtained by 
d i r e c t measurement of the a c t i v i t i e s of enzymes bound on porous glass 
by mixing the porous glass with s o l u t i o n s of the substrate. 

M a t e r i a l s and Methods. The surface used was CPG (Electro-Nucleonics, 
CPG-10, 2 4 0 Â , 96% s i l i c a , 100pm p a r t i c l e s , lg=2 ml, 97m2/g) which was 
well washed with chromic a c i d and d i s t i l l e d water and then f u l l y equi
l i b r a t e d with phosphate-buffered s a l i n e (0.14M NaCl, 3mM KC1, 8.5mM 
phosphate, PBS) containing 0.02% NaN 3 as a p r e s e r v a t i v e . The maxi
mum amount of proteins adsorbed onto CPG was 100-200mg/g. This 
value corresponds to monolayer adsorption. Proteins used were 
thrombin from porcine plasma (Sigma, 200U/0.3mg/ml), porcine plasmin 
(Sigma, 5U/1.2mg/ml), t r y p s i n from porcine pancreas (Sigma), a l k a l i n e 
phosphatase from E. c o l i (PL-Biochemicals), and horse radish peroxi
dase (Sigma). Reagents used as substrates were Λ-Ν-benzoyl-L-
a r g i n y l - e t h y l e s t e r (BAEE), p-nitrophenylphosphate (PNPP) and guajacol. 

Assay. One ml of suspended porous g l a s s , previously e q u i l i b r a t e d 
with PBS and suspended i n PBS, was packed i n a column made from a 
pasteur p i p e t . Thrombin (200ul), plasmin (0.2ml, 1U), t r y p s i n (20μ1, 
20ug), or phosphatase (30pg, 1 ml) were applied on the columns and 
these enzymes completely adsorbed. Adsorption on the column was 
confirmed by the measurement of absorbance at 280nm of the eluate 
from the column. The porous glass c a r r y i n g bound enzymes from the 
column were placed i n t e s t tubes and washed with PBS. The super
natant was then discarded. The a c t i v i t i e s of enzymes on CPG were 
measured by adding one ml of the substrate s o l u t i o n (BAEE f o r thrombin 
plasmin and t r y p s i n ; PNPP for phosphatase) at various concentrations 
to the tube and mixing for one, two, or four minutes (42-43). A f t e r 
standing f o r 10 seconds, the suspension was centrifuged and the 
absorbance of the supernatant was measured at 254nm for BAEE or at 
405nm fo r PNPP. From these data, the mean value of A 254/min or 
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68 PROTEINS AT INTERFACES 

A 4Q 5/min was estimated and the r e a c t i o n rate was obtained using the 
molar e x t i n c t i o n c o e f f i c i e n t (6=808 for BAEE or E=13000 for PNPP). 
These r e a c t i o n rates were compared with the rate of r e a c t i o n of the 
free enzymes. The data measured at the bound state or the free 
state were used as the apparent r e a c t i o n r a t e . Porous glass with 
bound enzymes was stored at 0, 25, or 37°C for 1, 3, 7 and 14 days. 
Free enzymes were used as a c o n t r o l . 

In the case of horse radish peroxidase, peroxidase shows the 
weakest adsorption on porous g l a s s . I t d i d not adsorb i n s a l i n e or 
T r i s - b u f f e r but only i n d i s t i l l e d water. Therefore, peroxidase was 
adsorbed on a porous glass column and stored i n d i s t i l l e d water. 
A f t e r adsorption for an appropriate time, the enzyme was eluted from 
the column and the s p e c i f i c a c t i v i t y of peroxidase was estimated (44). 
Peroxidase (1 ml, 25ng) i n d i s t i l l e d water was applied on the CPG 
column (1 ml). The column was washed with d i s t i l l e d water and stored 
at constant temperature. A f t e r adsorption for an appropriate time, 
the enzyme on the column was eluted with 0.05M Tr i s - H C l at pH 8.6. 
The a c t i v i t y of the enzyme i n the eluate was measured by the guajacol-
H2O2 method by measuring absorbance at 470nm. The s p e c i f i c a c t i v i t y 
of the enzyme recovered from the column was compared with that of the 
non-bound enzyme which was stored under the same co n d i t i o n s . 

Results. The e f f e c t of substrate concentration on the i n i t i a l rate 
of the r e a c t i o n catalyzed with bound thrombin or free thrombin i s 
shown i n Figure 3. As can be seen, the i n i t i a l rate of bound thrombin 
increased s l i g h t l y when compared to the rate of free thrombin. The 
apparent reaction rates of the other bound enzymes were about h a l f 
those of the free enzymes described l a t e r i n t h i s report. The i n c 
reased rate for bound thrombin may be due to i t s a c t i v a t i o n or s t a b i 
l i z a t i o n by adsorption on the glass surface, s i m i l a r to the activation 
of the Hageman fac t o r on anionic surfaces. However, i t i s l i k e l y 
that the thrombin binding s i t e f o r surfaces d i f f e r s from the a c t i v e 
s i t e . Adsorption d i d not change the a c t i v e structure of thrombin. 

Time-dependent i n a c t i v a t i o n of bound and free thrombin was 
studied at 0 and 37°C as shown i n Figure 4. The r e a c t i o n was mea
sured at a substrate concentration of 0.031mM at which concentration 
the rate i n d i c a t e d the maximum v e l o c i t y of the enzyme. In Figure 4, 
i t i s shown that the v e l o c i t y of bound thrombin a f t e r adsorption for 
7 days was 70% of that measured immediately a f t e r adsorption. The 
v e l o c i t y of free thrombin a f t e r storage for 7 days decreased by 70%. 
This tendency toward i n a c t i v a t i o n was a l s o found a f t e r adsorption for 
14 and 23 days. The influence of temperature on the a c t i v i t y of free 
enzyme i s l a r g e r than on bound enzyme. Bound thrombin i s thus more 
stable then free thrombin. These data showing the r e l a t i v e s t a b i l i t y 
of bound thrombin (Figure 4) are consistent with the data i n Figure 3. 
The r e s u l t s i n Figure 4 a l s o show the trends at 0°C which were s i m i l a r 
to those seen at 25 and 37°C. The influence of temperature was not 
s i g n i f i c a n t for i n a c t i v a t i o n even though thrombin i s s l i g h t l y more 
stable at low temperature; the influence of temperature on the free 
enzyme i s l a r g e r than on the bound enzyme. The reason for the r e l a 
t i v e s t a b i l i t y of bound thrombin may be that a u t o l y s i s i n the bound 
state i s more d i f f i c u l t than i n the free s t a t e . The apparent Km 
value for the substrate BAEE increased i n a time-dependent manner as 
follows; 25μΜ immediately a f t e r adsorption, 42μΜ a f t e r adsorption f o r 
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4. M I Z U T A N I Adsorption and Chromatography of Proteins on Porous Glass 69 

B 5 A Sue. Albumin 

50 100 150 0 20 AO 60 
Fraction number 

Figure 1: Adsorption pattern of bovine serum albumin ( l e f t ) and 
su c c i n y l a t e d albumin ( r i g h t ) i n detergent s o l u t i o n s (pH 5,4) on 
CPG. Key: c i r c l e s , d i s t i l l e d water; t r i a n g l e s , 8M urea; squares, 
6M guanidine-HCl. The f r a c t i o n volumes were 1.6 ml f o r bovine 
serum albumin and 0.52 ml f o r s u c c i n y l a t e d albumin. Reproduced 
with permission from Ref. 19. Copyright 1978, American Pharma
c e u t i c a l A s s o c i a t i o n . 
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Figure 2: E l u t i o n patterns of r a b b i t serum (100 mg protein) on a 
CPG column (20 cm χ 1.2 cm) at 4°C and various pH values. Eluants: 
I, 0.2M NaCl-0.01M Phosphate; I I , 0.01M T r i s - H C l ; I I I , 0.2M T r i s -
HCl; IV, 0.2M g l y c i n e ; V, 0.1% SDS i n 0.05M phosphate. Reproduced 
with permission from Ref. 21. Copyright 1979, E l s e v i e r S c i . Pub. 

B A E E ( μ Μ ) 

Figure 3: V e l o c i t y of free (open c i r c l e s ) and bound (closed) 
thrombin at 25°C on CPG. 
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70 PROTEINS AT INTERFACES 

1 day, 48μΜ a f t e r adsorption f o r 3 days, and 52μΜ a f t e r adsorption 
f c r 7 days. However, the change i n the apparent Vmax values of 
bound thrombin a f t e r adsorption f o r 1-7 days was small. These Km 
and Vmax values i n d i c a t e that the behavior of bound thrombin shown i n 
Figure 4 depended on the decrease i n the a f f i n i t y of the thrombin 
a c t i v e s i t e s f o r the substrate. 

The e f f e c t of substrate concentration on the i n i t i a l r ate of the 
re a c t i o n catalyzed with bound plasmin and free plasmin i s shown i n 
Figure 5. I t can be seen that the rate of bound plasmin was about 
h a l f that of free plasmin. This enzyme thus shows behavior opposite 
to that of thrombin (Figure 3), whose a c t i v i t y was increased by 
adsorption. The decreased a c t i v i t y of bound plasmin suggests that 
the a c t i v e s i t e and the adsorption s i t e of plasmin on glass may be 
r e l a t i v e l y close together. Figure 6 shows the e f f e c t of substrate 
concentration on the i n i t i a l rate of the re a c t i o n catalyzed with p l a 
smin bound f o r 1, 3, or 7 days at 0 or 37°C. The re a c t i o n rate 
decreased with adsorption time. The pattern of decreased a c t i v i t y 
at 0°C i s s i m i l a r to that at 37°C. The small e f f e c t of temperature 
on the a c t i v i t y of bound plasmin i s s i m i l a r to that of thrombin. 
The a c t i v i t y of free plasmin at 37°C was l o s t a f t e r standing f o r 3 
days. Therefore, free plasmin was found to be l a b i l e , probably due 
to a u t o l y s i s . 

The Km and Vmax values of bound and free t r y p s i n a f t e r adsorp
t i o n f o r 3 and 7 days at 0, 25, or 37°C are summarized i n Tables II 
and I I I . The Km values of the bound enzyme are s i m i l a r to those of 

Table I I . Km Values of Trypsin Adsorbed onto CPG 

Condition Temperature Km value (μΜ) 
(°C) 0 time 3 days 7 days 

Free 0 - - 19 
25 15 - 17 
37 - - 20 

Bound 0 - 24 24 
25 18 22 26 
37 - 22 23 

Table I I I . Vmax 1 Values of Trypsin Adsorbed onto CPG 

Condition Temperature Vmax ^mol/min/mg ) 
(°C) 0 time 3 days 7 days 

Free 0 - - 64 
25 69 - 62 
37 - - 57 

Bound 0 - 4.7 4.1 
25 4.9 4.4 2.7 
37 - 4.2 2.0 

the free enzyme (45) and are almost i d e n t i c a l with the values measured 
at 0, 25, or 37°C. There i s a tendency to decreased a c t i v i t y with 
i n c r e a s i n g adsorption time as shown i n Table I I . In Table I I I , i t i s 
seen that the Vmax values of bound t r y p s i n are much lower than those 
of free t r y p s i n , with a r a t i o of about 1 to 10. Thus, the a c t i v i t y of 
the t r y p s i n was decreased by adsorption on the porous glass surface. 
The Vmax values of free t r y p s i n were unchanged a f t e r adsorption f o r 7 
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Figure 4 (left). Decrease of activity of free (open) and bound (closed) thrombin on 
CPG at 0 °C and 37 °C. 

Figure 5 (right). Velocity of free (open) and bound (closed) plasmin on CPG at 25 °C. 

BAEE (μΜ ) 

Figure 6. Decrease of activity of bound plasmin on CPG at 0 °C and 37 °C. 
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72 PROTEINS AT INTERFACES 

days. The values of bound enzyme were a l s o not changed a f t e r adsor
ption for 3 days at 0°C but a f t e r adsorption for 7 days Vmax decrea
sed as a function of temperature during storage. The Vmax value at 
37°C was h a l f that at 0°C. Thus, the a c t i v i t y decrease of bound 
t r y p s i n due to storage depended on both the Km ( a f f i n i t y ) and Vmax 
( v e l o c i t y ) values. 

The e f f e c t s of substrate PNPP concentration on the i n i t i a l rate 
of the r e a c t i o n catalyzed with bound phosphatase or free phosphatase 
are shown i n Figure 7. The v e l o c i t y of bound phosphatase at 25°C 
was about h a l f that of the free enzyme. These r e s u l t s are s i m i l a r 
to those for plasmin (Figure 5). The a c t i v i t y of the bound or free 
enzyme decreased with storage time (1, 3 and 7 days). The a c t i v i 
t i e s of bound phosphatase at 0, 25, and 37°C were s i m i l a r and the 
influence of temperature on a c t i v i t y during storage was i n s i g n i f i c a n t . 

The s p e c i f i c a c t i v i t i e s of peroxidase recovered from CPG as a 
function of adsorption time are shown i n Figure 8. The free enzyme 
was stable but the s p e c i f i c rate of bound peroxidase decreased with 
adsorption time. The bound enzyme was a l s o l a b i l e at higher tempe
ratu r e . This large e f f e c t of temperature i s d i f f e r e n t from the 
r e s u l t s obtained for a l k a l i n e phosphatase, plasmin and thrombin. 

In summary, the p r o p e r t i e s of the f i v e enzymes are shown i n 
Table IV. Table IV a l s o shows data sources from the l i t e r a t u r e (46-
49) for other enzymes s i m i l a r to those used i n the present study. 

Table IV. Summary of Some Properties of Enzymes 
Adsorbed on Porous Glass 

Property Thrombin Plasmin 
Phosphatase 

Trypsin Peroxidase 

A c t i v i t y of bound 
(B) and free (F) B=F B< F B « F B< F 
E f f e c t of 
temperature small small small large 
Half l i f e of 
a c t i v i t y of bound 10 days 3-5 days 7 days 3 days 
enzyme at 25°C 
Data sources for 
s i m i l a r enzymes f a c t o r XII 

(46) 
heparin (47 ; 
Acyl-CoA 

> glucose 
isomerase 

(Reference No.) 
f a c t o r XII 
(46) hydrolase 

(49) 
(48) 

The behavior of thrombin resembles that Hageman f a c t o r which i s a c t i 
vated on anionic surfaces by adsorption. Generally, proteins are 
i n a c t i v a t e d or denatured by adsorption (50-53) although the exact 
patterns of i n a c t i v a t i o n are d i f f e r e n t f o r the d i f f e r e n t enzyme 
groups. Thrombin and f a c t o r XI which r e l a t e to blood c l o t t i n g appear 
to be stab l e than phosphatase, plasmin, and peroxidase. 
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PNPP(mM) 

Figure 7: Decrease of a c t i v i t y of free and bound phosphatase. 

Time (Days) 

Figure 8: Decrease of a c t i v i t y of bound peroxidase at various 
temperatures. The l i n e s measured at 0, 14, 25, and 37°C were 
the r e s u l t s of bound peroxidase. The a c t i v i t y of free enzyme 
was measured at 25°C. 
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Chapter 5 

Structure and Activity Changes of Proteins Caused 
by Adsorption on Material Surfaces 

Hiroko Sato1, Takashi Tomiyama2, Hiroyuki Morimoto2, and Akio Nakajima1 

1Research Center for Medical Polymers and Biomaterials, Kyoto University, 
53 Kawaharacho, Shogoin, Kyoto 606, Japan 

2Department of Polymer Chemistry, Kyoto University, 53 Kawaharacho, Shogoin, 
Kyoto 606, Japan 

The activity changes of alkaline phosphatase, thrombin, 
and Factor Xa adsorbed onto glass beads coated with 
various polymers were studied in the absence and pre
sence of pre-coating with albumin. Activity losses of 
the adsorbed enzymes were more pronounced than 
structural changes such as α-helix and β-structure of 
albumin desorbed from material surfaces. In general, 
the activity losses of enzymes adsorbed onto polyether 
urethane nylon (PEUN) and hydrophilic polymer surfaces 
was smaller than those of enzymes adsorbed to glass 
and hydrophobic polymer surfaces. Opposite results, 
however, were obtained by albumin-precoating: thrombin 
and Factor Xa adsorbed onto the albumin-precoated PEUN 
surface were more inactivated than those adsorbed onto 
the albumin-precoated glass surface. That is, albumin 
adsorbed selectively onto PEUN from plasma could bind 
more tightly to thrombin and Factor Xa. It was con
cluded that this is one of the factors responsible for 
the excellent thromboresistance of PEUN. 

I t i s important to study the adsorption behavior of p r o t e i n s that 
are major component of plasma such as albumin, γ-globulin, and f i b r i 
nogen i n r e l a t i o n to the antithrombogenicity of polymer m a t e r i a l s . 
Fibrinogen i s i n t i m a t e l y involved i n f i b r i n formation and p l a t e l e t 
aggregation (1-3) on a r t i f i c i a l surfaces, and albumin molecules i n 
the native state are well-known not to be included i n thrombus forma
t i o n and p l a t e l e t aggregation. Therefore good thromboresistance of 
polymer should be achieved by the s e l e c t i v e adsorption of albumin 
onto a polymeric m a t e r i a l surface, such as segmented polyether 
urethanes(4, 5). In our previous paper (£.) , polyether urethane nylon, 
abbreviated as PEUN, was reported to have a high adsorption rate o f 
albumin, and was a l s o shown to have good antithrombogenicity. 

By adsorption onto an a r t i f i c i a l surface, albumin molecules 

0097-6156/87/0343-0076$06.00/0 
© 1987 American Chemical Society 
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5. SATO ET AL. Structure and Activity Changes of Proteins 77 

undergo s t r u c t u r a l changes, which are presumed t o be dependent on 
the p r o p e r t i e s of the m a t e r i a l s . Such s t r u c t u r a l changes maybe str o n g 
l y c o r r e l a t e d to a c t i v i t y changes of enzymes. Human serum albumin was 
found t o have an e s t e r a s e - l i k e a c t i v i t y such t h a t a s p i r i n and p-
n i t r o p h e n y l e s t e r s are hydrolyzed (7.) · Since the s p e c i f i c i t y of the 
r e a c t i o n i s low, however, a l a r g e i n t e r f a c e onto which albumin i s ad
sorbed i s r e q u i r e d t o detect the e s t e r a s e - l i k e a c t i v i t y . Therefore 
we investgated the a c t i v i t y changes of co a g u l a t i o n f a c t o r s I I a 

( i . e., thrombin) and X a , abbreviated as FX a , and a l k a l i n e 
phosphatase, abbreviated as AP, adsorbed on v a r i o u s m a t e r i a l sur
faces (PEUN, g l a s s , a h y d r o p h i l i c polymer, and a hydrophobic 
polymer). 

Experimental 

M a t e r i a l s . Bovine plasma albumin (Lot. 12F-9365) and bovine plasma 
γ-globulin (Lot. 116C-0147), 99 % e l e c t r o p h o r e t i c a l l y pure, were 
purchased from Sigma Chemical Co., and bovine plasma f i b r i n o g e n 
(Lot. 26), 9 5 % c l o t t a b l e , was purchased from M i l e s Laboratory Inc. 
The co n c e n t r a t i o n of these plasma p r o t e i n s was determined by spe
ctrophotometry, and t h e i r a b s o r p t i o n c o e f f i c i e n t s were taken to be 
as f o l l o w s ; Ε Y § =6.67 f o r albumin (£) ; E 2 8 £ =11.2 f o r g l o b u l i n (2); 
E 1 % =15.06 f o r f i b r i n o g e n (10). 

AP (Lot. 21F-0270), d e r i v e d from c a l f i n t e s t i n e , was obtained 
from Sigma Chemical Co. The co n c e n t r a t i o n was determined by using 
the absorption c o e f f i c i e n t E ^ | =7.2 (11) . The s y n t h e t i c substrate 
used f o r AP was p-nitrophenylphosphoric a c i d disodium s a l t , a b b r e v i 
ated as NPP, obtained from Nakarai Chemical Co., Kyoto. Bovine 
thrombin (Lot. T-002) was generously s u p p l i e d by Mochida Pharma
c e u t i c a l Co., Tokyo, and had a s p e c i f i c a c t i v i t y of 1400 units/mg 
p r o t e i n . The a c t i v a t e d F actor X (Lot. 10F39544) was purchased from 
Sigma Chemical Co., and contained 25 mg bovine albumin per u n i t X a. 
The f l u o r o g e n i c substrates used f o r thrombin and X a were Boc-Val-
Pro-Arg-MCA and Boc-Ile-Glu-Arg-MCA, r e s p e c t i v e l y , where Boc and MCA 

-NIH-CH 4~ z 6 •NBr 15 ^ - a 
-CH„ >-NH-C-NHCH„CHo0H 2 2 

PEUN 
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78 P R O T E I N S A T I N T E R F A C E S 

are t e r t i a r y - b u t o x y carbonyl and 7-amino-4-methyl coumarin amide, 
r e s p e c t i v e l y . Both substrates were purchased from P r o t e i n Research 
Foundation, Osaka. 

Three kinds of polymers were coated on g l a s s beads; PEUN (MW, 
50,000) obtained from Toyo Cross Co., p o l y v i n y l a l c o h o l (MW, 83,000), 
abbreviated as PVA, obtained from Kuraray Chemical Co., and poly-γ-
benzyl L-glutamate (MW, 281,000) {12), abbreviated as PBLG. The 
chemical structure of PEUN i s on page 77. Glass beads were purchased 
from Toshiba B a l o t i n i Co., and were ca. 1 mm in diameter and 
21.3 cm^/g in s p e c i f i c surface area. The glass beads, washed in 
a c i d and r i n s e d thoroughly, were coated by solvent evaporation from 
v a r i o u s polymer s o l u t i o n s as f o l l o w s : 1 mg/ml PEUN i n dimethyl form-
amide, 1 mg/ml PVA i n d i s t i l l e d water, and 1 mg/ml PBLG i n c h l o r o 
form. The coated g l a s s beads were d r i e d i n vacuo f o r 15 h. The PVA-
coated g l a s s beads were a d d i t i o n a l l y heated at 120°C f o r 20 min t o 
prevent aqueous d i s s o l u t i o n . 

Methods. 1) Adsorption of plasma p r o t e i n s and s t r u c t u r e of desorbed 
plasma p r o t e i n s : Before adding a p r o t e i n s o l u t i o n , 90 g beads, packed 
i n a column of 16 mm diameter and 260 mm length (6_, 13) , were pre-
t r e a t e d by r i n s i n g with a 0.05 M phosphate b u f f e r at pH 7.4, and 
then a s p i r a t e d f o r 5 min. A p r o t e i n s o l u t i o n was subsequently poured 
onto the column wi t h a s y r i n g e . The isotherm and k i n e t i c s of p r o t e i n 
adsorption were then i n v e s t i g a t e d using a H i t a c h i Model EPS-3T or a 
H i t a c h i Model 200-20 spectrophotometer by measuring changes i n s o l u 
t i o n c o n c e n t r a t i o n of the column e f f l u e n t . The s t r u c t u r a l changes of 
desorbed p r o t e i n s were measured wit h a Jasco J-20 CD/ORD spectro-
p o l a r i m e t e r a f t e r a 2 hour a d s o r p t i o n , removal of p r o t e i n s o l u t i o n , 
and i n c u b a t i o n w i t h the phosphate b u f f e r . 

2) Albumin adsorption on dry beads and a c t i v i t y of AP adsorbed: 
In the presence of albumin, the amount of water adsorbed on the beads 
was estimated by using 30 g dry g l a s s beads, e i t h e r coated or not 
coated. 

For the purpose of the measurement of a c t i v i t y of adsorbed AP, 
where a 0.05MTrisHCl b u f f e r c o n t a i n i n g 0.05 MKC1 at pH 8.1 was used, 
5 ml of a 0.62 mg/ml AP s o l u t i o n was added t o 10 g beads and t h i s was 
incubated f o r 2 h at 25°C. The amount adsorbed on the beads was 
estimated by t a k i n g the d i f f e r e n c e between the AP i n s o l u t i o n and 
the amount of AP adsorbed on the surface of g l a s s containers i n the 
absence of beads. 

A f t e r the removal of the AP s o l u t i o n w i t h an a s p i r a t o r , 5.0 ml 
of 3.5 mM NPP was added t o the AP adsorbed on the g l a s s beads. The 
r e a c t i o n was stopped a f t e r 3 min by adding 7 ml of a 1 M KH2PO4 s o l u 
t i o n adjusted wi t h NaOH to pH 8.1. The amount of hydrolvzed p-nitr^o-
phenol was estimated from the absorbance at 402 nm; E} c m =1.60x10 . 

3) Amount and a c t i v i t y of thrombin adsorbed: The potent f l u o r o -
genic s u b s t r a t e , 7-amino-4-methyl-coumarin, AMC, re l e a s e d from the 
substrates hydrolyzed by both thrombin and F X a (14), was detected 
wit h a H i t a c h i 650-1OS fluorescence spectrophotometer at 380 nm f o r 
e x c i t a t i o n and at 450 nm f o r emission. 

One gram of beads i n a v i a l was immersed i n 2 ml of a 0.05 M 
T r i s H C l b u f f e r c o n t a i n i n g 0.05 MKC1 at pH 7.4 f o r 5 min, 20 μΐ of 
0.26 u n i t s / m l thrombin was added t o the v i a l , and the thrombin s o l u 
t i o n was shaken s l o w l y . F i v e min a f t e r the a d d i t i o n , 1 ml of the 
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supernatant was added to 1 ml of a 20 μΜ substrate s o l u t i o n i n a 
quartz c e l l to estimate the amount of thrombin adsorbed on the mat
e r i a l surfaces by sub t r a c t i n g from the amount of thrombin used. 
Then, another 1 ml of 20 μΜ substrate s o l u t i o n was added to the r e 
maining s o l u t i o n and beads, and 1 ml of the supernatant l i q u i d was 
withdrawn a f t e r 2 min. The amount of AMC formed by thrombin i n the 
remaining s o l u t i o n and adsorbed on the beads was estimated a f t e r 2 
min by back-extrapolation on the recorder. (The 1 ml withdrawn s o l u 
t i o n was mixed with 1 ml of 10 μΜ substrate s o l u t i o n , which was used 
f o r the adjustment of the base l i n e of fluorescence.) F i n a l l y , the 
a c t i v i t y of the thrombin adsorbed was deduced by sub t r a c t i n g the 
amount of AMC formed by thrombin i n the first-withdrawn supernatant 
from the amount of AMC formed by thrombin i n the remaining s o l u t i o n 
and on the beads. 

In the case of the experiments f o r albumin-precoated m a t e r i a l 
surfaces, a 1 mg/ml albumin s o l u t i o n i n a 0.05 M T r i s H C l b u f f e r and 
0.05 M KC1 at pH 7.4 was used instead of the same b u f f e r i n the 
absence of albumin. 

4) R e l a t i v e a c t i v i t y of FX a adsorbed: As FX a r e a c t i v i t y with 
the synthetic substrate was lower than that of thrombin, 40 μΐ of 0.4 
units/ml FX a s o l u t i o n was added to 2 ml of a 0.05 M phosphate b u f f e r 
containing 0.05 M KC1 at pH 7.4. The FX a adsorption on glass beads 
was i n v e s t i g a t e d using almost the same methods as those adopted f o r 
thrombin, except that s p e c i f i c a c t i v i t i e s of FX a i n the remaining 
s o l u t i o n and on beads were evaluated as values r e l a t i v e to a FX a 

s o l u t i o n . 

Results and Discussion 

Blood plasma i s a concentrated p r o t e i n s o l u t i o n , and the adsorption 
behavior onto ma t e r i a l surfaces may be estimated from the amount and 
the type of adsorption f o r major plasma p r o t e i n s i n d i l u t e s o l u t i o n , 
where the adsorption theory f o r a monomolecular l a y e r i s a p p l i e d . 
The adsorption isotherms f o r albumin, γ-globulin, and f i b r i n o g e n at 
a concentration lower than ca. 1 mg/ml obeyed the Langmuir-type 
adsorption formula. That i s , 

1 = 1 1 1 
δ ρ

 = Qp + KQp " c 

where Q p i n d i c a t e s the amount of p r o t e i n adsorbed at the p r o t e i n 
concentration, c, at e q u i l i b r i u m , Κ i s a constant, and Qp i s the 
maximum amount of p r o t e i n adsorbed on the ma t e r i a l surface as a 
monomolecular l a y e r . The Qp values of albumin, γ-globulin, and f i b 
rinogen are l i s t e d i n Table I. The rate constants k L of the Langmuir-
type adsorptions, expressed by Equation 2, are obtained using the Qp 
values l i s t e d i n Table I and from experiments on the adsorption kine
t i c s of p r o t e i n s onto the mat e r i a l surfaces. When the amount Qp of 
p r o t e i n i s adsorbed on a m a t e r i a l surface during the elapsed time, t : 

= k T · t 
e? - Q P 

( 2 ) 
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Table I. Saturated Amounts Q p of Plasma Proteins 
Adsorbed on M a t e r i a l Surfaces* 

M a t e r i a l s 
Albumin 

Qp (mg/m2) 
γ-Globulin Fibrinogen 

PEUN 10.3 17.9 14.3 
Glass 9.5 19.2 13.7 
PVA 1.9 6.6 11.6 
PBLG 4.9 13.7 11.6 

S o u r c e : Reproduced w i t h p e r m i s s i o n from R e f . 6. C o p y r i g h t 1984 The 
S o c i e t y of Po l y m e r S c i e n c e . 

The rate constants i n Equation 2 include the s o l u t i o n concentration 
of the p r o t e i n which i s assumed to be constant i n the i n i t i a l stages 
of adsorption. Since the concentrations of plasma p r o t e i n s albumin: 
γ-globulin:fibrinogen are i n the r a t i o 42.0 : 22.4 : 5.6, the rate 
constants from Equation 2 were weighted accordingly to give the 
values shown i n Table I I . Thus, the apparent rate constant, k j ^ p i t 
f o r p r o t e i n adsorption can be estimated i n the i n i t i a l adsorption 
process when various m a t e r i a l surfaces are put i n contact with 
plasma. As i s obvious from Table I I , the rate constant of albumin i n 
the i n i t i a l adsorption process i n plasma, k L # p i , on a PEUN surface 
i s very large compared with other surfaces. The high rate constant 
f o r albumin may contribute to the e x c e l l e n t thromboresistance of PEUN, 
even though the amount of albumin adsorbed onto PEUN was almost the 
same as onto g l a s s . 

The phenomenon of the r a p i d adsorption of albumin onto a PEUN 
surface may be associated with hydrophobic and h y d r o p h i l i c i n t e r a c t 
ions of the PEUN surface with some sequences of r e l a t i v e l y hydropho
b i c amino a c i d residues i n the i n t e r i o r of albumin. An albumin mole
cule i s composed of three-subdomains (15). There are two gaps between 
the subdomains. One i s a hydrophobic pocket with an a f f i n i t y con
stant, K-, = l . l x l 0 ^ M _ 1 f o r s t e a r i c a c i d ; the other i s an intermediate 

fc> 1 
hydrophobic pocket with K a=l.5x10 M f o r b i l i r u b i n (16). Perhaps 
the s t r u c t u r e of adsorbed albumin i n contact with a PEUN surface i s 
composed of hydrophobic and h y d r o p h i l i c regions corresponding or 
complementary to those of the PEUN surface, even though the e x t e r i o r 
of native albumin i s r i c h i n h y d r o p h i l i c amino a c i d side chains. 

When large amounts of coated or uncoated beads were added to a 
p r o t e i n s o l u t i o n of volume V and concentration c Q , the concentration 

Table I I . C a l c u l a t e d Rate Constants i n the I n i t i a l 
Adsorption Process i n Plasma* 

Ma t e r i a l s k L, p l ( m i n *) 
Albumin γ-Globulin Fibrinogen 

PEUN 7.27 0.72 0.15 
Glass 4.49 1.77 0.45 
PVA 2.10 1.08 0.13 
PBLG 0.92 1.41 0.13 

S o u r c e : Reproduced w i t h p e r m i s s i o n from R e f . 6. C o p y r i g h t 1984 The 
S o c i e t y o f P o l y m e r S c i e n c e . 
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5. SATO ET AL. Structure and Activity Changes of Pro teins 81 

of the p r o t e i n s o l u t i o n was observed g e n e r a l l y to increase owing to 
the adsorption of water onto the beads. I f the amount of adsorbed 
water i s represented by Q w , the f o l l o w i n g i n e q u a l i t y i s obtained: 

V(c - c D ) 
Qw c = 2p = ° ( 3 ) 

I f Q w of Equation 3 i s p l o t t e d against c, i t i s found that Q w de
creases h y p e r b o l i c a l l y with i n c r e a s i n g c. On the other hand, Qp 
obeys the Langmuir-type adsorption formula, expressed by Equation 1. 
In a monomolecular l a y e r of adsorbed p r o t e i n , i t may be assumed that 
the t o t a l number, N, of adsorptive s i t e s on a material surface i s 
constant, as i n d i c a t e d i n Equation 4, and that the adsorbed p r o t e i n 
molecules contribute η water-binding s i t e s . 

Ν = Q w + nQ p =Q™= nQp = constant (4) 

where Q^ i s the amount of adsorbed water at surface s a t u r a t i o n . Thus, 
the r e l a t i o n s among the amounts of water and p r o t e i n adsorbed on 
material surfaces may be represented as follows. 

Q P 

= 1 , _ CD Qp 1 + ac 

Qw 
Q, 1 + ac (5) 

where a i s a constant, η becomes constant, i f no s t r u c t u r a l changes 
occur i n the p r o t e i n . 

In Figure 1 (a) and (b), the amounts of water and albumin ad
sorbed, r e s p e c t i v e l y , on PEUN and g l a s s are p l o t t e d against the con
cen t r a t i o n s of albumin s o l u t i o n s at e q u i l i b r i u m . Our experimental 

00 
values of Q w appear to account f o r the amount of water from c a p i l l a r y 
a c t i o n among the beads as w e l l as the amount of water adsorbed on 
glass beads. The hydration of albumin molecules has been estimated to 
be 0.0004 g B^O/mg albumin by i s o p i e s t i c measurements of water vapor 
(17). Although Q^lb values on a PEUN surface are l a r g e r than on a 
glass surface i n the lower concentration region (below 0.4 mg/ml), 
QAlb o r Qw v a l u e s o n both PEUN and glass surfaces are almost the 
same i n the concenration range from 0.7 to 1.0 mg/ml. 

The Q^ib and Q w values, and t h e i r r a t i o , Q w/Q^ib / obtained f o r 
a 1 mg/ml albumin s o l u t i o n , are summarized i n Table I I I . The s t r u c 
t u r a l changes of albumin desorbed from m a t e r i a l surfaces are a l s o 
shown i n Table I I I (6). The Q w value f o r a PVA surface seems too 
small, perhaps because the small amounts adsorbed are subject to exp
erimental e r r o r . The water contents of the adsorbed l a y e r f o r PEUN 
and g l a s s surfaces are almost the same, while the water content of a 
hydrophobic surface i s small. The degree of d i s r u p t i o n of the native 
and regular s t r u c t u r e s such as α-helix and 3-structure i n albumin 
adsorbed on PEUN and glass surfaces are the same within experimental 
e r r o r , while albumin desorbed from the PVA surface may cause a milder 
d i s r u p t i o n . Since the s t r u c t u r a l changes should be c l o s e l y r e l a t e d 
to the enzymatic a c t i v i t y , more pronounced e f f e c t s may be expected 
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PROTEINS AT INTERFACES 

0 0.2 0.6 1 .0 
C A l b ( m g / m l ) 

( a ) 

0 0.2 0.6 1.0 
C A l b (mg/ml) 

( b ) 

Figure 1. Amounts of albumin Q^x^ and c a l c u l a t e d amounts of 
water Q w adsorbed on PEUN ( a ) and gl a s s (b ) surfaces are 
p l o t t e d against concentrations c^-^ of albumin s o l u t i o n s a t 
equi l i b r i u m ; A corresponds to Q J 1 K « 
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5. SATO ET AL. Structure and Activity Changes of Pro teins 83 

from the various p r o p e r t i e s of the m a t e r i a l surfaces rather than 
from the e f f e c t s of the water content of the adsorbed l a y e r . 

AP, c l a s s i f i e d as a c e l l u l a r enzyme, e x i s t s a l s o i n plasma (18) , 
and has a higher r e a c t i v i t y with p-nitrophenyl phosphate than albu
min. (The Michaelis-Menten constant, K m = 1 . 1 3 x l 0 ~ 5 M f o r AP and NPP 
i n a 0.05 M phosphate b u f f e r containing 0.05 M KC1 at pH 8.1.) Table 
IV shows amounts, the s p e c i f i c , and the r e l a t i v e s p e c i f i c a c t i v i t i e s 
of AP adsorbed on material surfaces. Table V shows the amounts and 

Table I I I . Amounts of Albumin (Q^i^) and Water (Q w) Adsorbed on 
M a t e r i a l Surfaces i n a 1 mg/ml Albumin So l u t i o n (a), 

and S t r u c t u r a l Changes of Desorbed Albumin 

M a t e r i a l s (mg/m2) 
Qw 

(ml/g beads) 
V ^ A l b 
(ml/mg) 

R e l a t i v e 
Desorbed 
α-Helix; 

Contents* i n 
Albumin f o r 
3-Structure 

PEUN 7 . 4 0 . 6 2 1 . 3 1 0 . 7 3 0 . 5 6 

Glass 7 . 1 0 . 5 8 1 . 2 8 0 . 6 7 0 . 5 0 

PVA 1 . 8 0 . 1 1 0 . 9 7 0 . 8 5 0 . 6 3 

PBLG 4 . 6 0 . 2 5 0 . 8 5 — — 
native albumin 1 ( 6 7 % ) 1 ( 1 6 % ) 

(a) T o t a l area of beads used i s 0 . 0 6 3 9 m . 
Source: Reproduced with permission from Ref. 6 . Copyright 1 9 8 4 The 
Society of Polymer Science. 

Table IV. Amounts and A c t i v i t y Changes of A l k a l i n e Phosphatase 
Adsorbed on M a t e r i a l Surfaces f o r 2 h from a 0 . 6 2 

mg/ml AP s o l u t i o n 

M a t e r i a l s 
Q 
*AP 

(mg/m2) 

S p e c i f i c A c t i v i t y 
(ymoles/mg/min) 

R e l a t i v e Speci
f i c A c t i v i t y 

PEUN 2 . 8 3 . 7 2 0 . 7 6 

Glass 1 . 6 2 . 8 8 0 . 5 9 

PVA — 3 . 7 6 0 . 7 7 

PBLG 1 . 8 3 . 4 0 0 . 7 0 

AP s o l u t i o n — 4 . 8 8 1 . 0 0 

Table V. Thrombin (in the Absence of Albumin) and FX a (in 
0 . 2 0 mg/ml Albumin) Adsorbed on M a t e r i a l Surfaces 

M a t e r i a l s 
Thrombin 

Q-J-J R e l a t i v e Spe-
, o x c i f i c A c t i v i t y (yg/mz) 

FXa 
R e l a t i v e Spe
c i f i c A c t i v i t y 

PEUN 0 . 9 2 0 . 3 0 0 . 9 6 3 (a) 
Glass 0 . 9 2 0 . 2 1 0 . 9 2 1 (a) 
PVA 0 . 8 2 0 . 2 9 0 . 9 9 0 (a) 
PBLG 1 . 0 2 (a) 0 . 1 7 0 . 9 1 1 (a) 
S o l u t i o n — 1 . 0 0 1 . 0 0 

(a) The s i g n i f i c a n t f i g u r e s are s u b s t a n t i a l l y 2 f i g u r e s . 
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84 PROTEINS AT INTERFACES 

r e l a t i v e s p e c i f i c a c t i v i t i e s of thrombin and FX & adsorbed on mat
e r i a l surfaces. Under experimental conditions the same as those i n 
Table V, K m = 7.81xl0~ 6 M f o r thrombin and K m = 7.69xl0~ 5 M f o r FX a. 
AP seems a r e l a t i v e l y s t a b l e enzyme (19), compared with thrombin, 
because of the smaller a c t i v i t y l o s s of adsorbed AP. 

The enzymes used have d i f f e r e n t r e a c t i v i t i e s with the same 
corresponding substrates. A l s o , albumin i s present i n the FX a 

system, which seems to i n f l u e n c e the FX a adsorption on surfaces. 
However, i t may be concluded that of the three enzymes studied 
thrombin loses the most a c t i v i t y on adsorption. Thrombin adsorbed 
on cuprophane or PVC {20) , and on polyethylene {2V) l o s t a c t i v i t y 
completely. The structure of thrombin, therefore, i s l a b i l e causing 
profound i n a c t i v a t i o n of adsorbed thrombin. The decrease of enzyme 
a c t i v i t y due to adsorption on material surfaces depends not only on 
the p r o p e r t i e s of the enzymes, on t h e i r a f f i n i t y and r e a c t i v i t y to 
the substrate, on the e f f e c t s of added albumin, and — e s p e c i a l l y 
fo r thrombin — on the s p e c i f i c a c t i v i t y but a l s o on the p r o p e r t i e s 
of the material surfaces. I t i s obvious from Tables IV and V that 
the a c t i v i t i e s of enzymes adsorbed on PEUN and PVA surfaces are 
higher than on g l a s s and on PBLG. 

Thrombin of a high s p e c i f i c a c t i v i t y loses a c t i v i t y r a p i d l y 
i n a b u f f e r s o l u t i o n without albumin, but remains a c t i v e i n an 
albumin s o l u t i o n (18). For example, the time dependence of thrombin 
a c t i v i t y i n s o l u t i o n s i s p l o t t e d i n Figure 2, where a c t i v i t y changes 
of thrombin are compared i n the absence of albumin and i n the pre
sence of 1 mg/ml albumin. In the absence of albumin, the e f f e c t s of 
adsorption to a g l a s s container as w e l l as s e l f - h y d r o l y s i s of throm
b i n seem to be detected wi t h i n the i n i t i a l 30 min, and then the 
e f f e c t s of s e l f - h y d r o l y s i s p r e v a i l . Therefore the data on the 
r e l a t i v e a c t i v i t i e s of thrombin i n Table V are corrected on the 
b a s i s of the data obtained from Figure 2. 

In Table VI, the e f f e c t s of albumin-precoated surfaces on the 
enzyme adsorption are compared f o r PEUN and glass surfaces, because 
Ç>Alb and Q w values are s i m i l a r with both surfaces, as i s seen i n 
Table I I I . A c t i v i t i e s of both thrombin and FX a adsorbed on the PEUN 
surface are higher than on the glass surface i n the case of the bare 
mat e r i a l surfaces, as i s shown i n Table V. However, the r e l a t i v e 
s p e c i f i c a c t i v i t i e s of both thrombin and FX a adsorbed on an albumin-
precoated PEUN surface are s i g n i f i c a n t l y lower than on an albumin-
precoated glass surface. That i s , albumin molecules adsorbed on a 
PEUN surface may bind to thrombin and FX a with higher a f f i n i t y 

Table VI. Thrombin and FX a Adsorption on Albumin-precoated 
PEUN and Glass Beads 

Mat e r i a l s 2 l l a 

(yg/m2) 

Thrombin 
R e l a t i v e Spe
c i f i c A c t i v i t y 

F ^ a 
R e l a t i v e Spe
c i f i c A c t i v i t y 

PEUN 
Glass 

1.1 
1.1 

0.44 
0.54 

0.73 
0.80 

S o l u t i o n - 1.00 1.00 
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SATO ET AL. Structure and Activity Changes of Proteins 

Figure 2. Time dependence of thrombin a c t i v i t y i n the presence 
of 1 mg/ml albumin ( Ο ) and i n the absence of albumin ( # ) i n 
a 0.05 M T r i s H C l b u f f e r c o n t a i n i n g 0.05 M KC1 a t pH 7.4. Con
c e n t r a t i o n of the substrate = 20 μΜ. 
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86 PROTEINS AT INTERFACES 

constants than albumin molecules adsorbed on a g l a s s s u r f a c e . This 
f a c t a l s o may be r e l a t e d t o the e x c e l l e n t i n v i v o thromboresistance 
of PEUN (6) , f o r which albumin was adsorbed most r a p i d l y among the 
major component plasma p r o t e i n s , although competing adsorption and 
exchange (23) by plasma p r o t e i n s onto the albumin-covered PEUN 
surface under c o n d i t i o n s of fl o w , and at t a c k by blood c e l l s can be 
presumed t o occur i n v i v o . 

Because albumin can bind thrombin, albumin molecules should 
d i s t u r b the r e a c t i o n of thrombin and the s y n t h e t i c s u b s t r a t e . The 
i n h i b i t i o n constant, , of albumin was st u d i e d i n the system of 
thrombin and the f l u o r o g e n i c substrate i n a 0.05 M T r i s H C l b u f f e r 
c o n t a i n i n g 0.05 M KC1 at pH 7.4; we found t h a t K i = 1 . 7 9 x l 0 ~ 4 M. From 
the v a l u e , the i n h i b i t o r y e f f e c t of albumin i s n e g l i g i b l y small 
i n the h y d r o l y s i s r e a c t i o n by thrombin. That i s , the e f f e c t of a l b u 
min i s the p r o t e c t i o n of thrombin from s e l f - h y d r o l y s i s r a t h e r than 
i n h i b i t i o n of thrombin. However, albumin i n b u f f e r supposed t o have 
a higher a f f i n i t y f o r thrombin and FX a than albumin adsorbed and 
thus denatured. F i n a l l y a schematic model f o r thrombin adsorbed on 
albumin-precoated PEUN and g l a s s surfaces i s shown i n Figure 3. 
Thrombin adsorbed on the albumin-precoated g l a s s surface i s more 
a c t i v e toward the substrate than thrombin on the albumin-precoated 
PEUN surface. 

Figure 3. A schematic model f o r thrombin adsorbed on albumin-
precoated PEUN and gl a s s beads. Thrombin molecules are shown 
to be more a c t i v e on the albumin-precoated g l a s s surface. 
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Chapter 6 

Nonspecific Adhesion of Phospholipid Bilayer 
Membranes in Solutions of Plasma Proteins 

Measurement of Free-Energy Potentials and Theoretical Concepts 

E. Evans1, D. Needham2, and J. Janzen2 

1Departments of Pathology and Physics, University of British Columbia, Vancouver, 
British Columbia V6T 1W5, Canada 

2Department of Pathology, University of British Columbia, Vancouver, 
British Columbia V6T 1W5, Canada 

Recent experimental advances have made quantitation of 
weak membrane adhesion possible in concentrated 
solutions of macromolecules. We report direct measure
ments of the free energy potential for adhesion of 
phospholipid bilayers in solutions of two plasma 
proteins (fibrinogen and albumin) over a wide range of 
volume fraction (0-0.1). The results are consistent 
with a thermodynamic model for adhesion based on 
depletion of macromolecules from the contact zone. 

Aggregation of c e l l s and other membrane bound capsules i n 
solutions of large macromolecules i s generally separated into two 
catagories: sp e c i f i c and non-specific. Specific adhesion involves 
l d e n t i f i a o i e binding reactions between suspended macromolecules 
and receptor molecules located on the surfaces. Such processes 
are basic elements of c e l l agglutination ana removal of aDerrant 
organisms and foreign bodies in a l i v i n g animal. On the other 
hand, non-specific adhesion cannot be attributed to binding of 
macromolecules at specific s i t e s on the capsule surfaces. Well 
known - ana always present even in the absence of macromolecules -
are the cl a s s i c c o l l o i d forces that act oetween continuous media, 
i.e. van der Waals1 attraction, e l e c t r i c douDle layer repulsion, 
other structural and solvation forces (1-2). In general, these 
c o l l o i d a l forces simply superpose on interactions peculiar to the 
suspended molecules. For biologic a l c e l l s with signi f i c a n t 
s u p e r f i c i a l carbohyarate structures, only e l e c t r i c douole layer 
(repulsive) interaction i s important; van der Waals1 attraction 
and the shorter range - hydration repulsion can be neglected. 
However for synthetic membranes with small molecular head groups 
at the water interfaces, attraction as well as repulsion i s 
present between surfaces. Even with marked differences of surface 
composition and topography, c e l l s and synthetic membrane capsules 
often exhibit similar aggregation behavior i n solutions of large 
macromolecules, e.g. red blood c e l l s and phospholipid bilayer 
vesicles i n solutions of dextran polymers (3_) or i n solutions of 
plasma proteins (e.g. fibrinogen and macroglobulins, 4). No 
spec i f i c receptors or binding sit e s for these macromolecules have 

0097-6156/87/0343-0088$06.00/0 
© 1987 American Chemical Society 
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6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 89 

been demonstrated to exist on red c e i l or vesicle surfaces; nence, 
the aggregation i s labelled "non-specific". Likewise, no adequate 
explanation and mechanisrn(s) have oeen established to provide an 
understanding of non-specific adhesion between natural or 
syntnetic membranes due to suspended macromolecules. With recent 
experimental advances, i t i s now possible to quantitate adhesion 
energies, test r e v e r s i b i l i t y , and c r i t i c a l l y evaluate disparate 
theories for non-specific adhesion i n concentrated solutions of 
macromolecules. Here, we present direct measurements of the free 
energy potential for adhesion of phospholipid bilayer membranes i n 
solutions of two plasma proteins (fibrinogen and aloumin) over a 
wide range of volume fraction (0-0.1). The results are consistent 
with a thermodynamic theory for non-specific adhesion based on 
depletion of macromolecules from the contact zone. 

Experimental Methods and Materials 

Solutions of fibrinogen (Imco, Stockholm) or albumin (Calbiochem, 
San Diego) were formed with 130 mM sodium chloride buffered to pH 
7.4 by 20 mM sodium phosphate to give 150 mM PBS. Protein 
concentrations were determined from optical density at 280 nm (33) 
and were made-up to give f i n a l concentrations i n the range of 
0-iUg% (wt:wt). D-phenylalanyl - L-prolyl - L-arginine 
chloromethylketone (Calbiochem) was added to the fibrinogen 
solutions for s t a b i l i z a t i o n . [Note: i t was d i f f i c u l t to produce 
stable solutions with fibrinogen at high concentration (>6% wt:wt) 
even with the inhi b i t o r present.j 

Vesicles were produced by rehydration of an anhydrous l i p i d 
(i-stearoyl-2 oleoyl phosphatidylcholine SOPC, Avanti Biochem., 
Alabama). Although few i n number, some vesicles i n the f i n a l 
aqueous suspension were of s u f f i c i e n t size (10~^cm or greater i n 
diameter) to be used i n micromechanical adhesion tests. The 
vesicles were formed i n non-ionic (sucrose or other small sugars) 
buffers. Hence when resuspended i n iso-osmotic s a l t solutions, 
the small difference in index of refraction between the i n t e r i o r 
and exterior of the vesicle greatly enhanced the optical image as 
shown in Figure 1. Because of the extremely low s o l u b i l i t y of 
phospholipids i n aqueous media and the osmotic strength of the 
solutes trapped inside the vesicles, vesicles deform as 
l i q u i d - f i l l e d bags with nearly constant surface area and volume 
(5-6); thus, spherical vesicles are r i g i d and undeformaole. When 
vesicles are s l i g h t l y deflated by osmotic increases i n the 
external solution, the bending st i f f n e s s i s so small that the 
capsule becomes completely f l a c c i d and deformable (7). Thus, 
f l a c c i d non-spherical vesicles easily form adhesive contacts with 
negligible resistance to deformation u n t i l the surfaces become 
pressurized into spherical segments. 

We have taken advantage of these deformability properties to 
establish a sensitive method for measurement of adhesion energy 
between bilayer surfaces (6^ 8-10). Two spherical vesicles are 
selected and transferred from tne i n i t i a l suspension i n a cnamoer 
on the microscope stage to an adjacent chamber which contains a 
s l i g h t l y more concentrated buffer (0.15M PBS) plus 
macromolecules. There, the vesicles rapidly deflate to new 
equilibrium volumes. One vesicle i s aspirated by a small 
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PROTEINS AT INTERFACES 

Figure 1. Video micrographs of an adhesion test, (a) Vesicles 
in position for contact, (u) Adhesion - equilibrium controlled 
by tne suction pressure. (Pipet calibre ~1 χ l u t e i n ; vesicle 
diameters ~ 2 χ lu-^cm). 
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6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 91 

micropipet and held with s u f f i c i e n t suction pressure to form a 
r i g i d spherical segment outside of the pipet, i . e . the "test'* 
surface for adhesion. The otner vesicle i s aspirated by a second 
pipet with a low leve l of suction pressure controlled to regulate 
the adhesion process. The second vesicle i s then maneuvered into 
close proximity of the test vesicle surface (Figure la) and the 
adhesion process i s allowed to proceed in discrete (equilibrium) 
steps by reduction of the suction pressure (Figure l b ) . This 
experimental procedure yields the tension in the adherent vesicle 
bilayer as a function of the extent of coverage of the test 
vesicle surface, both for the forward process of adhesion and the 
reverse process of separation. In the tests to be reported here, 
the adhesion processes were reversible as shown i n Figure 2. 

Because of the macroscopic dimensions observable i n these 
experiments, i t i s not possible to determine the interonayer 
forces d i r e c t l y ; however, cumulation of forces into an integral 
over distance i s measurable. This integral i s the negative worK 
or free energy reduction per unit area ( i . e . adhesion energy) for 
assembly of the bilayers from i n f i n i t e separation to staple 
contact (where the force between the surfaces i s zero). 

Ύ = ~ Jan ' d z (1) 
0 0 

Mechanical equilibrium i s established when small reductions i n 
free energy due to formation of adhesive contact just balance 
small increases i n mechanical work of deformation of the vesicle 
(8,11). This variational statement leads to a direct relation 
between the free energy potential for adhesion and the suction 
pressure applied to tne adherent vesicle, 

pT^- = f (geom) ( 2 ) 

When the product of suction pressure Ρ and pipet radius Rp 
i s converted to bilayer tension for the adherent vesicle, t h i s 
equation takes the form of the Young equation where the geometric 
function i s (l-cos0 c) and θ 0 i s the included angle between the 
bilayer surfaces. Based on constraints that the vesicle area and 
volume remain fixed throughout deformation and the mecnanical 
requirement that the bilayer surface exterior to the pipet i s a 
surface of constant mean curvature, the contact angle can be 
derived from measurements of either the diameter or polar length 
of the adhesion zone (cap on the r i g i d vesicle, 8,11). I f 
adhesion i s uniform over the contact zone, then a single curve i s 
predicted for the relationship Detween pipet suction pressure and 
the fractional extent of coverage of the test vesicle as shown i n 
Figure 2 ( x c = polar length of the adhesion zone divided by the 
diameter of the spherical test surface). 

To aid i n selection of an appropriate model for the adhesion 
process, we carried out two additional sets of experiments. The 
f i r s t set involved the following sequence of vesicle 
adhesion-separation: an adherent vesicle pair was assembled i n 
the sal t buffer without macromolecules; adhesive contact was 
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92 PROTEINS AT INTERFACES 

maintained by van der Waals1 attraction (6,10). The adherent 
vesicle pair was transferred i n a few seconds to an adjacent 
chamber (with care so as not to disrupt tne contact) that 
contained s a l t buffer with high concentration of macromolecules 
(5g&, wt:wt). The adhesion energy was then measured oy separation 
of the contact i n the f i n a l solution. Similarly, an adherent 
vesicle pair was assembled in the solution with macromolecules and 
transferred to the pure s a l t buffer without disruption of the 
contact; the adhesion energy was again measured by separation i n 
the f i n a l solution. The rationale behind these tests was the 
expectation tnat macromolecules (via the f i r s t procedure) would 
l i k e l y be prevented from entering the gap or be trapped i n the gap 
(via the second procedure) oecause of kinetic r e s t r i c t i o n s . Tnus 
i f the macromolecules formed cross-bridges, the adhesion energies 
would be determined by the composition of tne i n i t i a l solution i n 
which adhesion was established. However, the results were exactly 
opposite, i.e. the adhesion energies at separation were id e n t i c a l 
to values determined for reversible assembly and separation i n 
solutions of composition equivalent to that of tne f i n a l 
solution. Estimates of molecular dimensions (50S χ 450Â for 
fibrinogen, 12; 38Â χ 150Â for albumin, 13) and values measured 
for SOPC bilayer separation i n pure s a l t solutions (26Â from x-ray 
d i f f r a c t i o n and composition data provided by Dr. P. Rand, Brock 
University), indicate that no appreciable concentration of 
macromolecules could be present in the gap after vesicles were 
f i r s t assembled in pure s a l t buffer and then transferred into the 
solution with macromolecules unless macromolecules rapidly 
diffused into the thin gap. Likewise, after vesicles were f i r s t 
assembled i n the solution with macromolecules and then transferred 
to the pure s a l t buffer, macromolecules would be trapped i n the 
gap unless these molecules rapidly diffused out of the gap into 
the s a l t buffer. This kinetic "escape" would be unlikely i f 
specific cross-bridges existed. 

The second set of experiments involved an attempt to 
quantitate tne number of macromolecules captured i n the gap 
between the adherent surfaces. Mdnerent vesicles were assembled 
in a solution that contained fluorescently labelled macromolecules 
then transferred to an adjacent chamber that contained the same 
concentration of the macromolecuie but without fluorescent l a b e l . 
Since the vesicles did not separate, i t was expected that the 
fluorescent macromolecules trapped i n tne adhesion zone would De 
detectaole over a long time period u n t i l diminished by exchange 
diffusion with the exterior solution. Tests with both 
fluorescently labelled fibrinogen and albumin were performed. The 
results were negative; we could not detect any fluorescence in the 
contact zone except at the exceptional location where there was 
obvious invagination formed by l i q u i d trapped during the adhesion 
process. Trapped l i q u i d regions were not formed when the vesicles 
were assemoled carefully i n slow-discrete steps; the contact zone 
appeared uniform i n optical thickness. Based on molecular 
dimensions as estimates of the minimum gap thickness, fluorescence 
should have easily been detected with our photometric system for 
gap concentrations equivalent to 10% of the bulk concentration. 
The test cle a r l y showed that there was a s i g n i f i c a n t reduction of 
molecules i n the gap i n comparison to the bulk concentration. 
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6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 93 

Free Energy Potentials for Lipi d Bilayer Adnesion 

Adhesion tests were carried out on 5-10 vesicle pairs at sp e c i f i c 
concentrations of either fiûrinogen or albumin i n the range of 
0-10g% (wt:wt); the results are plotted i n Figure 3. Since the 
vesicle surfaces were uncharged at pH 7.4, there was a threshold 
l e v e l of adhesion energy caused by van der Waals1 attraction 
between the SOPC bilayers (6,10) at zero concentration. Based on 
protein density, the concentration range represented volume 
fractions from 0-0.1. Even for these f a i r l y concentrated 
solutions, the free energy potential for adhesion increased 
progressively with concentration and showed no tendency to plateau 
or saturate. This behavior has also been observed for bilayer 
adhesion i n solutions of dextran polymers (9,14; although the 
levels of adhesion energy were s i g n i f i c a n t l y greater in dextran 
solutions at comparable volume fractions. The effect of surface 
composition and molecular topography was tested by measuring the 
free energy potential for adhesion of a red blood c e l l to a 
sphered l i p i d bilayer i n concentrated fibrinogen solutions 
(similar experiments were carried out at low concentrations 
previously, 15). Because of the s t e r i c separation maintained by 
tne s u p e r f i c i a l carbohydrate structures on the red c e i l memorane, 
there was no perceptable l e v e l of van der Waals1 attraction i n 
pure s a l t ouffer. In 5g% fibrinogen, the le v e l of free energy 
potential for red c e l l - v e s i c l e adhesion was equal to the free 
energy potential i n excess of the van der Waals1 threshold 
observed for oilayer-bilayer adhesion i n 5g% fibrinogen. Also, 
the slope of adnesion energy versus fibrinogen concentration 
derived from Figure 3 i s similar to the rate of increase found for 
red cell-red c e i l adhesion i n fibrinogen solutions (4_). These 
results demonstrate the non-specific character of the adhesion 
process, i . e . no recognizable dependence on surface composition. 

Theoretical Implications and Methods of Analysis 

Two diverse views of non-specific adhesion processes form the 
bases for contemporary theories introduced to rationalize 
observations of c o l l o i d a l s t a b i l i t y and fiocculation i n solutions 
of macromolecules (see 16-18 for general reviews). The f i r s t view 
i s based on adsorption and cross-bridging of the macromolecules 
between surfaces. Theories derived from thi s concept indicate a 
strong i n i t i a l dependence on concentration of macromolecules; 
there i s a rapid r i s e i n surface adsorption for i n f i n i t e s i m a l 
volume fractions (32) followed by a plateau with gradual 
attenuation of surface-surface attraction because of excluded 
volume effects i n the gap at larger volume fractions (19-20). The 
interaction of the macromolecule with the surface i s assumed to be 
a snort range attraction proportional to area of direct contact. 
The second - completely disparate - view of non-specific adhesion 
i s based on the concept that there i s an exclusion or depletion of 
macromolecules i n the v i c i n i t y of the surface, i . e . no adsorption 
to the surfaces. Here, theory shows that attraction i s caused by 
interaction of the (depleted) concentration p r o f i l e s associated 
with each surface whicn leads to a depreciated macrornolecuiar 
concentration at the center of the gap. The concentration 
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PROTEINS AT INTERFACES 

0 ^ 1 1 L_ 
0 20 4 0 6 0 

l/(P-R P) (cm/dyn) 

Figure 2. Fractional area x c of tne r i g i d vesicle covereo oy 
the adherent vesicle versus the reciprocal of suction pressure 
Ρ multiplied by pipet radius Kp. Triangles (Δ) - contact 
formation; open c i r c l e s (ϋ) - separation; s o l i d curve -
prediction from mecnanical analysis for a uniform value of 
adhesion energy. 
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Figure 3. Adhesion energy (erg/cm2) for SuPC oiiayers i n 
ϋ.15 M salt (PBS) plus either albumin or fibrinogen. 
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6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 95 

reduction i n the gap (relative to the exterior bulk solution) 
gives r i s e to an osmotic effect that acts to draw the surfaces 
together (21-22). When equilibrium exists between the gap and the 
bulk, s t a b i l i z a t i o n or approach to a plateau l e v e l i s not 
anticipated for structureless surfaces (14). The free energy 
potential for adhesion increases progressively with concentration 
even at large volume fractions. Thus, adsorption-based and 
(non-adsorption) depletion-based concepts predict d i s t i n c t l y 
different adhesion properties: ( i ) an excess versus a reduction 
in macromolecular concentration i n the contact zone; ( i i ) a quick 
ri s e in free energy potential for aanesion at i n f i n i t e s i m a l 
concentrations which should l e v e l - o f f and eventually attenuate 
versus an adnesion energy that progressively increases with 
concentration without stab l i z a t i o n . Also, i t i s expected that 
adsorption-based phenomena w i l l depend on cnemical attributes of 
the suspended macromolecule and surface whereas (non-adsorption) 
depletion-based processes w i l l depend only on c o l l i g a t i v e 
properties of the macromolecules i n aqueous suspension. 

Clearly, our results for adhesion of l i p i d biiayers in 
fibrinogen and albumin solutions are consistent with the 
(non-adsorption) depletion type of assembly process. This 
deduction i s based on ( i ) the n u l l observation that no 
fluorescently labelled material was detected i n the gap between 
biiayers, ( i i ) the continuous increase of the free energy 
potential with concentration even for f a i r l y large volume 
fractions, and ( i i i ) the transfer of adherent vesicle pairs with 
subsequent separation which showed that adhesion energy depended 
only on the composition of the medium exterior to the gap but not 
the gap composition. Similar results have been obtained for 
adhesion of l i p i d biiayers i n solutions of high molecular weight 
dextran polymers (Figure 4, 14). Hence, we have chosen to 
carefully examine (non-adsorption) depletion-based theories i n 
conjunction with these experiments. 

Theoretical development over the past decade or so has focused 
on analysis of the configurations and distribution of polymer 
segments i n the v i c i n i t y of a s o l i d surface or between surfaces to 
predict the deviation of free energy density from that in the 
adjacent bulk region (19-25). Even though these studies are very 
elegant and i n s i g n t f u l , l i t t l e care has been taken to obtain a 
suitable work potential, the d i f f e r e n t i a l of which yields stresses 
at the surfaces. We w i l l outline a simple thermodynamic approach 
that provides a formalism for derivation of physical stresses from 
free energy of mixing and cnam configuration (14); then, we w i l l 
discuss methods for prediction of stationary concentration 
pr o f i l e s which result from the proximity of non-adsorbing, 
impermeable boundaries. 

Variations i n t o t a l free energy associated with adhesion must 
include both the gap and exterior (bulk) regions, 

ôF= 5Fg * ôFg 

Tnese cnanges are subject to conservation requirements for the 
t o t a l number of solute molecules and the t o t a l volume of gap and 
exterior regions (whicn implies conservation of solvent), 
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PROTEINS AT INTERFACES 

(erg/cm 2 ) 
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(0.611 χ wt/vo l ) 

Figure 4. Adnesion energy (erg/cm2) for SUPC biiayers i n 
Q.i M salt (PBS) plus dextran polymers. Number average polymer 
indices - Np (numoer of glucose monomers). Solid and dasned 
curves - predictions from mean f i e l d theory with f i r s t and 
second v i r i a l coefficients from osmotic pressure measurements 
(14). 
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6. E V A N S E T A L . Nonspecific Adhesion of Phospholipid Bilayer Membranes 97 

δ ( ΰ α · ν α * ΰ Β · ν = ) Ξ θ 5 ( V R V B ) = 0 

Vg, V B are the volumes of the gap and bulk regions 
respectively; Vg, vg are the mean volume fractions of the 
solute molecules i n the gap and bulk regions. The t o t a l free 
energy variation can oe expressed i n terms of four independent 
variations: ( i ) variation with respect to spatial d i s t r i b u t i o n - 0 
and configuration of macromolecules i n the gap (where the mean 
concentration, thickness-Zg, and contact area-Α for the gap are 
held fixed); ( i i ) variation with respect to mean concentration of 
macromolecules in tne gap (where the spa t i a l d i s t r i b u t i o n , gap 
thickness and contact area are held constant); ( i i i ) variation 
with respect to gap thickness (where sp a t i a l d i s t r i b u t i o n , mean 
concentration, and contact area are held constant); and f i n a l l y 
(iv) variation witn respect to contact area (where spati a l 
d i s t r i b u t i o n , mean concentration, and thickness for the gap are 
held constant). Symbolically, the t o t a l variation i s written as, 

5F = 5F <5F| 
,A) 

«F| 
(Ο.φ.Α) 

*F\ (3) 

which must be analyzed i n conjunction with the previous 
conservation requirements. 

The f i r s t variation yields the optimum concentration p r o f i l e 
i n the gap (at equilibrium for constant composition and gap 
dimensions). This variation can be expressed i n a form where the 
requirement that the mean concentration of macromolecules i n the 
gap oe neid constant i s included e x p l i c i t l y , i.e. 

ôF g I =5F g| - Xc-A-fa-i;.dz = Ο 
(D.Z a .A) ( Ζ Π . Α ) Ο 

(4) 
( Z g . A ) 

Tne Lagrange multiplier ̂ c represents a 
that the constraint, 

Z n 

"pressure" which ensures 

dz = constant 

i s s a t i s f i e d appropriate to boundary conditions for exchange of 
macromolecules between gap and bulk regions. 

Tne second variation represents the free energy associated 
with exchange of macromolecules between gap and bulk regions and, 
thus, characterizes the nature of the assembly process. I f the 
process i s "true" equilibrium, then t h i s variation i s i d e n t i c a l l y 
zero, 

OF 

( Φ . Ζ 9 , Α ) 

V B 

3Fa 

( φ . Ζ α . Α ) 

} (5) 

and i t can be shown that the Lagrange multiplier i s also zero (14), 
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98 PROTEINS AT INTERFACES 

For an assemoly (adnesion) process tnat i s "true" equilibrium 
(doth inside the gap and between the gap and bulk regions), the 
third variation, 

5F 

(ΰ.φ,Α) 

dFB 

( A dZg 

(ΰ.φ.Α) 

yields the normal stress <fr tnat 
f i r s t two variations i n Equation 

O F 

— ) Α · δ ζ „ 
Β 

acts on each surface since 
3 are id e n t i c a l l y zero, 

the 

( σ „ · Α ) Ô Z C 

where tne normal stress i s defined by the mechanical work to 
displace the surfaces at constant area. Further for the "true" 
equilibrium case, i t can be snown that the relation for normal 
stress reduces to a simple result given by the osmotic pressure 
change at the mid-point of the gap relative to the bulK region 
(14)· 

σ η = Π Β - n Z g / 2 (6) 
Equation 6 i s equivalent to the cl a s s i c result obtained for 
e l e c t r i c douuie layer repulsion (26). Although this result seems 
i n t u i t i v e l y obvious, i t i s not consistent witn previous 
derivations (22, 24-25). I f excnange of macromolecules between 
the gap ana Dulk regions i s r e s t r i c t e d , then additional equations 
are necessary to establish tne contrioution of each of the free 
energy variations (with respect to gap thickness) to the normal 
stress whicn w i l l depend i m p l i c i t l y on the Lagrange m u l t i p l i e r ^ . 

The coefficient i n the l a s t variation i s the free energy 
potential 2f for creation of contact area at constant gap 
thickness, composition, and concentration p r o f i l e , 

S F - ( z g 3A 

d F g 

a v 9 

( 5 B - u J 

θ 
— Î δΑ 

For reversiole processes, coefficients are related oy cross 
derivatives; hence, 

37 

(ϋ.φ,ΑΪ 

The stress defined by Equation (6) represents the interaction 
between surfaces due to the macromolecules i n solution. To obtain 
tne t o t a l stress, contributions of long range c o l l o i d a l forces 
between the biiayers themselves must be added to d"n. For 
phospnolipid biiayers, the added stress can be expressed as the 
sum of a strong exponential repulsion due to hydration forces, a 
weak power law attraction for the van der Waals1 force, and 
exponential repulsion due to e l e c t r i c double layer forces (1-2), 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

00
6



6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 99 

σ = -D - V x w , A H - f ( z f / z f l ) - V x e s 
σβχΐ ' hyd e - 3 res e r f U ; 

6 χ · Z g 

where Phyd i s the coefficient for the hydration repulsion and 
^hyd i s * n e characteristic decay length; A H i s the Hamaker 
coefficient for the van der Waals1 attraction and f(zj/zg) i s 
a weak function of the rati o of tne Dilayer thickness ζχ to the 
distance oetween biiayers Zg; P e s i s the coefficient for the 
douole layer repulsion and 7\es i s the characteristic uebye 
length for the decay. In addition, repulsion may be enhanced by 
secondary effects due to thermally excited undulations (oendmg 
fluctuations) of the biiayers which i s represented oy the stress 
component, Pf (27). Equilibrium separation (stable contact) i s 
established where the t o t a l stress (<̂ ext +^n) i s zero; thus, 
the free energy potential for assembly of the biiayers i s given by 
tne integral of tne to t a l stress over the range of i n f i n i t y to 
thi s location. 

The next task i s to evaluate the concentration p r o f i l e i n the 
gap i n order to calculate the attractive stress given by Equation 6 
(the bulk region p r o f i l e i s determined by the gap pr o f i l e at 
i n f i n i t e separation). The simplest approach i s to introduce a 
"constitutive" relation for the free energy as a sum of the free 
energy of mixing for uniform concentration plus a term that 
represents the free energy excess due to configurational entropy 
gradients (24, 28-30). for linear f l e x i b l e polymers, the relation 
can be deduced from a s t a t i s t i c a l equation for pair-wise 
correlation functions of segment distribution to give a 
self-consistent, mean-field approximation (21, 23-24, 30). Here, 
the free energy density i s expressed by, 

Z g 2 . 2 

dz 
) - d z (β) 

0 

where Ψ i s l i k e a quantum-mechanical p a r t i c l e distribution 
function and Ψ2 i s the expectation value for l o c a l segment 
density; a m i s the effective length of a r i g i d segment of tne 
fl e x i b l e polymer. F i s the free energy density evaluated at the 
local concentration in the absence of gradients and given in terms 
of chemical potentials as, 

υ-μρ ( I - U ) - M S 

F = 
or, 

where, 

F » » ( π Β - π ) & 
Np- "m 

Chemical potentials for mixing and deformation of polymer 
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100 PROTEINS AT INTERFACES 

molecules in the gap are described c l a s s i c a l l y by Fiory-Huggins 
theory (31) or by more esoteric scaling theories (23). With the 
use of the free energy density augmented by segment gradients, 
Equation 4 leads to an equation that predicts the segment 
distrioution i n the gap, 

Οφ\2 ~, 2 2 (ID 
^ " 1 = F 2 g / 2 * F * V ( ^ Z g / 2 - ^ ) " " m 

and, thereby, the value of the concentration at the mid-point of 
the gap (which determines the surface stress for equilibrium 
exchange of macromolecules between gap and bulk regions), 

= - ± - f=~> ~> Γ ~ 2 2" ψ ϊ ( 1 2 ) 

For the "semi-dilute" range of polymer concentrations, this 
equation takes the form of an e l l i p t i c intégrai. 

We have used t h i s , mean-field approach to successfully predict 
the free energy potential for oilayer-bilayer adhesion in dextran 
polymer solutions (the theoretical results are snown in Fig. 4 
along with the data, 14). The correlation i s excellent, based 
only on the f i r s t and second v i r i a l coefficients for the polymer 
(obtained from osmotic pressure measurements) and the segment 
length (taken simply as the cube root of the monomer volume). 

For i n f l e x i b l e (rigid) macromolecules, tne free energy density 
i s augmented dir e c t l y by concentration gradients (29), 

g 
2 d „ 2 

dz 
)-dz ^ 

β2· 
p' P' x , \ (14) 
F z g / 2 - F > X c - ( % / 2 ^ ) 

Ο 

Tne coefficient i s somewnat pnenomenological although 
theoretical guidelines are established for derivation of tn i s 
coefficient (29) which show that tne coefficient i s scaled by 
molecular dimensions. Again, the free energy density can be used 
with Equation 4 to establish tne concentration p r o f i l e i n the gap, 

2 

du 
dz 

and the value of the concentration at the mid-point of the gap 
region, „ 

r * du 
Z g/2 = β - ] — ; Γ172 (15) 

Rod-like shapes w i l l require more careful consideration than 
globular forms oecause rotation w i l l be restricted i n the v i c i n i t y 
of the surface before translation. The chemical potential w i l l 
involve the uniform mixing of rod-like molecules and solvent i n a 
gap which depends on the reduction i n entropy caused by s t e r i c 
elimination of orientational states. The phenomenoiogical 
coefficient 13̂  w i l l depend on gap width. Hence at large 
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6. EVANS ET AL. Nonspecific Adhesion of Phospholipid Bilayer Membranes 101 

separations, the depletion zones w i l l be scaled by the large 
dimension of the molecule whereas, at small separations, depletion 
zones w i l l oe reduced to the scale of the shorter molecular 
dimension. Thus, i t i s expected that the osmotic pressure between 
the bulk region and the gap w i l l increase progressively over the 
range of separations beginning at a value characterized by the 
long dimension of the molecule down to a value given by the 
shorter molecular dimension; for separations smaller than the 
shorter dimension, the osmotic pressure d i f f e r e n t i a l w i l l remain 
constant. In addition, most protein macromolecules contain 
charged residues that attract counterions; thus, there w i l l be 
variations i n ion concentrations commensurate with gradients i n 
protein concentration. As such, the osmotic effect due to 
depletion of the protein concentration i n the gap could be 
enhanced. 

For fibrinogen and albumin, i t i s expected that fibrinogen 
w i l l create larger free energy potentials for adhesion at common 
molar concentrations because the range of the interaction i s mucn 
larger for fibrinogen as previously discussed (even though the 
osmotic pressures of the solutions are inversely proportional to 
the molecular weights). Obviously, t h i s i s consistent with our 
measurements because the osmotic a c t i v i t y of albumin i s about 
three times greater than that of fibrinogen but adhesion energies 
are comparable at the same mass concentrations. For large r i g i d 
macromolecules, the free energy potential for adhesion would be 
approximated by the magnitude of the osmotic pressure due to the 
macromolecules i n the exterior solution multiplied by a distance 
determined by the difference between the size scale of the 
macromolecule and the strong repulsive barrier. Clearly, the 
magnitude of the free energy potentials measured i n these 
experiments are consistent with the product of major molecular 
dimension and the osmotic pressures for fiorinogen and alDumin 
molecules i n solution. This preliminary compatibility of numbers 
for two different protein macromolecules and a wide range of 
concentrations strongly indicates that careful development of a 
depletion-oased theory w i l l give successful correlations with 
these theories as for the dextran polymers. I t i s important to 
note that s p e c i f i c binding interactions between proteins and the 
surfaces would greatly modulate t h i s behaviour. 
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Chapter 7 

Interaction of Prothrombin with Phospholipid 
Monolayers at Air- and Mercury-Water Interfaces 

M . F. Lecompte 

Laboratoire d'Electrochimie Interfaciale, Centre National de la Recherche Scientifique, 
1 Place A. Briand, 92195 Meudon Principal Cedex, France 

The studies on the mode of interaction of prothrombin 
with phospholipid monolayers, using complementary methods 
of surface measurement are reviewed. They were investiga
ted at air-water and Hg-water interfaces respectively by 
radioactivity and electrochemistry. A process more com
plex than a simple adsorption could be detected. Indeed, 
the variation of the differential capacity of a mercury 
electrode in direct contact with phospholipid monolayer, 
induced by the interaction with prothrombin could be in
terpreted as a model of its penetration into the layer; 
this was confirmed by the study of the dynamic proper
ties of the direct adsorption of this protein at the e
lectrode, followed in part by the reduction of S-S brid
ges at the electrode. It could be also concluded that pro
thrombin resists complete unfolding at these interfaces. 

In order to understand the s t r u c t u r e and s t r u c t u r a l changes of b i o l o 
g i c a l components involved i n protein-membrane i n t e r a c t i o n s , the sur
face behavior of pr o t e i n s must be studied c a r e f u l l y . 

In s e v e r a l steps of the blood c o a g u l a t i o n cascade, the a c t i v i t y 
of some of the coagu l a t i o n f a c t o r s i s enhanced at the surface of the 
phospholipid membrane. Phosp h o l i p i d s , mainly those which are n e g a t i 
v e l y charged, play a c r u c i a l r o l e by a c c e l e r a t i n g the zymogen-to-
enzyme conversions l e a d i n g to c l o t formation. Since the importance 
of thrombin i s w e l l known i n t h i s process, i t was of i n t e r e s t to un
derstand i t s r a t h e r complex formation from the corresponding zymogen, 
prothrombin. Moreover, conversion of prothrombin i n t o thrombin i s a 
good example of a t y p i c a l enzymatic a c t i v i t y t a k i n g place at a c e l l / 
s o l u t i o n i n t e r f a c e . The conversion r e q u i r e s a membrane-bound complex 
of protease, substrate and c o f a c t o r . 

Vitamin K-dependent p r o t e i n s , c o n t a i n i n g y-carboxyg^tamic r e s i 
dues, l i k e prothrombin, are commonly known to bind by Ca bridges 
to membranes c o n t a i n i n g a c i d i c phospholipids O ) . Nevertheless, i t 
was important to study whether i n t e r a c t i o n s other than those of an 
e l e c t r o s t a t i c nature could a l s o be i n v o l v e d , such as those l e a d i n g 

0097-6156/87/0343-0103$06.00/0 
© 1987 American Chemical Society 
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1 0 4 PROTEINS AT INTERFACES 

to penetration of proteins into membranes, since the catalytic pro
cess is very specific, during the conversion. 

As an example of a membrane model, phospholipid monolayers with 
negative charge of different density were used. It had already been 
found Ç2) and discussed (3) that the physical and biological behavior 
of phospholipid monolayers at air-water interfaces and of suspensions 
of liposomes are comparable i f the monolayer is in a condensed state. 
Two complementary methods of surface measurements (using radioactivi
ty and electrochemical measurements), were used to investigate the 
adsorption and the dynamic properties of the adsorbed prothrombin on 
the phospholipid monolayers. Two different interfaces, air-water and 
mercury-water, were examined. In this review, the behavior of pro
thrombin at these interfaces, in the presence of phospholipid monola
yers, is presented as compared with i t s behavior in the absence of 
phospholipids. An excess of l i p i d of different compositions of phos
phatidyl serine (PS) and phosphatidylcholine (PC) was spread over an 
aqueous phase so as to form a condensed monolayer, then the proteins 
were injecte^ underneath the monolayer in the presence or in the ab
sence of Ca . The adsorption occurs in situ and under static condi
tions. The excess of l i p i d ensured a f u l l y compressed monolayer in 
equilibrium with the collapsed excess l i p i d layers. The contribution 
of this excess of l i p i d to protein adsorption was negligible and 
there was no effect at a l l on the electrode measurements. 

The Air-water Interface 

The adsorption of prothrombin onto the l i p i d monolayer^was followed 
directly by counting the surface radioactivity of the H labelled 
protein using a gas-flow counter equipped with an ultrathin window 
as described elsewhere (4). By calibrating the counter as previously 
described C5), i t is possible to determine the surface concentration 
of the radioactive protein, Γ . 

In Figure 1, the kinetics of adsorption of prothrombin at the 
i n i t i a l bulk +concentration of 5 yg/ml in the presence and in the ab
sence of Ca , onto a monolayer containing 100 % PS are presented as 
compared with the adsorption at the pure air-water interface. It is 
clear that, in the presence of phospholipids, the amount of protein 
adsorbed is strongly dependent on Ca concentration, while this is 
not so at the pure air-wajçr interface. Nevertheless, we see that 
even in the absence of Ca , the prothrombin adsorption remains s i 
gnificant, was shown (6) that even at concentrations as low as 
10 mM, Ca is coadsorbed with prothrombin. The results showed 
that the surface concentration of Ca is proportional to that of 
the adsorbed prothrombin, about 10 Ca being coadsorbed with one 
molecule of prothrombin. The surface concentrations of prothrombin, 
obtained at equilibrium, were plotted as a function of its i n i t i a l 
concentra||on, while the interaction occurred in the presence of d i f 
ferent Ca concentrations and with phospholipid monolayers of d i f f e 
rent compositions Ç5). The Scatchard plots obtained from the adsor
ption isotherms gave the binding constants, Ka. When the adsorption^ 
was onto pure PS monolayer, Kg turned out to be independent of Ca 
concentration (around 1.2 χ 10 1/mol), while+Çhe maximal surface 
concentration, r m a x , is dependent. At 2 mM Ca , on the monolayers 
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7. LECOMPTE Interaction of Prothrombin with Phospholipid Monolayers 105 

Figure 1. Time dependence of adsorption of 5 yg/ml of prothrom
bin, at the air-water interface in the presence of a phosphati
dyl serine monolayer or in i t s absence , in the presence 
or in the absence of 2 mM Ca + +.  P
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106 PROTEINS AT INTERFACES 

c o n t a i n i n g 25% PS - 75% PC, Γ m a X was 1. 7 5 x 1 0 " 1 2 m o l . c m " 2 as compared 
w i t h 6.2x10~^ 2 m o l . c m - 2 a d s o r b e d on p u r e PS m o n o l a y e r s ; t h e b i n d i n g 
c o n s t a n t was f o u n d t o be e q u i v a l e n t t o t h e v a l u e s o b t a i n e d u s i n g p u 
r e PS m o n o l a y e r s . These c o n s t a n t s were c o n f i r m e d , i n some c a s e s , on 
m u l t i l a y e r s (7) o r on m o n o l a y e r s (_3) by u s i n g e l l i p s o m e t r y , b u t t h e y 
a r e h i g h e r t h a n t h o s e o b t a i n e d w i t h p h o s p h o l i p i d v e s i c l e s (_3). These 
l a s t d i f f e r e n c e s may be a s c r i b e d t o some c a u s e s l i k e t h e d i f f e r e n t 
c u r v a t u r e s u s e d i n t h e two membrane models and t h e l o w e r c o n c e n t r a 
t i o n s o f p r o t e i n u s e d w i t h t h e m o n o l a y e r s . N e v e r t h e l e s s , t h e e q u i l i 
b r i u m c o n d i t i o n s m i g h t depend on t h e t e c h n i q u e u s e d and be o f i m p o r 
t a n c e i n the d i s c r e p a n c y i n t h e v a l u e s o f Ka f o u n d i n t h e l i t e r a t u r e . 
The maximal s u r f a c e c o n c e n t r a t i o n o f p r o t h r o m b i n a d s o r b e d on a p u r e 
PS m o n o l a y e r a t 2 mM C a + + c o r r e s p o n d s t o a b o u t 27 n m 2 / m o l e c u l e w h i l e 
a t 10 mM C a + + , w i t h a v a l u e o f 1.5x10~^ 2 mol.cm"*2, £ç c o r r e s p o n d s 
t o 120 nm 2 p e r m o l e c u l e . S i n c e t h e a r e a o c c u p i e d by a p r o t h r o m b i n 
m o l e c u l e a t maximal h e x a g o n a l p a c k i n g o r i e n t e d w i t h i t s l o n g a x i s 
p e r p e n d i c u l a r t o t h e s u r f a c e i s 18 nm 2, a c c o r d i n g t o t h e model g i v e n 
f o r p r o t h r o m b i n (J_) , t h i s c o n f i g u r a t i o n s h o u l d be t h e one a p p r o a c h e d 
i n t h e p r e s e n c e o f C a + + . A t 10~3 mM C a + + , a p r o t h r o m b i n m o l e c u l e 
l i e s w i t h t h e l o n g a x i s o f i t s e l l i p s o i d a l shape p a r a l l e l t o t h e s u r 
f a c e . I n d e e d , i t c a n c o v e r an a r e a o f about 50 nm 2 and t h u s t h e t o 
t a l maximal number o f a d s o r b e d m o l e c u l e s c o v e r s a b o u t 50% o f t h e 
a r e a . Thus, we c a n d i s t i n g u i s h a change i n t h e c o n f i g u r a t i o n o f t h e 
p r o t h r o m b i n m o l e c u l e s r e l a t i v e t o t h e s u r f a c e o f t h e m o n o l a y e r , i n 
th e a b s e n c e o r i n t h e p r e s e n c e o f C a + + . 

At t h e p u r e a i r - w a t e r i n t e r f a c e ( F i g u r e 1 ) , t h e i n i t i a l r a t e o f 
a d s o r p t i o n o f p r o t h r o m b i n i s p r o p o r t i o n a l t o t h e s q u a r e r o o t o f t h e 
t i m e , as can be c a l c u l a t e d f r o m t h e c u r v e s , i n d i c a t i n g t h a t t h e p r o 
c e s s , a t t h i s i n t e r f a c e , i s d i f f u s i o n - c o n t r o l l e d , as was o b s e r v e d 
f o r n a t i v e DNA (8_) . I n t h e p r e s e n c e o f p h o s p h o l i p i d m o n o l a y e r s t h e 
a d s o r p t i o n p r o c e s s i s s l o w e r ; a more complex p r o c e s s must t a k e p l a c e 
a t t h e s u r f a c e o f t h e membrane, i n a d d i t i o n t o t h e c o n f o r m a t i o n a l 
change o f p r o t h r o m b i n w h i c h o c c u r s i n t h e p r e s e n c e o f C a + + as was 
fo u n d by N e l s e s t u e n (9). I t c a n be t h e p e n e t r a t i o n o f p r o t h r o m b i n 
i n t o t h e l i p i d l a y e r , as w i l l be d e s c r i b e d b e l o w . + + 

The s u r f a c e o c c u p i e d by a p r o t e i n m o l e c u l e , a t h i g h Ca c o n c e n 
t r a t i o n , as o b t a i n e d f r o m t h e p r o t e i n s u r f a c e c o n c e n t r a t i o n , a t m a x i 
mal c o v e r a g e , i s e q u i v a l e n t t o t h e s m a l l e r c r o s s - s e c t i o n a l a r e a o f 
a n a t i v e p r o t e i n m o l e c u l e i n s o l u t i o n , s u g g e s t i n g t h a t t h e m o l e c u l e s 
a r e bound p e r p e n d i c u l a r l y t o t h e s u r f a c e . I t i n d i c a t e s c l e a r l y , i n 
t h i s c a s e , t h a t t h e p r o t e i n does n o t u n f o l d a t t h i s i n t e r f a c e . The 
p r o t h r o m b i n m o l e c u l e c o n t a i n s a h i g h c o n c e n t r a t i o n o f S-S bo n d s , and 
i t i s known t h a t t h i s i s a v e r y i m p o r t a n t f a c t o r i n p r e s e r v i n g t h e 
t e r t i a r y s t r u c t u r e o f p r o t e i n s ( 1 0 ) . A t low c a l c i u m c o n c e n t r a t i o n , 
t h i s m i g h t a l s o be the c a s e , i f we t a k e i n t o a c c o u n t t h e p o s s i b i l i t y 
o f t h e p r o t e i n bound t o t h e s u r f a c e b e i n g a b l e t o r o t a t e i n t h e 
p l a n e . 

The M e r c u r y - w a t e r I n t e r f a c e 

C a p a c i t a n c e , C, p r o v i d e s d i r e c t i n f o r m a t i o n on t h e s t r u c t u r e o f t h e 
a d s o r b e d l a y e r ( 1 0 , 11). The change i n t h e d i f f e r e n t i a l c a p a c i t y o f 
th e e l e c t r i c a l d o u b l e l a y e r between a p o l a r i z e d m e r c u r y s u r f a c e and 
a 0.15 M N a C l s o l u t i o n c o n t a i n i n g v a r i o u s c o n c e n t r a t i o n s o f p r o t e i n 
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7. LECOMPTE Interaction of Prothrombin with Phospholipid Monolayers 107 

( f o r example) was u s e d as a measure o f i t s a d s o r p t i o n on a b a r e mer
c u r y s u r f a c e o r on a s p r e a d l i p i d m o n o l a y e r i n c o n t a c t w i t h t h e e l e c 
t r o d e , as w i l l be d e s c r i b e d b e l o w . 

As s e e n i n F i g u r e 2, when a compressed s p r e a d l a y e r o f l o n g 
c h a i n l i p i d s i s b r o u g h t i n t o c o n t a c t w i t h a m e r c u r y e l e c t r o d e f r o m 
t h e g a s e o u s p h a s e , t h e c a p a c i t a n c e o f t h e d o u b l e l a y e r i s v e r y l o w 
i n c o m p a r i s o n w i t h t h e s u p p o r t i n g e l e c t r o l y t e a l o n e and v a r i e s b e t 
ween 1.5 and 1.9 yF.cm~2 o v e r a w i d e range o f p o t e n t i a l . I t i s c h a 
r a c t e r i s t i c o f a h y d r o c a r b o n l a y e r , one h y d r o c a r b o n c h a i n l e n g t h 
t h i c k , w h i c h a d h e r e s t o t h e m e r c u r y s u r f a c e , w h i l e t h e p o l a r head 
g r o u p s o r i e n t t h e m s e l v e s t o w a r d t h e aqueous s o l u t i o n , and i t p r e v e n t s 
a c c e s s o f i o n s . A t some p o s i t i v e o r n e g a t i v e p o t e n t i a l , a d e s o r p t i o n 
c a p a c i t a n c e peak c a n be o b s e r v e d . The peak r e s u l t s f r o m t h e c h a r g e 
f l u x f o l l o w i n g t h e d i s p l a c e m e n t o f t h e low d i e l e c t r i c l a y e r by t h e 
h i g h d i e l e c t r i c aqueous medium. 

I f t h e c o n t i n u i t y o f t h e m o n o l a y e r i s p e r t u r b e d by an i n t e r a c 
t i n g m o l e c u l e o f h i g h e r p o l a r i t y , an i n c r e a s e i n c a p a c i t a n c e p r o p o r 
t i o n a l t o t h e d e g r e e o f p e r t u r b a n c e o r p e n e t r a t i o n i s o b s e r v e d . I n 
t h e c a s e where t h e p e n e t r a t i n g m o l e c u l e s c o n t a i n e l e c t r o a c t i v e g r o u p s 
u n d e r g o i n g e l e c t r o d e r e a c t i o n , a p s e u d o c a p a c i t a n c e peak i s o b t a i n e d 
w h i c h i s p r o p o r t i o n a l i n s i z e t o t h e ease o f a c c e s s o f t h e s e g r o u p s 
( t h r o u g h t h e l i p i d l a y e r ) t o t h e e l e c t r o d e s u r f a c e . I n t h e c a s e o f 
p r o t h r o m b i n and o f o t h e r p r o t e i n s , c y s t i n e may s e r v e as s u c h an e l e c 
t r o a c t i v e g r o u p . C y s t i n e i s s t r o n g l y a d s o r b e d on t h e m e r c u r y s u r f a c e 
a t p o s i t i v e p o t e n t i a l s o f t h e r e d o x p o t e n t i a l , f o r m i n g a c h a r g e -
t r a n s f e r complex ( 1 2 ) . The s u r f a c e complex i s t h e n r e d u c e d a t t h e 
r e d o x p o t e n t i a l g i v i n g r i s e t o t h e p s e u d o c a p a c i t a n c e peak. The c y s t i 
n e - c y s t e i n e t r a n s i t i o n on t h e m e r c u r y e l e c t r o d e was seen t o be a r e 
v e r s i b l e p r o c e s s ( 1 2 , 13) w h i l e t h e m e r c u r y a c t s as a c a t a l y t i c 
s u r f a c e f o l l o w i n g t h e scheme: 

RSSR + Hg # H g ( R S ) 2 o r H g 2 ( R S ) 2 + 2 H + + 2e" ^ 2 RSH + Hg 

As seen i n F i g u r e 2, t h e ac p o l a r o g r a m r e s u l t i n g f r o m t h e i n t e r a c t i o n 
o f t h e m o n o l a y e r w i t h p r o t h r o m b i n shows t h a t an e l e c t r o a c t i v e group 
c o n t r i b u t e s t o t h e c a p a c i t a n c e c u r v e a p s e u d o c a p a c i t a n c e peak, a t 
a r o u n d - 0.7 V, w h i c h i s a s c r i b e d t o t h e o x y - r e d u c t i o n o f t h e d i s u l 
f i d e b r i d g e s a t pH 7.8. S i n c e t h e f o r m a t i o n o f c y s t e i n e r e q u i r e s 
h y d r o g e n i o n s , t h e h a l f - w a v e p o t e n t i a l and t h u s a l s o t h e p s e u d o c a p a 
c i t a n c e peak i s s h i f t e d w i t h d e c r e a s i n g pH t o more p o s i t i v e p o l a r i 
z a t i o n . S i n c e two c o n t r i b u t i o n s , one f r o m t h e p r o t e i n and t h e o t h e r 
f r o m t h e p h o s p h o l i p i d m o n o l a y e r , a r e i n v o l v e d i n t h e c a p a c i t a n c e v a 
l u e s , i t was o f i m p o r t a n c e t o s t u d y p a r t i c u l a r l y t h e b e h a v i o r o f t h e 
p r o t e i n i n d i r e c t c o n t a c t w i t h t h e e l e c t r o d e , i n o r d e r t o be a b l e t o 
i n t e r p r e t b e t t e r t h e d a t a o b t a i n e d when p r o t h r o m b i n i n t e r a c t s w i t h 
p h o s p h o l i p i d m o n o l a y e r s . 

D i r e c t a d s o r p t i o n o f P r o t h r o m b i n a t t h e M e r c u r y - w a t e r I n t e r f a c e . The 
a d s o r p t i o n r a t e o f p r o t h r o m b i n on a h a n g i n g m e r c u r y d r o p e l e c t r o d e 
(HMDE) was s t u d i e d by m e a s u r i n g t h e d e c r e a s e o f t h e d i f f e r e n t i a l c a 
p a c i t y w i t h t i m e o f c o n t a c t o f t h e m e r c u r y d r o p w i t h t h e s o l u t i o n , a t 
a f i x e d p o t e n t i a l , - 0.5 V, i n p a r a l l e l w i t h t h e i n c r e a s e o f t h e 
a r e a s o f t h e v o l t a m e t r i c peaks c o r r e s p o n d i n g t o t h e r e d u c t i o n o f 
some S-S bonds o f t h e a d s o r b e d m o l e c u l e s ( 1 4 ) . The r e p r e s e n t a t i o n on 
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108 PROTEINS AT INTERFACES 

F i g u r e 2. E f f e c t o f p r o t h r o m b i n (5 yg/ml) on t h e c a p a c i t a n c e 
o f a m o n o l a y e r o f 100% PS as compared w i t h t h e c a p a c i t a n c e 
o f t h e e l e c t r o l y t e a l o n e -· ; Na C l 0.15M, T r i s 1mM, pH 7.8. 
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7. LECOMPTE interaction of Prothrombin with Phospholipid Monolayers 109 

the same graphs of the two curves versus t and C versus t, in 
the presence or in the absence of ' Ca + +, at one concentration of 
prothrombin for example 4.5 yg/ml, shows clearly in Figure 3 that 
these functions reach their saturation values simultaneously. Adsorp
tion of prothrombin at the waiting potential of -0.5 V (Figure 3), 
near the zero charge potential, causes a sharp decrease in capacitan
ce. For each concentration studied (14), about the same lower limit 
of capacitance was reached, corresponding to a saturation value in 
the range studied, which was therefore attributed to a completely 
protein-covered electrode. At about half of the maximum lowering of 
the capacity, an inflexion point can be distinguished. 

From the kinetics of adsorption, the surface coverage could be 
obtained. In the case of prothrombin, the number of molecules adsor
bed on the mercury surface, Γ \/2 » could be evaluated from the l i 
near dependence of the capacily on t ^ / 2 Qnly at short times (< 50s), 
when the diffusion layer thickness (Dt)^'^ is s t i l l smaller than the 
thickness of the unstirred layer. In this region the concentration is 

r t1/2 = (2/π1/2) C p D 1' 2
 t1/2 ( 1 ) 

and thus the correlation between the lowering of capacity AC, and 
Γ *-s obtained. By extrapolating the plot of capacitance versus 

t ^ / 2 to saturation capacitance, one obtains the limiting 
saturation surface concentration , r m a X 2 · Around t= 50s, the depen
dence of capacitance on t ^ 2 starts deviating from linearity and 
above 100s, a region with linear dependence of capacitance on t is 
obtained which allowed us, by extrapolation to the saturation capa
citance, as described previously (14), to determine the limiting 
saturation surface concentration, ^ m a x . 

It was shown in the case of polymers, below surface saturation, 
that the decrease of capacitance is proportional to their surface 
concentration (over the whole potential region) (10, 15). It implies 
that the surface conformation of molecules being adsorbed is esta
blished instantaneously and then remains constant. Let us assume 
that this is also the case for prothrombin. The two maximum surface 
concentrations T™f X2 as T™ a x , equivalent to 1.5x10~^2 mol.cm"2, 
represent maximal packing for the i n i t i a l conformation of the adsor
bed molecules and does not take into account a possible change in 
configuration around the inflexion point on the capacitance versus 
time curve. . 

Since the slopes of the linear variation of AC = f ( t ' ) and 
AC = f(t) varied with protein concentrations at a l l concentration as 
according to the corresponding equations giving Γ (14), the process 
is diffusion controlled. It also implies immediate adsorption and 
negligible back reaction. 

The saturation surface coverage values can be used for determi
nation of the limiting values of the area occupied per adsorbed pro
tein. The calculated areas were equivalent to 110 nm2 in absence of 
Ca and 95 nm2 in presence of Ca + +, per molecule. 

The areas of the peaks obtained by cyclic voltametry allows the 
calculation of the number of the reduced cystine residues, Tg_g, or 
reoxidized cysteine, taking into account that the latter is twice 
the former. Since the position of the onset of the reduction peak is 
slightly higher than - 0.5 V, the quantity of S-S groups reduced was 
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PROTEINS AT INTERFACES 

1 -r —ι 
-05V 

t (mm ) 

Figure 3. Comparison of the simultaneous variations with time 
of the capacitance C and the surface concentration of electroac
tive disulfide groups, calculated from the 2nd reduction sweep, 
for a concentration of prothrombin of 4.5 yg/ml, in the presence 
or in the absence of 2 mM Ca + +. Waiting potential: - 0.5 V  P
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7. LECOMPTE Interaction of Prothrombin with Phospholipid Monolayers 111 

determined only at the second negative sweep. In Figure 3, the number 
of moles of reduced cystine per unit area is plotted versus time. L i 
near dependence of Γ ^ on time is observed over a relatively large 
range of coverage ana since the slopes obtained at different concen
trations were found to vary with each of them according to the cor
respondent equation (14), we could calculate for each time Γ using 
this equation. The extrapolation of the straight lines drawn^from 
the i n i t i a l values, obtained from the plot of against time, at 
the plateau of Tg_^ versus t, allows the determination of the time 
necessary to complete the surface layer and therefore using the right 
equation allows the calculation of the actual surface concentration, 
at equilibrium, r m a x , at high coverage, which is about 3x10"^2 

mol. cm"*2. ^ 
This value, together with the corresponding value of S-S 

(11x10"12 mol.cm 2 ) , gives a mean value of the number of S-S groups 
reduced per molecule adsorbed when saturation is reached. Only a 
small fraction (3) of the total cystine residues (12) present in the 
whole adsorbed prothrombin molecule is available for reduction on 
the electrode, in spite of the exposure of the molecules to the mer
cury electrode at positive polarizations, at which cystine tends to 
be adsorbed on the electrode. This is in agreement with other f i n 
dings that in the case of proteins only some of the S-S groups are 
available for electrode reaction (16, 17). The prothrombin molecule, 
similarly to other proteins, resists complete unfolding, when adsor
bed on the mercury electrode, in the range of adsorption potential 
studied. The degree of partial unfolding depends on the electrode po
tential during adsorption, on the time of exposure to the surface and 
on the presence of Ca + +. 

It was shown that at a more positive polarization, -0.35 V, the 
area occupied by a molecule is smaller than at -0.5 V and the number 
of S-S reduced by the molecule higher; this indicates a change in the 
conformation of the molecules adsorbed at the interface depending on 
the electrode polarization. The limiting areas in the presence of 
Ca + + are lower than in its absence both in the low and the high sur
face concentration region, indicating smaller deviation from i t s glo
bular structure in the bulk. Moreover the number of S-S reduced by a 
molecule was lower in the presence of Ca than in i t s absence. Then 
i t could be concluded that C a + + causes stabilization of the molecular 
structure of prothrombin at the surface. 

We tried to answer the following question: Why is the maximal 
surface concentration at adsorption equilibrium obtained from the ex
trapolation of differential capacity against time less than half that 
obtained from a similar extrapolation of the voltametric peaks? 

The plot of as a function of the variation of C from the 
electrolyte alone, AC, at different times of adsorption until sa
turation is a typical diagram which represents the dynamic picture of 
the growth of the adsorbed protein layer (Figure 4). 

It shows clearly that the contribution of a given amount of ad
sorbed protein to the changes in and C is different i f low or 
high surface concentrations are considered. This plot shows essen
t i a l l y two linear sections over the whole range of surface concentra
tion. At low surface concentration (region A), the capacitance 
appears as the more sensitive probe to adsorption, while at high 
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112 PROTEINS AT INTERFACES 

F i g u r e 4. S u r f a c e c o n c e n t r a t i o n o f e l e c t r o a c t i v e d i s u l f i d e bonds 
f r o m t h e 2nd r e d u c t i o n · , 1 s t o x i d a t i o n sweep • , as a f u n c t i o n 
o f t h e d e c r e a s e o f t h e c a p a c i t a n c e o f t h e HMDΕ i n c o n t a c t w i t h a 
p r o t h r o m b i n s o l u t i o n a t 4.5 ug/ml. P o t e n t i a l o f a d s o r p t i o n : - 0 . 5 V 
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7. LECOMPTE Interaction of Prothrombin with Phospholipid Monolayers 113 

surface concentrations the area of the voltametrie peak becomes more 
sensitive (region B). From this plot an answer could be given to the 
above question, by considering the following model for the growth of 
the adsorbed layer (14). While extrapolation of versus t gives 
informations corresponding to the "A and B" behavior of the system, 
extrapolation of C versus t to the equilibrium capacitance value a l 
lows an estimation of the hypothetical value of the number of molecu
les adsorbed at maximal packing in the "A" conformation, identical to 
the conformation of each isolated molecule at the surface. The areas 
obtained are larger than the cross-sectional area of a native molecu
le lying in the surface (52 nm2) (JO, indicating different degrees of 
unfolding of the molecules which retain a considerable freedom of ro
tation. In the region of the inflexion in the C(t) curve, the motion 
of molecules in the surface is restricted, because of the lateral in
teraction between the protein molecules, inducing a surface gel for
mation (18). In region B, adsorption continues to lower the capaci
tance less efficiently than in part A. In part B, each new molecule 
being adsorbed onto the new molecular surface network of the adlayer 
occupies its own area, which is lower than in part A, at the Hg sur
face, causing at the same time a lateral contraction of i t s neighbour 
molecules. The plot of Γ g versus AC is linear inasmuch as the sur
face occupied per molecule and the number of S-S groups per adsorbed 
molecule are constant. From the change in the slopes in parts A and 
Β (Figure 4), the adsorption process shows clearly the existence of 
two distinct adsorption states for which were defined a molecular a-
area (part A) and a differential one (part B) for the newly adsorbed 
molecules which might equilibrate with the already adsorbed ones(14). 
The extrapolated values of (Γ^_ )^ to AC m a x from part A (Figure 4), 
divided by the value of T m a x obtained from C versus t at saturation 
gives the number of S-S reduced per molecule in part A; i t is lower 
0̂ 2) than at higher coverage 0̂ 3) where lateral protein interactions 
might occur and seems to aid exposure of the sulfide groups. This 
diagram was shown to be essentially independent of the bulk protein 
concentration and contains characteristic points which are correlated 
only with surface concentration. 

At low surface concentrations, the redox process is nearly re
versible, by taking in account the areas and the potentials of the 
peaks. At higher, the differences in the areas between reduction and 
oxidation peaks may be attributed to differences in the adsorption of 
cystine and desorption of cysteine residues at the positively or ne
gatively charged mercury respectively. At the same time the protein 
molecule as a whole remains adsorbed by hydrophobic interactions. 

With other biological macromolecules (19, 20), the number of ad
sorbed molecules was usually calculated from the linear dependence of 
the capacitance on t ^ 2 using Equation 1, over the whole range of ad
sorption. The surface concentration of hormones could also be infer
red directly from the calculated number of charges transferred bet
ween the electrode and an electroactive group, like S-S, of the ad
sorbed molecules, each one containing only one S-S (21, 22). This me
thod could not be used for proteins, where only part of the S-S are 
available for the electrode reaction,as seen for prothrombin; but in 
this case of proteins, the method of exploitation of the data presen
ted above is very useful and quite new. 

Only a fraction of the total S-S bonds is reduced in case of 
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114 PROTEINS AT INTERFACES 

p r o t h r o m b i n , i n d i c a t i n g t h a t o n l y the c y s t i n e g r o u p s i n c o n t a c t w i t h 
t h e m e r c u r y a r e e l e c t r o a c t i v e . I t c o u l d be c o n c l u d e d f r o m t h i s t h a t 
when we g e t a peak o f S-S r e d u c t i o n , w h i l e p r o t h r o m b i n i n t e r a c t s w i t h 
p h o s p h o l i p i d s , t h i s p r o t e i n had t o c r o s s t h e m o n o l a y e r i n o r d e r t h a t 
t h e S-S s h o u l d be r e d u c e d ; t h i s i s i n f a v o r o f t h e p e n e t r a t i o n o f 
p r o t h r o m b i n i n t o t h e l a y e r . 

I n t e r a c t i o n o f P r o t h r o m b i n and some o f i t s f r a g m e n t s w i t h P h o s p h o l i 
p i d M o n o l a y e r s . When t h e a d s o r p t i o n e q u i l i b r i u m o f t h e p r o t e i n has 
been r e a c h e d , as d e t e r m i n e d by s u r f a c e r a d i o a c t i v i t y , an HMDΕ was 
formed and p o s i t i o n e d i n o r d e r t o be i n c o n t a c t w i t h t h e m o n o l a y e r 
( 2 3 ) . Thus the m o n o l a y e r t r a n s f e r r e d o n t o t h e m e r c u r y e l e c t r o d e - w a t e r 
i n t e r f a c e s t a y e d i n e q u i l i b r i u m w i t h t h e m o n o l a y e r r e s e r v o i r on t h e 
a i r - w a t e r i n t e r f a c e . Then ac p o l a r o g r a m s were r e c o r d e d a f t e r e x p o s u r e 
of t h e m o n o l a y e r t o t h e e l e c t r o d e a t a g i v e n p o t e n t i a l , - 0.2 V i n 
F i g u r e 2 and - 0.5 V i n t h e o t h e r s w h i c h w i l l be p r e s e n t e d . I n d e e d , 
a t -0.5V, t h e m o n o l a y e r i s a t t h e c a p a c i t a n c e minimum and more s t a b l e 
and t h e p o t e n t i a l i s s t i l l remote enough f r o m t h e c y s t i n e - c y s t e i n e 
r e d o x p s e u d o c a p a c i t a n c e peak p o t e n t i a l . The i n c r e a s e i n c a p a c i t a n c e , 
a t t h i s p o t e n t i a l , was s e l e c t e d t o r e p r e s e n t t h e e f f e c t o f t h e p r o 
t e i n p e n e t r a t i o n i n t o t h e l i p i d l a y e r and i s p r e s e n t e d i n F i g u r e s 5 
and 6 as a f u n c t i o n o f t h e p r o t e i n c o n c e n t r a t i o n i n t h e b u l k . We see 
c l e a r l y d i s t i n c t b e h a v i o r between p r o t h r o m b i n and i t s f r a g m e n t s , de
p e n d i n g on t h e l i p i d c o m p o s i t i o n and o f t h e p r e s e n c e o f C a + + . 

The p e n e t r a t i o n of p r o t h r o m b i n i n t o a m o n o l a y e r c o n t a i n i n g 25% 
PS- 75% PC, s t a r t s o n l y a t h i g h e r p r o t h r o m b i n c o n c e n t r a t i o n s t h a n on 
t h e p u r e PS m o n o l a y e r , and a c o o p e r a t i v e dependence of t h e c a p a c i t a n 
ce and of t h e p s e u d o c a p a c i t a n c e peaks on t h e p r o t h r o m b i n c o n c e n t r a 
t i o n i s o b s e r v e d . However, t h e l i m i t i n g c a p a c i t a n c e s r e a c h e d a t 
h i g h e r p r o t h r o m b i n c o n c e n t r a t i o n s a r e a b o u t t h e same w i t h b o t h mono
l a y e r s : i t i s 7 yF.cm~2. These h i g h c a p a c i t a n c e s a r e o b t a i n e d i n s 
t a n t a n e o u s l y upon nondamaging c o n t a c t o f t h e m o n o l a y e r by t h e e l e c 
t r o d e . 

Even i n t h e a bsence o f Ca ( F i g u r e 6 ) , t h e r e i s a s i g n i f i c a n t 
i n c r e a s e i n c a p a c i t a n c e upon a d d i t i o n o f p r o t h r o m b i n . T h i s i n d i c a t e s 
t h a t o t h e r i n t e r a c t i o n s b e s i d e t h e e l e c t r o s t a t i c ones have t o t a k e 
p l a c e . + H o w e v e r , t h e i n c r e a s e w i t h c o n c e n t r a t i o n i s l e s s s t e e p i n t h e 
low Ca c o n c e n t r a t i o n r e g i o n . 

By t a k i n g i n t o a c c o u n t t h e r a t i o between t h e number of m o l e c u l e s 
a d s o r b e d on p h o s p h o l i p i d s and t h e number o f S-S r e d u c e d , i t was f o u n d 
(23) t h a t o n l y a s m a l l f r a c t i o n o f t h e t o t a l c y s t i n e r e s i d u e s o f t h e 
a d s o r b e d p r o t h r o m b i n m o l e c u l e s i s a v a i l a b l e f o r r e d u c t i o n on t h e 
e l e c t r o d e , and i s e q u i v a l e n t t o t h e r a t i o when p r o t h r o m b i n i s i n d i 
r e c t c o n t a c t w i t h t h e e l e c t r o d e . C o n s e q u e n t l y , t h e r e i s no g r o s s 
c o n f o r m a t i o n a l change o f p r o t h r o m b i n , when i n t e r a c t i n g w i t h a p h o s 
p h o l i p i d s u r f a c e . The s i g n i f i c a n t change i n t h i s r a t i o between h i g h 
and low Ca c o n c e n t r a t i o n s s u g g e s t e d a c o n f o r m a t i o n a l change b r o u g h t 
about by t h e l i p i d - c a l c i u m p r o t e i n b o n d s , w h i c h i s i n agreement w i t h 
t h e d i f f e r e n c e s o b t a i n e d f o r t h e a r e a s o c c u p i e d by m o l e c u l e a t t h e 
a i r - w a t e r i n t e r f a c e . 

S i m i l a r l y t o p r o t h r o m b i n , Fragment 1 c o n t a i n i n g t h e γ-carboxy-
g l u t a m i c r e s i d u e s , i n c r e a s e d t h e c a p a c i t a n c e o f P S - c o n t a i n i n g mono
l a y e r s , a l s o g i v i n g r i s e t o a p s e u d o c a p a c i t a n c e peak. The e f f e c t 
i n c r e a s e s w i t h Ca and w i t h Fragment 1 c o n c e n t r a t i o n and i t i s l a r -
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7. LECOMPTE Interaction of Prothrombin with Phospholipid Monolayers 115 

0.1 0.2 0.3 0.-4 

Figure 5. Differential capacity of condensed monolayers containing 100% PS (a) or 
25% PS-75% PC (b) at -0.5 V relative to IN Ag/AgCl electrode as a function of the 
protein concentrations in the bulk in the presence of Ca 4 *. Prothrombin, o; fragment 
Ι , Δ ; fragment 2, · . 

0.1 0.2 0.3 
(>AM ) 

Figure 6. Differential capacity of condensed monolayers containing 100% PS (a) or 
25% PS-75% PC (b) at -0.5 V relative to IN Ag/AgCl electrode as a function of the 
protein concentrations in the bulk in the absence of Ca 4*. Prothrombin, o; fragment 1, 
Δ ; fragment 2, · . 
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116 PROTEINS AT INTERFACES 

g e r on a m o n o l a y e r o f p u r e PS t h a n on a m i x e d m o n o l a y e r . The o b s e r v e d 
i n c r e a s e i n c a p a c i t a n c e i s a l s o s m a l l e r a t 10~3 mM C a + + . N e v e r t h e l e s s 
a t h i g h Fragment 1 c o n c e n t r a t i o n , an e q u i v a l e n t s a t u r a t i o n v a l u e f o r 
t h e c a p a c i t a n c e i s r e a c h e d i n e a c h c a s e , w h i c h i s s i m i l a r t o t h e one 
o b t a i n e d f o r p r o t h r o m b i n . The s i g m o i d a l c u r v e s o b t a i n e d a t 25% PS and 
C a + + and a t 100% PS w i t h l o w C a + + c o n c e n t r a t i o n i n d i c a t e s a c o o p e r a 
t i v e e f f e c t on c a p a c i t a n c e , l i k e f o r p r o t h r o m b i n e x c e p t t h a t h i g h e r 
c o n c e n t r a t i o n s o f Fragment 1 a r e r e q u i r e d i n o r d e r t o p e n e t r a t e t h e 
l i p i d l a y e r . W h i l e Fragment 1 a d s o r b s on a m o n o l a y e r c o n t a i n i n g 25% 
PS t i l l 0.15 yM c o r r e s p o n d i n g t o 5 y g / m l , i t does n o t p e n e t r a t e i n 
t h i s r a n g e o f c o n c e n t r a t i o n i n t h e b u l k . I t s t a r t s p e n e t r a t i n g a f t e r 
a c e r t a i n s u r f a c e c o v e r a g e has been r e a c h e d . T h i s shows d i s t i n c t l y 
t h a t t h e c a p a c i t a n c e measurements a s s o c i a t e d w i t h t h e r a d i o a c t i v e 
ones a l l o w s d i s t i n c t i o n between a d s o r b e d and p e n e t r a t e d m o l e c u l e s . 
I n t h e c a s e o f Fragment 2, t h e dependence o f c a p a c i t a n c e on c o n c e n 
t r a t i o n r e m a i n s p r a c t i c a l l y t h e same w h a t e v e r t h e Ca c o n c e n t r a t i o n . 
However, t h e r e i s a dependence on t h e m o n o l a y e r c o m p o s i t i o n . Fragment 
2 does n o t a f f e c t a t a l l t h e m i x e d m o n o l a y e r s t i l l 0.4 yM. As was 
shown ( 2 3 ) , t h r o m b i n p e n e t r a t e s s i m i l a r l y b o t h l a y e r s , b u t as i t i s 
n o t an i n t a c t s t r u c t u r a l domain o f t h e w h o l e p r o t h r o m b i n ( i t comes 
f r o m t h e c l e a v a g e by f a c t o r Xa o f p r e t h r o m b i n 2 ) , i t s e f f e c t on c a p a 
c i t a n c e i s n o t r e p r e s e n t e d h e r e . N e v e r t h e l e s s , t h e r e i s a l a r g e r t e n 
dency o f t h r o m b i n t o p e n e t r a t e r a t h e r t h a n Fragment 2. T h i s s u g g e s t e d 
t h a t t h e p r e t h r o m b i n domain i s p r o b a b l y r e s p o n s i b l e f o r p e n e t r a t i o n 
o f p r o t h r o m b i n i n t o t h e l i p i d l a y e r s . 

S i n c e S-S b r i d g e s a r e r e d u c e d i n a l l c a s e s , t h e p r o t e i n m o l e c u 
l e s have t o c r o s s t h e l a y e r i n o r d e r t o r e a c h t h e e l e c t r o d e s u r f a c e 
and t o be r e d u c e d , w h i c h i m p l i e s t h a t t h e d i f f e r e n t f r a g m e n t s 
p e n e t r a t e t o some e x t e n t t h e m o n o l a y e r . 

C o n c l u s i o n s 

The p r o t h r o m b i n m o l e c u l e does n o t u n f o l d on t h e d i f f e r e n t i n t e r f a c e s . ++ 
I n t h e p r e s e n c e o f Ca , some changes o f t h e p o s i t i o n o f t h e p r o t e i n 
r e l a t i v e t o t h e l i p i d l a y e r c o u l d be d e t e c t e d . Ca a l s o i n d u c e s s t a 
b i l i z a t i o n o f t h e g l o b u l a r s t r u c t u r e , as measured a t a b a r e m e r c u r y 
e l e c t r o d e . F u r t h e r m o r e , a dynamic p i c t u r e o f t h e g r o w t h o f t h e a d s o r 
bed p r o t h r o m b i n l a y e r on m e r c u r y e l e c t r o d e was p r e s e n t e d and shows 2 
d i s t i n c t a d s o r p t i o n s t a t e s . 

++ 
I t was c o n f i r m e d t h a t Ca i n c r e a s e s t h e a d s o r p t i o n , b u t i t was 

fo u n d t h a t even i n t h e a b s e n c e o f C a + + , p r o t h r o m b i n i n t e r a c t s w i t h 
p h o s p h o l i p i d s . C o n s e q u e n t l y , b e s i d e s t h e e l e c t r o s t a t i c i n t e r a c t i o n s , 
some C a + + - i n d e p e n d e n t i n t e r a c t i o n s , w h i c h m i g h t be h y d r o p h o b i c , a r e 
a l s o i n v o l v e d . The o b s e r v a t i o n t h a t p r o t h r o m b i n and some o f i t s f r a g 
ments p e n e t r a t e d t h e l a y e r i s i n a c c o r d a n c e w i t h t h i s i d e a . T h i s i m 
p l i e s t h a t f r a g m e n t s o t h e r t h a n Fragment 1 m i g h t be i n v o l v e d i n t h e 
i n t e r a c t i o n . I t must be n o t i c e d , t h a t p e n e t r a t i o n c o u l d n o t be o b t a i 
ned by t h e l e s s s e n s i t i v e t e c h n i q u e o f s u r f a c e p r e s s u r e measurements 
( 2 4 ) . 

S i n c e i t was f o u n d t h a t a c t i v i t y o c c u r s e i t h e r on m o n o l a y e r s o r 
on v e s i c l e s (_3), t h e p e n e t r a t i o n o f p r o t h r o m b i n i n t o m o n o l a y e r s w h i c h 
was f o u n d , and c o n f i r m e d on v e s i c l e s ( 2 5 ) , m i g h t have a r o l e i n t h e 
c a t a l y t i c t r a n s f o r m a t i o n o f p r o t h r o m b i n i n t o t h r o m b i n and i t s 
r e g u l a t i o n . 
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Chapter 8 

Mixed-Protein Films Adsorbed 
at the Oil-Water Interface 

Julie Castle, Eric Dickinson1, Brent S. Murray, and George Stainsby 

Procter Department of Food Science, University of Leeds, Leeds LS2 9JT, 
United Kingdom 

We report on the use of surface viscosity measurement at 
the planar oil-water interface to monitor time-dependent 
structural and compositional changes in films adsorbed 
from aqueous solutions of individual proteins and their 
mixtures. Results are presented for the proteins casein, 
gelatin, -lactalbumin and lysozyme at the n-hexadecane
-water interface (pH 7, 25 °C). We find that, for a bulk 
protein concentration of 10-3 wt %, while the steady-state 
tension is invariably reached after 5-10 hours, steady
-state surface shear viscosity is not reached even after 
80-100 hours. Viscosities of films adsorbed from binary 
protein mixtures are found to be sensitively dependent on 
the structures of the proteins, their proportions in the 
bulk aqueous phase, the age of the film, and the order of 
exposure of the two proteins to the interface. 

As part of an experimental i n v e s t i g a t i o n into some of the most l i k e l y 
f a c t o r s a f f e c t i n g the s t a b i l i t y of protem-contaimng emulsions, we 
are studying the physico-chemical properties of fi l m s that have been 
adsorbed, at the o i l — w a t e r i n t e r f a c e , from aqueous s o l u t i o n s of pure 
and mixed proteins. A f t e r b r i e f l y reviewing some of our e a r l i e r 
f i n d i n g s (1-4), we present here some new r e s u l t s — m a i n l y surface 
v i s c o s i t i e s — f o r binary systems containing two out of the fo l l o w i n g 
set of pro t e i n s : casein, g e l a t i n , lysozyme and o<-lactalbumin. 

The now c l a s s i c experiments of Graham and P h i l l i p s showed (5) 
in t e r a l i a that the surface rheology of pure p r o t e i n films i s very 
dependent on the type and amount of p r o t e i n adsorbed, as well as on 
the conditions of adsorption. In t h i s paper, with films formed from 
mixed p r o t e i n s o l u t i o n s , we s h a l l show that the surface v i s c o s i t y i s 
an extremely s e n s i t i v e probe of the time-dependent s t r u c t u r a l and 
compositional changes taking place during competitive adsorption at 
the o i l — w a t e r i n t e r f a c e . While steady-state tensions can i n v a r i a b l y 

1Correspondence should be addressed to this author. 

0097-6156/87 /0343-0118$06.00 /0 
© 1987 Amer ican Chemical Society 
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8. CASTLE ET AL. Mixed-Protein Films 119 

be reached, steady-state surface rheology i s r a r e l y achieved over the 
normal experimental time-scale. Tension measurements are s e n s i t i v e to 
free energy changes occurring j u s t at the f l u i d i n t e r f a c e (within a 
few solvent molecule diameters of the Gibbs surface), but surface 
r h e o l o g i c a l techniques a l s o monitor the associated regions near to the 
i n t e r f a c e , and so are s e n s i t i v e to macromolecular entanglements and 
p r o t e i n — p r o t e i n e l e c t r o s t a t i c i n t e r a c t i o n s extending well i n t o the 
aqueous phase, and a l s o to m u l t i l a y e r s i f they occur. With disordered 
proteins l i k e casein or g e l a t i n adsorbing at the o i l — w a t e r i n t e r f a c e , 
there i s a gradual loss of intramolecular hydrophobic i n t e r a c t i o n s as 
the more surface-active residues arrange themselves at the i n t e r f a c e . 
Globular proteins l i k e lysozyme or ©(-lactalbumin, on the other hand, 
are l e s s susceptible to unfolding due to t h e i r strong covalent -S—S-
c r o s s - l i n k s . With both types, the rate of molecular conformational 
change i s dependent on the adsorbed layer density and the p r e v a i l i n g 
solvent conditions. 

There i s l i t t l e information i n the l i t e r a t u r e on competitive 
p r o t e i n adsorption at f l u i d i n t e r f a c e s . Our i n i t i a l i n t e r e s t i n 
casein + g e l a t i n arose out of Mussellwhite* s observation (€>) that 
casein w i l l d i s p l a c e g e l a t i n from an o i l — w a t e r i n t e r f a c e . The high 
surface a c t i v i t y of casein ( e s p e c i a l l y β-casein) i s a t t r i b u t e d to i t s 
disordered structure and high proportion of hydrophobic residues. 
G e l a t i n i s a l s o disordered, but i s more h y d r o p h i l i c and much more 
polydisperse than casein. From the surface r h e o l o g i c a l viewpoint, 
casein and g e l a t i n make an i n t e r e s t i n g p a i r , with the former g i v i n g 
f i l m s which are mechanically much weaker than the l a t t e r , when present 
alone (5_,7_,8) , and g e l a t i n having i t s own unique capacity for g e l a t i o n 
i n bulk s o l u t i o n and i n t h i c k l a y e r s . The casein used here, and 
e a r l i e r by Mussellwhite, i s sodium casemate ; t h i s i s a heterogeneous 
mixture of monomeric caseins *s\, p, °tS2 a n < ^ ^ n t n e approximate 
proportions 4 : 4 : 1 : 1 (9̂ ) . To contrast with these disordered 
p r o t e i n s , we are a l s o studying mixtures i n v o l v i n g the two globular 
proteins lysozyme and o<-lactalbumin, which are thought to have f a i r l y 
s i m i l a r t e r t i a r y s t r u c t u r e s , since t h e i r amino-acid sequences are 
s i m i l a r and the four disulphide groups located i d e n t i c a l l y (10). But 
i n t e r e s t i n g l y , at neutral pH, t h e i r net molecular charges are 
r e s p e c t i v e l y +8e and -4e (where e i s the e l e c t r o n i c charge), which 
opens up the opportunity for studying the e f f e c t of e l e c t r o s t a t i c 
i n t e r a c t i o n s between adsorbed p r o t e i n molecules on the v i s c o s i t y of 
mixed p r o t e i n f i l m s . That i s , we might expect a q u a l i t a t i v e 
d i f f e r e n c e i n behavior between f i l m s containing lysozyme (pi=10.7) + 
one of the other proteins (pi =5—5.5), on the one hand, and f i l m s not 
containing lysozyme (e.g., g e l a t i n + oC-lactalbumin), on the other. 

Our long-term i n t e r e s t i n surface rheology of adsorbed p r o t e i n i s 
i n connection with i t s i m p l i c a t i o n s for the behavior of p r o t e i n -
s t a b i l i z e d o i l - i n - w a t e r emulsions. Several i n v e s t i g a t o r s (11-14) have 
proposed a close c o r r e l a t i o n between droplet coalescence s t a b i l i t y and 
surface rheology at the o i l — w a t e r i n t e r f a c e , but d i r e c t c a u s a l i t y has 
not been properly demonstrated. In f a c t , i t i s argued i n some 
quarters (_15,_16) that f i l m thickness and d i s j o i n i n g pressure are the 
more important f a c t o r s . In experiments with emulsions containing 
casein + g e l a t i n , we have found (_3#4_,J/7) that casein dominates the 
i n t e r f a c i a l f i l m around the d r o p l e t s , as one would expect on the basis 
of i t s greater surface a c t i v i t y . However, while i n t e r f a c i a l g e l a t i n 
i n a f r e s h l y made emulsion i s r e a d i l y replaced by casein added to the 
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120 PROTEINS AT INTERFACES 

continuous phase, the a b i l i t y to exchange diminishes considerably i f 
the i n t e r f a c i a l g e l a t i n i s allowed to age for several hours at 25 °C 
before casein i s made a v a i l a b l e (_4) . These time-dependent r e s u l t s on 
mixed p r o t e i n - s t a b i l i z e d emulsions have prompted us to look further at 
aging e f f e c t s in competitive adsorption at a planar o i l — w a t e r 
i n t e r f a c e , and some new surface v i s c o s i t y data for casein + g e l a t i n 
and casein + lysozyme systems are reported i n t h i s paper. 

The primary aims of t h i s research, therefore, are (i) to study 
time-dependent changes i n surface v i s c o s i t y and (11) to compare 
d i f f e r e n t p r o t e i n mixtures. As much as po s s i b l e , a l l other relevant 
experimental v a r i a b l e s are kept constant. The o i l phase i s always 
n-hexadecane. [One set of measurements with g e l a t i n down to 15 °C 
(see Figure 3) was taken with n-tetradecane as o i l phase.] To l i m i t 
aggregation in bulk s o l u t i o n w h i l s t ensuring n e g l i g i b l e depletion of 
pr o t e i n due to adsorption (_3) , the pr o t e i n concentration i n the 
aqueous phase i s maintained at 10~ 3 wt%. The aqueous phase c o n s i s t s 
of a phosphate buffered s o l u t i o n of pH 7 and i o n i c strength 0.005 M or 
0.05 M. (Early experiments with casein + g e l a t i n were a l l i n 0.005 M 
buff e r , but a higher i o n i c strength was l a t e r found necessary i n the 
lysozyme-containing mixtures to avoid p r o t e i n p r e c i p i t a t i o n . ) As most 
of the fi l m s are shear-thinning, apparent surface v i s c o s i t i e s are 
mainly quoted under standard conditions of f i l m deformation. Care i s 
taken to ensure that p r o t e i n s o l u t i o n s are prepared according to 
standard procedures. Measurements are made at 25 °C except where 
stated otherwise. 

Experimental 

Surface v i s c o s i t i e s at the n-hexadecane—water i n t e r f a c e were measured 
in a Couette-type torsion-wire surface viscometer with inner and outer 
r a d i i of 15 and 72.5 mm r e s p e c t i v e l y . Unless stated otherwise, the 
apparent v i s c o s i t i e s were c a l c u l a t e d as described previously (_1) from 
the angular d e f l e c t i o n of the disk corresponding to a dish r o t a t i o n 
speed of 0.73 revolutions per hour ( 1 . 3 X 1 0 - 3 rad s " 1 ) . Based on 
e a r l i e r work (_5) i t seems reasonable to assume a maximum surface 
concentration of ca. 5 mg m~2, from which i t can be estimated that 
there i s n e g l i g i b l e lowering of the bulk p r o t e i n concentration (10"3 
wt %) during the course of an experiment. The c o n t r i b u t i o n of the 
bulk phases to the observed viscous drag on the disk was n e g l i g i b l e , 
except at the very e a r l i e s t stages of f i l m formation, when the 
surface v i s c o s i t y was less than 0.1 mN m~l s (18). Further d e t a i l s 
about the surface viscometer can be found elsewhere (_1,_3) . 

Experiments i n which aged p r o t e i n f i l m A was exposed to fresh 
p r o t e i n Β were performed as follows. With a glass tube (ext. diam. 
8 mm) positioned i n the Couette gap near the dish surface, a f i l m of 
pr o t e i n A was formed at the o i l — w a t e r i n t e r f a c e . (It was separately 
demonstrated that the presence of the tube had no measurable e f f e c t 
on the surface v i s c o s i t y . ) A f t e r aging the f i l m for 24 h, a 2.5 ml 
sample of a concentrated s o l u t i o n of p r o t e i n Β was added to the 
aqueous phase (volume 375 ml) v i a the guide tube. S a t i s f a c t o r y 
mixing was achieved i n 2—3 min by gently sweeping the lower region of 
the aqueous phase, now containing proteins A + B, with an L-shaped 
glass rod that had been present throughout the experiment. Separate 
t e s t s showed that there was no detectable change i n viscous drag on 
the disk associated with the small increase i n l e v e l of the i n t e r f a c e 
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8. CASTLE ET AL. Mixed-Protein Films 121 

following a d d i t i o n of pr o t e i n B, but that s t i r r i n g i n the absence of 
add i t i o n d i d tend s l i g h t l y to increase (by about 10%) the measured 
v i s c o s i t y . 

Tensions at the n-hexadecane—water i n t e r f a c e were measured at 
short times 30 mm) by drop-volume and pendant-drop techniques (2̂ ) , 
and at longer times using a Wilhelmy-plate t o r s i o n balance (3)· Under 
conditions for which p r o t e i n concentration, aqueous phase volume and 
surface area were s i m i l a r to those e x i s t i n g i n the surface viscometer, 
a l l the pure proteins gave a steady-state tension within 5—10 h. 

Measured surface v i s c o s i t i e s (>1 mN m~l s) were reproducible 
generally to within 5—10 %. Tensions have an estimated p r e c i s i o n of 
±0.3 mN m"1. In the case of surface v i s c o s i t y , these e r r o r s r e f e r to 
sol u t i o n s made from the same batch of p r o t e i n . With lysozyme, we have 
found d i f f e r e n c e s of as much as 50% i n apparent v i s c o s i t y between 
d i f f e r e n t commercial batches, and s u b s t a n t i a l changes (say 20—30 %) on 
storage, but with l i t t l e associated change i n the m t e r f a c i a l tension. 

G e l a t i n was food grade (pi 5.7) with a weight-average molecular 
weight of 2.4X10^ daltons ( 19) . Sodium casemate of low calcium 
content (0.1 g kg" 1) was obtained from the S c o t t i s h Milk Marketing 
Board; e< s l-casein (2.36X 10 4 daltons, p i 5.0), p-casein (2.40X10 4 

daltons, p i 5.2) and x-casem (1.90X 10 4 daltons, p i 5.5) were 
separated from whole casein and p u r i f i e d by standard procedures (20, 
21) . Highly p u r i f i e d <x-lactalbumin (1.42 X 10 4 daltons, p i 5.0) and 
p- l a c t o g l o b u l m (1.83X10 4 daltons, p i 5.3) were g i f t s from AFRC Food 
Research I n s t i t u t e , Reading (formerly N.I. R.D.). Lysozyme (1.46 X 
10 4 daltons, p i 10.7) and n-hexadecane (>99 wt %) were obtained from 
Sigma Chemicals. Buffer s o l u t i o n s were made with AnalaR grade 
reagents and doubly d i s t i l l e d water. 

Results and Discussion 

Let us f i r s t consider the surface v i s c o s i t y behavior of the s i n g l e -
p r o t e m films at 10"^ wt % bulk p r o t e i n concentration. Figure 1 shows 
apparent v i s c o s i t y p l o t t e d l o g a r i t h m i c a l l y against time of adsorption 
at the n-hexadecane—water i n t e r f a c e (pH 7, 25 °C) . The fil m s of 
g e l a t i n ( i o n i c strength 0.005 M) and o<-lactalbumm (0.05 M) are about 
ten times as viscous as the casemate f i l m (0.005 M) ? the lysozyme 
f i l m (0.05 M) i s about a hundred times as viscous as the casemate 
f i l m . There i s a gradual b u i l d up i n v i s c o s i t y with time, and no 
l i m i t i n g value i s reached over the experimental time-scale (ca. 80 h). 
Only with p-casem, which gives f i l m s more than ten times less viscous 
than casemate, do we f i n d an apparent steady-state v i s c o s i t y . (With 
p-casem, the experimental s c a t t e r i n Figure 1 i s high since i t 
roughly represents the lower l i m i t c a p a b i l i t y of the apparatus.) 

Surface v i s c o s i t i e s of fi l m s of the globular p r o t e i n s , lysozyme 
and oC-lactalbumm, are more s e n s i t i v e to i o n i c strength than those of 
the disordered proteins, casein and g e l a t i n . Data f o r casemate and 
g e l a t i n i n Figure 1 r e f e r to an i o n i c strength of 0.005 M, but values 
for 0.05 M buffer are e s s e n t i a l l y the same (within 10%). But, with 
rf-lactalbumin, when i o n i c strength i s reduced to 0.005 M, the apparent 
v i s c o s i t y becomes two or three times larger than that f o r g e l a t i n (_3) ; 
a f t e r 30 h, for instance, the values are 160 and 300 mN m"1 s at 0.05 
and 0.005 M, r e s p e c t i v e l y . I t appears that e l e c t r o s t a t i c i n t e r a c t i o n s 
influence the surface rheology to a greater extent with globular 
proteins than with disordered p r o t e i n s . 
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122 PROTEINS AT INTERFACES 

Figure 1: Time-dependent behavior of various proteins adsorbed 
at the n-hexadecane—water i n t e r f a c e (1CT 3 wt % p r o t e i n , pH 7, 
25 °C) . The logarithm of the apparent surface v i s c o s i t y y i s 
p l o t t e d against the time t fo l l o w i n g exposure of p r o t e i n s o l u t i o n 
to fresh i n t e r f a c e : ·, ^ - c a s e i n ( i o n i c strength 0.005 M); •, 
sodium casemate (0.005 M) ; •, g e l a t i n (0.005 M) ; •, <*-lactalbumin 
(0.05 Μ ) ; Δ, lysozyme (0.05 M). Lines are drawn to guide the eye. 
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8. CASTLE ET AL. Mixed-Protein Films 123 

The i n d i v i d u a l caseins have very d i f f e r e n t surface v i s c o s i t i e s 
(4). The values a f t e r 30 h under standard conditions are 0.5 mN m - 1 s 
for p-casein, 5 mN m~1 s for <* s l-casem, and 200 mN m - 1 s for K-casein 
(as compared with 7.5 mN m - 1 s for sodium casemate) . So, although 
H-casem makes up only ca. 10% of milk casein, i t s c o n t r i b u t i o n to 
caseinate surface rheology i s probably quite s u b s t a n t i a l . The only 
other important milk p r o t e i n not mentioned so far i s p - l a c t o g l o b u l m : 
t h i s gives f i l m s that are more viscous than those of lysozyme, and 
a l s o more strongly time dependent. I t was p a r t i c u l a r l y d i f f i c u l t to 
obtain reproducible r e s u l t s with f - l a c t o g l o b u l i n , but t h i s i s not too 
s u r p r i s i n g i n view of i t s tendency to dimerize and to undergo pH-
dependent conformational changes (22). We have speculated (3) that i t 
i s the free —SH group on each subunit of p - l a c t o g l o b u l m that mainly 
d i s t i n g u i s h e s i t s behavior from that of o<-lactalbumin: through -S—S-
1 inking of subunits, the f i l m becomes more coherent i n s t r u c t u r e , and 
therefore grows more viscous with time. Polymerization through -S—S-
lmkages may be the reason why K-casem forms f i l m s which are so much 
more viscous than e i t h e r <*5χ- or p-casein, although other f a c t o r s 
could a l s o be involved (e.g., surface packing density, charge group 
frequency, a b i l i t y to form mtermolecular hydrogen bonds, e t c . ) . 

The data i n Figure 1 were obtained under conditions of a constant 
dis h r o t a t i o n rate of 1.3X10" 3 rad s " 1 . Figure 2 shows that the 
caseinate f i l m i s close to Newtonian, whereas the lysozyme f i l m i s 
extremely shear-thmnmg ( d i n w/dlnt « 9). Film p r o p e r t i e s are not, 
however, a f f e c t e d by the a p p l i c a t i o n of the shear f i e l d i t s e l f , at 
l e a s t at these shear-rates; that i s , with an aging f i l m , the same 
r e s u l t s are obtained when the v i s c o s i t y i s measured i n t e r m i t t e n t l y as 
when the dish rotates continuously. Protein surface rheology i s 
rather s e n s i t i v e to temperature, p a r t i c u l a r l y so for g e l a t i n , as shown 
in Figure 3. Temperature-dependent changes i n the v i s c o s i t y of 
g e l a t i n f i l m s are r e v e r s i b l e over a time-scale of ca. 1 h, and data 
for f i l m s of various ages (and v i s c o s i t i e s ) do seem roughly to scale 
on a u n i v e r s a l curve (Figure 3) when normalized with respect to the 
v i s c o s i t y at 25°C [ i . e . 1^(298)] for that age of f i l m . Apparent 
surface v i s c o s i t y i s also s e n s i t i v e to bulk p r o t e i n concentration. 
We f i n d that increasing the bulk p r o t e i n concentration leads to an 
increase i n measured v i s c o s i t y for the same adsorption t i m e — a s one 
would expect, of course, on thermodynamic grounds. With lysozyme at 
25 °C i n 0.1 M phosphate buf f e r (pH 7), apparent v i s c o s i t i e s a f t e r 30 h 
are 0.6, 0.85 and 1.2 Ν m"1 s f o r 1, 3 and 10X10" 3 wt % p r o t e i n . 

Table I l i s t s values of the steady-state tensions for the various 
i n d i v i d u a l proteins at the n-hexadecane—water i n t e r f a c e . There i s no 
obvious r e l a t i o n s h i p between m t e r f a c i a l tension and apparent surface 
v i s c o s i t y . G e l a t i n and o<-lactalbumm have s i m i l a r v i s c o s i t i e s but 
very d i f f e r e n t tensions; f-casem and x-casein have s i m i l a r tensions 
but very d i f f e r e n t v i s c o s i t i e s . I t i s i n t e r e s t i n g to note that, 
although at short times (4 15 mm) the surface a c t i v i t y of sodium 
caseinate l i e s intermediate between that for o< ,-casein and that for 

s i 
p-casem (2) , the l i m i t i n g value for caseinate i n Table I i s the same 
as that for p-casem. I t seems that the two major caseins, <*3ΐ and fi, 
adsorb together i n the e a r l y d i f f u s i o n - c o n t r o l l e d stage, but that p-
casem predominates at the i n t e r f a c e i n the steady (equilibrium?) 
state a f t e r several hours. This i s consistent with the recent 
observation (^3) that p-casein can d i s p l a c e rfg^-casein from the 
surface of emulsion droplets over the same sort of time-scale. 
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124 PROTEINS AT INTERFACES 

_J I L_ 
-18 -16 -14 

•oge t/N m 

Figure 2: Comparison of the surface rheology of casein and 
lysozyme at the n-hexadecane—water i n t e r f a c e (10~ 3 wt % pr o t e i n , 
pH 7, 0.005 M, 25°C) . The logarithm of the angular r o t a t i o n rate 
U> (of the dish) i s p l o t t e d against the logarithm of the torque X 
(on the d i s k ) : ·, o, casein (duplicate runs, 8 h o l d , t) = 3.55 ± 
0.05 mN m~l s ) ; Α, Δ, casein (duplicate runs, 50 h o l d , ̂  = 12.6± 
0.1 mN m"1 s) ; •, lysozyme (*>j = 0.55 Ν m"1 s ) . Dashed l i n e 
represents Newtonian behavior (slope = 1); s o l i d l i n e represents 
highly non-Newtonian behavior (slope « 9). 
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126 PROTEINS AT INTERFACES 

Table I. Values of Steady-State Tension X for I n d i v i d u a l 
Proteins at n-Hexadecane—Water Interface (10~ 3 wt %, pH 7, 
0.005 M, 25°C) as Determined by the Wilhelmy Plate Method 
(Numbers i n brackets r e f e r to an i o n i c strength of 0.05 M) 

Protein X/mN m"1 

(none) 53.3 
g e l a t i n 35.2 
lysozyme (30.3) 
«(-lactalbumm 28.5 (24. .0) 
* * s l ~ c a s e i n 24.0 
X-casem 23.0 
p-casem 22.4 
sodium caseinate 22.4 (19. .5) 

Let us now consider adsorption from mixed s o l u t i o n s of casein + 
g e l a t i n . As far as the tension measurements are concerned, there are 
apparently three time r e g i m e s — s h o r t , medium and long. At short times 
(up to a few minutes at these p r o t e i n concentrations), the change i n 
tension i s determined p r i m a r i l y by the protein's concentration and not 
i t s composition (2). At long times, the l i m i t i n g tension approaches 
that of c a s e i n ( a t e ) , i r r e s p e c t i v e of the composition of the bulk 
p r o t e i n s o l u t i o n (_3) . In the intermediate régime, which may l a s t from 
a few minutes to several hours, there i s a complex time-dependent 
change i n tension r e f l e c t i n g the f a c t that, as time passes, more and 
more casein i s a v a i l a b l e near the surface to compete with g e l a t i n 
which has already adsorbed during the e a r l i e r stages. The l e s s casein 
there i s i n the bulk, the longer i t takes to reach the l i m i t i n g 
tension—assuming, that i s , that there i s enough i n the whole bulk 
phase to saturate the i n t e r f a c e . At a t o t a l p r o t e i n concentration of 
10~3 wt %, the l i m i t i n g tension i s reached a f t e r 7—8 h when 25% of 
bulk p r o t e i n i s casein, but i t takes some 20 h when j u s t 5 % of bulk 
p r o t e i n i s casein (_3)· 

As casein(ate) i s so much more surf a c e - a c t i v e than g e l a t i n (see 
Table I ) , i t i s perhaps not s u r p r i s i n g that i t predominates i n 
mixtures of the two. What, however, about mixtures of more w e l l -
matched partners l i k e casein + lysozyme (Δ2ί « 1 0 mN m"1) or casein + 
<rt-lactalbumm (ΔΪ » 5 mN uC^-) ? As becomes reduced, we would 
expect the competitive edge of casein(ate) to become less marked, and 
indeed recent measurements i n t h i s laboratory (24) do confirm the 
expected trend. Under i d e n t i c a l adsorption conditions (10~ 3 wt % 
t o t a l p r o t e i n , pH 7, 0.05 M, 25°C) , the steady-state tension for a 
mixture of 25 % casein + 75 % lysozyme i s the same as that for 100 % 
casein, whereas the steady-state tension for a mixture of 25 % casein 
+ 75% o<-lactalbumin i s c l o s e r to that of 100% o<-lactalbumin. So, 
while casein dominates the i n t e r f a c e i n casein + lysozyme (as i n 
casein + g e l a t i n ) , i t does so to a much le s s e r extent i n casein + 
<x-lactalbumin, a mixture i n which the surface a c t i v i t i e s of the two 
proteins are considerably c l o s e r together. 

R e l a t i v e surface a c t i v i t i e s of proteins go some way towards 
e x p l a i n i n g the composition dependence of surface v i s c o s i t y f o r f i l m s 
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8. CASTLE ET AL. Mixed-Protein Films 111 

adsorbed from mixed s o l u t i o n s , but i t i s c l e a r that other f a c t o r s are 
a l s o involved. Previously, we reported (1) that, while g e l a t i n forms 
much more viscous f i l m s than casein (see Figure 1), when casein i n the 
bulk i s replaced pro rata by g e l a t i n up to a l e v e l of ca. 90%, the 
surface v i s c o s i t y at the o i l — w a t e r i n t e r f a c e i s a c t u a l l y reduced. 
Figure 4 shows the composition dependence of apparent v i s c o s i t y a f t e r 
30 h for casein + g e l a t i n , together with s i m i l a r data for the other 
f i v e binary mixtures formed from the set of casein, g e l a t i n , lysozyme 
and oC-lactalbumin. The minimum i n the surface v i s c o s i t y versus bulk 
composition graph for casein + g e l a t i n could be due to a lowering i n 
the p r o t e i n surface concentration as g e l a t i n replaces casein i n the 
bulk. Possibly a l s o there i s a weakening of intermolecular forces i n 
the adsorbed layer when m t e r f a c i a l casein i s p a r t i a l l y replaced by 
g e l a t i n , even at very low l e v e l s . Eventually, of course, when most of 
the casein has been replaced, one expects g e l a t i n — g e l a t i n i n t e r a c t i o n s 
to predominate and the v i s c o s i t y to approach that of a pure g e l a t i n 
f i l m . Because casein i s so much more surf a c e - a c t i v e than g e l a t i n , 
however, t h i s apparently does not occur u n t i l the bulk g e l a t i n weight 
f r a c t i o n i s r e l a t i v e l y high (say, 90—95 %) . 

For c l a r i t y of presentation, the data i n Figure 4 are separated 
i n t o two groups: type I mixtures (Figure 4a), i n which there i s a 
minimum i n surface v i s c o s i t y versus bulk composition, and type II 
mixtures, where there i s not. The f i r s t thing to note i s that, 
although the tension measurements suggest that casein dominates the 
i n t e r f a c e a f t e r 30 h i n mixtures with both g e l a t i n and lysozyme, only 
i n the former case i s there a minimum i n the v i s c o s i t y — c o m p o s i t i o n 
p l o t . As with the proteins alone, there appears to be no simple 
c o r r e l a t i o n between surface a c t i v i t y and surface rheology. I t may be 
s i g n i f i c a n t , however, that type I behavior occurs i n the non-lysozyme-
containmg mixtures (where each of the two proteins c a r r i e s a net 
negative charge), whereas type II behavior i s found with the lysozyme 
mixtures (where the two p r o t e i n s are oppositely charged). I t i s 
tempting to i n f e r that v i s c o s i t y i n a mixed p r o t e i n f i l m i s increased 
by intermolecular e l e c t r o s t a t i c i n t e r a c t i o n s between adsorbed p r o t e i n 
molecules of opposite net charge. This view i s prompted by the f a c t 
that casein + lysozyme and e<-lactalbumin + lysozyme are incompletely 
soluble i n 0.005 M phosphate buff e r s o l u t i o n , and by the recent report 
(25) that a d d i t i o n of lysozyme to s o l u t i o n s of albumin or other a c i d i c 
p roteins g r e a t l y improves s t a b i l i t y of foam lamellae at pH values 
between the i s o e l e c t r i c p o i n t s . That having been s a i d , our surface 
rheology r e s u l t s do not provide unequivocal evidence for strong 
complex formation at the o i l — w a t e r i n t e r f a c e , as only for g e l a t i n + 
lysozyme i s there a maximum i n the v i s c o s i t y — c o m p o s i t i o n p l o t , and 
even then only a modest one at that. In a d d i t i o n , preliminary 
experiments at other i o n i c strengths i n the range 0.01—0.05 M 
suggest that the type II p l o t s are not very s e n s i t i v e to the i o n i c 
strength, which i s perhaps not what one might have a n t i c i p a t e d i f 
e l e c t r o s t a t i c i n t e r a c t i o n s were indeed the overwhelming f a c t o r 
a f f e c t i n g the v i s c o s i t y of the mixed f i l m s . 

With regard to the surface rheology of f i l m s adsorbed from mixed 
p r o t e i n s o l u t i o n s , the s i t u a t i o n i s , i n f a c t , even more complex than 
has been ind i c a t e d so f a r . With 10~ 3 wt% casein + g e l a t i n s o l u t i o n s , 
while there i s c e r t a i n l y a minimum i n the v i s c o s i t y — c o m p o s i t i o n p l o t 
over many hours (well beyond the time at which the l i m i t i n g tension i s 
reached), i t disappears at very long times. Take the case of a 
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a 

0 0.25 0.5 0.75 1.0 

W 1 

Figure 4: Composition dependence of mixed films adsorbed at the 
n-hexadecane—water i n t e r f a c e (10~ 3 wt % pr o t e i n , pH 7, 25 °C) . 
The logarithm of the apparent v i s c o s i t y vj^q a f t e r 30 h i s p l o t t e d 
against weight f r a c t i o n w-̂  of component 1. (a) Type I mixtures: 
·, oc-lactalbumm (1) + g e l a t i n (2) (0.005 Μ) ; Δ, g e l a t i n (1) + 
casein (2) (0.005 M); •, o<-lactalbumin (1) + casein (2) (0.05 M). 
(b) Type II mixtures: ·, lysozyme (1) + g e l a t i n (2) (0.05 Μ ) ; Δ, 
lysozyme (1) + oC-lactalbumm (2) (0.05 M) ; •, lysozyme (1) + 
casein (2) (0.05 M). 
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8. CASTLE ET AL. Mixed-Protein Films 129 

mixture of 50% casein + 5 0 % g e l a t i n : the f i l m v i s c o s i t y i s lower than 
that for 100% casein for more than 50 h, but eventually i t does cross 
the pure casein curve (see Figure 5), and a f t e r 80 h i t i s three times 
as large as the pure casein value. Much the same happens i n a mixed 
system containing 25% casein, but i t takes a l i t t l e longer. One must 
i n f e r , then, that type I behavior i s a k i n e t i c phenomenon; i t does not 
ne c e s s a r i l y r e f l e c t the e q u i l i b r i u m balance of p r o t e i n — p r o t e i n 
i n t e r a c t i o n s i n the mixed l a y e r . We note, therefore, that, while the 
approach to steady-state surface rheology i s slow i n pure p r o t e i n 
systems, i t w i l l tend to be even slower, as a general r u l e , i n mixed 
p r o t e i n systems. 

In the l a s t part of t h i s paper, we consider what happens when an 
aged f i l m of p r o t e i n A i s exposed to new pr o t e i n Β i n the bulk aqueous 
phase. Figure 5 shows r e s u l t s for the case of g e l a t i n i n j e c t e d (to 
give 10""3 wt%) below a 24 h o l d casein f i l m which had previ o u s l y been 
adsorbed from a 10~ 3 wt% casein s o l u t i o n . We observe no s i g n i f i c a n t 
change i n v i s c o s i t y for about 50 h foll o w i n g a d d i t i o n of g e l a t i n , but 
the r e a f t e r the v i s c o s i t y increases strongly. Most i n t e r e s t i n g l y , the 
data obtained a f t e r ca. 40 h are superimposable upon those found with 
'normal' competitive adsorption from a mixture of 50% casein + 5 0 % 
g e l a t i n (10~ 3

 w t % t o t a l p r o t e i n ) ; i n each case zero time (t=0) i n 
Figure 5 i s when the i n t e r f a c e i s f i r s t exposed to g e l a t i n . These 
r e s u l t s strongly suggest that, i n mixed casein + g e l a t i n systems, the 
g e l a t i n accumulates slowly at the primary casein f i l m — u n d e r the 
influence of weak c a s e i n — g e l a t i n i n t e r a c t i o n s — t o form a thickening 
g e l - l i k e secondary layer with rheology resembling that of a time-
dependent bulk g e l a t i n g e l . 

When g e l a t i n i s i n j e c t e d (to give 10~ 3 wt %) below a 24 h o l d 
casein f i l m that has been adsorbed from a more d i l u t e casein s o l u t i o n 
( 2 . 5 X 1 0 - 4 wt%), we see from Figure 5 that there i s a much steeper 
r i s e i n measured v i s c o s i t y a f t e r ca. 50 h than was found with the 
10~ 3 wt % aged casein f i l m . The i m p l i c a t i o n i s that, the more casein 
there i s present i n s o l u t i o n (and presumably therefore at the f l u i d 
i n t e r f a c e ) , the harder i t i s for g e l a t i n to accumulate i n m u l t i l a y e r s 
at the i n t e r f a c e . Aging e f f e c t s i n pure g e l a t i n f i l m s have been known 
for many years · What we have shown here i s that they occur 
a l s o i n p r o t e i n mixtures containing g e l a t i n , even i f the other 
component (casein) i s much more s u r f a c e - a c t i v e . Whether t h i s type of 
aging i s unique to g e l a t i n mixtures i s s t i l l an open question. 

In turning to the converse case of casein a d d i t i o n to an aged 
g e l a t i n f i l m , we move, r h e o l o g i c a l l y speaking, from the sluggish to 
the c a t a s t r o p h i c . Figure 6 shows r e s u l t s for the exposure of a 24 h 
ol d g e l a t i n f i l m to a s o l u t i o n containing 10~ 3 wt % casein. Just a f t e r 
the a d d i t i o n , the v i s c o s i t y drops to very low values; but then i t 
recovers f a i r l y r a p i d l y to produce a f i l m more viscous than with 10~ 3 

wt % casein alone. Sixty hours a f t e r the add i t i o n , the mixed f i l m has 
a higher v i s c o s i t y than the o r i g i n a l g e l a t i n f i l m had had immediately 
p r i o r to the event, but a lower v i s c o s i t y than the g e l a t i n f i l m would 
have had, had the event not taken place ( i . e . , no casein added). 
When the same experiment i s done with an aged lysozyme f i l m r e p l a c i n g 
the g e l a t i n one, there i s again a sudden drop i n v i s c o s i t y , but t h i s 
time only by ca. 40—50 %, as shown i n Figure 7. I t i s noticeable, 
for the case of the lysozyme f i l m exposed to casein, that long-term 
changes i n v i s c o s i t y are r e l a t i v e l y minor, e s p e c i a l l y i n 0.005 M 
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130 PROTEINS AT INTERFACES 

Figure 5: G e l a t i n a d d i t i o n to 24 h o l d casein films at the n-
hexadecane—water i n t e r f a c e (pH 7, 0.005 M, 25 °C) . The apparent 
v i s c o s i t y "η i s p l o t t e d against time t fol l o w i n g the a d d i t i o n : ·, 
10~ 3 wt % g e l a t i n to 10~ 3 wt % casein f i l m ; o, 10~ 3 wt % g e l a t i n to 
2.5X10" 4 wt% casein f i l m . S o l i d curve represents 10~ 3 wt % pure 
casein f i l m , and dashed curve represents 5 X 10~ 4 wt% casein + 
5 X 10" 4 wt% g e l a t i n f i l m , both as a function of adsorption time. 
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Figure 6: Casein a d d i t i o n to a 24 h o l d g e l a t i n f i l m at the n-
hexadecane—water i n t e r f a c e (pH 7, 0.005 M, 25 °C) . The apparent 
v i s c o s i t y "η i s p l o t t e d against time t following exposure of 10~ 3 

wt % g e l a t i n s o l u t i o n to f r e s h i n t e r f a c e . The arrow i n d i c a t e s the 
point at which 10~ 3 wt % casein i s added. The two dashed l i n e s 
represent the behavior of pure casein (C) and pure g e l a t i n (G). 
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8. CASTLE ET AL. Mixed-Protein Films 133 

b u f f e r , where protein aggregation i n the bulk phase was i n d i c a t e d by 
a v i s i b l y t u r b i d s o l u t i o n . This would seem to imply that lysozyme 
does not i n f a c t form a g e l - l i k e secondary layer analogous to g e l a t i n . 

A d e t a i l e d molecular i n t e r p r e t a t i o n of the p r o t e i n displacement 
experiments must await furt h e r information on the packing density and 
stru c t u r e of the molecules i n the adsorbed layer. A l l we can say at 
present i s that casein i s able to di s p l a c e g e l a t i n completely from 
the primary i n t e r f a c i a l layer, as one would expect on the basis of 
the m t e r f a c i a l tension r e s u l t s (4_) , and that g e l a t i n from the f i l m 
aged p r i o r to the add i t i o n of casein i s able to reform at the surface 
v i a c a s e i n — g e l a t i n i n t e r a c t i o n s to produce a composite f i l m of higher 
v i s c o s i t y than would have occurred without p r i o r aging before a d d i t i o n 
of casein. Lysozyme f i l m s , on the other hand, are less e a s i l y 
disrupted by casein, perhaps due i n part to some e l e c t r o s t a t i c 
complex being formed at the i n t e r f a c e . F i n a l l y , i t i s i n t e r e s t i n g to 
note that, whereas i n pure p r o t e i n f i l m s the surface v i s c o s i t y i s a 
strongly increasing function of the surface pressure (27) , i n mixed 
f i l m s containing casein the surface v i s c o s i t y may tend to become 
increased by reducing the surface pressure (of casein) (_3) . 
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Chapter 9 

Human Erythrocyte Intrinsic Membrane Proteins and 
Glycoproteins in Monolayer and Bilayer Systems 

M . N. Jones and R. J. Davies1 

Department of Biochemistry, University of Manchester, Manchester M13 9PL, 
United Kingdom 

The interfacial properties of human erythrocyte membrane 
components including glycophorin, the anion transporter 
(Band 3) and the glucose transporter in monolayer and 
bilayer systems is reviewed. Glycophorin in monolayers 
at the air-water interface undergoes reversible aggregation 
and in glycophorin-phospholipid monolayers can eliminate 
the liquid expanded (L1) to intermediate state (I) lipid 
phase transition. Methods of incorporation of the anion 
and glucose transporters into planar bilayer lipid 
membranes (BLMs) are considered. Membrane proteins are 
shown to facilitate the transfer of lipid from proteolipid 
vesicles into monolayers at the air-water and oil-water 
interfaces. 

Within the last 25 years there have been major advances in the 
characterisation of membrane proteins and glycoproteins particularly 
with regard to the structure and topography of proteins and 
glycoproteins of the human erythrocyte membrane (1-3). 
Applications of polyacrylamide gel electrophoresis in sodium 
n-dodecylsulphate (SDS-PAGE) (4) to the human erythrocyte plasma 
membrane reveals at least a dozen bands heavily stainable by 
Coomassie blue (protein bands) and approximately half as many 
bands stainable with periodic acid - Schiff's (PAS) reagent 
(glycoprotein bands). Although there are numerous faintly stained 
bands, relative to many plasma membranes the gel pattern of the 
erythrocyte is well characterised and there is a reasonable degree 
of concordance between quantitative estimates of particular 
membrane components (5). 

Amongst the major components of the erythrocyte membrane 
are spectrin (designated by Fairbanks et al. (6) as Bands 1 and 2 
on SDS-PAGE), the anion transporter (Band 3) and glycophorin, 
the major sialoglycoprotein of the membrane (7) first isolated by 
Marchesi and Andrews (8). Spectrin and Band 3 account for ~ 

'Current address: Department of Pediatrics, Addenbrooke's Hospital, Hills Road, 
Cambridge CB2 2QQ, United Kingdom 

0097-6156/87/0343-0135$06.00/0 
© 1987 American Chemical Society 
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136 PROTEINS AT INTERFACES 

30% and ~ 25% of membrane protein by weight corresponding 
to ~ 4 χ 10̂  and ~ 10̂  copies per cell respectively (9). There 
are 2.5 χ 10̂  - 5 χ 10̂  copies of glycophorin per erythrocyte 
membrane (1.6.10). Of the minor components the glucose 
transporter has received considerable attention (9,11 ). Although it 
has been designated a component of Band 3 having the same 
molecular weight (-90,000) and comigrating with the anion 
transporter (12), it is more generally regarded as having a 
molecular weight of ~ 55,000 and to be a component of region 4.5 
of the gel profile (11). 

The identification, isolation and characterisation of 
erythrocyte membrane proteins have made possible the study of 
reconstituted systems in which a particular membrane protein can 
be studied in a monolayer or bilayer environment free of the 
complications which arise in multicomponent membrane systems. 
Not only do reconstituted systems enable the interfacial behaviour 
of particular membrane proteins to be investigated but the 
properties of reconstituted systems can be used as a means of 
identification of membrane protein function and hence of 
identifying specific proteins. 

A pre-requisite of reconstitution is the isolation of the 
protein (or glycoprotein) in relatively pure form; a process which 
for intrinsic membrane components requires the use of mild 
detergents (13) which will separate and solubilizc the protein 
without initiating denaturation. In contrast to solubilization, 
reconstitution requires the protein to penetrate an aqueous 
monolayer or bilayer interface and hence some degree of detergent 
removal is required to facilitiate the reconstitution. It is the 
conflicting requirements of solubilization followed by protein 
pentration which makes reconstitution studies difficult. In vivo 
these problems are overcome by the synthesis and subsequent 
cleavage of hydrophobic signal sequences ( 14) however in vitro the 
process must be carried out by manipulation of the 
hydrophobic-hydrophilic balance in the protein-detergent complex. 

The work discussed here is concerned with three intrinsic 
membrane components, glycophorin, the anion transporter (Band 3) 
and the glucose transporter, in monolayers, vesicles or liposomes 
and planar bilayer membranes (BLMs). 

Glycophorin in Monolayers. 

Glycophorin can be isolated from the erythrocyte membrane by 
partitioning extracts produced with either lithium diiodosalicylate 
(8) or dcoxycholate (J_5) between phenol and water during which 
the glycophorin passes into the aqueous-rich phase. After removal 
of the lithium diiodosalicylate or dcoxycholate by dialysis and 
further purification by precipitation with cthanol the glycophorin, 
which is soluble although partially aggregated (16.17) in aqueous 
media, can be isolated in a pure form. The material so produced 
is designated as glycophorin A although it also contains the 
structurally similar genetic variants Β and C ( 18.19). Glycophorin 
A has a molecular weight of 31,000 and an amino acid sequence 
of 131 residues. The N-terminal domain (residues 1-74) is 
glycosylated and carries 16 oligosaccharide chains terminated by 
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9. JONES AND DAVIES Proteins and Glycoproteins 

sialic acid residues and is largely responsible for the surface 
charge on the red blood cell^O. The trans-membrane domain 
(residues 73-95) consists of 22 mainly hydrophobic amino acid 
residues and contains α-helical structure (21-23). The cytoplasmic 
C-terminal domain (residues 96-131) contains a large number of 
imino and acidic amino acids. 

Glycophorin at the Air-Water Interface. Glycophorin was prepared 
by the deoxycholate method (15). The tripartite structure of 
glycophorin gives no specific indication as to the surface 
properties of the molecule. By using ^C-glycophorin we found 
that glycophorin adsorbs at the air-water interface and that the 
amount of adsorption increases with ionic strength of the substrate 
in the series H 2 0 < 0.1M NaCl < 1.0M NaCl < 1.6M ( N H ^ S C ^ 
(24). Figure 1 shows the time course for adsorption at several 
aqueous interfaces at pH 7.4. Analysis of this data in terms of a 
model for diffusion-controlled adsorption and the equation (25). 

> • - * . ( ?)! 

where Γ is the surface concentration, Cp the glycophorin 
concentration and t the adsorption time gives a diffusion 
coefficient ~ 2 χ 10"^ m^ s"*. The diffusion coefficient of 
monomcric glycophorin (molecular weigh 31,000) would be 
~ 1.1 χ 10" 10 m 2 s"2 while an aggregate of 10̂  molecular weight 
(16.17) would have a diffusion coefficient ~ 0.4 χ 10*^ m^ s"K 
Thus like globular proteins (25) glycophorin diffuses to the 
air-water interface somewhat faster than expected for its size 
which may in part be a consequence of convective stirring. 
However, these observations give no indication that there is any 
potential barrier to adsorption at the interface. 

Glycophorin can be spread at the air-water interface and 
desorption occurs on low ionic strength substrates and on high 
ionic strength substrates at high surface concentrations in excess of 
2-3 mg m"2, however at low surface concentrations in the range 
0.04-0.5mg m~2 desorption is negligible and it is possible to obtain 
reproducible surface pressure-area isotherms as shown in Figure 2. 
The isotherms are unusual in exhibiting reproducible and reversible 
non-quantitative spreading; they become more expanded as the 
initial spreading concentration decreases in the range 0.5 
to 0.05 mg m"2. The results can be interpreted in terms of a 
surface aggregation model. If the limiting areas are extrapolated 
to zero initial surface concentration a surface area (A 0) of 
~ 80 nm^ molecule"* is obtained which can be used in the 
Boltzmann equation 

- A G a s s / R T 
A 0 - Aj = A 0 e 1 (2) 

where Aj is the limiting area at a given surface concentration, to 
obtain the Gibbs energy of association (AG a s s ) in the monolayer. 
The Gibbs energies of association lie in the range 
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138 PROTEINS AT INTERFACES 

2 0 -

ι ι ι 1 1 1 
0 20 40 60 80 100 

t(hrs) 

Figure 1. Adsorption of C-glycophorin as a function of time at 
the aqueous-air interface at 22 °C A, d i s t i l l e d water; Ο, 0.1M 
NaCl, 20mM sodium phosphate pH 7.4; #, 1.0M NaCl, 20mM sodium 
phosphate pH 7.4 ; Δ, 1.6M ammonium sulphate pH 7.4. The glycophorin 
concentration in the subphase was i n i t i a l l y 0.3(^g cm"3. (Reproduced 
with permission from Ref. 24. Copyright 1983 Elsevier Science.) 
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9. JONES AND DAVIES Proteins and Glycoproteins 139 

25-1 

Figure 2. Surface pressure-area isotherms for glycophorin on 1.6M 
ammonium sulphate, pH 1.2 at 20 °C as a function of i n i t i a l surface 
concentration. 0.055mg m~2, •, 0.083 mg m~2; ·, 0.221 mg m""2, 
•, 0.227 mg m , Ο * 0.332 mg m""2, A, 0.498 mg n f 2 . Curve a i s 

the Singer isotherm for glycophorin including contributions from 
the oligosaccharides. Curve b i s the Singer isotherm for the poly
peptide backbone of glycophorin. (Reproduced with permission from 
Ref. 24. Copyright 1983 Elsevier Science.) 
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140 PROTEINS AT INTERFACES 

1-5 kJ mol"1 in the surface concentration range 0.5-0.05 mg m'z 

corresponding to association constants of 0.66 to 0.13. 
The structure of the glycophorin aggregates at the interface 

is not known, it might be envisaged that the association occurs 
between the trans-membrane hydrophobic domains. Surface 
pressure-area isotherms based on the Singer equation (26) give 
limiting areas of 46 nm 2 molecule"1 for the whole molecule 
assuming the 131 amino acid residues are α-helical and the 
oligosaccharide side chains are adsorbed at the interface (curve (a) 
in Figure 2) and 24 nm 2 molecule"1 if it is assumed that the 
oligosaccharide side chains are orientated into the substrate (curve 
(b) in Figure 2). Although these calculations are only crude what 
is clear is that the molecules must be held at the interface by 
more than the 22 amino acid trans-membrane domain which 
assuming it to be α-helical would have a limiting area of only 
4nm 2 molecule"1. 

Glvcophorin-Lipid Monolayers at the Air-Water Interface. Further 
to the study of pure glycophorin monolayers we investigated the 
interaction between the glycophorin and dipalmitoyl-
phosphatidylcholine (DPPC) in mixed monolayers at the air-water 
interface (27). Pure DPPC undergoes the characteristic liquid 
expanded (Lj) to intermediate state (I) transition in monolayers at 
temperatures below the chain-melting temperature (~ 42°C) of 
DPPC. This phase transition is no longer observable in mixed 
monolayers at glycophorin to DPPC molar ratios in the range 1:355 
to 1:44. 

Figure 3 shows two isotherms for mixed monolayers on 1.6M 
ammonium sulphate at pH 7.0. From the surface pressure-area 
isotherms of glycophorin and DPPC alone under the same 
conditions, isotherms were calculated assuming additivity according 
to the equation. 

A(arca per lipid) = (NcpAcp + N L A J J / N L (3) 

where N ç p and N ^ are the numbers of glycophorin and lipid 
molecules having areas per molecule A Q P and A L respectively at a 
given surface pressure τ. The dotted lines in Figure 3 show the 
resulting calculated isotherms which display a DPPC phase 
transiton. Clearly the interaction between glycophorin and DPPC 
is sufficiently strong to eliminate the phase transition and give 
rise to marked deviations from simple additive behaviour. 
Furthermore, at low areas per lipid molecule the deviations from 
addivity are negative and the area occupied by the DPPC 
molecules is much lower than that calculated from equation (3). 

At very high molar ratios of DPPC to glycophorin in the 
range 1100-1700:1 the phase transition is still observable which 
suggested that there is a critical ratio of lipid to glycophorin 
above which excess lipid is capable of undergoing the phase 
transition. To determine the critical ratio the contraction in the 
area per lipid at a given surface pressure can be plotted as a 
function of glycophorin to lipid molar ratio. Such plots are 
linear and when extrapolated to zero contraction gave critical 
ratios in the range 1300 (π a 30 mN m"1) to 210 (π = 15 
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9. JONES AND DAVIES Proteins and Glycoproteins 141 

A (nm2/lipid molecule) 

Figure 3. Surface pressure (π) as a function of area per l i p i d 
molecule ( A ) for mixed monolayers of glycophorin and L- a -dipalmitoyl-
phosphidylcholine at molar ratios of 1:355. ( •) and ]>:178 (A) on 
1.6M ammonium sulphate, pH 7.0 at 20 °C. The i n i t i a l surface concen
tration of glycophorin was 0.083 mg m~2. The dotted curves a and b 
were calculated from the T T - A isotherms of the pure components, assuming 
additivity. (Reproduced with permission from Ref. 27. Copyright 1984 
Elsevier Science.) 
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142 PROTEINS AT INTERFACES 

mNm"1 ). These figures correspond to the number of DPPC 
molecules immobilized by a glycophorin molecule and are of the 
same order of magnitude found from calorimetric studies on 
DPPC-glycophorin multilamellar phases (see below). 

Glvcoohorin in Bilaver Systems 

Thermotropic Properties. Glycophorin can be incorporated into 
multilamellar liposomes by hydration of a glycophorin-lipid film 
prepared by rotary evaporation of a mixture of glycophorin and 
lipid in an azeotropic solvent (chloroform/methanol/water, 81:15:14% 
v/v bpt 52.6°C). We found that the azeotropic solvent mixture 
facilitated uniform dispersion of the glycophorin in the lipid (28). 
The thermotropic properties of multilamellar liposomes of 
dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidyl 
choline (DPPC) and distearoylphosphatidylcholine (DSPC) 
incorporating glycophorin have been studied by differential 
scanning calorimetry (DSC) in the glycophorin to lipid molar ratio 
(GP/L) range upto approximately 5 χ 10"3 (28.29). 

The incorporation of glycophorin into these lipid 
multilamellar systems results in a decrease in the enthalpy ( Δ Η 0 ) 
of the gel to liquid crystalline phase transition at constant 
temperature. Interpretation of the data in terms of the 
relationship 

ΔΗ = Δ Η 0 (1-N (GP/L)) (4) 

gives values for the number of lipid molecules (N) withdrawn 
from participation in the phase transition. The values found (29) 
were as follows, 42 ± 22 (DMPC), 197 ± 28 (DPPC) and 240 ± 64 
(DSPC). The extent of disruption in the gel phase of the lipid 
caused by the incorporation of glycophorin molecules is thus 
dependent on the lipid acyl chain length. Although there are 
more sophisticated treatments of the thermotropic behaviour of 
protein lipid systems (30-32) this approach was found to be 
helpful in interpretation of the agglutination of glycophorin 
containing liposomes discussed below. It should be stressed that 
the use of equation (4) does not imply that the thermotropic 
behaviour necessarily supports a boundary lipid model (30). 

Lectin Mediated Agglutination of Liposomes Containing 
Glycophorin. Using a similar procedure to that described above 
glycophorin can be incorporated into sonicated phospholipid 
liposomes. The orientation of the glycophorin in the bilayer is 
not known with certainty although van Zocllen et al. (33) found 
that 75-80% of the glycophorin molecules are orientated with their 
N-terminal oligosaccharide chains on the outside of small 
unilamellar liposomes. Photon correlation spectroscopy showed that 
the liposome size increases with glycophorin incorporation (29). 

Sonicated liposomes incorporating glycophorin can be 
aggregated by wheat germ agglutinin (WGA) (29). WGA, a lectin 
with molecular weight 36,000, has multiple binding sites for 
N-acetylneuraminic which is the terminal sugar residue in the 
oligosaccharide chains of glycophorin. The agglutination 
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9. JONES AND DAVIES Proteins and Glycoproteins 

process is easily followed spectroscopically, the rate is second order 
in lipid concentration and can be reversed on swamping the lectin 
binding sites with N-acetylglucosamine. A particularly interesting 
feature of the agglutination process is that the rate of 
agglutination decreases linearly with temperature below the gel to 
liquid-crystalline phase transition of the lipid (Figure 4) (28.34), 
but becomes approximately independent of temperature above the 
phase transition. Below the chain-melting temperature (T c) the 
rates of agglutination decrease in the series DSPC > DPPC > 
DMPC, whereas above T c the rates are all similar. These effects 
would seem to be predominantly related to glycophorin-acyl chain 
interactions rather than to glycophorin-lipid head group 
interactions. 

It is well established that proteins in bilayers are clustered 
below T c and hence it follows that the clustering of glycophorin 
(29) increases the agglutination rate. However, the data require a 
model in which there is an optimum packing of glycophorin 
molecules to give the fastest rate. From the DSC data the extent 
of gel phase disruption follows the same sequence as the rate of 
agglutination. The amount of disrupted lipid in the 
glycophorin-rich phase will influence the packing of the 
glycophorin and "tight" packing as in the case of DMPC would 
restrict binding of WGA and hence reduce the rate of 
agglutination by a bridging mechanism between liposomes. 

The geometric constraints on these bilayer systems are shown 
in Figure 5. It follows that of the lipids considered DMPC has 
acyl chain dimensions which are closest to the hydrophobic 
trans-membrane domain of glycophorin. To bring the acyl chains 
into register with the trans-membrane sequence requires the 
introduction of trans to gauche kinks in the chain, two such 
conformation changes introduces a "2gl kink". As shown in Figure 
5 as the acyl chain length increases in the sequence DMPC > 
DPPC > DSPC more 2gl kinks would have to be introduced with 
a concomitant increase in disruption of the surrounding lipid and 
a greater separation between the glycophorin molecules, favouring 
WGA binding and increasing the rate of agglutination. 

Penetration of Erythrocyte Membrane Proteins into Planar Bilavers 

Band 3 and the Glucose Transporter. The advent of methods of 
forming bilayer lipid membranes (BLMs) across an orifice 
separating two aqueous phases pioneered by Mueller et al. (35) and 
Tien (36) made possible the reconstitution of membrane transport 
systems in vitro. In principle the idea of preparing erythrocyte 
plasma membranes, solubilizing and fractionating membrane proteins 
and assaying, for example, transport function in BLMs has great 
attraction. In practice the experiments were far from easy. An 
inherent disadvantage of BLMs is their incipient instability 
particularly when exposed to surface active materials. Solubilization 
of membrane proteins requires detergents so that there were 
considerable difficulties to be overcome. 

Our first attempts to incorporate erythrocyte membrane 
proteins into BLMs were made using extraction procedures based 
on organic solvents specifically acetic acid-pyridine, n-butanol and 
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1 4 4 PROTEINS AT INTERFACES 

Temperature ' Ο 

Figure 4. Temperature dependence of the i n i t i a l r a t e o f liposome 
a g g l u t i n a t i o n by wheat-germ a g g l u t i n i n (WGA). The liposomes con
t a i n e d g l y c o p h o r i n a t a g l y c o p r o t e i n : l i p i d molar r a t i o of 2 χ 10~3: 
l . O , D i s t e a r o y l p h o s p h a t i d y l c h o l i n e ; ·, D i p a l m i t o y l p h o s p h a t i d y l c h o l i n e : 
Δ , D i m y r i s t o y l p h o s p h a t i d y l c h o l i n e . Arrows denote the temperature 

range over which chain-melting i s observed by d i f f e r e n t i a l scanning 
c a l o r i m e t r y . (Reproduced w i t h permission from Ref. 34. Copyright 
1982 The Biochemical S o c i e t y , London.) 
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9. JONES AND DAVIES Proteins and Glycoproteins 145 

Figure 5. (a) R e l a t i v e dimensions of the transmembrane s e c t i o n of 
glycophorin and phospholipid b i l a y e r s (to s c a l e ) , (b) The number 
of disordered l i p i d molecules (N) determined by DSC as a f u n c t i o n 
of the number of 2gl kinks r e q u i r e d t o b r i n g the a c y l chains i n t o 
r e g i s t e r with the dimensions o f the transmembrane s e c t i o n of g l y c o 
phorin. (c) R e l a t i v e spacing o f glycophorin molecules i n c l u s t e r s 
i n DMPC b i l a y e r s . (The N-terminal oligosaccharide-bearing segment 
of glycophorin i s not to scale.) (Reproduced with permission from Ref. 
29. Copyright 1982 E l s e v i e r Science.) 
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146 PROTEINS AT INTERFACES 

pentanol (37). The objective was to reconstitute stereospecific 
D-glucose transport in a BLM, but none of the organic extracts 
expressed any significant D-glucose transport activity. However, 
development of detergent extraction methods based on Triton X-100 
particularly by Yu et ai (38) enabled us to achieve stereospecific 
D-glucose transport across BLMs (39-44). 

Triton X-100 extracts of erythrocyte membrane proteins can 
be incorporated into BLMs provided excess Triton X-100 is 
removed by gel filtration (Sephadex G50) to bring the free 
detergent level to approximately l̂ tg cm"3. By monitoring the 
electrical characteristics of the BLM on exposure to Triton X-100 
solubilized protein extracts the penetration process can be followed. 
Figure 6 shows the capacitance and resistance of a BLM 
(equimolar egg lecithin and cholesterol) on exposure of one 
interface to a protein extract obtained by incubation of the 
erythrocyte membrane with 8mM Tris-HCl buffer containing 0.5% 
(w/v) Triton X-100 (40). The extract contains an appreciable 
fraction of Band 3 the anion transporter and on penetration into 
the bilayer there is a permanent decrease in the resistance. The 
permanence of the resistance change is proof that the change is 
due to transporter protein and not detergent (40). 

Initial experiments were done with relatively crude extracts 
containing numerous membrane proteins. As well as demonstrating 
ion transport, D-glucose transport could also be demonstrated with 
the same membrane extraction procedure and BLMs having a 
D-glucose permeability of upto approximately 50 times that of the 
passive permeability (P 0 = 4.51 ± 0.95 χ 10'8 cm s"1) were 
obtained. More refined membrane extracts containing only the 
sugar transporter can be obtained and the penetration of this 
membrane protein (Band 4.5) into a BLM can be followed by 
monitoring the increase in permeability (P) to D-glucose based on 
the equation 

C 0 V 0 / C i A = Pt (5) 

where C 0 and C\ are the sugar concentrations on the trans and 
cis sides of the bilayer of area A at time t. Figure 7 shows a 
permeability plot based on equation (5). The slope of the plot of 
( C 0 V 0 / C j A) vs. t gives the permeability of the BLM to 
radiolabeled D-glucose. The change from passive permeability (P0) 
to carrier mediated permeability (P) on penetration of the 
bilayer by the transporter protein is clearly seen. No such change 
occurs for L-glucose confirming that the process is stereospecific. 

The dependence of BLM permeability on the concentration of 
protein extract (μ% cm"3) in the solution bathing the BLM obeys 
the linear relationship (43). 

prelative = p / p o = 5 - 8 3 (±0.65)[Protein] + 1.14 (±0.63) (6) 

suggesting that the solubilized extract partitions into the BLM. It 
should be noted that in these experiments the protein penetration 
was from only one side of the bilayer. The biiayers become 
unstable when attempts were made to add the protein 
symmetrically to both interfaces. A number of questions remain 
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9. JONES AND DAVIES Proteins and Glycoproteins 147 
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Figure 6. Time dependence of resistance (#) and capacitance (Ο) 
of bilayer l i p i d membranes on asymmetric addition of Triton X-100 
membrane protein extracts at 27 °C. (a) Bathing solution 0.1M 
Kcl, pH 6.4. Protein concentration 18 μg cm - 3, Triton X-100 con
centration 12.5 μg cm" (b) Bathing solution 0.1M NaCl, pH 6.4. 
Protein concentration 17.2 μg cm~3f Triton X-100 concentration 10.9 
μg cm (Reproduced with permission from Ref. 40. Copyright 
1978 Elsevier Science.) 

40 80 

Τ i me (min ) 

Figure 7. Sugar permeability plot for bilayer l i p i d membrane (egg 
lecithin-cholesterol in n-decane) at 25 °C. The slope of the plot 
before and after addition of extract i s equal to the permeability 
coefficient. Passive diffusion of D-[1 4C]glucose (O) and f a c i l i 
tated diffusion ( φ ) on addition of band 4.5 (sugar transporter) at 
a concentration of 0.99 μg cm"3 to the trans side of the bilayer. 
(Reproduced with permission from Ref. 44. Copyright 1982 Elsevier 
Science.) 

American Chemical Society 
Library 

1155 16th St, N.W. 
Washington, O.C. 20038 
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148 PROTEINS AT INTERFACES 

to be answered relating to this type of experiment; specifically the 
form of Triton X-100 solubilized protein extracts, the 
mechanism of the penetration process, the concentration of the 
protein in the bilayer interface and finally the conformation 
within the bilayer. Taking cognizance of the inherent instability 
of BLMs, it was considered that at least some of the factors 
relating to the penetration of the solubilized extracts might be 
studied more easily at a monolayer interface. 

Penetration of Solubilized Membrane Extracts into Monolayers 

Studies on the penetration of erythrocyte membrane proteins were 
carried out using Triton X-100 extracts fractionated by 
ion-exchange chromatography followed by gel filtration to remove 
excess free detergent. The protein, cholesterol, phospoholipid and 
Triton X-100 content of the extracts were determined and the 
protein composition was established by SDS-PAGE (45). The major 
protein in these extracts was the anion transporter, Band 3, but 
they also contained glycophorin which copurified with Band 3. A 
typical extract had compositon: protein (200^g cm"3), cholesterol 
(35^g cm"3), phospholipid (40μg cm*3) and Triton X-100 (< 5^g 
cm"3). The lipid to protein molar ratio in the extracts was ~ 
50-60:1 It was not possible to reduce the lipid in the extracts to 
lower levels with prolonged detergent washing implying that the 
residual lipid is tightly bound to the protein. Electron microscopy 
of the extracts revealed approximately spherical particles with 
diameters ~ 200nm which suggested that the extract could be 
regarded as proteolipid vesicles. 

Penetration into Monolayers at the Air-Water and Oil-Water 
Interface. Membrane extracts as described above penetrate 
monolayers at the air-water interface reaching equilibrium surface 
pressures in 10-30 minutes depending on the protein concentration 
in the substrate. Figure 8 shows the equilibrium spreading 
pressures as a function of protein concentration for penetration 
into monolayers with an initial surface pressure of lOmN m"1. 
The curves are similar for DPPC, cholesterol and cholesterol.'DPPC 
(2:1 molar ratio) monolayers and reach a limiting spreading 
pressure of 42-43 mN m'K The limiting spreading pressures 
approach the collapse pressures of the pure lipid monolayers; DPPC 
(50mN m"1), cholesterol (44mN m"1) and cholestcrohDPPC (46mN 
m"1). 

It was important to establish that the observed increases in 
pressure could not be accounted for by penetration of free lipid 
or Triton X-100 present in the substrate at comparable 
concentrations as would arise on introducing the protein extracts. 
With this objective control experiments demonstrated that free 
Triton X-100 would lead to surface pressure increases of 0.2-0.5mN 
m"1. It follows that the large increases in surface pressure as 
demonstrated in Figure 8 could not arise in the absence of the 
intrinsic membrane protein. 

Measurements of surface pressure and surface potential 
isotherms of monolayers penetrated by membrane extracts showed 
that the presence of the protein increased the compressibility of 
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9. JONES AND DAVIES Proteins and Glycoproteins 149 

ι ι 1 1 Τ
Ο σ2 0-4 0-6 0-θ 

[Lipid] j jgmf ' 

Figure 8. The equilibrium surface pressure increases reached after 
interaction of protein extract with films of cholesterol (#), 
DPPC (•), and cholesterol : DPPC (2:1 molar ratio, A) at an air-water 
interface. The initial surface pressure of the monolayers was 
lOmN m ; the aqueous substrate was 20mM sodium phosphate/0. 1M 
NaCl (pH 7.4). (Reproduced with permission from Ref. 45. Copyright 
1986 Elsevier Science.) 
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150 PROTEINS AT INTERFACES 

the monolayer by a factor of 8 and the surface potential by 
approximately 50mV. 

The monolayer at the oil-water interface has been argued to 
be a better model of one half of a lipid bilayer (46.47). 
Penetration of membrane extracts at the n-decane-water interface 
occurred in a similar manner to penetration at the air-water 
interface. The limiting equilibrium spreading pressure was 
however lower, 33 mN m' 1 compared with 43 mN m"1. Triton 
X-100 adsorbs more readily at the n-decane-water interface 
however, it would account for no more than an increase of 2mN 
m"1 in surface pressure. Liposomal lipid adsorbs less readily than 
at the air-water interface and would account for less than 0.2mN 
m"1 surface pressure. Thus as at the air-water interface protein 
is responsible for the increase in equilibrium spreading pressure. 

Mechanism of Proteolipid Vesicle Penetration into Monolayers. The 
principle conclusion from the penetration studies at the air-water 
and oil-water interfaces is that intrinsic membrane protein in 
vesicles greatly facilitates the transfer of material into monolayers. 
In marked contrast lipid vesicles do not penetrate monolayers to 
any appreciable extent although some exchange of lipid between a 
monolayer and the outer lipid layer of a liposome can occur 
(48.49). It is established that both glycophorin (50) and the anion 
transporter (51) increase the rate of "flip-flop" when incorporated 
into biiayers. Thus in the initial encounter between the 
proteolipid vesicles and the monolayer the protein-enhanced rate of 
"flip-flop" between the inner and outer halves of the vesicle 
bilayer would facilitate lipid transfer to the monolayer. The 
process of redistribution of lipid between vesicle and monolayer 
would bring the protein into intimate contact with the monolayer 
leading to penetration. 

Future studies in this area will require the radiolabelling of 
intrinsic membrane so that the amount of protein entering the 
monolayer can be accurately measured. More information should 
also be obtained on the dependence of the initial monolayer 
surface pressure on protein mediated fusion of vesicles with 
monolayers. The surface pressure at which the properties of a 
monolayer most closely mimic the properties of a bilayer is 
known to be relatively high. It is clear from our studies that 
protein extracts penetrate monolayers upto equilibrium surface 
pressures approaching the monolayer collapse pressure which 
suggests that data can be obtained from monolayer studies at 
surface pressures which are directly applicable to biiayers. 
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Chapter 10 

Why Plasma Proteins Interact at Interfaces 

L. Vroman and A. L. Adams 

Interface Laboratory, Veterans Administration Medical Center, 800 Poly Place, 
Brooklyn, NY 11209 

We found certain proteins able to deposit multimole
cular layers between 2 surfaces separated at a dis
ance inversely proportional to protein concentration. 
"Excess" deposited in wider gaps soon redissolves, 
perhaps by "self-removal". Blood plasma injected be
tween a convex lens and a clot-promoting (glass or 
oxidized metal) surface leaves concentric rings of 
proteins. These apparently displace each other in the 
following sequence: albumin, immunoglobulin G, fibrin
ogen and fibronectin, high molecular weight kininogen 
and factor XII - i.e. from most concentrated to least 
concentrated protein. Computer programs based on "self
-removal" and physiological protein concentrations only, 
do yield realistic models; experiments with binary 
protein solutions indicate that more specific properties 
of each protein are involved in this interaction. 

Each of our proteins evolved along with the structu r e s that are 
reproducing i t and along with the mobile c e l l membranes and sub
c e l l u l a r objects that i t must, from i t s b i r t h to i t s death, e x i s t 
with. 

In sharp contrast to things i n viv o , most laboratory surfaces 
are created to be a) uniform, so that they w i l l allow very few 
choices of scenery f o r a p r o t e i n molecule to attach i t s e l f any
where on them, and b) unchanging, remaining so r i g i d and so con
stant with time that they w i l l not adapt to the submolecular de
s i r e s of the p r o t e i n they adsorb: the p r o t e i n molecule w i l l have 
to adapt to the a r t i f i c i a l substrate instead. Such l a r g e , uniform 
and uncompromising m a t e r i a l surfaces force the p r o t e i n s o l u t i o n to 
deposit a measurably large number of uniformly adapting molecules. 
Their synchronized behavior w i l l thus be amplified enough to be 
measurable but may not represent p h y s i o l o g i c a l events. 

C e l l membranes have evolved to be most unlike any manmade 
surface not only by becoming v a r i a b l e and adaptable on a molecular 

This chapter not subject to US. copyright 
Published 1987 American Chemical Society 
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10. VROMAN AND ADAMS Why Plasma Proteins Interact 155 

arid submolecular scale, but also by their becoming dotted with re
ceptors for specific proteins. Thus, living cells may adsorb and 
retain only specific proteins out of their physiological liquid en
vironment and only under very specific conditions. 

Caught within the relatively dense structure of a c e l l , or in 
the varying and often narrow spaces among cel l s , a protein molecule 
must be expected to encounter a number of situations, each of which 
deserves to be imitated with simplifying models in the laboratory. 
Limiting ourselves to 2 proteins (PI and P2), and 2 kinds of sur
faces (Sa and Sb), we may l i s t the following choice of possible 
interactions (commas separating non-preadsorbed proteins). 
1) PI, Sa and PI, PISa 
2) PI, P2Sa (where P2 is adsorbed onto Sa) 
3) PI, P2, Sa (competition for 1 surface) 
4) Sa, PI, Sa (1 protein in a narrow space between identical 
surfaces) 
5) Sa, PI, P2, Sa (2 proteins competing in a narrow space between 
identical surfaces) 
6) Sa, PI, Sb (2 different surfaces competing for 1 protein) 
7) Sa, PI, P2, Sb 
8) SaPl, SaPl (interaction among 2 mobile identical particles coated 
with the same protein) 
9) SaPl, SaP2 
10) SaPl, SbPl (interaction among 2 surfaces carrying the same 
protein) 
11) SaPl, SbP2 
12) SaPl, P2, SbPl 

Somewhat more physiological conditions can be created by re
placing at least 1 of the 2 proteins by blood plasma. The a b i l i t y 
of a surface to adsorb a certain protein, e.g. a clotting factor, 
out of normal plasma, appears to be demonstrated by the following 
deceptively simple manipulations. Incubate normal citrated "intact" 
plasma (plasma that had never been in contact with a negatively 
charged, high free energy surface such as glass) in a glass test 
tube. Rinse the tube out and place citrated plasma in i t from a 
patient who lacks clotting factor XII. After adding calcium 
chloride, we w i l l find the clotting time of this deficient plasma 
to be corrected by the adsorabte that the normal plasma had l e f t 
on the glass (1). We cannot help but conclude that normal plasma 
deposits factor XII on glass. 

Finding one protein deposited by plasma should not lead us to 
believe - as I unfortunately did for many years - that no other 
protein w i l l be present at other locations on the surface at the 
same time, or at the same location at other times. Having detected 
factor XII at coagulation-activating surfaces, i t took us 5 years 
plus Dr. S. Witte's suggestion before we started looking for f i b r i n 
ogen being deposited by plasma. We did find i t , and another 12 
years later we found evidence of an entire shifting population of 
proteins replacing one another at the solid/plasma interface. 

In the following description of early studies as well as of our 
recent findings, I w i l l use the classification of protein/surface 
interactions given above. Among the proteins to be discussed 
fibrinogen w i l l be prominent, not only because of our own work, but 
also because this work f i t s rather well within the context of others' 
studies showing protein, plasma and cellular (platelet) interactions. 
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156 PROTEINS AT INTERFACES 

ONE PROTEIN ON ONE SURFACE 

a) The a i r i n t e r f a c e 
Most p r o t e i n s o l u t i o n s t e n d t o f o r m a mo n o m o l e c u l a r l a y e r a t 

t h e i r a i r / l i q u i d i n t e r f a c e a t a r a t e d e p e n d i n g on t h e i r c o n c e n t r a 
t i o n . A p o l a r amino a c i d r e s i d u e s w i l l become e x p o s e d on t h e s u r f a c e 
o f t h e f i l m t h a t f a c e s a i r . T h e r e f o r e , one can i m a g i n e t h a t a d r o p 
o f p r o t e i n s o l u t i o n s u s p e nded i n a i r w i l l r a p i d l y f o r m a s k i n i n 
w h i c h i t w i l l be t r a p p e d . I f p l a c e d o n t o a h y d r o p h o b i c s o l i d , s u c h 
a d r o p w i l l be h e l d by i t s h y d r o p h o b i c s k i n s u r f a c e , and where i t i s 
f o r c e d t o r o l l a l o n g , t h e dr o p w i l l " b r e a k o u t o f i t s b a g " o f s k i n , 
l e a v i n g p i e c e s o f s k i n s t u c k i n i t s t r a i l w h i l e f o r m i n g a new bag. 
We d e t e c t e d t h e phenomenon e.g. by o b s e r v i n g t h e i n t e r f e r e n c e c o l o r 
p a t t e r n l e f t by p r o t e i n d r o p s l a n d i n g on and r o l l i n g o v e r f e r r i c 
stéarate p o l i s h e d a n o d i z e d t a n t a l u m s l i d e s . 

T h i s B l o d g e t t - L a n g m u i r t r a n s f e r i s a l m o s t i n s t a n t a n e o u s ( 3 0 ) . 
To o b s e r v e a d s o r p t i o n f r o m b u l k s o l u t i o n , we must i n s e r t t h e h y d r o 
p h o b i c s u b s t r a t e i n t o t h e aqueous medium b e f o r e a d d i n g p r o t e i n . 
Under s u c h c o n d i t i o n s , t h e r e c o r d i n g e l l i p s o m e t e r shows a d s o r p t i o n 
r a t e s o u t o f b u l k s o l u t i o n s o n t o h y d r o p h o b i c s u b s t r a t e s t h a t a r e n o t 
u n l i k e t h o s e on h y d r o p h i l i c ones ( 2 ) . Where t h e h y d r o p h o b i c s o l i d 
s l i d e i s t h e n d i p p e d deeper i n t o t h e c o n t a i n e r o f p r o t e i n , d a t a and 
r e c o r d i n g s show t h a t t h e s l i d e has g a i n e d t h i c k n e s s i n s t a n t a n e o u s l y 
and must t h e r e f o r e have d r a g g e d a s u r f a c e f i l m down i n t o t h e l i g h t -
p a t h . T h i s f i l m may appear n o t much t h i n n e r t h a n t h e one t h a t had 
been more s l o w l y a d s o r b e d o u t o f t h e b u l k s o l u t i o n ( 2 ) . 

P r o t e i n s a d s o r b e d o n t o a h y d r o p h o b i c s o l i d t e n d t o r e n d e r i t 
more h y d r o p h i l i c , w h i l e t h e same p r o t e i n s a d s o r b e d o n t a h y d r o p h i l i c 
s o l i d t e n d t o r e n d e r i t more h y d r o p h o b i c . On t h e d r i e d f i l m o f a d -
s o r b a t e , t h e c o n t a c t a n g l e o f a w a t e r d r o p l e t , o r t h e s c a t t e r i n g o f 
l i g h t by c o n d e n s i n g w a t e r v a p o r , a p p e a r s t o d e m o n s t r a t e t h i s p r o p 
e r t y ( 3 ) , b u t t h e shape o f t h e s e s l o w l y s p r e a d i n g d r o p l e t s i s a f 
f e c t e d by p r o t e i n b e i n g " s c o o p e d up" a t t h e i r a d v a n c i n g a i r / w a t e r / 
s o l i d i n t e r f a c e s ( 4 ) . 

Among p l a s m a p r o t e i n s we s t u d i e d a t s o l u t i o n / a i r i n t e r f a c e s , 
f i b r i n o g e n behaved most r e m a r k a b l y . Compressed i n a s u r f a c e f i l m 
b a l a n c e ( 5 ) , f i b r i n o g e n t e n d e d t o f o r m a c o h e s i v e f i l m t h a t c o u l d be 
l i f t e d o f f t h e i n t e r f a c e w i t h a h y d r o p h o b i c s l i d e ( 6 ) . The f i n d i n g 
s u g g e s t s t h a t f i b r i n o g e n may f o r m p o l y m e r - l i k e complexes a t c e r t a i n 
i n t e r f a c e s even i n ab s e n c e o f t h r o m b i n ( 7 ) , t h e enzyme n o r m a l l y 
needed t o p o l y m e r i z e f i b r i n o g e n i n t o f i b r i n . 

b) One p r o t e i n a t t h e l i q u i d / s o l i d i n t e r f a c e ( P I , Sa and P I , P I S a ) 
Though we r e a l i z e d e a r l y (2) t h a t a d s o r p t i o n o f p r o t e i n s may be 

l e s s r e v e r s i b l e t h a n we had e x p e c t e d , o t h e r t e c h n i q u e s t h a n o u r s 
were r e q u i r e d t o show t h a t a t l e a s t f i b r i n o g e n a d s o r b e d o n t o c e r t a i n 
s u r f a c e s (8) w i l l be exchanged w i t h f i b r i n o g e n m o l e c u l e s i n s o l u t i o n 
S i n c e e l u t a b i l i t y a p p e a r s t o d e c r e a s e w i t h i n c r e a s e d t i m e o f r e s i 
d ence a t t h e i n t e r f a c e ( 9 ) , some g r a d u a l change i n c o n f o r m a t i o n may 
o c c u r as t h e a d s o r b e d m o l e c u l e p e r h a p s i n c r e a s e s i t s a r e a o f c o n t a c t 
w i t h t h e i m m o b i l e s u b s t r a t e . We have some e v i d e n c e t h a t f i b r i n o g e n , 
a d s o r b e d o n t o c e r t a i n s u b s t r a t e s , w i l l be a b l e t o a d s o r b a mono-
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10. VROMAN AND ADAMS Why Plasma Proteins Interact 157 

c l o n a l a n t i b o d y t o p a r t o f i t s Ε domain, w h i l e t h e same a n t i b o d y 
does n o t b i n d f i b r i n o g e n i n s o l u t i o n . T h i s i n d i c a t e s t h a t a d s o r p 
t i o n c a n e x pose a group o f amino a c i d s t h a t i s n o r m a l l y n o t e x p o s e d 
i n s o l u t i o n ( 1 0 ) . 

ONE PROTEIN ON TWO IDENTICAL SURFACES ( S a P l , F l , Sa e t c . ) 

The f a c t t h a t a f i l m o f p r o t e i n a d s o r b e d o n t o 1 s u r f a c e can s t i l l 
a d h e r e t o a n o t h e r s u r f a c e i s p r o v e d s i m p l y by e x p o s i n g t h e f i l m t o a 
s u s p e n s i o n o f s o l i d p a r t i c l e s , e.g. o f a m e t a l o x i d e s u s p e n s i o n . 
Many p r o t e i n f i l m s a r e i n t e n s e l y " s t a i n e d " ( c o a t e d ) by chromium 
o x i d e o r i r o n o x i d e s u s p e n s i o n s ( 2 , 2 9 ) . 

We s t u d i e d t h e e f f e c t o f a much w i d e r s p a c e between two i d e n t i 
c a l s u r f a c e s upon a d s o r p t i o n o f a p r o t e i n as f o l l o w s . We p l a c e d 
a p l a n a r - c o n v e x l e n s ( r a d i u s o f c u r v a t u r e between a b o u t 150 and 
2000 mm) on a g l a s s s l i d e , and i n j e c t e d a s o l u t i o n o f t h e p r o t e i n 
b etween them. A f t e r i n c u b a t i o n a t room t e m p e r a t u r e f o r a b o u t 10 
min , we t i l t e d t h e s l i d e and r i n s e d i t w i t h b u f f e r w h i l e t h e l e n s 
was a l l o w e d t o s l i p o f f . The d e n s i t y d i s t r i b u t i o n p a t t e r n o f a d 
s o r b e d p r o t e i n c o u l d be ( b u t o f t e n need n o t be) enhanced by e x p o s u r e 
t o a m a t c h i n g a n t i s e r u m ; a f t e r r i n s i n g a g a i n t h e s l i d e was u s u a l l y 
s t a i n e d w i t h c o n c e n t r a t e d Coomassie B l u e . Under t h e s e c o n d i t i o n s 
a l b u m i n , c e r t a i n p r e p a r a t i o n s o f p u r i f i e d f i b r i n o g e n and a l l p r e p a r 
a t i o n s o f p u r i f i e d i m m u n o g l o b u l i n G (IgG) we t e s t e d , d e p o s i t e d n o t 
o n l y a p r e s u m a b l y m o n o m o l e c u l a r l a y e r , b u t a l s o a r i n g o f much 
g r e a t e r t h i c k n e s s a t a d i s t a n c e f r o m t h e l e n s c e n t e r c o r r e s p o n d i n g 
t o an abou t 10 t o 20 m i c r o n s t h i c k n e s s o f l i q u i d f o r s o l u t i o n s c o n 
t a i n i n g a b o u t 8 mg/ml o f t h e p r o t e i n ( 1 1 ) . More d i l u t e d s o l u t i o n s 
d e p o s i t e d r i n g s o f g r e a t e r d i a m e t e r . 

D i r e c t o b s e r v a t i o n o f IgG i n j e c t e d as d e s c r i b e d , and s e r i a l 
e x p e r i m e n t s i n t e r r u p t e d f r o m 1 t o ab o u t 4 s e c a f t e r i n j e c t i o n , 
showed t h a t a t h i c k l a y e r i s d e p o s i t e d o u t o f an a p p r o x i m a t e l y 8 mg/ 
ml b u f f e r s o l u t i o n (pH 7.4) w i t h i n a bout 2 t o 3 se c e x c e p t n e a r t h e 
c e n t e r , where t h e l i q u i d l a y e r i s so t h i n t h a t t h e amount o f IgG 
p e r s u r f a c e a r e a i s b a r e l y s u f f i c i e n t t o d e p o s i t a m o n o l a y e r and i s 
t h e n d e p l e t e d . T h i s c r e a t e s t h e " h o l e i n t h e doughnut". A t i t s 
i m m e d i a t e p e r i p h e r y , t h e l i q u i d l a y e r i s t h i c k enough t o s u p p l y t h e 
amount o f p r o t e i n needed f o r " e x c e s s " d e p o s i t i o n o f t h e t h i c k r i n g , 
a t w h i c h p o i n t t h e l i q u i d above t h i s a r e a i s a l s o d e p l e t e d and t h e 
t h i c k r i n g i s s t a b i l i z e d . More p e r i p h e r a l l y , a d d i t i o n a l p r o t e i n 
m o l e c u l e s a r e a v a i l a b l e t o c o l l i d e w i t h t h e t h i c k d e p o s i t and d e s o r b 
t h e e x c e s s . I t s h o u l d be n o t e d t h a t t h e c o n d i t i o n s r e q u i r e d t o 
y i e l d a r a t h e r s t a b l e m u l t i m o l e c u l a r l a y e r a r e s t r i c t l y l i m i t e d t o 
r e l a t i v e l y h i g h c o n c e n t r a t i o n s o f p r o t e i n i n s p a c e s o v e r a n a r r o w 
r a n g e ( e . g . more t h a t 10 and l e s s t h a n 20 m i c r o n s f o r s o l u t i o n s o f 
ab o u t 5 mg/ml f o r a t l e a s t s e v e r a l p r o t e i n s ) . 

These f i n d i n g s w o u l d s u p p o r t t h o s e o f o t h e r s t h a t p r o t e i n s s u c h 
as f i b r i n o g e n (12) and p h o s p h o r y l a s e b (13) can i n t e r c h a n g e a d s o r b e d 
m o l e c u l e s w i t h t h o s e i n s o l u t i o n e v e n t h o u g h , f a c i n g a p r o t e i n - f r e e 
s o l u t i o n , t h e a d s o r b e d m o l e c u l e s do n o t d e s o r b s p o n t a n e o u s l y . 

TWO PROTEINS ON ONE SURFACE 

a) One p r o t e i n p r e a d s o r b e d ( S a P l , P2) 
T u r n i t d e m o n s t r a t e d t h a t e l l i p s o m e t r y i s s u i t a b l e f o r s h o w i n g t h e 
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158 PROTEINS AT INTERFACES 

i n t e r a c t i o n s o f a p r e a d s o r b e d enzyme w i t h a s o l u t i o n o f i t s p r o t e i n 
s u b s t r a t e ( 1 3 ) . We f o u n d t h a t p r e a d s o r b e d t h r o m b i n w i l l a d s o r b what 
a p p e a r s t o be a m o n o m o l e c u l a r l a y e r o f f i b r i n o g e n o u t o f f i b r i n o g e n 
s o l u t i o n , b u t w i l l c o n t i n u e t o c r e a t e f i b r i n monomer so t h a t t h e 
s o l u t i o n w i l l c l o t ( 2 ) , m a i n l y o r most r a p i d l y a t t h e s i t e o f a d s o r b 
ed t h r o m b i n . 

A n t i b o d i e s a r e d e p o s i t e d o u t o f s o l u t i o n o n t o p r e a d s o r b e d a n t i 
gens as p a r t o f c o u n t l e s s r o u t i n e s , i n c l u d i n g e l l i p s o m e t r y , i n meth
ods i n t e n d e d t o i d e n t i f y t h e p r e a d s o r b e d a n t i g e n o r t o q u a n t i t a t e 
a n t i b o d y p o t e n c y o r a n t i g e n c o n c e n t r a t i o n . Where a n t i g e n i s more 
d e n s e l y p a c k e d t h a n t h e d e t e c t i n g i m m u n o g l o b u l i n c a n b e , t h e p r o p o r 
t i o n a l i t y between s u r f a c e c o n c e n t r a t i o n o f a n t i g e n and i t s a b i l i t y 
t o a d s o r b a n t i b o d y i s d i s t u r b e d . I n g e n e r a l , p r e a d s o r b e d a n t i g e n s 
r e t a i n t h e i r a b i l i t y t o a d s o r b p o l y c l o n a l a n t i b o d i e s , and we r e l y on 
t h i s a b i l i t y r o u t i n e l y ( 4 , 11, 1 4 ) . 

I n o u r e x p e r i e n c e , u n l e s s t h e p r e a d s o r b e d p r o t e i n has a s p e c i 
f i c ( e n z y m e / s u b s t r a t e , a n t i g e n / a n t i b o d y ) r e l a t i o n s h i p w i t h t h e 
d i s s o l v e d one, t h e p r e a d s o r b e d p r o t e i n w i l l a d s o r b l i t t l e o r no 
o t h e r p r o t e i n . Where t h e e l l i p s o m e t e r shows i n c r e a s e d o p t i c a l 
f i l m t h i c k n e s s upon e x p o s u r e o f , e.g., a p r e a d s o r b e d l a y e r o f a l b u 
m in t o f i b r i n o g e n , s u c h i n t e r a c t i o n s o c c u r a t t h e exp e n s e o f t h e 
a b i l i t y o f t h e p r e a d s o r b e d a l b u m i n t o a d s o r b a n t i b o d y t o a l b u m i n 
( 1 4 ) . T h i s i n d i c a t e s t h a t exchange - i n t h i s c a s e by t h e l a r g e r 
s p e c i e s - t o o k p l a c e . A n o t a b l e e x c e p t i o n may be t h e a b i l i t y o f 
p l a s m a t o d e p o s i t a t h u s f a r u n i d e n t i f i e d p r o t e i n o n t o p r e a d s o r b e d 
i m m u n o g l o b u l i n s (IgG) ( 1 5 ) , b u t h e r e t o o , some s p e c i f i c i n t e r a c t i o n s 
may t a k e p l a c e . 

Out o f t h e h u n d r e d s o f p r o t e i n s t h a t o u r p l a s m a c o n t a i n s , we 
must e x p e c t t h a t f o r a random c h o i c e o f most p a i r s , t h e d i s s o l v e d 
s p e c i e s o f p r o t e i n f a c i n g a s u r f a c e c o m p l e t e l y o c c u p i e d w i t h t h e 
p r e a d s o r b e d s p e c i e s o f p r o t e i n , c a n o n l y be d e p o s i t e d by d i s p l a c i n g 
t h e p r e a d s o r b e d s p e c i e s . Many e x p e r i m e n t s have been p u b l i s h e d t o 
show how one p r o t e i n c a n " i n h i b i t " s u r f a c e a c t i v a t i o n o f a c l o t t i n g 
f a c t o r s u c h as h i g h m o l e c u l a r w e i g h t k i n i n o g e n o r f a c t o r X I I , w h i l e 
i n f a c t t h e s u r f a c e i s m e r e l y b l o c k e d n o n s p e c i f i c a l l y by p r e a d s o r p -
t i o n o f a p r o t e i n t h a t i s n o t e a s i l y d i s p l a c e d . 

b) B o t h p r o t e i n s d i s s o l v e d i n i t i a l l y ( S a , P I , P 2 ) . 
I n s e v e r a l s e r i e s o f b i n a r y m i x t u r e s , r e l a t i v e c o n c e n t r a t i o n o f 

e a c h p r o t e i n i n s o l u t i o n d e t e r m i n e d w h i c h was a d s o r b e d most ( 1 5 ) , 
b u t r e l a t i o n s h i p s were n o t s i m p l y p r e d i c t a b l e . F o r example, j u d g e d 
by o p t i c a l t h i c k n e s s o f d e p o s i t e d a n t i b o d y , a d s o r p t i o n o f f i b r i n o g e n 
i n p r e s e n c e o f IgG r a p i d l y r o s e t o i t s maximum as t h e r e l a t i v e c o n 
c e n t r a t i o n o f f i b r i n o g e n was i n c r e a s e d , w h i l e i n p r e s e n c e o f a l b u m i n 
f i b r i n o g e n a d s o r p t i o n i n c r e a s e d a l m o s t l i n e a r l y as t h e p r o p o r t i o n 
o f f i b r i n o g e n t o a l b u m i n i n s o l u t i o n was i n c r e a s e d ( 1 5 ) . 

Those o f us v e n t u r i n g o v e r t h e edge o f p u r e p r o t e i n s t u d i e s i n 
t o t h e f i e l d o f l i f e by s t u d y i n g more t h a n one p r o t e i n a t a t i m e , 
w i l l s o o n f a c e c r i t i c i s m f r o m w o r k e r s i n b o t h f i e l d s : t h a t o u r 
sy s t e m s a r e n o t s i m p l e enough t o a p p l y known l a w s o f a d s o r p t i o n , 
and t h a t t h e y a r e n o t complex enough t o mimi c t h e b e h a v i o r o f t h e 
same p r o t e i n s i n p r e s e n c e o f b l o o d o r b l o o d p l a s m a . Most work 
p u b l i s h e d r e c e n t l y by o t h e r s , some o f w h i c h i s i n c l u d e d i n t h i s 
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10. VROMAN AND ADAMS Why Plasma Proteins Interact 159 

i s s u e , u s e s more s o p h i s t i c a t e d t o o l s and a n a l y s e s t h a n o u r s , 
a l l o w i n g a v i e w o f i n c r e a s i n g l y s u b m o l e c u l a r d e t a i l and r e v e a l i n g 
more and more i n d i v i d u a l d i f f e r e n c e s i n r a t e and e x t e n t o f c o n f o r 
m a t i o n changes upon a d s o r p t i o n and i n t e r a c t i o n . 

ONE OR TWO PROTEINS ON TWO SURFACES ( S a P l , S b P l and S a P l , SbP2) 

We f o u n d t h a t one s u r f a c e (Sa) s u c h as Fe203 powder w i l l a d h e r e t o 
f i b r i n o g e n t h a t i s a d s o r b e d o u t o f a s o l u t i o n o n t o a s e c o n d s u r f a c e 
(Sb) s u c h as a g l a s s s l i d e . F i b r i n o g e n a d s o r b e d o n t o a f l a t s u r f a c e 
e v e n c o a t s i t s e l f t o some d e g r e e when t h e c o a t i n g powder a l s o had 
been c o a t e d w i t h e i t h e r f i b r i n o g e n o r a n o t h e r p r o t e i n . The powders 
we t e s t e d ( i r o n o x i d e s , chromium o x i d e and u l t r a m a r i n e ) a d h e r e d most 
t o s u r f a c e s c a r r y i n g f i b r i n o g e n , l e s s t o t h o s e c a r r y i n g IgG and 
l e a s t t o t h o s e c a r r y i n g a l b u m i n , and t h i s a b i l i t y t o c o a t s u r f a c e s 
a p p e a r e d t o be r e d u c e d by c o a t i n g t h e p a r t i c l e s w i t h a p r o t e i n . 

Though t h e r e i s a p o s s i b i l i t y t h a t t h e p r o t e i n a d s o r b e d on one 
s u r f a c e " s e e s t h r o u g h " t h e p r o t e i n c o a t i n g o f t h e o t h e r s u r f a c e , i t 
seems more l i k e l y t h a t i t s e e s t h r o u g h h o l e s i n t h e i m p e r f e c t c o a t 
i n g . H o l e s may a f f e c t s t u d i e s o f S a P l , S a P l i n t e r a c t i o n s ( 1 6 ) , and 
ca u s e a g g r e g a t i o n o f p a r t i c l e s w h i l e b e i n g c o a t e d ( 1 7 ) . 

V e r y s i m p l e e x p e r i m e n t s a r e a b l e t o show t h e r a t h e r c omplex 
e v e n t s o c c u r r i n g when a p r o t e i n i s e x p o s e d t o 2 s u r f a c e s a t once. 
F o r example, when f i b r i n o g e n s o l u t i o n i s i n t r o d u c e d t o a g l a s s t e s t 
t u b e c o n t i n i n g an i r o n o x i d e s u s p e n s i o n , t h e s u s p e n s i o n w i l l t e n d 
t o a g g r e g a t e and b o t h s i n g l e and a g g r e g a t e d p a r t i c l e s w i l l a d h e r e t o 
t h e w a l l . U s i n g o u r n o t a t i o n s (Sa r e p r e s e n t i n g t h e p a r t i c l e s , Sb 
t h e t e s t t u b e w a l l , and P I t h e f i b r i n o g e n ) , we may assume t h e f o l 
l o w i n g i n t e r a c t i o n s t a k e p l a c e . 
Sa, Sb, P I -> S a P l , S b P l , P I -> 
SaPISb (Sa a d h e r e s t o PI S b and S a P l a d h e r e s t o S b ) , 
S a P l S a ( p a r t i c l e s clump) -> 

S a P l S a P l S b ( c l u m p s a d h e r e t o p r o t e i n - c o a t e d t e s t t u b e w a l l , P I S b ) . 

PLASMA AT INTERFACES 
As we expand o u r o b s e r v a t i o n s f r o m t h e b e h a v i o r o f a few p r o t e i n s 
t o t h a t o f p l a s m a , we may b e g i n t o f e e l j u s t i f i e d i n a s k i n g why t h e 
s y s t e m p e r f o r m s r a t h e r t h a n how i t d o e s . The q u e s t i o n "Why do 
pl a s m a p r o t e i n s i n t e r a c t a t i n t e r f a c e s ? " c a n t h e n be i n t e r p r e t e d t o 
mean: "what a s p e c t s o f t h e b e h a v i o r and i n t e r a c t i o n s among p u r i f i e d 
p l a s m a p r o t e i n s c a n be s e e n as w e l l i n t h e i r n a t u r a l h a b i t a t - t h e 
pl a s m a -, and can t h e s e a s p e c t s be ' e x p l a i n e d ' as b e i n g b e n e f i c i a l 
t o o u r s u r v i v a l ? " What t h u s f a r had a p p e a r e d as s e n s e l e s s l y com
p l e x b e h a v i o r o f p u r i f i e d p r o t e i n s a t i n t e r f a c e s may become more 
r e a s o n a b l e i n t h e c o n t e x t o f many p l a s m a p r o t e i n s i n t e r a c t i n g a t 
t h e m o t t l e d s u r f a c e s o f c e l l s i n a way t h a t w i l l a l l o w t h e s u r v i v a l 
o f t h e i r h o s t . M e a n w h i l e , we w i l l d i s c o v e r t h a t p u r i f i e d p r o t e i n s 
behave u n l i k e t h e i r s i b b l i n g s i n v i v o and t h a t i n t h e e y e s o f o u r 
pl a s m a a p u r i f i e d p r o t e i n a d s o r b e d o u t o f an a r t i f i c i a l s o l u t i o n 
w i l l n o t l o o k l i k e a f i l m o f t h e same p r o t e i n d e p o s i t e d by t h e 
pl a s m a i t s e l f . 
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160 PROTEINS AT INTERFACES 

a) P l a s m a a t one i n t e r f a c e . 
Our own s t u d i e s o f human c i t r a t e d i n t a c t p l a s m a a t a c t i v a t i n g 
s u r f a c e s ( g l a s s , a n o d i z e d t a n t a l u m , o x i d i z e d s i l i c o n ) r e s u l t e d i n 
t h e f o l l o w i n g f i n d i n g s . 

I n t h e e l l i p s o m e t e r , p l a s m a even when d i l u t e d a b o u t 1 5 0 - f o l d , 
d e p o s i t s i m m u n o l o g i c a l l y i d e n t i f i a b l e f i b r i n o g e n b u t t h e f i l m l o s e s 
i t s a b i l i t y t o a d s o r b a n t i b o d y t o f i b r i n o g e n w i t h i n m i n u t e s under 
t h e s e c o n d i t i o n s . The l o s s i s p r o b a b l y n o t c a u s e d by t h e p l a s m a ' s 
p r o t e o l y t i c a c t i v i t y (18) and o c c u r s more s l o w l y a t 10C t h a n a t 
37C ( 1 9 ) . A t room t e m p e r a t u r e , u n d i l u t e d p l a s m a d e p o s i t s f i b r i n 
ogen w i t h i n a b o u t 2 s e c and t h e l o s s o c c u r s w i t h i n 30 s e c . 

More r e c e n t l y , we f o u n d t h a t t h e f i b r i n o g e n i s r e p l a c e d by 
h i g h m o l e c u l a r w e i g h t k i n i n o g e n (HMK) ( 2 0 , 2 1 ) . S t u d i e s w i t h r a d i 
o l a b e l e d f i b r i n o g e n r a t h e r t h a n w i t h a n t i b o d i e s t o f i b r i n o g e n r e 
c e n t l y c o n f i r m e d t h a t p l a s m a d e p o s i t s f i b r i n o g e n and t h e n removes 
i t ( 2 2 , 2 3 ) . We f o u n d t h e e v e n t does n o t o c c u r on v a r i o u s h y d r o 
p h o b i c s u r f a c e s : o t h e r s f o u n d i t d i d ( 2 4 ) . 

These e x p e r i m e n t s i m p l y t h a t f i b r i n o g e n , a p r o t e i n p r e s e n t a t 
a c o n c e n t r a t i o n o f about 2 t o 3 mg p e r ml p l a s m a , i s d e p o s i t e d and 
t h e n r e p l a c e d by a p r o t e i n (HMK) p r e s e n t a t a c o n c e n t r a t i o n a bout 
2 o r d e r s o f m a g n i t u d e l e s s . The p o s s i b l e s i g n i f i c a n c e o f t r a c e 
p r o t e i n s and t h e i r i n a b i l i t y t o c o v e r o r d i s p l a c e c o a t i n g s o f r e l 
a t i v e l y abundant p r o t e i n s i n n a r r o w s p a c e s i s d i s c u s s e d b e l o w . 

b) P l a s m a between two s u r f a c e s . 
I n s p a c e s between a c t i v a t i n g s u r f a c e s t h a t a r e l e s s t h a n about 

20 m i c r o n s b u t more t h a n a b o u t 3 m i c r o n s a p a r t , n o r m a l i n t a c t p l a s m a 
w i l l s t i l l c o n t a i n enough f i b r i n o g e n t o c r e a t e a c o n f l u e n t c a r p e t , 
b u t w i l l l a c k t h e c o n c e n t r a t i o n o f HMK p e r u n i t o f s u r f a c e a r e a t o 
d i s p l a c e t h i s f i b r i n o g e n f i l m . As a r e s u l t , t h e p l a s m a when i n 
j e c t e d between a f l a t a c t i v a t i n g s u r f a c e and a co n v e x l e n s r e s t i n g 
b e l l y - d o w n upon t h e s u r f a c e w i l l l e a v e a d i s k o f f i b r i n o g e n where 
t h e p l a s m a o c c u p i e s a s p a c e o f abo u t 3 t o 20 uM w i d e ( 2 5 ) . D i l u 
t i o n o f p l a s m a c a u s e s i t t o l e a v e a c o r r e s p o n d i n g l y l a r g e r d i s c o f 
f i b r i n o g e n ( r e q u i r i n g a t h i c k e r l a y e r o f p l a s m a t o c o n t a i n enough 
HMK p e r s u r f a c e a r e a ) w i t h a c e n t r a l h o l e t h a t c o n t a i n s o t h e r p r o 
t e i n s ( 2 6 ) . 

More d e t a i l e d s t u d i e s ( u s i n g l e n s e s o f abo u t 147mm r a d i u s o f 
c u r v a t u r e ) i n d i c a t e d t h a t a s e t o f c o n c e n t r i c r i n g s o f p r o t e i n s i s 
l e f t by p l a s m a u n d e r t h e s e c o n d i t i o n s . D i l u t e d t o abo u t .02 t o 
.01% i t w i l l l e a v e a l b u m i n c e n t r a l l y , s u r r o u n d e d by i m m u n o g l o b u l i n s 
( I g G ) : a t abo u t 1%, i t w i l l l e a v e a c e n t r a l d i s k o f IgG s u r r o u n d e d 
by f i b r o n e c t i n and f i b r i n o g e n , w h i l e a t a b o u t 20%, i t w i l l l e a v e a 
s o l i d d i s c o f f i b r i n g o e n w i t h a c e n t r a l h o l e c o n t a i n i n g IgG s u r 
r o u n d e d by a f i n e l i n e o f f i b r o n e c t i n ( 1 1 ) . 

c) P l a s m a a t a p r o t e i n - c o a t e d i n t e r f a c e 
An o v e r v i e w o f o u r d a t a on t h e e f f e c t o f p l a s m a on p r e - a d s o r b e d 

f i b r i n o g e n ( e . g . 14, 15, 28) shows i n t a c t r a t h e r t h a n a c t i v a t e d 
p l a s m a i s a b l e t o d i s p l a c e p r e a d s o r b e d f i b r i n o g e n , b u t under c e r t a i n 
c o n d i t i o n s ( d e g r e e o f p a c k i n g ? ) p r e - a d s o r b e d f i b r i n o g e n i s removed 
more s l o w l y t h a n t h e f i b r i n o g e n t h a t had been d e p o s i t e d by t h e 
p l a s m a i t s e l f . 

M o st r e m a r k a b l e were t h e i n t e r a c t i o n s we f o u n d o c c u r r i n g when 
p l a s m a came i n c o n t a c t w i t h IgG p r e a d s o r b e d o n t o a w e t t a b l e ( o x i -
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10. VROMAN AND ADAMS Why Plasma Proteins Interact 161 

d i z e d s i l i c o n c r y s t a l ) s u r f a c e i n t h e e l l i p s o m e t e r . The p l a s m a de
p o s i t e d a l a y e r a b o u t as o p t i c a l l y t h i c k as was t h e o r i g i n a l IgG 
f i l m ; t h e n , i f t h e p l a s m a was i n t a c t , i t w o u l d remove more t h a n t h e 
amount i t had d e p o s i t e d ( 1 5 ) . The m a t t e r d e p o s i t e d was n o t removed 
i f t h e p l a s m a had been a c t i v a t e d , and c o u l d n o t be d i s t i n g u i s h e d 
i m m u n o l o g i c a l l y f r o m t h e u n d e r l y i n g IgG. I n r e t r o s p e c t , we b e l i e v e 
t h e e v e n t may be r e l a t e d t o t h e d e p o s i t i o n o f IgG on t o p o f IgG t h a t 
we o b s e r v e d i n o u r l e n s - o n - s l i d e e x p e r i m e n t s d e s c r i b e d above: i n 
p r e s e n c e o f s u f f i c i e n t I g G, i t removed i t s e l f . T h i s w o u l d n o t e x 
p l a i n why a c t i v a t e d p l a s m a was u n a b l e t o remove i t s own d e p o s i t f r o m 
t h e IgG s u b s t r a t e . 

d. More complex s y s t e m s i n v o l v i n g p l a s m a 
When c o n t a c t o f pl a s m a i s i n t e r r u p t e d a f t e r i t has depos

i t e d f i b r i n o g e n b u t b e f o r e i t r e p l a c e d t h e f i b r i n o g e n w i t h HMK, and 
t h e s u r f a c e i s t h e n c o a t e d w i t h a m e t a l o x i d e (one o f t h e i r o n 
o x i d e s , o r chromium o x i d e ) powder, s u b s e q u e n t r e - e x p o s u r e t o i n t a c t 
p l a s m a w i l l c a u s e t h e o x i d e t o be l i f t e d o f f w h e r e v e r i t had been 
d e p o s i t e d on t h e f i b r i n o g e n f i l m . T h i s l i f t - o f f c a n s e r v e t o demon
s t r a t e d i s p l a c e m e n t o f one p r o t e i n by a n o t h e r as f o l l o w s . I n t a c t 
p l a s m a i s i n j e c t e d between l e n s and s l i d e , i n c u b a t e d and r i n s e d o f f 
as d e s c r i b e d e a r l i e r . A t t h i s p o i n t , t h e e n t i r e s l i d e w i l l have 
been e x p o s e d t o p l a s m a u n d e r v a r i o u s c o n d i t i o n s . Where t h e p l a s m a 
had r e s i d e d i n t h e p e r i p h e r a l ( w i d e ) a r e a u n der t h e l e n s , t h e r e w i l l 
be HMK. C e n t r a l l y ( i n t h e n a r r o w a r e a ) , as w e l l as where c o n t a c t 
was b r i e f ( d u r i n g t h e r i n s e , beyond t h e a r e a o f r e s i d e n c e and i n t h e 
r e f i l l a b l e " s c r a t c h " l e f t by t h e l e n s w h i l e s l i d i n g o f f ) , f i b r i n o g e n 
w i l l be p r e s e n t . Such a s l i d e w i l l c o a t i t s e l f e n t i r e l y when e x 
po s e d t o a s u s p e n s i o n o f t h e m e t a l o x i d e . Subsequent e x p o s u r e o f 
t h e e n t i r e c o a t e d s l i d e t o p l a s m a as d e s c r i b e d above w i l l c a u s e r e 
mov a l o f o x i d e where i t had r e s i d e d on f i b r i n o g e n b u t n o t where i t 
had r e s i d e d on HMK. As a r e s u l t , o n l y a r i n g o f o x i d e r e m a i n s , 
c o r r e s p o n d i n g t o t h e l o c a t i o n o f HMK t h a t had been d e p o s i t e d by t h e 
o r i g i n a l ( i n j e c t e d ) p l a s m a . P l a s m a l a c k i n g k i n i n o g e n s was u n a b l e 
t o remove t h e o x i d e ( 2 9 ) . 

e. P l a s m a i n f l o w between s u r f a c e s 
When a 1% s o l u t i o n o f n o r m a l i n t a c t p l a s m a i n V e r o n a l b u f f e r 

was i n j e c t e d b etween an a n o d i z e d t a n t a l u m - s p u t t e r e d s l i d e and a 
con v e x l e n s o f a b o u t 2000mm r a d i u s o f c u r v a t u r e , t h e p l a s m a l e f t 
a t e a r d r o p - s h a p e d r i n g o f a l b u m i n on t h e s l i d e , i t s " t a i l " p o i n t i n g 
away f r o m t h e s i t e o f i n j e c t i o n ( 2 6 ) . I n a s t a g n a t i o n p o i n t f l o w 
chamber p l a s m a c r e a t e d t h e f o l l o w i n g p a t t e r n . I n t h e n a r r o w a r e a s 
a r o u n d t h e m e t a l t i p s t h a t s u p p o r t e d t h e c o v e r s l i p , and a l o n g l i n e s 
( " t a i l s " ) p o i n t i n g t o t h e p e r i p h e r y o f t h e chamber t h u s i n d i c a t i n g 
t h e d i r e c t i o n o f f l o w , u n d i l u t e d i n t a c t p l a s m a t o o k l o n g e r t h a n i t 
d i d e l s e w h e r e t o d e p o s i t f i b r i n o g e n and t h e n t o o k l o n g e r (more t h a n 
5 min) t o remove i t ( 2 7 ) . Under i d e n t i c a l c o n d i t i o n s , h e p a r i n i z e d 
b l o o d d e p o s i t e d p l a t e l e t s where p l a s m a w o u l d l e a v e f i b r i n o g e n . 

WONDERING HOW AND WHY PROTEINS IN PLASMA AT SURFACES INTERACT 

I f o u r o b s e r v a t i o n s a r e c o r r e c t , p l a s m a d e p o s i t s a sequence o f p r o 
t e i n s , t h e more abundant b e i n g a d s o r b e d f i r s t and t h e n b e i n g r e -
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162 PROTEINS AT INTERFACES 

p l a c e d by l e s s abundant ones - a t l e a s t on s u r f a c e s t h a t can a c t i 
v a t e c l o t t i n g . A t t h e h i g h e s t d i l u t i o n s t e s t e d (.05 t o . 1 % ) , n o r m a l 
p l a s m a a p p e a r s t o d e p o s i t a l b u m i n f i r s t , and s l o w l y r e p l a c e s i t w i t h 
i m m u n o g l o b u l i n s ( I g G ) . We s u g g e s t t h a t i n u n d i l u t e d p l a s m a t o o , 
a l b u m i n w o u l d be d e p o s i t e d f i r s t , t o be r e p l a c e d by IgG, w h i c h i s 
r e p l a c e d by f i b r i n o g e n and f i b r o n e c t i n , a l l w i t h i n a few s e c o n d s : 
and f i n a l l y , t h e l a t t e r a r e r e p l a c e d by HMK and f a c t o r X I I i n a 
m e a s u r a b l e amount o f t i m e . Thus, t h e b e h a v i o r o f a v e r y complex 
m i x t u r e s u c h as p l a s m a d i f f e r s m a r k e d l y f r o m t h a t d e s c r i b e d f o r more 
s i m p l e m i x t u r e s ( 3 1 ) . 

On t h i s r a t h e r n a r r o w b a s i s o f t h e 4 t o 6 p r o t e i n s s t u d i e d so 
f a r , we can b u i l d t h e h y p o t h e s i s t h a t t h e r e i s a c o r r e l a t i o n between 
t h e c o n c e n t r a t i o n o f each p r o t e i n i n t h e p l a s m a and i t s r a t e s o f 
b o t h a d s o r p t i o n and d e s o r p t i o n . Two p o s s i b l e c a u s e s o f t h i s c o r r e 
l a t i o n c a n t h e n be c o n s i d e r e d . 
a) T h e r e i s an i n v e r s e c o r r e l a t i o n between t h e n o r m a l l y o c c u r r i n g 
c o n c e n t r a t i o n s o f p l a s m a p r o t e i n s and t h e i r d e s o r p t i o n c o n s t a n t s . 
T h i s w o u l d mean o u r p r o t e i n s e v o l v e d i n s u c h a way t h a t t h e r a r e 
ones w o u l d s t i c k l a t e s t b u t l o n g e s t : i t w o u l d i m p l y t h a t t h e r e i s 
some p u r p o s e o f t h i s d i c t a t e d sequence t o t h e s u r v i v a l o f t h e h o s t . 
b) I n s t e a d , t h e r e may be a s i n g l e mechanism t h a t c a n n o t h e l p b u t 
l i n k e a c h p r o t e i n ' s c o n c e n t r a t i o n w i t h i t s r a t e s o f a d s o r p t i o n and 
d e s o r p t i o n , e.g. by means o f two r u l e s : 
1) Each a d s o r b e d p r o t e i n m o l e c u l e can o n l y be removed by one o r 
more m o l e c u l e s o f t h e same s p e c i e s p r e s e n t i n t h e b u l k s o l u t i o n , 
p e r h a p s b r i e f l y f o r m i n g a d i m e r o r l a r g e r a g g r e g a t e w i t h t h e a d 
s o r b e d mate a f t e r w h i c h t h e p a i r o r complex i s d e s o r b e d . T h i s 
model w o u l d be s u g g e s t e d by o u r e x p e r i m e n t s on p r e s u m a b l y p u r e p r o 
t e i n s f o r m i n g t h i c k r i n g s between l e n s and s l i d e , as d e s c r i b e d 
( u n der "one p r o t e i n on two i d e n t i c a l s u r f a c e s " ) . 
2) The l o n g e r a p r o t e i n m o l e c u l e r e s i d e s on a s u r f a c e , t h e s t r o n g e r 
i t i s bound and t h e more e n e r g y ( e . g . c o l l i s i o n s o r t i m e s p e n t w i t h 
a mate) i s r e q u i r e d f o r d e s o r p t i o n . 

We have w r i t t e n a s i m p l e home computer program i n c o r p o r a t i n g 
t h e s e 2 r u l e s , so t h a t a t more o r l e s s n o r m a l c o n c e n t r a t i o n s o f 
a l b u m i n , IgG, f i b r i n o g e n , HMK and f a c t o r X I I t h e s e p r o t e i n s w i l l 
d i s p l a c e e a c h o t h e r i n t h e sequence f o u n d e x p e r i m e n t a l l y . The p r o 
gram d i s p l a y s t h e p r o t e i n s as i f g r a d u a l l y c o l l a p s i n g w i t h i n c r e a s e d 
t i m e o f r e s i d e n c e , and r e c o v e r i n g when h i t and j o i n e d w i t h a mate 
u n t i l t h e p a i r i s d e s o r b e d . T h i s model r e p r e s e n t s t h e s i m p l e s t o f 
p o s s i b l e s i t u a t i o n s : p l a s m a on a u n i f o r m , f l a t s u r f a c e w i t h m i n i m a l 
f l o w . I f p l a s m a d i l u t i o n , n a r r o w s p a c e s and l e s s " a c t i v a t i n g " 
(more a p o l a r ? ) s u r f a c e s a l l d e l a y t h e sequence o f p r o t e i n i n t e r a c 
t i o n s a t t h e i n t e r f a c e , t h e n t h e s e e v e n t s w i l l be l e s s s y n c h r o n i z e d 
on p h y s i c a l l y r o u g h and c h e m i c a l l y n o n - u n i f o r m d e v i c e s even when 
i n t r o d u c e d r a p i d l y t o b l o o d , and even i f t h e 2 s i m p l e r u l e s g i v e n 
above were t h e o n l y ones g o v e r n i n g t h e s e i n t e r a c t i o n s . 

I t a p p e a r s most l i k e l y t h a t t h e r e l a t i o n s h i p we presumed t o 
e x i s t between t h e p h y s i o l o g i c a l c o n c e n t r a t i o n s o f p r o t e i n s i n o u r 
p l a s m a and t h e i r s u r f a c e p r o p e r t i e s does n o t h o l d t r u e f o r most o f 
t h e p r o t e i n s we have n o t y e t s t u d i e d . The f a c t t h a t p l a s m a i n j e c t e d 
between a l e n s and a s l i d e l e a v e s c o n c e n t r i c r i n g s o f a l l p r o t e i n s 
we have l o o k e d f o r - even i n c l u d i n g t r a c e s o f complement f a c t o r s , 
p l a s m i n o g e n and p r e a l b u m i n ( u n p u b l i s h e d f i n d i n g s ) - s u g g e s t s t h a t 
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10. VROMAN AND ADAMS Why Plasma Proteins Interact 163 

many p r o t e i n s we have n o t y e t l o o k e d f o r a r e a l s o d e p o s i t e d , i n 
t h e i r own t i m e , c o n d i t i o n s o f f l o w and m i c r o m e t e r s o f spac e between 
i n t e r f a c e s . The p h y s i o l o g i c a l s i g n i f i c a n c e o f t h e i r p r e s e n c e a t 
t h e i n t e r f a c e w i l l l i e i n t h e i r t i m e o f a r r i v a l : i t may c o i n c i d e 
w i t h t h e a r r i v a l o f a c e l l c a r r y i n g r e c e p t o r s f o r t h a t p r o t e i n . The 
a d s o r b e d p r o t e i n m o l e c u l e , l i k e a word o f t e x t , w i l l t h e n be 
s t r e s s e d by t h e c e l l and t h e c o n t e x t o f t h e t e x t w i l l change. An 
i n c r e a s e d l y complex s c e n e r y w i l l grow o u t o f more o r l e s s s y n c h r o n 
i z e d e v e n t s t h a t o c c u r upon i n t r o d u c t i o n o f a u n i f o r m b u t r o u g h 
s u r f a c e i n t o t h e b l o o d . T h i s g r o w t h can be d e p i c t e d ( f i g . 1) as 
i f p r o g r e s s i n g f r o m n e a r t o f a r d i s t a n c e , w i t h i t s d i s t a n t c o m p l e x 
i t y o f c e l l b e h a v i o r and f i b r i n f o r m a t i o n m e r c i f u l l y b l u r r e d by 
p e r s p e c t i v e and e n v i r o n m e n t a l h a z e . 

F i g u r e 1. A d r a w i n g s h o w i n g e v e n t s t h a t may o c c u r when b l o o d 
comes i n c o n t a c t w i t h a r o u g h , a c t i v a t i n g s u r f a c e . Time i s 
shown a s i f p r o g r e s s i n g f r o m n e a r e s t t o d i s t a n t s c e n e r y . 
A l b u m i n (drawn egg-shaped) b e g i n s t o be d e p o s i t e d i n t h e most 
open a r e a s , t h e n a l s o i n t h e n a r r o w v a l l e y s . I t i s f o l l o w e d by 
i m m u n o g l o b u l i n s (IgG) (drawn Y - s h a p e d ) . On open a r e a s where IgG 
has r e p l a c e d a l b u m i n , g r a n u l o c y t e s a d h e r e . F a r t h e r away, where 
IgG i s d i s p l a c e d by f i b r o n e c t i n (drawn as a n a r r o w band o f f a t 
h o o k s ) , monocytes a d h e r e , w h i l e more d i s t a n t l y f i b r i n o g e n h as 
d i s p l a c e d IgG, p l a t e l e t s become a t t a c h e d and b e g i n t o l i b e r a t e 
t h e i r p r o d u c t s . On t h e f a r m o u n t a i n p e a k s , h i g h m o l e c u l a r w e i g h t 
k i n i n o g e n has d i s p l a c e d f i b r i n o g e n and i n t e r a c t s w i t h o t h e r 
f a c t o r s and w i t h p l a t e l e t p r o d u c t s t o f o r m s t r a n d s o f p l a s m a -
b lown f i b r i n . 
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164 PROTEINS AT INTERFACES 

Unfortunately, i t i s t h i s b l i s s f u l haze that w i l l keep us from 
seeing the d e t a i l s we need f o r understanding the beauty of t h i s 
scenery. 
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Chapter 11 

Consequences of Protein Adsorption at Fluid Interfaces 

F. MacRitchie 

Wheat Research Unit, Commonwealth Scientific and Industrial Research Organization, 
P.O. Box 7, North Ryde 2113, Australia 

The consequences of protein adsorption are discussed 
in terms of (a) the changes in structure, properties 
and reactivity of adsorbed protein and (b) the role 
played by adsorbed protein in phenomena where 
interfaces exert an influence. Discussion is mainly 
restricted to the air/aqueous interface. The changes 
in configuration of proteins on adsorption and the 
topics of interfacial coagulation, desorption from 
monolayers and the applicability of the Gibbs 
Adsorption Equation are considered with reference to 
the fundamental question of reversibility of 
adsorption. Some of the evidence which has been used 
in support of irreversibility can be rationalized on 
the basis of a reversible process. Studies of 
protein monolayers reflect a flexible chain 
configuration where the behavior is governed by 
segments of the molecule, usually of 6-10 amino acid 
residues in size, rather than whole rigid molecules. 
Some of the phenomena in which protein adsorption is 
implicated include the fluidity of interfaces, the 
precipitation of proteins from solution by shaking, 
the formation and stability of foams and emulsions, 
bacterial adhesion and the reactivity of enzymes. 

The consequences of p r o t e i n adsorption may be conveniently discussed 
i n terms of 
(a) the e f f e c t s of a d s o r p t i o n on the s t r u c t u r e and p r o p e r t i e s of 

the p r o t e i n i t s e l f , and 
(b) the i n f l u e n c e on v a r i o u s phenomena i n which i n t e r f a c i a l 

behavior plays an important r o l e . 
T h i s review w i l l f o c u s on s t u d i e s a t the a i r / a q u e o u s i n t e r f a c e , 
although conclusions w i l l i n many cases be a p p l i c a b l e to other types 
of i n t e r f a c e . The a i r / a q u e o u s i n t e r f a c e has c e r t a i n advantages 
e x p e r i m e n t a l l y . In c o n t r a s t t o i n t e r f a c e s w i t h s o l i d s , i t i s 
p o s s i b l e t o m a n i p u l a t e m o l e c u l e s by use of a f i l m b a l a n c e and 
measure f i l m p r o p e r t i e s and the k i n e t i c s of various processes as a 

0097-6156/87/0343-0165$06.00/0 
© 1987 American Chemical Society 
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166 PROTEINS AT INTERFACES 

func t i o n of p r e c i s e l y determined two-dimensional concentrations. In 
p a r t i c u l a r , the surface pressure, which i s a measure of changes i n 
s u r f a c e f r e e energy t h a t r e s u l t from a d s o r p t i o n , i s a fundamental 
parameter that can be measured simply and accurately. 

E f f e c t s of Adsorption on P r o t e i n Structure and Function 

One of the s t r i k i n g f e a t u r e s of p r o t e i n a d s o r p t i o n i s t h a t many 
proteins, although h i g h l y soluble i n aqueous s o l u t i o n , form f i l m s 
which are extremely stabl e and d i f f i c u l t to desorb. This property 
was h i g h l i g h t e d by Langmuir and Schaeffer who app l i e d the Gibbs 
Adsorption Equation i n i t s simple form 

dJI/d lnc = c kT (1) b s 

to c a l c u l a t e the i n c r e a s e i n s o l u b i l i t y t h a t s h o u l d accompany 
compression of a surface f i l m of protein. Here, Π i s the surface 
pressure, C g the number of molecules per unit area of the surface 
and C^ the concentration i n s o l u t i o n i n e q u i l i b r i u m with the surface 
f i l m . For a pr o t e i n of molecular weight 35,000 (ovalbumin), i t was 
c a l c u l a t e d (J_) t h a t an i n c r e a s e i n Π of 15 mNrn"1 s h o u l d i n c r e a s e 
the s o l u b i l i t y of the f i l m by a f a c t o r of 1 0 9 5 . Because l i t t l e 
t e n d e n c y f o r p r o t e i n s t o d i s s o l v e i s n o r m a l l y o b s e r v e d on 
compression of t h e i r surface f i l m s to surface pressures of the order 
of 20 mNm"1, t h i s was i n t e r p r e t e d t o mean t h a t p r o t e i n a d s o r p t i o n 
was not a r e v e r s i b l e p r o c e s s and t h e r e f o r e the Gibbs E q u a t i o n was 
not a p p l i c a b l e . 

S i n c e the q u e s t i o n of whether p r o t e i n a d s o r p t i o n can be 
considered to be a r e v e r s i b l e process i s basic to an understanding 
of p r o t e i n b e h a v i o r a t i n t e r f a c e s , i t i s proposed t o d i s c u s s the 
problem i n some d e t a i l . Apart from the l o s s of s o l u b i l i t y on 
a d s o r p t i o n , o t h e r o b s e r v a t i o n s t h a t have been i n t e r p r e t e d as 
evidence f o r i r r e v e r s i b i l i t y are: 
1. Proteins, on adsorption at f l u i d i n t e r f a c e s , undergo a change 

from t h e i r g l o b u l a r c o n f i g u r a t i o n i n s o l u t i o n t o an extended 
c h a i n s t r u c t u r e . T h i s has o f t e n been r e f e r r e d t o as s u r f a c e 
denaturation. 

2. An i n s o l u b l e coagulum i s frequently formed when p r o t e i n mono
layers are compressed to high surface pressures, when proteins 
a d s o r b a t q u i e s c e n t i n t e r f a c e s or when p r o t e i n s o l u t i o n s are 
shaken. 

3. In c e r t a i n c a s e s , l o s s e s of b i o l o g i c a l a c t i v i t y ( e n z y m a t i c , 
immunological) have been reported as a r e s u l t of adsorption. 
On the o t h e r hand, w e l l - d e f i n e d a d s o r p t i o n i s o t h e r m s of 

proteins have been reported. Figure 1 shows one example, that f o r 
c h y m o t r y p s i n i n pure water a t 20°C. The a t t a i n m e n t of ste a d y 
s u r f a c e p r e s s u r e v a l u e s , which i n c r e a s e w i t h i n c r e a s i n g p r o t e i n 
concentration i n s o l u t i o n i n d i c a t i n g true e q u a l i z a t i o n of bulk and 
s u r f a c e c h e m i c a l p o t e n t i a l s , argues i n f a v o r of a r e v e r s i b l e 
adsorption process. In a d d i t i o n , desorption from p r o t e i n monolayers 
has been measured. How to r a t i o n a l i z e these apparently c o n f l i c t i n g 
r e s u l t s therefore presents an i n t r i g u i n g challenge. 
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11. M A C R I T C H I E Protein Adsorption at Fluid Interfaces 167 

S t r u c t u r e of P r o t e i n F i l m s . Spread monolayers of p r o t e i n s have 
p r e s s u r e - a r e a ( Π -A) c u r v e s w h i c h a r e g e n e r a l l y s i m i l a r , 
e x t r a p o l a t i n g t o an a r e a c l o s e t o 1.0 m 2mg~ 1 at Π = 0 . I t can be 
c a l c u l a t e d t h a t the t h i c k n e s s of the monolayer at t h i s a r e a 
c o r r e s p o n d s t o about 1 θ 8 . The e x a c t c o n f i g u r a t i o n has not been 
r e s o l v e d . On e n e r g e t i c g r o u n d s , i t i s e x p e c t e d t h a t t h e 
polypeptide backbone l i e s i n the plane of the surface with p o l a r and 
non p o l a r s i d e c h a i n s d i r e c t e d towards and away from the aqueous 
phase r e s p e c t i v e l y . The s u r f a c e i n t h i s way a c t s as a good 
s o l v e n t , i n t h i s case a t w o - d i m e n s i o n a l one. When a p r o t e i n 
molecule adsorbs, an area of high surface free energy i s replaced by 
i n t e r f a c e s of low free energy; i.e. p o l a r side chains/water and non 
polar side c h a i n s / a i r . The achievement of t h i s free energy lowering 
a c c o u n t s f o r the u n f o l d i n g of the m o l e c u l e a t the s u r f a c e . A 
number o f e x p e r i m e n t a l t e c h n i q u e s have b e e n i n t r o d u c e d t o 
i n v e s t i g a t e the c o n f o r m a t i o n of p r o t e i n monolayers a f t e r removal 
from the s u r f a c e , e i t h e r as c o l l a p s e d or u n c o l l a p s e d f i l m s . 
Malcolm (2) has presented evidence to show that surface f i l m s of a 
range of p o l y p e p t i d e s were i n the α - h e l i c a l c o n f o r m a t i o n , u s i n g 
i n f r a r e d spectroscopy, e l e c t r o n d i f f r a c t i o n and deuterium exchange. 
Other s t u d i e s of removed p r o t e i n f i l m s have a l s o s u p p o r t e d the 
presence of the α - h e l i x , using i n f r a r e d spectroscopy (_3), o p t i c a l 
r o t a r y d i s p e r s i o n and c i r c u l a r d i c h r o i s m (4,5). I t must be 
remembered, however, t h a t whereas p o l y p e p t i d e c h a i n s may e x i s t 
e x c l u s i v e l y i n the α - h e l i x form, proteins i n t h e i r s o l u t i o n s t a t e 
g e n e r a l l y have t h e i r c h a i n s o n l y p a r t i a l l y i n t h i s form w i t h 
r e l a t i v e l y l a r g e r or smaller proportions i n the beta form or random 
structure. Furthermore, because the adsorption step represents a 
t r a n s i t i o n from a r e l a t i v e l y poor s o l v e n t (water) t o a r e l a t i v e l y 
good s o l v e n t ( a i r / w a t e r i n t e r f a c e ) , t h e r e does not appear t o be a 
strong d r i v i n g force f o r r e t e n t i o n of h e l i c a l structure. A number 
of e x p e r i m e n t a l r e s u l t s p o i n t i n d i r e c t l y toward a p r e d o m i n a n t l y 
random c h a i n s t r u c t u r e ; i n p a r t i c u l a r , the s u r f a c e f l o w and the 
c o n f i g u r a t i o n a l changes on f i l m compression. 

S u r f a c e V i s c o s i t y of P r o t e i n Monolayers. F i g u r e 2 shows the 
s u r f a c e v i s c o s i t y ( η ) of a number of p r o t e i n s and one p o l y a m i n o 
a c i d as a f u n c t i o n of Π (6). The e x t r e m e l y h i g h s u r f a c e v i s c o -
e l a s t i c i t y of p r o t e i n monolayers appears to be more c h a r a c t e r i s t i c 
of an i n t e r a c t i n g random c h a i n system than an a r r a y of r i g i d 
h e l i c e s . The theory of surface v i s c o s i t y of Moore and E y r i n g {!), 
based on the Theory of Absolute Reaction Rates, postulates that the 
flow of a monolayer c o n s i s t s of movements of flow u n i t s , normally 
molecules, from one e q u i l i b r i u m p o s i t i o n to another, over an i n t e r 
mediate a c t i v a t i o n energy b a r r i e r . The e q u a t i o n d e r i v e d f o r the 
c o e f f i c i e n t of surface v i s c o s i t y ( Γ) g ) i s 

η = h exp / A G + Π Δ Α Λ (2) 
S A V kT / 

where h i s Planck's c o n s t a n t and Δ G i s the a c t i v a t i o n f r e e energy 
f o r f l o w a t Π = o. A G i s made up of two t e r m s : (a) the work 
r e q u i r e d t o form a h o l e i n the s u r f a c e s u f f i c i e n t l y l a r g e f o r the 
m o l e c u l e to e n t e r , and (b) the work r e q u i r e d t o move the m o l e c u l e 
i n t o the hole; t h i s term includes the work necessary to break a l l 
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168 PROTEINS AT INTERFACES 
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Figure 1. Adsorption isotherm p l o t t e d as surface pressure ( Π ) 
a g a i n s t t h e l o g a r i t h m o f t h e b u l k c o n c e n t r a t i o n (c) f o r 
chymotrypsin i n pure water at 20°C. 

l-O-

8 12 
I T ( m Ν rrf1 ) 

16 

F i g u r e 2. L o g a r i t h m of s u r f a c e v i s c o s i t y as a f u n c t i o n of 
surface pressure f o r se v e r a l p r o t e i n s and one polyamino a c i d at 
pH 5.5. o, poly-DL-alanine ; • , human γ - g l o b u l i n ; o, pepsin; 
A, bovine serum albumin; Δ f lysozyme. (Reproduced w i t h 
permission from Ref. 6. Copyright 1970 Marcel Dekker). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

01
1



11. M A C R I T C H I E Protein Adsorption at Fluid Interfaces 169 

bonds formed w i t h n e i g h b o u r i n g m o l e c u l e s . ΠΔΑ i s th e n the 
a d d i t i o n a l work that has to be done against the surface pressure Π 
to create the hole of area Δ A. Equation 2 p r e d i c t s that a p l o t of 
l o g r\s vs Π s h o u l d be l i n e a r , p e r m i t t i n g the c a l c u l a t i o n of àG 
from the i n t e r c e p t a t Π=0 and Δ Α from the s l o p e . T a b l e I 
summarizes data f o r the r e s u l t s of Figure 2. 

I t i s apparent from the data that Δ Α , the^area occupied by the 
flow u n i t i s s i m i l a r f o r a l l proteins (100-12 ) and corresponds t o 
s e g m e n t s o f 6-8 ami n o a c i d r e s i d u e s . J o l y ( 8 ) , u s i n g an 
independent approach, a l s o c a l c u l a t e d a s i m i l a r value f o r the area 
of the e l e m e n t a r y f l o w u n i t s of p r o t e i n monolayers. These 
c a l c u l a t i o n s s u g g e s t t h a t m o l e c u l e s i n t h e m o n o l a y e r a r e 
s u f f i c i e n t l y f l e x i b l e t h a t segments of t h i s s i z e , on the average, 
move as u n i t s . T h i s r e s e m b l e s t h e manner i n which l o n g c h a i n 
h y d r ocarbons appear t o d i f f u s e i n s o l u t i o n (9). As a r e s u l t , àG 
and η g are p r a c t i c a l l y independent of molecular weight. 

Table I. C a l c u l a t e d Values of Δ G and Δ Α f o r Proteins 
and one Polyamino a c i d 

P r o t e i n Molecular àG ΔΑ 

weight 
(χίο"·3) (kJmole "S a2) 

Polyalanine 1.5 69 105 
γ - G l o b u l i n 160 69 110 
Pepsin 34 67 120 
Bovine Albumin 70 66 100 
Lysozyme 15 65 115 

The i n f l u e n c e of adsorbed proteins on i n t e r f a c i a l v i s c o s i t y i s 
r e l e v a n t t o the f l u i d i t y of b i o l o g i c a l membranes. An unusual 
e f f e c t i s o b s e r v e d when l i p i d m o l e c u l e s are i n c o r p o r a t e d i n t o 
p r o t e i n monolayers, f i r s t reported by Schulman and Rideal (JJH- As 
the mixed f i l m i s compressed, η increases normally but then goes 
through a maximum, t h e r e a f t e r d e c r e a s i n g s h a r p l y w i t h f u r t h e r 
i n c r e a s e of Π (6). E v i d e n t l y , above a c e r t a i n s u r f a c e d e n s i t y , 
l i p i d molecules d i s r u p t i n t e r a c t i o n s between p r o t e i n chains. The 
b e h a v i o r i s c o m p l e t e l y r e v e r s i b l e , η s i n c r e a s i n g as the s u r f a c e 
area i s expanded. A l t e r a t i o n of the composition of the mixed f i l m 
and the s u r f a c e d e n s i t y thus p r o v i d e s a ver y s e n s i t i v e means f o r 
varying the surface f l u i d i t y , a method that may w e l l be u t i l i z e d i n 
b i o l o g i c a l systems. Formation of b r i t t l e monolayers that g r e a t l y 
i n c r e a s e t h e s u r f a c e v i s c o e l a s t i c i t y a l s o may o c c u r when p r o t e i n 
f i l m s are s p r e a d on s u b s o l u t i o n s c o n t a i n i n g low concentrations of 
d i v a l e n t m e t a l i o n s (6) or s i l i c i c a c i d (JJO, a g a i n s u g g e s t i n g 
mechanisms f o r the d e l e t e r i o u s e f f e c t s of these species on membrane 
fu n c t i o n . 

C o n f i g u r a t i o n a l Changes i n Compressed F i l m s . When p r o t e i n 
monolayers are compressed, r e l a x a t i o n p r o c e s s e s o c c u r which are 
manifested by decreases i n surface area, A ( i f Π i s kept constant) 
o r d e c r e a s e s i n Π (A c o n s t a n t ) . P r o v i d i n g t h e e f f e c t s o f 
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170 PROTEINS AT INTERFACES 

d e s o r p t i o n or s u r f a c e c o a g u l a t i o n (discussed below) are separated, 
the decreases are t o t a l l y recoverable on expansion of the monolayer. 
At h i g h s u r f a c e p r e s s u r e s ( Π > 20 mNrn"1) these r e v e r s i b l e changes 
are l a r g e and can o n l y be r a t i o n a l i z e d i f i t i s assumed t h a t 
p o r t i o n s of the m o l e c u l e s l e a v e and r e - e n t e r the s u r f a c e . I t has 
been w e l l e s t a b l i s h e d t h a t adsorbed l i n e a r polymer m o l e c u l e s may 
e x i s t as t r a i n s (segments attached to the surface), loops (segments 
disp l a c e d i n t o the adjacent phase) and t a i l s (segments at the ends 
of m o l e c u l e s which a l s o t e n d t o be d i s p l a c e d from the s u r f a c e ) . 
T h i s model appears t o be a p p r o p r i a t e f o r p r o t e i n monolayers. By 
u s i n g a f i l m b a l a n c e t o study p r o t e i n monolayers at the a i r / w a t e r 
i n t e r f a c e , i t i s p o s s i b l e to q u a n t i t a t i v e l y evaluate the e q u i l i b r i u m 
d i s t r i b u t i o n between a t t a c h e d and d i s p l a c e d segments at a g i v e n 
surface pressure. Because of the high surface v i s c o e l a s t i c i t y i n 
these monolayers, the r e l a x a t i o n processes are s u f f i c i e n t l y slow to 
enable them to be followed experimentally. 

I f , a t a g i v e n s u r f a c e p r e s s u r e Π , A Q i s the i n i t i a l a r ea of 
the p r o t e i n monolayer b e f o r e any r e l a x a t i o n has o c c u r r e d and A i s 
the area a f t e r e q u i l i b r i u m has been established, then the r a t i o of 
attached to displaced segments (r) i s given by 

r = A/AQ-A (3) 

T h i s assumes t h a t d i s p l a c e d segments make no c o n t r i b u t i o n t o the 
surface area occupied by the molecules. The v a r i a t i o n of A and A Q 

as Π i s i n c r e a s e d i s i l l u s t r a t e d i n F i g u r e 3 f o r a monolayer of 
bovine serum a l b u m i n (BSA). The v a r i a t i o n of r w i t h Π s h o u l d be 
given by an equation of the form (12) 

r = exp / AG - ΠΔΑ λ (4) 
( — -) 
ν kT J 

where A G g i s the d i f f e r e n c e i n f r e e energy between a t t a c h e d and 
displaced segments at Π = 0 and ΠΔ A g i s the a d d i t i o n a l free energy 
r e q u i r e d by a d i s p l a c e d segment t o e n t e r the s u r f a c e a t a f i n i t e 
value of Π , AA g being the area occupied by the segment. P l o t s of 
l o g r vs. Π have been found t o be l i n e a r f o r a number of p r o t e i n s 
(13), p e r m i t t i n g AG g and AA g to be evaluated from the i n t e r c e p t at 
Π = 0 and the slope r e s p e c t i v e l y . ^ V a l u e s o f 2 A G g v a r i e d from 4.4 

t o 8.8 kT and AA g ranged from 90A t o 160A . The s i z e of the 
segment i s s i m i l a r to that of the flow unit estimated from surface 
v i s c o s i t y data and corresponds to 6-10 amino a c i d residues. 

S u r f a c e C o a g u l a t i o n . D u r i n g the p r e p a r a t i o n of s o l u t i o n s of 
c e r t a i n p r o t e i n s , i t i s observed that an i n s o l u b l e p r e c i p i t a t e may 
form. T h i s o c c u r s as a r e s u l t of i n t e r f a c i a l a c t i o n and i s 
a c c e n t u a t e d by e x c e s s i v e shaking. The mechanism appears t o be 
r o u g h l y as f o l l o w s . As f r e s h i n t e r f a c e i s formed, p r o t e i n 
molecules adsorb and unfold to an extended chain conformation. At 
a given surface density, the s o l u b i l i t y l i m i t of the p r o t e i n at the 
s u r f a c e i s reached and p r e c i p i t a t i o n o c c u r s . T h i s i s a s p e c i a l 
case of p r e c i p i t a t i o n s i n c e i t i n v o l v e s a t r a n s i t i o n from a two-
d i m e n s i o n a l (monolayer) t o a t h r e e - d i m e n s i o n a l s t a t e ( c o a g u l a t e d 
p r o t e i n ) . The s o l u b i l i t y l i m i t i s u s u a l l y c h a r a c t e r i z e d by a 
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11. M A C R I T C H I E Protein Adsorption at Fluid Interfaces 171 

coagulation surface pressure, Π c , corresponding to the e q u i l i b r i u m 
s p r e a d i n g p r e s s u r e of monomeric compounds. At a q u i e s c e n t 
i n t e r f a c e , the coagulum reduces the a v a i l a b l e i n t e r f a c e by i t s 
presence and also prevents d i f f u s i o n of molecules to i t ; thus, the 
c o a g u l a t e d f i l m tends t o a l i m i t i n g t h i c k n e s s . In the case of a 
s o l u t i o n t h a t i s b e i n g a g i t a t e d , f r e s h i n t e r f a c e i s c o n t i n u a l l y 
b e i n g c r e a t e d so t h a t s u r f a c e c o a g u l a t i o n proceeds a t a r a t e 
dependent on the degree of a g i t a t i o n . In t h i s way, much of the 
p r o t e i n can be reduced to an i n s o l u b l e form. 

An equation s i m i l a r to that used to describe duplex f i l m s can 
be used t o p r e d i c t the c o a g u l a t i o n p r e s s u r e , Π , at a g i v e n 
i n t e r f a c e (14). 

i . e . H c = Y a - ( y b + y a b ) (5) 

where y a i s the i n i t i a l s u r f a c e f r e e energy, γ ^ the i n t e r f a c i a l 
f r e e energy between non p o l a r groups of the monolayer and the non 
aqueous phase and γ a b i s the i n t e r f a c i a l free energy between polar 
groups of the monolayer and the aqueous phase. I t can be seen from 
t h i s equation that, other conditions being equal, Jl^ i s lowered as 
γ a , the i n i t i a l i n t e r f a c i a l f r e e energy d e c r e a s e s . T h i s i s 
co n s i s t e n t with the r e s u l t that coagulated f i l m s form more e a s i l y at 
oil/aqueous than at air/aqueous i n t e r f a c e s . A wide v a r i a t i o n i n the 
ease of surface coagulation i s observed from one p r o t e i n to another 
and, f o r a g i v e n p r o t e i n , from one s e t of c o n d i t i o n s (pH, i o n i c 
strength) to another. In a comparative study (VS), ovalbumin was 
most s u s c e p t i b l e f o l l o w e d by 3 - l a c t o g l o b u l i n , γ-globulin 
hemoglobin, myoglobin and lysozyme. L e a s t s u s c e p t i b l e were 
cytochrome C, α-casein and BSA. Those p r o t e i n s t h a t are l e a s t 
s u s c e p t i b l e t o s u r f a c e c o a g u l a t i o n t e n d t o have h i g h e r average 
hydrophobicity as defined by Bigelow (16), although 3 - l a c t o g l o b u l i n 
appears t o be an e x c e p t i o n . I t may be t h a t the f a i l u r e of the 
monolayer t o p r e s e n t a s u f f i c i e n t l y non p o l a r s u r f a c e t o the non 
aqueous phase ( s i g n i f y i n g a h i g h v a l u e f o r γ^) i s an i m p o r t a n t 
f a c t o r c a u s i n g s u s c e p t i b i l i t y t o s u r f a c e c o a g u l a t i o n . The 
s e n s i t i v i t y of surface coagulation to p r o t e i n s t r u c t u r e i s shown by 
the r e p o r t t h a t f u l l y oxygenated s i c k l e c e l l h emoglobin (HbS) i s 
much more v u l n e r a b l e t o p r e c i p i t a t i o n by s h a k i n g than normal 
hemoglobin (HbA) despite the otherwise great s i m i l a r i t y i n s t r u c t u r e 
and p r o p e r t i e s (17,18). 

Desorption and the Question of R e v e r s i b i l i t y 

A number of i m p o r t a n t q u e s t i o n s r e v o l v e around the c e n t r a l one of 
r e v e r s i b i l i t y of p r o t e i n adsorption. Are proteins, once adsorbed, 
a b l e t o desorb? Why are p r o t e i n s so d i f f i c u l t t o remove from a 
surface? What happens i n the s i t u a t i o n where there i s competitive 
adsorption between d i f f e r e n t p r oteins or between proteins and other 
s p e c i e s ? Do the d i f f e r e n t p o i n t s on an a d s o r p t i o n i s o t h e r m 
correspond to dynamic e q u i l i b r i a ? I f a p r o t e i n molecule can desorb, 
does i t r e v e r t t o i t s o r i g i n a l s o l u t i o n c o n f i g u r a t i o n and r e c o v e r 
i t s o r i g i n a l b i o l o g i c a l a c t i v i t y ? Can the Gibbs A d s o r p t i o n 
Equation be a p p l i e d to p r o t e i n adsorption? Some of these questions 
may be e f f e c t i v e l y t a c k l e d by studies with the f i l m balance. 
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172 PROTEINS AT INTERFACES 

Langmuir and Waugh (V9_) were the f i r s t t o study the e f f e c t s of 
c o m p r e s s i o n on t h e s t a b i l i t y o f p r o t e i n m o n o l a y e r s . They 
d i s t i n g u i s h e d between pressure displacement and pressure s o l u b i l i t y . 
Pressure displacement r e f e r s t o the r e v e r s i b l e e x p u l s i o n of c h a i n 
segments, d i s c u s s e d above, w h i l e p r e s s u r e s o l u b i l i t y i s the 
desorption of complete molecules. Pressure s o l u b i l i t y of the pure 
p r o t e i n s , i n s u l i n and ovalbumin, was v e r y s m a l l . However, a f t e r 
enzyme p r o t e o l y s i s , pressure s o l u b i l i t y i n c r e a s e d w i t h i n c r e a s i n g 
d i g e s t i o n time and i n c r e a s i n g surface pressure. Based on a theory 
of pressure s o l u b i l i t y (20), i t was estimated that the degradation 
products of i n s u l i n had molecular weights i n the range 1,000-2,000. 
As a r e s u l t of the r e v e r s i b l e r e l a x a t i o n p r o c e s s e s i n p r o t e i n 
monolayers, desorption cannot be measured as f o r monomeric compounds 
by the l o s s of s u r f a c e a r e a , m a i n t a i n i n g Π c o n s t a n t . However, 
because losses of area of p r o t e i n monolayers are t o t a l l y recoverable 
at low s u r f a c e p r e s s u r e s (10 mNm"*1 and below), Gonzalez and 
M a c R i t c h i e (2J_) i n t r o d u c e d a method f o r measuring permanent a r e a 
l o s s e s based on m o n i t o r i n g the a r e a a t a r e f e r e n c e p r e s s u r e of 5 
mNm"1. T h i s method has s u b s e q u e n t l y been used (22,23) t o o b t a i n 
d a t a on p r o t e i n d e s o r p t i o n . The r e s u l t s of t h e s e s t u d i e s may be 
summarized as follows. 

Confirmation of Desorption. Permanent area losses are observed f o r 
p r o t e i n monolayers when kept at high Π (> 15 mNm""1). A number of 
independent checks have been used to confirm that these losses are 
caused by desorption. Rates of area l o s s are enhanced by s t i r r i n g 
and d i m i n i s h e d by the presence of p r o t e i n i n the sub phase (21). 
Using r a d i o l a b e l l e d BSA, the c o m p r e s s i b i l i t y and the s p e c i f i c r a d i o 
a c t i v i t y of the f i l m remained unchanged a f t e r extensive losses of 
are a and the r a d i o a c t i v i t y s u b s e q u e n t l y measured i n the sub phase 
ac c o u n t e d w e l l f o r the amount of m a t e r i a l l o s t from the s u r f a c e 
(22). 

A n a l y s i s of Desorption K i n e t i c s . Several features are evident from 
the k i n e t i c s of desorption. P l o t s of the logarithm of the area are 
a l i n e a r f u n c t i o n of the square r o o t of t i m e i n agreement w i t h a 
d i f f u s i o n c o n t r o l l e d process governed by the equation: 

η = 2C Q Ç Dt γ (6) 

where η i s the number of m o l e c u l e s t h a t desorb i n a tim e t , CQ i s 
the c o n c e n t r a t i o n ( i n m o l e c u l e s per u n i t volume) of a t h i n 
subsurface layer assumed to be i n e q u i l i b r i u m with the monolayer, D 
the d i f f u s i o n c o e f f i c i e n t and π = 3.14. T h i s i s i l l u s t r a t e d i n 
F i g u r e 4 f o r d e s o r p t i o n of Β - l a c t o g l o b u l i n at d i f f e r e n t s u r f a c e 
p r e s s u r e s . From F i g u r e 4, an i n d u c t i o n p e r i o d of 1-2 min i s 
evident at the commencement. During t h i s period, the monolayer i s 
r a p i d l y a p p r o a c h i n g i t s e q u i l i b r i u m c o n f i g u r a t i o n with respect to 
d i s p l a c e m e n t of m o l e c u l a r segments. The r a t e of d e s o r p t i o n i s 
given by d i f f e r e n t i a t i o n of Equation 6: 
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Figure 3. E q u i l i b r i u m Π-Α curve of BSA showing areas occupied 
by attached segments (A) and d i s p l a c e d segments (A 0~A). Dashed 
l i n e i s the i n s t a n t a n e o u s Π-Α curve; i . e . t h a t which would be 
o b t a i n e d i f no r e l a x a t i o n of monolayer. (Reproduced w i t h 
permission from Ref. 25. Copyright 1977 Academic Press). 

0-0-

4

 t l/2 8 

F i g u r e 4. P l o t s of t h e l o g a r i t h m of the r a t i o of the a r e a a t 
ti m e t t o the i n i t i a l a r e a as a f u n c t i o n of square r o o t of t i m e 
f o r 3 - l a c t o g l o b u l i n monolayers; o, 20 mNm"1; Δ , 25 mNm"1; O , 
30 mNm"1. (Reproduced with permission from Ref. 23. Copyright 
1985 Academic Press). 
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174 PROTEINS AT INTERFACES 

dn/dt = C / D\ t (7) 
° \ Tf) 

The other c h a r a c t e r i s t i c that can be deduced from experimental data 
i s t h a t p l o t s of the r a t e as a f u n c t i o n of t ~ ^ ( E q u a t i o n 7) do not 
e x t r a p o l a t e t o zero r a t e a t i n f i n i t e t i m e as r e q u i r e d by a p u r e l y 
d i f f u s i o n c o n t r o l l e d process (21). This i n d i c a t e s the presence of 
a b a r r i e r t o the d e s o r p t i o n s t e p a t the i n t e r f a c e . T h i s i s 
confirmed by the very much smaller values f o r the e q u i l i b r i u m sub 
s u r f a c e c o n c e n t r a t i o n s c a l c u l a t e d from d e s o r p t i o n k i n e t i c s than 
those expected from the adsorption isotherm at the same pressures. 

If we assume that the rate of desorption (dn/dt) i s c o n t r o l l e d 
by two b a r r i e r s , the d i f f u s i o n a l r e s i s t a n c e R̂  (equal to ό/D, where 
6 i s the thickness of the d i f f u s i o n l a y e r near the surface and D i s 
the d i f f u s i o n c o e f f i c i e n t ) and the i n t e r f a c i a l r e s i s t a n c e R2, then 
by s u b s t i t u t i n g the e q u i l i b r i u m concentration C Q, obtained from the 
adsorption isotherm, we may c a l c u l a t e the magnitude of R 2 from the 
equation 

dn/dt = C Q (8) 

A va l u e of 2.4 χ 10 sec cm was c a l c u l a t e d f o r R 2 (21) from d a t a 
f o r a BSA monolayer d e s o r b i n g under steady s t a t e c o n d i t i o n s a t a 
p r e s s u r e of 25.6 mNm"1. We may conclude t h a t , a l t h o u g h the 
k i n e t i c s of d e s o r p t i o n show the i n f l u e n c e of the d i f f u s i o n a l 
r e s i s t a n c e (1.3 χ 10 4 sec cm" 1), the a b s o l u t e r a t e i s governed by 
the much l a r g e r i n t e r f a c i a l r e s i s t a n c e . 

E f f e c t s of M o l e c u l a r Weight. M o l e c u l a r weight appears t o be a 
go v e r n i n g f a c t o r i n the ease of d e s o r p t i o n of p r o t e i n s . R e s u l t s 
f o r s e v e r a l p r o t e i n s s p a n n i n g a range of m o l e c u l a r weights are 
summarized i n Table I I . 

Table I I . Rates of Desorption of Proteins 
at D i f f e r e n t Surface Pressures 

Rates of Desorption 
(min~ 1 χ 10 4) 

Protein Mol. wt 15 20 25 30 35 40 45 
(x10~ 3) (Π, mNm"1) 

I n s u l i n 6 56 530 
3 -Lact o g l o b u l i n 17.5 20 50 90 
Myoglobin 17 34 67 144 
γ -Globu l i n 160 9 20 40 
Catalase 230 30 70 110 

Source: Reproduced with permission from Ref. 23. Copyright 1985 
Academic Press. 
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11. M A C R I T C H I E Protein Adsorption at Fluid Interfaces 175 

In mixed monolayers of i n s u l i n with γ-globulin or catalase, i n s u l i n 
may be completely desorbed from the monolayer by s u i t a b l e choice of 
t h e s u r f a c e p r e s s u r e (23). B a s e d on t h e s e r e s u l t s , some 
pr e d i c t i o n s may be made about s i t u a t i o n s where there i s competition 
f o r the i n t e r f a c e by a m i x t u r e of p r o t e i n s . A f t e r c r e a t i o n of a 
new i n t e r f a c e , the c o m p o s i t i o n of the adsorbed f i l m would t e n d t o 
f a v o r the s m a l l e r m o l e c u l e s because of t h e i r h i g h e r d i f f u s i o n 
c o e f f i c i e n t s . However, the f i n a l composition would favor the high 
molecular weight proteins. 

An i n t e r e s t i n g r e s u l t i s that the absolute rate of desorption 
f o r the d e s o r b i n g p r o t e i n i s the same i n the mixed f i l m as i n the 
pure monolayer p r o v i d i n g the area occupied i s over 30% of the t o t a l 
s u r f a c e a r e a (2_3). Under th e s e c o n d i t i o n s , the c o n c e n t r a t i o n of 
p r o t e i n i n the s u b - s u r f a c e l a y e r i s e v i d e n t l y d e t e r m i n e d by the 
s u r f a c e p r e s s u r e and not the s u r f a c e d e n s i t y . T h i s r e s u l t has 
i m p l i c a t i o n s f o r systems where p r o t e i n s are t r a n s p o r t e d a c r o s s 
i n t e r f a c e s or membranes. 

Theory of D e s o r p t i o n . Based on measurements of k i n e t i c s of 
a d s o r p t i o n (24.), i t has been e s t i m a t e d t h a t p r o t e i n m o l e c u l e s 
require reduction of t h e i r areas i n the surface to a c r i t i c a l value 
of about 100S 2 f o r them t o become u n s t a b l e and desorb. T h i s may 
occur e i t h e r (a) at constant pressure by f l u c t u a t i o n s of molecules 
a b o u t t h e i r mean c o n f i g u r a t i o n ( t h e p r o b a b i l i t y o f s u c h a 
f l u c t u a t i o n i s n e g l i g i b l y low when p r a c t i c a l l y a l l segments are i n 
the form of t r a i n s a t low Π ), o r (b) by c o m p r e s s i o n of the f i l m t o 
a s u f f i c i e n t l y h i g h p r e s s u r e Π , c o r r e s p o n d i n g t o the c r i t i c a l 
area. Assuming that the path i s the same f o r each case, we can use 
the e q u i l i b r i u m Π -A curve of the p r o t e i n t o e v a l u a t e the f r e e 
energy of a c t i v a t i o n f o r desorption ( Δ G d e s ) « At a given pressure, 
Π, t h i s i s g i v e n by: 

ρ Π * (9) 
Adll 

Π des 

The i n t e g r a l may be simply evaluated from the e q u i l i b r i u m Π-A curve 
of the p r o t e i n (see Figure 3). C a l c u l a t i o n s based on Figure 3 f o r 
BSA showed that Δ G d e g decreased steeply from a value of 106 kT at 
Π = 20 mNm"1 t o 9 kT a t Π = 28.8 mNm"1 (25). T h i s c o i n c i d e d w i t h 

the appearance of measurable d e s o r p t i o n of BSA over t h i s range of 
surface pressure. The theory a l s o explains the e f f e c t of molecular 
weight on d e s o r p t i o n s i n c e f o r a g i v e n r a t i o of d i s p l a c e d t o 
attached segments, the area occupied by the attached segments w i l l 
be p r o p o r t i o n a l t o m o l e c u l a r weight and i t i s t h i s parameter t h a t 
determines Δ 6 ^ β 8 · 

A p p l i c a t i o n of Gibbs Adsorption Equation. By s u b s t i t u t i n g C g = 1/A 
(where A i s the area per molecule i n the adsorbed monolayer), i n the 
simple form of the Gibbs Adsorption Equation (Equation 1), we obtain 

d Il/dlnC b = kT/A (10) 
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176 PROTEINS AT INTERFACES 

A number of independent s t u d i e s have shown t h a t w e l l - d e f i n e d 
a d s o r p t i o n i s o t h e r m s can be o b t a i n e d f o r p r o t e i n s (21, 26-28) and 
p l o t s of Π against the logarithm of C^ are l i n e a r over wide ranges. 
The most notable feature i s that the slopes are r e l a t i v e l y s i m i l a r 
f o r most p r o t e i n s and v a l u e s of A c a l c u l a t e d from E q u a t i o n 10 are 
very much smaller than those of whole p r o t e i n molecules estimated 
from t h e i r Π-A curves. For example, from the Π j l o g C^ p l o t f o r 
chymotrypsin (Figure 1), A i s c a l c u l a t e d to be 170A . I t appears 
t h a t the a d s o r p t i o n b e h a v i o r r e f l e c t s the f l e x i b l e l i n e a r c h a i n 
s t r u c t u r e of p r o t e i n s i n the s u r f a c e so t h a t we are not o b s e r v i n g 
the c o n t r i b u t i o n s of r i g i d whole m o l e c u l e s but of p a r t i a l l y 
independent molecular segments. Joos (27) has proposed a theory of 
p r o t e i n a d s o r p t i o n based on the F r i s c h - S i m h a model f o r f l e x i b l e 
polymers (29). 

The Role of Proteins i n I n t e r f a c i a l Phenomena 

Some consequences of the i n t e r a c t i o n of p r o t e i n s w i t h i n t e r f a c e s 
have already been mentioned; f o r example, the high v i s c o e l a s t i c i t y 
i m p a r t e d t o i n t e r f a c e s and the p r e c i p i t a t i o n of s o l u b l e p r o t e i n 
caused by s h a k i n g s o l u t i o n s . As a r e s u l t of t h e i r u b i q u i t o u s 
presence a t i n t e r f a c e s , a wide range of a p p a r e n t l y u n r e l a t e d 
phenomena are a f f e c t e d by p r o t e i n a d s o r p t i o n . The r o l e t h a t 
p r o t e i n s p l a y at i n t e r f a c e s i n b i o m e d i c a l systems i s e x t e n s i v e l y 
discussed i n other c o n t r i b u t i o n s to t h i s book. Here i t i s intended 
t o f o c u s more on a r e a s r e l a t e d t o f o o d and a g r i c u l t u r e . Some of 
the relevant t o p i c s are: 
1. The f o r m a t i o n and s t a b i l i t y of d i s p e r s e d systems (foams, 

emulsions e t c . ) . 
2. B a c t e r i a l adhesion. 
3. R e a c t i v i t y of enzymes. 
Because of the g r e a t c o m p l e x i t y of t h e s e systems, i t i s p roposed 
only to b r i e f l y i n d i c a t e some of the more bas i c concepts that might 
be u s e f u l l y a p p l i e d i n these areas. 

Formation and S t a b i l i t y of Emulsions and Foams. The c o n t r i b u t i o n s 
of p r o t e i n a d s o r p t i o n t o the p r o p e r t i e s of d i s p e r s e d systems 
encompass problems of great d i v e r s i t y ranging from the manufacture 
of food emulsions (mayonnaise, butter) and foams (meringues, whipped 
cream, bread) through the preparation of pharmaceutical suspensions 
to bloat i n c a t t l e . I t i s u s e f u l to separate the ease of formation 
of foams and emulsions from the problem of t h e i r s t a b i l i t y . Ease 
of f o r m a t i o n r e q u i r e s r a p i d a d s o r p t i o n and t h e r e f o r e r e q u i r e s 
r e l a t i v e l y high concentrations of proteins, a low net charge so that 
the e l e c t r i c a l p o t e n t i a l b a r r i e r to adsorption i s minimal and the 
absence of d e s t a b i l i z i n g agents. Once a foam or e m u l s i o n i s 
formed, the d i f f e r e n t p r o c e s s e s of c r e a m i n g and f l o c c u l a t i o n 
( e mulsions) and c o a l e s c e n c e b e g i n t o break down the d i s p e r s e d 
system. P r o t e i n s a l o n e are v e r y e f f e c t i v e s t a b i l i z e r s f o r foams 
and o i l / w a t e r emulsions. Contrary to what might be p r e d i c t e d from 
some c o l l o i d t h e o r i e s , the s t a b i l i t y of p r o t e i n foams and emulsions 
i s g e n e r a l l y a maximum a t or near the i s o e l e c t r i c p o i n t of the 
protein. This i s probably a r e s u l t of the greater adsorption under 
t h e s e c o n d i t i o n s . I t a l s o i n d i c a t e s t h a t f a c t o r s o t h e r than 
e l e c t r i c a l r e p u l s i o n are important f o r c o n f e r r i n g s t a b i l i t y . Some 
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11. M A C R I T C H I E Protein Adsorption at Fluid Interfaces 177 

f a c t o r s t h a t may be r e l e v a n t t o s t a b i l i t y are s u g g e s t e d by t h e 
p r e v i o u s d i s c u s s i o n of fundamental aspects of p r o t e i n i n t e r f a c i a l 
behavior. 

The coalescence of two emulsion drops proceeds with a reduction 
of i n t e r f a c i a l area. This s i g n i f i e s that, during coalescence, there 
i s a compression of the adsorbed s t a b i l i z i n g f i l m s surrounding the 
droplets i f the f i l m m a t e r i a l cannot desorb s u f f i c i e n t l y q u i c k l y . 
The r e s i s t a n c e t o c o m p r e s s i o n by the f i l m s l e a d s t o an e l a s t i c 
r e s t o r i n g mechanism, thus c r e a t i n g an energy b a r r i e r which tends to 
oppose coalescence (30,31). This energy b a r r i e r , of the form Ĵ Ad Π 
probably operates only i n the e a r l y stage of coalescence. Once a 
s u f f i c i e n t l y l a r g e puncture i s made i n the c o l l i d i n g d r o p l e t s , 
c o a l e s c e n c e would t h e n p r o c e e d s p o n t a n e o u s l y . The t e n s i o -
l a m i n i n o m e t e r i s an i n s t r u m e n t t h a t has been used t o measure the 
energy opposing reduction of l i q u i d lamellae (32) and t h i s q uantity 
has been c o r r e l a t e d w i t h foam s t a b i l i z i n g p r o p e r t i e s of d i f f e r e n t 
s u r factants, i n c l u d i n g proteins. A high energy b a r r i e r i s achieved 
by a low c o m p r e s s i b i l i t y and a low tendency t o desorb. For 
proteins, short c i r c u i t i n g of the c o m p r e s s i o n a l energy b a r r i e r by 
desorption does not occur to a s i g n i f i c a n t extent. The compress
i b i l i t y of p r o t e i n f i l m s depends on the speed of compression because 
of the time-dependent r e l a x a t i o n processes. For c o l l i d i n g droplets, 
the speed of c o m p r e s s i o n i s expected t o be h i g h and thus the f i l m 
c o m p r e s s i b i l i t y c o r r e s p o n d i n g l y low. P r o t e i n s conform t o the 
general r u l e (Bancroft rule) that the phase i n which the s t a b i l i z e r 
i s s o l uble becomes the continuous phase; i.e. they i n v a r i a b l y form 
o i l / w a t e r emulsions. A p o s s i b l e mechanism f o r determining emulsion 
type may be as f o l l o w s . When two droplets approach, the continuous 
medium near the p o i n t of c o n t a c t i s d i s p l a c e d so t h a t i f the 
s t a b i l i z e r i s soluble i n the continuous phase, i t i s prevented from 
desorbing (or molecular segments are prevented from being expelled 
i n the case of p r o t e i n s ) , thus c o n t r i b u t i n g t o a sharp i n c r e a s e i n 
Π , p r o d u c i n g a h i g h c o m p r e s s i o n a l energy b a r r i e r . On the o t h e r 
hand, i f m o l e c u l e s (or segments) of the s t a b i l i z e r are s o l u b l e i n 
the d i s p e r s e d phase, the y are f r e e t o be d i s p l a c e d from the 
i n t e r f a c e , thereby s h o r t - c i r c u i t i n g the energy b a r r i e r . 

The pushing out of segments i n t o the aqueous phase (formation 
of l o o p s and t a i l s ) c o u l d c o n c e i v a b l y have two main e f f e c t s on 
s t a b i l i t y . The i n t e r a c t i o n between p r o t e i n segments, as dr o p l e t s 
approach, produces a s t e r i c b a r r i e r (33^/ a r e s u l t of the f r e e 
energy increase accompanying a r i s e i n concentration of p r o t e i n i n 
the i n t e r s t i t i a l l i q u i d . I t i s als o p o s s i b l e t h a t loops and t a i l s 
can form bridges between droplets (34^) r thus promoting f l o c c u l a t i o n . 

The tendency f o r p r o t e i n s to form t h i c k membranes, as a r e s u l t 
of i n t e r f a c i a l c o a g u l a t i o n , needs t o be t a k e n i n t o account, 
e s p e c i a l l y i n e m u l s i o n s s i n c e i t o c c u r s more e a s i l y at o i l / w a t e r 
than a t a i r / w a t e r i n t e r f a c e s . These t h i c k f i l m s can p r e s e n t a 
s t e r i c b a r r i e r s i m p l y by p r e v e n t i n g the d i s p e r s e d phase i n the 
droplets from coming i n t o contact. On the other hand, because of 
t h e i r g e l a t i n o u s and c o h e s i v e n a t u r e , they are l i k e l y t o produce 
f l o c c u l a t i o n . 

B a c t e r i a l Adhesion. B a c t e r i a o f t e n adhere t o i n t e r f a c e s and the 
r e s u l t i n g b i o f i l m s can cause a n u i s a n c e on s h i p h u l l s , t o water 
r e t i c u l a t i o n and h y d r o - e l e c t r i c p i p e l i n e s and i n heat exchangers 
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178 PROTEINS AT INTERFACES 

(35). B a c t e r i a a l s o c o l o n i z e s u r f a c e s i n s o i l s , s t r e a m s , oceans 
and sediments as w e l l as p l a n t r o o t s and o t h e r p l a n t s u r f a c e s and 
s u r f a c e s of h i g h e r o r g a n i s m s , i n c l u d i n g the s k i n . M i x t u r e s of 
pro t e i n s and glycoproteins with other compounds e x i s t i n s o l u t i o n at 
low concentrations i n aqueous ha b i t a t s . Adhesion of b a c t e r i a to a 
s u r f a c e i s u s u a l l y p r e c e d e d by a d s o r p t i o n t o form a " c o n d i t i o n i n g 
f i l m " (36). Adsorbed proteins are found to a f f e c t the e l e c t r i c a l 
p o t e n t i a l and h y d r o p h o b i c i t y of the s u r f a c e and v a r y i n t h e i r 
e f f e c t s on adhesion of b a c t e r i a . With Pseudomonas NCMB202 1, 
attachment on t i s s u e c u l t u r e d i s h e s was reduced by both BSA and 
bovine g l y c o p r o t e i n whereas attachment t o p e t r i d i s h e s was o n l y 
reduced by BSA (36.). Bubble c o n t a c t a n g l e s on the p e t r i d i s h e s 
were much lower f o r BSA (< 15°) than f o r the g l y c o p r o t e i n (64°). 
T h i s e xperiment i n d i c a t e s the d i f f e r e n t e f f e c t s t h a t adsorbed 
proteins have on the hydrophobicity of surfaces. 

R e a c t i v i t y of Enzymes. Enzyme systems occur n a t u r a l l y i n plants 
and a n i m a l s and t h e i r e f f e c t s can become i m p o r t a n t i n food 
p r o c e s s i n g and n u t r i t i o n . Enzyme c a t a l y s i s a t the i n t e r f a c e s of 
dispersed systems i s of great i n t e r e s t . Fundamental surface studies 
have been m a i n l y done on l i p a s e a c t i v i t y i n r e l a t i o n t o the 
dig e s t i o n of t r i g l y c e r i d e s . The r e s u l t s of Verger and co-workers 
(37-39) are p a r t i c u l a r l y i n t e r e s t i n g and give new i n s i g h t s i n t o the 
b e h a v i o r of p r o t e i n s a t i n t e r f a c e s . They have used a z e r o - o r d e r 
trough to study the k i n e t i c s of h y d r o l y s i s of l i p i d s i n monolayers. 
The trough c o n s i s t s of two compartments connected by a small canal, 
enzyme being present i n only one compartment. When l i p i d monolayers 
are h y d r o l y z e d by l i p a s e s p r e s e n t i n the sub-phase, the r e a c t i o n 
products become soluble and d i f f u s e away, leading to a decrease of 
are a a t c o n s t a n t s u r f a c e p r e s s u r e . From the l i n e a r s l o p e of the 
a r e a - t i m e graph, the v e l o c i t y of the enzyme r e a c t i o n i s d i r e c t l y 
evaluated. I t i s found that proteins i n s o l u t i o n at r e l a t i v e l y low 
concentrations may i n h i b i t the h y d r o l y s i s of d i - and t r i g l y c e r i d e s 
by l i p a s e s (3.Ζ^' M a r k e d d i f f e r e n c e s a r e f o u n d i n t h e 
s u s c e p t i b i l i t y of d i f f e r e n t l i p a s e s to i n h i b i t i o n and a l s o between 
the i n h i b i t i n g e f f e c t s of d i f f e r e n t p r o t e i n s . E x p e r i m e n t s u s i n g 
mixed l i p i d - p r o t e i n f i l m t r a n s f e r showed t h a t the i n h i b i t i o n of 
pancreatic l i p a s e i s due to the p r o t e i n associated with the l i p i d at 
the surface and not caused by d i r e c t protein-enzyme i n t e r a c t i o n i n 
the aqueous phase (38). Using r a d i o l a b e l l e d enzymes and proteins , 
i t was found t h a t the i n a c t i v a t i o n of the p a n c r e a t i c l i p a s e was 
co r r e l a t e d with a lack of l i p a s e binding to the mixed l i p i d - p r o t e i n 
f i l m (39.)· S i n c e a l a r g e f r a c t i o n of the l i p i d f i l m r emained 
p o t e n t i a l l y a c c e s s i b l e t o the enzyme i n the presence of the 
i n h i b i t i n g p r o t e i n , i t was bel i e v e d that the r o l e of the p r o t e i n was 
to modify the properties of the i n t e r f a c e i n such a way as to e i t h e r 
cause desorption of the l i p a s e or prevent i t from a t t a c h i n g at the 
i n t e r f a c e . The c h a l l e n g e of how t h i s i s a c h i e v e d i s bound t o 
s t i m u l a t e work which w i l l g r e a t l y i n c r e a s e our u n d e r s t a n d i n g of 
i n t e r f a c i a l r e a c t i o n s . 
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Chapter 12 

Plasma Proteins at Natural and Synthetic Interfaces: 
A Fluorescence Study 

E. Dulos1, J. Dachary1,2, J. F. Faucon1, and J. Dufourcq1 

1Centre de Recherche Paul Pascal, Centre National de la Recherche Scientifique, 
Domaine Universitaire, 33405 Talence Cedex, France 

2Laboratoire d'Hématologie, Université de Bordeaux II, 146, rue Léo Saignat, 
33076 Bordeaux Cedex, France 

Blood clotting proteins bind to charged surfaces mainly 
by ionic forces often reinforced by hydrophobic contri
bution. Cardiotoxin binding to heparin, phospholipids 
and polymers illustrates both possibilities. 

The adsorption of the thrombin-antithrombin complex 
(T-AT) on various anionic anticoagulant polystyrene deri
vatives results in a quenching of the T-AT fluorescence. 
The stability of the resulting complexes depends on the 
polymer,as shown by desorption by polybrene. From compe
tition experiments between heparin and polymers, it is 
proposed that the T-AT desorption parallels the anticoa
gulant activity of the polymers. 

The binding site of blood clotting proteins on phos
pholipids involves both charged and zwitterionic lipids. 
By fluorescence energy transfer, no selectivity is demons
trated for factor Va while its light chain is highly se
lective for the negatively charged lipids. In contrast, 
the complex Va - Xa has some selectivity for the zwitter
ionic lipids. The binding of the vitamin K-dependent fac
tors does not induce phase separation in lipids. A calcium
-independent binding is demonstrated and allows to propose 
a new model for the interaction. 

Proteins generally contain aromatic fluorescent residues which are 
very sensitive to local events. Their interactions with surfaces can 
therefore be followed by fluorescence techniques. 

This study deals with the formation of complexes between blood 
clotting proteins and natural and a r t i f i c i a l surfaces. As these sur
faces are generally charged, the behavior of a basic protein, car
diotoxin (CTX), the interaction of which is s t r i c t l y charge-dependent, 
is also reported for comparison. Two types of interface have been 
investigated. 

F i r s t , phospholipid biiayers which mimic cellular membrane and 
platelet factor 3, on which several blood clotting factors bind in 
order to generate the more efficient cascade of enzymatic reactions 
( J _ ) . They are the vitamin K-dependent proteins II, X and IX which are 

0097-6156/87/0343-0180$06.00/0 
© 1987 American Chemical Society 
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 181 

supposed to bind to membranes via Ca bridges (2) between the Gla 
residues and the negative charges of the interface and factor V which 
is not vitamin K-dependent but interacts with membranes by both elec
trostatic and hydrophobic forces (3). 

Second, synthetic polymers designed to be used as parts of i n 
tra- or extracorporeal blood circulation. These materials must be 
able to remain in contact with blood without promoting coagulation. 
They are polystyrene derivatives (4,5) bearing functional acidic 
groups of heparin, the natural inhibitor of coagulation which cata
lyses the inactivation of Thrombin (T) by Antithrombin (AT). Three 
polymers with different anticoagulant activities (6), the so-called 
"PSS02Glu", "PAOM" and flPSS03

If, are compared with respect to their 
adsorption properties towards these plasma proteins. 

In the f i r s t part of this study, we focus on the binding of CTX 
to the two types of interface. Secondly, we discuss the binding and 
desorption of the 1:1 T-AT complex from the polymeric interfaces. 
Finally, we investigate the charge distribution within the plane of 
the membrane when blood clotting factors II and V are bound. 

Materials and Methods 

Materials. Human blood clotting factors II, X and IX were purified 
from prothrombin concentrates, according to the method of Di Scipio 
(7)· Human factors V and Va light chain (VaLC) were the generous gift 
of Dr Lindhout, Maastricht University. CTX, (MW 6840) was a gift from 
Pr Rochat and Dr Bougis, Marseille University. Human Thrombin, T, 
(MW 38,000) and human Antithrombin (AT), (MW 65,000), were obtained 
from the Centres de Transfusion Sanguine, respectively of Paris and 
L i l l e . Heparin (mean MW = 15,000) was from Choay (France). Polybrene 
was from Serva (F.R.G.). 

The polymers used herein were the generous gift of Pr M. Joze-
fowicz and Dr C. Fougnot, Paris-Nord University (4,6). The polymers 
consist of a polystyrene backbone bearing, s t a t i s t i c a l l y , acidic 
groups of heparin. In the "PSS03

fl derivative, only sulfonate groups 
are present. Both sulfonate and sulfamide aminoacid groups are pre
sent in the other polymers. Specifically, glutamic acid and arginyl-
methyl-ester respectively are present in the "PSS02Glu" and "PAOM" 
derivatives. PSS02Glu, PAOM, PSS03, are respectively very active, 
active and only slightly active as anticoagulant materials. They are 
used as fine particles with mean diameter lower than 0.1 μπι, giving 
stable suspensions. Similar light scattering of a l l polymers at the 
same concentration indicates that they have almost similar particle 
size. 

Natural beef brain phosphatidylserine (PS) was obtained from 
Lipid Products (U.K.). Egg lecithin (PC) was prepared in the labora
tory. Synthetic li p i d s , namely dimyristoyl- and dipalmitoylglycero-
phosphocholine (respectively DMPC and DPPC) and dipalmitoylglycero-
phosphoserine (DPPS), were obtained from Medmark (F.R.G.). The fluo
rescent probes, namely 1-acyl-2-(6-pyrenylbutanoyl)-sn-glycero-3-
phosphocholine (PBPC) and 1-acyl-2-(6-pyrenylbutanoyl)-sn-glycero-3-
phosphate (PBPA) were synthesized in the laboratory. Other analogous 
probes, with pyrenyldecanoyl chains (respectively PDPC and PDPA) , 
came from KSV (Finland). Their concentrations were determined using 
ε 3^ 7=50,000 M"1.cm"1. The Forster distance RQ for the Trp-pyrene 
pair is 4 nm (9). 
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182 PROTEINS AT INTERFACES 

Methods. Intrinsic fluorescence measurements were carried out on an 
SLM 8000 spectrofluorometer. "Titration" was performed by adding 
either phospholipids, heparin or polymers into the reference cuvette 
and into the measure cuvette which contains protein solutions at 
fixed concentrations. A l l the corrected spectra were obtained under 
the following conditions : excitation wavelength 280 nm, s l i t s 8 mm, 
temperature 25°C,background subtraction at every stage of the t i t r a 
tion experiments. Moreover, in the presence of polymers, the fluo
rescence intensities were corrected taking into account the absorban-
ce of the samples at the excitation and at the emission wavelengths, 
according to the method of Parker and Barnes (10). 

For energy transfer experiments, fluorescence spectra were ob
tained by subtracting the fluorescence spectra of the phospholipids, 
in the absence or in the presence of the energy acceptor, to correct 
for light scattering and for the fluorescence of the probe. Energy 
transfer efficiencies (Et) were calculated as previously described 
(11). The absorbance of samples in the presence of either heparin or 
labelled lipids never exceeded 0.1, therefore, the inner f i l t e r ef
fect was negligible. 

Fluorescence polarization measurements were performed with an 
apparatus built in the laboratory and connected to a minicomputer 
(Digital LSI II). This was, in turn, connected to a Vax 11/780, thus 
allowing complete automatization of the measurements. Diphenylhexa-
triene (DPH) in tetrahydrofuran (6 mM) was added to phospholipids in 
amounts never exceeding 1 %. 

Results 

Interactions of Cardiotoxin with Polyanionic Surfaces 

Cardiotoxin-lipid complexes. Due to its effect on membranes, the bin
ding of CTX to l i p i d interfaces has been extensively studied in the 
recent past (8,12). We f i r s t demonstrated that i t can be followed by 
fluorescence changes of Trp11, the emission being blue-shifted by 
15 nm from 350 to 335 nm, and the relative intensity increased by 
about 200 % when CTX is bound to PS (13) (Fig. 1). This interaction 
occurs only with negatively charged species, even in l i p i d mixtures 
consisting of charged and zwitterionic l i p i d s . Such behavior implies 
a strict selectivity towards charged groups (13). 

Seven charged groups have been shown to be involved at the i n 
terface (13). They have been tentatively attributed to the Lys r e s i 
dues in the N-terminal region and at the end of the second loop of 
the molecule, mainly based on the structure of analogous protein es
tablished by X-ray studies (14). By Raman spectroscopy, i t has been 
demonstrated that the toxin has very similar secondary and tertiary 
structures when in solution or bound to lip i d s . This is due to the 
cross-linking by disulfide bridges. Indeed, when these bridges are 
reduced and methylated, the resultant toxin s t i l l binds, but becomes 
flexible and adopts a different 8 sheet structure at the interface 
(15). Comparison of different iso-toxins leads to the conclusion that 
Arg5 residue of CTX IV has a strong stabilizing effect on the protein 
at the interface (12). 

Because of the strong s t a b i l i t y of the protein, the effects of 
extreme pH can be investigated. The CTX-lipid complexes previously 
formed at pH 7.5 (13) dissociate only at pH values higher than 10, 
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 183 

when the net charge of the protein is severely decreased or, conver
sely, at pH values lower than 4, when the lipids are protonated. The 
binding of constitutive peptides of CTX with blocked COO-terminal, 
namely the peptides 6-12 and 5-12, the sequence of which is Arg5-Leu-
Ile-Pro-Pro-Phe-Trp-Lys12, demonstrates that Arg5 plays an important 
role in maintaining the peptide at the interface up to pH 11 (8). 
Since charged groups are involved at the interface, i t is possible to 
dissociate the complex by increasing the ionic strength. The release 
of the protein, inferred from the recovery of the fluorescence of 
protein free in solution and centrifugation experiments (13), occurs 
at concentrations of NaCl higher than 1 M (12) (Table I). In contrast, 
the small constitutive peptides investigated have a lower st a b i l i t y 
at interface since lower amounts of salt, or calcium in the mM range, 
are able to dissociate the lipid-peptide complexes ( 8 ) . 

Although the major effect is clearly neutralization of charges 
involved at the interface, one has to keep in mind that the burying 
of Trp11, detected by fluorescence, can be interpreted as a passage 
of this group from a highly polar water environment to a less polar 
one where solvent relaxation cannot occur. Therefore, hydrophobic 
forces also are involved and we proposed that the f i r s t loop (resi
dues 6-11) may serve as hydrophobic anchor (12). The protein must pe
netrate through the polar group region of the bilayer and compress 
the l i p i d molecules. This has been inferred more directly from a mo
nolayer study by Bougis et a l . who demonstrated that at high lateral 
pressures, compatible with those in a bilayer, the protein occupies 
at the interface an area of about 500 Â 2 (16). 

Cardiotoxin-heparin complexes. The strong binding of CTX to anionic 
lipids, as indicated above, suggests that the protein would interact 
with other strongly acidic surfaces or polyanions. Therefore, the 
fluorescence of CTX in the presence of heparin, one of the more rele
vant polyanionic compounds involved in coagulation, was studied. As 
shown in Fig. 1, one can follow the increase of fluorescence inten
sity of the protein which parallels the addition of heparin. The to
t a l increase is relatively small (about + 45 % ) , and only a slight 
blue shift of the emission wavelength occurs (about 2 nm). Similarly, 
i t has been found that the antithrombin binding to heparin results in 
a 25 % increase of the protein fluorescence (17-19). These features 
immediately indicate that a complex is formed between CTX and hepa
ri n , giving rise to an increase of the quantum yield without serious 
burying of Trp. The stoichiometry of these complexes can be estimated 
as about 3 to 5 CTX bound per heparin molecule and the dissociation 
constant as about 0.5 χ 10~6 M"1. Addition of C a + + in the mM range 
which allows a quick recovery of the fluorescence of the toxin free 
in solution (Fig. 2), is interpreted as a dissociation of the com
plexes and thereby demonstrates the ionic pairing effect. 

Cardiotoxin-polymer complexes. Finally, the interaction of CTX was 
also studied with a polymeric surface, PSS02Glu, the composition and 
properties of which resemble those of heparin. As shown in Fig. 1, a 
result quite different from those for heparin or l i p i d binding is 
observed. When the surface is maximally covered, at a polymer to 
protein ratio of 12 mg of polymer per ymole of CTX, the quantum yield 
of Trp11 is decreased by about 50 %, while the emission wavelength 
remains almost unchanged at about 345 nm. This can be interpreted 
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184 PROTEINS AT INTERFACES 

T a b l e I . B i n d i n g c h a r a c t e r i s t i c s o f c a r d i o t o x i n 
t o d i f f e r e n t p o l y a n i o n i c i n t e r f a c e s 

PS P I H e p a r i n P S S 0 2 G l u 
<io- 7 <io- 7 0.5 10-6 

η 7 7 
H a l f d i s s o c . 1M 0.7M [NaClJ 1M 0.7M 
£ a + + J 12mM 35raM 2mM 140mM 

F i g u r e 1. Changes i n t h e r e l a t i v e f l u o r e s c e n c e i n t e n s i t y o f CTX 
upon b i n d i n g t o : ο l i p i d v e s i c l e s (PC-PS 1:1), · h e p a r i n , 
+ p o l y m e r s ( P S S 0 2 G l u ) . 
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 185 

either as a local change in the fluorophore environment or, more pro
bably, in terms of close proximity and contact with quencher groups 
at the interface, the polystyrene network being a good candidate for 
such an effect. Similarly to what already found with other polyanio-
nic compounds, calcium addition to the CTX-polymer complexes allows 
to recover the fluorescence of the free protein as shown on Fig. 2. 

In Table I, are compared the s t a b i l i t i e s of the complexes bet
ween CTX and the three types of interface, as reflected by the con
centration of cations required to recover 50 % of the fluorescence 
intensity of the protein free in solution. Calcium dissociates the 
CTX-heparin complexes at concentrations of a few mM, while concen
trations greater than 100 mM are required in order to significantly 
displace the same protein from the polymer interface. One has to con
clude that very different forces are involved. Heparin can develop 
polar forces implying ion pairing between Lys groups of the protein 
and sulfate groups of heparin. Calcium is then able to compete effec
tively through heparin-Ca + + interaction. Since the polymer PSS02Glu 
bears acidic groups similar to those of heparin, the better s t a b i l i t y 
of the CTX-polymer complexes implies other interactions, most l i k e l y 
hydrophobic interactions with the polystyrene network . However, the 
fluorescence emission wavelength of the bound protein does not indi
cate an hydrophobic environment of Trp, in contrast to what occurs 
with l i p i d interfaces (8,12,13). 

Then, as a f i r s t step analysis, i t can be proposed that CTX can 
adsorb onto the polymer surface where i t occupies negatively charged 
sites. Assuming that the area occupied at such an interface is the 
same as at the l i p i d surface, i.e. 500 A , the area available for ne
gative protein can be roughly estimated at about 2500 cm2 per mg of 
polymer. This area is compatible with the total covering of homoge
neous spherical beads of about 0.02 μπι mean diameter. 

The Thrombin-Antithrombin Complex at the Polymer Interface 

Adsorption on polymers. Thrombin and Antithrombin contain, respecti
vely, 7 and 4 tryptophan and several tyrosine residues. The fluo
rescence spectrum of the T-AT complex, already known (20), is cente
red around 332 nm, due to Trp residues in a non polar environment. 

Addition of polymer to a solution of T-AT complex induces a fluo
rescence quenching, as seen in Fig. 3, without significant shift of 
the emission wavelength. Very similar features are observed when the 
excitation wavelength is shifted from 280 to 295 nm, thereby indica
ting that the fluorescence changes essentially involve Trp residues. 
This quenching may originate in the v i c i n i t y of quencher groups in 
the polystyrene backbone, as already proposed for CTX. 

The curves of Fig. 3 are independent of the protein concentra
tion in the range investigated (2 χ 10""6 to 4x10 M) . These binding 
curves are very similar for the three polymers. The quenching effect 
is saturable and the plateau values are at about - 33 ± 3 % for the ad
sorption of T-AT on PSS02Glu, PAOM or PSS03. The plateau intercepts 
the tangent at the origin at a point, the abscissa of which allows to 
evaluate as about 0.12 pinole of T-AT per mg of polymer the binding 
capacity of the polymers. Similarly, for the adsorption of thrombin 
alone, this value has been estimated as about 0.17 umole of Τ per mg 
of polymer (data not shown). These results have to be compared to 
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186 PROTEINS AT INTERFACES 

Figure 2. Effects of the calcium concentration on the fluorescen
ce of CTX bound to various interfaces : · heparin, ο lipids, 
+ polymers (PSS02Glu). 
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 187 

those of biochemical studies where the enzymatic activity of thrombin 
was recorded during i t s reversible adsorption onto the same polymers 
(21,22). Taking into account the very different mean diameters of the 
polymer beads used in both studies (0.02 μπι and 25 μπι respectively in 
fluorescence and in biochemical studies) and making the crude hypo
thesis of spherical beads, rather similar amounts of proteins adsor
bed are calculated for both independent techniques. 

At this stage of knowledge of these systems, one has to conclude 
that binding experiments do not allow to discriminate between the 
different polymers since they have similar binding capacities both 
for plasma proteins and for CTX used as reference. 

Desorption from polymers. The st a b i l i t y of the protein-polymer com
plexes was investigated in the presence of polycations which have 
already been shown to dissociate the complexes (21) . Polybrene addi
tion to T-AT previously adsorbed on PSS02Glu, PAOM or PSS03 induces a 
partial recovery of the fluorescence of the free protein, as shown in 
Fig. 4. Since polybrene has no direct effect on the protein fluores
cence, these data provide a clear indication that a partial protein 
release from the polymer surface is occurring. However, this disso
ciation is not total. Assuming a simple two state equilibrium, one 
can estimate that about 70 % of the complex is released from PSS02Glu 
and from PSS03 and only 47 % from PAOM. Maximum desorption from 
PSS02Glu and PAOM is obtained with 45 and 50 moles of polybrene per 
mole of T-AT, while 80 moles of polybrene are necessary for maximum 
desorption from PSS03. Thus, desorption induced by polybrene allows 
to show differences in the s t a b i l i t i e s of T-AT bound to the various 
polymer interfaces. 

Competition between heparin and polymers. In order to better document 
differences in the a b i l i t i e s of the various polymers to adsorb T-AT, 
competition experiments between natural and synthetic anticoagulants 
were performed in two different ways. 

Fi r s t , the effect of heparin on preformed (T-AT)-polymer com
plexes was investigated. Heparin addition results in a partial reco
very of the protein fluorescence of about 17 to 20 % for a l l polymers. 
Since the binding of heparin to the 1:1 T-AT complex does not modify 
the T-AT fluorescence (17), the data were interpreted as reflecting a 
partial protein release from the polymer surface. However, no quanti
tative difference between polymers can be shown in these experiments. 

Conversely, the effects of polymers on heparin-bound protein 
were investigated. Polymer addition results in a strong quenching of 
the i n i t i a l fluorescence of the heparin-(T-AT) complexes. The forma
tion of ternary complexes between heparin, T-AT and polymer was ruled 
out by centrifugation experiments on equivalent mixtures. It was 
shown that heparin is released while T-AT becomes adsorbed onto the 
added polymer, resulting in the fluorescence quenching observed. Ad
sorption curves obtained in this case, in the presence of heparin,are 
almost identical to those of Fig. 3, without heparin. Plateau va
lues are almost at the same level as in Fig. 3 but a slight differen
ce in the maximum effects of the various polymers can be detected. 
Plateau values systematically decrease in the sequence PSS03>PA0M> 
PSS02Glu and the same sequence was found for polymer effects on hepa
rin-thrombin and on heparin-antithrombin complexes (data not shown). 
This sequence can be related to that of the anticoagulant effects of 
polymers, namely, PSS03 < PAOM< PSS02Glu. 
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188 PROTEINS AT INTERFACES 

The experimental results of T-AT adsorption on PSS03 and PSS02Glu 
in the presence and in the absence of heparin were further examined 
by looking at the normalized curves shown in Fig. 5. Making again the 
hypothesis of simple equilibria, the amounts of protein bound can be 
compared using these curves. For the same quantity of polymer added 
(dashed vertical line in Fig. 5), i t can be seen that : i) In the 
absence of heparin, the fraction of protein adsorbed on PSS02Glu 
(point a) is higher than on PSS03 (point b). i i ) The fraction of pro
tein adsorbed on PSS03 is the same (point b) in the absence and in 
the presence of heparin, i i i ) In the presence of heparin, the frac
tion of protein adsorbed on PSS03 is higher than on PSS02Glu. In other 
words, in the absence of heparin, the T-AT adsorption occurs more 
readily on PSS02Glu than on PSS03. Heparin reverses this order so 
that, in the presence of heparin, the T-AT adsorption occurs more 
readily on PSS03 than on PSSO Glu. This result may be expressed as 
follows : in the presence of Heparin, the T-AT complex can be relea
sed more easily from the PSS02Glu than from the PSS03 surface. This 
observation could be of some significance for the functioning of po
lymers as anticoagulant materials, i f the quantitative difference bet
ween their anticoagulant activities is taken into account. 

Search for Topological Changes in the Distribution of Charged Groups 
at the Phospholipid Interface, Induced by Blood Clotting Factors 

Due to their requirement for negatively charged groups at the phos
pholipid interface, one can expect that, upon binding, blood clotting 
proteins change the lateral distribution of lipids in the membrane at 
their binding site. In order to document such an effect, the composi
tion of the binding sites of blood clotting factors was estimated in 
two ways : i) Through changes in the thermotropic properties of l i 
pids, i i ) Using fluorescence energy transfer data under isothermal 
conditions. 

Thermotropic behavior of phospholipids in the presence of blood 
clotting factors. The changes in the transition temperature (Tm) of 
phospholipid mixtures induced by the presence of the proteins were 
monitored by fluorescence polarization of the hydrophobic probe, DPH, 
inserted in the bilayers. These changes are generally interpreted as 
indicative of phase separation, as already demonstrated for the ef
fect of calcium, at concentrations higher than 10 mM in PS-rich b i 
layers (23), and in the case of some proteins (24). 

For CTX, i t has already been shown that, on pure negatively 
charged lipids, phase separation is induced between areas of pure l i 
pid and aggregated CTX-lipid complexes whose thermal transitions d i 
sappear (24). Moreover, in binary PC-PS mixtures, CTX always strongly 
shifts the melting temperature Tm, towards that of the pure PC compo
nent (25). 

The presence of the clotting factor II (prothrombin) at a l i p i d 
to protein molar ratio of 20, induces a shift in Tm of pure lipids 
such as PS, DMPC, DPPC, from 8 to 12°C for PS, from 21 to 23.5°C for 
DMPC and from 38 to 43°C for DPPC,as seen on Fig. 6a. These results 
are indicative of the binding of factor II with the pure lipids.With 
DMPC and DPPC, they further suggest that, at the very least, an ag
gregation of the vesicles does occur, the transition profile being 
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12. D U L O S E T A L . Plasma Proteins at Natural and Synthetic Interfaces 189 

100 

Moles of POLYBRENE/Mole of Τ_ΔΤ 

Figure 4. Effects of polybrene on the fluorescence of T-AT i n i 
t i a l l y adsorbed onto polymers :• PSS02Glu, Δ PAOM, · PSS03. 
([T-AT] » 10"6 M, 40 mg of polymer per u mole of T-AT.) 

m 9 i f P O L Y M E R / μ Μ ο Ι β of T - A T 

Figure 5. Quenching of the relative fluorescence intensity of 
T-AT versus the quantity of polymer added. In the absence of he
parin, adsorption of T-AT onto PSS02Glu, ο PSS03. In the pre
sence of heparin, adsorption of T-AT onto :• PSS02Glu, · PSS03. 
([T-AT] = 0.5 χ 10~6 M.) 
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190 PROTEINS AT INTERFACES 

sharpened and resembling that of large vesicles. This was recently 
confirmed by Lentζ et al.(26)who showed by freeze fracture electron 
microscopy that fragment I which is the N-terminal part of prothrom
bin induces a fusion of DMPC vesicles, while negatively charged vesi
cles remain intact. 

With binary mixtures such as DPPC-PS (50-50), the shift of Tm 
was from 32 to 35°C in the presence of 5 mM calcium. Blood clotting 
factors II, X and IX induced a further small shift. With the DMPC-
DPPS binary mixture, calcium shifts the Tm from 37.5°C down to 33.5°C, 
this temperature being again decreased by 1 to 2°C in the presence of 
blood clotting factors (Fig. 6b). 

These effects are quite weak when compared to those induced by 
CTX on the same l i p i d mixtures : an increase of 8°C for DPPC-PS and a 
decrease of 9°C for DMPC-DPPS (25). For this protein, which only 
binds to PS, the Tm observed is that of a PC-enriched phase. 

There appears to be no reason to conclude, therefore, that phase 
separation occurs as a consequence of blood clotting factor binding, 
in contrast to the conclusion of Mayer and Nelsestuen (27,28) from 
similar experiments. The lack of phase separation in similar systems 
was recently confirmed by Lentζ (26) describing the whole phase dia
gram of a PC-PG mixture. 

The binding site for blood clotting factors can be enriched in 
negative lipids but, i f domains of different composition compared to 
the bulk are formed, they must be very small in size and/or their 
composition must be very close to that of the i n i t i a l mixture. 

Energy transfer experiments with vitamin K-dependent factors. Equimo-
lar mixtures of PC-PS were labelled with either PBPC or PBPA, at the 
same concentration, namely 3.8 %. The transfer efficiency values (Et) 
are shown in Table II. Since the two probes have identical spectros
copic features (9), the comparison of Et values for the membranes 
having similar amounts of label, allows a direct comparison of the 
li p i d environment of the factors. The higher Et value indicates a 
lower s t a t i s t i c a l distance and/or a greater number of labelled phos
pholipids in the neighborhood of the protein. 

Results show that the energy transfer process can occur with 
both types of l i p i d probe for factors II and IX, indicating that 
both types of l i p i d are involved in the binding sites of these fac
tors. Energy transfer efficiency values were lower for PBPC- than for 
PBPA-labelled membranes in the case of factor II. This indicates a PS 
selectivity for factor II. On the other hand, for factor IX, the ef
ficiencies are very similar (0.35 and 0.45 for PBPC and PBPA respec
tively), so that both types of l i p i d seem to be present in similar 
proportions in the factor IX binding site. 

Experiments were also done with PC-PS (80-20) mixtures. Compari
son of the Et values shows that the binding sites for both factors 
have a higher PS content in the PC-PS (50-50) membrane compared to 
that in the PC-PS (80-20) membrane. This indicates that the factors 
do not have a single, well-defined binding site, independent of the 
i n i t i a l membrane composition. Another interesting result from our 
work is that the transfer process was also observed, with both probes, 
in the absence of calcium. This again leads to the conclusion that 
the two types of l i p i d are present in the Ca++-independent binding 
site of the factors. 

Since these experiments are direct studies of binding, the asso-
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 191 

Figure 6. a) Phase transitions of PS, DMPC, DPPC in the presence 
of factor II :0 PS alone,» PS, factor II, =50 ;^ DMPC alone, 
•DMPC, factor II, R£=20 ; ο DPPC alone, · DPPC, factor II,R£=50. 

b) Phase transition of DMPC-DPPS (1:1) : + alone ; or 
with : ο CTX ;<> Ca + + 5mM; Δ Ca + + 5mM, factor IX,R£=29; · C a + + 5mM, 
factor X, R£ = 20. 
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192 PROTEINS AT INTERFACES 

ciation parameters can be obtained from the transfer experiments. In 
the presence of calcium, the values of Kd are about 10 M"1 for each 
factor. These values agree with those of some authors (29,30), but 
are lower by one or two orders of magnitude than those determined by 
others (31,32). In the absence of calcium, the Kd values we obtained, 
which are the f i r s t reported in the literature, are of the same order 
of magnitude, suggesting that this ion has no great influence on the 
binding process. 

Energy transfer experiments with factor V, factors Va and VaLC. Simi
lar experiments have been performed with another factor involved in 
prothrombin activation but which is not vitamin K-dependent, namely 
factor V. The experiments were done with PC-PS (50-50) mixture label
led with 5 % PDPC or PDPA, at a single phospholipid-to-protein molar 
ratio, R̂  = 530. Fluorescence quenching values are reported in Table 
III. They are of the same magnitude with both probes, for factor V, 
factor Va and for factor VaLC in the absence of calcium. We conclude, 
therefore, that no significant selectivity for a particular class of 
l i p i d occurs. 

On the contrary, in the presence of Ca , some specificity for 
the negatively charged PS occurs with VaLC, since the fluorescence 
quenching is greater with PBPA- than with PBPC-labelled membranes. 
When the complexes V-Xa and Va-Xa were the energy donors, the fluo
rescence quenching was greater with PBPC than with PBPA. This indica
tes some selectivity for PC, in contrast to each individual component 
where no selectivity was detected. 

Finally, when the influence of calcium was studied, the results 
indicated that the fluorescence intensity corresponding to the frac
tion of bound protein decreases as calcium concentration increases 
(Fig. 7a), reflecting the decrease of the a f f i n i t y of VaLC for the 
membrane (3). However, transfer efficiencies are constant up to 8 mM 
calcium, suggesting that calcium does not change the composition of 
the binding site (Fig. 7b). At 15 mM, the Et value is greater for 
PBPA and decreases for PBPC. This suggests that the binding site is 
then enriched in PS molecules. This result runs parallel to the h i -
gher degree of phase separation induced by high concentration of Ca 

In conclusion, even though electrostatic forces between factors 
Va and VaLC with membranes are now well documented, the present re
sults demonstrate that hydrophobic contacts between these proteins 
and the hydrocarbon region of the phospholipids are probably also im
portant . 

Conclusion 

The overall features developed in this study a l l imply that the 
strong binding of the proteins studied requires ion pairing with ne
gatively charged groups located at interface. Such effects are clear
ly dominant in the case of cardiotoxin and are probably sufficient to 
stabilize CTX-heparin complexes documented for the f i r s t time in this 
report. The binding of CTX and VaLC to l i p i d interface seems also to 
be relevant to such a type of interaction . However, in this case, 
the occurrence of hydrophobic "burying" is clearly documented. In the 
case of CTX, this is well proved and hydrophobic effect provides a 
better s t a b i l i t y of the toxin at the l i p i d interface. This leads to 
the suggestion that, although the use of heparin as an agonist against 
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* Ob o r
 ' D A b 

I 20 

[>"] 

10 15 *M 

Figure 7. a) Fluorescence intensities corresponding to the frac
tions of VaLC bound to the membrane, with (I DAb) and without 
(I Db) acceptor, as a function of the C a + + concentration. 
( [VaLC] = 22.5 χ 10"*9 M.) 

b) Energy transfer efficiencies as a function of C a + + 

concentration. 
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12. DULOS ET AL. Plasma Proteins at Natural and Synthetic Interfaces 195 

the toxic action of CTX has been proposed (33), i t probably would not 
be very efficient when dealing with membrane effects. On the other 
hand, we propose that the polymeric "heparin-like" materials here i n 
vestigated, would be much more efficient, due to the higher s t a b i l i t y 
of CTX bound to these interfaces. 

The binding of CTX to l i p i d mixtures strongly modifies the ther-
motropic behavior of the lipids and induces phase separation in the 
gel phase, as a result of ion pairing between the Lys residues of the 
peptide and the negative charges of the lipids (25,34). Such an ion 
pairing may be involved in the binding of the vitamin K-dependent 
blood clotting factors, particularly, in the absence of Ca + +. However, 
the perturbation of the thermal transition of the lipids is weak. One 
can then propose that the main effect of Ca + + would not be to form 
bridges between the proteins and the polar head groups of the li p i d s . 
More probably, as recently documented from lanthanide luminescence 
(35), Ca + + binding induces a conformational change which shields the 
Gla negative charges and allows a better approach to the interface by 
Lys and hydrophobic residues. The lack of st r i c t selectivity of the 
vitamin K-dependent factors for charged lipids is strongly supported 
by FET results presented here above and leads to the conclusion that 
neutral phospholipids are involved in the binding site. The composi
tion of the binding site depends on the i n i t i a l composition of the 
mixture, suggesting that the clotting factors are not able to modify 
the distribution of the lipids in the plane of the membrane, at cons
tant temperature, in order to provide a more favorable binding site. 

Comparing now these features to that observed on anticoagulant 
interfaces, i t appears that the binding of proteins is probably stron
ger and less reversible. This is again well demonstrated by the beha
vior of CTX. The stronger binding to polymers is not only due to the 
different nature of ion pairing with sulfate or sulfonate groups, but 
also to an important hydrophobic contribution, as suggested by de-
sorption experiments. When comparing the various polymers which only 
differ in their charged groups, anticoagulant activity seems to be 
correlated to the easier release of T-AT from the interface. This 
conclusion makes more attractive the idea that these polymers act as 
catalysts in the inactivation at thrombin by antithrombin, as already 
proposed (36). Thus, active polymers would be endowed with heparin-
like properties. However, i t must be pointed out that the experimen
t a l conditions used herein are far from physiologic where polymers 
are in contact with a complex mixture of proteins and cells carried 
by the blood stream. 
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Chapter 13 

Interaction Mechanism of Thrombin with Functional 
Polystyrene Surfaces: A Study Using High-Performance 

Affinity Chromatography 

X.-J. Yu 1, D. Muller1, A. M . Fischer2, and J. Jozefonvicz1 

1Laboratoire de Recherches sur les Macromolécules, Greco 130048, 
Centre Scientifique Polytechnique, Université Paris—Nord, Avenue J. B. Clement, 

93430 Villetaneuse, France 
2Département d'Hématologie, Greco 130048, C.H.U. Necker-Enfants Malades, 

156, Rue de Vaugirard, 75015 Paris, France 

Insoluble sulfonated polystyrenes (PSSO3) and 
their L-arginyl methyl ester derivatives (PAOM) 
have been investigated by high-performance 
affinity chromatogra-phy. Highly active 
thrombin(Th) was found to be strongly adsorbed 
on both surfaces and was eluted by increasing 
ionic strength of the eluent. Compared to the 
PSSO3 surface, desorption from the PAOM resin 
occurred at a lower salt concentration and with 
a more specific enzyme-resin interaction. 
Masking of the enzyme's active site by its 
natural inhibitor antithrombin III (AT III) 
caused a total disappearence of its affinity 
for both types of surface. It was demonstrated 
that the active seryl residue of thrombin was 
involved in enzyme-PAOM interactions. In 
contrast, this same site of the enzyme was 
always available after binding to PSSO3 resin. 
This allowed a biospecific desorption procedure 
using AT III, heparin (Hep) and Hep-AT III 
complex. The present work provides further 
confirmation of the "AT III-like" and "heparin
-like" properties, respectively, of PAOM and 
PSSO3 materials. 

I n r e c e n t y e a r s , a g r e a t d e a l o f e f f o r t has been d e v o t e d t o t h e 
s t u d y o f a n t i t h r o m b o g e n i c p o l y m e r s ( 1 - 3 ) . I t has been shown i n t h e 
p r e s e n t a u t h o r s ' l a b o r a t o r y (4-7) t h a t m o d i f i e d i n s o l u b l e p o l y s t y 
r e n e s s u b s t i t u t e d e i t h e r w i t h s u l f o n a t e o r amino a c i d s u l f a m i d e 
g r o u p s , e x h i b i t a n t i c o a g u l a n t a c t i v i t y , when suspended i n p l a s m a . 
T h i s p r o p e r t y c a n be a t t r i b u t e d t o t h e a d s o r p t i o n o f t h r o m b i n and 
a n t i t h r o m b i n I I I , a t t h e p l a s m a - p o l y m e r i n t e r f a c e s ( 7 - 9 ) . 

These a n t i c o a g u l a n t p o l y m e r s may be d i v i d e d i n t o two ma j o r 
c a t e g o r i e s , namely "AT I l l - l i k e " o r " h e p a r i n - l i k e " m a t e r i a l s , 
a c c o r d i n g t o t h e i r d i f f e r e n t i n t e r a c t i o n mechanisms w i t h t h r o m b i n 

0097-6156/87/0343-0197$06.00/0 
© 1987 American Chemical Society 
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198 PROTEINS AT INTERFACES 

(J_,2^_7)» S u l f o n a t e - and L - a r g i n y l m e t h y l e s t e r - s u b s t i t u t e d 
p o l y s t y r e n e s have a s p e c i f i c a f f i n i t y f o r t h r o m b i n , s i m i l a r t o 
t h a t o f i t s n a t u r a l i n h i b i t o r AT I I I ( K ) ) . I n c o n t r a s t , s u l f o n a t e d 
p o l y s t y r e n e s a c t as a c a t a l y s t i n Th-AT I I I complex f o r m a t i o n 
(1,2^), w h i c h i s g e n e r a l l y c o n s i d e r e d t o be an i m p o r t a n t p r o p e r t y 
of h e p a r i n (1_1 ). Thus, t h e y have been d e s i g n a t e d h e p a r i n - l i k e 
m a t e r i a l s . I t has t h e r e f o r e been p o s t u l a t e d t h a t t h e t h r o m b i n s i t e 
i n v o l v e d i n t h e thrombin-PAOM i n t e r a c t i o n may be d i f f e r e n t f r o m 
t h a t i n v o l v e d i n t h e thrombin-PSSO^ i n t e r a c t i o n . 

Based on t h e i r s p e c i f i c and r e v e r s i b l e i n t e r a c t i o n s w i t h 
t h r o m b i n , PAOM r e s i n s have been u s e d as s t a t i o n a r y phases f o r 
a f f i n i t y c h r o m a t o g r a p h y o f t h e p r o t e a s e ( 1 2 ) . Thus, i n a s i m p l e 
o n e - s t e p c h r o m a t o g r a p h i c p r o c e d u r e , human t h r o m b i n was i s o l a t e d 
f r o m a c t i v a t e d p r o t h r o m b i n complex c o n c e n t r a t e i n h i g h p u r i t y and 
y i e l d (J_3). Because o f t h e i r e x c e l l e n t m e c h a n i c a l p r o p e r t i e s t h e 
r e s i n s can a l s o be used as s u p p o r t s f o r h i g h - p e r f o r m a n c e l i q u i d 
a f f i n i t y c h r o m a t o g r a p h y (HPLAC). Thrombin a d s o r p t i o n and d e s o r p 
t i o n p r o c e s s e s have been i n v e s t i g a t e d u s i n g t h i s method. S i n c e a 
s m a l l e r amount o f sample c a n be c h r o m a t o g r a p h e d i n a s h o r t e r t i m e 
(1 4 ) , t h i s HPLAC method w o u l d be u s e f u l f o r f u r t h e r s t u d i e s o f t h e 
t h r o m b i n - p o l y m e r i n t e r a c t i o n mechanisms. 

I n t h e p r e s e n t p a p e r , we r e p o r t h i g h - p e r f o r m a n c e a f f i n i t y 
c h r o m a t o g r a p h y o f t h r o m b i n i n p r e s e n c e o f AT I I I and Hep, u s i n g two 
t y p e s o f r e s i n s as s t a t i o n a r y phases : e i t h e r h e p a r i n - l i k e PSSO^ o r 
AT I l l - l i k e PAOM. I n o r d e r t o d i f f e r e n t i a t e t h e i r mechanisms o f 
i n t e r a c t i o n w i t h t h r o m b i n , we examined t h e c h r o m a t o g r a p h i c b e h a v i o r 
of t h r o m b i n i n t h e p r e s e n c e , o r i n t h e absence o f AT I I I a n d / o r 
h e p a r i n . F i n a l l y , t h r o m b i n was i n j e c t e d on t h e columns a t low i o n i c 
s t r e n g t h . The d e s o r p t i o n o f bound t h r o m b i n f r o m t h e two s o l i d 
s u r f a c e s was t h e n c a r r i e d o ut u s i n g AT I I I , h e p a r i n and t h e AT I l l -
Hep c o m plex, t o e l u c i d a t e t h e s p e c i f i c i t y o f t h e i n t e r a c t i o n s 
i n v o l v e d . 

E x p e r i m e n t a l 

Reagents Human α - t h r o m b i n ( 3000 NIH U/mg) and a n t i t h r o m b i n I I I 
(3 IU/mg) were p u r c h a s e d f r o m t h e C e n t r e N a t i o n a l de T r a n s f u s i o n 
S a n g u i n e ( P a r i s , F r a n c e ) and fro m t h e C e n t r e Régional de T r a n s f u 
s i o n S a n g u i n e ( L i l l e , F r a n c e ) . Hog i n t e s t i n a l h e p a r i n ( H 1 0 8 ) , (173 
IU/mg, MW 10700 d a l t o n s ) was s u p p l i e d by I n s t i t u t CH0AY P a r i s , 
F r a n c e ) . The column l o a d i n g s g e n e r a l l y u s e d were 90 u n i t s o f 
t h r o m b i n i n 45 μΐ o f e l u t i o n b u f f e r (0.05 M p h o s p h a t e , 0.1 M N a C l , 
pH= 7.4) o r 0.25 u n i t o f a n t i t h r o m b i n I I I i n 10 u l o f b u f f e r . 

P r e p a r a t i o n o f Complexes. 25 u l o f t h r o m b i n s o l u t i o n (50 NIH U) 
were mix e d w i t h AT I I I (1 IU) o r h e p a r i n (25 ug) i n a 4:1 m o l a r 
r a t i o o f i n h i b i t o r o r p o l y s a c c h a r i d e t o enzyme Q_5). The m i x t u r e 
was i n c u b a t e d a t 37°C f o r 15 m i n ( 1 1 , 1 6 ) . H e p a r i n - A T I I I complex 
was p r e p a r e d i n a 1:1 m o l a r r a t i o under s i m i l a r c o n d i t i o n s . 

P r e p a r a t i o n o f C h r o m a t o g r a p h i c S u p p o r t s . S t y r e n e - d i v i n y l b e n z e n e 
c o p o l y m e r s ( B i o - B e a d s SX2, 200-400 mesh) f r o m B i o R a d , F r a n c e , were 
f i r s t c h l o r o s u l f o n a t e d (J_7 ). F u r t h e r r e a c t i o n o f t h e c h l o r o -
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13. YU ET AL. Interaction Mechanism of Thrombin 199 

s u l f o n a t e g r o u p s w i t h L - a r g i n y l m e t h y l e s t e r v i a f o r m a t i o n o f 
s u l f a m i d e bonds o r t o t a l h y d r o l y s i s o f t h i s c h l o r o s u l f o n a t e d 
p o l y m e r i n 2 M NaOH s o l u t i o n l e a d s t o PAOM o r PSSO^ r e s i n s , r e s p e c 
t i v e l y ( 4 , 1 2 ) . The p e r c e n t a g e o f t h e u n s u b s t i t u t e d , s u l f o n a t e d and 
L - a r g i n y l m e t h y l e s t e r - s u b s t i t u t e d monomer u n i t s a r e r e p r e s e n t e d 
r e s p e c t i v e l y by Χ,Υ,Ζ i n F i g u r e . 1 . 
C h r o m a t o g r a p h i c P r o c e d u r e B e f o r e p a c k i n g , t h e r e s i n s were washed 
i n 2 M aqueous sodium c h l o r i d e s o l u t i o n and t h e n i n M i c h a e l i s 
b u f f e r 0.026 M sodium b a r b i t a l , 0.026 M sodium a c e t a t e , 0.1 M 
sodium c h l o r i d e , ( p H = 7.3). The f i n e p a r t i c u l e s were e l i m i n a t e d by 
f l o t a t i o n . The c h r o m a t o g r a p h i c columms ( 25 χ 0.4 cm ID) were p a c k e d 
u s i n g t h e s l u r r y method, w i t h a s u s p e n s i o n o f about 3g o f r e s i n i n 
a h i g h i o n i c s t r e n g t h s o l u t i o n p h o s p h a t e b u f f e r 0.05 M, N a C l 2 M, 
(pH=7.4). The columm was e q u i l i b r a t e d f o r s e v e r a l h o u r s by w a s h i n g 
w i t h t h e c h r o m a t o g r a p h i c e l u e n t b u f f e r a t a f l o w - r a t e o f l m l / m i n . 

The HPLC a p p a r a t u s c o n s i s t e d o f a t h r e e - h e a d (120°) c h r o m a t o 
g r a p h i c pump ( M e r c k LC 2 1 B ) , c o n n e c t e d t o a Rheodyne 7126 i n j e c 
t i o n v a l v e (Sample l o o p 100 u l ) . A v a r i a b l e - w a v e l e n g t h U V - V i s i b l e 
d e t e c t o r ( M e r c k - L C 313) and t h e g r a d i e n t s y s t e m were c o n n e c t e d t o 
an Epson QX-10 computer. The c h r o m a t o g r a p h i c s i g n a l was m o n i t o r e d , 
i n t e g r a t e d and s t o r e d by t h e computer. These v a r i o u s components 
were o b t a i n e d f r o m M e r c k - C l e v e n o t ( N o g e n t - s u r - M a r n e , F r a n c e ) . 

I n a f i r s t s e r i e s o f c h r o m a t o g r a p h i c e x p e r i m e n t s , t h r o m b i n , Th-
AT I I I o r Th-Hep samples i n 0.1 M NaCl p h o s p h a t e b u f f e r were 
i n j e c t e d on t h e columns and t h e n e l u t e d by i n c r e a s i n g t h e s a l t 
c o n c e n t r a t i o n i n a l i n e a r g r a d i e n t 0.1 M t o 2 M NaC l i n 0.05 
pho s p h a t e b u f f e r (pH=7.4). I n a s e c o n d s e r i e s o f c h r o m a t o g r a p h i c 
e x p e r i m e n t s , t h r o m b i n was f i r s t i n j e c t e d a t low i o n i c s t r e n g t h . 
D e s o r p t i o n o f t h e bound t h r o m b i n f r o m t h e s o l i d s u r f a c e s was 
p e r f o r m e d by i n j e c t i n g an e x c e s s o f AT I I I , Hep o r AT I l l - H e p 
complex. The f l o w - r a t e was d e c r e a s e d t o 0.2 ml/min. The e l u t i o n was 
s t o p p e d f o r 5 m i n u t e s j u s t a f t e r i n j e c t i o n o f t h e d e s o r b i n g 
s u b s t a n c e . T h i s p r o c e d u r e was d e s i g n e d t o m i n i m i z e p o s s i b l e k i n e t i c 
e f f e c t s i n t h i s p r o c e s s . 

R e s u l t s and D i s c u s s i o n 

E l u t i o n o f α - t h r o m b i n . H i g h l y a c t i v e enzyme was c h r o m a t o g r a p h e d 
on t h e two r e s i n s under g r a d i e n t e l u t i o n c o n d i t i o n s ( F i g u r e s 2A and 
2B ) . The chromatograms show t h a t t h r o m b i n i n 0.1 M sodium c h l o r i d e 
i n p h o s p h a t e b u f f e r was s t r o n g l y a d s o r b e d on b o t h s u p p o r t s . 
D e s o r p t i o n o f t h e bound enzyme f r o m PAOM r e s i n o c c u r r e d a t a r o u n d 
1.7 M s a l t c o n c e n t r a t i o n ( F i g u r e 2 A ) . As p r e v i o u s l y r e p o r t e d ( 1 4 ) , 
t h e i o n i c s t r e n g t h r e q u i r e d f o r d e s o r p t i o n v a r i e d w i t h t h e c h e m i c a l 
and p h y s i c a l p r o p e r t i e s o f t h e r e s i n s and w i t h t h e e l u t i o n c o n d i 
t i o n s , b ut n e v e r e x c e e d e d 2 M N a C l . However, t h r o m b i n a d s o r b e d on 
PSSO^ s u r f a c e c o u l d n o t be e l u t e d a t i o n i c s t r e n g t h l o w e r t h a n 2 M 
NaCl ( F i g u r e 2 B ) . T h i s r e s u l t s u g g e s t s t h a t thrombin-PSSO^ i n t e r a c 
t i o n s a r e s t r o n g e r t h a n t h o s e o f t h r o m b i n -PAOM and i s c o n s i s t e n t 
w i t h t h e r e l a t i v e m a g n i t u d e s o f t h e a f f i n i t y c o n s t a n t s o f t h r o m b i n 
f o r t h e s e p o l y m e r s . These were p r e v i o u s l y d e t e r m i n e d f r o m Langmuir 
i s o t h e r m s , t o be 10 1 M and 10 1 M f o r P S S 0 3 and PAOM 
r e s i n s , r e s p e c t i v e l y ( 1 , 2 , 7 , 1 8 ) . 
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200 PROTEINS AT INTERFACES 

Figure 1 : Structure and percentage of d i f f e r e n t monomer units of 
sulfonated polystyrene (PSSO ) and i t s L - a r g i n y l methyl ester 
d e r i v a t i v e (PAOM). 
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13. YU ET AL. Interaction Mechanism of Thrombin 201 

ELUTION TIME (min) 

F i g u r e 2 : E l u t i o n o f human α - t h r o m b i n a t 25°C on PAOM (A) and 
PSSO^ (B) r e s i n s w i t h a l i n e a r g r a d i e n t f r o m 0.1 t o 2 M sodium 
c h l o r i d e i n 0.05 M ph o s p h a t e b u f f e r , pH = 7.4 ; f l o w - r a t e , 
1 ml/min. 
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202 P R O T E I N S A T I N T E R F A C E S 

S t e p w i s e E l u t i o n o f A n t i t h r o m b i n I I I o r H e p a r i n B o t h t y p e s o f 
m a t e r i a l have a f f i n i t i e s f o r s e v e r a l o t h e r plasma p r o t e i n s ( 6 , 1 0 ) . 
A n t i t h r o m b i n I I I , f o r example, has an a f f i n i t y c o n s t a n t o f abo u t 
10 1 M~ f o r e i t h e r PAOM o r P S S 0 3 s o l i d s u r f a c e (8,1S>). Conse
q u e n t l y , r e t e n t i o n on t h e s e r e s i n s was o b s e r v e d i n l o w - p r e s s u r e 
a f f i n i t y c h r o m a t o g r a p h y , and o n l y a t a low i o n i c s t r e n g t h (10). I t 
s h o u l d be n o t e d t h a t t h e a d s o r p t i o n o f t h r o m b i n was f a r g r e a t e r 
( 1 0 0 - f o l d ) t h a n t h a t o f i t s i n h i b i t o r u n d er t h e same e x p e r i m e n t a l 
c o n d i t i o n s . 

Under HPLAC c o n d i t i o n s , s i m i l a r e l u t i o n c u r v e s f o r AT I I I and 
H e p a r i n were o b s e r v e d on PAOM and PSS0~ s t a t i o n a r y p h a s e s . A n t i 
t h r o m b i n I I I was i m m e d i a t e l y e l u t e d by 0.1 M sodium c h l o r i d e 
s o l u t i o n and no d e t e c t a b l e p r o t e i n d e s o r p t i o n was o b s e r v e d a t 2 M 
i o n i c s t r e n g t h ( F i g u r e 3 A ) . Thus t h e i n h i b i t o r was n o t r e t a i n e d by 
e i t h e r PAOM o r PSSO^. Compared w i t h t h e f i n d i n g s m e n t i o n e d a b o v e , 
t h i s c a n be e x p l a i n e d i n terms o f k i n e t i c e f f e c t s . By d e c r e a s i n g 
t h e e l u t i o n f l o w - r a t e and s i m u l t a n e o u s l y o v e r l o a d i n g t h e columms, 
r e t e n t i o n o f a s m a l l amount o f AT I I I ( 170) was o b s e r v e d a t t h e same 
i o n i c s t r e n g t h , i . e . 0.1 M N a C l . 
F i g u r e 3B i l l u s t r a t e s t h a t h e p a r i n was n o t r e t a i n e d on e i t h e r o f 
th e two s u p p o r t s i n 0.1 M N a C l . T h i s e f f e c t may be a t t r i b u t e d t o 
e l e c t r o s t a t i c r e p u l s i o n a t t h e i n t e r f a c e between t h e a n i o n i c 
m u c o p o l y s a c c h a r i d e and t h e s t r o n g l y a n i o n i c s u l f o n a t e d r e s i n s . 

S t e p w i s e E l u t i o n o f Th-AT I I I Complex. I t has been w i d e l y r e p o r t e d 
t h a t t h r o m b i n i n h i b i t i o n by a n t i t h r o m b i n I I I r e q u i r e s a number o f 
c r i t i c a l amino a c i d r e s i d u e s i n each o f t h e two p r o t e i n s ( 1 1 , 2 0 ) . 
These b i n d i n g s i t e s a r e e s s e n t i a l l y an a c t i v e - c e n t e r s e r i n e o f t h e 
enzyme and an a r g i n y l r e s i d u e o f t h e i n h i b i t o r . I n a d d i t i o n , t h e 
i n h e r e n t l y s l o w f o r m a t i o n o f t h r o m b i n - a n t i t h r o m b i n I I I complex i s 
a c c e l e r a t e d by h e p a r i n (1_1). A l t h o u g h t h e mechanism o f t h i s 
c a t a l y s i s i s s t i l l under i n v e s t i g a t i o n ( J^,21_,22^), i t has been 
shown t h a t t h e b i n d i n g s i t e s i n v o l v e d i n t h e t h r o m b i n - a n t i t h r o m b i n 
I I I i n t e r a c t i o n d i f f e r f rom t h o s e o f h e p a r i n f o r t h e two p r o t e i n s 
( 2 3 , 2 4 , 2 5 ) . 

The PAOM r e s i n s were d e s i g n e d t o mimic a n t i t h r o m b i n I I I 
a f f i n i t y f o r t h r o m b i n by p a r t i a l l y s u b s t i t u t i n g , on t h e backbone o f 
th e s y n t h e t i c p o l y m e r , one o f t h e m a j o r b i n d i n g s i t e s o f t h e 
i n h i b i t o r , namely L - a r g i n y l m e t h y l e s t e r . T h i s s t r a t e g y w o u l d be 
j u s t i f i e d i f a r e a l i n v o l v e m e n t o f t h e a c t i v e s e r y l r e s i d u e o f 
t h r o m b i n were f o u n d i n t h e enzyme-PAOM i n t e r a c t i o n s and n o t i n t h e 
enzyme-PSSO^ i n t e r a c t i o n s . 

I n j e c t i o n o f t h e Th-AT I I I complex on PAOM o r PSS0 s u p p o r t s 
was p e r f o r m e d a t 0.1 M s a l t c o n c e n t r a t i o n . The chromatograms on 
b o t h s u p p o r t s show o n l y one peak w h i c h a p p e a r s a t 0.1 M N a C l 
s o l u t i o n . No peak i s d e t e c t e d a t h i g h i o n i c s t r e n g t h ( 2 M N a C l ) , 
i n d i c a t i n g t h a t t h e Th-AT I I I complex and t h e e x c e s s o f a n t i 
t h r o m b i n I I I a r e e l u t e d t o g e t h e r a t 0.1 NaCl b u f f e r ( F i g u r e 4 A ) . 
C o n s e q u e n t l y , i t i s c o n c l u d e d t h a t t h r o m b i n w i t h a masked s e r y l 
s i t e l o s e s i t s a f f i n i t y f o r b o t h r e s i n s . 
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13. YU ET AL. Interaction Mechanism of Thrombin 203 

F i g u r e 3 : S t e p w i s e e l u t i o n o f a n t i t h r o m b i n I I I (A) and h e p a r i n (B) 
on PAOM o r PSS0„ r e s i n s a t 25°C. B o t h r e s i n s have same c u r v e . 
E l u e n t : 0.05 M p h o s p h a t b u f f e r (pH = 7,4); Na C l 0.1 M and 2 M; 
f l o w r a t e , 1 m l / m i n . 
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204 PROTEINS AT INTERFACES 

J _ 1 i 1_ 
0 10 20 30 

ELUTION TIME(min) 

F i g u r e 4 : S t e p w i s e e l u t i o n o f Th-AT (A) and Th-Hep (B) com p l e x e s 
on PAOM o r P S S 0 3 r e s i n s a t 25°C. C o n d i t i o n s as i n F i g u r e 3. B o t h 
r e s i n s have same c u r v e . 
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13. YU ET AL. Interaction Mechanism of Thrombin 205 

A s s u m i n g t h a t t h e a c t i v e s e r y l r e s i d u e o f t h r o m b i n i s r e s p o n 
s i b l e f o r t h r o m b i n - r e s i n i n t e r a c t i o n s , a l a c k o f a f f i n i t y o f t h e 
i n a c t i v a t e d enzyme f o r t h e s e r e s i n s w o u l d be e x p e c t e d . However, 
t h e t h r o m b i n b i n d i n g s i t e ( s ) i n v o l v e d i n t h e e n z y m e - r e s i n i n t e r a c 
t i o n s may be d i f f e r e n t f r o m t h e a c t i v e s e r y l c e n t e r , b u t may be 
l o c a t e d n e a r b y . A s i m p l e s t e r i c r e s t r i c t i o n c o u l d t h u s p r e v e n t 
a d s o r p t i o n . 

The t h r o m b i n - h e p a r i n complex was a l s o i n j e c t e d o n t o b o t h t h e 
PAOM and PSSO^ s u p p o r t s , t o i n v e s t i g a t e T h / H e p / r e s i n i n t e r a c t i o n s . 
The c h r o m a t o g r a p h i c p r o f i l e s on each o f t h e s o l i d phases were 
a l m o s t i d e n t i c a l as shown i n F i g u r e 4B. To i d e n t i f y t h e components 
i n each peak, t h e enzyme and h e p a r i n were c h r o m a t o g r a g h e d s e p a r a 
t e l y b u t under t h e same e x p e r i m e n t a l c o n d i t i o n s ( F i g u r e s 1 and 3). 
The f i r s t peak was t h u s a t t r i b u t e d t o f r e e - h e p a r i n m o l e c u l e s and 
the s e c o n d , e l u t e d a t a h i g h e r i o n i c s t r e n g t h , t o t h e enzyme 
a l o n e . I n c o n t r a s t t o t h e Th-AT I I I c o m p l e x , t h e Th-Hep complex 
was d i s s o c i a t e d by b o t h s o l i d p h a s e s . 

D e s o r p t i o n o f Bound Thrombin by A n t i t h r o m b i n I I I , H e p a r i n o r Hep-AT 
I I I Complex. Thrombin was i n j e c t e d o n t o PAOM o r P S S 0 3 c h r o m a t o g r a 
p h i c s u p p o r t s i n 0.1 M NaCl s o l u t i o n . To m i n i m i z e p o s s i b l e k i n e t i c 
e f f e c t s , t h e f l o w - r a t e was r e d u c e d t o 0.2 ml/min. A f t e r w a s h i n g 
w i t h 0.1 M N a C l b u f f e r , an e x c e s s o f e i t h e r AT I I I , Hep, o r AT I l l -
Hep complex was i n j e c t e d . The f l o w was t h e n s t o p p e d f o r f i v e 
m i n u t e s i n o r d e r t o o b t a i n a b e t t e r exchange o f m a c r o m o l e c u l e s 
between t h e m o b i l e and t h e s t a t i o n a r y p h a s e s . The o b j e c t i v e was t o 
d e t e r m i n e w h e t h e r AT I I I , Hep o r AT I l l - H e p complex c o u l d a c t as 
e l u e n t s f o r t h e " b i o s p e c i f i c d e s o r p t i o n " o f t h e bound enzyme a t 
0.1 M N a C l . 

The e l u t i o n c u r v e o b t a i n e d w i t h PAOM r e s i n s ( F i g u r e 5A) 
d e m o n s t r a t e s t h a t none o f t h e t h r e e s p e c i e s was a b l e t o d e s o r b t h e 
bound enzyme, w h i c h was o n l y e l u t e d a t 2 M i o n i c s t r e n g t h . I n 
c o n t r a s t , t h r o m b i n was t o t a l l y e l u t e d f r o m PSSO^ r e s i n s by AT I I I 
and AT I l l - H e p complex ( F i g u r e s 5B and 5 C ) . 0 n l y p a r t i a l d e s o r p t i o n 
was o b s e r v e d when h e p a r i n was used a l o n e ( F i g u r e 5D). 

The c o m p a r i s o n between t h e chromatogram o f Th-AT complex 
( F i g u r e 4A) and t h e d e s o r p t i o n o f bound t h r o m b i n by a n t i t h r o m b i n 
I I I f r o m t h e PAOM r e s i n s ( F i g u r e 5A) i n d i c a t e s t h a t t h e a c t i v e 
s e r y l r e s i d u e o f t h r o m b i n and p o s s i b l y o t h e r b i n d i n g s i t e s a r e 
b l o c k e d by t h e PAOM r e s i n s . However, t h e same amino a c i d r e s i d u e s 
o f bound t h r o m b i n on t h e PSSO^ s u p p o r t a r e a l w a y s a v a i l a b l e t o AT 
I I I , i n t h e p r e s e n c e o r i n t h e absence o f h e p a r i n . These c o m p a r i 
sons o f t h e " b i o s p e c i f i c d e s o r p t i o n " b e h a v i o r o f PAOM and PSS0~ 
r e s i n s d e m o n s t r a t e t h e d i f f e r e n t mechanisms a c c o r d i n g t o w h i c h AT 
I l l - l i k e o r h e p a r i n - l i k e p r o p e r t i e s c a n be a t t r i b u t e d t o PAOM o r 
PSSO^ m a t e r i a l s , r e s p e c t i v e l y . 

F i n a l l y , when t h e same e x p e r i m e n t was p e r f o r m e d under h y d r o -
dynamic e l u t i o n c o n d i t i o n s w i t h o u t any f l o w s t o p p a g e , t h e bound 
enzyme was n o t s u b s e q u e n t l y d e s o r b e d e i t h e r by AT I I I o r h e p a r i n . 
I n c o n s t r a s t , AT I l l - H e p complex was a b l e t o e f f e c t c o m p l e t e 
d e s o r p t i o n o f t h r o m b i n . I t i s c o n c l u d e d t h a t t h e w e l l - k n o w n 
c a t a l y t i c mechanism o f h e p a r i n i n Th-AT I I I complex f o r m a t i o n a l s o 
o c c u r s i n t h e Th/AT I l l / r e s i n s y s t e m under o u r e x p e r i m e n t a l c o n d i 
t i o n s . 
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Chapter 14 

Kinetics of Protein Sorption on Phospholipid 
Membranes Measured by Ellipsometry 

Peter A. Cuypers1, George M. Willems, Jos M . M . Kop, Jan W. Corsel, 
Marie P. Janssen, and Wim Th. Hermens 

Department of Biophysics, Biomedical Centre, University of Limburg, P.O. Box 616, 
6200 MD Maastricht, Netherlands 

The sorption kinetics of prothrombin, fibrinogen and 
albumin on phospholipid bilayers were studied by el
lipsometry. Using an unstirred layer model, it is 
possible to detect the presence of a transport limi
tation in sorption kinetics and to estimate the thick
ness of the unstirred layer. 
Prothrombin sorption is reversible and calcium-depend
ent. The prothrombin association constant Ka is de
pendent on the surface concentration of protein and on 
the composition of the phospholipid bilayers, indicat
ing interacting binding sites. The initial rate of 
prothrombin adsorption is transport limited in all 
conditions studied. Values of the sorption rate con
stants kon and koff are dependent on the surface con
centration. The rate of adsorption decreases for high
er surface concentration and the intrinsic values of 
kon and koff can be estimated as soon as the adsorp
tion rate drops below the diffusional limit. Similar 
effects are seen for the adsorption of albumin and 
fibrinogen. 

Prothrombin adsorption remains reversible on pure 
phosphatidylserine (PS) bilayers and on a mixture of 
80% PS and 20% phosphatidylcholine (PC). For PS/PC 
mixtures with less than 80% PS the initial reversible 
prothrombin adsorption is followed by a slow second 
surface reaction which causes irreversible adsorption. 
A similar slow surface reaction is seen for fibrinogen 
on 100% PS. Elimination of calcium after adsorption of 
fibrinogen gives a fast desorption of part of the 
adsorbed layer, possibly due to increased negative 
charge of the fibrinogen molecules. 

The present research program i n Maastricht on p r o t e i n adsorption 

'Current address: Dutch State Mines Research BV, P.O. Box 18, 6160 MD Geleen, 
Netherlands 

0097-6156/87/0343-0208$06.00/0 
© 1987 American Chemical Society 
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14. C U Y P E R S E T A L . Kinetics of Protein Sorption 209 

s t a r t e d m 1976 with the m o d i f i c a t i o n of a manual Rudolph e l l i p s o -
meter such that the adsorption of proteins at s o l i d - l i q u i d i n t e r f a c e s 
could be followed automatically under well defined conditions (J_) · 
I n i t i a l studies with t h i s instrument showed that the r e f r a c t i v e index 
and thickness of the adsorbed proteins d i f f e r e d considerably depend
ing on the underlying surfaces. I t was a l s o shown that the s t r u c t u r e 
of a f i b r i n o g e n l a y e r a f t e r adsorption on the surface changed with 
time (2,3). In the f o l l o w i n g years several techniques were developed 
f o r the deposition of phospholipid mono- and doublelayers on s o l i d 
substrates and the s t a b i l i t y and temperature-dependent behavior of 
these membranes i n b u f f e r s o l u t i o n s was studied (4_). I t was a l s o 
shown that the thickness and r e f r a c t i v e index of the adsorbed p r o t e i n 
l a y e r s can give s t r u c t u r a l information l i k e the water content, s w e l l 
ing and s h r i n k i n g of the layer and penetration of the proteins i n t o 
the underlaying phospholipid layers (5-10)· 

In 1983 we were able to v a l i d a t e two exact formulae, based on 
the Lorenz-Lorentz equations, allowing the c a l c u l a t i o n of the mass of 
the adsorbed l a y e r from the r e f r a c t i v e index and thickness. T h i s 
experimental v a l i d a t i o n was performed by measuring stacked m u l t i l a y 
ers of known mass of phosphatidylsenne and by the adsorption of 
r a d i o l a b e l e d albumin and prothrombin on these m u l t i l a y e r s (9) · 

Using these equations the d i s s o c i a t i o n constants and the 
number of binding s i t e s of prothrombin on 14:0/14:0 PS and 18:1/18:1 
PS (DOPS) monolayers could be measured (9,10). Working i n the f i e l d 
of blood coagulation, t h i s study was extended to the adsorption on 
double laye r s of d i f f e r e n t mixtures of phospholipids. Binding s i t e s 
were found with at l e a s t two d i f f e r e n t d i s s o c i a t i o n constants f o r 
prothrombin on DOPS double l a y e r s . Values of the d i s s o c i a t i o n con
stants were strongly influenced by adding phosphatidylcholine (DOPC) 
to the b i l a y e r s (7,10). U n t i l then, conclusions were based on e q u i l i 
brium measurements. The prothrombin adsorption on DOPS l a y e r s i s 
r e v e r s i b l e and o f f e r s an exceptional model for i n v e s t i g a t i o n of ad
s o r p t i o n as well as desorption k i n e t i c s . Using an u n s t i r r e d layer 
model a simple g r a p h i c a l representation of the r e s u l t s allowed de
t e c t i o n of transport l i m i t a t i o n i n s o r p t i o n k i n e t i c s ( 12 ) · The i n i 
t i a l r ate of prothrombin adsorption i s t r a n s p o r t - l i m i t e d under a l l 
conditions studied. Adsorption of albumin and f i b r i n o g e n i s much 
slower and i s determined by the i n t r i n s i c rate of p r o t e i n b i n d i n g 
Π 2 ) . 

The u n s t i r r e d layer adsorption model can be generalized by the 
i n t r o d u c t i o n of surface concentration dependent so r p t i o n rate con
stants k o n and k Q f . This subject i s c u r r e n t l y being studied as w e l l 
as the existence or a second, i r r e v e r s i b l e , surface r e a c t i o n follow
ing r e v e r s i b l e i n i t i a l adsorption f o r f i b r i n o g e n and prothrombin on a 
60% DOPS/40% DOPC mixture. 

A recent m o d i f i c a t i o n of the ellipsometer with a r o t a t i n g re
f l e c t i n g surface, instead of s t i r r i n g the b u f f e r , allows much b e t t e r 
c o n t r o l of the hydrodynamics i n t h i s system ( m p r e p a r a t i o n ) . 

M a t e r i a l s and Methods 

The e l l i p s o m e t e r . E l l i p s o m e t r y i s an o p t i c a l technique for the mea
surement of changes i n the p o l a r i z a t i o n of l i g h t caused by r e f l e c 
t i o n . These changes are s t r o n g l y influenced by the presence of very 
t h i n (0.1 - 100 nm) f i l m s of phospholipids and proteins deposited on 
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210 PROTEINS AT INTERFACES 

the r e f l e c t i n g surface. The instrument i s a modified Rudolph & Sons 
elli p s o m e t e r , type 4303-200E shown i n Figure 1. I t i s equipped with a 
He-Ne l a s e r and computer c o n t r o l l e d stepping motors on adjustable 
o p t i c a l components, the p o l a r i z e r (Ρ) and the analyzer (A). Measure
ment of the changes i n p o l a r i z a t i o n during p r o t e i n adsorption gives 
the values of the r e f r a c t i v e index and thickness of the adsorbed 
p r o t e i n l a y e r . This measurement i s repeated every 4 seconds. A com
p l e t e d e s c r i p t i o n of the instrument i s given i n r e f s . (1,3). 

Figure 2 shows the three r e f l e c t i n g systems analyzed i n each 
experiment. F i r s t the r e f l e c t i o n of a chromium s l i d e i s measured i n 
b u f f e r s o l u t i o n (Figure 2 upper panel) g i v i n g the r e a l and complex 
part of the r e f r a c t i v e index of the chromium surface. Next the s l i d e 
i s covered with a phospholipid b i l a y e r (Figure 2 middle panel) and 
the change i n p o l a r i z a t i o n i s measured again, g i v i n g the r e f r a c t i v e 
index and thickness of the phospholipid l a y e r . P r o t e i n adsorption on 
the phospholipids i s analyzed according to the system presented i n 
the lower panel of Figure 2. 

The surface concentration Γ, expressed as the mass of the sub
stance adsorbed on the s l i d e per u n i t surface area, can be c a l c u l a t e d 
from the r e f r a c t i v e index η and the thickness d of the adsorbed 
l a y e r : 

Γ = 3d (n 2-n^)/[(n 2+2)(r(n^+2)-v(n^-1))] (1) 

where r and ν are the s p e c i f i c r e f r a c t i v i t y and the p a r t i a l s p e c i f i c 
volume of the substance deposited on the s l i d e and n^ i s the r e f r a c 
t i v e index of the b u f f e r s o l u t i o n (9) . 

Stacking of the monolayers or m u l t i l a y e r s . Stacking was done with a 
preparative Langmuir-trough (Lauda, Type FW-1) according to the meth
od of Blodgett and Langmuir (11,12) · The r e f l e c t i n g surface was dipp
ed i n t o the trough with a s p e c i a l l y developed dipping machine allow
ing regular and e x a c t l y adjustable dipping- and withdrawing speeds of 
about 2 mm/mm. 

The surface pressure of the phospholipid monolayer on the trough 
i s c r i t i c a l and depends on the phospholipid. Transport from the 
trough to the ellipsometer cuvette was done i n a s p e c i a l sample h o l 
der such that exposure of the b i l a y e r to a i r was prevented. 

M a t e r i a l s . The f o l l o w i n g phospholipids were used: 
1,2 dimyristoyl-sn-glycero-3-phosphoserme (DMPS) , 
1,2 dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 
1,2 dioleoyl-sn-glycero-3-phosphocholine (DOPC). 

Bovine prothrombin, human fi b r i n o g e n and bovine albumin were 
used. The p r o t e i n s were e i t h e r obtained commercially or prepared ac
cording to e s t a b l i s h e d procedures ( 12 ) · Unless mentioned otherwise a 
0.05 M T r i s - H C l b u f f e r of pH=7.5 was used, containing 0.1 M NaCl and 
1.5 mM C a C l 2 -

Sorption experiments. Experiments were performed i n a cuvette f i l l e d 
with b u f f e r . The b u f f e r was continuously s t i r r e d by a r a p i d l y r o t a t 
ing magnetic s t i r r e r and the temperature was c o n t r o l l e d by a P e l t i e r 
element. A f t e r adding the p r o t e i n to the cuvette, the adsorption was 
followed by measuring the new p o s i t i o n s of Ρ and A every 3-5 seconds. 
E q u i l i b r i u m was u s u a l l y a t t a i n e d a f t e r 10-60 min, depending on the 
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212 PROTEINS AT INTERFACES 

p r o t e i n concentration, Desorption was measured a f t e r r a p i d l y f l u s h i n g 
the cuvette with fresh b u f f e r (t=0) and subsequent constant slow 
f l u s h i n g i n order to maintain zero bulk concentration of p r o t e i n . 
Figure 3 presents an example of the experimental data obtained during 
adsorption and desorption of prothrombin on a DOPS doublelayer. The 
p o s i t i o n s of the p o l a r i z e r Ρ and the analyzer A as a f u n c t i o n of 
time, and the parameters c a l c u l a t e d from these data, the r e f r a c t i v e 
index n, the thickness d and the adsorbed mass Γ are shown. 

Ana l y s i s of s o r p t i o n k i n e t i c s . During adsorption a concentration 
p r o f i l e C(x,t) of p r o t e i n i s e s t a b l i s h e d i n an u n s t i r r e d l a y e r se
parating the adsorbing surface, s i t u a t e d at x=0, from the b u f f e r 
s o l u t i o n . I t i s assumed that i n i t i a l l y no p r o t e i n i s present i n the 
system and that at time t=0 the bulk concentration of p r o t e i n i n the 
b u f f e r i s changed to a f i x e d value C^. I t i s a l s o assumed that the 
adsorption rate i s p r o p o r t i o n a l to the number of free binding s i t e s 
and to the p r o t e i n concentration at the surface. The rate of desorp
t i o n i s assumed to be p r o p o r t i o n a l to the surface concentration. For 
t h i s binding model one has: 

~ r<t) = k ( n i n t (r - r u n c(o,t) - km1"*: r<t) (2) 
a t on max o f f 

where Γ ( t) i s the adsorbed quantity of p r o t e i n per u n i t surface area 
at t i m | t . The i n t r i n s i c adsorption and desorption rate functions 
k(T and k ( r ) x

 f , are dependent on surface coverage, i n c l u d i n g 
e f f e c t s as: the i n t e r a c t i o n forces of the p r o t e i n with the surface, 
i n t e r a c t i o n between the adsorbed p r o t e i n molecules, o r i e n t a t i o n e f 
f e c t s of the proteins on the surface e t c . For t h i s case the d i f f u s i o n 
equation 

— C(x,t) = D - ~ C(x,t) 
χ 

was solved numerically with the boundary conditions 

D - i - C(o,t) = k ( D i n t ( Γ - H t ) ) C(o,t) - k ( r ) X ^ r ( t ) = 4-T (t) c3x on max o f f d t 

C (5,t)=C 

where D i s the d i f f u s i o n constant of the p r o t e i n and δ i s the t h i c k 
ness of the u n s t i r r e d l a y e r . 

As a l i n e a r concentration gradient of p r o t e i n b u i l d s up i n the 
u n s t i r r e d l a y e r within a second a f t e r changing the b u f f e r concentra
t i o n to the boundary conditions can be w r i t t e n 

§ = D ± C(o,t) = D(C b-C(o,t))/6 or C(o,t) = c b - 1 | L . 

I n s e r t i n g t h i s expression f o r C(o,t) i n equation 2 one obtains: 

•~r T(t) = k ( D a p p (Γ - r ( t ) ) C - k ( r ) a p P H t ) , with (3) 
a t on max b o f f 

k ( D a p p = k ( D i n t D / ( D + 6 k ( D i n t ( r -Γ ) ) and (3a) on on on max 
k ( T ) a p p = Κ ( Γ ) 1 ^ D / ( D + 6 k ( D X n t ( r - Γ ) ) . (3b) o f f o f f on max 

I t follows from t h i s equation that the presence of an u n s t i r r e d l a y e r 
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14. CUYPERS ET AL. Kinetics of Protein Sorption 213 

s: .20-1 1 1 , , Ho 
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 

Time (sec) 

Figure 3. Adsorption and desorption of prothrombin on a DOPS 
doublelayer. The adsorbed mass i s c a l c u l a t e d from the changes i n 
the r e f r a c t i v e index and thickness, which i n t h e i r turn are c a l 
c u l a t e d from the changes i n p o l a r i z e r and analyzer readings (see 
t e x t ) . 
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214 PROTEINS AT INTERFACES 

leaves the binding equation 2 apparently unaltered with apparent rate 
functions depending on the transport parameters as well as on the 
i n t r i n s i c rate f u n c t i o n s . During desorption (C^ = 0) one has dr/dt= 
- k ( T ) a p p r and k(T can thus be d i r e c t l y estimated from the de
sorption curve. The value of Μ Γ ) 3 ρ ρ ( Γ -Γ) can then be c a l c u l a t e d 

on max 
from the adsorption curve as + k( Γ ) a p p Γ ) / a . P l o t t i n g t h i s ex-

at o f f b 
pression as a fun c t i o n of Γ i t follows from equation 3a that i f 

6 k ( r ) i n t r i s much l a r g e r than D, the p l o t w i l l approach a constant on max 
value of D/δ f o r small values of Γ · This allows d i r e c t determination 
of δ from the i n i t i a l part of the p l o t i f the value of D i s known. 

Results 

The e q u i l i b r i u m binding constant as a fun c t i o n of surface c o n c e n t r a 
t i o n . We measured the e q u i l i b r i u m values of the adsorbed amount of 
prothrombin on a double layer of DOPS i n T r i s - H C l b u f f e r as a func
t i o n of the prothrombin concentration (10,12) . A p l o t of the r e c i 
p r o c a l concentration of bound p r o t e i n as a function of the r e c i p r o c a l 
p r o t e i n concentration m b u f f e r allows determination of the a s s o c i a 
t i o n constant Κ defined by Κ = Γ /(Γ -Γ )0^.Figure 4 shows K a 

as a f u n c t i o n o% the surface aconcen%rat™ on. lowest surface con
c e n t r a t i o n f o r which t h i s r e l a t i o n ^could be measured was about 0.08 
ug/cm g i v i n g a Κ of about 10 M . Although the e l l i p s o m e t r i c de
t e c t i o n l i m i t i s much lower, such high Κ values imply almost i r r e 
v e r s i b l e adsorption and the accuracy of A e measurements becomes i n 
s u f f i c i e n t . The highest surface concentration of 0.2 Pg^cm^is close 
to Γ i n t h i s system. The value of Κ here i s 5.6x10 M . Figure . max a 
4 suggests an exponential dependence of Κ on the surface concentra
t i o n . a 

The s o r p t i o n rate constants as a fun c t i o n of surface concentration. 
In a previous paper ( 12 ) i t was shown that the adsorption of pro
thrombin on a double layer of DOPS m Tris-HCL b u f f e r i s transport-
l i m i t e d f o r low surface concentrations. In Figure 5 t h i s adsorption 
i s analyzed f o r higher surface concentrations. At a surface concen
t r a t i o n of 0.1 pg/cm the adsorption rate drops below the d i f f u s i o n 
l i m i t and the value of k i n can be c a l c u l a t e d . F i r s t , the value of 
k a p P ( F -Γ) i s calculatecPfrom the data as explained i n the Methods, on max 

-7 2 —1 —4 using the values of D = 4.8x10 cm s and δ = 4.4x10 cm (12) the 
value of k x can then be c a l c u l a t e d from equation 3a. Figure 6 shows 
the same c a l c u l a t i o n s f o r fibrinogen-adsorption. In t h i s case the 
desorption rate can be neglected. For the adsorption at pH=6.0 the 
adsorption of f i b r i n o g e n i s transport l i m i t e d up to a surface con
c e n t r a t i o n of 0.16 ug/cm2. For i n c r e a s i n g surface concentration k i n t 

on 
t h e r e a f t e r i s lowered by about three orders of magnitude. At pH=7.5 

2 
the t o t a l adsorption of f i b r i n o g e n i s much l e s s and Γ =0.14 μ g/cm · 
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14. CUYPERS ET AL. Kinetics of Protein Sorption 215 

log Κ 

Figure 4. The e q u i l i b r i u m a s s o c i a t i o n constant K^, as a f u n c t i o n 
of surface concentration, for prothrombin adorption on a DOPS 
doublelayer. 

i n t 

, - 1 - 1 3 (yg s cm 

0.0 0.1 0.2 0.3 0.4 
Γ(ug/cm Z) 

Figure 5. The i n t r i n s i c adsorption rate f u n c t i o n , as a f u n c t i o n of 
s u r f a c e c o n c e n t r a t i o n , f o r prothrombin a d s o r p t i o n on a DOPS 
doublelayer. 
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216 PROTEINS AT INTERFACES 

i n t 

(pg s cm ) 
3.5 I d " 1 -

3.0 10 

Ο 

pH = 6.0 

Ο 

* ο 
* 
* ο 

tir 
Ο 

pli = 7.5 

* 
* 

0 ο 

Ί I Γ 
0.0 0.2 0.4 0 .6 0.8 

Γ(pg/cm 

Figure 6 . The i n t r i n s i c adsorption rate f u n c t i o n , as a fu n c t i o n of 
surface concentration, f o r f i b r i n o g e n adsorption on a DOPS double-
l a y e r . 
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14. CUYPERS ET AL. Kinetics of Protein Sorption 217 

The i n i t i a l value of k =5.5x10 yg . s cm ^ o r = 0 * ° f ug^cm i s 
much lower i n t h i s case and drops to k =8x10 yg s cm f o r Γ = 

on 
0.14 yg/cm 2. These r e s u l t s show that the drop i n k i n t i s much steeper 
for pH=7.5 than i t i s f o r pH=6 · 0 and s t a r t s at very low surface con
c e n t r a t i o n s . 

Figure 7 shows the i n t r i n s i c adsorption rate constants of albu
min f o r two con d i t i o n s : near the i s o e l e c t r i c p o int and at a more 
p h y s i o l o g i c a l pH. In a l l conditions tested, albumin adsorption on 
DOPS double l a y e r s was never transport l i m i t e d and so the i n t r i n s i c 
constants equal the apparent constants. Near the iso-e!ec_tric point 
(pH=6.0) of albumin Γ = 0.15 yg/cm and the drop i n k i s only a 
f a c t o j 10 and l e s s steep than i t i s at pH=7#5 where Γ ̂ i s only 0.03 
yg/cm . From the adsorption at pH=7.5 i t i s apparent?* however that 
even at a surface concentration below Γ=0.005 yg/cm values of 
are already decreasing. 

Time-dependent r e v e r s i b i l i t y of prothrombin and f i b r i n o g e n a d s o r p 
t i o n . The e q u i l i b r i u m binding constant of prothrombin on DOPS b i 
lay e r s can be c a l c u l a t e d both from e q u i l i b r i u m measurements and dy
namic measurements (K =k /k f ^ ) , i n d i c a t i n g that t h i s system i s 
completely r e v e r s i b l e f12?? I? prothrombin i s adsorbed on a mixture 
of 60% DOPS and 40% DOPC however the system i s no longer r e v e r s i b l e . 
Figure 8 shows the adsorption from a bu f f e r with 20 yg/cm prothrom
bin on a 60% DOPS/40% DOPC doublelayer. In s i t u a t i o n A desorption was 
st a r t e d 100 seconds a f t e r the a d d i t i o n of the p r o t e i n to the b u f f e r ; 
i n s i t u a t i o n Β the desorption s t a r t e d a f t e r 1000 seconds. In the 
f i r s t case there i s a rap i d complete desorption whereas i n the second 
case only 25% desorbs r a p i d l y and subsequent desorption i s much slow
er. 

T his behavior was also seen f o r fi b r i n o g e n on a 100% DOPS double 
layer at pH=7.5 and NaCl 0.1 M. as shown i n Figure 9. Here desorption 
s t a r t e d at t=60 seconds r e s u l t s i n considerable desorption. If the 
desorption i s s t a r t e d a f t e r 600 seconds, however, hardly any desorp
t i o n occurs. 

Calcium-dependent r e v e r s i b i l i t y of f i b r i n o g e n adsorption. Figure 10 
shows the adsorption and desorption of f i b r i n o g e n on a^double l a y e r 
of DOPS i n ^ T r i s - H C l b u f f e r 0.05 M pH=7.5 w^th 20 yg/cm f i b r i n o g e n . 
Without Ca the value of Γ =0.27 yg/cm . A f t e r the maximum value 
was reached, 10 mM calcium was added and the surface concentration 
i n c r e a s e ^ to Γ=0.33 yg/cm (not shown i n the f i g u r e ) . Adsorption of 
20 yg/cm f i b r i n o g e n i n the presence of 10 mM CaCl^ gives a surface 
concentration of Γ = 0.50 ̂ i+g/cm . When e q u i l i b r i u m was reached, EDTA 
was added to remove the Ca ions and a rap i d desorption was seen to 
at a value of Γ = 0.27 yg/cm . 

Discuss i o n 

For the i n t e r p r e t a t i o n of the r e s u l t s we used the fo l l o w i n g simple 
model: The pr o t e i n s at the surface have an a t t r a c t i v e i n t e r a c t i o n A 
with the surface and a r e p u l s i v e i n t e r a c t i o n Β between adsorbed mole
c u l e s . The r a t i o of A and Β w i l l determine the t o t a l amount of the 
p r o t e i n adsorbed at the surface. The i n t r i n s i c adsorption rate func-
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int. 

(yg s cm ) 

7.10 -5 ο 
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Ο 

0.0 
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Γ(yg/cm ) 

Figure 7. The i n t r i n s i c adsorption rate f u n c t i o n , as a func t i o n of 
surface concentration, for albumin adsorption on a DOPS double-
l a y e r . 

Figure 8. Time-dependency of the desorption of prothrombin on a 
60% DOPS/40% DOPC mixture (see t e x t ) . 
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14. CUYPERS ET AL. Kinetics of Protein Sorption 219 

0 1000 2000 3000 
Time (s) 

Figure 10. E f f e c t of calcium, and a d d i t i o n of EDTA, on the adsorp
t i o n of f i b r i n o g e n on a DOPS doublelayer (see t e x t ) . 
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220 PROTEINS AT INTERFACES 

t i o n of prothrombin i n Figure 5 drops three orders of ^magnitude i f 
the surface concentration increases from Γ = 0.1 yg/cm to Γ = 0.3 
yg/cm . This i s c o n s i s t e n t with the model i f we assume that the i n 
t e r a c t i o n A does not change, whereas the distance between the p r o t e i n 
molecules becomes smaller and so the r e p u l s i v e force Β between the 
negatively charged molecules w i l l increase, r e s u l t i n g i n a^lower 
k · Measurements on f i b r i n o g e n give the same decrease of k v a l 
ues. Near i t s i s o e l e c t r i c point, at pH=6.0, the negative charge of 
the molecules i s much smaller than at pH=7.5 r e s u l t i n g i n a much 
smaller r e p u l s i o n and so the decrease m values of k i s l e s s steep 
than at pH=7.5. As a r e s u l t Γ at pH=6.0 w i l l be much higher than 
at pH=7.5. ,A| the adsorption oF aFibrmogen at pH=7.5 i s not d i f f u s i o n 
l i m i t e d , k c a j be measured even at a surface concentration as low 
as Γ =0.005 yg/cm · At t h i s low Γ the decrease i n k already s t a r t s . 
This behavior i s even b e t t e r demonstrated by the absorption of albu
mine where 2the lowest measurable surface concentration at pH=7.5 i s 
0.003 yg/cm which i s only about 3% of the t o t a l coverage. The change 
m the e q u i l i b i r u m a s s o c i a t i o n constant Κ as a f u n c t i o n of surface 
coverage (Figure 4) a l s o f i t s the model of i n t e r a c t i o n between ad
sorbed molecules. A l l these data are suggestive of a r e p u l s i o n model. 
However, more q u a n t i t a t i v e r e s u l t s w i l l be needed to t e s t which r e 
p u l s i o n model w i l l give surface concentration-independent constants 
<t3). 

Figures 8 and 9 suggest that m the case of i r r e v e r s i b l e adsorp
t i o n , a r e v e r s i b l e i n i t i a l adsorption i s followed by a second i r r e 
v e r s i b l e r e a c t i o n . This behavior was c l e a r l y seen at 60% PS/40% PC 
with prothrombin. For f i b r i n o g e n adsorption (Figure 9) p r e l i m i n a r y 
experiments show that the conditions of adsorption can be a l s o mo
d i f i e d i n such a way that an i n i t i a l r e v e r s i b l e adsorption i s f o l 
lowed by a second i r r e v e r s i b l e r e a c t i o n . This i n i t i a l r e v e r s i b l e 
r e a c t i o n was seen on a doublelayer of DOPS at pH=7.5 and a sodium 
c h l o r i d e concentration of 0.1 M. Making the conditions more favorable 
for adsorption, l i k e lowering the pH, lowering the i o n i c strength or 
using d i f f e r e n t surfaces l i k e chromium or s i l i c o n surfaces, the re
v e r s i b l e phase disappears, probably because of a much f a s t e r second 
r e a c t i o n . The e f f e c t of calcium on the f i b r i n o g e n adsorption also 
f i t s the model as calcium w i l l decrease the r e p u l s i v e force Β caused 
by the negative charges of the molecules, thereby f a c i l i t a t i n g ad
s o r p t i o n . This experiment als o shows that under these c o n d i t i o n s 
f i b r i n o g e n adsorption can be p a r t l y r e v e r s i b l e . The a d d i t i o n of c a l 
cium at the end of the adsorption gives =0.33 yg/cm whereas the 
adsorption i n the presence of calcium gives Γ =0.50 y g/cm · This 
might i n d i c a t e that the s t r u c t u r e of the layer ancf the o r i e n t a t i o n of 
the molecules i n the layer are dependent on rate of adsorption. In 
the presence of 0.1 M NaCl much l e s s adsorption was observed (Γ=0.18 
ug/cm^) and the calcium e f f e c t was not seen. The observation that 
adsorption i s maximal at the i s o - e l e c t r i c point and that the pH de
pendence of Γ i s symmetrical around the i.e.p. (unpublished re
s u l t s ) a l s o supports the r e p u l s i o n model· This pH dependency was a l s o 
observed by others (J_4 ). 

Another complication i s the e f f e c t of m u l t i p l e stepwise addi
t i o n s of p r o t e i n m adsorption experiments. I f one adsorbs prothrom
bi n on a 80% PS/20% 3PC double layer by repeated a d d i t i o n , f g r i n 
stance of 0.1 yg/cm a f t e r previous adsorption of 0.1 yg/cm , the 
r e s u l t i n g surface concentration i s much lower than a f t e r a s i n g l e 
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14. C U Y P E R S E T A L . Kinetics of Protein Sorption 221 

a d d i t i o n of 0,2 yg/cm · S i m i l a r e f f e c t s were observed by other 
authors ( 15 ) · These observations als o may i n d i c a t e that the st r u c t u r e 
of the adsorbed l a y e r i s dependent on the adsorption r a t e , as we 
already saw with f i b r i n o g e n , and that the second surface r e a c t i o n i s 
also surface concentration dependent. Other techniques, l i k e c a l o r i -
metry (J_4), using completely d i f f e r e n t surf ace/volume r a t i o s with low 
adsorption rates and low surface concentrations may y i e l d r e s u l t s i n 
which the presence of an i n i t i a l r e v e r s i b l e phase i s not observed. 
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Chapter 15 

Adsorption and Desorption of Synthetic and Biological 
Macromolecules at Solid-Liquid Interfaces: 

Equilibrium and Kinetic Properties 

J. D. Aptel1, A. Carroy, P. Dejardin, E. Pefferkorn, P. Schaaf, A. Schmitt, R. Varoqui, 
and J. C. Voegel1 

Institut Charles Sadron (Centre de Recherches sur les Macromolécules— 
Ecole d'Applications Hauts Polymères), Centre National de la Recherche 

Scientifique, Université Louis Pasteur, Strasbourg 6, 
rue Boussingault, 67083 Strasbourg Cedex, France 

Adsorption, desorption and exchange processes occurring 
at the interface between solid adsorbents and solutions 
of synthetic (polyacrylamide) or biological (albumin, fi
brinogen) macromolecules are described and discussed. Ex
perimental data on thermodynamic, structural and kinetic 
interfacial properties were obtained using radiolabeling, 
hydrodynamic and optical (reflectometry) techniques. An 
attempt is made to present an unified description of the 
coupling between surface chemical kinetics and bulk 
transport. As a general rule, flexible synthetic macro
molecules display interfacial equilibrium and dynamic 
properties wich are significantly different from those of 
more rigid protein molecules. 

Considerable t h e o r e t i c a l and experimental r e s u l t s have been p u b l i 
shed during the two l a s t decades wlch describe the adsorption/de
s o r p t i o n process of synthetic or b i o l o g i c a l macromolecules at 
s o l i d / l i q u i d Interfaces (1-4). In t h i s context, the work developed 
i n our laboratory has been, and i s , aimed at: (1) s e t t i n g up e x p e r i 
mental techniques adapted to the d e s c r i p t i o n of the main aspects of 
macromolecular adsorption, namely thermodynamics, s t r u c t u r e and 
k i n e t i c s , (11) analyzing, from a t h e o r e t i c a l standpoint, the s i g n i 
f i c a n c e of various s t r u c t u r a l and k i n e t i c parameters, and a l s o 
e x p l o r i n g the p o s s i b i l i t i e s and l i m i t s of the corresponding e x p e r i 
mental techniques, (111) comparing, where p o s s i b l e , the adsorption/ 
desorption behavior of synthetic f l e x i b l e polymers with that of 
pro t e i n s . 

The present paper focuses on r e s u l t s obtained r e c e n t l y on 
eq u i l i b r i u m and k i n e t i c p r operties of macromolecular adsorption, at 
various "model" In t e r f a c e s . We have worked mainly on p o l y a c r y l a -
mlde as an example of a f l e x i b l e , water-soluble polymer, and on 
albumin and f i b r i n o g e n as t y p i c a l plasma p r o t e i n s . For a number of 

Current address: CTR Odontologies, Institut National de la Santé et de la Recherche 
Médicale U157, 1, Place de l'Hôpital, 67000 Strasbourg, France 

0097-6156/87/0343-0222$06.00/0 
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15. APTEL ET AL. Synthetic and Biological Macromolecules 223 

studies, these polymers were r a d i o l a b e l e d (β/ 3H l a b e l i n g f o r poly
acry lamlde, and y / i e 5 I l a b e l i n g f o r the p r o t e i n s ) . D e t a i l s may be 
found In the o r i g i n a l p u b l i c a t i o n s (5,6). 

E q u i l i b r i u m P r o p e r t i e s 

A f t e r having e s t a b l i s h e d contact between a s o l i d surface and a poly
mer s o l u t i o n , e q u i l i b r i u m i s u s u a l l y a t t a i n e d within hours (some
times days, i n the case of a dispersed s o l i d phase and/or a poor 
s o l v e n t ) . A comprehensive d e s c r i p t i o n of t h i s e q u i l i b r i u m requires 
both thermodynamic and s t r u c t u r a l I n v e s t i g a t i o n s . Therefore, we 
consider f i r s t adsorption isotherms, then we describe the methods 
and discuss the r e s u l t s of measurements of the adsorbed layer t h i c k 
ness. F i n a l l y , we discuss occurrence of I n t e r f a c i a l conformational 
t r a n s i t i o n s , which have been observed i n a number of cases. 

Adsorption 1sotherms. There are many experimental methods adapted to 
determine adsorption Isotherms, but three observations must be kept 
In mind: (1) macromolecular Isotherms are u s u a l l y of the high-
a f f l n i t y - t y p e ; consequently, the s e n s i t i v i t y of the r a d i o l a b e l i n g 
technique i s well adapted to the I n v e s t i g a t i o n of the i n i t i a l part 
of the Isotherms; (11) p o l y d l s p e r s l t y e f f e c t s have to be taken i n t o 
account f o r systems with broad molecular weight d i s t r i b u t i o n , since 
they generate "round-shaped" Isotherms and adsorbance values which 
depend on the surface/volume r a t i o (3). In the case of p r o t e i n s , 
however, these e f f e c t s may be neglected at the low concentrations 
u s u a l l y Investigated (dimers or multimers may appear at higher 
concentrations); ( l i l ) with an adsorbent In the form of c o l l o i d a l 
p a r t i c l e s , f l o c u l a t i o n due to polymer b r i d g i n g may lead to non-
homogeneous adsorption at low bulk concentrations, p r i o r to the 
establishment of s t e r i c s t a b i l i z a t i o n . In the f o l l o w i n g d i s c u s s i o n , 
we w i l l focus our a t t e n t i o n on three main t o p i c s : (1) adsorption at 
low surface coverage (evaluation of the Gibbs f r e e energy of adsorp
t i o n ) , ( i i ) a n a l y s i s of the o v e r a l l shape of the adsorption Isotherm 
and ( l i l ) adsorption a t high surface coverage, i n the plateau 
domain. I t should be mentioned here that a s i m i l a r , but more d e t a i 
led a n a l y s i s of these problems may be found In the work published by 
Norde et a l (7-9). 

To describe the i n t e r a c t i o n of a bulk macromolecule with a 
surface, a s i n g l e Langmuir equation may be w r i t t e n : 

Β and A symbolize the d i s s o l v e d and adsorbed polymer sta t e s , respec
t i v e l y , while S represents a f r e e s i t e on the surface, i . e . an 
I n t e r f a c i a l microdomain ( i n c l u d i n g solvent and other solutes) having 
the l a t e r a l dimensions of an adsorbed and i s o l a t e d macromolecule. If 
we postulate that the only Interactions a r i s i n g between adsorbed 
macromolecules are surface excluded I n t e r a c t i o n s , due to short-range 
(hard core) f o r c e s , the thermodynamic e q u i l i b r i u m c o n d i t i o n leads to 
the Langmuir equation. 

Β + S A (1) 

(Ê) 
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224 PROTEINS AT INTERFACES 

where Φ Is the bulk volume f r a c t i o n of the solute, θ the dimension-
less f r a c t i o n of surface occupied by adsorbed molecules and Κ the 
adsorption e q u i l i b r i u m constant. 
Let us f i r s t analyze the I n i t i a l part of the Isotherm, when l a t e r a l 

i n t e r a c t i o n s among adsorbed molecules remain n e g l i g i b l e . Equation 
(β) s i m p l i f i e s to Henry's law: 

ΔΘ° Is the standard molar Gibbs f r e e energy of adsorption, and RT 
the molar quantum of thermal energy. We studied, under p h y s i o l o g i c a l 
c o n d i t i o n s of pH and i o n i c strength, the adsorption of f i b r i n o g e n 
and albumin on adsorbents d i s p l a y i n g two d i f f e r e n t geometries: (1) 
glass tubes coated I n t e r n a l l y with complexes of polycatlons and 
polyanlons derived from p o l y a c r y l o n l t r l l e (6) and (11) small columns 
f i l l e d with polystyrene beads chemically modified to obtain so-
c a l l e d "heparin l i k e " polymers (10). The standard Glbbs f r e e energy 
AG° was estimated from the data at low surface coverage. I t was 
found that -AG°, which represents the sum of several monomeric 
binding energies, i s not very high, of the order of a few RT· A l s o , 
f o r a given family of polymers, the value of -Δ0° do not vary much 
with chemical side chain s t r u c t u r e . A t e n t a t i v e explanation i s that 
i n t e r a c t i o n s with the polymer backbone dominate, and those are 
probably of hydrophobic o r i g i n . F i n a l l y , p r e f e r e n t i a l adsorption of 
f i b r i n o g e n over albumin was a n t i c i p a t e d and Indeed observed, but the 
d i f f e r e n c e s In the binding energies are not great (10) Pefferkorn 
and coworkers studied the adsorption of a n e u t r a l polyacrylam1de 
(Μ^Ι.βχΙΟ 6 g.mole - 1 ) on N a - k a o l l n i t e (a n a t u r a l a l u m l n o s l l i c a t e ) 
and on glass beads which had been surface-modified, to replace a 
f r a c t i o n of the s i l a n o l (= S1-0H) groups by alumlnol (= A1-0H) 
groups (11). The polymer does not adsorb on the unmodified glass 
beads, but does adsorb on the modified glass through s i t e - b i n d i n g , 
v i a hydrogen bonds, to the alumlnol groups. The e q u i l i b r i u m contants 
Κ measured i n the low-concentration l i m i t are two orders of magni
tude higher than f o r the p r o t e i n s . There are two main explanations 
f o r t h i s d i f f e r e n c e : the polymer, which Is both f l e x i b l e and of 
high-molecular weight, Is able to form a greater number of bonds per 
molecule with the adsorbing s i t e s scattered on the surface; i n 
a d d i t i o n , hydrogen bonds are more energetic than I/an der Waals 
i n t e r a c t i o n s or e n t r o p l c a l l y driven i n t e r a c t i o n s . 

t u r a l d e s c r i p t i o n of adsorbed f l e x i b l e polymer layers, under θ or 
good solvent conditions £12,13). However, no a n a l y t i c formulation 
e x i s t s to r e l a t e , at e q u i l i b r i u m , surface and bulk concentrations 
over the e n t i r e bulk concentration range. For p r o t e i n molecules, 
d i s p l a y i n g d i f f e r e n t f l e x i b i l i t i e s and quaternary s t r u t u r e s , the 
loss of g e n e r a l i t y i s a p r i o r i much greater. Hence, to unravel what 
appears to be a complex process, considerable experimental data must 
be obtained. Langmuir adsorption Isotherms have been reported by 
several authors (14,15), and we have observed Langmuir Isotherms f o r 
albumin adsorbed on f i v e d i f f e r e n t polymer surfaces, a l l of which 
d i s p l a y anticoagulant p r o p e r t i e s (10). The Langmuir model Implies, 

(3) 

Considerable progress has r e c e n t l y been made In the s t r u c -
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15. APTEL ET AL. Synthetic and Biological Macromolecules 225 

as already explained, that the adsorption energy of a molecule does 
not depend on surface coverage, the s u p e r f i c i a l entropy of mixing 
being p r o p o r t i o n a l to 1η(θ/(1-θ)). As a consequence, s a t u r a t i o n 
corresponds to a monolayer, when θ £ 1. Other experimental evidence 
however, shows that i n some Instances, a simple Langmuir approach i s 
inadequate or even i n v a l i d . The question of r e v e r s i b i l i t y , often 
r a i s e d , w i l l be discussed l a t e r . Moreover, m u l t i l a y e r adsorption, or 
isotherms showing "kinks", are o f t e n observed (16-18). With a 
p r o t e i n molecule l i k e f i b r i n o g e n , which has a complex t r l n o d u l a r 
s t r u c t u r e , we observed at l e a s t two adsorption domains. We hypothe
si z e d that side-on adsorption occurs at low bulk and surface concen
t r a t i o n s . Once the surface becomes saturated with side-on molecules, 
a d d i t i o n a l adsorption Involves a change In the s t r u c t u r e of the 
adsorbed layer and subsequent binding i s less e nergetic. Beyond the 
cross-over domain, end-on adsorption or the b u i l d i n g up of a second 
layer, may be postulated. A log-log representation of the data 
c l e a r l y I l l u s t r a t e s the existence of two adsorption regimes. Oreskes 
and Singer (19), f o r a d i f f e r e n t system, used a Langmuir represen
t a t i o n and a r r i v e d at s i m i l a r conclusions. In the next s e c t i o n , 
devoted to layer thickness measurements, a d d i t i o n a l arguments are 
proposed. With the polyacrylamide/kaoUnite system (JJ_) » I t appears 
that a Langmuir Isotherm provides only a f i r s t approximation to f i t 
the data. 

If s a t u r a t i o n In the adsorption isotherm corresponds to a 
close-packed layer of s p e c i f i c a l l y - o r i e n t e d macromolecules, then, 
f o r r i g i d p r o t e i n molecules, the amount adsorbed should not depend 
on the nature of the surface. What are the experimental f a c t s i n 
t h i s regard? F i r s t I t should be recognized that the model of a f l a t 
adsorbing surface may not always be appropriate on the scale of 
macromolecular dimensions. This problem was p a r t i c u l a r l y c r i t i c a l i n 
our own work with chemically modified polystyrene beads, since the 
a c c e s s i b l e adsorption area could only be approximated. Once the 
plateau amount i s estimated, i t Is p o s s i b l e to c a l c u l a t e the mean 
area occupied by one macromolecule, and t h i s can be compared to i t s 
dimensions i n s o l u t i o n . With f i b r i n o g e n adsorbed on complexes of 
p o l y e l e c t r o l y t e s (6), we found that both dimensions were i n reaso
nable agreement, except with the p o s i t i v e l y charged surface, where 
the existence of a b i l a y e r had to be postulated. I t should a l s o be 
kept In mind that the d r i v i n g f o r c e exerted by the surface i s able 
to create a concentrated I n t e r f a c i a l g e l which o f f e r s the p o s s i b i 
l i t y of new I n t e r a c t i o n s among the adsorbed molecules, i n t e r a c t i o n s 
which are much less probable In s o l u t i o n . This i s p o s s i b l y one 
source of " I r r e v e r s i b i l i t y " (see " K i n e t i c P r o p e r t i e s " ) . The s i t u a 
t i o n i s both s i m i l a r , but d i f f e r e n t , with a f l e x i b l e polymer. To 
i l l u s t r a t e how f l e x i b l e polymers may i n t e r a c t l a t e r a l l y i n the 
plateau domain, we c a l c u l a t e d , f o r d i f f e r e n t samples, the r a t i o 
between the mean square radius of g y r a t i o n i n s o l u t i o n and the mean 
area Σ occupied by one molecule at the surface. We see. In Table I, 
that t h i s r a t i o remains c l o s e to 10, i n d i c a t i n g a s i g n i f i c a n t l a t e 
r a l i n t e r a c t i o n and overlap between the adsorbed chains. 
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226 PROTEINS AT INTERFACES 

Table I 
Comparisons between l n t e r f a c l a l and bulk dimensions, f o r d i f f e r e n t 
polyacry1amide samples d i s s o l v e d In aqueous so l u t i o n s at ph 4.5. 
Molecular weights M̂ , and r a d i i of gyration R c were determined by 
e l a s t i c l i g h t s c a t t e r i n g 

χ 10-« R c/e H R c
2/E R 0

3/E 
g mole" 1 A A 

0.61 795 443 0.56 8.4 18 6 
0.85 920 542 0.59 9.8 23 0 
1.08 1030 625 0.61 10.5 25 4 
1.14 1090 646 0.59 10.7 25 3 
1.34 1160 71 a 0.61 11.3 27 6 

Layer thickness. To gain deeper Insight Into the s t r u c t u r e of the 
l n t e r f a c l a l layers, we developed two methods to measure t h e i r t h i c k 
nesses: hydrodynamlc techniques and the reflectometry of v i s i b l e 
l i g h t . In the hydrodynamlc method, one studies the r e s i s t a n c e to 
f l u i d flow by an adsorbed, almost Impenetrable layer. The process 
may Involve the flow of f l u i d through a porous and regular s t r u c 
ture, the viscous flow of a bead suspension or simply Brownlan 
d i f f u s i o n of the beads. The r e l a t e d t r ansport parameter (hydraulic 
permeability, reduced v i s c o s i t y or d i f f u s i o n c o e f f i c i e n t ) i s 
measured before and a f t e r adsorption. Its v a r i a t i o n i s r e l a t e d to 
the c h a r a c t e r i s t i c dimension of the system by a power law (fourth 
power of the pore radius, t h i r d power of the bead volume or inverse 
of the bead diameter). The higher the absolute value of the expo
nent, the higher the experimental p r e c i s i o n . Therefore, s o l u t i o n or 
solvent flow through a porous medium appears to be the most s e n s i 
t i v e technique and i s the one used In our work. Conceptually simple, 
t h i s method remains, however, t e c h n i c a l l y d i f f i c u l t . 

More r e c e n t l y we have developed a v a r i a b l e angle r e f l e c t o — 
meter allowing a p r e c i s e determination of the angular dependence of 
the r e f l e c t e d beam i n t e n s i t y , f o r "s" ( p o l a r i z a t i o n orthogonal to 
the Incidence plane) or "p" ( p a r a l l e l p o l a r i z a t i o n ) i n c i d e n t waves. 
The p o s s i b i l i t i e s and l i m i t s of t h i s o p t i c a l technique, a p p l i e d to 
the study of d i f f u s e l n t e r f a c l a l layers, have been t h e o r e t i c a l l y 
analyzed (20). We concluded that, i n order to measure the thickness 
of t y p i c a l adsorbed layers (from a few nm to 100 nm), studies In the 
v i c i n i t y of the Brewster angle, f o r "p" waves, are appropriate. As 
long as the r a t i o between the layer thickness and the r a d i a t i o n 
wavelength remains small, i . e . less than 0.1, the c h a r a c t e r i s t i c 
parameters obtained are e s s e n t i a l l y the same as i n c l a s s i c a l e l Hp— 
sometry; that Is, one measures the thickness and the r e f r a c t i v e 
index of an equivalent homogeneous and uniform l n t e r f a c l a l layer. I f 
we know how the r e f r a c t i v e index v a r i e s with concentration. In the 
high concentration domain, then the adsorbed amount may a l s o be 
computed. Thus, l i k e e l l l p s o m e t r y , reflectometry measures essen
t i a l l y the zeroth and f i r s t moments of the monomer concentration 
d i s t r i b u t i o n away from the surface. In contrast, l/aroqui and 
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15. APTEL ET AL. Synthetic and Biological Macromolecules 227 

Déjardin showed that, f o r a polymer adsorbed In a θ solvent, the 
hydrodynamlc technique measures a thickness lH which g r e a t l y over
estimates the mean distance of the monomers to the surface (21). De 
Gennes (22) Improved and extended t h i s a n a l y s i s to good solvent 
c o n d i t i o n s and showed that the hydrodynamlc method provides an e s t i 
mate of the c u t - o f f distance c h a r a c t e r i s i n g the loops protruding 
Into the s o l u t i o n , away from the surface. 

We measured the thickness of f i b r i n o g e n layers adsorbed onto 
glass (hydrodynamlc method (23)) or s i l i c a ( o p t i c a l method, unpu
b l i s h e d r e s u l t s ) . These adsorbents show both s i m i l a r i t i e s and d i f f e 
rences. The r e s u l t s are summarized i n Figure 1, and suggest the 
f o l l o w i n g comments: (1) i n the concentration range explored, the 
l n t e r f a c l a l concentration, measured on glass by r a d i o l a b e l i n g (6), 
Increases s t e a d i l y . This Is corroborated by the " o p t i c a l " data; (11) 
hydrodynamlc thicknesses are s y s t e m a t i c a l l y higher than the c o r r e s 
ponding " o p t i c a l " values; a value c l o s e to 120 A Is i n reasonable 
agreement with the l a t e r a l dimensions of the dense parts of the 
molecule; the higher hydrodynamlc thickness may be due to the 
presence of the dangling "«" chains (24). ( l i l ) In both sets of 
measurements, the thickness reaches an intermediate plateau value 
f o r bulk concentrations varying between BxlO" 4 and 10" ε % by weight; 
the layer of side-on adsorbed molecules f i l l s up p r o g r e s s i v e l y , as 
the surface concentration increases (lv) at a bulk concentration 
c l o s e to 10" 2 X, there Is a change i n the layer s t r u c t u r e , as 
molecules continue to adsorb. The exact nature of t h i s " t r a n s i t i o n " 
remains c o n j e c t u r a l . With hydraulic permeability data, we n o t i c e a 
sudden Increase In the layer thickness, and we suggested that at 
t h i s point the molecules begin to adsorb with a mean o r i e n t a t i o n 
orthogonal to the surface (23). In reflectometry, a n a l y s i s of the 
r e s u l t s i s s t i l l being pursued. I f we r e t a i n the model of an homo
geneous and uniform layer, then the thickness increases progres
s i v e l y , as seen In Figure 1, while the mean r e f r a c t i v e index 
decreases abruptly, as the bulk concentration i s r a i s e d . The model 
of a b i l a y e r . I.e. the i n t r o d u c t i o n of a concentration p r o f i l e away 
from the surface, may provide a b e t t e r p i c t u r e of t h i s complex 
s t r u c t u r a l r e o r g a n i s a t i o n . I f we couple these observations with the 
above d i s c u s s i o n regarding adsorption isotherms, we come to the 
t e n t a t i v e conclusion that an elongated, and to some extent f l e x i b l e , 
p r o t e i n molecule l i k e f i b r i n o g e n d i s p l a y s a "blmodal" adsorption 
mechanism which remains to be completely e l u c i d a t e d . 

With polyacry1amide adsorbed onto modified glass beads, a 
"hydrodynamlc isotherm" ( v a r i a t i o n of the thickness t H with the bulk 
concentration) could not be obtained through measurements of the 
suspension v i s c o s i t y , since at low bulk concentration, adsorption 
induces bead aggregation (25). Table I presents the plateau values 
of fcH f o r d i f f e r e n t samples, and they c o n s i s t e n t l y overestimate the 
radius of gyr a t i o n value by about 70 %. I t Is therefore c l e a r that, 
because of strong l a t e r a l excluded volume i n t e r a c t i o n s , the chain 
loops are stretched away from the surface. Moreover, Table I a l s o 
shows that the r a t i o between the mean monomer density at the surface 
and In s o l u t i o n ( i n s i d e the c o i l ) v a r i e s between 20 and 30. Thus, 
des p i t e the excluded volume In t e r a c t i o n s , one observes that the 
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228 PROTEINS AT INTERFACES 

I I 1 I L 
- 5 - 4 -3 -2 -1 

log cone. iw%) 

Pleure 1: V a r i a t i o n s of the surface concentration Γ (ο), of the 
hydrodynamlc thickness (x) and of the thickness measured by 
reflectometry (+) against the bulk e q u i l i b r i u m concentration, 
expressed i n weight percentage, on a decimal logarithmic scale, 
f o r f i b r i n o g e n adsorbed onto glass (o,x) or s i l i c a (+).  P
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15. APTEL ET AL. Synthetic and Biological Macromolecules 229 

chains are l i t e r a l l y compressed on the surface, by the l n t e r f a c l a l 
f o r c e f i e l d . We t h e r e f o r e conclude that macromolecular adsorption 
induces s t r u c t u r a l a l t e r a t i o n s which are u s u a l l y much more pronoun
ced f o r f l e x i b l e polymers than f o r more or less r i g i d p r o t e i n s . 

l n t e r f a c l a l conformational t r a n s i t i o n s . Once adsorption e q u i l i b r i u m 
i s achieved, replacement of the e q u i l i b r i u m bulk s o l u t i o n with pure 
solvent (or b u f f e r solution) does not g e n e r a l l y lead to much desorp
t i o n , e s p e c i a l l y with high molecular weight macromolecules. The 
l n t e r f a c l a l layer then remains i n a metastable state where I t i s 
p o s s i b l e to t e s t i t s s t r u c t u r a l response to external pertubations 
such as v a r i a t i o n s of pH, temperature, Ionic strength or i o n i c 
composition. However, i f the solvent power Is s i g n i f i c a n t l y Increa
sed with respect to adsorption c o n d i t i o n s , s i g n i f i c a n t desorption 
may occur, and the thickness v a r i a t i o n s then r e f l e c t v a r i a t i o n s of 
both molecular i n t e r f a c i a l dimensions and concentration. 

We analysed the l n t e r f a c l a l expansion/contraction of several 
systems with the hydrodynamlc method i n a porous medium: with a 
c l a s s i c a l p o l y e l e c t r o l y t e , c o n t r a c t i o n of the layer occurred with 
i n c r e a s i n g s a l t concentration (26) or calcium ion concentration 
(27), because of screening or Ion binding e f f e c t s ; with polystyrene. 
Déjardin showed that the thickness of an l n t e r f a c l a l layer does not 
vary with temperature In a good solvent l i k e benzene (28), while an 
l n t e r f a c l a l "pre-collapse" was detected i n t - d e c a l i n , at the F l o r y 
or θ temperature (29); adsorbed poly(glutamic) a c i d undergoes, as i n 
s o l u t i o n , a r e v e r s i b l e h e l i x - c o i l t r a n s i t i o n , as a f u n c t i o n of pH 
£•10)· I n other i n v e s t i g a t i o n s , we a l s o showed that the membrane 
p e r m e a b i l i t i e s or e l e c t r o k i n e t l c parameters (membrane p o t e n t i a l , 
t r a n s p o r t numbers...) c h a r a c t e r i z i n g porous substrates, were a l s o 
s i g n i f i c a n t l y a f f e c t e d (30,31). 

In the f i e l d of p r o t e i n adsorption, l n t e r f a c l a l transcon
formations have been published by several authors. We observed an 
expansion of an adsorbed f i b r i n o g e n layer upon i n c r e a s i n g the pH. 
A l s o thermal denaturatlon of the end-nodules, detected In s o l u t i o n 
between BO and 60 °C (24), was observed by hydrodynamlc (23) as well 
as o p t i c a l reflectometry measurements (unpublished r e s u l t s ) . 

K l n e t l c P r o p e r t i e s . 

A n a l y s i s of the dynamic aspects of polymer Inte r a c t i o n s with an 
I n t e r f a c e i s a r e l a t i v e l y recent development. Most of the techniques 
allowing real-time and in sltu measurements were not used or even 
a v a i l a b l e ten years ago. Yet, as w i l l be seen, simple devices can be 
designed and a p p l i e d to t h i s problem. 

Adsorption k i n e t i c s . K i n e t l c a l l y , the adsorption of macromolecules 
i s a complex process In which several steps, o c c u r r i n g almost simul
taneously, may be conceptually I d e n t i f i e d : (1) transport to the 
I n t e r f a c e by d i f f u s i o n or d i f f u s i o n / c o n v e c t i o n , (11) adsorption/ 
desorption at the Interface, described by an l n t e r f a c l a l chemical 
r e a c t i o n and Its r e l a t e d k i n e t i c adsorption and desorption mecha
nisms, (111) s t r u c t u r a l a l t e r a t i o n s of molecules In contact with the 
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230 PROTEINS AT INTERFACES 

surface and, at higher occupancy, i n t e r a c t i o n s with other adsorbed 
molecules, (iv) adsorption competition between molecules of d i f f e 
rent nature or molecular weight. 

In the f o l l o w i n g d i s c u s s i o n , we w i l l consider only steps ( i ) 
and (11). When an adsorbing surface i s placed i n contact with a 
polymer s o l u t i o n , the molecules which are located i n the c l o s e v i c i 
n i t y of the Interface become trapped, at a given r a t e , i n the l n t e r 
f a c l a l p o t e n t i a l w e l l . Thus, I f χ i s the distance to the surface, 
the concentration of the adsorbing species i s a f u n c t i o n of both 
time and distance, and Is denoted Φ(χ,t) (dlmenslonless volume f r a c 
tion) . I f we adopt simple Langmuir chemical k i n e t i c s r e l a t e d to 
equation (1), the adsorption r a t e may be w r i t t e n : 

dô/dt = k a#(0,t)(1 - Θ ) - k d e (4) 

where k a and k d are the adsorption and desorption r a t e constants, 
r e s p e c t i v e l y . Depletion i n the l n t e r f a c l a l layer generates d i f f u s i o n 
towards the i n t e r f a c e , and we see that there are at l e a s t three 
r e l a x a t i o n times Involved In the problem of adsorption rates i n the 
presence of a quiescent s o l u t i o n . These are denoted xa (adsorption 
time), xé (desorption time) and τ 0 ( d i f f u s i o n time), and are 
r e s p e c t i v e l y defined by: 

t a = (Φ^)-* ; xd = k d-» ; χ ο = L* /D (5) 

L Is a c h a r a c t e r i s t i c dimension of the macromolecule and D Is i t s 
d i f f u s i o n c o e f f i c i e n t . For p r o t e i n s , the c h a r a c t e r i s t i c d i f f u s i o n 
time v a r i e s t y p i c a l l y between 0.1 and 100 us. Two l i m i t i n g cases 
must then be considered to describe the I n i t i a l adsorption rate on a 
bare surface. If τ 0 < < τ β , the r a t e of the process i s c o n t r o l l e d by 
chemical k i n e t i c s , and d i f f u s i o n i s f a s t enough to maintain the 
l n t e r f a c l a l concentration Φ(0,t) at i t s bulk value Φ. With e x p e r i 
mental conditions designed to maintain Φ constant (small surface to 
volume r a t i o ) , the s o l u t i o n to equation (4) i s straightforward: 

e(t) = 8 e q f l - βχρ[-(^Φ + k d ) t ]^ ; e e„ = — — (6) 
V / ^ Φ + k d 

This i s what we c a l l the Langmuir l i m i t . I t should be noted that I t 
i s In p r i n c i p l e always p o s s i b l e to work experimentally i n the v i c i 
n i t y of t h i s l i m i t i n g s i t u a t i o n , by choosing bulk concentrations 
which are s u f f i c i e n t l y low to have x a>>t D (see eqn. 5). We have 
taken advantage of t h i s p o s s i b i l i t y i n the design of experiments 
using r a d i o l a b e l i n g . Conversely, i f τ 0 £ τ β , d i f f u s i o n becomes the 
l i m i t i n g step: complete depl e t i o n i n the layer In d i r e c t contact 
with the surface i s almost instantaneous. The c o n d i t i o n Φ(0,^=0 has 
Indeed been used by Smoluchowski (32), together with the d i f f u s i o n 
equation i n the f l u i d phase, to derive the well-known adsorption 
r a t e law, e n t i r e l y d i f f u s i o n c o n t r o l l e d : 

9(t) ~ Φ(ϋ^» / e cn 

In many cases, the r e a l s i t u a t i o n l i e s between these e x t r e 
mes. To provide b e t t e r Insight i n t o t h i s complex process, we present 
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15. APTEL ET AL. Synthetic and Biological Macromolecules 231 

In Figure 2. the v a r i a t i o n of the reduced i n t e r f a c i a l concentration 
Φ(0,τ)/φ, as a f u n c t i o n of time x=t/x0, f o r d i f f e r e n t values of the 
coupling r a t i o Γ β = τ 0 / τ β . These data were obtained by Schaaf and 
Déjardin (33), who solved numerically the coupled d i f f u s i o n and 
chemical r a t e equations. As the adsorption r e l a x a t i o n time increases 
from values c l o s e to xD, one passes gradually from the d i f f u s i o n -
c o n t r o l l e d l i m i t (Φ(0,θ)=0, θ>0) to the Langmuir l i m i t (Φ(0,θ)=Φ, 
θ>0), reached approximately when τ β > 1 0 5 τ 0 . 

l/aroqui and Pefferkorn have r e c e n t l y published a n a l y t i c 
s o l u t i o n s ( i n the v a r i a b l e t l ' z ) to equation (4), In the l i m i t s of 
low and high surface coverage (34). They a l s o discussed In d e t a i l 
the assumption of " l o c a l e q u i l i b r i u m " proposed i n e a r l i e r work (36). 
This a n a l y s i s Is c u r r e n t l y being pursued i n our group, by checking 
d i f f e r e n t boundary conditions and comparing a n a l y t i c and numerical 
s o l u t i o n s . A n a l y s i s of the data obtained, under quiescent s o l u t i o n 
conditions by reflectometry, Is a l s o underway. 

The l i m i t of chemical c o n t r o l . To eliminate the coupling between 
tran s p o r t and chemical k i n e t i c s , Pefferkorn suggested the use of the 
simple "chemical reactor" schematized In Figure 3. A s o l u t i o n of 
known concentration Φ β i s Injected with a speed-variable syringe 
pump [1] i n t o a c e l l [3] containing a w e l l - s t l r r e d suspension of 
adsorbing beads. At the o u t l e t , the s o l u t i o n Is e i t h e r c o l l e c t e d as 
f r a c t i o n s at regular time I n t e r v a l l e , In the case of β-labeling, or 
c i r c u l a t e d d i r e c t l y past the detector of a y - s c l n t i 1 l a t l o n counter 
[4] coupled to a multichannel analyser and a microcomputer. Thus, 
the concentration Inside the c e l l , Φ ^ ) , Is recorded as a f u n c t i o n 
of time. Without adsorption (I.e. with no beads or non-adsorbing 
beads), Φ(£) relaxes e x p o n e n t i a l l y towards the constant value Φ β, 
with a known and c o n t r o l l e d r e l a x a t i o n time of the order of several 
hours. When adsorption takes place, Φ(ΐ,) enters the f o l l o w i n g 
mass-balance equation: 

αφ do ϋ υ Φ β = V — + S — + ϋ υ Φ (8) dt dt 

where ύυ, V and S are the volume f l u x , the c e l l volume and the t o t a l 
surface of the adsorbent, r e s p e c t i v e l y . Equation (8) may be coupled 
to equation (4) I f one assume.3 that the Langmuir model Is v a l i d and 
that there i s n e g l i g i b l e i n t e r f a c i a l d e p l e t i o n . Rapid transport to 
the i n t e r f a c e i s enhanced by e f f i c i e n t s t i r r i n g (see next section) 
and the p o s s i b l e coupling with transport has been thoroughly checked 
(Εδ,36), and found to be n e g l i g i b l e . Comparison of the r e l a x a t i o n 
times t a and x0 corroborates these arguments. 

S i g n i f i c a n t experimental r e s u l t s have been obtained by 
Carroy (£5), regarding the adsorption r a t e of polyacry1amide at the 
surface of modified glass beads. Under the experimental conditions 
chosen, desorption was n e g l i g i b l e . The i n f l u e n c e of both pH and 
temperature, I.e. of parameters leading to s i g n i f i c a n t v a r i a t i o n i n 
the plateau adsorbance, has been checked. Three Important r e s u l t s 
summarized i n Table II emerge from t h i s I n v e s t i g a t i o n : (1) The 
adsorption r a t e curves representing θ(t) against t could not be 
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232 PROTEINS AT INTERFACES 

0 I I I I ι 
4 8 12 16 20 

10" 3 xT 

Figure 2: l/ariations of the reduced i n t e r f a c i a l bulk concen
t r a t i o n Φ(0,τ)/Φ, as a f u n c t i o n of the reduced time x=t/xD, f o r 
four d i f f e r e n t values of the coupling r a t i o r e (see t e x t ) : 
l.BxIO- 2, 1.5xl0" 3, 1.5xl0-«, 1.5xl0" 8, from the lower to the 
upper curve, r e s p e c t i v e l y . 

2 

Figure 3: Schematic drawing of the c e l l designed to work i n the 
l i m i t of chemical c o n t r o l . Symbols are defined In text, except: 
2: three-way valve; I: I n l e t ; 0: o u t l e t . 
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15. APTEL ET AL. Synthetic and Biological Macromolecules 233 

f i t t e d with one s i n g l e r a t e constant K a throughout the range 0<θ<1. 
Therefore, the values K a and K| correspond to low and high surface 
occupancies, r e s p e c t i v e l y , w i t h i n ranges of θ values which are given 
In Table II (note the d i f f e r e n c e In concentration u n i t s , with 
respect to the constant k a defined In Eqn.4). (11) The value K| Is 
much lower than K a, which means that the p r o b a b i l i t y that a molecule 
h i t t i n g the surface Is adsorbed Is profoundly reduced, because of a 
simple entropie b a r r i e r exerted by the polymers already adsorbed, 
( i l l ) Moreover, a good c o r r e l a t i o n i s observed between the v a r i a 
t i o n s of T m a x and of the r a t i o Ka/K|, with the s o l u t i o n pH; i n other 
words, the maximum reduction i n the adsorption r a t e appears at the 
pH which induces the highest plateau adsorption, that i s , the most 
e f f i c i e n t entropie b a r r i e r . F i n a l l y , we note that In these e x p e r i 
ments, the i n j e c t i o n concentration was c l o s e to 1.7x10" 1 2 mole.cm - 3, 
so that a lower bound of the adsorption r e l a x a t i o n time τ a i s around 
10 s, i . e . s t i l l higher than 1 0 5 τ 0 : the Langmuir l i m i t appears to 
hold throughout the experiment. 

Table II 
l / a r i a t i o n with the pH of the e q u i l i b r i u m s o l u t i o n s , of the k i n e t i c 
adsorption constants K a (low surface coverage) and K| (high surface 
coverage), f o r polyacry1amide (Μ^=1.2x1Ο 6 g.mole - 1) adsorbing on 
modified glass beads. r m a x Is the plateau adsorbance 

PH 
Γ χ 10* 3 K a χ ΙΟ" 9 Κ 2 χ 10 -9 κ./κ 2 

PH 
m o l e s . c n r * c m 3 . m o l e " 1 . s " 1 c m 3 . m o l e " 1 . S ~ 1 

3.0 0.52 9.0 
(0<θ<0.30) (0 

1.8 
.55<θ<1 .0) 

5.0 

4.0 1.11 6.0 (0<θ<0.68) (0 
0.7 .85<θ<1 .0) 

8.6 

4.5 1.67 5 5 
(0<θ<0.75) (0 

0.55 .84<θ<1 .0) 
10.0 

5.5 0.74 
(0<θ<0?65) (0 

0.9 
.83<θ<1 .0) 

6.1 

7.0 0.51 4.5 
(0<θ<0.40) 

0.8 
(0.63<θ<1.0) 

5.6 

With r a d i o i o d l n e - l a b e l e d p r o t e i n s , and the p o s s i b i l i t y of 
continuous recording, t h i s technique i s even more promising. Aptel 
and l/begel have obtained preliminary r e s u l t s on the adsorption of 
f i b r i n o g e n onto glass (37). A few data are presented In Table I I I . 
Since the bulk concentrations Injected at the i n l e t do not c o r r e s 
pond to plateau adsorbances. I t i s p o s s i b l e to estimate, i n these 
experiments, values of the desorption r e l a x a t i o n times which turn 
out to be of the order of hours, as w i l l be seen l a t e r . To f i t the 
adsorption data 8(t) s a t i s f a c t o r i l y , three p a i r s of Ka/K,, values had 
to be chosen on the adsorption curve, which means that the v a l i d i t y 
of the simple Langmuir d e s c r i p t i o n should be questioned, e s p e c i a l l y 
with a complex molecule l i k e f i b r i n o g e n . Nevertheless, more e x p e r i 
mental evidence on d i f f e r e n t systems, needs to be obtained to reach 
f i r m conclusions. Two f u r t h e r comments are i n order. F i r s t , the 
adsorption rates f o r f i b r i n o g e n are more than two orders of magni
tude lower than those f o r polyacry1amide. We already noted a s i m i l a r 
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234 PROTEINS AT INTERFACES 

d i f f e r e n c e In the a f f i n i t y constants K=Ke/Kd. Since, as w i l l be seen 
l a t e r , the desorption rates are of the same order of magnitude, 
these r e s u l t s seem to be coherent. Second, the lower bound of 
adsorption r e l a x a t i o n times i s again c l o s e to 10 s. I.e. i n the 
l i m i t of the chemical c o n t r o l . 

Table III 
l / a r l a t i o n of the k i n e t i c adsorption constant K e and desorption 
constant Kd d e s c r i b i n g the adsorption/desorption process of 
f i b r i n o g e n onto g l a s s , f o r Increasing surface coverage and f o r two 
d i f f e r e n t bulk e q u i l i b r i u m concentrations 

P r o t e i n 
concentration 0.004 % 0.091 % 

Domalη 
1 

Theta 
K a (cm 3.mol" 1.s" 1) 
Kd (s-») 

0 • 0.12 
9.9 χ 10 7 

9.5 χ 10~ 5 

0 • 0.17 
6.7 χ 10 7 

1.4 χ 10~ 4 

Domain 
2 

Theta 
Κ β (cm 3.mol" 1 .s" 1) 
Kd ( s - n 

0.13 • 0.25 
5.0 χ 10 s 

5.1 χ 10~ 4 

0.21 • 0.31 
3.4 χ 10 s 

8.4 χ 10" 4 

Domain 
3 

Theta 
K a (cm 3.mol" 1.s" 1 ) 
Kd (·-») 

0.26 • 0.32 
5.7 χ 10 s 

1.3 χ 10~ 4 

0.33 • 0.45 
6.1 χ 10 5 

1.6 χ 10" 4 

The Smoluchowskl l i m i t . According to the Schaaf-Dejardln numerical 
a n a l y s i s , t h i s l i m i t of n e g l i g i b l e l n t e r f a c l a l bulk concentration 
during the f i r s t part of the adsorption process should be reached as 
e a r l y as τ β < 1 0 ε τ 0 . A p r i o r i , i f we look at the orders of magnitude 
mentioned previously, such a l i m i t should not apply to a great 
number of systems, l/arlous experiments performed at the l i q u i d - a i r 
I n terface, seem to be described by the t 1 / z law (1,38). 

However, as f a r as we are aware, the most convincing set of 
experimental r e s u l t s has been obtained by Robertson and coworkers 
(39,40), using the TIRF technique, under flowing c o n d i t i o n s . I t 
seems now to be well e s t a b l i s h e d that the Lévêque d e s c r i p t i o n (41) 
i s v a l i d f o r plasma proteins In the presence of hydrophobic I n t e r 
faces, i n a wide range of concentrations and v e l o c i t y gradients. 
Using a p r o t e i n l a b e l i n g method, we were a l s o able to observe In 
situ the v a r i a t i o n s of the concentration against time, i n s i d e a t h i n 
s i l i c a tube (42) . The data were not of high p r e c i s i o n , but we 
showed that the power laws r e l a t i n g the adsorption r a t e to bulk 
concentration and l n t e r f a c l a l v e l o c i t y gradient were In reasonable 
agreement with those predicted by the Lévêque s o l u t i o n . However, the 
absolute values of the l n t e r f a c l a l f l u xes were lower than those 
c a l c u l a t e d by Lévêque. A p o s s i b l e explanation Is that the l n t e r 
f a c l a l concentration does not drop to zero. Results obtained by 
Mulvihl11 on the adhesion rate of p l a t e l e t s on d i f f e r e n t model 
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15. APTEL ET AL. Synthetic and Biological Macromolecules 235 

Interfaces, have been i n t e r p r e t e d i n terms of non-zero I n t e r f a c i a l 
concentration (43): steady-state transport occurs as lone as Φ(0,t) 
remains c l o s e to i t s minimum value, a value c h a r a c t e r i s t i c of the 
adhesion a f f i n i t y . 

Desorption and Exchange dynamics. The e q u i l i b r i u m between the 
surface of an adsorbent and a polymer s o l u t i o n may be perturbed by 
various treatments a p p l i e d to the system. The simplest Is r i n s i n g ; 
I.e. r e p l a c i n g the macromolecular s o l u t i o n by the solvent. This 
procedure requires a c h a r a c t e r i s t i c s o l u t i o n renewal time which may 
be reduced i n some cases to a few seconds. What Is then observed, 
e s p e c i a l l y with r a d i o l a b e l i n g . Is a slow, r e l a t i v e l y small decrease 
of the amount adsorbed: t h i s i s the o r i g i n of the s o - c a l l e d " I r r e 
v e r s i b l e adsorption". With h e p a r i n - l i k e materials and g l a s s , we 
Indeed observed only s l i g h t desorption of f i b r i n o g e n , while albumin 
desorption was s i g n i f i c a n t l y greater ( 4 4 ) . I f we r e f e r to equation 
(4), with Φ=0, desorption should vary exponentially, with a r e l a 
x a t i o n time t j . This Is indeed observed with albumin and the measu
red r e l a x a t i o n times are of the order of hours. However, i f the 
Langmuir equation i s v a l i d , desorption of a l l the molecules should 
occur. On the time scale of experiments performed, t h i s Is not the 
case, and there Is therefore a population of non-desorbable mole
c u l e s . At short times, there may be a population of loosely attached 
and f a s t desorbing molecules, but only techniques observing in situ 
the s t r u c t u r e and composition of the adsorbed layer, with l i t t l e or 
no i n t e r f e r e n c e of the s o l u t i o n , can provide the appropriate ans
wers. O p t i c a l techniques (TIRP, e l l l p s o m e t r y , reflectometry...) seem 
to be appropriate (45). 

P a r t i a l desorption of proteins Is a l s o Induced by changing 
the solvent power, through temperature, pH or solvent changes. 
Systematic studies have been published on t h i s subject (46). The 
desorption rates and amounts measured are of the same order of 
magnitude as those mentioned p r e v i o u s l y . These are well-know pheno
mena i n the f i e l d of l i q u i d chromatography. 

Since an adsorbed layer e x i s t s , i n the presence of pure 
solvent, i n a metastable sta t e , some authors have concluded that the 
e q u i l i b r i u m between s o l u t i o n and surface i s not a "dynamic" equi
l i b r i u m : once the plateau surface amount Is a t t a i n e d , there should 
be n e g l i g i b l e exchange between surface and s o l u t i o n as a f u n c t i o n of 
time. Thus, the premises of the Langmuir model, or any other model 
i n v o l v i n g a chemical r e a c t i o n would not be met, thereby c a s t i n g some 
doubt on the usual thermodynamic framework. The s t i m u l a t i n g approach 
i n i t i a t e d by Brash and coworkers (14,47,48) shows d e f i n i t e l y that 
p a r t i a l exchange occurs between s o l u t i o n and l n t e r f a c l a l phases. Our 
recent work (44) on f i b r i n o g e n and albumin exchange at the surface 
of h e p a r i n - l i k e adsorbents e s s e n t i a l l y confirms the ear11er r e s u l t s , 
leading to cone lusions which then acquire some g e n e r a l i t y : two 
(sometimes three) populations of slowly (sometimes r a p i d l y ) exchan
geable and of almost non-exchangeable molecules may be i d e n t i f i e d In 
the i n t e r f a c i a l layer. This remains a crude d e s c r i p t i o n , and there 
1 s perhaps a whole spectrum of r e l a x a t i o n times which 1 s needed to 
describe t h i s complex exchange between surface and s o l u t i o n . In t h i s 
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236 PROTEINS AT INTERFACES 

regard a simple chemical equation l i k e equation (1) f a l l s to take 
account of the e v o l u t i o n of a molecule In the adsorbed s t a t e . 
Contact with the adsorbent surface and, at higher surface coverage, 
with other adsorbed molecules, may Induce some dénaturâtion, espe
c i a l l y on hydrophobic materials. I t should be remembered that macro
molecular concentration p o l a r i z a t i o n at the surface of f i l t e r s a l s o 
leads to the i n t r o d u c t i o n of s i m i l a r concepts and conjectures, 
regarding " g e l - l i k e " layers (49). 

S i m i l a r , yet s i g n i f i c a n t l y d i f f e r e n t r e s u l t s have been 
published on the i n t e r a c t i o n of polyacrylam1de with modified glass 
beads (5) . F i r s t , desorption Is n e g l i g i b l e . Indeed almost undetec
t a b l e , once the surface has been r i n s e d . Second, complete exchange 
between labeled and non-labeled molecules occurs over a period of a 
day. All the experiments have been performed with saturated l a y e r s , 
and to e x p l a i n the long-term exchange, a blmolecular mechanism of 
exchange, which can be formally deduced from equation (1), has been 
postulated 

Β + Α* «-» A + B* (9) 

where A* and B* represent labeled molecules r e s p e c t i v e l y In the 
surface and bulk phases. An exponential decrease In the surface 
r a d i o a c t i v i t y has been observed f o r contact times with a s o l u t i o n of 
non-labeled molecules l a s t i n g from 7 to 18 hours. For times less 
than 7 hours, the exchange rate Is f a s t e r , but not e a s i l y analysed. 
Thus, the adsorbed molecules do not a l l have the same dynamics i n 
the l n t e r f a c l a l layer. 

Cone lusIon 

We have t r i e d to present a u n i f i e d p i c t u r e of r e s u l t s obtained on 
the adsorption/desorption phenomena of both synthetic and b i o l o g i c a l 
polymers. I t appears that proteins l i k e albumin or f i b r i n o g e n do 
adsorb on many surfaces with l i t t l e s t r u c t u r a l a l t e r a t i o n s at the 
g l o b a l molecular l e v e l , while the s t r u c t u r e of f l e x i b l e polymers Is 
r a d i c a l l y a l t e r e d once the molecule Is trapped i n the l n t e r f a c l a l 
f o r c e f i e l d . Conversely, the slow turnover e x i s t i n g between surface 
and s o l u t i o n macromolecules was shown to be t o t a l with p o l y a c r y l a -
mi de, while only p a r t i a l with proteins, e s p e c i a l l y with f i b r i n o g e n . 
Thus, f l e x i b i l i t y and r e v e r s i b i l i t y are preserved i n the adsorbed 
st a t e , f o r synthetic polymers, even I f the time-scale of the mole
c u l a r dynamics i s considerably d i f f e r e n t from that i n s o l u t i o n . For 
adsorbed proteins, however, the existence of a population of non-
exchangeable molecules remains to be f u l l y explained. 
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Chapter 16 

Adsorption to Biomaterials from Protein Mixtures 

Thomas A. Horbett 

Department of Chemical Engineering, BF-10, and Center for Bioengineering, 
University of Washington, Seattle, WA 98195 

Protein adsorption from relatively complex 
mixtures is involved in many different 
applications of biomaterials. A summary of a l l 
studies involving protein adsorption that were 
done in the author's laboratory is given, 
largely in the form of an annotated table. 
Certain aspects of the methods, results, and 
conclusions of studies that pertain especially 
to adsorption from mixtures are also discussed. 

P r o t e i n adsorption t o implanted b i o m a t e r i a l s i s b e l i e v e d 
to p l a y an important r o l e i n determining t h e i r 
b i o c o m p a t i b i l i t y with va r i o u s b i o l o g i c a l systems and 
t i s s u e s . In the c a r d i o v a s c u l a r system t h i s i s p a r t i c u l a r l y 
c l e a r because the i n t r i n s i c c l o t t i n g system c o n s i s t s of a 
s e r i e s of p r o t e i n s which act at i n t e r f a c e s t o induce 
f i b r i n c l o t s . In a d d i t i o n , p l a t e l e t thrombus formation i s 
s t r o n g l y i n f l u e n c e d by the adsorpt i o n of p r o t e i n s t o 
i n t e r f a c e s . E x t r a v a s c u l a r implants i n s o f t t i s s u e induce 
the c h a r a c t e r i s t i c f o r e i g n body g i a n t c e l l and f i b r o u s 
capsule formation by c e l l u l a r mechansisms. These c e l l u l a r 
responses are a l s o s t r o n g l y a f f e c t e d by p r o t e i n s at the 
i n t e r f a c e , although t h i s i s l e s s w e l l documented. Implants 
i n hard t i s s u e s such as bone are a l s o very l i k e l y to be 
i n f l u e n c e d by adsorption of p r o t e i n s t o the i n t e r f a c e . In 
t h i s type of implant, adsorbed p r o t e i n s act through d i r e c t 
e f f e c t s on the adhesion and growth of o s t e o b l a s t s , and 
a l s o through i n d i r e c t mechanisms such as the s u r p r i s i n g 
a b i l i t y of p r o t e i n s to a f f e c t the c o r r o s i o n of m e t a l l i c 
implants. 

In a l l these a p p l i c a t i o n s of b i o m a t e r i a l s , adsorption 
occurs from r e l a t i v e l y complex s o l u t i o n s c o n t a i n i n g many 
d i f f e r e n t p r o t e i n s . For t h i s reason, much of the e f f o r t i n 
my l a b o r a t o r i e s has focused on the behavior of p r o t e i n 
a d s o r p t i o n as i t occurs from p r o t e i n mixtures. In t h i s 
paper, a summary of these s t u d i e s i s provided with the 

0097-6156/87/0343-0239$06.50/0 
© 1987 American Chemical Society 
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240 PROTEINS AT INTERFACES 

purpose of i l l u s t r a t i n g some of the mechanisms by which 
complex adsorption processes appear t o occur. 

The reference l i s t i n c l u d e s a l l p u b l i c a t i o n s from my 
l a b o r a t o r y that have i n v o l v e d or been c l o s e l y r e l a t e d to 
p r o t e i n adsorption s t u d i e s (1-29). These p u b l i c a t i o n s and 
t h e i r p r i n c i p a l r e s u l t s are summarized and l i s t e d i n 
Table 1 i n t h e i r order of appearance i n the l i t e r a t u r e , 
which approximates the sequence i n which they were 
a c t u a l l y done. P o r t i o n s of t h i s work have already been 
reviewed i n more d e t a i l elsewhere (26 P 27) . In what 
f o l l o w s , c e r t a i n aspects of the methods, r e s u l t s , and 
c o n c l u s i o n s of these s t u d i e s are d i s c u s s e d . 

Methods 

The most f r e q u e n t l y used method i n s t u d i e s of p r o t e i n 
a d s o r p t i o n i n t h i s lab i s the 125j p r o t e i n technique i n 
which the p r e l a b e l l e d p r o t e i n of i n t e r e s t i s added to a 
mixture of other p r o t e i n s . An in situ r a d i o i o d i n a t i o n 
method was a l s o developed and e x t e n s i v e l y used i n s e v e r a l 
attempts at c h a r a c t e r i z i n g the e n t i r e " s p e c t r a " of 
p r o t e i n s adsorbed to polymers from mixtures. T e c h n i c a l 
aspects of both methods have been d e s c r i b e d i n d e t a i l 
(2Â) . 

The use of p r e l a b e l l e d p r o t e i n s i n a d s o r p t i o n s t u d i e s 
appears to be a v i r t u a l n e c e s s i t y when complicated p r o t e i n 
mixtures such as blood plasma are employed. None of the 
p h y s i c a l methods f o r measuring p r o t e i n a d s o r p t i o n have the 
r e q u i r e d degree of s p e c i f i c i t y , although i t i s p o s s i b l e 
that F o u r i e r transform i n f r a r e d spectroscopy may someday 
prove to be able t o d i s c r i m i n a t e p r o t e i n s i n some 
mixtures. Among biochemical methods, the measurement of 
antibody uptake by the adsorbed p r o t e i n might at f i r s t 
appear to be b e t t e r than the p r e l a b e l l e d p r o t e i n method i n 
that l a b e l l i n g a r t i f a c t s cannot i n f l u e n c e the a d s o r p t i o n 
process. However, i t i s l i k e l y that n o n - s p e c i f i c 
a d s o r p t i o n of antibody by the surface, and changes i n the 
r e a c t i v i t y of the a n t i g e n i c "epitope" i n the adsorbed 
p r o t e i n due to o r i e n t a t i o n a l or conformational e f f e c t s , 
w i l l both i n f l u e n c e antibody uptake. These problems l i m i t 
the u s e f u l n e s s of the antibody method i n o b t a i n i n g 
q u a n t i t a t i v e measurements. Furthermore, the antibody 
methods are i n t r i n s i c a l l y more d i f f i c u l t than p r e l a b e l l i n g 
methods due to the a d d i t i o n a l requirements to produce and 
p u r i f y a s p e c i f i c antibody and e s t a b l i s h a c a l i b r a t i o n 
curve with known amounts of adsorbed antigen. 

The p r i n c i p a l disadvantage of the p r e l a b e l l e d p r o t e i n 
method i s the f a c t that l a b e l l e d p r o t e i n s may not adsorb 
the same as the u n l a b e l l e d p r o t e i n , thus l e a d i n g to 
p o t e n t i a l l y l a r g e e r r o r s . In our s t u d i e s , we have r e l i e d 
e x c l u s i v e l y on 125j p r o t e i n s , almost always made with a 
c h e m i c a l l y very m i l d ICI method. P r e f e r e n t i a l a d s o r p t i o n 
of 125j p r o t e i n s made i n t h i s way does not seem to occur, 
at l e a s t as judged by the absence of any e f f e c t of changes 
i n the r a t i o of l a b e l l e d to u n l a b e l l e d p r o t e i n on the 
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256 PROTEINS AT INTERFACES 

measured adsorpt i o n (7 f14) . I t remains p o s s i b l e , however, 
that much more s e n s i t i v e methods are r e q u i r e d t o detect 
p r e f e r e n t i a l adsorption, e.g., use of d e p l e t i o n methods 
r e q u i r i n g high surface area samples. On the other hand, i f 
the p r e f e r e n t i a l adsorption i s so small as to r e q u i r e 
d e t e c t i o n by a h i g h l y s e n s i t i v e d e p l e t i o n method, i t would 
seem th a t the e r r o r i n the a d s o r p t i o n measurements would 
be correspondingly small and t h e r e f o r e not too 
s i g n i f i c a n t . Nonetheless, i t appears the i s s u e of 
p r e f e r e n t i a l adsorption of 125j p r o t e i n s remains 
important, and t h e r e f o r e i n need of f u r t h e r work. 
Measurement of the k i n e t i c s of adsorption from s o l u t i o n s 
c o n t a i n i n g d i f f e r e n t r a t i o s of l a b e l l e d to u n l a b e l l e d 
p r o t e i n might be a b e t t e r approach t o t e s t i n g f o r 
p r e f e r e n t i a l adsorption than the steady s t a t e , s i n g l e time 
p o i n t measurements so f a r employed. 

The advantages of the in s i t u r a d i o i o d i n a t i o n 
technique i n c l u d e extremely high s e n s i t i v i t y and avoidance 
of any e f f e c t s of p r e l a b e l l i n g on a d s o r p t i o n behavior. The 
in s i t u r a d i o i o d i n a t i o n (or "iodogram") technique has 
proven very u s e f u l because of i t s a b i l i t y to detect the 
presence of unsuspected p r o t e i n s i n the adsorbed l a y e r , 
i n c l u d i n g hemoglobin. In a d d i t i o n , t h i s technique was used 
to detect v a r i a t i o n s i n the composition of the p r o t e i n 
l a y e r adsorbed from plasma that were induced by e i t h e r 
d i f f e r e n c e s i n the chemical p r o p e r t i e s of the surface or 
by d i f f e r e n c e s i n the plasma contact time (13.) . However, 
the in s i t u r a d i o i o d i n a t i o n method i s not q u a n t i t a t i v e due 
to d i f f e r e n t i a l and l a r g e l y u n p r e d i c t a b l e uptake of i o d i n e 
by each of the adsorbed p r o t e i n s . 

Results and D i s c u s s i o n 

The r e s u l t s of s t u d i e s i n the author's l a b o r a t o r y 
summarized i n Table 1 c o n s t i t u t e a r e l a t i v e l y l a r g e amount 
of i n f o r m a t i o n about how adsorption occurs from the 
p r o t e i n mixtures t y p i c a l l y encountered by b i o m a t e r i a l s . 
O v e r a l l , the most important observations made are that 
v a r i a t i o n s i n surface chemistry, time of adsorption, and 
p r o t e i n type are major f a c t o r s i n determining the 
composition of the adsorbed l a y e r . The adsorbed l a y e r 
formed from mixtures thus contains a r a t h e r complex and 
changeable combination of p r o t e i n s . 

S u r p r i s i n g l y , the enrichment of the surface phase 
r e l a t i v e to the bulk phase i s not very great f o r the 
plasma p r o t e i n s so f a r studied, i n c l u d i n g f i b r i n o g e n , 
immunoglobulin G, albumin, or VWF/VIII (14, 15 r19). 
(Surface enrichment was c a l c u l a t e d as the weight f r a c t i o n 
of the adsorbed l a y e r that i s due to each p r o t e i n , d i v i d e d 
by the weight f r a c t i o n of t o t a l p r o t e i n i n the bulk phase 
due to t h i s p r o t e i n ) . The surface enrichment f o r these 
p r o t e i n s i s i n the range of 0.3-3.4 f o r the HEMA-EMA 
s e r i e s of polymers. Hemoglobin, while not normally 
considered a plasma c o n s t i t u e n t because of i t s r a p i d 
clearance when r e l e a s e d by l y s e d red c e l l s , i s an 
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16. HORBETT Adsorption to Biomaterials from Protein Mixtures 257 

exception t o t h i s r u l e i n that i t i s represented i n the 
surface l a y e r at much higher concentrations than one might 
expect. Nonetheless, as a f i r s t approximation, the plasma 
p r o t e i n s appear t o adsorb i n p r o p o r t i o n t o t h e i r bulk 
c o n c e n t r a t i o n , as expected from mass a c t i o n . D i r e c t 
v e r i f i c a t i o n of t h i s p r i n c i p l e has been obtained i n 
s t u d i e s i n which f i b r i n o g e n a d s o r p t i o n from va r i o u s 
plasmas was shown to increase i n p r o p o r t i o n t o the 
f i b r i n o g e n c o n c e n t r a t i o n (S. Slack and T. Horbett, 
unpublished o b s e r v a t i o n s ) . Strongly adsorbing moieties 
such as m e t h a c r y l i c a c i d can, however, l e a d t o g r e a t l y 
enhanced adsorption of p r o t e i n species of opposite net 
charge, with which i on exchange can occur (e.g., lysozyme 
and γ-globulin i n the case of m e t h a c r y l i c acid) (2,27) . In 
these cases, the importance of mass c o n c e n t r a t i o n i s 
supplanted by the nature and degree of charge on the 
p r o t e i n , as c h a r a c t e r i z e d by the i s o e l e c t r i c pH. 

Fi b r i n o g e n adsorption t o non-polar surfaces such as 
polyethylene from plasma a f t e r very short contact times 
c o n s t i t u t e s another exception t o the mass a c t i o n 
g e n e r a l i z a t i o n . F i b r i n o g e n a d s o r p t i o n from plasma t o such 
surf a c e s , and, according to others, t o more p o l a r 
su r f a c e s , i s i n i t i a l l y high but decreases t o much lower 
values as time progresses and the steady s t a t e i s 
approached (10,11,25). An analogous displacement e f f e c t 
a l s o occurs i f adsorption from a s e r i e s of d i l u t e d plasma 
s o l u t i o n s i s measured. In t h i s case, f i b r i n o g e n adsorption 
reaches a peak at an intermediate plasma c o n c e n t r a t i o n 
that v a r i e s with surface type, and i s much lower from 
e i t h e r more d i l u t e or more concentrated plasma (see (20) 
and i t s summary i n Table I ) . These "Vroman e f f e c t s " are 
as yet not f u l l y understood, but recent evidence from our 
l a b o r a t o r i e s suggest that they may be a c h a r a c t e r i s t i c 
f e a t u r e of a l l mixed s u r f a c t a n t systems and be due to 
d i f f e r e n c e s i n the rate of conversion of i n i t i a l l y 
adsorbed molecules t o a more adso r p t i v e s t a t e (see below). 
Some workers have reported that the t r a c e c l o t t i n g f a c t o r 
HMWK appears to be an important f a c t o r i n the Vroman 
e f f e c t . However, a maximum a l s o occurs i n the adsorpt i o n 
of f i b r o n e c t i n t o g l a s s and other surfaces from serum 
d i l u t e d t o various degrees. Furthermore, we have r e c e n t l y 
found that the presence of albumin or hemoglobin i n bi n a r y 
mixtures with f i b r i n o g e n , as w e l l as a d d i t i o n of the 
s y n t h e t i c detergent T r i t o n X-100 to a f i b r i n o g e n s o l u t i o n , 
are a l s o able to induce an apparent Vroman e f f e c t (S. 
Slack and T. Horbett, unpublished o b s e r v a t i o n s ) . These 
l a t t e r observations support the g e n e r a l i z e d mixed 
s u r f a c t a n t mechanism as an explanation of the Vroman 
e f f e c t . 

Adsorbed p r o t e i n s apparently can undergo some type of 
t r a n s i t i o n from a detergent e l u t a b l e t o a detergent non-
e l u t a b l e s t a t e (24). This t r a n s i t i o n occurs very q u i c k l y 
at higher temperatures, i s much slower at lower 
temperatures, and i n a d d i t i o n depends on the type of 
surfac e used. Thus, the p r o t e i n s may be becoming more 
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258 PROTEINS AT INTERFACES 

denatured or "spread" on the s u r f a c e s . These observations 
extend many other, l e s s d i r e c t observations which i n d i c a t e 
that p r o t e i n s i n i t i a l l y adsorb i n a d i f f e r e n t s t a t e (e.g., 
" l o o s e l y adsorbed") and then change t o a d i f f e r e n t s t a t e 
( e . g . , " t i g h t l y h e l d " ; see the chapter by T. Horbett and J . 
Brash i n t h i s book). The t r a n s i e n t maximum i n f i b r i n o g e n 
a d s o r p t i o n from plasma thus may occur because the 
competing p r o t e i n s r e q u i r e more time t o completely 
"spread" and d i s p l a c e f i b r i n o g e n . The concept of molecular 
spreading i s new and not yet v e r i f i e d . Considerable 
experimentation intended t o c l a r i f y t h i s matter f u r t h e r i s 
p r e s e n t l y underway i n s e v e r a l l a b o r a t o r i e s . 

The i n f l u e n c e of adsorbed p r o t e i n s on c e l l u l a r 
i n t e r a c t i o n s with b i o m a t e r i a l s has a l s o been studied, 
because the response t o adsorbed p r o t e i n s probably 
c o n s t i t u t e s an important mechanism u n d e r l y i n g d i f f e r e n c e s 
i n the b i o c o m p a t i b i l i t y of vari o u s b i o m a t e r i a l s . In the 
case of 3T3 c e l l s , d i f f e r e n c e s i n the amount of 
f i b r o n e c t i n adsorbed t o HEMA-EMA copolymers from serum 
causes d i f f e r e n c e s i n i n i t i a l speading of these c e l l s , and 
i n a d d i t i o n probably d i c t a t e s whether the attachment step 
l e a d i n g t o spreading can occur (22). For macrophages, pre-
adsorptio n of c e r t a i n p r o t e i n s has been shown t o enhance 
or s t a b i l i z e attachment (23). In as yet unpublished 
s t u d i e s , comparisons of macrophage spreading on the HEMA-
EMA copolymer s e r i e s t o the amount of f i b r o n e c t i n or IgG 
adsorptio n from serum have shown l i t t l e or no c o r r e l a t i o n , 
d e s p i t e the presence of receptors f o r these p r o t e i n s on 
macrophages. S i m i l a r l y , p l a t e l e t adhesion t o g l a s s does 
not appear t o be c o r r e l a t e d with the amount of f i b r i n o g e n 
adsorbed from plasma (2 9). Studies of p l a t e l e t morphology 
on p r o t e i n coated surfaces may prove t o be a more 
d e f i n i t i v e approach i n determining how adsorbed p r o t e i n s 
induce p l a t e l e t a c t i v a t i o n . In p a r t i c u l a r , we are t e s t i n g 
the hypothesis that p l a t e l e t responses may be more 
s e n s i t i v e t o the way a p r o t e i n i s adsorbed ( i . e . , i t s 
"state") than to the amount of the p r o t e i n that i s 
adsorbed. In summary, p l a t e l e t and macrophage responses do 
not c o r r e l a t e with the amount of adso r p t i o n of p r o t e i n s 
f o r which they have receptors, but 3T3 c e l l spreading and 
f i b r o n e c t i n adsorption are h i g h l y c o r r e l a t e d . Thus, more 
than one mechanism appears t o be important i n c e l l 
i n t e r a c t i o n s with the adsorbed p r o t e i n l a y e r s t h a t form on 
b i o m a t e r i a l s exposed t o the b i o l o g i c a l m i l i e u . 

C o n c l u s i o n 
The s t u d i e s of p r o t e i n a d s o r p t i o n t o b i o m a t e r i a l s 
undertaken so f a r have shown that the process i s 
understandable i n terms of the p r i n c i p l e s of surface 
a c t i v i t y , mass a c t i o n , surface chemistry, and t r a n s i t i o n s 
i n the s t r u c t u r e of p r o t e i n s . Furthermore, c e l l s with 
receptors f o r c e r t a i n of the adsorbed p r o t e i n s are l i k e l y 
t o respond t o surfaces i n p r o p o r t i o n t o the amount of t h i s 
p r o t e i n on the surface, although other processes i n v o l v i n g 
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16. HORBETT Adsorption to Biomaterials from Protein Mixtures 259 

conformational a l t e r a t i o n s t o d i f f e r e n t s t a t e s of the 
p r o t e i n may a l s o prove e q u a l l y important. Since progress 
i n these problems i s important t o b i o m a t e r i a l s science, 
s i n c e b e t t e r methodologies f o r studying them are r a p i d l y 
becoming a v a i l a b l e , and because a group of t r a i n e d and 
t a l e n t e d i n v e s t i g a t o r s has now devoted i t s e l f t o the 
problem, i t appears that important s t r i d e s i n c l a r i f y i n g 
the nature of p r o t e i n a d s o r p t i o n and i t s connection t o 
c e l l u l a r responses t o m a t e r i a l s w i l l be made i n the next 
few years. T h i s progress should g r e a t l y a i d the r a t i o n a l 
design of improved b i o m a t e r i a l s . 
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Chapter 17 

Adsorption of Gelatin at Solid-Liquid Interfaces 

A. T. Kudish1 and Ε R. Eirich 2 

1Department of Chemistry, Ben-Gurion University of the Negev, Beer Sheba, Israel 
2Department of Chemistry, Polytechnic University, Brooklyn, NY 11201 

We studied the adsorption of dilute acid- and alkali 
precursor gelatins on pyrex and stainless steel sur
faces. The adsorptions found, treated as points of 
Langmuir isotherms, became maximal around the IEP, close 
to the positions of the minima of the viscosities. We 
determined also the thicknesses, ∆r, of the adsorbed 
layers by a viscosity method allowing calculation of the 
volume of the interphases. Comparing molecular concen
trations and dimensions with those of the free 
molecules, we obtained information on the relative com
pression of the adsorbate. The adsorption remains sub
stantial on the acid side of the IEP, so that the 
maximal segmental densities occur to the left of the IEP 
and of the pH of the maximal layer thicknesses. The 
data indicate also that the state of expansion of the 
adsorbed molecules, more than the amounts adsorbed or 
the segmental densities, determine the layer thick
nesses. 

Wè wish to report some work on the adsorption of acid and 
alkali-precursor gelatins, the water-soluble products of collagen. 
The study of both types allowed us to determine whether the d i f 
ferences exhibited by the two kinds i n solution are reflected i n 
the adsorbed state, and offers some insight into the state of 
flexible molecules at interfaces. The use of two dissimilar adsor
bents, glass and stainless steel powders, should yi e l d information 
on segment-surface interactions during the adsorption process. 
Some effects of added calcium ions were also studied since the Ca-
ions of hydroxyapatite i n bone and teeth are intimately related to 
collagen. 

The study of the adsorption of macromolecules requires i n 

0097-6156/87/0343-0261 $06.00/0 
© 1987 American Chemical Society 
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262 PROTEINS AT INTERFACES 

most cases substantial instrumental and theoretical efforts (1-5). 
The interpretation of the results i s satisfactory when the system 
consists of well defined synthetic or natural polymers that cor
respond to the theoretical assumptions on the many facets of the 
adsorption of flexible chains (5). For less well defined polymers, 
one i s reduced to applying empirical equations to obtain para
meters which pertain to the essential features of the adsorbed 
states. Fortunately, many polymers approximate an overall be
havior that i s described by the simplest type of adsorption 
theory, that of the Langmuir isotherm (LI) (6). This i s neither a 
coincidence, nor does i t mean that polymers f u l f i l l a l l the 
assumptions of Langmuir1 s theory. The approximate agreement i s 
due to the fact that the LI describes the mechanism of monolayer 
adsorption from dilute solutions with repulsion but no attraction 
within the adsorbate layer, where the rates of adsorption and 
desorption depend on the fractions of unoccupied and occupied sur
face areas, and a point of surface saturation i s reached. These 
happen to be also features of many cases of polymer adsorption 
from very dilute solutions. 

We have thus employed the LI and i t s formalism to obtain two 
sets of parameters for the adsorption of gelatin, the i n i t i a l 
slopes of the isotherms, the " a f f i n i t i e s " , A, and the saturation 
values, a s which we c a l l the "capacities". In our discussion of 
the results, we w i l l use the a f f i n i t y data b r i e f l y for a compari
son of the tendencies of the gelatins to become adsorbed. The 
capacities w i l l be used for a description of the f u l l y adsorbed 
state. We w i l l be helped i n this by our results on the hydro-
dynamic thicknesses, Ar, of the adsorbed layers. The product of 
the areas occupied per molecule at a s and Ar, assuming mono
layers, yield the volume occupied per molecule i n the interphase. 
For a similar approach, see (7). This may be compared with the 

molecular volume i n solution and allows a description of the 
relative states of the adsorbed molecules. The resulting data, 
while approximate and relative, w i l l be seen to be quite informa
tive. 

EXPERIMENTAL 

MATERIALS; Gelatin. Gelatins are the water-soluble products of 
the denaturation of collagen. We used derivatives (Courtesy Peter 
Cooper Corp., Gowanda, N.Y.) of soluble collagens obtained by a 
treatment which disordered the individual chains of the t r i p l e 
helices but degraded them only l i t t l e (8). One gelatin used i n 
this study was obtained by acid treatment and extraction of pig 
skin collagen and designated P - l . It i s characterized by an iso
electric range of pH 7-9, after a treatment that allowed most of 
the asparagine and glutamine residues to remain. Based on experi
mental evidence, Veis (8) believes that these gelatins s t i l l con
tain some intramolecular links between their 3 unbroken strands, 
each of approximately 100,000 molecular weight. Our a l k a l i -
treated precursor gelatin from calf's skin, designated C - l , had an 
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17. KUDISH AND EIRICH Adsorption of Gelatin 263 

isoelectric point of 4.5- 5. , since many of the side amide groups 
were lost through hydrolysis. The C-l molecules resemble closely 
the α-chains of collagen, degraded to a MW of approximately 
30,000. 

Both gelatins were electrodialyzed, freeze-dried and stored 
at 4°C. Amino acid analyses showed them to be representative of 
their species, see also Table 1. The water used for the solutions 
was deionized and d i s t i l l e d . A l l other chemicals were reagent 
grade and used without further purification. 

Adsorbents. The adsorption studies were performed on 
powdered Pyrex glass #7748 (donated by the Corning Glass 
Company), and powdered stainless steel, type 316L (donated by the 
Pall Corp.) both 325 mesh size. The f r i t t e d disks were kindly 
prepared for us by the donating companies. The glass powder and 
discs were cleaned by heating at 80°C in a 50/50 n i t r i c acid-
hydrochloric acid mixture with continuous s t i r r i n g for 24 hours. 
The powder was freed from residual acid by repeated slurrying with 
d i s t i l l e d water and centrifugation. The surface area was found to 
be 2.1 m/g by B.E.T. nitrogen adsorption. 

The stainless steel powder and discs were cleaned by 
immersing i n a boiling bath of 15% NaOH for one hour with con
tinuous s t i r r i n g . The caustic was decanted and the surfaces 
neutralized by the addition of hot 10% n i t r i c acid for less than 
five minutes. The acid was decanted and the stainless steel 
powder was rinsed i n the same manner as the glass powder and 
freeze dried. The surface after such a passivation treatment 
consists probably of f e r r i c f e r r i t e , Fe (FeC^.. The surface area 
was 0.14 m /gby B.E.T. nitrogen adsorption. 

Adsorption Isotherms. The solutions were prepared by dis 
solving the gelatin i n water at 40°C to avoid aggregates, 
adjusting the pH with HC1 and NaOH, and equilibrating at 30 C for 
at least an hour prior to use. The pH's of the solutions were 
again controlled by the addition of NaOH or HC1. The resulting 
ionic strength was 0.01 N. The adsorption experiments were per
formed i n the usual manner, finding the depletion of the super
natant. The samples and controls were thermostatted at 30 C ± 
0. 5°C, rotated for a minimum of 16 hours, centrifuged at 30°C and 
the supernatant analyzed for gelatin with a Cary-14 recording 
spectrophotometer, measuring the absorption at 190 or 195 nm 
under a nitrogen blanket. The calibration plots conformed to the 
Beer-Lambert Law. 

The hydrodynamic thicknesses were measured by observing the 
change in capillary flow due to adsorption on f r i t t e d disks pre
pared by sintering the powders used for adsorption. The results 
w i l l be reported only for the glass disks. The data from the steel 
disks were poorly reproducible. For the operational method, see 
(10) and the dissertation by A. Kudish (11). However, their flow 
apparatus was modified so that the liquid could flow through the 
disks i n both directions. This was found to reduce the time re
quired to attain equilibrium and compensates for any one-way necks 
present in the pores. Poiseuille's equation was used i n a modi
fied form (12,13) assuming the disk to be a packet of parallel 
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264 PROTEINS AT INTERFACES 

nticrocapillary tubes with a tortuosity factor. The ratio of the 
specific volume flow rates of solution and solvent, becomes: 

V / V o = < 1 / TVel> Σ ( Γ ί " Δ Γ ) 4 CD 
Σ Γ Ι 

where, V, i s the specific volume flow rate of the solution, V 0 

that of the solvent, Π Γ 6 χ > the relative viscosity, r i f the radius 
of the i t h pore and, Δ r, the hydrodynamic thickness of the 
adsorbed layer. The relative viscosity can be measured indepen
dently, so that ΔΓ can be calculated from an expansion of 
Equation (1): 

<r 3> 3 <r 2> 2 <r> 1 3 
{ v / v o ] n r P i = 1 " 4 x c — ; τ - x — τ + x 1 x ] 

where: <r>a = γ ENr^ a (2) 

[r] = Z N r ^ ] ^ 

X [ r ] 

The values for <r> /[r] were obtained from mercury intrusion 
measurements performed by Rowland (12) using an Aminco-Wins1 ow 
mercury intrusion porosimeter. The use of equation (2), solved by 
an IBM 7040, i s limited by the requirement that the number of 
pores, (Ν), and their size distribution remain the same during 
calibration and measurements. The radial dimensions of the 
gelatin molecules were less than 20% of the mean radius of the 
pores, so that plugging of the pores and changes i n size distribu
tion were likely to be minor. However, some plugging can not be 
excluded so that the values found by us for the adsorbed thick
nesses may be on the high side. 

The determination of Δ Γ, from the values of X , requires a 
knowledge of the 4th root mean radius of the disk pores, [r]. 
This was determined by measuring the volume flow rate of nitrogen 
gas through the disk, assuming that the average pore size i s the 
same as seen by the liquid, and by applying Poiseuille's equation 
for compressible f l u i d flow through a porous plate, described pre
viously, (12). 

RESULTS AND DISCUSSION 

The adsorption isotherms on glass and stainless steel 
powders were determined as a function of pH for both gelatins, and 
also i n the presence of 0.1 M CaCl^. The isotherms exhibit i n a l l 
cases the steep i n i t i a l r i s e and the plateaus characteristic of 
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17. KUDISH AND EIRICH Adsorption of Gelatin 265 

monolayer adsorption of macromolecules. The results are shown, in 
the form of representative reciprocal plots of some isotherms, 
Figure 1, and by the plots of the saturation capacities a s, as a 
function of pH, see Figures 2 and 3. An example of a plot of 
a f f i n i t y constants, also as functions of pH and determined by a 
least-squares analysis of the adsorption data inserted i n the 
reciprocal LI, Equation (3), i s shown i n Figure 4. The i n t r i n s i c 
viscosities and the hydrodynamic thicknesses of the adsorbed 
layers at saturation, as function of pH, and the capacities for 
comparsion are shown i n Figures 5a,b. A summary of the maximal 
values of the capacities, a f f i n i t i e s , and Ar-values i s given i n 
Table II. 

Our data show, as b r i e f l y discussed before that the adsorp
tion date of our gelatin samples approached L.I.'s rather closely. 
Thus i n a general sense, we may interpret the slopes as measures 
of the a f f i n i t y between adsorbate and adsorbent, while we use, a s 

the values for surface saturation to calculate the spaces occupied 
per molecule (or monomeric segment, respectively). We compare then 
the thicknesses of the adsorbed layers, hydrodynamically defined 
by our capillary flow method, with the dimensions of the free 
macromolecules as characterized by their viscosities i n the equi
librated solution. There i s a difference though, between the types 
of flow. The solvent moves in both cases i n simple shear, while 
the gelatin molecules follow simple shear when freely dispersed, 
but were stretched i n pure shear when adsorbed. The resulting 
differences are small and do not outweigh the advantage that the 
molecular dimensions, and therefore the molecular states, are i n 
both cases hydrodynamically defined. An earlier study (14) has 
indeed shown that the thicknesses of the very same gelatins, 
calculated from viscosity increases due to adsorption on dispersed 
latex particles, were within 20% of those reported here, and 
showed much the same trends with pH. Other studies (10) demon
strated a proportionality between the i n t r i n s i c viscosities of 
free chain molecules and the thicknesses of adsorbed layers when 
measured by capillary flow. Reference 10_ reports also that Ar 
was proportional to M1/2 οβ, confirmed by ellipsometry (15). See 
also (16). 

Deriving molecular dimensions in solution from viscosities 
depends on the model assumed for the conformations of the free 
molecules. Since any a- or - t r i p l e helical sections of our 
gelatins would be melted at 30°C. we assume near randomness for 
the chains, and a low e l l i p t i c i t y for the molecular envelopes. 
Further, the success of Flory's viscosity theory (17) has shown 
that the hydrodynamically effective volume of randomly coiled (and 
of many other) chain molecules i s not very different from the 
volume encompassed by the meandering segments. Thus we treated 
our data as i f they pertained to random c o i l molecules. The 
measured layer thicknesses then describe the level within the 
adsorbed interphase below which the segmental density i s equal to, 
or larger, than the effective c o i l density of the free molecules. 

Proceeding on the basis of these arguments, we converted a g 

(mg amounts adsorbed per g adsorbate), into the surface areas per 
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266 PROTEINS AT INTERFACES 

Table I. Composition of charged groups in gelatins P-1 and C-l* 

IEP 4.5-5.0 IEP 7.-9. 
Group *• 

pKa 
Alkali precursor gelatin (C-l) meq./g 

Acid precursor, gelatin (P-1) meq./g 

Free carboxyl 3.4-4.7 1.22 0.90 
Free α amino 7.6-8.4 0.01 0.01 
Imidazole 5.6-7.0 0.05 0.05 
Free α amino 9.4-10.6 0.42 0.42 
Guanidino 11.6-12.6 0.48 0.49 

Charges at f u l l ionization +1.22 
-0.96 

+0.90 
-0.97 

*After G. Thomas (1971) (9) . 
**The values used for the calculation of the net charges entered in 

Table I were the arithmetic means of the ranges of pKa's shown. 

Amino acid analyses courtesy, Drs. I. Listowsky and S. Seifter, 
Dept. of Biochem., Albert Einstein School of Medicine, N.Y., N.Y. 

Ο PH 2.1 
Δ pH 5.8 
y pH 71 

c 2 x 10 (g/dl ) 
ο 

Fig. 1. C-l gelatin adsorbed on glass powder (30 C). 
Points plotted as reciprocal isotherms i n accordance 
with Langmuir1s equation: 

c2/(x/m) c2/as + 1/Kac (3) 

where c 2 i s the equilibrium concentration i n solu
tion, x/m in mg/g are the amounts adsorbed, a s, the 
maximal values of adsorption, and K, the a f f i n i t y , i s the 
i n i t i a l slope of the isotherms. 
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KUDISH AND EIRICH Adsorption of Gelatin 267 

Fig. 2. Saturation capacities of glass powder for P-1 
and C-l gelatins vs. pH (30°C), with and without 
Ca-ions added. 

I 1 1 ι ι ι ι ι 
0 2 4 6 8 10 12 14 

P H 

Fig. 3. Saturation capacities of stainless steel powder for 
P-1 and C-l gelatins vs. pH (30°C), with and without 
Ca-ions added. 
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268 PROTEINS AT INTERFACES 

no calcium added ) 

Fig. 4. Slopes of adsorption isotherms (affinities) of P-l 
and C-l gelatins for stainless steel powder vs. pH, 
(30°C). 

Table II. Affinity, Capacity and Layer Thickness Maxima, occurring 
at the given pH values 

A 
dl/g pH mg/m pH 

Ar 
PH 

Glass 4000 5.3 1.5 5.3 500 5.3 
Glass +Ca 2900 4.- 1.5 5.3 480 4.5 

C-l Steel 7500 6.- 5.5 5.5 
Steel +Ca (6000) 6.- 5.0 5.5 

Glass 6000 5.5 3.5 7.4 
Glass +Ca 3000 5.0 1.5 8.-

750 7.6 

P-l Steel 800 5.5 1.5 8. 
Steel +Ca (600) 5.5 (2.-) 8. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

01
7



17. KUDISH AND EIRICH Adsorption of Gelann 269 

adsorbed gelatin molecule. Assigning to an amino acid unit an 
average molecular weight of 100, we also calculated the area per 
monomeric unit attached to, but not necessarily lying on the 
interface. The depth of these anchored, floating, populations, as 
measured by our hydrodynamica1ly effective thicknesses, Δ Γ , 
Figures 5a,b, are 700 A and 475 A respectively for P-1 and C-l at 
their maxima, i.e., are of the order of 100 times the average 
thickness of a f l a t layer of amino acid residues, and about 25% 
for P-1, and 50% for C - l , of the contour lengths of the chains of 
the adsorbed gelatins. These results are i n line with the 
assumption that a major portion of the gelatin molecular segments 
i s situated within a layer on the interface that i s characterized 
by ΔΓ (16). The experimental d i f f i c u l t i e s (1) and the 
uncertainty to which extent our gelatin f i t s the models used i n 
the theories of the distribution of loops, t a i l s and surface runs 
(18,19), deterred us from trying to determine the profile of 
segmental densities i n our interphases. However, since we find 
the average segmental densities of the interphase to be no higher 
than five times that of the corresponding average densities of the 
free molecules, and since the dimensional changes with pH of 
gelatin as an ampholyte do not d i f f e r much from those of the free 
molecular c o i l s (20), our case may be characterized as one of 
light to moderately strong adsorption (19). 

We w i l l f i r s t compare the dimensions of the adsorbed with 
those of the free P-1 molecules. In Figures 6, we plot, a s the 
amounts adsorbed i n mg/g, further the areas per adsorbed molecule, 
and the cross sectional areas. For a comparison we entered our 
Δτ-values for P-1 and the diameters of the free c o i l s i n Figure 6b. 
We then calculated and compared the volumes encompassed and the 
ratios of the corresponding segmental densities of the P-1 gelatin 
molecules, when free, or adsorbed, Figure 7. The cross sections 
and hydrodynamic volumes of the counterpart free molecules were 
approximated with the help of Fox and Flory's (21) equation for 
random c o i l s : 

[η] = 6 0 / ZR G*7M? Φ = 2.1.10 ; and R n = 0.85Rn (22). Thirdly, i n 
Figures 8a,b, we show the ΔΓ*s and the densities of the adsorbed 
layers of P-1 and C-l versus pH. The density curve of the free 
c o i l s of P-1 i s also shown for comparison. 

We wish to emphasize only a few of the many striking fea
tures of the diagrams. The curves of area/adsorbed molecules and 
of ΔΓ of Figures 6, run opposite courses, showing a minimum and a 
maximum respectively between pH 7 and 8. The areas of the adsorbed 
molecules drop 5-10 times below those of the free ones. This i s 
equal to a drop per adsorbed monomeric unit below 5 A 2 compared 
with an average of about 20 A 2 for f l a t lying amino acid residues, 
and 40 A 2 within the free c o i l s , and indicates a substantial 2-
dimensional pressure. The compaction i s not as high as i n many 
other cases of macromo 1 ecu 1 ar adsorption, but i t i s enough to 
raise the interphase concentration to where, at lower tempera
tures, gel formation would occur. 

Figures 5 show further the courses of the i n t r i n s i c v i s c o s i -
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b. The same for P-l gelatin. 
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KUDISH AND EIRICH Adsorption of Gelatin 

ι ι I ι ι ι ι ι ι I I 
2 4 6 7 8 10 

7 • p H 

Fig. 6a. The plateau values, a s, of the isotherm of the P-l 
gelatin and the calculated areas occupied per 
adsorbed gelatin molecule. Shown for comparison i s 
the cross sectional area per molecule i n solution as 
a function of pH. 
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272 PROTEINS AT INTERFACES 

mg 

see fig. 
6a 

II 
T - 2 0 

5 

15 

10 

θ 

5 

- - 4 

- - 2 

ΔΓ 
A 

\ 
ο 

2R, 
Ô-O-O-O'01. 

9 \ 

1000 

t 
A° 
8 0 0 

ΔΓ 

7 0 0 

6 0 0 

5 0 0 

- 4 0 0 

- 3 0 0 

- 2 0 0 

- 100 

- τ -
ιο 

•pH 

Fig. 6b. For comparison with 6a, the thickness of the layers 
of adsorbed P-l, and the diameters of the free 
molecules in solution, are also shown as a function of 
pH. 
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17. KUDISH AND EIRICH Adsorption of Gelatin 273 

Fig. 7. The volume of the adsorbed P-l molecules, their re
lative densities and, for comparison, the volumes of 
free P-l molecules i n solution, as a function of pH. 
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274 PROTEINS AT INTERFACES 

b. The same for P-1 gelatin. For comparison, see also 
the absolute densities of the P-1 gelatin segments 
in the free molecular co i l s in solution. 
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17. KUDISH AND EIRICH Adsorption of Gelatin 275 

t i e s , and Figures 6 the adsorbed areas per molecule and the layer 
thicknesses Δ τ , of P - l as function of pH. In the more acid range, 
the layer thicknesses are smaller than the free c o i l diameters, 
but both show only small changes with pH. Going from pH 5 to 6, 
the Δ r values r i s e strongly due to the rapidly increasing amounts 
of adsorption which become possible as a consequence of the loss 
of positive net charge on the ge lat in . Because of this increase 
i n Δτ , the co i l s become only about 1/2 as dense as they would 
according to the reduction of occupied areas. Thus, the volumes 
pervaded by the chains do not stay constant, nor i s the compres
sion of the gelatin molecules isodiametrical. Either c o i l 
compression, or i n t e r p é n é t r a t i o n must occur during adsorption. 

The curves for the two cross sections, for Δτ and for the 
free diameters (our Figures 6) are seen to intersect at low and 
high pH. However, these points of equal Δτ and 211^, and of 
equal area/molecule and i r R ^ , do not coincide i n their pH-values, 
i . e . the molecules do not become adsorbed i n the state of their 
free conformations. Figure 7 shows the courses of the volumes of 
free vs . adsorbed c o i l s , and of the ratios of the densities of the 
free co i l s and i n the interphase. The curves for the volumes are 
very far apart and w i l l become equal only at very low or high 
pH's, that i s , for very small amounts of adsorption. 

We saw that over the range of crowding i n the interphase, 
Δτ does not increase as much as the area per molecule shrinks on 
adsorption, but we can not t e l l whether this i s due to c o i l com
paction or i n t e r p é n é t r a t i o n . I n t e r p é n é t r a t i o n of neutral chains 
has to work against e las t ic and osmotic resistance without compen
sating factors? i n polyampholytes of near neutral , or neutral net 
charge, penetration may be accompanied by a decrease i n e l e c t r i 
cal free energy, so that charge pairing per volume helps to over
come the e las t ic and osmotic resistances. The density maxima i n 
the adsorbed layer l i e to the le f t of the I . E . P . , and the densi
t ies remain high into the acid side while gelatin and surfaces 
remain oppositely charged. The a f f in i t i e s stay high i n the same 
range, i . e . segment-surface attractions outweigh intra-segmental 
repulsion. This , too, would enhance a certain amount of c o i l 
i n t e r p é n é t r a t i o n . 

The results for our C - l gelat in show the smaller values 
expected for a lower M.W., but by no means as small as the 10-fold 
difference i n MW would lead one to expect. The areas per molecule 
are about 1/3, and the Δτ values about 2/3 of those for P - l . The 
segmental densities of both gelatins change from being almost 
equal at the lower pH's, to C - l becoming about 1/3 as dense for 
pH's larger than I . E . P . , showing that the re lat ion between the 
opposite tendencies of densification and osmotic pressure are 
different for both gelatins. 

The addition of Ca-ions affects the behavior of C - l gelatin 
more than P - l , shift ing the adsorption maxima of both gelatins to 
the acid side. The surface areas occupied per molecule at the 
I . E . Ρ are twice as large with as without Ca-ions. Since the A r ' s 
stay about the same, Ca-ions attached to the gelatin reduce c o i l 
contraction or i n t e r p é n é t r a t i o n . Surface shielding by adsorbed 
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276 PROTEINS AT INTERFACES 

Ca-ions i s not lik e l y , since the a f f i n i t i e s of the gelatins plus 
Ca-ions remain equal, or turn higher. Possibly, some Ca-ions 
become adsorbed at the interface while remaining attached to 
gelatin segments, thus forming strong adsorption sites. 

The adsorption on steel powder i s smaller for P-1 and larger 
for C - l . It reflects further the fact that the steel's positive 
charge extends into the weakly alkaline range, as compared to the 
switch from a negative to a positive surface charge for glass 
below pH 2 (Steigman, J., Downstate Medical School, Private 
Commun., 1969). Thus, adsorption due to opposite charges occurs 
on steel also to the right of the I.E.P. 's, shown by the less 
rapidly falling-off of the a s-values. The greater adsorption on 
steel of C-l than P-1 might be attributed to the presence of very 
low concentrations of Fe 3 +-ions near the surface that bind 
strongly to COOH-groups which are more numerous on C-l than on 
P-1. 

Among the many questions that remain, the most vexing con
cerns the extent to which Ar may be affected by the rather high 
rates of shear i n the capillaries of our porous disks. We w i l l 
discuss this i n a subsequent paper. Suffice i t i s to say at this 
time that, thanks to recent studies (23), we seem ju s t i f i e d i n our 
assumption that the rate of shear was not a factor i n determining 
c o i l shapes, densities, or Ar values. 

Conclusion 

In conclusion, we believe that combined analyses of amounts 
and dimensions of adsorbed gelatins, as obtained by evaluating 
adsorption data as Langmuir isotherms and measuring the hydro-
dynamic thickness of the adsorbate layers, yi e l d substantial 
information on the states of the adsorbed molecules. The amounts 
adsorbed depend largely on the pH, exhibiting maxima around the 
IEP close to the positions of the minima of the viscosities of the 
free gelatins. The adsorption remains substantial on the acid 
side of the IEP, while the surfaces and the adsorbates are 
oppositely charged. Thus, the densities of the adsorbed layers 
increase into the acid range and the positions of the maximal 
segmental densities l i e to the l e f t of the IEP and Ar's. To the 
right of the I.E.P., where the gelatins carry charges of the same 
sign as the glass interface, the Ar-values decline more slowly 
than the amounts adsorbed. Based on this and the other obser
vations we find that the state of expansion of the adsorbed 
molecules as well as the amounts adsorbed and the segmental densi
ties determine the layer thicknesses. This conclusion i s 
supported by our observations on steel surfaces where the 
adsorptive maxima of both gelatins are shifted to the right, and 
where c a l f - skin gelatin becomes more strongly adsorbed than our 
pigskin gelatin. Lastly, both gelatins become adsorbed even where 
they carry moderate charges of the same sign as the interfaces, 
showing that non-electrostatic attraction also plays a role. 
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Chapter 18 

Microelectrophoretic Study of Calcium Oxalate 
Monohydrate in Macromolecular Solutions 

P. A. Curreri1, G. Y. Onoda, Jr.2, and B. Finlayson3 

1Space Science Laboratory, Marshall Space Flight Center, National Aeronautics and 
Space Administration, Huntsville, AL 35812 

2Watson Research Center, IBM, Yorktown Heights, NY 10598 
3Division of Urology, Department of Surgery, College of Medicine, University of Florida, 

Gainesville, FL 32610 

Electrophoretic mobilities were measured for calcium 
oxalate monohydrate (COM) in solutions containing 
macromolecules. Two mucopolysaccharides (sodium 
heparin and chondroitin sulfate) and two proteins 
(positively charged lysozyme and negatively charged 
bovine serum albumin) were studied as adsorbates. 
The effects of pH, calcium oxalate surface charge 
(varied by calcium or oxalate ion activity), and 
citrate concentration were investigated. 

All four macromolecules showed evidence for 
adsorption. The macromolecule concentrations needed 
for reversing the surface charge indicated that the 
mucopolysacchrides have greater affinity for the COM 
surface than the proteins. Citrate ions at high 
concentrations appear to compete effectively with 
the negative protein for surface sites but show no 
evidence for competing with the positively charged 
protein. 

The majority of re n a l stones are predominantly calcium oxalate mono-
hydrate and dihydrate, with the former being the most common form 
present. Interdispersed throughout a stone between the c r y s t a l l i z 
ing phases i s a macromolecular substance which i s t y p i c a l l y around 
2.5% (_1) · I t i s not known whether the matrix substances play an 
acti v e or passive ro l e i n the formation of urinary stones. However, 
i t i s known that several soluble polymeric species and natural 
macromolecules have a pronounced e f f e c t on the k i n e t i c s of growth of 
calcium oxalate c r y s t a l s (2,3)· Such molecules can a l s o a f f e c t the 
manner i n which c r y s t a l l i n e p a r t i c l e s i n suspension i n t e r a c t with 
each other. Adsorbed molecules can help prevent the coagulation 
(aggregation) of p a r t i c l e s i n suspension by providing an e l e c t r i c a l 
b a r r i e r or s t e r i c hindrance (4_) · When the c o l l o i d a l p a r t i c l e s are 
only p a r t i a l l y covered with polymer, the macromolecules can f u n c t i o n 
as f l o c c u l a t i n g agents, causing the p a r t i c l e s to be bridged together 
to form large f l o e s . Coagulation and f l o c c u l a t i o n phenomena provide 

0097-6156/87/0343-0278$06.00/0 
© 1987 American Chemical Society 
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18. CURRERI ET AL. Calcium Oxalate Monohydrate 279 

one p o s s i b l e mechanism f o r c r e a t i n g l a r g e r u n i t s of matter from 
f i n e l y d i v i d e d c r y s t a l s . 

The e l e c t r i c a l charge r e s i d i n g on the surfaces of calcium oxa
l a t e c r y s t a l s exposed to aqueous s o l u t i o n s should be strongly modi
f i e d by the adsorption of charged i o n i c macromolecules. This e f f e c t 
has been reported f o r other s o l i d surfaces such as s i l i c a (5_), 
s i l v e r iodide (6,1), latexes (8), calcium phosphate (9), e t c . That 
c e r t a i n macromolecules adsorb on calcium oxalate has been demon
st r a t e d (10), but the e f f e c t on surface charge has not been examined 
i n d e t a i l . 

In a previous paper (11), we described the e f f e c t s of small 
i o n i c species on the surface charge of calcium oxalate monohydrate 
(COM)· The e f f e c t s were detected by measuring the e l e c t r o p h o r e t i c 
m o b i l i t y of the p a r t i c l e s i n the aqueous phase. The influences of 
the a c t i v i t y of calcium and oxalate ions? monovalent e l e c t r o l y t e s ? 
and s u l f a t e , phosphate, pyrophosphate, and c i t r a t e ions on the 
e l e c t r o p h o r e t i c m o b i l i t y were studied. I t was found that the r e 
s u l t s could be accounted f o r by c e r t a i n e s t a b l i s h e d theories f o r the 
e l e c t r i c a l double l a y e r , which i s a l s o u s e f u l f o r analyzing the 
r e s u l t s of the present work. 

In t h i s i n v e s t i g a t i o n , we have used bovine serum albumin, 
lysozyme, sodium heparin, and c h o n d r o i t i n s u l f a t e as adsorbates. In 
a d d i t i o n to t h e i r p r a c t i c a l i n t e r e s t (12-14), these macromolecules 
represent negatively charged p r o t e i n s , p o s i t i v e l y charged p r o t e i n s , 
and two d i s t i n c t types of mucopolysaccharides. 

Methods 

Commercially a v a i l a b l e ( N u t r i t i o n a l Biochemicals Inc., Cleveland, 
Ohio) bovine serum albumin (2X c r y s t a l l i z e d ) , lysozyme (muramidase), 
sodium heparin, and c h o n d r o i t i n s u l f a t e were used. The serum a l 
bumin and lysozyme were globular proteins with i s o e l e c t r i c points at 
pH 4.9 and 11, r e s p e c t i v e l y . The sodium heparin and c h o n d r o i t i n 
s u l f a t e were negatively charged mucopolysaccharides with random c o i l 
s t r u c t u r e s . Other chemicals were of reagent grade. The water was 
deionized and then d i s t i l l e d i n a b o r o s i l i c a t e glass s t i l l . The 
s p e c i f i c c o n d u c t i v i t y of the water was l e s s than 1.5 χ 10~ 6 (ohm 
cm)" 1. A l l stock s o l u t i o n s were passed through a 0.22 ym f i l t e r t o 
remove any undissolved i m p u r i t i e s . 

The COM c r y s t a l s were p r e c i p i t a t e d by mixing equimolar concen
t r a t e d s o l u t i o n s of calcium c h l o r i d e (CaC^) and sodium oxalate 
( N a 2 C 2 0 4 ) . The p r e c i p i t a t e was washed with the p u r i f i e d water u n t i l 
sodium could no longer be detected by atomic adsorption spectroscopy 
i n the wash. X-ray a n a l y s i s of dry p r e c i p i t a t e confirmed the whe-
w e l l i t e form of CaC20^*H20. The c r y s t a l s had a nominal surface area 
of 3 m2/g as measured by gas adsorption. 

Suspensions of C^^O^-f^O i n water were prepared by u l t r a s o n i c 
d i s p e r s i o n at a concentration of 0.35 g/L. The prepared suspensions 
were e q u i l i b r a t e d f o r at l e a s t 12 hours. F i n a l suspensions were 
made by adding various macromolecular s o l u t i o n s to the d i s p e r s i o n at 
a r a t i o of nine parts suspension to one part s o l u t i o n . For some 
experiments the pH was adjusted by adding HC1 or NaOH. 

Before making e l e c t r o p h o r e s i s measurements, a l l suspensions 
a f t e r f i n a l compositional adjustments were allowed to e q u i l i b r a t e 
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280 PROTEINS AT INTERFACES 

f o r at l e a s t 2 hours at 37 °C. E l e c t r o p h o r e s i s was c a r r i e d out 
using a commercial instrument (Zeta Meter, Inc., New York) i n a 
constant temperature chamber at 37 °C. 

Except for the e l e c t r o n i c components, the e l e c t r o p h o r e t i c ap
paratus was housed i n a constant-temperature chamber, held at 37 °C 
± 1 °C, with glove ports and windows through which the eyepieces of 
the microscope extend outward. Standard techniques discussed e l s e 
where (15,16) were used to meausre the e l e c t r o p h o r e t i c m o b i l i t y of 
the p a r t i c l e suspensions. E l e c t r o p h o r e t i c m o b i l i t i e s f o r each sus
pension were determined at l e a s t i n t r i p l i c a t e f o r a minimum of 20 
p a r t i c l e s each time to obtain mean values with 95% confidence i n t e r 
v a l s . 

The pH was measured with glass e l e c t r o d e s . For some of the 
suspensions, the p r o t e i n concentrations remaining i n s o l u t i o n were 
determined by e l i m i n a t i n g the s o l i d s by f i l t r a t i o n through a 0.22 ym 
f i l t e r and analyzing the f i l t a t e f o r proteins using s o l u t i o n t r a n s 
mission spectroscopy at 280 nm wavelength. 

Results 

The changes i n the e l e c t r o p h o r e t i c m o b i l i t y of COM when i n c r e a s i n g 
concentration of the four macromolecules was present are shown i n 
Figure 1. In the previous study i t was shown that the charge on 
calcium oxalate i n i t s own natural saturated s o l u t i o n i s p o s i t i v e 
and constant throughout a broad pH range (Figure 2). In Figure 1 i t 
i s seen that the two mucopolysaccharides cause a r e v e r s a l i n charge 
at r e l a t i v e l y low s o l u t i o n concentrations. The serum albumin 
appears to have no tendency f o r change r e v e r s a l . 

Because of the low s o l i d content of the suspensions, there was 
not enough surface area present to expect detectable s o l u t i o n de
p l e t i o n as a r e s u l t of adsorption. This was confirmed i n the case 
of the proteins by measuring t h e i r concentrations i n s o l u t i o n before 
and a f t e r exposure to the s o l i d . To detect the p o s s i b l e p r e c i p i t a 
t i o n of a second s o l i d phase, we used the f o l l o w i n g methods. The 
p r o t e i n s o l u t i o n s i n e q u i l i b r i u m with calcium oxalate i n our various 
experiments were f i l t e r e d a f t e r e l e c t r o p h o r e s i s , and the f i l t r a t e s 
were examined with transmission spectrophotometry at 280 nm f o r 
s o l u t i o n d e p l e t i o n of p r o t e i n against standard s o l u t i o n s . Since the 
s o l i d s concentration used i n these experiments i s too small to de
t e c t s i g n i f i c a n t s o l u t i o n d e p l e t i o n due to adsorption, any d e p l e t i o n 
noted could be a t t r i b u t e d to p r e c i p i t a t i o n . The remaining s o l u t i o n s 
were prepared to nine-tenths f i n a l volume and then were observed 
a f t e r one-half hour f o r p r e c i p i t a t i o n before the s l u r r y was added. 
F i n a l l y , a second s o l i d phase can be recognized by the presence of 
p a r t i c l e s of two d i s t i n c t m o b i l i t i e s during e l e c t r o p h o r e t i c measure
ment. No evidence of p r e c i p i t a t i o n was found i n any of the systems 
presented i n t h i s paper. 

The e f f e c t of pH on the e l e c t r o p h o r e t i c m o b i l i t y of COM i n sys
tems containing f i x e d amounts of the four macromolecules i s shown i n 
Figure 2. In general, higher pH values l e d to more negative values 
of the e l e c t r o p h o r e t i c m o b i l i t y . The most marked e f f e c t was with 
serum albumin, where a r e v e r s a l of charge occurred near pH 5.5. 

The a c t i v i t y of calcium and oxalate ions i n s o l u t i o n has been 
shown to strongly a f f e c t the e l e c t r o p h o r e t i c m o b i l i t y of COM (11). 
A surface i s o e l e c t r i c point was found at a pCa of 5.2 (corresponding 
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CURRERI ET AL. Calcium Oxalate Monohydrate 

CL 
Ο 
ω Log [Concentration Added ( g / l ) ] 
ω 

Figure 1. E l e c t r o p h o r e t i c m o b i l i t y of calcium oxalate 
monohydrate vs. macromolecule concentration. The numbers 
near the data points are the corresponding s o l u t i o n pH 
values. 

pH 

Figure 2. E l e c t r o p h o r e t i c m o b i l i t y of calcium oxalate 
monohydrate with 0.1 g / l of macromolecule as a f u n c t i o n 
of s o l u t i o n pH. The dashed curve without data points 
represents the m o b i l i t y vs. pH without macromolecules 
present. 
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282 PROTEINS AT INTERFACES 

to a p C 2 0 4 of 3.45). I t follows that f o r calcium ion a c t i v i t i e s 
above that of the i s o e l e c t r i c point, the surface charge of COM i s 
p o s i t i v e , and f o r oxalate a c t i v i t i e s above that of the i s o e l e c t r i c 
p oint, the e l e c t r o k i n e t i c surface charge i s negative. The data i n 
Figure 1 were obtained under conditions where the surface of COM i s 
normally p o s i t i v e l y charged. The r e l a t i v e l y small e f f e c t of l y s o -
zyme on surface charge might be a t t r i b u t a b l e to the f a c t that the 
charge on the lysozyme has the same sign as the surface. For the 
above reasons, we were i n t e r e s t e d to see i f the lysozyme would ad
sorb to the COM surface i f the surface had been negatively charged 
at the beginning. In our previous work, we showed that a negative 
surface charge i s brought about by i n c r e a s i n g the oxalate a c t i v i t y 
i n s o l u t i o n . Thus, to accomplish t h i s , d i f f e r e n t strengths of l y s o 
zyme were added to COM suspensions that were e q u i l i b r a t e d with s o d i 
um oxalate. In Figure 3 i t i s seen that i n c r e a s i n g concentartions 
of lysozyme reduce the negative m o b i l i t y of the o r i g i n a l l y negative 
surfaces. The negative m o b i l i t y i s reduced to near zero at high 
lysozyme concentations. 

For the adsorption of the two p r o t e i n s , the r o l e of surface 
charge due to v a r i a t i o n s i n the concentrations of the p o t e n t i a l 
determining ions (calcium and oxalate ions) was i n v e s t i g a t e d f u r 
ther. In Figure 4, the m o b i l i t y of COM suspensions c o n t a i n i n g 
e i t h e r of the two proteins i s given as a function of the calcium and 
oxalate concentrations. These concentrations were va r i e d by addi
t i o n s of calcium c h l o r i d e or sodium oxalate. The change i n m o b i l i t y 
for COM suspensions without macromolecules present i s shown with the 
s o l i d data p o i n t s . 

In a previous paper (17), i t was shown that c i t r a t e ions adsorb 
strongly onto COM. I t was of i n t e r e s t to determine how t h i s r e l a 
t i v e l y simple species would perturb the e l e c t r o k i n e t i c response of 
suspensions containing the two p r o t e i n s . The m o b i l i t y f o r suspen
sions containing f i x e d concentrations of the two proteins as a func
t i o n of the concentration of added sodium c i t r a t e i s given i n Figure 
5. These are compared with the r e s u l t s found i n suspensions con
t a i n i n g no p r o t e i n s . In a l l three cases, i t was found that i n c r e a s 
i n g concentration of sodium c i t r a t e r e s u l t e d i n i n c r e a s i n g the nega
t i v e m o b i l i t y , but t h i s e f f e c t i s somewhat reduced by the presence 
of the p r o t e i n s . 

Discussion 

The development of i n c r e a s i n g l y negative m o b i l i t i e s of COM with 
three of the added macromolecules, Figure 1, r e s u l t s from one of two 
mechanisms. One i s the adsorption of the negatively charged macro
molecules. The other i s that the macromolecules bind calcium i n 
s o l u t i o n and caused increased oxalate a c t i v i t y , which, i n turn, 
would cause the m o b i l i t y to become more negative. This second 
mechanism does not seem p l a u s i b l e , however, because of the increase 
i n the oxalate a c t i v i t y that would be required to account for the 
observed changes i n m o b i l i t y . Based on the previous work, i t would 
require more than 0.01 molar oxalate ions i n s o l u t i o n to bring about 
a COM m o b i l i t y r e v e r s a l from +1.7 to -1.7 m o b i l i t y u n i t s . The 
amount of s o l i d s i n the suspension i s not s u f f i c i e n t , even i f a l l 
were to d i s s o l v e , to produce 0.002 molar oxalate. In a d d i t i o n , the 
magnitude of calcium binding by proteins i n d i c a t e d by values given 
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-2*ICT 4mol/l N a 2 C 20 4 

I O - 2 m o l / l N a 2 C 2 0 4 

ι 
-œ -3 -2 - I 

Log [Lysozyme Concentration Added (g/l) ] 

Figure 3· E l e c t r o h o r e t i c m o b i l i t y of calcium oxalate 
monohydrate versus lysozyme concentration f o r d i f f e r e n t 
sodium oxalate concentrations. The numbers near the data 
points are s o l u t i o n pH. The left-most data points are 
m o b i l i t i e s without lysozyme. 

f +4fTT | r 
E • Lysozyme 

4.3 _ V Serum albumin 

> φ no protein 

"C + 2 -

2 - 2 - 3 -4 ι -4 - 3 - 2 -1 

• Log [ N a 2 C 2 0 4 ( m o l / l ) ] - t ~ L o g [CaCI 2 (mol/ l ) ] 

Figure 4. E l e c t r o p h o r e t i c m o b i l i t y of calcium oxalate 
with 0.1 g / l macromolecule f o r various calcium c h l o r i d e 
or sodium oxalate a d d i t i o n s . The numbers near the data 
points are s o l u t i o n pH. 
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Figure 5. E l e c t r o h o r e t i c m o b i l i t y of calcium oxalate 
monohydrate with 0.1 g/1 proteins vs. c i t r a t e 
concentration. The numbers near the data points are 
s o l u t i o n pH. The l e f t most data points are zero c i t r a t e 
concentrations· 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

01
8



18. CURRERI ET AL. Calcium Oxalate Monohydrate 285 

i n the l i t e r a t u r e (18,19) would not be enough of a d e p l e t i o n of 
calcium a c t i v i t y to appreciably a f f e c t the COM m o b i l i t y . Thus, i t 
appears that the adsorption mechanism i s the more l i k e l y of the two 
a l t e r n a t i v e s . 

We see i n Figure 1 that the two mucopolysaccharides adsorb onto 
the p o s i t i v e l y charged s o l i d . The l e s s negatively charged serum 
albumin als o appears to adsorb, but the p o s i t i v e l y charged p r o t e i n 
(lysozyme) shows l i t t l e e f f e c t . On an o r i g i n a l l y negative surface, 
as produced by oxalate a d d i t i o n , the lysozyme has a greater e f f e c t 
on making the surface more p o s i t i v e with i n c r e a s i n g concentrations 
(Figure 3). Some adsorption tendency i s suggested by the small 
charge r e v e r s a l that takes place f o r the intermediate sodium oxalate 
concentration. 

I t was shown (11) that the m o b i l i t y of COM remained unaffected 
over a pH range of 4 to 10. However, changes i n pH are known t o 
a l t e r the net charge on the macromolecules. If surface coverage i s 
r e l a t i v e l y high and the adsorbed layer i s t h i c k , changes i n the 
charge of adsorbed polymer molecules due to pH v a r i a t i o n s should be 
r e f l e c t e d i n the e l e c t r o p h o r e t i c m o b i l i t y . In f a c t , t h i s assumption 
i s often made i n the study of charges on macromolecules adsorbed on 
glass c a p i l l a r i e s (20). The v a r i a t i o n s i n m o b i l i t y e x h i b i t e d i n 
Figure 2 q u a l i t a t i v e l y f o l l o w what i s expected f o r the changes i n 
the charge of the macromolecules. The i s o e l e c t r i c points based on 
m o b i l i t y can be estimated by e x t r a p o l a t i o n or i n t e r p o l a t i o n of the 
curves. These values agree c l o s e l y with the known i s o e l e c t r i c 
p o i nts of the macromolecules (21,22)· The values f o r the i s o 
e l e c t r i c points are expected to be c l o s e r i f the charge on the sor-
bent i s close to that on the polymer. This i s demonstrated by the 
data presented i n Figures 2 and 4. In Figure 2, i t i s shown t h a t 
the e l e c t r o p h o r e t i c m o b i l i t y of p o s i t i v e l y charged COM p a r t i c l e s 
covered with lysozyme approaches zero at pH 11; whereas, according 
to Figure 4, the i.e.p. of lysozyme at negatively charged COM i s 
reached at pH 7. 

The nature of the adsorption process at high s o l u t i o n concentra
t i o n of p r o t e i n s appears to be p a r t i c u l a r l y i n t e r e s t i n g . From 
Figure 4 i t can be i n f e r r e d that when the surface o r i g i n a l l y has a 
high charge ( p o s i t i v e or negative), the adsorption of r e l a t i v e l y 
high concentrations of a p r o t e i n having an opposite charge from the 
surface occurs i n a manner that reduces the m o b i l i t y to zero. When 
the a c t i v i t y of calcium ions i s high ( g i v i n g a high p o s i t i v e charge 
to COM), the negatively charged p r o t e i n adsorbs to an extent t h a t 
reduces the m o b i l i t y to zero. S i m i l a r l y , at high oxalate a c t i v i t y 
(a negative surface charge), adsorption of p o s i t i v e l y charged pro
t e i n reduces the COM m o b i l i t y to zero. In simple double l a y e r 
theory, i t i s not expected that chemical adsorption of ions of oppo
s i t e charge to the surface would produce zero m o b i l i t y (23)· The 
m o b i l i t y should change continuously, and at some point s p e c i f i c 
adsorption should cause a r e v e r s a l i n charge. Further study i s 
necessary to determine i f these data r e s u l t from a change i n adsorp
t i o n mechanism (e.g., from monolayer to multilayer) or i f i t i s 
merely a f o r t u i t o u s phenomenon. 

The studies with c i t r a t e provide some information on competition 
between a strongly adsorbing, small molecule and a macromolecule. 
I t might be expected that i f molecules compete f o r s i t e s on the 
surface, the a d d i t i o n of higher concentrations of c i t r a t e should 
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286 PROTEINS AT INTERFACES 

lead to a reduction i n the amount of p r o t e i n adsorbed. We f i n d i n 
Figure 5 that at low c i t r a t e concentrations the presence of the 
negativ e l y charged p r o t e i n causes the m o b i l i t y to be much more nega
t i v e than i f only the c i t r a t e i s present. However, when the c i t r a t e 
concentration i s la r g e , the presence of the p r o t e i n has no e f f e c t . 
At 10" 2 mol/1 c i t r a t e , the r a t i o of c i t r a t e to p r o t e i n molecules i n 
s o l u t i o n i s around 1000? whereas, the same r a t i o at 10~ 4 mol/1 c i 
tr a t e i s only 10. I t appears that the presence of high concentra
t i o n s of c i t r a t e prevent appreciable adsorption of the negatively 
charged p r o t e i n . In con t r a s t , the p o s i t i v e l y charge p r o t e i n always 
has the e f f e c t of pro v i d i n g a more p o s i t i v e surface, regardless of 
the amount of c i t r a t e i n the system. C i t r a t e apparently does not 
i n t e r f e r e with the adsorption of the lysozyme, suggesting that they 
are not competing f o r the same surface s i t e s . 

Conclusions 

Two mucopolysaccharides (sodium heparin and chondr o i t i n s u l f a t e ) 
adsorb onto calcium oxalate. A negatively charged p r o t e i n , bovine 
serum albumin, a l s o adsorbs weakly onto p o s i t i v e l y charged calcium 
oxalate surfaces. A p o s i t i v e l y charged p r o t e i n , lysozyme, adsorbs 
on negatively charged calcium oxalate, as produced by adjustment i n 
the oxalate a c t i v i t y . The adsorption mechanism of proteins appears 
to depend on the magnitude of the surface charge. 

C i t r a t e ions at high concentrations appear to e f f e c t i v e l y com
pete with the negative p r o t e i n f o r surface s i t e s . They show no 
evidence f o r competing with the p o s i t i v e l y charged p r o t e i n . 
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Chapter 19 

Human and Hen Lysozyme Adsorption: 
A Comparative Study Using Total Internal Reflection 
Fluorescence Spectroscopy and Molecular Graphics 

D. Horsley, J. Herron, V. Hlady, and J. D. Andrade 

Department of Bioengineering, College of Engineering, University of Utah, 
Salt Lake City, UT 84112 

Total internal reflection intrinsic fluorescence (TIRIF) 
spectroscopy and molecular graphics have been applied 
to study the adsorption behavior of two lysozymes on a set 
of three model surfaces. A recently devised TIRIF 
quantitation scheme was used to determine adsorption 
isotherms of both hen egg-white lysozyme (HEWL) and 
human milk lysozyme on the three model surfaces. This 
preliminary study suggests that the adsorption properties of 
the two lysozymes are significantly different, and that 
further comparative studies of the two lysozymes might 
prove to be beneficial in understanding how protein 
structure might influence adsorption properties. Molecular 
graphics was used to rationalize the adsorption results 
from TIRIF in terms of the proteins' surface 
hydrophobic/hydrophillic character. 

The understanding and control of the interactions of proteins with solid 
surfaces is important in a number of areas in biology and medicine. In the 
last twenty years there has been considerable interest in protein 
interactions with materials used in medical devices (1-3). One area of 
particular interest to the contact lens industry is in the interaction of tear 
proteins with contact lenses. One of the major constituent of protein 
deposits on lenses is lysozyme. An understanding of human lysozyme 
interaction with contact lens materials is essential to the minimization and 
elimination of contact lens deposits. 

In view of the importance of tear protein interactions to the long-term 
efficacy of contact lenses, it is surprising that so few basic studies are 

0097-6156/87/0343-0290$06.00/0 
© 1987 American Chemical Society 
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19. HORSLEY ET AL. Human and Hen Lysozyme Adsorption Compared 291 

available. Only recently have lysozyme adsorption studies on polymers 
and contact lens materials begun to appear (4-14). 

Our lab is using two rather recently introduced techniques to offer a 
comparative study of human and hen lysozyme adsorption on three 
different model surfaces. 

The first technique is known as total internal reflection intrinsic 
fluorescence spectroscopy (TIRIF). This recent technique provides a 
sensitive, real time, interfacial method for detecting the fluorescence of 
proteins (labeled or non-labeled) adsorbed to the totally reflecting 
interface. The technique was recently reviewed (15-17) and has been 
used by a number of biomaterial research groups to study protein 
adsorption (15-20). Up to this point, the major problems with using TIRIF 
have been its lack of reproducability and its inaccuracy in measuring 
absolute amounts of protein on the surface (due to the fact that changes in 
the quantum yield of the protein upon adsorption are ignored). A recently 
devised quantitation scheme developed in our lab has facilitated our 
acquisition of reproducable adsorption data from TIRIF (21), but its 
absolute accuracy in quantitating the amount of protein adsorbed on the 
surface remains to be improved (see discussion below). 

The second technique is the use of molecular graphics. Although still 
in its infancy stage, it appears to have a very promising future. Using 
molecular graphics we have been able to rationalize our data obtained 
from TIRIF by examining the surface hydrophobic/hydrophillic 
characteristics of the two lysozyme molecules. 

E x p e r i m e n t a l 

Materials. Amorphous silica microscope slides were obtained from 
ESCO products. The silanes 3-amino-propyltriethoxysilane (APS) and 
dimethyldichlorosilane (DDS) were both purchased from Petrarch 
Systems Inc.. Hen egg-white lysozyme (3X crystalline) and human milk 
lysozyme (highly purified, salt free powder) were products of Calbiochem. 
The fluorescence standard, 5-hydroxytryptophan methyl ester 
hydrochloride (TrpOH) was also a product of Calbiochem. PBS buffer ( 
pH 7.4, [KH2PO4]=0.013M, [Na2HPO4]=0.054M, [NaCI]=0.1M ) made 
from analytical grade reagents and low conductivity water was used to 
prepare all protein and fluorescence standard solutions. These solutions 
were prepared fresh, prior to each experiment. 

Preparation of surfaces. Adsorption studies were performed using 
charged and hydrophobic surfaces. Amorphous silica microscope slides 
were used as the substrate for all surfaces. Slides were cleaned in hot 
(80 degrees C) chromic acid for 20-30 minutes, cooled to room 
temperature, and then rinsed well in ultra-pure water (Milli-Q reagent 
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292 PROTEINS AT INTERFACES 

water system). Slides were then desiccated for 12 hours at 100 degrees 
C. Cleanliness was confirmed by the measurement of Wilhelmy plate 
contact angle (no hysteresis with a clean surface). 

The amorphous silica microscope slides exhibit an intrinsic negative 
charge at pH 7.4 ( the surface silanol groups have been determined as 
having a p K a of 5-7 by several workers (22-24) ) and were used without 
further modification for adsorption of lysozyme onto negatively charged 
surfaces. The average ζ potential of equivalent silica slides was 
determined by Van Wagenen et al. (25) to be -65 mV. 

Positively-charged surfaces were prepared by reacting the cleaned 
microscope slides with 3-amino-propyltriethoxysilane (APS). At pH 7.4 
the end amino group (pKa=10-11 ) of the immobilized APS molecule 
bears a positive charge. Clean slides were dip cast in a solution of 5% 
APS (v/v) in ethanol-H20 (95:5), and allowed to react for 30 minutes. 
Slides were then rinsed several times in H2O, followed with ethanol. 
Non-covalently bound APS was removed by vacuum desiccation at 60 
degrees C for 12 hours. The measured contact angles of the APS coated 
slides exhibited mean values of 70 degrees advancing angle and 20 
degrees receding angle with less than 10% variability among several 
APS coated surfaces. The average ζ potential of similarly prepared APS 
coated slides was determined by Van Wagenen et al. (25) to be -32 mV. 

Hydrophobic surfaces were prepared by dip casting cleaned 
microscope slides with dimethyldichlorosilane (DDS). A similar protocol 
was used for DDS as for APS , except that the reaction mixture for DDS 
was 10% DDS (v/v) in dry toluene, and slides were rinsed with ethanol 
before rinsing with Η 2 0 in order to remove the toluene. The measured 
contact angles of the DDS coated slides exhibited mean values of 110 
degrees advancing angle and 90 degrees receding angle with less than 
10% variability among several DDS coated surfaces. 

All of the model surfaces were used within 4 days of preparation. 
Figure 1 illustrates the proposed surface structure of the silanized 

surfaces as well as the untreated silica surface (26,27). 

Experimental Apparatus. The TIRIF apparatus used in these 
experiments has been described in detail elsewhere (28). The incident 
light totally internally reflects at the quartz-aqueous interface and 
produces a standing wave normal to the reflecting interface inside the 
quartz (the optically more dense medium) due to the superposition of the 
incident and reflected waves. The electric field of the standing wave has 
a non-zero amplitude (E°) at the interface which decays exponentially 
with distance (z) normal to the interface into the aqueous phase (the 
optically less dense medium), thereby creating a surface evanescent 
wave that selectively excites molecules within a few thousand angstroms 
from the surface. 
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Hydrophillic Silica 

3-AminopropyltriethoxysiIane (APS) silica 

ι 
ο 

• Ο Si (CH •ΝΗ 

c Dichlorodimethylsilane (DDS) silica 

Λ 

c 

/ 

Me 

Me 

Figure 1. Proposed surface structures of a) hydrophillic silica, b) APS 
treated silica, and c) DDS treated silica. 
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294 PROTEINS AT INTERFACES 

Adsorption Isotherms. All protein adsorption isotherms were 
determined at room temperature. Fluorescence emission was generated 
by exciting at 280 nm and collecting at 335 nm (several workers have 
shown that tyrosine emission at 335 nm of both human and hen 
lysozymes is insignificant when exciting at 280 nm (29-31)). Slits of 
16-nm half-bandwidth were used in both excitation and emission 
monochromators. For in situ protein adsorption experiments, the TIRIF 
cell was first primed with buffer and the background fluorescence was 
taken. The buffer solution was then replaced with external standard 
(TrpOH) solutions of increasing concentration and the fluorescence 
intensity recorded (fig. 2). After the fluorescence of the TrpOH standard of 
the highest concentration was recorded, the cell was again flushed with 
buffer to return the signal to the background level. At this point, 5 ml of the 
least concentrated protein solution was injected into the cell at a flow rate 
of 20 ml/min. after which the flow was stopped and the protein was 
allowed to adsorb for 50 minutes (30 minutes after no further increase in 
surface fluorescence was seen). A shutter was used to prevent 
overexposure to UV light during the adsorption time. At the end of 50 
minutes, the shutter was opened and fluorescence signal was recorded 
(N t o t). The cell was then flushed with buffer (20 ml/min.) to remove 
nonadsorbed proteins and the resulting signal recorded (Na). The 
procedure was then repeated for the protein solution of the next higher 
concentration and so on. In this manner, a step-adsorption experiment 
was performed as opposed to a single-shot adsorption experiment where 
the clean surface is exposed only once to each protein solution. 

The quantitation scheme developed by Hlady, et al. (21) was then 
used to quantitate the amount of protein adsorbed at each protein 
concentration from the recorded fluorescence intensities. 

Molecular Graphics. Molecular graphics studies of hen and human 
lysozymes were performed using a Silicon Graphics IRIS-2400 graphics 
workstation. Computer programs for displaying and manipulating protein 
models were developed by the computer graphics laboratory at the 
University of California at San Francisco. The principal program, called 
MIDAS acts as a display vehicle for several different data structures 
including atomic coordinates in Protein Data Bank format, van der Waals 
surfaces, solvent-accessible surfaces, and electrostatic potential surfaces. 

Atomic coordinates for both hen egg-white and human lysozymes 
were based on crystallographic structures determined by Blake et at. 
(32-36) and deposited in the Protein Data Bank (Brookhaven National 
Laboratory). The distribution of hydrophobic, polar, and charged atoms 
on the surface of the two proteins was analyzed by calculating 
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19. H O R S L E Y E T A L . Human and Hen Lysozyme Adsorption Compared 295 

ώ 

Buffer 
Flush 

Protein 
Injection 

Protein 
Injection 

Protein 
Injection 

Figure 2. Time course of a typical step-adsorption experiment. 
Ntot : Signal due to adsorbed and bulk protein. 
Nb : Signal due to bulk protein only. 
Na : Signal due to adsorbed protein only. 
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296 PROTEINS AT INTERFACES 

Corey-Pauling-Kaîtun (CPK) surfaces and coloring atoms according to 
two coloring schemes (see tables I and II). Both the Feldmann scheme 
(37) and the scheme based on the Eisenberg Atomic Solvation Parameter 
(ASP) (38), were based on how each residue would be charged at pH 
7.4. 

R e s u l t s 

The step-adsorption isotherms for both hen and human lysozymes on 
hydrophobic (DDS), negatively-charged (silica), and positively-charged 
(APS) surfaces are presented in figure 3. Since the TIRIF quantitation 
scheme used assumes that the quantum yield of the protein does not 
change upon adsorption (an assumption we are currently trying to test), 
the actual amount adsorbed may differ from that presented in the figure if 
this assumption proves to be invalid for these proteins (see discussion 
below). 

The order of both lysozymes' affinity toward the three model surfaces 
was found to be DDS > silica > APS. The human lysozyme exhibited well 
defined plateaus on all three surfaces at relatively low protein 
concentrations (< 10 mg/ml), while for the hen lysozyme a definite plateau 
could only be seen on the DDS surface. Moreover, the amount of human 
lysozyme adsorbed per surface area appeared to be roughly three times 
that of the hen lysozyme on equivalent surfaces at low protein 
concentrations (< 5 mg/ml). Again, these results may not be accurate due 
to the limitations of the TIRIF quantitation scheme. 

The images of the two lysozymes from a few different viewpoints are 
shown in figure 4. The coloring schemes are as outlined in tables I and II. 
Both lysozymes exhibited a number of similarities. To a first 
approximation, positively-charged residues were fairly evenly spaced 
over the entire protein, although the electrostatic surface potentials (ESP) 
computed for the two proteins showed a slight assymetric distribution of 
surface positive charge, with the larger lobe showing more positive 
character than the smaller lobe (39). Both proteins were seen to have 
long positive side chains extending into the solvent. 

There were approximately one-third as many negatively-charged 
groups as there were positively-charged groups on the surface of both 
proteins. These negatively-charged residues barely reach the surface 
and are not nearly as accessible as the positively-charged residues. ESP 
calculations have shown that the active site cleft shows the greatest 
concentration of negative surface charge on both proteins (39). 

Nonpolar residues formed a hydrophobic patch in the middle of the 
back side (opposite the active site cleft) of both proteins as can be seen in 
figure 4 e & f. The hydrophobic patch on the human lysozyme appeared 
to be slightly larger than that on the hen lysozyme. 

Perhaps the most dramatic difference in the surface properties of the 
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19. H O R S L E Y E T A L . Human and Hen Lysozyme Adsorption Compared 297 

T a b l e I 

Coloring of atoms according to their hydrophobicity is based on D. Eisenberg's Atomic 
Solvation Parameter (Δσ) : Δσ = ΔΘ/Α 

where AG = free energy of transfer of the 
atom from n-octanol to water 

A = water accessible surface area of 
the atom 

Atom Δσ (cal Â" 2mol" 1) Color 

S +21 (+/-10) 1 (green) 

C +16(+/- 2) 2 (light green) 

N/O -6 (+/- 4) 6 (light blue-green) 

0- -24 (+/-10) 10 (light blue) 

N+ -50 (+/- 9) 15 (blue) 

T a b l e II 

Feldmann's Functional Color Code 

Atom Cob-

Carbon White 

Sulfur YeBow 

Oxygen (δ-) Pink 

Oxygen (-) Red 

Nitrogen (&+) Light Blue 

Nitrogen (+) Blue 
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298 PROTEINS AT INTERFACES 

cvi 0.2 

0 1 2 3 4 

[Bulk Lysozyme] (mg/ml) 

Figure 3. Comparison of lysozyme adsorption on hydrophobic (DDS), 
negatively-charged (silica), and positively-charged (APS) surfaces. Step 
adsorption isotherms for the hen egg-white protein are plotted in Panel A, 
and for the human milk protein in Panel B. 
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19. HORSLEY ET AL. Human and Hen Lysozyme Adsorption Compared 299 

Figure 4 . (A) Front view (looking into the active site) and (B) back view of human 
lysozyme colored according to Feldmann's functional color scheme. Front view of (C) 
human lysozymes colored according to Eisenberg's atomic solvation parameters. Tryp
tophan residues are additionally colored red. Continued on next page. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

01
9



300 PROTEINS AT INTERFACES 

Figure 4.—Continued. Front view of (D) hen lysozymes colored according to 
Eisenberg's atomic solvation parameters. Tryptophan residues are additionally colored 
red. Back view of (E) human and (F) hen lysozymes colored according to Eisenberg's 
atomic solvation parameters. Note the hydrophobic patch seen on the back view of 
both proteins. 
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19. HORSLEY ET AL. Human and Hen Lysozyme Adsorption Compared 301 

two lysozymes was seen by the ESP calculations which showed that the 
human lysozyme had a significantly greater overall electrostatic surface 
potential than the hen lysozyme had (39). 

D i s c u s s i o n 

As stated above, the primary problem with the TIRIF quantitation scheme 
is the fact that it ignores changes that might occur in the quantum yield of 
the protein upon adsorption. Hlady, etal. (21) used a radiolabeling 
technique to estimate the change in quantum yield that might occur upon 
adsorption of BSA and IgG onto hydrophillic silica and found that the 
quantum yield decreased by a factor of at least two for both proteins. 
Consequently, the TIRIF isotherms for BSA and IgG were at least two-fold 
less than the isotherms determined by radiolabeling the proteins. The 
origin of the decreased quantum yield of adsorbed protein would most 
likely be due to a change in the conformation of the protein upon 
adsorption. 

Several reports have pointed out that iodination of proteins may affect 
their adsorption to solid surfaces and their chromatographic behavior 
(40-43). Consequently, we have chosen to determine the quantum yield 
of unlabeled, adsorbed lysozyme via fluorescence lifetimes. We are 
currently in the process of modifying our fluorescence equipment to obtain 
such fluorescence lifetimes. 

The TIRIF adsorption isotherms for the two lysozymes presented in fig. 
3 seem to imply that the human protein has a higher affinity for all three 
surfaces examined than the hen protein does. Until quantum yield 
determinations are made, nothing quantitative can be said about these 
differences in isotherms. However, these TIRIF isotherm differences do 
suggest an interesting point. Namely, if further research shows that there 
isn't a significant difference between the two lysozymes with respect to the 
amounts adsorbed, then these TIRIF isotherms clearly indicate that the 
adsorption process results in a greater change in Φ ά /Φ^ ( Φ 3 = quantum 

yield of adsorbed protein, Φ^= quantum yield of protein in solution) for 
one of the lysozymes than for the other lysozyme. 

Table III is a brief synopsis of some interesting differences between 
human and hen lysozymes. As can be seen in the table, the two enzymes 
show little antibody cross-reactivity and different amino acid compositions 
on their surfaces. From these results, one would expect that the two 
proteins would exhibit differences in their adsorption characteristics, due 
to their surface differences. 

The fact that the human protein has one less disulfide bond and a 
greater susceptibility to thermal denaturation than the hen protein does, 
suggests that the human protein might also be more susceptible to 
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302 PROTEINS AT INTERFACES 

Table III 

Differences Between Hen and Human Lysozymes 

Property Differences Reference 

Amino Acid Composition 

Disulfide Bonds 

Tryptophans 

Secondary Structure 
CD-far UV 

CD-near UV 

Fluorescence 

Denaturation 

Enzymatic Activity 

Antibody Reactivity 

Crystal Group 

Self-Association 

40% of positions are different, 51, 52 
most of which are on the surface 
of the protein. 

4 in hen; 3 in human. 51 

6 for hen; 5 for human. 51 

Far UV spectra are similar, 52-55 
suggesting similar secondary 
structures. 

Spectra are very different, 51,55 
suggesting different Trp and Tyr 
environments. 

Emission max. is 330 for human; 51,52, 56, 57 
336 for hen. Quantum yields are 
different. 

Human is more susceptible to 51 
thermal denaturation. 

Human is 3 times more active. 51, 52 

Little to no antibody cross-reactivity, 58,59 
suggesting different surface epitopes. 

Different, suggesting surface groups 53,54 
and inter-molecular associations are 
different. 

Hen lysozyme dimerizes and oligomerizes 49-51 
at pH > 5 and high protein concentrations. 
Little is known about the human protein. 
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19. HORSLEY ET AL. Human and Hen Lysozyme Adsorption Compared 303 

surface denaturation. Iodide quenching studies of adsorbed lysozyme 
recently performed in our laboratory, have partially confirmed this 
prediction on the two hydrophillic surfaces (39). 

The TIRIF isotherm results, suggesting that both lysozymes exhibited 
the overall order of affinity, DDS > silica > APS was not surprising. Many 
studies of lysozyme adsorption have shown that it has a higher affinity to 
hydrophobic surfaces than to hydrophillic surfaces (44-46). Lysozyme 
adsorption on hydrophobic surfaces may occur at the site of the 
hydrophobic patch seen on the back side of both proteins. At pH 7.4, both 
lysozymes are positively-charged and would be expected to adsorb more 
strongly to the negatively-charged silica surface than to the 
positively-charged APS surface. This was seen to be the case for both 
proteins. As noted above, both lysozymes have long positive side chains 
extending out into the solvent while the surface negative charges are not 
nearly as accessible. This point further suggests a preferential adsorption 
onto negative surfaces. With regard to the effect of electrostatic repulsion 
between lysozyme and the positively-charged APS surface, it is 
interesting to note that both Perkins (47) and Salton (48) found that 
lysozyme activity was inhibited by positively charged groups in the 
mucopeptide of bacterial cell walls (lysozyme's biological substrate), 
presumably due to electrostatic repulsion since the activity was increased 
when the free amino groups in the mucopeptide were neutralized. 

The hen lysozyme showed non-saturating adsorption behavior on 
both charged surfaces. This may suggest that charged surfaces promote 
the formation of multiple protein layers at the surface in some manner 
which is not yet clear. Hen lysozyme forms dimers and higher aggregates 
under conditions of high protein concentration (5-10 mg/ml) and pH > 5 
(49-51). This kind of self-association might be going on at the surface 
where the adsorption process inherently concentrates the proteins. 
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Chapter 20 

Protein Adsorption at Polymer Surfaces: 
A Study Using Total Internal Reflection Fluorescence 

Aron B. Anderson, Seth A. Darst, and Channing R. Robertson 

Department of Chemical Engineering, Stanford University, Stanford, CA 94305 

The application of total internal reflection 
fluorescence spectroscopy (TIRF) by this laboratory to 
the study of protein adsorption at solid-liquid 
interfaces is reviewed. TIRF has been used to determine 
adsorption isotherms and adsorption rates from single-
and multi-component protein solutions. Initial 
adsorption rates of BSA can be explained qualitatively 
by the properties of the adsorbing surface. Most 
recently, a TIRF study using monoclonal antibodies to 
probe the conformation of adsorbed sperm whale 
myoglobin (Mb) elucidated two aspects of the Mb 
adsorption process: 1) Mb adsorbs in a non-random 
manner. 2) Conformational changes of adsorbed Mb, if 
they occur, are minor and confined to local regions of 
the molecule. Fluorescence energy transfer and 
proteolytic enzyme techniques, when coupled with TIRF, 
can characterize, respectively, the conformation and 
orientation of adsorbed Mb. 

P r o t e i n s g e n e r a l l y a d s o r b o n t o s o l i d s u r f a c e s f r o m s o l u t i o n . T h i s 
p r o c e s s i s o f i m p o r t a n c e i n a number o f a p p l i c a t i o n s . F o r i n s t a n c e , 
t h e c o m p o s i t i o n , c o n f o r m a t i o n , and o r i e n t a t i o n o f a d s o r b e d 
p r o t e i n s a r e b e l i e v e d t o i n f l u e n c e c e l l / s u b s t r a t e i n t e r a c t i o n s ( 1 -
3 ) . A l s o , a d s o r p t i o n o f serum p r o t e i n s o n t o b i o m a t e r i a l s i s 
g e n e r a l l y r e c o g n i z e d as t h e i n i t i a l e v e n t i n t h e sequence t h a t 
c u l m i n a t e s i n thrombus f o r m a t i o n ( 4 , 5 ) . C o n s e q u e n t l y , p r o t e i n 
b e h a v i o r a t s o l i d - l i q u i d i n t e r f a c e s h a s be e n e x t e n s i v e l y s t u d i e d 
(6-11). Many f u n d a m e n t a l q u e s t i o n s a b o u t t h e p r o t e i n a d s o r p t i o n 
phenomenon, however, r e m a i n unanswered ( 1 2 ) . 

C u r r e n t u n d e r s t a n d i n g o f p r o t e i n a d s o r p t i o n h as been 
s y n t h e s i z e d f r o m i n v e s t i g a t i o n s e m p l o y i n g a number o f t e c h n i q u e s . 
One o f t h e s e t e c h n i q u e s , t o t a l i n t e r n a l r e f l e c t i o n f l u o r e s c e n c e 
( T I R F ) , h as emerged as a v e r s a t i l e t o o l f o r s t u d y i n g p r o t e i n s a t 
s u r f a c e s . The i n v e s t i g a t i o n o f p r o t e i n a d s o r p t i o n a t s o l i d - l i q u i d 
i n t e r f a c e s i n t h i s l a b o r a t o r y u s i n g TIRF i s r e v i e w e d . S e v e r a l 
r e v i e w s o f t h e TIRF t e c h n i q u e have a p p e a r e d r e c e n t l y ( 1 3 - 1 5 ) . 

0097-6156/87/0343-0306$06.00/0 
© 1987 American Chemical Society 
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 307 

Whereas t h e s e r e v i e w s encompass g e n e r a l p r i n c i p l e s , m e t h o d o l o g i e s , 
and a p p l i c a t i o n s o f TIRF, t h i s r e v i e w f o c u s e s m a i n l y on p r o t e i n 
a d s o r p t i o n c h a r a c t e r i s t i c s t h a t have b e e n s t u d i e d i n t h i s 
l a b o r a t o r y . 

The T e c h n i q u e o f T I R F 

T o t a l I n t e r n a l R e f l e c t i o n P r i n c i p l e s . The t h e o r y t h a t encompasses 
t o t a l i n t e r n a l r e f l e c t i o n i s d i s c u s s e d e x t e n s i v e l y b y H a r r i c k (16) 
and w i l l be o n l y b r i e f l y o u t l i n e d h e r e . As shown s c h e m a t i c a l l y i n 
F i g u r e 1, a beam o f l i g h t i n c i d e n t on an i n t e r f a c e b e t w e e n two 
t r a n s p a r e n t m e d i a w i l l t o t a l l y i n t e r n a l l y r e f l e c t i f t h e a n g l e o f 
i n c i d e n c e , a, e x c e e d s t h e c r i t i c a l a n g l e , aQ = s i n " ( ^ / n - ^ ) , where 
n-^ and a r e t h e i n d i c e s o f r e f r a c t i o n f o r medium 1 and medium 2, 
r e s p e c t i v e l y . From t h e p o i n t o f r e f l e c t i o n , a s t a n d i n g wave e x t e n d s 
i n t o t h e r a r e r medium ( h e r e , medium 2 ) . The a m p l i t u d e o f t h i s 
e v a n e s c e n t f i e l d d e c a y s e x p o n e n t i a l l y w i t h d i s t a n c e n o r m a l t o t h e 
i n t e r f a c e . The d e p t h o f p e n e t r a t i o n depends on t h e w a v e l e n g t h o f 
t h e i n c i d e n t l i g h t , t h e i n d i c e s o f r e f r a c t i o n n-^ and ^ , and a. I n 
o u r a p p a r a t u s ( s e e b e l o w ) t h e a m p l i t u d e o f t h e e v a n e s c e n t wave 
d e c r e a s e s t o e" o f t h e i n t e r f a c i a l v a l u e a t a d i s t a n c e on t h e 
o r d e r o f 1000 Â ( 1 7 ) . S i n c e t h e wave i s s u r f a c e c o n f i n e d , a 
f l u o r e s c e n c e s i g n a l i n d u c e d b y i t s i n t e r a c t i o n w i t h f l u o r e s c e n t l y -
l a b e l e d p r o t e i n c a n be u s e d as a s e n s i t i v e p r o b e o f a d s o r p t i o n . 

T I R F A p p a r a t u s . The TIRF a p p a r a t u s u s e d t o s t u d y p r o t e i n 
a d s o r p t i o n i n o u r l a b o r a t o r y i s shown s c h e m a t i c a l l y i n F i g u r e 2. 
I m p o r t a n t f e a t u r e s o f t h e a p p a r a t u s a r e d e s c r i b e d i n t h e F i g u r e 
c a p t i o n . I n a t y p i c a l e x p e r i m e n t , an aqueous b u f f e r s o l u t i o n o f 
f l u o r e s c e n t l y - l a b e l e d p r o t e i n (medium 2 o f F i g u r e 1) i s pumped 
t h r o u g h t h e f l o w c e l l . The p r o t e i n d i f f u s e s t o and a d s o r b s o n t o a 
p o l y m e r f i l m (medium 1 o f F i g u r e 1) c o a t e d on t h e g l a s s m i c r o s c o p e 
s l i d e t h a t c o n s t i t u t e s one w a l l o f t h e f l o w c e l l . The a d s o r p t i o n o f 
p r o t e i n i s m o n i t o r e d c o n t i n u o u s l y as a f u n c t i o n o f t i m e t h r o u g h t h e 
f l u o r e s c e n c e i n d u c e d by t h e e v a n e s c e n t f i e l d . 

I n t e r p r e t a t i o n o f TIRF R e s u l t s . The d e t e c t e d f l u o r e s c e n c e s i g n a l 
must be i n t e r p r e t e d w i t h c a u t i o n . The s i g n a l may n o t a r i s e 
e x c l u s i v e l y f r o m s u r f a c e - a d s o r b e d p r o t e i n ( 1 7 ) . The measured 
i n t e n s i t y may a l s o i n c l u d e f l u o r e s c e n c e f r o m s o l u t i o n p r o t e i n 
e x c i t e d by s c a t t e r e d l i g h t o r by t h e e v a n e s c e n t f i e l d . T h e r e f o r e , 
t h e measured s i g n a l c a n be i n t e r p r e t e d as a t r u e i n d i c a t o r o f 
s u r f a c e - a d s o r b e d p r o t e i n o n l y i f t h e f l u o r e s c e n c e f r o m t h e b u l k 
s o l u t i o n p r o t e i n i s n e g l i g i b l e . To i n s u r e t h a t t h i s i s i n d e e d t h e 
c a s e , s c a t t e r e d l i g h t has b e e n m i n i m i z e d b y d e v e l o p m e n t o f a 
s u r f a c e p r e p a r a t i o n t e c h n i q u e t h a t i n c l u d e s m e t i c u l o u s c l e a n i n g o f 
t h e m i c r o s c o p e s l i d e s p r i o r t o c o a t i n g , d e p o s i t i n g p o l y m e r f i l m s 
r e p r o d u c i b l y w i t h a s p i n - c o a t i n g t e c h n i q u e ( 1 7 ) , and c h a r a c t e r i z i n g 
t h e p o l y m e r s u r f a c e s u s i n g e l e c t r o n s p e c t r o s c o p y f o r c h e m i c a l 
a n a l y s i s ( 1 7 , 2 2 ) . A d d i t i o n a l l y , Lok e t a l . (17,18) have d e t e r m i n e d 
t h a t f l u o r e s c e n c e f r o m s o l u t i o n p r o t e i n e x c i t e d b y t h e e v a n e s c e n t 
f i e l d c a n be r e n d e r e d n e g l i g i b l e by e s t a b l i s h i n g bounds on b o t h t h e 
f l u o r e s c e n t l a b e l i n g r a t i o (moles l a b e l / m o l e s p r o t e i n ) and t h e 
b u l k s o l u t i o n c o n c e n t r a t i o n o f p r o t e i n . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
0



Ο oo
 

E
V

A
N

E
S

C
E

N
T 

W
A

V
E 

> 
ME
DI
UM
 2

 ,
 n

2 

n
i 

>
n

2
 

a>
si

 "
"

'(
i

f
) 

5 

Fi
gu

re
 
1
. 

To
ta

l 
in

te
rn

al
 

re
fl

ec
ti

on
 

ge
om

et
ry

. 
(R

ep
ro

du
ce

d 
wi

th
 

pe
rm

is
si

on
 

fr
om

 
Re

f.
 

17
. 

Co
py

ri
gh

t 
19

83
 

Ac
ad

em
ic

 
Pr

es
s.

) 

Η m
 ι m
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
0



fï
] 

LI
G

H
T 

TR
A

P
 

^
C

YC
LO

H
E

XA
N

O
L 

r-
.^r

, 
P

R
O

TE
IN

 
- 

FU
S

ED
 

S
O

LU
TI

O
N

 
. S

IL
IC

A
 

O
U

T 
\ 

PR
 IS

M
 

M
IC

R
O

S
C

O
PE

 
S

LI
D

E 

P
R

O
TE

IN
 

S
O

LU
TI

O
N

 I
N

 

LE
N

S
 

LE
N

S
 

S
F

U
S

E
D

 
S

IL
IC

A
 P

R
IS

M
 

C
O

O
LE

D
 P

H
O

TO
D

E
TE

C
TO

R
 

M
IR

R
O

R
 

N
E

U
TR

A
L 

D
E

N
S

IT
Y 

F
IL

TE
R

 

B
E

A
M

 
C

H
O

P
P

E
R

 
(1/
3 

R
P

M
) 

15
 m

W
 A

R
G

O
N

 
IO

N
 

L
A

S
E

R
 

Fi
gu

re
 
2a

. 
Sc

he
ma

ti
c 

di
ag

ra
m 
o
f 
TI

RF
 

op
ti

ca
l 

ap
pa

ra
tu

s.
 

T
h
e 
be

am
 
ch

op
pe

r 
i
s 

us
ed
 
to

 m
in

im
iz

e 
th

e 
po

ss
ib

il
it

y 
o
f 

ph
ot

ob
le

ac
hi

ng
 

du
ri

ng
 

ex
pe

ri
me

nt
s.
 

A 
th

in
 

la
ye

r 
o
f 

cy
cl

oh
ex

an
ol
 

i
s 

us
ed
 
to

 o
pt

ic
al

ly
 

co
up

le
 

th
e 

pr
is

m 
t
o 
th

e 
gl

as
s 

sl
id

e.
 

Th
e 

fl
uo

re
sc

en
t 

li
gh

t 
i
s 

co
ll

im
at

ed
 a

nd
 c

on
de

ns
ed
 
b
y 

th
e 

le
ns

es
 
an

d 
de

te
ct

ed
 b

y 
th

e 
ph

ot
om

ul
ti

pl
ie

r.
 
T
h
e 

co
lo

r 
fi

lt
er
 

i
n 

fr
on

t 
o
f 
th

e 
ph

ot
om

ul
ti

p1
ie

r 
bl

oc
ks

 
sc

at
te

re
d 

in
ci

de
nt

 
li

gh
t 

an
d 

se
le

ct
iv

el
y 

tr
an

sm
it

s 
th

e 
fl

uo
re

sc
en

ce
 

em
is

si
on

-
(R

ep
ro

du
ce

d 
wi

th
 

pe
rm

is
si

on
 

fr
om
 
Re

f.
 1

7.
 

Co
py

ri
gh

t 
19

83
 A

ca
de

mi
c 

Pr
es

s.
) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
0



310 PROTEINS AT INTERFACES 

PROTEIN SOLUTION 

Figure 2b. Schematic diagram of TIRF flow apparatus. The surge system damps out 
the pulsations of the peristaltic pump. Helium is used to purge the system of 
fluorescence-quenching oxygen. The 4-way valve is placed close to the flow-cell to 
reduce priming volumes to 0.1 ml. The flow-cell/prism assembly is mounted vertically 
so that fluid enters from the bottom and exists at the top of the chamber. (Reproduced 
with permission from Ref. 17. Copyright 1983 Academic Press.) 
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 311 

A l s o , t h e measured f l u o r e s c e n c e s i g n a l may n o t be p r o p o r t i o n a l 
t o t h e s u r f a c e c o n c e n t r a t i o n o f p r o t e i n . T h i s has b e e n o b s e r v e d 
d u r i n g a d s o r p t i o n e x p e r i m e n t s u s i n g f l u o r e s c e n t l y - l a b e l e d 
7 - g l o b u l i n s (17) and sperm w h a l e m y o g l o b i n (Mb) ( 1 9 ) . T h e r e f o r e , 
t h e T I R F a p p a r a t u s must be p r o p e r l y c a l i b r a t e d t o d e t e r m i n e w h e t h e r 
f l u o r e s c e n c e i n t e n s i t y i s i n d e e d p r o p o r t i o n a l t o s u r f a c e 
c o n c e n t r a t i o n . Some e a r l y c a l i b r a t i o n t e c h n i q u e s must be v i e w e d 
w i t h c a u t i o n b e c a u s e t h e y were n o t p e r f o r m e d u n d e r t h e same 
c o n d i t i o n s as t h e p r o t e i n a d s o r p t i o n e x p e r i m e n t s ( 2 0 , 2 1 ) . More 
r e c e n t l y , a r e l i a b l e c a l i b r a t i o n p r o c e d u r e t h a t u s e s a d o u b l e 
l a b e l i n g t e c h n i q u e has b e e n d e v e l o p e d ( 1 7 ) . 

E x p e r i m e n t a l A p p l i c a t i o n s o f TIRF 

The T I R F t e c h n i q u e has b e e n r e f i n e d i n t h i s l a b o r a t o r y t o 
p r o v i d e r e p r o d u c i b l e r e s u l t s a b o u t p r o t e i n a d s o r p t i o n phenomena a t 
s o l i d - l i q u i d i n t e r f a c e s ( 1 7 - 1 9 ) . The i n v e s t i g a t i o n o f p r o t e i n 
a d s o r p t i o n b e h a v i o r u s i n g TIRF i n t h i s l a b o r a t o r y i s d i s c u s s e d 
b e l o w . The o v e r a l l g o a l o f t h i s r e s e a r c h i s a c o m p l e t e , g e n e r a l 
d e s c r i p t i o n o f t h e p r o t e i n a d s o r p t i o n p r o c e s s . 

The T I R F a p p a r a t u s d e v e l o p e d by W a t k i n s and R o b e r t s o n (20) and 
s u b s e q u e n t l y r e f i n e d b y Lok e t a l . (17) c a n be u s e d t o s t u d y 
p r o t e i n a d s o r p t i o n i n s i t u and n o n i n v a s i v e l y . The i n i t i a l work by 
t h i s l a b o r a t o r y f o c u s e d on q u a n t i f y i n g m a c r o s c o p i c p r o p e r t i e s o f 
p r o t e i n a d s o r p t i o n u s i n g t h e p l a s m a p r o t e i n s a l b u m i n , f i b r i n o g e n , 
and 7 - g l o b u l i n t o g e t h e r w i t h p o l y m e r s u r f a c e s p o s s e s s i n g a w i d e 
r a n g e o f s u r f a c e p r o p e r t i e s . More r e c e n t l y , r e s e a r c h has f o c u s e d on 
m o l e c u l a r a s p e c t s o f p r o t e i n a d s o r p t i o n u s i n g t h e t h o r o u g h l y 
c h a r a c t e r i z e d p r o t e i n Mb. 

M a c r o s c o p i c P r o t e i n A d s o r p t i o n P r o p e r t i e s 

P r o t e i n A d s o r p t i o n I s o t h e r m s . Lok e t a l . (18) r e p o r t e d i s o t h e r m s 
f o r b o v i n e serum a l b u m i n (BSA) and b o v i n e f i b r i n o g e n a d s o r b i n g on 
p o l y d i m e t h y l s i l o x a n e (PDMS). The BSA a d s o r p t i o n i s o t h e r m a t 37 °C 
i s shown i n F i g u r e 3. I t was d e t e r m i n e d t h a t t h e s e i s o t h e r m s c o u l d 
n o t be d e s c r i b e d b y a s i m p l e L a n g m u i r i s o t h e r m ( 1 8 ) . I s o t h e r m s a r e 
g e n e r a l l y b e l i e v e d t o r e p r e s e n t a dynamic e q u i l i b r i u m b etween 
s o l u t i o n and a d s o r b e d s p e c i e s . G i v e n t h e s i z e and c o n f o r m a t i o n a l 
a d a p t a b i l i t y o f p r o t e i n s , however, t h i s i d e a may n o t a p p l y t o 
p r o t e i n a d s o r p t i o n i s o t h e r m s . F o r i n s t a n c e , t h e r a t e s o f a d s o r p t i o n 
a t l o w b u l k p r o t e i n c o n c e n t r a t i o n s , as w e l l as t h e r a t e s o f 
exchange and d e s o r p t i o n , a r e v e r y s l o w . I f a d s o r p t i o n e x p e r i m e n t s 
a r e t e r m i n a t e d b e f o r e e q u i l i b r i u m i s a t t a i n e d , i n t e r p r e t a t i o n o f 
t h e " i s o t h e r m " w i l l be ambiguous. I t has b e e n o b s e r v e d t h a t 
a d s o r p t i o n e x p e r i m e n t s t h a t h a d a p p a r e n t l y r e a c h e d e q u i l i b r i u m , i f 
a l l o w e d t o c o n t i n u e f o r l o n g e r p e r i o d s o f t i m e , showed a 
s i g n i f i c a n t i n c r e a s e i n t h e amount o f a d s o r b e d p r o t e i n ( 2 2 ) . 
A d d i t i o n a l l y , i t i s n o t c l e a r w h e t h e r p r o t e i n a d s o r p t i o n c a n be 
d e s c r i b e d as a r e v e r s i b l e p r o c e s s . I n d e e d , c o n f o r m a t i o n a l changes 
o f t h e a d s o r b e d p r o t e i n may o c c u r t h a t a f f e c t a d s o r p t i o n 
r e v e r s i b i l i t y and g i v e r i s e t o t o p o l o g i c a l l y d i f f e r e n t s t r u c t u r e s . 
T h i s w o u l d i n v a l i d a t e t h e use o f an i s o t h e r m d e s c r i p t i o n t h a t 
i m p l i e s r e v e r s i b i l i t y . I t i s c l e a r t h a t one must be c a u t i o u s when 
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F i g u r e 3. A d s o r p t i o n i s o t h e r m f o r BSA on PDMS a t 37 °C. Dashed 
l i n e i s a l e a s t s q u a r e s f i t t o a La n g m u i r i s o t h e r m . D o t t e d l i n e 
i s a l e a s t s q u a r e s f i t t o a two p a r a m e t e r i s o t h e r m . ( R e p r o d u c e d 
w i t h p e r m i s s i o n f r o m R e f . 18. C o p y r i g h t 1983 Acade m i c P r e s s . )  P
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 313 

i n t e r p r e t i n g p r o t e i n a d s o r p t i o n i s o t h e r m s . P r o t e i n a d s o r p t i o n 
i s o t h e r m s have b e e n d i s c u s s e d i n d e t a i l b y Cheng e t a l . ( 1 3 ) . 

P r o t e i n A d s o r p t i o n and D e s o r p t i o n R a t e s and K i n e t i c s . The TIRF 
f l o w c e l l was d e s i g n e d t o i n v e s t i g a t e p r o t e i n a d s o r p t i o n u n d e r 
w e l l - d e f i n e d h y d r o d y n a m i c c o n d i t i o n s . T h e r e f o r e , t h e a d s o r p t i o n 
p r o c e s s i n t h i s a p p a r a t u s c a n be d e s c r i b e d by a m a t h e m a t i c a l 
c o n v e c t i o n - d i f f u s i o n model ( 1 7 ) . The r a t e o f p r o t e i n a d s o r p t i o n i s 
d e t e r m i n e d b y b o t h t r a n s p o r t o f p r o t e i n t o t h e s u r f a c e and 
i n t r i n s i c k i n e t i c s o f a d s o r p t i o n a t t h e s u r f a c e . I n g e n e r a l , where 
t r a n s p o r t and k i n e t i c s a r e c o m p a r a b l e , t h e model must be s o l v e d 
n u m e r i c a l l y t o y i e l d p r o t e i n a d s o r p t i o n k i n e t i c s . The s o l u t i o n c a n 
be s i m p l i f i e d i n two l i m i t i n g c a s e s : 1) I n t h e k i n e t i c l i m i t , t h e 
i n i t i a l r a t e o f p r o t e i n a d s o r p t i o n i s e q u a l t o t h e i n t r i n s i c 
k i n e t i c a d s o r p t i o n r a t e . 2) I n t h e t r a n s p o r t l i m i t , t h e i n i t i a l 
p r o t e i n a d s o r p t i o n r a t e , as p r e d i c t e d b y Lévêque's a n a l y s i s ( 2 3 ) , 
i s p r o p o r t i o n a l t o t h e w a l l s h e a r r a t e r a i s e d t o t h e 1/3 power. I n 
t h e t r a n s p o r t - l i m i t e d a d s o r p t i o n c a s e , i n t r i n s i c p r o t e i n a d s o r p t i o n 
k i n e t i c s a r e u n o b s e r v a b l e . 

A t p r e s e n t , t h e p r o t e i n / s u r f a c e i n t e r a c t i o n s t h a t d e t e r m i n e 
a d s o r p t i o n k i n e t i c s a r e u n c l e a r . To c l a r i f y t h e s e i n t e r a c t i o n s , t h e 
e f f e c t s o f p o l y m e r s u r f a c e p r o p e r t i e s on p r o t e i n a d s o r p t i o n and 
d e s o r p t i o n r a t e s have b e e n i n v e s t i g a t e d . BSA a d s o r p t i o n f r o m a 
1 mg% s o l u t i o n (1 mg% = 1 mg/100 mL) was s t u d i e d u s i n g s e v e r a l 
p o l y m e r s c h o s e n f o r t h e i r w i d e r a n g e o f s u r f a c e p r o p e r t i e s and 
f u n c t i o n a l i t i e s ( 2 2 , Cheng, Y.L. e t a l . . J . C o l l . I n t . S c i . , i n 
p r e s s ) . The p o l y m e r s and t h e i r s u r f a c e p r o p e r t i e s ( u n d e r t h e 
c o n d i t i o n s o f t h e BSA a d s o r p t i o n e x p e r i m e n t s ) a r e l i s t e d i n 
T a b l e I . 

TABLE I 

G e n e r a l S u r f a c e P r o p e r t i e s o f P o l y m e r s U s e d f o r BSA A d s o r p t i o n 

S u r f a c e H y d r o p h o b i c i t y C harge H-Bonding 
C a p a b i l i t y 

P o l y d i m e t h y l s i l o x a n e (PDMS) S t r o n g l y 
H y d r o p h o b i c 

U n c h a r g e d None 

P o l y d i p h e n y l s i l o x a n e (PD^S) S t r o n g l y 
H y d r o p h o b i c 

U n c h a r g e d None 

P o l y c y a n o p r o p y l m e t h y l s i l o x a n e 
(PCPMS) H y d r o p h i l i c U n c h a r g e d Yes 

P o l y s t y r e n e s u l f o n a t e (PSS) H y d r o p h i l i c N e g a t i v e Yes 

P o l y m e t h y l m e t h a c r y l a t e (PMMA) S l i g h t l y 
H y d r o p h o b i c 

U n c h a r g e d Weak 

P o l y e t h y l e n e o x i d e (PEO) H y d r o p h i l i c U n c h a r g e d None 
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314 PROTEINS AT INTERFACES 

The i n i t i a l BSA a d s o r p t i o n r a t e o n t o PDMS, PD^S and PCPMS i s 
t r a n s p o r t - l i m i t e d f o r w a l l s h e a r r a t e s r a n g i n g f r o m 25 t o 4000 s 
BSA a d s o r p t i o n on PSS i s t r a n s p o r t - l i m i t e d b e l o w 70 s" b u t becomes 
k i n e t i c a l l y - l i m i t e d a t i n c r e a s i n g s h e a r r a t e s . No a d s o r p t i o n (on 
t h e t i m e s c a l e o f t h e e x p e r i m e n t ) o c c u r s on PEO. O n l y on PMMA i s 
BSA a d s o r p t i o n k i n e t i c a l l y l i m i t e d o v e r t h e e n t i r e r a n g e o f s h e a r 
r a t e s i n v e s t i g a t e d . The i n i t i a l a d s o r p t i o n o f BSA on PMMA c a n be 
d e s c r i b e d by a k i n e t i c r a t e e x p r e s s i o n t h a t i s f i r s t o r d e r i n BSA 
c o n c e n t r a t i o n . 

The BSA d e s o r p t i o n r a t e s a r e much s l o w e r t h a n t h e a d s o r p t i o n 
r a t e s . D e s o r p t i o n o f BSA f r o m e a c h p o l y m e r s u r f a c e i s k i n e t i c a l l y -
l i m i t e d f o r a l l s h e a r r a t e s s t u d i e d . The d e s o r p t i o n r a t e s a r e a l s o 
i n s e n s i t i v e t o b u l k p r o t e i n c o n c e n t r a t i o n . 

T h i s s t u d y i n d i c a t e s t h a t BSA a d s o r b s most r a p i d l y on t h e 
s t r o n g l y h y d r o p h o b i c s u r f a c e s (PDMS and PD<£S) and t h e u n c h a r g e d , 
h y d r o g e n - b o n d i n g s u r f a c e (PCPMS), whereas no BSA a d s o r p t i o n 
o c c u r s on PEO, w h i c h i s h y d r o p h i l i c , u n c h a r g e d , and o f f e r s no 
h y d r o g e n - b o n d i n g c a p a b i l i t y . Thus, t h e i n i t i a l a d s o r p t i o n r a t e o f 
BSA c a n be e x p l a i n e d q u a l i t a t i v e l y i n terms o f t h e g e n e r a l 
p r o p e r t i e s and c h e m i c a l f u n c t i o n a l i t i e s o f e a c h s u r f a c e . 

A d s o r p t i o n r a t e s o f o t h e r p r o t e i n / s u r f a c e p a i r s have been 
i n v e s t i g a t e d . The i n i t i a l a d s o r p t i o n o f b o v i n e f i b r i n o g e n f r o m a 
1 mg% s o l u t i o n o n t o PDMS i s t r a n s p o r t - l i m i t e d up t o a w a l l s h e a r 
r a t e o f 410 s " 1 ( 1 8 ) . The i n i t i a l a d s o r p t i o n o f Mb o n t o PDMS i s 
a l s o t r a n s p o r t - l i m i t e d o v e r t h e same ra n g e o f s h e a r r a t e s ( 1 9 ) . A t 
h i g h e r b u l k c o n c e n t r a t i o n s , where t h e t i m e - i n d e p e n d e n t a s s u m p t i o n 
i n h e r e n t i n t h e Lévêque a n a l y s i s i s no l o n g e r v a l i d and t h e r e f o r e a 
n u m e r i c a l s o l u t i o n must be a p p l i e d , t h e i n i t i a l a d s o r p t i o n o f BSA 
and b o v i n e f i b r i n o g e n o n t o PDMS i s a l s o t r a n s p o r t - l i m i t e d ( 1 8 ) . 
These r e s u l t s i m p l y t h a t s m a l l p r o t e i n s , by v i r t u e o f t h e i r h i g h e r 
d i f f u s i o n c o e f f i c i e n t s , w i l l i n i t i a l l y a d s o r b f a s t e r t h a n l a r g e 
p r o t e i n s d u r i n g c o m p e t i t i v e a d s o r p t i o n f r o m m u l t i - p r o t e i n 
s o l u t i o n s . The TIRF t e c h n i q u e i s amenable t o s t u d y o f c o m p e t i t i v e 
a d s o r p t i o n . One a p p l i c a t i o n i s d i s c u s s e d i n t h e n e x t s e c t i o n . 

C o m p e t i t i v e A d s o r p t i o n o f F i b r i n o g e n and A l b u m i n . When a f o r e i g n 
s u r f a c e c o n t a c t s b l o o d i t e n c o u n t e r s a complex m i x t u r e o f p l a s m a 
p r o t e i n s . The a d s o r p t i o n r a t e s and s u r f a c e c o v e r a g e s d e t e r m i n e d f o r 
p r o t e i n s i n d i v i d u a l l y w i l l u n d o u b t e d l y d i f f e r when s e v e r a l p r o t e i n s 
c h a l l e n g e t h e s u r f a c e s i m u l t a n e o u s l y . T h e r e f o r e , a s t u d y o f t h e 
a d s o r p t i o n c h a r a c t e r i s t i c s o f m u l t i - c o m p o n e n t p r o t e i n s o l u t i o n s has 
been c o n d u c t e d u s i n g TIRF. When e x t r i n s i c l a b e l i n g i s employed, 
T I R F i s p a r t i c u l a r l y s u i t a b l e f o r s t u d y i n g c o m p e t i t i v e a d s o r p t i o n . 

Lok e t a l . (18) have r e p o r t e d i n i t i a l a d s o r p t i o n r a t e s and 
s u r f a c e c o v e r a g e s f o r t h e b i n a r y s y s t e m o f BSA and b o v i n e 
f i b r i n o g e n a d s o r b i n g o n t o PDMS. Under t h e c o n d i t i o n s o f t h e 
e x p e r i m e n t s ( u s i n g a p p r o x i m a t e l y t h e p h y s i o l o g i c c o n c e n t r a t i o n 
r a t i o o f a l b u m i n t o f i b r i n o g e n ) a l b u m i n i n i t i a l l y a d s o r b s f a s t e r 
t h a n f i b r i n o g e n due t o i t s h i g h e r d i f f u s i o n c o e f f i c i e n t , as 
p r e d i c t e d above. A t l o n g t i m e s , however, f i b r i n o g e n becomes 
p r e f e r e n t i a l l y a d s o r b e d ( 1 8 ) . O t h e r i n v e s t i g a t o r s have r e p o r t e d 
s i m i l a r r e s u l t s ( 2 4 , 2 5 ) . A p p a r e n t l y t h e f a s t e r d i f f u s i n g BSA w i l l 
o n l y d e l a y , n o t h a l t , t h e s u b s e q u e n t a d s o r p t i o n o f f i b r i n o g e n 
( w h i c h i s more t h r o m b o g e n i c t h a n a l b u m i n ( 2 6 ) ) o n t o PDMS. 
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M o l e c u l a r A s p e c t s o f P r o t e i n A d s o r p t i o n U s i n g Mb 

Most r e c e n t l y , we have u n d e r t a k e n T I R F e x p e r i m e n t s u s i n g s i t e 
s p e c i f i c m o n o c l o n a l a n t i b o d i e s t o d i r e c t l y p r o b e t h e c o n f o r m a t i o n a l 
s t a t e s o f a p r o t e i n a n t i g e n , Mb, a d s o r b e d o n t o PDMS. The g o a l o f 
t h e s e e x p e r i m e n t s i s t o d e f i n e , a t t h e m o l e c u l a r l e v e l , t h e 
p h y s i c a l s t a t e o f t h e a d s o r b e d p r o t e i n i n terms o f i t s c o n f o r m a t i o n 
and o r i e n t a t i o n . 

The Mb p r o t e i n and t h e a n t i b o d i e s u s e d i n t h i s s t u d y have been 
e x t r e m e l y w e l l c h a r a c t e r i z e d ( s e e b e l o w ) . T h i s a l l o w s t h e r e s u l t s 
o f e x p e r i m e n t s t o be i n t e r p r e t e d more c o m p l e t e l y t h a n w o u l d be 
p o s s i b l e w i t h o t h e r p r o t e i n / a n t i b o d y s y s t e m s . T h i s work h a s been 
p e r f o r m e d i n c o l l a b o r a t i o n w i t h Dr. J.A. B e r z o f s k y , M e t a b o l i s m 
B r a n c h , N a t i o n a l C a n c e r I n s t i t u t e , N a t i o n a l I n s t i t u t e s o f H e a l t h . 

I n t r o d u c t i o n . S e v e r a l m o n o c l o n a l a n t i b o d i e s ( d e s i g n a t e d as c l o n e s 
1, 2, 3.4, 4, and 5) a g a i n s t t h e p r o t e i n Mb have b e e n i s o l a t e d and 
c h a r a c t e r i z e d ( 2 7 , 2 8 ) . The b i n d i n g o f e a c h o f t h e a n t i b o d i e s has 
b e e n shown t o be s e n s i t i v e t o t h e c o n f o r m a t i o n o f t h e Mb a n t i g e n , 
i n d i c a t i n g t h a t e a c h a n t i b o d y r e c o g n i z e s a t o p o g r a p h i c , as opposed 
t o a l i n e a r , e p i t o p e on t h e Mb m o l e c u l e . I n a d d i t i o n , f o r t h r e e o f 
t h e s e a n t i b o d i e s ( c l o n e s 1, 3.4, and 5 ) , amino a c i d r e s i d u e s on t h e 
Mb m o l e c u l e e s s e n t i a l f o r t h e b i n d i n g o f t h e a n t i b o d y have been 
i d e n t i f i e d . Thus, t h e a n t i b o d y most l i k e l y i n t e r a c t s d i r e c t l y w i t h 
t h e s e amino a c i d r e s i d u e s . The l o c a t i o n s o f t h e r e s i d u e s i n d i c a t e 
t h e r e g i o n s o f t h e Mb m o l e c u l e t h a t a r e r e c o g n i z e d b y e a c h 
a n t i b o d y . F i g u r e 4 shows a c o m p u t e r - g e n e r a t e d model o f t h e t h r e e -
d i m e n s i o n a l s t r u c t u r e o f Mb t a k e n d i r e c t l y f r o m t h e x - r a y 
c r y s t a l l o g r a p h i c c o o r d i n a t e s ( 2 9 ) . The l o c a t i o n o f t h e amino a c i d 
r e s i d u e s e s s e n t i a l f o r t h e b i n d i n g o f t h e c l o n e 1, c l o n e 3.4, and 
c l o n e 5 a n t i b o d i e s a r e i n d i c a t e d ( s e e F i g u r e c a p t i o n f o r d e t a i l s ) . 
These a n t i b o d i e s c a n be u s e d as c o n f o r m a t i o n a l p r o b e s o f t h e 
a d s o r b e d Mb. A l s o , c e r t a i n r e g i o n s o f an a d s o r b e d Mb m o l e c u l e may 
be s t e r i c a l l y b l o c k e d f r o m a c c e s s by an a n t i b o d y i f t h e Mb s u r f a c e 
b i n d i n g s i t e i n c l u d e s t h a t r e g i o n . Thus, t h e a n t i b o d i e s w i t h known 
r e c o g n i t i o n s i t e s on t h e Mb m o l e c u l e c a n be u s e d t o o b t a i n 
i n f o r m a t i o n c o n c e r n i n g t h e o r i e n t a t i o n o f t h e a d s o r b e d Mb. 

P r i o r t o p e r f o r m i n g t h e e x p e r i m e n t s d e s i g n e d t o o b s e r v e t h e 
b i n d i n g o f t h e M b - s p e c i f i c a n t i b o d i e s t o s u r f a c e a d s o r b e d Mb, i t 
was f i r s t n e c e s s a r y t o c h a r a c t e r i z e t h e a d s o r p t i o n o f Mb o n t o PDMS. 
The work c h a r a c t e r i z i n g t h e a d s o r p t i o n o f Mb o n t o PDMS has been 
d e s c r i b e d e l s e w h e r e (19) and w i l l n o t be d i s c u s s e d i n t h i s r e v i e w . 

E x p e r i m e n t a l P r o t o c o l . F o r a l l o f t h e e x p e r i m e n t s d i s c u s s e d 
h e r e a f t e r , u n l e s s o t h e r w i s e s p e c i f i e d , t h e f o l l o w i n g p r o t o c o l was 
u s e d : 

- A d s o r b Mb o n t o a PDMS f i l m u n d e r t h e f o l l o w i n g c o n d i t i o n s : 

- Mb C o n c e n t r a t i o n - 0.85 mg% 
- B u f f e r - 10 mM p h o s p h a t e , 150 mM N a C l , 

3 mM NaN 3, pH 7.40 
- W a l l S h e a r R a t e - 94 s " 1 

- T e m p e r a t u r e - 37 °C 
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316 PROTEINS AT INTERFACES 

Figure 4 . Computer generated model of the three-dimensional 
s t r u c t u r e of Mb. The amino acids e s s e n t i a l f o r the binding of 
three of the monoclonal antibodies are shown. The amino acids 
and the antibodies correspond as follows: Green, clone 3 . 4 ; 
orange, clone 1; purple, clone 5 . The heme group i s shown i n 
red. 
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 317 

- A f t e r 10 h r s , r e p l a c e t h e Mb s o l u t i o n w i t h a s o l u t i o n 
o f F I T C - a n t i b o d y . Use TIRF t o m o n i t o r a n t i b o d y b i n d i n g 
t o a d s o r b e d Mb. 

C o m p a r i s o n o f IgG and Fab B i n d i n g o f t h e Same A n t i b o d y . C l o n e 4. 
A l l o f t h e a n t i b o d i e s u s e d i n t h i s s t u d y a r e o f t h e IgG c l a s s . IgG 
a n t i b o d i e s have a m o l e c u l a r w e i g h t o f a b o u t 150,000 and c o n s i s t o f 
t h r e e u n i t s : two i d e n t i c a l Fab u n i t s ( f o r a n t i b o d y b i n d i n g 
f r a g m e n t ) c o n t a i n i n g t h e b i n d i n g s i t e s o f t h e a n t i b o d y , and one Fc 
u n i t ( f o r complement f r a g m e n t ) . Each Fab and Fc i s a g l o b u l a r u n i t 
w i t h a m o l e c u l a r w e i g h t o f a p p r o x i m a t e l y 50,000. I n t h e IgG 
m o l e c u l e , t h e t h r e e f r a g m e n t s f o r m a "Y" shape, w i t h t h e b i n d i n g 
s i t e s a t t h e ends o f t h e two Fab u n i t s . D i g e s t i o n o f IgG w i t h t h e 
p r o t e o l y t i c enzyme p a p a i n r e s u l t s i n t h e c l e a v a g e o f t h e m o l e c u l e 
i n t o i t s t h r e e f r a g m e n t s . The a c t i v e Fab f r a g m e n t s c a n be p u r i f i e d 
f r o m t h e i n a c t i v e Fc f r a g m e n t , r e s u l t i n g i n e f f e c t i v e l y u n i v a l e n t 
a n t i b o d i e s . 

I s o t h e r m s f o r t h e b i n d i n g o f t h e c l o n e 4 IgG and Fab 
a n t i b o d i e s t o t h e p r e v i o u s l y a d s o r b e d Mb were d e t e r m i n e d by 
m e a s u r i n g t h e a n t i b o d y b i n d i n g o v e r a r a n g e o f a n t i b o d y s o l u t i o n 
c o n c e n t r a t i o n s . I t c a n be d e m o n s t r a t e d t h a t a r e v e r s i b l e 
e q u i l i b r i u m e x i s t s b e t w e e n t h e a n t i b o d y i n s o l u t i o n and t h e 
s u r f a c e , Mb-bound a n t i b o d y . The r e s u l t s a r e p l o t t e d i n t h e f o r m o f 
a S c a t c h a r d p l o t i n F i g u r e 5. F o r b o t h t h e c l o n e 4 IgG and Fab, 
t h e a d s o r p t i o n a p p e a r s t o r e a c h a p o i n t w h i c h i s l i m i t e d b y s t e r i c 
e x c l u s i o n . B o t h IgG and Fab m o l e c u l e s a r e l a r g e r t h a n t h e Mb 
m o l e c u l e . F o r t h a t r e a s o n , t h e maximum f r a c t i o n a l s u r f a c e c o v e r a g e s 
c a n n o t be u n i t y . The maximum s u r f a c e c o v e r a g e s shown i n F i g u r e 5 
a r e c l o s e t o v a l u e s t h a t c a n be e s t i m a t e d b y t r e a t i n g t h e a d s o r b i n g 
m o l e c u l e s as r a n d o m l y a d s o r b i n g s p h e r e s (30) w i t h r a d i i e q u a l t o 
t h e h y d r o d y n a m i c r a d i i c a l c u l a t e d f r o m t h e known d i f f u s i o n 
c o e f f i c i e n t s . 

The e q u i l i b r i u m c o n s t a n t f o r t h e u n i v a l e n t F a b - a d s o r b e d Mb 
r e a c t i o n i s 5 x 10 M . T h i s compares v e r y f a v o r a b l y w i t h t h e 
v a l u e f o r t h e c l o n e 4 e q u i l i b r i u m c o n s t a n t i n s o l u t i o n , 
7.1 χ 1 0 8 M" ( 2 7 ) . T h a t t h e IgG i s o t h e r m i s s i g n i f i c a n t l y s t e e p e r 
t h a n t h e Fab i s o t h e r m i n d i c a t e s t h a t b i v a l e n t b i n d i n g o f t h e IgG 
m o l e c u l e s o c c u r s . 

C o m p a r i s o n o f Fab B i n d i n g f o r Each A n t i b o d y . I s o t h e r m s were 
d e t e r m i n e d as above f o r t h e Fab f r a g m e n t s o f e a c h a n t i b o d y b i n d i n g 
t o t h e p r e v i o u s l y a d s o r b e d Mb. The r e s u l t s f o r c l o n e s 1 and 2 were 
s i m i l a r t o t h e c l o n e 4 Fab b i n d i n g a l r e a d y d i s c u s s e d . The b i n d i n g 
o f c l o n e 3.4 and 5 Fab f r a g m e n t s t o t h e a d s o r b e d Mb, however, was 
s i g n i f i c a n t l y p e r t u r b e d by t h e a d s o r p t i o n p r o c e s s . B o t h c l o n e - 3 . 4 
and c l o n e 5 Fab f r a g m e n t s r e c o g n i z e Mb i n s o l u t i o n as d e t e r m i n e d by 
a s o l u t i o n r a d i o i m m u n o a s s a y . 

An a d d i t i o n a l c o n t r o l has b e e n p e r f o r m e d f o r t h e c l o n e 5 
a n t i b o d y . I t i s known t h a t t h e c l o n e 4 and c l o n e 5 a n t i b o d i e s c a n 
b i n d t o t h e Mb m o l e c u l e s i m u l t a n e o u s l y (27) . I f t h e c l o n e 4 
a n t i b o d y i s a d s o r b e d t o t h e PDMS s u r f a c e i n i t i a l l y , and t h e n Mb i s 
i n t r o d u c e d i n t o t h e s o l u t i o n , some o f t h e c l o n e 4 a n t i b o d y a d s o r b e d 
t o t h e PDMS s u r f a c e w i l l r e m a i n a c t i v e and w i l l b i n d Mb f r o m 
s o l u t i o n . The bound Mb i s t h u s s u r f a c e - c o n f i n e d w i t h o u t i n t e r a c t i n g 
w i t h t h e PDMS s u r f a c e and i n an o r i e n t a t i o n t h a t t h e c l o n e 5 
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318 PROTEINS AT INTERFACES 

0.25 

Figure 5 . Scatchard p l o t f o r the clone 4 IgG (O) and clone 4 
Fab (#) binding to Mb adsorbed under the conditions o u t l i n e d i n 
the text. The surface coverage, θ,is defined i n the f o l l o w i n g 
manner : 

θ = (moles of adsorbed Ab)/(moles of adsorbed Mb) 

[A] i s the Antibody (Ab) s o l u t i o n concentration i n nM. 
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 319 

a n t i b o d y s h o u l d be a b l e t o r e c o g n i z e and i n t e r a c t i n an a n t i b o d y -
M b - a n t i b o d y s a n d w i c h . Thus, p o s s i b l e c o n f o r m a t i o n a l changes t o t h e 
c l o n e 5 a n t i g e n i c s i t e due t o Mb a d s o r p t i o n on PDMS w i l l n o t o c c u r 
and s t e r i c b l o c k i n g o f t h e C l o n e 5 a n t i g e n i c s i t e w i l l a l s o n o t 
o c c u r . The c l o n e 5 Fab b i n d s r a p i d l y t o t h e c l o n e 4-Mb s u r f a c e . The 
amount t h a t b i n d s i s a l s o v e r y c l o s e t o t h e s t e r i c l i m i t d i s c u s s e d 
above. Thus, t h i s and t h e o t h e r c o n t r o l s show t h a t t h e d i m i n i s h e d 
b i n d i n g a f f i n i t i e s o f t h e c l o n e 3.4 and c l o n e 5 a n t i b o d i e s t o Mb 
a d s o r b e d d i r e c t l y o n t o PDMS a r e due t o an e f f e c t o f t h e a d s o r p t i o n 
p r o c e s s on t h e Mb m o l e c u l e i t s e l f . 

T a b l e I I compares t h e e q u i l i b r i u m c o n s t a n t f o r t h e r e a c t i o n 
w i t h a d s o r b e d Mb and w i t h Mb i n s o l u t i o n f o r t h e a n t i b o d i e s 
s t u d i e d . F o r t h e c l o n e 1, 2, and 4 a n t i b o d i e s , t h e e q u i l i b r i u m 
c o n s t a n t f o r t h e r e a c t i o n w i t h a d s o r b e d Mb compares f a v o r a b l y w i t h 
t h e e q u i l i b r i u m c o n s t a n t f o r t h e s o l u t i o n r e a c t i o n , whereas t h e 
c l o n e 3.4 and c l o n e 5 a n t i b o d y a f f i n i t i e s a r e a t l e a s t 2 o r d e r s o f 
ma g n i t u d e l e s s f o r t h e a d s o r b e d Mb. 

TABLE II 

Summary o f A d s o r b e d M b / A n t i b o d y I n t e r a c t i o n s 

A n t i b o d y A f f i n i t y 
f o r Mb 

(M " 1 x 1 0 9 ) 

S o l u t i o n 3 S u r f a c e 

C l o n e 1 1. .9 0.95 
C l o n e 2 2, .2 1.3 
C l o n e 3.4 0. .2 < 10" 
C l o n e 4 0, .71 0.53 
C l o n e 5 1. .6 < 10" 

d e t e r m i n e d i n r e f e r e n c e 27 e x c e p t f o r 
c l o n e 3.4, w h i c h was d e t e r m i n e d i n 
r e f e r e n c e 28 

Summary o f Mb S t u d i e s . The b i n d i n g o f f i v e M b - s p e c i f i c m o n o c l o n a l 
a n t i b o d i e s t o p r e v i o u s l y - a d s o r b e d Mb has b e e n i n v e s t i g a t e d . T h r e e 
o f t h e a n t i b o d i e s bound t o t h e a d s o r b e d Mb w i t h a f f i n i t i e s c l o s e t o 
t h e i r n o r m a l a f f i n i t i e s f o r Mb i n s o l u t i o n , b u t t h e a f f i n i t i e s o f 
two o f t h e a n t i b o d i e s f o r t h e a d s o r b e d Mb were d i m i n i s h e d by a t 
l e a s t two o r d e r s o f m a g n i t u d e . A t p r e s e n t , we a r e u n a b l e t o 
d e t e r m i n e w h e t h e r t h e d i m i n i s h e d a n t i b o d y b i n d i n g i s due t o 
adsorbed-Mb c o n f o r m a t i o n a l changes o r s i m p l y t o s t e r i c b l o c k i n g o f 
th e a n t i b o d y s i t e . E x p e r i m e n t s d e s c r i b e d b e l o w s h o u l d a l l o w us t o 
make t h i s d i s t i n c t i o n . N e v e r t h e l e s s , two i m p o r t a n t c o n c l u s i o n s c a n 
be made : 

i . The Mb m o l e c u l e s a r e n o t a d s o r b e d i n a random f a s h i o n . I f 
th e Mb m o l e c u l e s were a d s o r b e d r a n d o m l y , w i t h no p r e f e r r e d mode o f 
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320 PROTEINS AT INTERFACES 

a d s o r p t i o n , t h e n e v e r y a n t i b o d y w o u l d be e x p e c t e d t o b i n d t o t h e 
a d s o r b e d p r o t e i n w i t h t h e same a f f i n i t y r e l a t i v e t o t h a t f o r Mb i n 
s o l u t i o n . T h i s p r e f e r r e d mode o f a d s o r p t i o n c a n e i t h e r be a) a 
p r e f e r r e d o r i e n t a t i o n ; b) random o r i e n t a t i o n b u t w i t h 
c o n f o r m a t i o n a l changes t o t h e c l o n e 3.4 and c l o n e 5 a n t i g e n i c s i t e s 
( p r e f e r r e d c o n f o r m a t i o n a l c h a n g e s ) ; c ) a c o m b i n a t i o n o f a and b. 

i i . C o n f o r m a t i o n a l changes o f t h e Mb m o l e c u l e due t o t h e 
a d s o r p t i o n p r o c e s s , i f o c c u r r i n g a t a l l , a r e c o n f i n e d t o l o c a l 
r e g i o n s o f t h e a d s o r b e d Mb. A l t h o u g h c o n f o r m a t i o n a l changes o f t h e 
a n t i g e n i c s i t e s o f t h e c l o n e 3.4 and 5 a n t i b o d i e s may r e s u l t i n 
d i m i n i s h e d b i n d i n g o f t h e s e a n t i b o d i e s , t h e b i n d i n g o f t h e c l o n e 1, 
2, and 4 a n t i b o d i e s a r e e s s e n t i a l l y u n a f f e c t e d by t h e a d s o r p t i o n 
p r o c e s s , i n d i c a t i n g t h a t t h e t o p o g r a p h y o f t h e a n t i g e n i c s i t e s f o r 
t h e s e a n t i b o d i e s i s n o t s i g n i f i c a n t l y a l t e r e d by a d s o r p t i o n r e l a t e d 
phenomena. Due t o t h e compact s t r u c t u r e o f t h e Mb m o l e c u l e , t h i s 
i m p l i e s t h a t any c o n f o r m a t i o n a l changes a r e m i n o r s i n c e t h e e f f e c t s 
o f g r o s s u n f o l d i n g o f p o r t i o n s o f t h e m o l e c u l e w o u l d be e x p e c t e d t o 
be p r o p a g a t e d t o o t h e r p o r t i o n s o f t h e m o l e c u l e . 

F u r t h e r S t u d i e s o f Mb A d s o r p t i o n 

The r e c e n t i n v e s t i g a t i o n o f Mb a d s o r p t i o n on PDMS (above) has 
p r o b e d t h e c o n f o r m a t i o n and o r i e n t a t i o n o f a l a y e r o f p r o t e i n 
a d s o r b e d on a h y d r o p h o b i c s u r f a c e . Our p r e s e n t g o a l i s f u r t h e r 
c h a r a c t e r i z a t i o n o f t h e c o n f o r m a t i o n and o r i e n t a t i o n o f Mb on PDMS. 
Two t e c h n i q u e s , f l u o r e s c e n c e e n e r g y t r a n s f e r and p r o t e o l y t i c enzyme 
c l e a v a g e , c a n be u s e d t o a c h i e v e t h i s g o a l . 

F l u o r e s c e n c e E n e r g y T r a n s f e r S t u d i e s . The t e c h n i q u e o f 
f l u o r e s c e n c e e n e r g y t r a n s f e r has been shown t o be a s e n s i t i v e p r o b e 
o f i n t r a m o l e c u l a r d i s t a n c e s i n m a c r o m o l e c u l e s ( 3 1 ) . The t e c h n i q u e 
has b e e n w i d e l y u s e d t o e s t i m a t e d i s t a n c e s w i t h i n m a c r o m o l e c u l e s 
i n s o l u t i o n . R e c e n t l y , e n e r g y t r a n s f e r has b e e n employed t o 
i n v e s t i g a t e c o n f o r m a t i o n a l changes o f a d s o r b e d BSA ( 3 2 ) . The 
e n e r g y t r a n s f e r measurements o f a d s o r b e d BSA were u n a b l e t o r e v e a l 
s p e c i f i c c o n f o r m a t i o n a l c h a n g e s , b e c a u s e r a n d o m l y - l a b e l e d BSA was 
u s e d and t h e e x a c t t h r e e - d i m e n s i o n a l s t r u c t u r e o f BSA i s 
u n d e t e r m i n e d a t p r e s e n t . By u s i n g s p e c i f i c a l l y - l a b e l e d Mb, however, 
t h e e n e r g y t r a n s f e r t e c h n i q u e c a n g i v e d i r e c t i n f o r m a t i o n 
c o n c e r n i n g t h e c o n f o r m a t i o n o f a d s o r b e d Mb. 

I f a p p r e c i a b l e d e f o r m a t i o n o f a d s o r b e d Mb o c c u r s t h e r e s h o u l d 
be a c o n c o m i t a n t change o f d i s t a n c e s b e t w e e n s p e c i f i c s i t e s i n t h e 
Mb m o l e c u l e . F l u o r e s c e n t l a b e l s c a n be i n t r o d u c e d a t s p e c i f i c amino 
a c i d r e s i d u e s (33,34) and t h e heme p o c k e t i n Mb ( 3 5 ) . The 
e f f i c i e n c y o f s i n g l e t - s i n g l e t e n e r g y t r a n s f e r b e t w e e n two s u c h 
f l u o r e s c e n t d i p o l e s c a n be u s e d t o e s t i m a t e t h e d i s t a n c e b etween 
t h e l a b e l s . The t h r e e - d i m e n s i o n a l s t r u c t u r e o f Mb i s known i n g r e a t 
d e t a i l ( 2 9 ) . T h e r e f o r e any d i s t a n c e changes o b s e r v e d f o r a d s o r b e d 
Mb c a n be d i r e c t l y r e l a t e d t o c o n f o r m a t i o n a l changes o f t h e Mb 
m o l e c u l e . By p e r f o r m i n g e n e r g y t r a n s f e r e x p e r i m e n t s w i t h 
f l u o r e s c e n t l a b e l s a t v a r i o u s w e l l - d e f i n e d l o c a t i o n s i n t h e Mb 
m o l e c u l e , a d e t a i l e d p i c t u r e o f any d e f o r m a t i o n o f a d s o r b e d Mb c a n 
be c o n s t r u c t e d . 
P r o t e o l y s i s S t u d i e s . Mb i n s o l u t i o n i s known t o be s u s c e p t i b l e t o 
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20. ANDERSON ET AL. Protein Adsorption at Polymer Surfaces 321 

p r o t e o l y t i c enzyme c l e a v a g e a t w e l l - d e f i n e d l o c a t i o n s i n i t s amino 
a c i d s equence ( 3 6 , 3 7 ) . The r e a c t i o n r a t e s o f t h e s e enzymes depend 
on Mb c o n f o r m a t i o n . Bonds t h a t a r e h i g h l y e x p o s e d a r e c l e a v e d 
q u i c k l y , w hereas bonds t h a t r e s i d e i n t h e i n t e r i o r o f t h e m o l e c u l e 
a r e c l e a v e d much more s l o w l y o r n o t a t a l l . P r o t e o l y t i c enzyme 
c l e a v a g e s t u d i e s d e s c r i b e d b e l o w c a n be u s e d t o d e t e r m i n e r e g i o n s 
o f a d s o r b e d Mb t h a t a r e e x p o s e d t o s o l u t i o n . R e g i o n s o f c o n t a c t 
b e t w e e n Mb and t h e s u r f a c e c a n t h e n be i n f e r r e d f r o m t h e s e r e s u l t s . 

As m e n t i o n e d above, f l u o r e s c e n t l a b e l s c a n be a t t a c h e d t o 
s p e c i f i c amino a c i d r e s i d u e s i n Mb. Mb p o s s e s s i n g a l a b e l a t a 
s i n g l e s i t e c a n be a d s o r b e d t o PDMS i n t h e TIRF t e s t c e l l and 
c h a l l e n g e d b y s o l u t i o n s o f p r o t e o l y t i c enzymes. The r a t e o f decay 
o f t h e f l u o r e s c e n c e s i g n a l w i l l i n d i c a t e t h e d e g r e e o f e x p o s u r e o f 
t h e l a b e l e d amino a c i d r e s i d u e , b e c a u s e as bonds n e a r t h e l a b e l a r e 
c l e a v e d b y t h e enzyme, t h e p e p t i d e w i t h t h e f l u o r e s c e n t l a b e l w i l l 
be r e l e a s e d and s u b s e q u e n t l y washed o u t o f t h e t e s t c e l l . S i n c e 
t h e p o s i t i o n o f t h e l a b e l w i l l be known t h e r e g i o n s o f t h e Mb 
m o l e c u l e e x p o s e d t o s o l u t i o n c a n be d e t e r m i n e d . 

Summary o f F u r t h e r S t u d i e s . The e x p e r i m e n t s p r e s e n t e d i n t h e 
p r e v i o u s two s e c t i o n s a f f o r d a d i r e c t i n v e s t i g a t i o n o f t h e 
c o n f o r m a t i o n and o r i e n t a t i o n o f Mb a d s o r b e d on PDMS. These 
e x p e r i m e n t s c a n be u s e d t o c l a r i f y t h e r e s u l t s o f t h e a n t i b o d y 
e x p e r i m e n t s c o n c e r n i n g t h e o r i e n t a t i o n and t h e d e f o r m a t i o n o f 
a d s o r b e d Mb. The e x p e r i m e n t s may a l s o p r o v i d e i n s i g h t a b o u t c e r t a i n 
as y e t u n e x p l a i n e d o b s e r v a t i o n s o f Mb a d s o r p t i o n ( 1 9 ) . 

C o n c l u s i o n s 

T I R F o c c u p i e s a u n i q u e n i c h e , p r o v i d i n g a n o n i n v a s i v e method f o r 
s t u d y i n g p r o t e i n a d s o r p t i o n i n s i t u a nd i n r e a l t i m e . The TIRF 
t e c h n i q u e , as i t i s a p p l i e d i n o u r l a b o r a t o r y , has be e n u s e d 
s u c c e s s f u l l y t o s t u d y b o t h m a c r o s c o p i c and m o l e c u l a r a s p e c t s o f 
p r o t e i n a d s o r p t i o n . The p r e s e n t g o a l o f t h i s l a b o r a t o r y i s t o 
e l u c i d a t e t h e i n t e r a c t i o n s o c c u r r i n g when a p r o t e i n a d s o r b s t o a 
s o l i d s u r f a c e u s i n g t h e TIRF t e c h n i q u e . I t i s hop e d t h a t , 
e v e n t u a l l y , a c o m p l e t e , g e n e r a l d e s c r i p t i o n o f t h e p r o t e i n 
a d s o r p t i o n p r o c e s s w i l l be a t t a i n e d . 
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Chapter 21 

Adsorption of Fibronectin to Polyurethane Surfaces: 
Fourier Transform Infrared Spectroscopic Studies 

W. G. Pitt, S. H. Spiegelberg, and S. L. Cooper 

Department of Chemical Engineering, University of Wisconsin, Madison, WI 53706 

The infrared spectra of plasma fibronectin adsorbed 
to three polyurethanes shows evidence of structural 
change upon adsorption. These block copolymers have 
identical hard segment chemistry, but they differ in 
soft segment composition and surface energy as 
measured by contact angle. On the more hydrophobic 
surfaces, the amount of adsobed fibronectin and the 
extent of spectral changes were greater than on the 
more hydrophilic surface. When compared to the 
spectrum of FN in solution, the spectra of the pro
tein which adsorbs first appear to have more exten
sive spectral changes than protein adsorbing at later 
times. On all surfaces, increasing the concentration 
of protein in solution increased the amount of 
adsorbed protein. 

Plasma f i b r o n e c t i n (FN) or col d i n s o l u b l e g l o b u l i n i s a high-
molecular-weight globular g l y c o p r o t e i n which i s thought to mediate 
c e l l adhesion and growth processes on a r t i f i c i a l surfaces. Recent 
reviews of the st r u c t u r e and fu n c t i o n of FN have been published 
(L>1) · T h e r o l e o f F N i n mediating p l a t e l e t adhesion and thrombus 
formation on polymer surfaces exposed to non-anticoagulated whole 
blood has been previously studied i n t h i s laboratory using an 
ex v i v o A-V femoral shunt i n canines (3^6)· These studies have 
shown that when FN i s pre-adsorbed to various polymers p r i o r to 
implantation, the amount of p l a t e l e t and f i b r i n o g e n deposition on 
the polymers i s increased by an order of magnitude, suggesting that 
the adsorbed FN had retained i t s a b i l i t y to bind p l a t e l e t s . Other 
in v i t r o studies, however, have i n d i c a t e d that when FN i s adsorbed, 
i t s native conformation i s changed and i t loses some b i o l o g i c a l 
a c t i v i t y toward antibody binding (7-10). These types of confor
mational changes were observed to a greater extent on hydrophobic 
surfaces than on h y d r o p h i l i c surfaces, suggesting that the 
substrate surface energy a f f e c t s the conformation of the adsorbed 
p r o t e i n . Also, FN was observed to adsorb to a greater extent on 
the hydrophobic surfaces than on the more polar surfaces (]_^2) · 

0097-6156/87/0343-0324$06.00/0 
© 1987 American Chemical Society 
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21. PITT ET AL. Adsorption of Fibronectin to Polyurethane Surfaces 325 

Although the surface energy i s probably not the only parameter 
which determines the s t a t e of adsorbed FN, i t does appear to be 
important. An understanding of how surface energetics e f f e c t the 
i n t e r a c t i o n of FN w i t h polymer surfaces would be an important 
c o n t r i b u t i o n i n the areas of c e l l growth and the 
i n t e r a c t i o n of blood p r o t e i n s w i t h s y n t h e t i c polymers. 

This study addresses the question of how bulk polymer che
mi s t r y and surface energy a f f e c t the amount and the conformation of 
FN adsorbed to a s e r i e s of polyurethaneureas. The technique of 
F o u r i e r transform i n f r a r e d spectroscopy (FTIR) coupled w i t h a t t e 
nuated t o t a l r e f l e c t a n c e (ATR) o p t i c s was used to continuously and 
n o n - i n v a s i v e l y measure the k i n e t i c s of FN adsorption, as w e l l as to 
monitor conformational changes occuring during adsorption. 

M a t e r i a l s and Methods 

P r o t e i n P u r i f i c a t i o n . Canine plasma f i b r o n e c t i n was used i n t h i s 
study i n order to c o r r e l a t e these i n v i t r o s t u d i e s w i t h canine 
ex v i v o experiments i n v o l v i n g preadsorbed canine p r o t e i n s . Canine 
FN was i s o l a t e d from c i t r a t e d canine plasma using the methods of 
R u o s l a h t i (11). The FN was suspended i n phosphate buffered s a l i n e 
(PBS) c o n t a i n i n g 0.02% ΝβΝβ, and then snapfrozen and stored at 
-70°C u n t i l l e s s than 24 hours before use. The p r o t e i n was then 
snapthawed a t 40°C, f i l t e r e d (0.22 um M i l l e x GV, M i l l i p o r e , 
Bedford, MA), and d i l u t e d to concentrations of 0.07 or 0.21 mg/ml 

p u r i t y and homogeneity of the thawed FN were v e r i f i e d by polyacry-
lamide g e l e l e c t r o p h o r e s i s i n sodium dodecyl s u l f a t e (SDS-PAGE). A 
transmission FTIR spectrum of 5.02 mg/ml FN i n PBS between CaF2 
windows w i t h a path length of 3 pm was c o l l e c t e d a t 8 cm"l 
r e s o l u t i o n . 

Polymer Surface P r e p a r a t i o n and C h a r a c t e r i z a t i o n . Three 
polyurethane ureas were prepared as p r e v i o u s l y described (12). 
These contain a methylene bi s ( p - p h e n y l d i i s o c y a n a t e ) (MDI) hard 
segment, an ethylene diamine chain extender, and a polyether s o f t 
segment i n mole r a t i o s of 2/1/1 r e s p e c t i v e l y . The s o f t segment 
m a t e r i a l s were polyethyleneoxide (PEO) and polytetramethyleneoxide 
(PTMO), both of 1000 molecular weight, and polydimethyIsiloxane 
(PDMS) of 2000 molecular weight. In t h i s paper, these polymers 
w i l l be r e f e r e d to as PEO-PEUU, PTMO-PEUU and PDMS-PEUU respec
t i v e l y . These were d i s s o l v e d i n Ν,Ν-dimethy1 acetamide (DMA) to 
make a 0.1 wt.% s o l u t i o n . 

Germanium i n t e r n a l r e f l e c t i o n elements (IRE, 50x20x3, 45° 
aperture) were p o l i s h e d twice w i t h 0.3 um alumina p o l i s h , r i n s e d 
w i t h d i s t i l l e d water, r i n s e d w i t h e t h a n o l , and then cleaned i n a 
r a d i o frequency plasma discharge. The IRE 1s were p u l l e d v e r t i c a l l y 
( d i p coated) from the polymer s o l u t i o n s a t 3mm/mln. Each coated 
IRE was d r i e d i n a vacuum oven a t 60°C f o r a t l e a s t 4 hours, and 
was stored under vacuum u n t i l use. 

Underwater contact angles of a i r and octane i n double 
d i s t i l l e d deionized water were determined as p r e v i o u s l y described 
(13). The harmonic mean equation (14) was used to estimate the 
surface energy parameters of the polymer coated IRE 1 s. 

as determined by UV absorbance The 
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326 PROTEINS AT INTERFACES 

The thickness of the polymer coatings was determined as 
f o l l o w s . Polymer f i l m s were s p i n c ast (15) from a MDI/ED/PTMO 
polyurethaneurea of known composition. The f i l m t h i c k n e s s , 
measured by a micrometer, was found to c o r r e l a t e l i n e a r l y w i t h the 
height of the 1600 cm"1 peak (v(C=C) benzene r i n g ) , thus a l l o w i n g 
determination of a Beer's law e x t i n c t i o n c o e f f e c i e n t f o r the mass 
f r a c t i o n of benzene r i n g s i n these polymers. Transmission spectra 
of the dip coated IRE* s were obtained, and the polymer thickness 
determined assuming that the Beer's law e x t i n c t i o n c o e f f i c i e n t was 
unchanged on these t h i n f i l m s . 

Measurement of P r o t e i n Adsorption Using FTIR/ATR. The study of 
p r o t e i n adsorption using FTIR/ATR i s presented i n d e t a i l elsewhere 
(13,16-21), and are only b r i e f l y reviewed here. I n f r a r e d r a d i a t i o n 
from the spectrometer source enters and then r e f l e c t s i n t e r n a l l y 
along the length of an i n t e r n a l r e f l e c t i o n element (IRE) mounted i n 
a flow c e l l . Each r e f l e c t i o n of the i n f r a r e d beam on the IRE sur
face produces an "evanescent" wave which decays e x p o n e n t i a l l y as i t 
extends i n t o the p r o t e i n s o l u t i o n . Polymer, b u f f e r and p r o t e i n 
w i t h i n t h i s evanescent wave absorb some of the i n f r a r e d energy and 
decrease the i n t e n s i t y of the i n f r a r e d r a d i a t i o n e x i t i n g the IRE. 
This a t t e n u a t i o n i s detected and processed by the FTIR, producing 
an i n f r a r e d absorbance spectrum of the molecules w i t h i n the eva
nescent wave. By s u b t r a c t i n g the spectra of polymer and b u f f e r 
(and water vapor, when p r e s e n t ) , one obtains the 
spectrum of the p r o t e i n near the polymer-solution i n t e r f a c e . This 
spectrum contains c o n t r i b u t i o n s from both the adsorbed and the 
non-adsorbed (or "bulk" s o l u t i o n ) p r o t e i n w i t h i n the evanescent 
wave (19,20). The d e t a i l s of processing the spectra have been 
reported p r e v i o u s l y (13,16). 

The i n f r a r e d spectrum of a p r o t e i n provides information on 
both the amount (the amide I I band) and the conformation (the amide 
I and I I I bands) of the p r o t e i n . Previous stud i e s have used both 
the height (17) and area (22) of the amide I I band to q u a n t i t a t e 
the amount of p r o t e i n on a surface. 

The polyurethaneureas were exposed to the FN s o l u t i o n s i n a 
flow c e l l contained i n s i d e a constant temperature (39°C) compart
ment b u i l t i n t o a N i c o l e t 170SX FTIR equipped w i t h a MCT detector 
( N i c o l e t , Madison, Wl). The polymer surfaces were exposed to PBS 
b u f f e r i n the flow c e l l f o r a t l e a s t 40 minutes p r i o r to introduc
t i o n of the p r o t e i n i n order to a t t a i n some e q u i l i b r a t i o n between 
the polymer and b u f f e r . The b u f f e r was di s p l a c e d by i n j e c t i n g a t 
1 ml/sec a t l e a s t 4.5 ml of FN s o l u t i o n from a syr i n g e . During 
i n j e c t i o n the w a l l shear rate was 400 sec"*-, and a f t e r i n j e c t i o n 
the s o l u t i o n was s t a t i c u n t i l t ermination of the experiment. The 
volume of s o l u t i o n i n j e c t e d was shown by residence time d i s t r i b u 
t i o n experiments (data not shown) to remove 97% of the b u f f e r . 
From the time of i n j e c t i o n of the FN i n t o the flow c e l l , spectra 
were c o l l e c t e d continuously a t 8 cm"1 r e s o l u t i o n f o r a t l e a s t 
2 hr, although a few experiments were continued f o r up to 18 hr. 
During data c o l l e c t i o n , the number of coadded scans increased from 
4 a t 'he f i r s t time p o i n t to 2000 f o r times a f t e r 30 min. Upon 
completion >f an adsorpt i o n experiment, the non-adsorbed p r o t e i n 
was d i s p l a c e d by flo w i n g b u f f e r gently through the flow c e l l , and a 
f i n a l spectra of the remaining adsorbed p r o t e i n was c o l l e c t e d . Two 
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21. PITT ET AL. Adsorption of Fibronectin to Polyurethane Surfaces 327 

adsorption experiments were done on each polymer a t each p r o t e i n 
c o n c e n t r a t i o n . 

Q u a n t i t a t i o n of Adsorbed F i b r o n e c t i n . G r i n n e l l has shown that 
1 2 5 j _ l a b e l i n g of FN causes l o s s of some of i t s b i o l o g i c a l a c t i v i t y 
(7)· Instead of using r a d i o l a b e l e d FN, the area of the amide I I 
absorbance band (22) was used to q u a n t i t a t e the amount of adsorp
t i o n i n t h i s study. Known amounts of FN were d r i e d from a 0.1 M 
NaCl s o l u t i o n onto bare IRE 1s which were then placed i n the same 
o p t i c a l c o n f i g u r a t i o n as i n the adsorption experiments. Spectra of 
the d r i e d p r o t e i n were obtained, and the areas of the amide I I from 
1590 to 1474 cm"** band were measured. The area of the amide I I 
a b s o r p t i o n d i d not change s i g n i f i c a n t l y as the p r o t e i n was d r i e d 
(±5% standard d e v i a t i o n ) . The l i n e a r c o r r e l a t i o n between the amide 
I I area and the surface c o n c e n t r a t i o n of FN, shown i n Figure 1, was 
used to determine the amount of FN adsorbed i n the experiments. 

R e s u l t s and D i s c u s s i o n 

Surface C h a r a c t e r i z a t i o n . Table I presents the contact angles 
(through the water phase), i n t e r f a c i a l energies, and polymer 
thicknesses of the polymers coated onto the Germanium c r y s t a l . The 
contact angles f o r the polymers decrease i n the order PTMO-PEUU, 
PDMS-PEUU and PEO-PEUU, i n d i c a t i n g that the polymer surfaces become 
more p o l a r i n that order. The y s w a l s o decreases i n t h i s order, 
although these values should only be taken as approximate values 
c o n s i d e r i n g that the r e l a t i o n s h i p between contact angles and sur
face energy on p o l a r s o l i d s i n not w e l l e s t a b l i s h e d (23). That 
these t h i n f i l m s have lower surface energy than t h i c k e r f i l m s of 
the same polymers (12) may be a r e s u l t of t h e i r being a p p l i e d as a 
very t h i n c o a t i n g which could d i s r u p t the bulk polymer morphology 
that e x i s t s i n t h i c k e r f i l m s . Scanning e l e c t r o n microscopic exami
n a t i o n of the surfaces did not r e v e a l evidence of holes or breaks 
i n the f i l m s . 

Table I . P r o p e r t i e s of Dip Coated Polyurethane Surfaces 

Polymer a i r - w a t e r contact octane water contact Ysw thickness 
angle (degrees) angle (degrees) (dyn/cm) (Â) 

PEO-PEUU 35 ± 3 59 ± 1 8.7 -
PDMS-PEUU 38 ± 3 68 ± 1 17.8 173 
PTMO-PEUU 59 ± 5 87 ± 2 19.6 137 

The thickness of the dip coated PEO-PEUU could not be deter
mined. The polymer thicknesses reported here should be taken as 
only approximate values, due to the cumulative e r r o r s i n the 
s p e c t r a l measurements a s s o c i a t e d w i t h the very low s i g n a l / n o i s e of 
these t h i n f i l m s . The thicknesses of these polymers are about 1/20 
of the depth of p e n e t r a t i o n of the i n f r a r e d evanescent wave (about 
400 nm a t 1550 cm*"1) (21). Thus there i s adequate space w i t h i n the 
evanescent wave f o r adsorption of the 4x60 nm FN molecules to be 
observed (24). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
1



328 PROTEINS AT INTERFACES 

Adsorption K i n e t i c s . Figures 2A and 2B show the FN adsorption 
k i n e t i c s on the three surfaces from 0.07 and 0.21 mg/ml FN s o l u 
t i o n s r e s p e c t i v e l y . Each l i n e i s the average of two experiments on 
a given polymer. At each p r o t e i n c o n c e n t r a t i o n , the i n i t i a l r a t e 
of adsorption i s independent of the type of polymer s u b s t r a t e , and 
adsorpti o n from 0.21 mg/ml i s nearly 3 times f a s t e r than from 0.07 
mg/ml FN. The i n i t i a l a d s o r p t i o n r a t e s are l i n e a r i n t i m e 1 / 2 u n t i l 
a d s o r p t i o n exceeds 0.06 ug/cm2 on PEO-PEUU and 0.10 ug/cm2 on the 
other polymers (data not shown). This suggests that the ads o r p t i o n 
i s d i f f u s i o n c o n t r o l l e d up to the above surface c o n c e n t r a t i o n s , 
a f t e r which p o i n t the adsorption rate decreases and becomes depen
dent upon the polymer surface chemistry. The amount of FN adsorbed 
does not reach a plateau w i t h i n 120 minutes, nor does i t reach a 
plateau when adsorption continues f o r 18 hours (data not shown). 
At both co n c e n t r a t i o n s , the lowest adsorption occurs on PEO-PEUU, 
supporting previous observations that h y d r o p h i l i c surfaces adsorb 
l e s s FN than more hydrophobic surfaces (7j-9). Also a t both con
c e n t r a t i o n s , PDMS-PEUU adsorbs s l i g h t l y more FN than the PTMO-PEUU, 
even though the contact angle data i n d i c a t e that PDMS-PEUU i s 
s l i g h t l y more p o l a r , suggesting that the surface chemistry as w e l l 
as surface energy i n f l u e n c e the amount of adsorption. 

Conformational Changes i n Adsorbed FN. One of the major advantages 
of FTIR spectroscopy i s i t s p o t e n t i a l f o r e l u c i d a t i n g p r o t e i n 
s t r u c t u r a l changes. In t h i s study, changes i n the FN spectra were 
observed. The transmission FTIR spectrum of FN i n PBS i s shown i n 
Figure 3 w i t h the amide I I I region expanded by a f a c t o r of 4. The 
amide I , I I and I I I bands are centered a t 1642, 1549, and 1247 
cm*"1 r e s p e c t i v e l y , c h a r a c t e r i s t i c of a p r o t e i n c o n t a i n i n g some 8-
sheet s t r u c t u r e . Figure 3 a l s o shows t y p i c a l FN spectra a f t e r 2 hr 
of adsorption onto the three polymers from the 0.07 mg/ml s o l u t i o n . 

S e v e r a l d i f f e r e n c e s between the s o l u t i o n and adsorbed spectra 
are obvious. F i r s t there i s a change i n the small absorbance band 
i n the 1740-1720 cm"1 region. On PEO-PEUU, t h i s band i s at the 
same frequency, and i s about the same magnitude as observed f o r FN 
i n s o l u t i o n . However, on the PDMS-PEUU and PTMO-PEUU, the band has 
s h i f t e d 20 cm"1 and has increased i n magnitude. This band could be 
assigned to the carbonyl s t r e t c h i n g v i b r a t i o n of the COOH group, 
the protonated form of the c a r b o x y l i c a c i d which produces the band 
a t 1400 cm"1. In FN, c a r b o x y l i c acids are found i n some p r o t e i n 
residues (Asp and G l u ) , a t the carboxyl end of the polyp e p t i d e , and 
i n the a c i d i c carbohydrates ( s i a l i c a c i d ) . These have COOH v i b r a 
t i o n s at 1735-1720 cm"1, 1755-1720 cm"1 and 1748-1724 cm"1 respec
t i v e l y (25). A s i m i l a r peak a t 1735 cm"1 was observed i n a study 
of lysozyme adsorption on contact lenses, and was assigned to 
i n t e r a c t i o n of Glu or Asp residues w i t h the polymer surface (26). 

Formation of a protonated c a r b o x y l i c a c i d occurs when the 
pK a of the p a r t i c u l a r COOH group i s near or greater than the l o c a l 
pH of the s o l u t i o n , which i s not of t e n the case f o r p r o t e i n s a t 
p h y s i o l o g i c pH. The pK a of the α-carboxyl ranges about 3.1-3.5 
(27) t and that of s i a l i c a c i d i s near 2.6 (28). The pK a of the 
a c i d i c p r o t e i n residues i s u s u a l l y between 3 and 5, although a 
pK a of 6.5 has been reported f o r a Asp residue i n a nonpolar 
region of lysozyme (29). 

The polymer surface chemistry appears to i n f l u e n c e the 
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0.8 

0.0 0.2 0.4 0.6 0.8 1.0 
Adsorbed FN fag/cm2) 

Figure 1. C o r r e l a t i o n of the amide I I area w i t h the mass of FN 
d r i e d on a Germanium IRE. 

0.6 ρ 

0 40 80 120 0 40 80 120 
Minutes 

Figure 2. FN adsorption onto PEO-PEUU ( # ) , PTMO-PEUU (•) and 
PDMS-PEUU (•) from 0.07 mg/ml (A) and from 0.21 mg/ml ( B ) . 
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v i b r a t i o n of the COOH group since the band appears a t d i f f e r e n t 
frequencies and adsorption times on each polymer surface. On 
PEO-PEUU, the band begins to appear a t 1740 cm"1 a f t e r about 
20 minutes of adsorption and then increases w i t h time as Figure 4 
i l l u s t r a t e s . On the PDMS-PEUU surface (Figure 5 ) , a l a r g e r and 
broader band appears a t 1725 cm"1 from the time of f i r s t contact of 
the p r o t e i n w i t h the polymer. I t increases f o r about 5 minutes and 
then remains constant although the other peaks i n the p r o t e i n 
s p e c t r a Increase i n magnitude. On the PTMO-PEUU surface 
( F i g u r e 6 ) , a band a l s o appears a t 1720 cm"1 from the time of f i r s t 
c ontact and increases w i t h time f o r about 15 minutes, a f t e r which 
time i t remains constant. On a l l three polymers, the COOH band i s 
r e l a t i v e l y l a r g e r ( w i t h respect to the 1550 cm"1 band) f o r adsorp
t i o n from the 0.07 mg/ml s o l u t i o n than from the 0.21 mg/ml s o l u t i o n 
(data not shown). 

The appearance of the COOH peak a t 1720 cm"1 on the more 
hydrophobic polymers suggests that these polymers may i n t e r a c t more 
s t r o n g l y w i t h the adsorbed FN. The decrease i n v i b r a t i o n a l f r e 
quency on PTMO-PEUU and PDMS-PEUU could be a t t r i b u t e d to many fac
t o r s , one of which could be hydrogen bonding of the carbonyl group 
i n COOH which would decrease i t s v i b r a t i o n a l frequency (25). The 
increased magnitude of the COOH v i b r a t i o n on the hydrophobic poly
mers i n d i c a t e s that more COO" groups have been protonated to the 
COOH form. Although one cannot r u l e out the p o s s i b i l i t y of a major 
pK a change due to p r o t e i n denaturation, i t i s more l i k e l y that the 
carboxyl groups become protonated as they approach (on the order of 
Angstroms) the polymer surface. Here the proximity of a surface 
w i t h a low d i e l e c t r i c constant would s h i f t the carboxyl group 
d i s s o c i a t i o n e q u i l i b r i u m (COOH » COO" + H+) toward the n e u t r a l pro
tonated species (30). Whether proto n a t i o n occurs from denaturation 
or from the proximity of the sur f a c e , t h i s e f f e c t i s greater on the 
PDMS-PEUU and PTMO-PEUU surfaces than on the PEO-PEUU surface. 

Temporal Changes i n Amide I Absorbance. The absorbance of the 
amide I band was observed to change on a l l three surfaces during 
the f i r s t few minutes of adsorpti o n as Figures 4-6 i l l u s t r a t e . On 
a l l polymer surfaces and at both p r o t e i n concentrations, the f i r s t 
seconds of p r o t e i n adsorption showed an amide I peak growing near 
1669 cm"1. Very q u i c k l y , u s u a l l y w i t h i n two minutes of ad s o r p t i o n , 
the 1669 cm"1 peak ceased i n c r e a s i n g , and an absorbance centered a t 
1638 cm"1 began growing. The 1638 cm"1 band continued to grow as 
the amount of adsorbed p r o t e i n increased, enveloping the 1669 cm"1 

band which was observable only as a shoulder a f t e r about three 
minutes. 

In p r o t e i n s o l u t i o n s the absorbance of a band near 1669 cm"1 

i s u s u a l l y assigned to the a n t i p a r a l i e 1 - 8 - s h e e t conformation. 
However, both experimental observations and t h e o r e t i c a l c a l c u l a 
t i o n s i n d i c a t e that 8-sheet amide I v i b r a t i o n s have a t l e a s t two 
bands, a strong a b s o r p t i o n near 1635 cm"1, and a sma l l e r one near 
1680 cm"1 (25,31-33). Thus the assignment of t h i s i n i t i a l 1669 
cm"1 band i n the absence of a 1635 cm"1 band to an 8-sheet confor
mation may be i n c o r r e c t . Other p o s s i b i l i t i e s f o r t h i s band a s s i g n 
ment are an unordered conformation (1656-1658 cm"1) (25) or a 
8-turn conformation (1680 cm"1) (31), although the l a t t e r Is l e s s 
l i k e l y since t h i s 8-turn v i b r a t i o n has been observed to disappear 
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1800 1700 1600 1500 1400 1300 1200 

W A V E N U M B E R S 
F i g u r e 4. Absorbance spectra of FN adsorbing to the PEO-PEUU 
polymer from a 0.07 mg/ml s o l u t i o n . The adsorption time i n 
minutes i s i n d i c a t e d on each spectrum. 

I i . i . I 
1800 1700 1600 1500 14Ό0 1300 1200 

WAVENUMBERS 
F i g u r e 5. Absorbance spectra of FN adsorbing to the PDMS-PEUU 
polymer from a 0.07 mg/ml s o l u t i o n . The adsorption time i n 
minutes i s i n d i c a t e d on each spectrum. 
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upon denaturation. At present the 1669 cm**1 band which appears at 
short adsorption times remains unassigned. A s i m i l a r amide I 
absorbance has been observed f o r lysozyme adsorption on contact 
lens m a t e r i a l (26). In that study, C a s t i l l o observed an absorption 
a t 1672 cm"*1 without a concommitant band near 1635 cm"1 only a t 
the s h o r t e s t a d s o r p t i o n time measured. 

The amide I v i b r a t i o n s producing the 1638 cm**1 peak and the 
1669 cm**1 shoulder (or peak a t e a r l y times) were studied by f i t t i n g 
the amide I region w i t h gaussian curves using a n o n - l i n e a r l e a s t 
squares curve f i t t i n g r o u t i n e . The spectrum of FN i s s o l u t i o n was 
f i t by 2 curves a t 1638 and 1672 cm*"1 w i t h f u l l widths a t h a l f 
height (FWHH) of 40 and 37 cm*"1 r e s p e c t i v e l y . A l l the spectra of 
adsorbed FN were f i t very w e l l by two gaussian peaks at 1634±1 and 
1669±3 cm"1 w i t h FWHH"s of 40 and 45 cm"1 r e s p e c t i v e l y . 

T h i s curve f i t t i n g a n a l y s i s i n d i c a t e d that a t e a r l y times, the 
1669 cm"1 band i s much l a r g e r than the 1634 cm"1 band. But t h i s 
l a t t e r band begins growing a t l a t e r times and ev e n t u a l l y surpasses 
the 1669 cm"1 band. As the amount of adsorbed FN increased, the 
r a t i o of the 1634 to 1669 cm"1 bands increased from near zero to a 
plateau value nearer to the same r a t i o determined from curve 
f i t t i n g the spectra of FN i n s o l u t i o n (see Figure 7). S i m i l a r l y , 
C a s t i l l o observed that the FTIR spectra of adsorbed lysozyme, 
mucin, albumin, and γ-globulin become more l i k e the s o l u t i o n 
spectra as the adsorption time increases (22,26,32,33). This does 
not n e c e s s a r i l y imply that the p r o t e i n which contacts the surface 
f i r s t i s denatured but then regains i t s n a t i v e conformation w i t h 
time. Rather, the p r o t e i n adsorbed f i r s t , and i n most d i r e c t con
t a c t w i t h the surface may r e t a i n i t s denatured form, but p r o t e i n 
w i t h a more n a t i v e conformation (and spectra) continue to adsorb. 
Using the dimensions of 4x60 nm f o r the FN molecule, the mass of a 
random packed side-on adsorbed monolayer i s l e s s than 0.36 pg/cm 2. 
Thus the p r o t e i n which adsorbs f i r s t and produces the strong 
1669 cm"1 band would be l e s s than a monolayer coverage of randomly 
o r i e n t e d side-on adsorbed molecules. A l s o of note i n Figure 7 i s 
that the spectra of FN adsorbed on the PEO-PEUU polymer a t t a i n s a 
1634 cm"1/1669 cm"1 r a t i o s i m i l a r to s o l u t i o n FN (dashed l i n e i n 
Figure 7) a t lower t o t a l surface concentrations than does PTMO-PEUU 
and PDMS-PEUU. This suggests that the PEO-PEUU surface has 
adsorbed l e s s p r o t e i n w i t h a conformation which produces the strong 
1669 cm"1 amide I band observed a t e a r l y times. 

I t i s noteworthy that the amide I absorbance a t 1669 cm"1 as 
w e l l as the COOH peak at 1720 cm"1 are of greater magnitude on the 
PDMS-PEUU and PTMO-PEUU polymers than on the PEO-PEUU polymer. In 
both s p e c t r a l f e a t u r e s , p r o t e i n adsorbed on the PEO-PEUU surface 
appears most l i k e the n a t i v e FN i n s o l u t i o n . This supports the 
observation of others that the FN-polymer i n t e r a c t i o n s are l e s s on 
the more h y d r o p h i l i c surface than on the more hydrophobic surfaces. 
For example, Iwamoto observed changes i n the fluorescence spectra 
of adsorbed FN which i n d i c a t e d that the p r o t e i n i s denatured more 
on a hydrophobic than on a h y d r o p h i l i c surface (7). G r i n n e l l and 
others have shown that the i n t e r a c t i o n of an t i b o d i e s w i t h FN 
adsorbed on h y d r o p h i l i c surfaces i s greater than wi t h FN adsorbed 
on hydrophobic su r f a c e s , suggesting that the FN adsorbs i n a more 
n a t i v e conformation on h y d r o p h i l i c surfaces (8-10). 
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1638 

1800 1700 1600 1500 1400 1300 1200 

WAVENUMBERS 
F i g u r e 6. Absorbance spectra of FN adsorbing to the PTMO-PEUU 
polymer from a 0.21 mg/ml s o l u t i o n . The adsorption time In 
minutes i s i n d i c a t e d on each spectrum. 

0.0 0.1 0.2 0.3 0.4 0.5 
Adsorbed FN (/xg/cm2) 

F i g u r e 7. R a t i o of the 1634 cm"1 peak to the 1669 cm"1 peak 
from the curve f i t t i n g a n a l y s i s . The polymer substrates are 
PEO-PEUU ( # ) , PTMO-PEUU (•) and PDMS-PEUU ( A ) . The dashed 
l i n e i s the same r a t i o f o r FN i n PBS bu f f e r . This data i s the 
average of a l l adsorption experiments at 0.07 and 0.21 mg/ml 
concentrations on a given polymer. 
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Changes i n the Amide I I I Region. In a d d i t i o n to the amide I band, 
the amide I I I v i b r a t i o n s are s e n s i t i v e to the p r o t e i n conformation. 
However, the low s i g n a l / n o i s e r a t i o of the amide I I I region makes 
s p e c t r a l i n t e r p r e t a t i o n d i f f i c u l t . In these experiments, the amide 
I I I region was not i d e n t i c a l i n each experiment due to random noise 
and f l u c t u a t i o n s i n the b a s e l i n e . However, large changes i n 
s p e c t r a l features were c o n s i s t e n t on a given polymer. In Figure 8, 
the amide I I I spectra f o r 4 spectra a t 2 hr of adsorption on a 
given polymer have been added, thus enhancing the c o n s i s t e n t 
s p e c t r a l f e a t u r e s , and minimizing random noise and b a s e l i n e f l u c 
t u a t i o n s . The amide I I I region of the s o l u t i o n FN has peaks a t 
1247, 1275 and 1290 cm"1, a l l of which are a l t e r e d i n the spectra 
of the adsorbed FN. For example, the s o l u t i o n FN peak at 1247 
cm"1 i s absent i n the adsorbed s p e c t r a , and there i s a new broader 
peak of lower frequency centered near 1240 cm*"1. Where the s o l u 
t i o n FN has peaks at 1275 and 1290 cm" 1, the adsorbed spectra have 
a broad peak centered near 1280 cm"1 on the PTMO-PEUU and PDMS-PEUU 
polymers, whil e on the PEO-PEUU su r f a c e , peaks i n t h i s region are 
absent or very s m a l l . These changes f u r t h e r i n d i c a t e that the con
formation of FN i s a l t e r e d as i t adsorbs to these polymers. 

Previous i n f r a r e d s t u d i e s i n d i c a t e that p r o t e i n s w i t h a large 
amount of 3-sheet s t r u c t u r e absorb near 1240 cm"1 and those w i t h 
α-helix stucture absorb near 1280 cm"1 (22,32). Absorbances f o r 
denatured albumin, r e p o r t e d l y c o n t a i n i n g random and 3-sheet con
formations, are found a t 1240 and 1260 cm"1 (22). These as s i g n 
ments c o r r e l a t e w i t h the more studied Raman spectroscopy of 
the amide I I I region which has v i b r a t i o n s a t 1230-1250 cm"1 f o r 
3-sheet s t r u c t u r e , at 1260-1290 cm"1 f o r α-helix s t r u c t u r e , and a t 
1240-1265 cm"1 f o r unstructured polypeptide (34,35). 

Applying these v i b r a t i o n a l assignments to the spectra of 
Figure 8 would suggest that s o l u t i o n FN contains some α-helix 
s t r u c t u r e . However, t h i s i s probably an i n c o r r e c t assignment since 
the amide I band does not have a strong absorbance a t 1646-1650 
cm"1 c h a r a c t e r i s t i c of α-helix, and c i r c u l a r d i c r o i s m (CD) s t u d i e s 
i n d i c a t e l i t t l e or no α-helical content f o r FN (1,36-39). I t i s 
a l s o doubtful that the peak a t 1280 cm"1 i n the adsorbed FN i s due 
to α-helix s t r u c t u r e since the amide I band does not suggest s i g n i 
f i c a n t α-helix s t r u c t u r e . At present, the peaks i n the region from 
1290 to 1275 cm"1 remained unnassigned. 

Both the amide I peak a t 1638 cm"1 and the amide I I I peak at 
1247 cm"1 support CD observations of the presence of some 3-sheet 
s t r u c t u r e . The s h i f t of the l a t t e r peak to a lower frequency 
around 1240 cm"1 i n the adsorbed s t a t e suggest that an increase i n 
8-sheet s t r u c t u r e may occur upon ads o r p t i o n . A l s o the s h i f t i n the 
amide I band from 1642 cm"1 i n s o l u t i o n to 1638 cm"1 when adsorbed 
f u r t h e r s u b s t a n t i a t e s the hypothesis that the 3-sheet content of FN 
increases upon adsorption. An increase i n 3-sheet s t r u c t u r e upon 
adso r p t i o n has been p r e v i o u s l y reported i n FTIR/ATR studi e s of pro
t e i n adsorption on contact lens m a t e r i a l s . S p e c i f i c a l l y , an a-
h e l i x to random and 3-sheet t r a n s i t i o n has been observed f o r 
adsorbed albumin and lysozyme, as w e l l as a random to 3-sheet t r a n 
s i t i o n f o r mucin (22,26,32). However, a decrease i n 3-sheet s t r u c 
ture has a l s o been observed f o r adsorbed γ-globulin which contains 
a high content of 3-sheet s t r u c t u r e i n i t s n a t i v e form (33). 
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1247 
I 

ι ι 1 1 1 1 1 1 1 
1350 1325 1300 1275 1250 1225 1200 1175 1150 

WAVENUMBERS 

Figure 8. Absorbance spectra of the amide I I I region of solu
t i o n FN (A), and FN adsorbed on PEO-PEUU (B), PDMS-PEUU (C) and 
PTMO-PEUU (D). Each spectrum i s not from a s i n g l e experiment, 
but i s the co-addition of 4 spectra on a given polymer at 
2 hours of adsorption. 
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Conclusions 

The FTIR/ATR studies of FN adsorption i n d i c a t e that the polymer 
surface plays an important r o l e i n determining both the amount and 
the conformation of adsorbed FN. Comparison of the PEO-PEUU sur
face w i t h the PDMS-PEUU and PTMO-PEUU surfaces show that on the 
more h y d r o p h i l i c PEO-PEUU polymer, l e s s p r o t e i n adsorbs, and the 
I n t e r a c t i o n s between the p r o t e i n and polymer take place more slowly 
and are l e s s intense as shown by the l a t e appearance of the COOH 
v i b r a t i o n and the smaller 1669 cm"1 amide I peak observed a t e a r l y 
ad s o r p t i o n times. The p r o t e i n which adsorbs f i r s t appears to 
i n t e r a c t most s t r o n g l y w i t h the surface. On a l l polymers, changes 
i n the amide I and the amide I I I region of adsorbed FN suggests 
that the amount of β-sheet s t r u c t u r e i n FN increases upon adsorp
t i o n . 
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Chapter 22 

Effects of the Environment on the Structure 
of Adsorbed Proteins: Fourier Transform Infrared 

Spectroscopic Studies 

R. J. Jakobsen and F. M . Wasacz1 

Mattson Institute for Spectroscopic Research, Ohio State University Research Park, 
Columbus, OH 43212 

The protein backbone vibrations have been assigned 
for a group of proteins in aqueous solution using 
deconvoluted spectra for the assignments. These 
assignments were related to the secondary structure 
of the proteins and show the effect of one secondary 
structure on another. Changes in the environment of 
dissolved and adsorbed proteins have been followed 
by infrared spectroscopy and these spectral changes 
have been used to verify the vibrational assignments 
and determine the secondary structures. 

Very few of the infrared studies of proteins have been carried out 
on aqueous solutions of the proteins. Except for the work of 
Koenig and Tabb (1), the few aqueous IR studies have been on 
single proteins. Correspondingly, most of the assignments of the 
backbone vibrations (the so-called Amide I, II, III, etc. 
vibrations) have been based on either Raman spectra of aqueous 
solutions (2) or on infrared spectra of proteins in the solid 
state (3). Where infrared solution spectra have been obtained, i t 
has mostly been on D2O solutions (4) - not H2O solutions. Since 
these Amide I, II, III, etc. vibrations involve motion of the 
protein backbone, they are sensitive to the secondary structure of 
the protein and thus valid assignments are necessary in order to 
use infrared spectroscopy for determining the conformations of 
proteins. 

The Raman frequencies of the protein backbone vibrations are 
often different than the infrared frequencies and thus infrared 
a s s i g n m e n t s a r e needed f o r s t r u c t u r e d e t e r m i n a t i o n s from i n f r a r e d 
s p e c t r a . Such s t r u c t u r a l i n f o r m a t i o n i s needed from t he 

'Current address: Mattson Instruments, Inc., 1001 Fourier Court, Madison, WI 53717 

0097-6156/87/0343-0339$06.75/0 
© 1987 American Chemical Society 
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340 PROTEINS AT INTERFACES 

i n f r a r e d s p e c t r a . A l b u m i n ( 1 , 5 ) i s an example o f a p r o t e i n f o r 
w h i c h s t r u c t u r a l i n f r a r e d band a s s i g n m e n t s a r e needed. S i n c e t h e 
s t r u c t u r e of p r o t e i n s can d i f f e r between s o l i d and s o l u t i o n 
s t a t e s , i n f r a r e d a s s i g n m e n t s i n t h e s o l u t i o n s t a t e a r e n e c e s s a r y , 
e s p e c i a l l y s i n c e t h e s o l i d s t a t e i s o f t e n n o t the n a t u r a l 
p h y s i o l o g i c a l s t a t e o f t h e p r o t e i n . These IR s o l u t i o n a s s i g n m e n t s 
have t o come f r o m aqueous s o l u t i o n s s i n c e D 2 O s o l u t i o n s can cause 
f r e q u e n c y s h i f t s i n t h e p r o t e i n backbone v i b r a t i o n s and c a n cause 
changes i n the s t r u c t u r e o f the p r o t e i n . 

I n t h e l a s t 5-10 y e a r s , FT-IR i n s t r u m e n t a t i o n has d e v e l o p e d 
t o t h e p o i n t where r o u t i n e IR measurements o f p r o t e i n s d i s s o l v e d 
i n w a t e r can now be o b t a i n e d ( 1 , 6 , 7 ) . T h i s i n c l u d e s t h e r e g i o n o f 
the Amide I v i b r a t i o n o f p r o t e i n s (1625-1655 cm""*) w h i c h l i e s 
d i r e c t l y under t h e v e r y s t r o n g OH b e n d i n g mode o f w a t e r n e a r 
1640 cm~"l. T h i s s t r o n g w a t e r a b s o r p t i o n band can be computer 
s u b t r a c t e d p e r m i t t i n g r e l i a b l e measurements o f the Amide I 
v i b r a t i o n of t h e p r o t e i n . Automated computer programs f o r w a t e r 
s u b t r a c t i o n have been d e v e l o p e d i n c l u d i n g one s p e c i f i c a l l y 
d e s i g n e d f o r aqueous s o l u t i o n s o f p r o t e i n s ( 8 ) . 

I n t h e p a s t , t h e a s s i g n m e n t s o f t h e p r o t e i n backbone 
v i b r a t i o n s t o s e c o n d a r y s t r u c t u r e s were o f t e n made f r o m t h e 
s p e c t r u m o f one compound and no a t t e m p t s were made t o s u p p o r t t h e 
a s s i g n m e n t s by c h a n g i n g t h e s t r u c t u r e o f t h e p r o t e i n s . I n f a c t 
s t r u c t u r e s were o f t e n d e t e r m i n e d f r o m the f r e q u e n c i e s and c o n t o u r s 
o f one band. O n l y r e c e n t l y ( 4 , 9 , 1 0 , 1 1 ) , have r e s o l u t i o n 
enhancement o r d e c o n v o l u t i o n ( 1 2 ) t e c h n i q u e s b e i n g a p p l i e d t o t h e 
i n f r a r e d s p e c t r a o f p r o t e i n s . W h i l e t h e s e d e c o n v o l u t i o n 
t e c h n i q u e s a p p e a r t o be e s s e n t i a l f o r a v a l i d i n t e r p r e t a t i o n o f 
p r o t e i n s p e c t r a , i t i s a l s o n e c e s s a r y t o use more t h a n one 
i n f r a r e d band and t o s u b s t a n t i a t e a s s i g n m e n t s . 

I n o r d e r t o v e r i f y t h e s p e c t r a - s t r u c t u r e c o r r e l a t i o n s w i t h 
t h e s e c o n d a r y s t r u c t u r e o f p r o t e i n , one can t a k e a d v a n t a g e o f t h e 
s e n s i t i v i t y of p r o t e i n s t o t h e n a t u r e o f t h e s u r r o u n d i n g 
e n v i r o n m e n t . By c h a n g i n g t h i s e n v i r o n m e n t ( b y a l t e r i n g pH, 
t e m p e r a t u r e , p r e s s u r e , s o l v e n t , e t c . ) one can i n d u c e changes i n 
th e s t r u c t u r e of t h e p r o t e i n . O f t e n t h e s e e n v i r o n m e n t a l e f f e c t s 
have been s t u d i e d by o t h e r t e c h n i q u e s and t h e i n d u c e d s t r u c t u r a l 
changes a r e known. I n t h e s e c a s e s t h e i n f r a r e d s p e c t r a l changes 
can be r e l a t e d t o t h e s t r u c t u r a l changes and s p e c t r a - s t r u c t u r e 
c o r r e l a t i o n s can be o b t a i n e d w h i c h w i l l h e l p v e r i f y t h e 
a s s i g n m e n t s o f t h e i n f r a r e d f r e q u e n c i e s . Once the a s s i g n m e n t s 
have been s u b s t a n t i a t e d , t h e c o n v e r s e argument become v a l i d , i . e . , 
t h e e f f e c t s o f t h e e n v i r o n m e n t can be used t o deduce t h e s e c o n d a r y 
s t r u c t u r e o f p r o t e i n s from t h e i n f r a r e d s p e c t r a . I n f r a r e d 
t e c h n i q u e s have been d e v e l o p e d (13,14) p e r m i t t i n g v a r i a t i o n o f pH, 
t e m p e r a t u r e , p r e s s u r e , and i o n i c s t r e n g t h f o r e i t h e r d i s s o l v e d 
p r o t e i n s o r a d s o r b e d p r o t e i n f i l m s and a l s o f o r v a r i a t i o n o f 
s o l v e n t s on a d s o r b e d p r o t e i n f i l m s . 

T h e r e f o r e , t h e purp o s e of t h i s p a per i s t o f i r s t p r e s e n t new 
work on t h e a s s i g n m e n t o f t h e p r o t e i n backbone v i b r a t i o n s f o r a 
gr o u p o f p r o t e i n s i n aqueous s o l u t i o n u s i n g t h e d e c o n v o l u t e d 
s p e c t r a f o r t h e a s s i g n m e n t s . These a r e t h e f i r s t s p e c t r a -
s t r u c t u r e c o r r e l a t i o n s f o r a g r o u p o f p r o t e i n s i n aqueous 
s o l u t i o n s and u s i n g d e c o n v o l u t e d s p e c t r a . These a s s i g n m e n t s a l s o 
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22. JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 341 

offer the f i r s t evidence that one secondary structure affects the 
vibrations of another secondary structure and that the protein 
backbone vibrations cannot always be assigned simply as an α-helix 
vibration or a 3-sheet vibration. 

The second part of the paper reviews the authors past work on 
studying the effects of the environment on the structure of 
dissolved and adsorbed proteins and shows that infrared 
spectroscopy can follow these induced structural changes. These 
spectral changes can then be used to either verify vibrational 
assignments or conversely to determine structures. 

The paper ends with preliminary results on the comparison of 
the structure of adsorbed proteins with the structure of proteins 
in solution and shows that the structure of some adsorbed proteins 
change with time. 

SPECTRA-STRUCTURE CORRELATIONS. 

Table I l i s t s a group of 11 proteins along with the percentages of 
α-helix and 3-sheet secondary structure for each protein. For 
most of the proteins in Table I the percentages of secondary 
structure stem from the calculations of Levitt and Greer (15). 
The values for albumin are taken from Schechter and Blout (16) 
while those for IgG come from Amzel and Poljak (17). It can be 
seen in Table I, that based on the percentages of secondary 
structure, the proteins can be (and have been) placed in five 
groups according to the amounts of ot-helix and 3-sheet 
structure· 

Transmission infrared spectra of saline solutions of these 11 
proteins were obtained where the solutions were adjusted to pH 7.4 
and held at a temperature near 30°C. The protein solutions were 
made to a 5 wt. percent concentration except for IgG which was at 
2 wt. percent. After subtraction of a spectrum of saline, the 
resultant protein spectrum was deconvoluted (11) which has the 
effect of resolving into components the broad infrared bands of 
proteins· 

The Amide I and II region of the deconvoluted spectra of the 
a" proteins is shown in Figure 1 while the Amide III region 

(deconvoluted and scale expanded) of these proteins is shown in 
Figure 2. The Amide I region of " a" proteins is characterized by 
a strong band near 1655 cm""* with a weak band on each side of the 
strong 1655 cm"* absorption band. While the weak bands may be 
components of Amide I vibrations or due to amino acid side chain 
vibrations, i t is only the behavior of the strong Amide I band 
near 1655 cm~l that is pertinent to this discussion. In the Amide 
II spectral region there is a strong component near 1550 cm""l with 
shoulders on each side of the strong band. It is important to 
note that a l l the " a" proteins have very similar infrared spectra 
in the Amide I and Amide II spectral regions. Similarities 
between the * -helix proteins can also be observed in the Amide 
III spectral region (1330-1230 cm"*). Note the most intense band 
in this region is near 1300 cra"l with a weaker component seen at 
about 1245 era-*-. Thus the spectra of α-helix proteins are 
dominated by characteristic α-Amide I (1655 cm"*) and Amide III 
(1300 cm""*) bands. There is a characteristic Amide II frequency 
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342 PROTEINS AT INTERFACES 

TABLE 1. SECONDARY STRUCTURE CONTENT OF VARIOUS PROTEINS 

SECONDARY STRUCTURE (%) 
PROTEIN TYPE α β OTHER 

MYOGLOBIN 
HEMOGLOBIN 
ALBUMIN 

α 
88 
86 
55 

— 
12 
14 
45 

CONCANAVALIN A 
IgG β — 

64 
75 

36 
25 

CHYMOTRYPSIN 
CHYMOTRYPSINOGEN β + LOW α 7 

12 
55 
49 

38 
39 

LYSOZYME 
CYTOCHROME C α + Low β 46 

46 
19 
15 

35 
39 

RIBONUCLEASE A 
Β -LACTOGLOBULIN α + Β 23 

20 
46 
30 

31 
50 
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AMIDE I • Π 

ALBUMIN 

HEMOGLOBIN 

MYOGLOBIN 

1 6 £ 0 1 4 0 D 

θ( -HELIX PROTEINS 
(DECONVOLUTED) 

F i g u r e 1. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a o f α - h e l i x p r o t e i n s 
i n t h e Amide I and Amide I I s p e c t r a l r e g i o n s . Top: a l b u m i n ; 
m i d d l e : h e m o g l o b i n ; bottom: m y o g l o b i n . 
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344 PROTEINS AT INTERFACES 

F i g u r e 2. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a of a-he 1ix 
p r o t e i n s i n the Amide I I I s p e c t r a l r e g i o n . Top: a l b u m i n ; m i d d l e : 
h e m o g l o b i n ; bottom: m y o g l o b i n . 
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22. JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 345 

near 1550 cm-1, but as w i l l be discussed later, the Amide II 
vibrations cannot, as yet, be used to differentiate structures. 

Figures 3 and 4 show the deconvoluted spectra of " 3" 
proteins in the Amide I and II regions and in the Amide III (scale 
expanded) region, respectively. For each " 3" protein there is a 
strong Amide I band near 1638 cm"1 with shoulders at higher 
frequencies. The Amide II region shows two bands, one on each 
side of 1550 cm*"1, but the intensity ratio of the two Amide II 
bands differs for each " 3" protein. The Amide III region has the 
most intense band at 1235 cm - 1 and this band has a high frequency 
shoulder. Note the series of four bands marked in Figure 4 
between 1370 and 1270 cm""1. The four bands of each compound also 
have the same intensity ratios to each other, i.e. weak-strong-
strong-weak. Thus the 3-sheet proteins give very similar spectra 
in the Amide I and Amide III regions and these spectra are 
dominated by a characteristic 3-Amide I (1638 cm - 1) and Amide III 
( 1235 cm""1) along with a characteristic pattern of four bands 
between 1370 and 1270 cm""1. Proteins which contain only α-helix 
or contain only 3-sheet structure can be readily identified or 
differentiated by the Amide I frequency (1655 cm"1 for α vs. 1638 
cm""1 for 3 ) · 

In order to use a few figures as possible, the Amide I region 
of "3+ Iowa" proteins is not shown since the deconvoluted 
spectra are vi r t u a l l y identical to those of " 3" proteins (Fig. 
3). The Amide III region for these proteins as shown in Figure 5. 
The strong 3-Amide III vibration seen in the spectra of " 3" 
proteins (Fig. 4) at 1235 cm""1 is clearly s p l i t into two 
components (1254 and 1236 cm"1) for " 3+ Iowa" proteins. Also 
the intensity ratios of the four bands between 1370 and 1270 cm"1 

has changed to a weak-strong-weak-strong ratio (from high to low 
frequency). So for "3+ Iowa" proteins there is a characteristic 
3-Amide I (1636 cm"1) band, but the 3-Amide III is sp l i t into 
two components (1254 and 1236 cm"1) and the intensity ratios of 
the four bands between 1370 and 1270 cm"1 has changed (as compared 
to " 3" proteins). Thus the small α-helix content of these 
proteins was not directly observed - only the effect of the 
helix content on the 3-vibrations in the Amide III region. 

The spectra in the Amide I region of "a+ low β" proteins is 
also not presented since the deconvoluted spectra are very close 
to those of " 3" proteins (Fig. 1) except that the average 
frequency of the strong Amide I band i s lowered to near 1652 cm"1. 
Figure 6 shows the Amide III region of the spectra for these " α+ 
low 3" proteins. For the three previous groups of proteins and 
for the Amide I region of this group, the spectra within a group 
were very similar. For the last group differences in the 
Amide III region of the spectra can be observed as well as 
similarities. Both proteins in this group have moderately intense 
bands near 1315 and 1238 cm"1, but each also has a moderately 
strong or strong band between these frequencies (1275 cm"1 for 
cytochrome C and 1258 cm"1 for lysozyme). The 1315 cm"1 and the 
1238 cm"1 frequencies go along with the a- and 3- content of 
these proteins, but i t is not known at the present time i f the 
1275-1258 cm"1 bands are Amide III vibrations or vibrations of 
amino acid side chains. Thus " a+ low $" proteins have a 
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346 PROTEINS AT INTERFACES 

F i g u r e 3. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a of β-sheet p r o t e i n s 
i n t he Amide I and Amide I I s p e c t r a l r e g i o n s . Top: IgG; bottom: 
c o n c a n a v a l i n A. 
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IGG 

CONCANAVALIN A 

$ -SHEET PROTEINS 
(DECONVOLUTED) 

F i g u r e 4. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a o f β-sheet p r o t e i n s 
i n t he Amide I I I s p e c t r a l r e g i o n . Top: IgG; bot t o m : c o n c a n a v a l i n 
A. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, U.C. 20036 
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348 PROTEINS AT INTERFACES 

Figure 5. Deconvoluted aqueous s o l u t i o n spectra of "β+ low or11 

proteins in the Amide III s p e c t r a l region. Top: chymotrypoin; 
bottom, chymotrypsinogen. 
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AMIDE III 

-» H 

1315 CM"1 /1238 CM"1 

CYTOCHROME C 

LYSOZYME 

11JB3 

(d+ LOW £ ) PROTEINS 

(DECONVOLUTED) 

F i g u r e 6. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a o f "a>+ low β" p r o 
t e i n s i n the Amide I I I s p e c t r a l r e g i o n . Top: cytoch r o m e C; bottom: 
l y s o z y m e . 
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350 PROTEINS AT INTERFACES 

characteristic α-Amide I (1652 cm""*) band with medium intensity 
α-Amide III (1315 cm""1) and medium intensity 3-Amide III 

(1238 cm""1) bands. 
Figures 7 and 8 give the spectra of " a + low β" proteins in 

the Amide I spectral region and the Amide III spectral region, 
respectively. In the Amide I region (Fig. 7) the strongest band 
is near 1645 cm""1, but while ribonuclease has a strong high 
frequency shoulder and β-lactoglobulin a weak high frequency 
shoulder, only β-lactoglobulin has a low frequency shoulder. Yet 
both compounds have a frequency near 1645 cm""1 and this frequency 
is not typical of either α - or β-secondary structure. In the 
previous four groups of proteins the Amide I frequency indicated 
the major structure. In this group where there is not a large 
difference between the α-helix and β-sheet content the Amide I 
has an intermediate frequency which possibly reflects the 
influence of one secondary structure on the vibrations of the 
other. In the Amide III region of the spectra (Fig. 8), both 
proteins exhibit a 1315( a) and a 1237(3 ) cm""1. Ribonuclease 
also has a 1291 cm*"1 band which is likely another component of the 
α-Amide III vibration. Thus " a+ low Β" proteins have a non-
characteristic Amide I (1645 cm-1) band along with an α-Amide III 
( 1315-1293 cm""1) and a β "Amide III ( 1237 cm""1) band. 

From the spectra shown in the figures and following the 
discussion in the text the secondary structure assignments for the 
five groups of proteins are summarized in Table 2. From this 
table is can be observed that for the Amide I vibration the major 
structural components dictates the Amide I frequency, but i t also 
indicates that one structure influences the frequencies of the 
other. For example, the α-Amide I frequency f a l l s at 1656 cm""1, 
but as more and more β-structure is present the frequency shifts 
from 1656 cm"1 (a ) to 1652 cm"1 ( a + low β ) to 1644 cm"1 (a + β 
). In the Amide III region the α-helix frequency shifts from 
1298 cm"1 to 1315 cm"1 whenever some β-sheet structure is 
present. Similarly, the β-sheet Amide III shifts from 1235 cm"1 

to 1241 cm"1 when enough α-helix structure is present. 
The data in Table 2 lead to the following conclusions 

concerning spectra-structure correlations for proteins: 

1. The frequencies of the infrared peptide backbone vibrations 
(the so-called Amide vibrations) of proteins can be used to 
differentiate secondary structures (conformations) in proteins 
in aqueous solutions. 

A. The Amide I and Amide III vibrations are particularly useful 
for distinguishing conformations. As yet, the frequencies of 
the Amide II vibrations are not especially helpful. 

B. Frequencies of one band alone (either Amide I or Amide III) do 
not yield clear-cut distinctive information on conformations. 

C. The frequencies due to one type of secondary structure are 
influenced by the presence of other structures and therefore, 
the frequencies can be used to yield information about the 
relative ratios of structures. 
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JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 

AMIDE I • 11 

PROTEINS 
(DECONVOLUTED) 

F i g u r e 7. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a o f 11 a & β 11 

p r o t e i n s i n th e Amide I and Amide I I s p e c t r a l r e g i o n s . Top 
r i b o n u c l e a s e A; bottom: β-lactoglobulin. 
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AMIDE III 

j ι 

PROTEINS 

(DECONVOLUTED) 

F i g u r e 8. D e c o n v o l u t e d aqueous s o l u t i o n s p e c t r a o f Μ α & β " p r o 
t e i n s i n the Amide I I I s p e c t r a l r e g i o n . Top : r i b o n u l e a s e A ; 
bottom: β-lactoglobulin. 
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TABLE 2. SECONDARY STRUCTURE ASSIGNMENTS (cm" 1 ) 

TYPE OF PROTEIN AMIDE I AMIDE I I AMIDE I I I 

1656 + 2(s) 1548 + 2(s) 

3 +L.OW α 

α +LOW 3 

α + β 

1637 + 2(s) 

1636 + 2(s) 

1652(s) 

1546 + 8(s) 

1548 + 4(s) 

1547 + 3(s) 

1644 + 2(s) 1549 + 7(s) 

1298 + 4(m) 

1245 + 3(w) 

1235 + l(m) 

1254 + l(m) 

1236 + l(m) 

1315(m) 

1266 + 8(w) 

1238(m) 

1315(w) 

1241 + 4(m) 

s=strong, m=medium, w=weak 
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354 PROTEINS AT INTERFACES 

2. For those proteins that posses a high degree of ot-helix 
structure (no 3-sheet) or a high degree of Β-sheet structure 
(no α-helix), there are easily distinguishable Amide I and 
Amide III frequencies. 

3. If there are unequal amounts of α-helix and 3-sheet 
structure : 

A. The frequency of the strong Amide I component indicates the 
major structure. 

B. The frequency of the Amide III bands always indicates the 
presence of 8-sheet and only indicates the presence of 
ot-helix i f that is a major component. 

4. When there are roughly equal amounts of a- and 8- structures: 
A. The Amide I frequency f a l l s at an intermediate position 

(1644 cm-1) 
B. The Amide III frequency generally emphasizes the 8 -component 

although α-Amide III bands can be observed. 

EFFECTS OF THE ENVIRONMENT ON THE STRUCTURE OF ADSORBED PROTEINS. 

In the introduction section of this paper, i t was discussed that 
the structure of proteins could be altered by changing the 
environment surrounding the proteins. These protein structure 
changes could then be used to validate spectra-structure 
correlations or assignments. This section reviews prior work in 
which pH changes, pressure changes, and solvent variation have 
been used to effect changes in the structure of albumin and IgG. 
The induced structural changes in the proteins were reflected in 
changes in the infrared spectra and these spectral changes could 
be interpreted in terras of the structure changes. 

The experimental techniques used in these studies have been 
detailed in the original papers (13, 14) and w i l l only be briefly 
discussed here. Studies of pressure and pH variation were carried 
out on dissolved proteins while studies of solvent and pH 
variation were done on adsorbed protein films. The adsorbed film 
studies utilized a liquid attenuated total reflection (ATR) c e l l 
with the proteins adsorbed on the ATR crystal (Ge). In this 
arrangement the pH of the saline or the solvent i t s e l f could 
easily be varied. As in the previous section, virtually a l l of 
the spectra were obtained in aqueous media with the infrared 
spectrum of water removed from the final spectrum by computer 
substraction. Where non-aqueous solvents were used (14), the 
spectrum of the solvent was also removed by spectral subtraction. 

Albumin. After albumin as adsorbed onto a germanium ATR crystal 
(from a saline solution), the adsorbed film was then exposed to 
pure saline followed by either methanol or ethylene glycol 
(13,14). After subtraction of the solvent, the spectrum of the 
adsorbed albumin film exposed to saline was compared to the 
spectrum of the adsorbed albumin film exposed to either of the 
non-aqueous solvents. Three major differences were observed in 
the films exposed to a non-aqueous solvent: 
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22. JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 355 

(1) The Amide I band (1655 cm"1) and the Amide III complex 
(around 1300 cm"1) increased in both intensity and band area as 
compared to the spectrum of the film exposed to saline. (2) The 
bandwidth of the Amide I vibration decreased when exposed to a 
non-aqueous s o l v e n t and (3) The f r e q u e n c y o f t h e Amide I 
v i b r a t i o n i n c r e a s e s . 

The increase in intensity and band area of the Amide I and 
Amide III vibrations of albumin has been attributed (14) to an 
increase in the α -helix content of this protein. This 
interpretation is supported by both the frequencies of the Amide I 
and III vibrations (see previous section) and by the fact that 
methanol and ethylene glycol have increased the helix structure in 
other proteins (18). 

The interpretation (13) of the Amide I band narrowing and 
frequency shift was that since most of the bound water molecules 
of proteins were attached to polar groups located on the surface 
of the protein (19), some or a l l of this bound water would be 
removed by the non-aqueous solvents. The frequency shift 
indicated that as the bound water was removed from the protein a 
more ordered (13) helix structure was produced. The narrowing of 
the Amide I bandwidth is also consistent with an increase in 
order. Three other types of experiments support this 
interpretation of the relationships of the bandwidth and order of 
and Amide I vibration of albumin with the amount of bound water 
present in the protein (13). Two of these involve changes in pH 
or changes in pressure of albumin molecules dissolved in saline. 
For the pH change study, infrared spectra were obtained on the 
solutions of albumin at various pHfs and the solution were also 
analyzed by thermal analytical techniques. Figure 9 shows a plot 
of the percentage of bound water at various pH's calculated from 
the thermal analysis results as compared to a plot of the Amide I 
bandwidth at the same pH's. Here i t can be seen that the shapes 
of the curves are very similar and have a minimum at the same pH 
indicating a direct relationship between the Amide I bandwidth of 
albumin in solution and the amount of bound water. 

This bandwidth-bound water relationship also holds true for 
adsorbed albumin and for solutions of albumin subjected to 
pressure. Thus, the four types of infrared experiments 
demonstrated that for albumin: 

(1) The use of the non-aqueous solvents increased the amount of 
helix secondary structure, (2) There is a direct relationship 
between the Amide I bandwidth and the amount of bound water, (3) A 
more ordered form of helix secondary structure is produced as 
bound water is removed from the protein. 

Gamma Globulins. In experiments (14) similar to those previously 
described for albumin, adsorbed IgG films were exposed to saline 
and then to either methanol or ethylene glycol and infrared 
spectra were obtained. In addition, spectra of aqueous solutions 
of IgG at various pH's were obtained as well as spectra of IgG as 
i t adsorbed onto the ATR crystal from a very dilute solution of 
IgG in ethylene glycol. In the spectra of the adsorbed IgG 
exposed to methanol or to ethylene glycol there was increased 
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356 PROTEINS AT INTERFACES 

ALBUMIN - DISSOLVED 

F i g u r e 9. Top: P e r c e n t a g e o f bound w a t e r ( f r o m TGA a n a l y s i s ) 
v e r s u s pH of a l b u m i n s o l u t i o n s . Bottom: Amide I band w i d t h v e r s u s 
pH of a l b u m i n s o l u t i o n s . 
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22. JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 357 

infrared adsorption near both 1660 and 1300 cm""1 indicating an 
increase in the α-helix structure due to exposure to these 
solvents. However, for IgG exposed to ethylene glycol there was 
no 6-sheet Amide I vibration observed near 1638 cm*"1. Instead, 
this strong band was replaced by an equally strong band at 1629 
cm"1 while the 1238 cm""1 Amide III band (exposed to saline) 
appeared at 1242 cm""1 in the ethylene glycol case. For the 
dissolved IgG at low pH, no helix vibrations (1660 and 1300 cm*"1) 
were observed, no 3-sheet vibration at 1638 cm""1 were seen, but 
both the 1629 and the 1241 cm*"1 bands were seen. In the study of 
the time behavior of the adsorption of IgG dissolved in ethylene 
glycol, the 1629 appeared as a weak band early in the adsorption 
process and increased in intensity with time of adsorption. It 
should be noted that circular dichroism measurement (20) of IgG 
dissolved in saline at the same pH's as for the infrared 
measurement indicated no change in the total amount of 3-sheet 
structure, but indicated the formation of a more disordered 
β-sheet structure. This would indicate that the 1629 cm*"1 

infrared band indicates a more disordered 3-sheet structure (as 
supported by frequency) and since the adsorption time studies 
indicate some unfolding takes place, i t i s postulated that this 
more disordered 3-sheet structure is intermolecular in nature. 
From these results, the following conclusions have been postulated 
for IgG: 

(1) Exposure to methanol produces α-helix structure, but does not 
affect the 8-sheet structure. (2) Exposure to ethylene glycol 
produces helix structure and alters the conventional ordered, 
intramolecular 8-sheet structure to a less ordered, 
intermolecular 8-sheet structure. (3) Varying the pH does not 
produce α-helix structure, but does alter the 8-sheet structure 
as described in (2). (4) A mechanism for the changes in (2) can 
be proposed which involves rapid formation of both α-helix and 
disordered 8 -sheet structure from both disordered (random) 
segments and from the ordered 8-sheet structure. The disordered 
8-sheet structure then increases at the expense of the ordered 
8-sheet structure until very l i t t l e of the original 8-sheet 
structure remains. 

Adsorbed Proteins. In a previous section, we discussed spectra-
structure correlations for proteins in solution and presented a 
table of assignments for some of the vibrations of these proteins. 
Some proteins carry out their functions when dissolved, while 
others function as adsorbed proteins. Because of this 
predilection of proteins for adsorption, i t is important to 
determine i f the assignments for proteins in solution also hold 
for adsorbed proteins. In other words, is the structure of 
dissolved and adsorbed proteins the same? Since adsorbed proteins 
are often used for the solvent and pH variation studies which 
substantiate the spectra-structure correlations, i t is important 
to know how these assignments compare to those of dissolved 
proteins. Therefore we have initiated a program to compare the 
frequencies from the spectra of adsorbed proteins to the 
frequencies obtained from spectra of dissolved proteins and 
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358 PROTEINS AT INTERFACES 

e v e n t u a l l y to study e f f e c t s of solvent and pH v a r i a t i o n on these 
adsorbed p r o t e i n s . The i n i t i a l r e s u l t s of t h i s program are noted 
i n the f o l l o w i n g paragraphs. 

Figure 10 shows spectra ( i n the Amide I I I s p e c t r a l region) of 
albumin d i s s o l v e d i n s a l i n e (top) and adsorbed on an ATR c r y s t a l 
(bottom). While the Amide I I I bands (1310-1245 cm"1) of the 
adsorbed f i l m appear to be s l i g h t l y b e t t e r r e s o l v e d , i n ge n e r a l , 
the spectra appear very s i m i l a r . Thus, the conformation of 
albumin adsorbed on a germanium surface appears to be i d e n t i c a l to 
the conformation of the p r o t e i n i n s o l u t i o n . Spectra of the 
adsorbed albumin a f t e r being on the surface f o r over three hours 
d i d not show any changes i n the conformational s t r u c t u r e . IgG 
behaved i n a manner analogous to the behavior of albumin. The 
spectra showed that the s t r u c t u r e of adsorbed IgG was i d e n t i c a l to 
the s t r u c t u r e of IgG s o l u t i o n and the adsorbed IgG d i d not change 
wi t h time of ad s o r p t i o n . 

Spectra of hemoglobin are shown i n Figure 11. Here there are 
d i s t i n c t d i f f e r e n c e s between the spectrum (top) of d i s s o l v e d 
hemoglobin and the spectrum (bottom) of adsorbed hemoglobin. In 
the Amide I I I r e g i o n , the h e l i x Amide I I I band (near 1300 cm"1) i n 
the spectrum of the d i s s o l v e d hemoglobin i s decreased i n i n t e n s i t y 
( r e l a t i v e to the 1245 cm"1 band) i n the spectrum of the adsorbed 
hemoglobin. Thus the conformational s t r u c t u r e of the d i s s o l v e d 
and adsorbed hemoglobin i s d i f f e r e n t . 

When an aqueous s o l u t i o n of hemoglobin i s placed i n contact 
with an ATR c r y s t a l , the spectra of the adsorbed hemoglobin at 
variou s adsorption times are shown i n Figure 12. Comparing the 
top spectrum of Figure 12 to the top spectrum of Figure 11, i t can 
be seen that there are s i m i l a r (but not i d e n t i c a l ) 1300 cm - 1/ 
1254 cm - 1 i n t e n s i t y r a t i o s between the two spectra. Thus, a f t e r 
three minutes of a d s o r p t i o n , the h e l i x s t r u c t u r e i s s t i l l 
maintained although i t may already have begun to change since the 
1300 cm"1/1245 cm"1 i n t e n s i t y r a t i o i s higher f o r the d i s s o l v e d 
hemoglobin (Figure 11, top) than for the adsorbed hemoglobin (Figure 
12, top). As the adsorption time increases, the s t r u c t u r e of the 
adsorbed f i l m changes and a f t e r about an hour, the adsorbed f i l m 
has achieved a s t a b l e s t r u c t u r e . 

Thus, the s t r u c t u r e of adsorbed hemoglobin i s i n i t i a l l y very 
s i m i l a r to the s t r u c t u r e of hemoglobin i n s o l u t i o n , but w i t h 
increases i n adsorption time, the s t r u c t u r e of hemoglobin changes 
or rearranges. The s t a b l e adsorbed s t r u c t u r e i s not the same as 
the s t r u c t u r e i n s o l u t i o n . 

Thus, our very p r e l i m i n a r y r e s u l t s would i n d i c a t e that 
adsorption on a germanium surface produces a p r o t e i n s t r u c t u r e 
s i m i l a r to the s t r u c t u r e i n s o l u t i o n , i . e . i t i s the s o l u t i o n 
s t r u c t u r e that f i r s t adsorbs. However, t h i s i n i t i a l adsorbed 
s t r u c t u r e may not be the most s t a b l e s t r u c t u r e and thus, 
rearrangement to a more s t a b l e s t r u c t u r e may occur f o r some 
p r o t e i n s . I t i s important to note that these r e s u l t s apply to 
germanium s u r f a c e s . I t has already been noted (7) that the 
s t r u c t u r e of adsorbed albumin and adsorbed IgG changes w i t h the 
nature of the adsorption s u r f a c e . 
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22. JAKOBSEN AND WASACZ Effects of the Environment on Adsorbed Proteins 359 

F i g u r e 10 ( l e f t ) . I n f r a r e d s p e c t r a of a l b u m i n i n t h e Amide I I I 
s p e c t r a l r e g i o n . Top: A l b u m i n d i s s o l v e d i n s a l i n e a t pH 8.8. 
Bottom: A d s o r b e d a l b u m i n f i l m e x p o s e d t o s a l i n e a t pH 8.8. ( R e p r o 
duced w i t h p e r m i s s i o n from R e f . 13. C o p y r i g h t 1986 W i l e y . ) 

F i g u r e 11 ( r i g h t ) . I n f r a r e d s p e c t r a o f h e m o g l o b i n i n the Amide I I I 
s p e c t r a l r e g i o n . Top: Hemoglobin d i s s o l v e d i n s a l i n e . Bottom: 
A d s o r b e d h e m o g l o b i n e x p o s e d t o s a l i n e . ( R e p r o d u c e d w i t h p e r m i s s i o n 
f r o m R e f . 13. C o p y r i g h t 1986 W i l e y . ) 
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360 PROTEINS AT INTERFACES 

3 MIN. 

22 MIN. 

52 MIN, 

KTOGUBIN, FUMING, 0.5 WT. I 

F i g u r e 12. I n f r a r e d s p e c t r a of a d s o r b e d hemoglob i n i n the Amide 
I I I s p e c t r a l r e g i o n v e r s u s time of a d s o r p t i o n from a f l o w i n g , 0.5 
wt. p e r c e n t h e m o g l o b i n s o l u t i o n . Top : 3 m i n u t e s a d s o r p t i o n t i m e ; 
m i d d l e : 22 m i n u t e s ; bottom: 52 m i n u t e s . ( R e p r o d u c e d w i t h p e r m i s s i o n 
from Ref. 13. C o p y r i g h t 1986 W i l e y . ) 
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Chapter 23 

Fourier Transform Infrared Spectroscopic 
and Attenuated Total Reflectance Studies 
of Protein Adsorption in Flowing Systems 

K. K. Chittur, D. J. Fink1, T. B. Hutson, R. M . Gendreau, R. J. Jakobsen2, 
and R. I. Leininger3 

National Center for Biomedical Infrared Spectroscopy, Battelle Memorial Institute, 
Columbus, OH 43201 

This paper summarizes a series of experiments 
directed to the development of Fourier transform 
infrared spectroscopic (FT - IR) techniques for 
monitoring the events that occur when blood contacts 
the surface of a biomedical device. Special 
emphasis is placed on the methodology used for 
quantification and compositional analysis of protein 
adsorption from complex protein mixtures in aqueous 
solutions. 

Most researchers now agree that the early molecular in terac t ions 
that occur when blood contacts a surface play an important, but 
incompletely understood, role in the course of thrombogenesi s on 
surfaces. 

The primary objective of this research has always been the 
monitoring of the adsorption of proteins from blood onto surfaces 
of biomedical i n t e r e s t , with the i n t e n t of c o r r e l a t i n g the 
molecular events occurr ing with the s u r f a c e c h e m i s t r y and 
hemocompatibility. This is a most ambitious objective, due to the 
complexity of the competitive adsorption of proteins that occurs 
when a surface is exposed to blood. FT-IR methods were developed 
for studying prote in a d s o r p t i o n because we f e l t that t h i s 
technology has the highest potential for meaningful study of the 
blood-surface interface. This technology is s t i l l in the early 
stages of development, but the power of the methodology has been 
demonstrated in our laboratories, as well as in others around the 
world. 

'Current address: Bio-Integration, Inc., 1989 West Fifth Avenue, Suite #11, 
Columbus, OH 43212 

2Current address: Mattson Institute for Spectroscopic Research, Ohio State University 
Research Park, Columbus, OH 43212 

^Current address: 1973 Milden Road, Columbus, OH 43221 

0097-6156/87/0343-0362$06.00/0 
© 1987 American Chemical Society 
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23. CHITTUR ET AL. Protein Adsorption in Flowing Systems 363 

ADVANTAGES OF FT-IR 

FT-IR instruments employ a Michelson interferometer to produce an 
interferogram of transmitted or re f l ec ted l i g h t , the Four ier 
transform of which is the infrared spectrum of the sample. This 
technology has been greatly advanced in the past decade with the 
increase in processing speed of minicomputers, software for fast 
Fourier transforms, and improved mercury-cadmi um-tel 1 u r i d e 
detectors , interfero-meters and sample c e l l s . Commerc ia l ly 
available FT-IR instruments are now capable of very rapid spectral 
c o l l e c t i o n ra tes , with high s igna l - to -no i se r a t i o s and with 
surprisingly simple sample preparation requirements (1). The 
sensit iv i ty of the new instrumentation has permitted the analys i s 
of b i o l o g i c a l macromolecules in aqueous media , which has 
h i s t o r i c a l l y been hindered by the interference of the strong 
absorption of the OH-bending vibration of water (centered at 1640 
cm"1) that overlaps the region of the strongest absorption bands 
of proteins ( the Amide I band at 1630-1660 cm" 1). The current ly 
available FT-IR instruments, and their associated minicomputers, 
have the capability to subtract digit ized spectra, permitting the 
separation of the contr ibut ions of the solvent , s o l u t e s and 
polymer in the combined IR spectrum. A series of other numerical 
manipulations, such as spectral deconvolution or d i f f e r e n t i a t i o n , 
can then be used to reveal the subt l e t i e s of the p r o t e i n IR 
features. When this FT-IR technology is combined with flow c e l l s 
bui l t around Attenuated Total Reflectance l ight guides (2), a very 
powerful system for investigating protein adsorption phenomena is 
produced. 

PROBLEMS WITH FT-IR/ATR 

Most of the observations summarized here are qualitative or semi
quantitative, owing to the d i f f i cu l t i e s involved in the analys is 
of complex IR spectral features for which l i t t l e or no previous 
i n t e r p r e t i v e background data e x i s t s . The primary t e c h n i c a l 
problems that make quant i ta t ive analys is of p r o t e i n s p e c t r a 
d i f f i c u l t include: 

1. The objective subtraction of the absorption due to water 
from the spectra of protein solutions; 

2. The complexity of the FT-IR spectra c o l l e c t e d in the 
Attenuated Total Ref lectance (ATR) mode which can i n c l u d e 
contr ibut ions from (a) the adsorbed protein layer or (b) the 
soluble proteins in the l iquid layer adjacent to the ATR surface 
but within the "depth of penetration" of the evanescent f i e l d of 
the IR beam ( t h i s s o - c a l l e d "bulk" e f f e c t i s e s p e c i a l l y 
significant when near-physiological prote in concentrations are 
studied); 

3. The inherent "noise" of the FT-IR o p t i c s / e l e c t r o n i c s 
system that can result in variable spectral features and often in 
poor baseline s tab i l i ty ; 

4. The general s i m i l a r i t y of prote in IR spectra , which 
requires protein spectral recognition based on weaker secondary 
bands or s l i ght var ia t ions in band i n t e n s i t i e s or frequencies 
rather than on strong bands that are unique for each species; 
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364 PROTEINS AT INTERFACES 

5. The s e n s i t i v i t y of the IR s i g n a l s of p r o t e i n s to 
microc-nvironmental factors such as pH, ionic s trength, and the 
presence of other solutes or surfaces; this can r e s u l t in subtle 
spectral changes from "reference" protein spectra taken under 
different conditions; 

6. The inherent complexity of the plasma, inc luding the 
presence of low concentrations of proteins that might have an 
important ef fect on the nature of the adsorbed f i l m . T h i s 
complexity makes analyses based on standard reference proteins 
suspect to oversimplification. 

Most of our efforts during this program have been directed to 
assessing the magnitude of and solving these problems. 

OVERVIEW OF FT-IR STUDIES 

The study of protein adsorption by FT-IR has not been a s ingle 
project; instead i t has involved a series of research steps that 
are generally out l ined in flowsheet format in Figure 1. This 
perspective demonstrates the need to solve cer ta in technica l 
problems before more advanced, and more technica l ly i n t e r e s t i n g , 
experiments can be performed and/or in t erpre ted . For example, 
just as i t is necessary to develop appropriate flow c e l l s before 
kinetic data can be acquired, so also must the approaches to the 
analys is of prote in mixtures from t h e i r in f rared s p e c t r a be 
learned before software can be optimized for mul t i component 
analysis. 

The flow chart emphasizes the two types of information that 
can be derived from FT-IR investigations: 

1. The rates and amounts of adsorption of s p e c i f i c classes 
of proteins --this is the quantitative aspect of the adsorption 
process that most studies of th i s problem have been d irec ted 
towards; and 

2. Conformational changes in the adsorbing species that 
might indicate a t r a n s i t i o n of the proteins from "normal" to 
"foreign" in terms of recognit ion by the cascade of thrombosis 
events--this is the more subtle structural issue, and the one most 
analytical techniques are unable to address 

The quantitative and structural aspects of protein adsorption 
are of importance in surface-induced thrombogenesis, although 
neither role has been completely described for even a simple model 
system. The infrared spectrum is rich in information re lated to 
both, making the development of these methods of fundamental 
importance to these inves t igat ions . The status of each of the 
aspects of research of th is methodology are summarized in the 
fol lowing sect ions , except for the inves t igat ions of prote in 
structure that are described in a separate paper at this meeting. 
(Jakobsen etal ) . 

FLOW CELL SYSTEM 

A dual-channel flow cel l has been designed and b u i l t for use in 
protein adsorption and ex vivo shunt s tudies . The current c e l l 
incorporates several design modifications intended to minimize the 
poor l iquid flow and d i f f i c u l t operational characterist ics of two 
previous generations of flow cel ls (3-6). 
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23. CHITTUR ET AL. Protein Adsorption in Flowing Systems 365 

D E V E L O P 
FLOW C E L L 

± 
C O L L E C T 

K I N E T I C D A T A 

O P T I M I Z E S P E C T R A L 

R E D U C T I O N P R O C E D U R E 
B U L K C O R R E C T I O N 

A L G O R I T H M 

M U L T I C O M P O N E N T 

A N A L Y S I S 

A N A L Y Z E 
S T R U C T U R A L 

C H A N G E S 

C O R R E L A T E W I T H 
S U R F A C E C H E M I S T R Y 

Q U A N T I T A T I V E 
C O R R E L A T I O N O F 

I R A B S O R B A N C E F O R 
B U L K S S U R F A C E 

P R O T E I N S 

M U L T I C O M P O N E N T 
C O M P E T I T I V E 

K I N E T I C S 

M O D E L C O M P E T I T I V E 
A D S O R P T I O N K I N E T I C S 

C O R R E L A T E W I T H 

B I O C O M P A T I B I L I T Y S 

S U R F A C E C H E M I S T R Y 

Figure 1. Flow sheet describing the evolution of FT-IR/ATR experiments for the 
study of protein adsorption onto solid surfaces. 
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366 PROTEINS AT INTERFACES 

Flow Cell Hydrodynamics. The flow c e l l contains two ident i ca l 
channels with dimensions of approximately 8 mm wide χ 1 mm deep χ 
8 cm long, through which protein solutions can be pumped at up to 
100 ml/min producing wall shear rates of up to 2100 sec , thus 
spanning the range of arterial shear rates. The hydrodynamics of 
this cel l were characterized by a series of experiments with non-
adsorbing dextran having an average molecular weight of 82,000 
daltons. Plots of the dextran IR band at 1160 cm"1 as a function 
of time and wall shear r a t e i n d i c a t e d that the c o n v e c t i v e 
diffusion model developed by Lok etal (7) can be used to describe 
solute transport mechanisms occurring in this c e l l . 

Experimental Set Up. In the normal mode of operat ion, the flow 
c e l l is placed in the FT-IR system as shown schematical ly in 
Figure 2. A combination of per i s ta l t i c pumps, tubing and four-way 
valves , with two complete flow c i r c u i t s per c h a n n e l , permit 
continuous perfusion of the cel l with saline or protein solutions, 
and rapid switchover from one to the other. Flow cel l s of th i s or 
an e a r l i e r design have also been used in a ser ies of ex vivo 
experiments with dogs and sheep (8). E x t e r i o r i z e d a r t e r i o 
venous shunts were connected direct ly to the flow c e l l tubing to 
provide a supply of f resh , non-anticoagulated blood from the 
unanestheized animals. Spectra are acquired using a Model FTS-15 
FT-IR system from D i g i l a b , Inc. (Cambridge, Massachuse t t s ) 
equipped with fast scan capabi l i t ies , a Hycomp 32 array processor 
and a h i g h - s e n s i t i v i t y , narrow-range, l i q u i d n i trogen-coo led , 
mercury- cadmium-telluride (MCT) detector. A less sensitive Model 
FTS-10 FT-IR system was used in many of our ear ly experiments. 
Attenuated total internal reflectance (ATR) opt ics were supplied 
by Harrick Scient i f ic (Ossining, New York). 

Germanium ATR crystals were coated with thin polymer films by 
spin-coating techniques. A commercially ava i lab le spin coater 
(Headway Research, Inc., Model EC-101) with a s p e c i a l l y designed 
Teflon chuck was used to hold the Ge c r y s t a l . For example, 
Biomer--the medical polyurethane supplied by Ethicon (Somervi l le , 
NJ)--was applied in three to four coats in a 1.5 percent so lut ion 
of cyclohexanone to produce stable films with thickness less than 
the depth of penetration of the IR f i e l d . 

K ine t i c s Data A c q u i s i t i o n . Using the flow c e l l and FT-IR 
spectrometer described above, the capability to acquire up to four 
co-added spectral scans in 0.8 seconds | 9 | has been demonstrated 
in flowing protein experiments, and appears to be s u f f i c i e n t l y 
fast to capture the rates of appearance and adsorption of the 
plasma proteins studied to date (10). In normal runs, data are 
collected at 0.8 second intervals for the f i r s t 2 minutes using 
the Digilab GCDATACOL software package, then every 10 seconds for 
the next 3 minutes, and f ina l ly every 15 minutes until the end of 
the experiment using the Digilab IMX software. In this way, more 
data are collected early in the experiment when the greatest rates 
of spectral change occur. Water subtract ion remains a procedure 
that is performed manually on a l l spectra. The primary c r i t e r i a 
for this subtraction are the attainment of a horizontal basel ine 
between 2000 and 2500 cm"1 along with a "normal" r a t i o of the 
Amide II (1550 cm"1) to Amide I (1650 cm"1) bands, and with no 
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368 PROTEINS AT INTERFACES 

obvious dispersion bands in the v i c i n i t y of the Amide I and II 
bands. More o b j e c t i v e c r i t e r i a f o r per forming the water 
subtraction have recently been proposed (11). 

Bulk Correction Algorithms. In ATR experiments performed with 
phys io log ica l concentrations of p r o t e i n s , the IR s i g n a l i s 
composed of contr ibut ions from adsorbed p r o t e i n s , which may 
continue to build up for hours, and from soluble proteins in the 
"bulk" so lut ion, which tend to s t a b i l i z e in 30-60 seconds. A 
procedure for estimating the magnitude of the bulk contr ibut ion 
and correcting for this effect, based on comparative transmission 
spectra of the bulk so lut ion has been d e s c r i b e d (6) . T h i s 
procedure i s , however, not v a l i d in the ear ly stages of the 
adsorption process. T h e r e f o r e a "two-cyc le" approach f o r 
separating the adsorbing protein features from those of the 
proteins s t i l l in the l iquid layer near the surface of the IRE was 
investigated (10). In this approach, a clean surface is exposed 
to a flowing protein solution for a period of 1-2 hours to produce 
a stable protein film on the IRE surface; the cel l is then washed 
with buffer to clear the protein in the supernatant and to y i e l d 
an IR spectrum of the adsorbed f i l m . In the second c y c l e , more 
prote in is perfused through the same c e l l under c o n d i t i o n s 
identical to those of cycle 1. Subtraction of the spectrum of the 
adsorbed protein f i lm from each spectrum of cycle 2 y i e l d s a 
series of spectra that describes the f i l l i n g of the flow c e l l in 
the absence of protein adsorption to the IRE surface—and that can 
be used to approximate the development of the "bulk" even when 
adsorption does occur. Subtraction of th i s series of "bulk" 
spectra from those in cycle 1, at the corresponding times after 
introduction of protein to the flow c e l l , resul t s in a series of 
spectra that approximate the bui ld-up of the adsorbed protein 
f i lm. This procedure has been performed to date for s ingle and 
binary (albumin/ gamma-globulins) protein solutions adsorbing onto 
germanium and Biomer-coated surfaces (10). 

PROTEIN QUANTITATION 

Unlike simple organic molecules that generally have unique bands 
that can be used for their character izat ion and q u a n t i f i c a t i o n , 
protein infrared spectra cannot be easily d is t inguished by using 
peak heights or areas above standard base l ines . P r o t e i n IR 
spectra in aqueous solutions are complex combinations of bands 
arising from primary, secondary or tert iary structural bonds that 
are manifested in broad spectral f e a t u r e s composed of many 
overlapping bands. Therefore, the development of c h a r a c t e r i s t i c 
spectral "f ingerprints" for s p e c i f i c proteins or c l a s s e s of 
proteins must be based on the shapes of the more intense bands 
(Amide I and II) and/or on the intensities of the weaker Amide III 
complex. Qualitative methods for estimating the composition of 
protein films were described in many of our e a r l i e r publ ica t ions 
(12,13). 

The most useful quant i ta t ive methods for est imat ing the 
composition of mixtures of proteins from the ir IR spectra appear 
to be based on matrix algebra, as described in a series of papers 
by Brown et a l . (14,15). While the use of such techniques is not 
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23. CHITTUR ET AL. Protein Adsorption in Flowing Systems 369 

new to IR spectroscopy, the app l i ca t ion to aqueous mixtures of 
proteins has not been reported previously. The basic elements of 
this work wil l be reported here only brief ly but wil l be reported 
in more de ta i l elsewhere ( C h i t t u r , K . K . e t a l , Manuscript in 
preparation). 

Mathematics of Ρ and Κ Matrix Methods. Two basic forms of the 
matrix approach are in use, the so -ca l l ed "K" and HP" matrix 
methods. Both methods i n v o l v e us ing m i x t u r e s o f known 
compositions as standards, then estimating concentrations in 
unknown mixtures using a set of calibration coefficients generated 
from the standard spectra. At each wavelength of the spectrum and 
for each calibration mixture, an extended form of Beer's law can 
be written as follows: 

A j = k l j c l + k2j c2 + · · · · + k i j c i 

where Aj is the absorbance at the j - t h IR frequency, c i i s the 
concentration of the i - th component and k^j is the proportionality 
coefficient at the j - t h frequency for the i - t h component. The 
equation can be reduced to the "K" matrix notation as: 

A = Κ C 

where A and C are the vectors of absorbances and concentrat ions , 
r e s p e c t i v e l y . In the c a l i b r a t i o n procedure, a 11Κ11 matrix i s 
calculated from a set of spectra derived from mixtures with known 
concentrations. It is normal practice to have more mixtures and 
more wavelengths than components. This over-determination results 
in a "K" matrix that is best in the least-square sense. 

In the "P" matrix form, c o n c e n t r a t i o n i s w r i t t e n as a 
function of absorbance: 

C = Ρ A 

where A and C have the same meaning as above but the 
proportionality matrix is termed P. The "P" matrix is established 
in the least-square sense by over-determination of the number of 
spectra with respect to the number of components. Unlike the "K" 
matrix, however, the number of frequencies must be less than or 
equal to the number of calibration spectra. 

This simple-looking inversion of the concentration-absorbance 
relationship has rather important consequences. It is poss ib le , 
by use of the 1 1Ρ" matrix approach, to quantify the composition of 
mixtures in the presence of var iab le amounts of " impurit ies" , 
without being able to specify the composition or concentration of 
those impurities. The only requirement is that the impurit ies 
must be present in the c a l i b r a t i o n standards in amounts that 
bracket the concentrations of these impuri t ies in the unknown 
samples. This property of the "P" matrix method makes i t feasible 
to generate c a l i b r a t i o n s p e c t r a of plasma or whole blood 
containing known amounts of the proteins of in teres t (albumin, 
gamma-globulins, fibrinogen, fibronectin, transferrin . . . ) and 
the remainder of the blood components can be t r e a t e d as 
impurities. 
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370 PROTEINS AT INTERFACES 

Application of both these techniques to extensive sets of 
binary and ternary acqueous s o l u t i o n s of a l b u m i n , IgG and 
fibrinogen indicated that the "P" matrix estimates of unknown 
compositions were more accurate than those made using the 11Κ " 
matrix method. The "Ρ' matrix also allowed quant i ta t ion insp i t e 
of the uncertainty in water subtract ion and the d e f i n i t i o n of 
base!ines. 

The analysis of protein mixtures by both these approaches are 
limited by the nature of the calibration spectra. For example to 
analyze prote in mixtures where one or many of the i n d i v i d u a l 
protein(s) may have changed conformations, the cal ibrat ion set of 
spectra must include spectra of the prote in(s ) in d i f f e r e n t 
conformational s tates . This can be achieved for example by 
obtaining the respective spectra by changing the pH or the solvent 
type. Analysis of protein mixtures without the correct calibration 
set of spectra may r e s u l t in i n c o r r e c t p r e d i c t i o n s of the 
concentrations in unknown spectra. 

A rather surpr i s ing resu l t of the examination of the 1 1 Ρ 1 1 

matrix spectral reduction procedure is that the best approach 
identified to date for quantifying ternary mixtures of albumin, 
gamma-globulins and fibrinogen is based only on the intensities of 
the Amide II band (1480-1600 cm" 1), not on the more unique--but 
less intense--Amide III and 1400/1450 complexes as we have 
described p r e v i o u s l y 1 1 . This f inding is probably due to the 
greater intens i ty of the Amide II band (Figure 3a) and to the 
substantial differences among the three proteins in this region of 
the spectrum as revealed by the part ia l ly resolved bands (Figure 
3b) fo l lowing deconvolution by the Kauppinen technique (16) . 
Based on this observation, i t may be poss ible that researchers 
with less sens i t ive instruments than the one we use can s t i l l 
perform multicomponent spectral analys is on p r o t e i n mixture 
spectra. 

Much of our recent effort on this project has been devoted to 
the analysis of complex mixtures of proteins because i t seems 
c l ear that these methods are c e n t r a l to a c c o m p l i s h i n g the 
objective of monitoring the protein adsorption process from whole 
blood. 

Multicomponent Analys is of K i n e t i c Data. In pre l iminary work 
described in a recent paper (10), the k ine t i c s of adsorption of 
albumin and gamma-globulins and t h e i r mixtures on germanium 
surfaces using the two-cycle bulk correc t ion procedure has been 
determined. In single-component experiments on germanium, for 
albumin adsorbing from 30 mg/ml solutions, the i n i t i a l IR signal 
was almost e n t i r e l y due to the appearance of albumin in the 
evanescent layer—very l i t t l e irreversible adsorption occurred in 
the f i r s t 3-4 minutes. In contrast , for gamma-globulins at 20 
mg/ml, almost half of the i n i t i a l signal came from proteins that 
had i rrevers ib ly adsorbed. The development of the evanescent 
f i e l d in these experiments confirmed that albumin f i l l e d the 
l i q u i d layer near the surface more r a p i d l y than the gamma
globulins, as expected from its higher concentration and diffusion 
coefficient. In a similar experiment with competitive adsorption 
of these proteins on germanium, e s s e n t i a l l y the same processes 
occurred at the same rates . Although the evanescent f i e l d was 
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372 PROTEINS AT INTERFACES 

Figure 3b. Water subtracted spectra of albumin, gammaglobulin, and fibrinogen after 
deconvolution. 
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23. CHITTUR ET AL. Protein Adsorption in Flowing Systems 373 

f i l l e d f i r s t with albumin, the gamma-globulins began to adsorb 
almost instantaneously. Thus, while the appearance of prote in 
very near the surface is necessary for the adsorption process to 
occur, i t is not suf f ic ient to insure that the prote in adsorbs 
irrevers ibly . More recent experiments have shown that albumin 
adsorbs much more rapidly onto Biomer-coated crystals than i t does 
onto uncoated germanium. Thus two forms of these proteins can 
exist on the surface-- a loosely associated (reversible) form that 
is converted to a s tab i l i z ed ( i r r e v e r s i b l e ) form--and that the 
rate of this stabi l izat ion process may play a c r i t i c a l role in the 
eventual biocompatibi l i t y of the m a t e r i a l . T h e r e f o r e , the 
competit ive adsorption model descr ibed and i n v e s t i g a t e d by 
Beissinger and Leonard (17) appears appropriate for f i t t i n g the 
kinetics of this protein adsorption process. 

CORRELATION OF IR ABSORBANCE WITH QUANTITY OF PROTEIN 

An essential element in the quantification of protein mixtures by 
FT-IR is the correlation of observed spectral features with the 
quantity of protein in the f i e l d , which must be performed by a 
second method for determining protein concentration. For protein 
in the bulk s o l u t i o n , th i s process is r e l a t i v e l y easy - - t h e 
protein is permitted to adsorb until a stable film has developed, 
then a protein solution of known concentration is introduced into 
the cel l to determine the effective extinction coefficient for the 
ATR cel l based on the increase in absorbance. This process has 
been demonstrated with albumin (Chittur, K . K . , e ta l , Manuscript in 
preparation) and in addit ion we have shown that the response 
follows Beer's law up to protein concentrations of at least 60 
mg/ml. In the case of adsorbed prote in f i lms , however, t h i s 
correlation is not so straightforward to achieve. An extensive 
series of experiments was conducted in which 1 2 5 I- labeled proteins 
have been (1) adsorbed to IRE surfaces, (2) washed with buffer to 
produce a stable protein f i l m , of which the FT-IR spectrum is 
taken, and (3) desorbed into a 2 percent detergent so lut ion and 
counted to y ie ld an estimate of the surface concentration of the 
protein in the stable f i l m . This procedure has resul ted in an 
excellent Beer's law correlation for IgG adsorbed onto Ge crystals 
(5), which appeared to be valid for the three strongest bands in 
the protein spectrum(1640, 1550 and 1400 cm"1). Tests run in this 
way using solut ions of albumin or f ibrinogen have not been as 
success fu l , however. ( C h i t t u r , K . K . e t a l , M a n u s c r i p t in 
preparat ion) . The c o r r e l a t i o n of peak he ight v s . s u r f a c e 
concentration for albumin is much more scattered than are the IgG 
data. But these data appear to have approximately the correct 
r e l a t i o n s h i p to IgG that is expected based on the r a t i o of 
extinction coefficients computed from transmission spectra . The 
adsorbed fibrinogen data, although less scattered, appear to have 
a much lower ex t inc t ion c o e f f i c i e n t (only approximately 25-30 
percent) than that estimated from transmission data. The cause of 
this apparent discrepancy wil l be the focus of continued study in 
the future. 

The analys is of the protein adsorption process w i l l be 
complicated by any changes that occur in the prote in spectra 
during this process. Very l i t t l e is known about th i s e f fect at 
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374 PROTEINS AT INTERFACES 

this time because i t wil l depend on a variety of factors including 
the structure of each protein, the surface properties, the nature 
o f c o m p e t i n g p r o t e i n s and o t h e r s o l u t e s , and o t h e r 
microenvironmental factors. Preliminary observations have been 
made of spectral changes upon adsorption of f i b r o n e c t i n (Cooper, 
S .L. University of Wisconsin-Madi son, personal communication), 
fibrinogen and albumin (Chittur, K.K. Unpublished observations). 

Ex Vivo SHEEP EXPERIMENTS 

Thirty-eight ex vivo sheep blood experiments have been performed 
to date using the protocol described above, including five each on 
Biomer- and Si 1ast ic-coated and three on PVC-coated germanium 
crystals . Clot formation during these experiments prevented the 
separation of bulk and surface events by the two-cycle procedure. 
Therefore the following q u a l i t a t i v e conclus ions , based on th i s 
series of experiments, i l lus trate that these studies are poss ible 
to perform but not completely i n t e r p r é t a b l e in a quant i ta t ive 
sense with the analytical software currently available. 

1. Up to 60 percent of the total protein signal from whole 
blood runs can be due to proteins in the bulk ( s u p e r n a t a n t ) 
solution. It is also possible that some l o o s e l y bound p r o t e i n 
might be desorbed when the flowing blood is replaced by saline. 

2. Based on these preliminary experiments with plasma and 
whole blood, we conclude that (a) hemoglobin was not detected in 
any significant quantities on the surface or within the evanescent 
f i e ld and (b) the presence or absence of red cel ls did not appear 
to alter the protein adsorption pattern observed when bagged and 
heparinized blood are employed. More recent observations by 
Horbett (18) and Brash (19) suggest that hemoglobin adsorption may 
play an important role in biocompatibility of surfaces. 

3. Excellent spectral reproducibil ity between channels was 
obtained under a l l c o n d i t i o n s t e s t e d ; t h e r e f o r e , the two 
channels can be used to compare protein adsorption on d i f f e r e n t 
surfaces. 

4. When experiments were performed within 3-4 weeks after 
shunt implantation, f a i r l y good reproducibil ity was obtained from 
studies run on the same sheep on different days --however, results 
were not as reproducible as the comparison between channels run on 
the same day. 

5. Reasonable qualitative and quantitative r e p r o d u c i b i l i t y 
was obtained between the spectra from d i f f e r e n t sheep adsorbing 
onto the same surface, but the small number of these experiments 
made under iden t i ca l condit ions l i m i t s the v a l i d i t y of t h i s 
comparison. 

6. Two differences were observed between blood taken from 
heparinized or non-heparinized sheep: (a) an in frared band near 
1035 cm"1 was observed only in the heparinized sheep runs, perhaps 
caused by heparin adsorption onto the ATR element; and (b) to ta l 
adsorbed protein was decreased in the heparin runs. 

7. Differences were observed between the infrared spectra of 
proteins from bagged blood and unmodified blood taken d i r e c t l y 
from a l i v e animal. For example, (a) more of the 1365-cm" 1 

component adsorbed from the l ive blood, and (b) another unknown 
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23. CHITTUR ET AL. Protein Adsorption in Flowing Systems 375 

component absorbing at 1290 cm"1 appeared in both the adsorbed and 
bulk spectra of the l ive blood but not the bagged blood. 

8. Protein adsorption onto germanium and Biomer-coated 
surfaces were compared on the same day using l i v e , unmodified 
sheep blood in the dual-channel ATR c e l l . Qual i tat ively , most of 
the same events occurred at similar rates on the two surfaces, but 
clear differences were observed. The Biomer surface (a) adsorbed 
more albumin and total protein than the Ge surface, (b) a d s o r b e d 
small amounts of a component having a 1280-cm"1 band not seen on 
the Ge surface; (c) los t more of the 1365-cm"1 and 1080-cm"1 

species and more albumin during desorption with s a l i n e , and (d) 
retained more albumin and fibinogen/gamma g l o b u l i n than the Ge 
surface , while most of the 1280-cm"1 species ended up in the 
desorbed f i lm. 

OBSERVATION OF ADSORPTION OF NON-PROTEIN SPECIES 

Observations made during the ex vivo sheep blood experiments 
suggested that the adsorption of proteins is not the f i r s t event 
that occurs in the blood-surface in terac t ion sequence. Several 
bands were observed in the f i r s t few seconds of contact that are 
not normally associated with prote ins , the strongest being two 
with bands at 1365 and 1080 c m . These o b s e r v a t i o n s were 
subsequently also made with bagged blood and plasma. A comparison 
of spectra from f lowing plasma a d s o r p t i o n experiments to 
transmission spectra of plasma indicated that the amounts of these 
components might be concentrated r e l a t i v e to the water band at 
1640 cm"1 in the adsorption studies. After the f i r s t few seconds 
of adsorption, the intensity of the two bands appear to decrease 
relative to other absorbing species, i n d i c a t i n g that the e a r l y -
adsorbing species are either displaced by later-arr iv ing so lutes , 
or their presence is simply masked by these species. 

Whole sheep plasma was d i a l y z e d , then the permeate was 
u l traf i l tered to obtain a < 1000 dalton fract ion that contained 
the 1365-cm"1 and 1080-cm"1 component s, as wel l as another 
mater ia l ( s ) absorbing at 1400 cm" 1 . No Amide I or II bands, 
characteristic of proteins or peptides, were observed in these 
spectra . Ef for t s to separate these materia ls i n t o d i s t i n c t 
fractions by using HPLC on Cjg-reverse phase columns or by solvent 
extraction from basic and acidic solutions of the < 1000 dalton 
plasma f r a c t i o n were unsuccessful . Some f r a c t i o n a t i o n was 
obtained by gel permeation chromatography on Bio-Gel P-2, which 
led to fractions containing predominately the 1365-cm"1 and the 
1080-cm'1 components, and another fraction with a combination of 
the 1365-cm'1 and 1400-cm'1 material (s). However, more than one 
component probably exists that is responsible for each of these 
bands. The p o s s i b i l i t y also exis ts that these s p e c i e s may 
represent e i ther degradation products or aggregates of major 
plasma constituents. 

In adsorption experiments with the < 1000 dalton plasma 
fraction alone, i t appeared that some of the 1080-cm"1 and 1400-
cm"1 components bound t ightly to the surface U . e . , they did not 
come off in a saline wash), while the 1365-cm"1 component(s) were 
more loosely associated with the surface and were removed during 
the saline rinse (Hutson, T.B. Unpublished observations). 
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376 PROTEINS AT INTERFACES 

The possible adsorption of low molecular weight components 
from sheep plasma onto surfaces carries with i t the implication of 
some possible interaction of these components with plasma proteins 
or the surface i t s e l f , which might be as s i g n i f i c a n t as the 
proteins themselves in determining the thrombogenicity of the 
surface. 

CONCLUSIONS 

We have been i n v e s t i g a t i n g F o u r i e r t r a n s f o r m i n f r a r e d 
spectroscopic methods for monitoring blood-surface in terac t ions 
for over six years, during which period the following capabil i t ies 
of the FT-IR t echn ique f o r t h i s a p p l i c a t i o n have been 
demonstrated: 

1. Current ly ava i lab le FT-IR spectrometers can produce 
spectra of plasma proteins with sufficient speed, s e n s i t i v i t y and 
reproducibi l i ty, and at high protein concentrations, so that the 
protein adsorption process can be followed under phys io log ica l 
conditions. 

2. FT-IR spectra can be obtained for proteins in aqueous 
s o l u t i o n or adsorbed onto s u r f a c e s by a c o m b i n a t i o n o f 
transmission and attenuated total reflectance techniques. 

3. A dual-channel ATR flow c e l l has been fabr icated and 
tested in a var ie ty of protein adsorpt ion/desorpt ion s tudies , 
permitting the direct comparison of two surfaces or two flowing 
solutions under otherwise identical conditions. 

4. Spin-coating methods have been demonstrated for applying 
thin polymer films to the germanium ATR crysta ls so that prote in 
deposition can be investigated on surfaces of practical interest. 

5. Proteins can be characterized and quantified on the basis 
of their intr ins ic IR spectra, without the need for e x t r i n s i c 
labels such as fluorescent or radioactive tags. 

6. Structural changes in prote ins , e . g . , r e s u l t i n g from 
microenvironmental factors such as pH or from pro te in -pro te in 
i n t e r a c t i o n s , can be observed in the IR ( e s p e c i a l l y in the 
conformation-sensitive Amide III region), also without requir ing 
added probes of the protein structure. 

7. An ex vivo shunt system has been demonstrated with sheep 
such that fresh, unmodified blood can be tested in the ATR flow 
system. 

8. The IR spectra obtained by these techniques c o n t a i n 
spectral information about a l l molecular species in the IR f i e l d , 
providing opportunities for observing unanticipated p a r t i c i p a n t s 
in the adsorption process such as the u n i d e n t i f i e d plasma 
components we have frequently observed to concentrate near the 
surface before proteins arrive. 

9. Computer software is now available or nearing completion 
to permit rapid c o l l e c t i o n of FT-IR spectra and a var ie ty of 
d i g i t a l m a n i p u l a t i o n s i n c l u d i n g s p e c t r a l s u b t r a c t i o n s , 
d i f f e r e n t i a t i o n , deconvolution, basel ine s t r a i g h t e n i n g , and 
multicomponent spectral analysis. 
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Chapter 24 

Organization of Albumin on Polymer Surfaces 

Robert C. Eberhart, Mark S. Munro, Jack R. Frautschi, and Viktor I. Sevastianov1 

Department of Surgery and Biomedical Engineering Program, University of Texas 
Health Science Center, Dallas, TX 75235 

Our concern has been to understand the initial organ
ization of plasma proteins on polymer surfaces and to 
devise methods to inhibit the activation of those pro
teins implicated in host responses. Visualization of 
adsorbed proteins suggests the adsorption pattern 
varies; fibrinogen, fibronectin and gammaglobulin each 
form reticulated films with protein-protein binding, 
while albumin forms globular deposits, desorbed by 
fluid shear or competition with other proteins. Ad
sorbed albumin exists in two conformations: a loosely 
held layer of native and partially unfolded molecules 
and an irreversibly adsorbed component of molecules 
with substantial chain unfolding. We developed a sur
face alkylation technique to increase polymer albumin 
affinity. Treated polymers exposed to whole blood are 
rapidly covered by a dense albumin layer which inhibits 
fibrinogen binding. Red and white thrombus formation 
have been strongly inhibited by this means. 

Our studies of prot e i n s at i n t e r f a c e s began 15 years ago as an out
growth of experience gained i n c l i n i c a l extracorporeal membrane 
oxygenation (ECMO) f o r adult acute r e s p i r a t o r y f a i l u r e . S i g n i f i c a n t 
thromboembolic episodes were observed i n p a t i e n t perfusions f o r 
periods ranging from three to 20 days with an ECMO c i r c u i t contain
ing 12 square meters of blood-polymer contacting m a t e r i a l . P r o t e i n -
aceous m a t e r i a l was observed on a l l blood contacting surfaces at 
disassembly. The amount of ma t e r i a l depended upon the l o c a l blood 
flow rate and the general hematologic state of the p a t i e n t . Beyond 
these general observations, i t was not p o s s i b l e to p r e d i c t the 
thromboembolic p o t e n t i a l f o r the patient/ECMO system (1). Baier 
and Dutton's p r o t e i n p r e c o n d i t i o n i n g hypothesis was emerging at t h i s 
time (2) and we were struck by the l o g i c of t h i s approach. Thus we 
i n i t i a t e d studies to allow d i r e c t observation of p r o t e i n deposits on 

Current address: Institute of Transplantology and Artificial Organs, Moscow 123436, 
Union of Soviet Socialist Republics 

0097-6156/87/0343-0378S06.75/0 
© 1987 American Chemical Society 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 379 

polymer surfaces, reasoning that i d e n t i f i c a t i o n of s p e c i f i c p r oteins 
and the influences governing t h e i r adsorption patterns might help to 
explain the wide v a r i a t i o n i n p r o t e i n adsorption we had observed i n 
the c l i n i c a l ECMO study. The r a m i f i c a t i o n s of that study have car
r i e d us f a r from ECMO. However, i t now seems that our fin d i n g s may 
wel l y i e l d the thromboresistant, biocompatible surface treatment of 
ECMO c i r c u i t s we have sought since 1972. 

Pro t e i n Adsorption 

P a r t i a l Gold Decoration Transmission E l e c t r o n Microscopy. We bor
rowed a technique from the metallurgy l i t e r a t u r e , o r i g i n a l l y devel
oped to decorate g r a i n boundaries, i n which a small amount of gold 
or other noble metal thermally evaporated onto a surface under vac
uum migrates on that surface to p r e f e r e n t i a l binding s i t e s and pro
vides stable n u c l e i at those s i t e s . Not only defects i n polymer 
surface s t r u c t u r e , but also a measure of the surface free energy 
d i s t r i b u t i o n may be deduced by t h i s technique. The extent of sur
face migration of the metal atoms on the polymer i s r e l a t e d to the 
surface binding forces, and can be q u a n t i f i e d from the s i z e and 
spacing of metal n u c l e i (3). Moreover, the gold nucleus density i s 
s i g n i f i c a n t l y higher on adsorbed b i o l o g i c a l coatings than on the 
polymer substrate. Thus i t i s p o s s i b l e to v i s u a l i z e , with high 
r e s o l u t i o n , p r o t e i n coats on a number of polymers. 

We observed d i f f e r e n c e s i n the orga n i z a t i o n of various pro
t e i n s adsorbed from s o l u t i o n (4). Albumin e x h i b i t e d a bulk con
centration-dependent, c h a r a c t e r i s t i c globular d e p o s i t i o n pattern 
with low coverage of the surface f o r a number of hydrophobic poly
mers i n c l u d i n Teflon (Fig. 1), with s i m i l a r r e s u l t s f o r some hydro
p h i l i c polymers. A i r drying had a denaturing e f f e c t on the albumin 
adsorbate, leading to formation of aggregates, as observed i n 
Figure 1. The sparse coverage feature was preserved, even with a 
gent l e r sample preparation with sequential ethanol dehydration and 
CO2 c r i t i c a l p o i n t drying; however, aggregation was not as exten
s i v e . F l u i d shear rate influenced the extent of surface coverage, 
e s p e c i a l l y at low wa l l shear rate (Fig. 2); surface m a t e r i a l and 
roughness had l e s s influence on albumin deposits. 

In contrast, the glycoproteins f i b r i n o g e n , gammaglobulin and 
plasma f i b r o n e c t i n , evaluated i n s i n g l e p r o t e i n species adsorption 
s t u d i e s , a l l e x h i b i t e d more extensive coating of the surfaces, with 
a c h a r a c t e r i s t i c r e t i c u l a t e d pattern (Fig. 3a) (5). The extent of 
surface coverage depended on bulk p r o t e i n concentration and surface 
roughness; p r e f e r e n t i a l binding of f i b r i n o g e n , with p o s s i b l y some 
fib r i n o g e n polymerization, was observed by stereo p a i r TEM i n sur
face cracks of the order of 1 μπι. These data confirm the observa
t i o n of Vroman, et a l . (6) and support the common f i n d i n g that 
smooth surfaces are l e s s thrombogenic than rough ones. Shear rate 
had l e s s influence on surface coverage by fi b r i n o g e n (Fig. 2). Sur
face preparation a l s o influenced the observed degree of coverage; 
a i r - d r i e d p r o t e i n f i l m s had la r g e r pores than those prepared by the 
gent l e r c r i t i c a l p o i n t drying technique (Fig. 3b). However, the 
r e t i c u l a t e d pattern was seen f o r a l l three g l y c o p r o t e i n s , which 
suggested that the organization of gl y c o p r o t e i n coats adsorbed from 
s o l u t i o n i s influenced by the p r o t e i n - p r o t e i n binding capacity of 
the p r o t e i n as w e l l as the other l i s t e d parameters. Under high mag-
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380 PROTEINS AT INTERFACES 

Figure 1. T e f l o n , exposed to human albumin s o l u t i o n , 2500 mg/dl, 
for 1 hr at room temperature. A i r drying and p a r t i a l gold decora
t i o n TEM technique were employed. (Reproduced with permission 
from Ref. 4. Copyright 1977 American Society f o r A r t i f i c i a l 
I n t e r n a l Organs.) 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 

S ! I , 

Extended Linear 
Regression: 

ï 
° Conn I, 3mg/dl 

a 

•i CohnI, 300mg/dl 

Albumin, 2 5 0 0 
mg/dl 

Albumin, 25mg/dl 

500 1000 1500 

Wall Shear Rate, sec"1 

2000 

Figure 2. F l u i d shear dependence of p r o t e i n s o r p t i o n on T e f l o n . 
C r i t i c a l - p o i n t drying and p a r t i a l gold decoration TEM techniques 
were employed. (Reproduced with permission from Ref. 5. Copy
r i g h t 1982 American Chemical Society.) 
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382 PROTEINS AT INTERFACES 

Figure 3. Cohn I human fi b r i n o g e n , 3 mg/dl, adsorption on T e f l o n ; 
gold decoration TEM technique. (a) a i r d r i e d ; (b) c r i t i c a l - p o i n t 
d r i e d with bar equal to 0.1 ym. (Reproduced with permission from 
Ref. 5. Copyright 1982 American Chemical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
4



24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 383 

n i f i c a t i o n i t was p o s s i b l e to observe the c h a r a c t e r i s t i c H a l l -
S l a y t e r t r i l o b e d dumbbell form of f i b r i n o g e n molecules on T e f l o n and 
other hydrophobic polymer surfaces. At low bulk concentration, we 
observed not only the side-on binding c o n f i g u r a t i o n but a l s o saw 
alignment of the lobes s i d e - t o - s i d e and end-to-end ( F i g . 4). This 
f i n d i n g has gained s i g n i f i c a n c e i n view of the recent understanding 
of the a c t i v i t y of the f i b r i n o g e n D region (J). In the end-on con
f i g u r a t i o n t h i s region i s apparently more r e a c t i v e , and prone to 
i n t e r a c t with c e l l membrane receptors. Fibrinogen*s side-on c o n f i g 
u r a t i o n , i n c l u d i n g f i b r i n o g e n - f i b r i n o g e n binding, observed f o r these 
hydrophobic surfaces suggests l e s s r e a c t i v i t y , at l e a s t under these 
i n v i t r o c o n d i t i o n s . On p y r o l i t i c carbon, a more r e a c t i v e m a t e r i a l , 
we have observed denser and t h i c k e r coatings, using r a d i o l a b e l 
PGDTEM methods, with fewer pores i n the p r o t e i n coat. 

Sequential and concurrent albumin-fibrinogen adsorption studies 
were c a r r i e d out, u t i l i z i n g t h i s new v i s u a l i z a t i o n technique, and i t 
i s noteworthy that albumin pretreatment, but not concurrent t r e a t 
ment, s i g n i f i c a n t l y reduced the t o t a l amount of p r o t e i n (albumin 
plus fibrinogen) v i s u a l i z e d on the surface (Fig. 5) (8). These 
f i n d i n g s supported the i n i t i a l observation of Chang (9). However, 
as others have shown, albumin precoating i s not u n i v e r s a l l y success
f u l , being desorbed by f l u i d shear as w e l l as i n t e r a c t i o n with com
peting species at the polymer substrate. This l e d us to search f o r 
methods to improve the albumin a f f i n i t y of the polymer. 

Pulse I n t r i n s i c Fluorescence Fluorimetry. The l i t e r a t u r e provides 
ample evidence that surface contact of p r o t e i n s might unmask groups 
which could a c t i v a t e various host defenses (10-12). We reasoned 
that the p r o t e i n - p r o t e i n binding observed i n the side-on c o n f i g u r a 
t i o n of f i b r i n o g e n and other g l y c o p r o t e i n s , and the albumin aggrega-
tory phenomenon might be a consequence of the p r o t e i n conformational 
a l t e r a t i o n . Thus we sought, e s p e c i a l l y f o r albumin, since i t had an 
apparent p a s s i v a t i n g tendency, a measure of p r o t e i n conformational 
a l t e r a t i o n upon adsorption. B u i l d i n g on the work of Robertson, et 
a l . (_13) and Andrade, et a l . (L4) , we developed a fluorescence decay 
measurement technique which allowed probing of only those albumin 
molecules at or i n the immediate v i c i n i t y of the surface. The t r y p 
tophan and, to a l e s s e r extent, t y r o s i n e residues e x h i b i t i n t r i n s i c 
fluorescence and thus provide a measure of s t r u c t u r a l a l t e r a t i o n s i n 
t h e i r microenvironment. The s i n g l e tryptophan residue i n one of the 
c e n t r a l alpha-helices of albumin (15) suggests that i t would be a 
s e n s i t i v e i n d i c a t o r of conformational a l t e r a t i o n i n v o l v i n g the i n 
t e r n a l hydrophobic grooves. 

U t i l i z i n g time resolved i n t e r n a l r e f l e c t i o n spectroscopic tech
nique (Fig. 6), we were able to i s o l a t e the tryptophan i n t r i n s i c 
fluorescence and observe i t s ~20 ns fluorescence l i f e t i m e f o r albu
min i n bulk and i n the surface microenvironment of a h y d r o p h i l i c 
quartz m a t e r i a l . The pH dependence of bulk albumin fluorescence 
l i f e t i m e served to " c a l i b r a t e " albumin i n terms of native (~7 ns 
time constant) p r o t e i n at pH 7.2 and unfolded (-4 ns) p r o t e i n at the 
i s o e l e c t r i c pH 3.8. The fluorescence l i f e t i m e data (Tables 1,11) 
supported the hypothesis that the adsorbed albumin e x i s t s i n two 
forms on a h y d r o p h i l i c quartz surface, each with a p o s s i b l y d i f f e r 
ent s t r u c t u r e (_16) . A l o o s e l y held " l a y e r , " c o n s i s t i n g of micro-
aggregates, native and p a r t i a l l y unfolded albumin molecules with 
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384 PROTEINS AT INTERFACES 

Figure 4. Cohn I human f i b r i n o g e n , 30 mg/dl, adsorption on 
Teflon; p a r t i a l gold decoration TEM technique. Bar equal to 
1000 A. 
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Figure 5. E f f e c t of albumin preadsorption on fi b r i n o g e n adsorp
t i o n . A i r drying and p a r t i a l gold decoration TEM were used f o r 
a l l samples. Key: F, 30 mg/dl fibri n o g e n (Cohn I) and A:F, 
2500 mg/dl albumin followed by 30 mg/dl f i b r i n o g e n . (Reproduced 
with permission from Ref. 5. Copyright 1982 American Chemical 
Society.) 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 385 
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Figure 6. Monoexponential decay curve f i t f o r bovine serum albu
min, pH 3.8, bulk s o l u t i o n , 150 mg/dl, time constant 4.1 ns. 
F i r s t curve i s the system response to the l a s e r pulse, and i s 
deconvolved from the raw decay curve. 
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388 PROTEINS AT INTERFACES 

time constants of the order of 7 ns appeared to e x i s t on the undis
turbed surface. A gentle wash removed some, i f not most of t h i s 
native and p a r t i a l l y unfolded m a t e r i a l , reducing the time constant 
of r e t a i n e d m a t e r i a l to the order of 5 ns. Vigorous washing removed 
a l l but the most t i g h t l y held p r o t e i n , which appeared to e x i s t , at 
time constants of 4 ns., i n a d i f f e r e n t c o n f i g u r a t i o n . A d d i t i o n a l 
t e c h n i c a l d e t a i l s remain to be worked out (independent c a l i b r a t i o n 
of quantum y i e l d , operation with interposed polymer sheet, e t c . ) . 
However, the i n t r i n s i c fluorescence decay method appears w e l l s u i t e d 
to serve as a q u a n t i t a t i v e probe of the k i n e t i c s of p r o t e i n confor
mational change upon adsorption, and thus to observe the s t r u c t u r e 
of s u r f a c e - i n t e r a c t i n g albumin. 

A l y l a t i o n Improves the Albumin A f f i n i t y of Polymers 

In V i t r o Studies. Prealbuminated polymers, treated by a number of 
means, had been shown by many to have a modest thromboresistive 
e f f e c t of short duration (9,17). Munro, i n our laboratory, proposed 
a method to increase polymer albumin a f f i n i t y which overcame many of 
the problems associated with e a r l i e r e f f o r t s (18). His method takes 
advantage of the i n t e r n a l binding s i t e s , the hydrophobic grooves, 
created by the arrangement of nonpolar residues i n the a l p h a - h e l i c a l 
region of the molecule. Binding of saturated c i r c u l a t i n g free f a t t y 
acids i s e f f i c i e n t l y c a r r i e d out at these s i t e s (Table I I I ) . Munro 
reasoned that s y n t h e t i c a l i p h a t i c chains might be g r a f t e d to the 
polymer and, i n an appropriate o r i e n t a t i o n , mimic the c i r c u l a t i n g 
free f a t t y a c i d s . I t l a t e r turned out that analogous techniques are 
used f o r sample p u r i f i c a t i o n by a f f i n i t y chromatography (19). 

A number of surface f u n c t i o n a l i z a t i o n chemistries were explored 
which y i e l d e d s u b s t a n t i a l l y improved a f f i n i t y of albumin f o r a num
ber of polymer substrates (18,20,21). Albumin binding was shown to 
increase as the degree of surface C^g a l k y l a t i o n was increased (_22) . 
Albumin bound r a p i d l y (within 30 sec) i n an apparent substrate spec
i f i c manner (Fig. 7). While these r e s u l t s demonstrated that, given 
enough time, more albumin would bind to untreated surfaces, i t was 
a l s o found that the hydrophobic i n t e r a c t i o n at the a l k y l s i t e gave a 
more tenacious bond, r e s i s t i n g both f l u i d shear desorption (Fig. 8) 
and e l u t i o n with sodium dodecyl s u l f a t e and other p r o t e i n dénatur
ants (23,24). 

The d i s t r i b u t i o n of albumin on the a l k y l a t e d polymer surface 
was v i s u a l i z e d f o r a polyether polyurethane. Using a double a n t i 
body technique, i t was p o s s i b l e to uncover the dense, homogenous 
nature of the albumin adsorbate on the a l k y l a t e d surface, and on 
c o n t r o l s , the patchy coverage with apparent albumin aggregates 
(Fig. 9) (^3). Incubation of polyurethane (Biomer) C 1 8 a l k y l a t e d 
to d i f f e r e n t degrees with a mixed albumin (15 mg/dl), f i b r i n o g e n 
(15 mg/dl) s o l u t i o n showed that i n c r e a s i n g albumin binding markedly 
reduced binding of f i b r i n o g e n to the surface (Fig. 10) suggesting 
that the increased a f f i n i t y of polymer f o r albumin was responsible 
for reduction i n f i b r i n o g e n binding. Thus i t appeared that the en
hanced albumin a f f i n i t y function might: (1) block binding of other 
p r o t e i n s at surface a c t i v e s i t e s , or (2) complex albumin with other 
surface-bound p r o t e i n s so that t r i g g e r i n g of host defenses and o r 
g a n i z a t i o n of more extensive surface coverage could be i n h i b i t e d . 
In e i t h e r case, the albumin coat would serve as a b i o l o g i c a l b u f f e r 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 389 

TABLE I I I : COMPOUNDS WHICH BIND TO SERUM ALBUMIN 

Conditions 
Est. % bound 

^A Temp. to albumin i n 
Anion (M"1 ) pH (°C) normal plasma 

Oleate 2. 6 X 10 8 7.4 37 99.9 
Palmitate 6. 2 X 10? 7.4 37 99.9 
B i l i r u b i n 1 X 10 8 7.4 38 99.8 

7 X 107 7.4 25 
Hematin 5 X 10 7 7.5 23 
1-Thyroxine 1. 6 X 10 6 7.4 24 10 
1-Tryptophan 1. 6 X 10 4 7.4 2 75 

E s t r a d i o l 1 X 103 7.4 5 
Progesterone 3. 7 X 10* 7.4 5 
C o r t i s o l 5 X 10 3 7.4 37 30 

Corticosterone 1. 3 X 10* 7.4 5 30 

Aldosterone 5 X 10 3 7.4 5 60 
Testosterone 4. 2 X 104 7.4 25 6 

Prostaglandin 7 X 10* 7.5 37 
Urate 3 X 10 2 7.4 37 15 

K A i s the a f f i n i t y c o e f f i c i e n t f o r human albumin 

z ο 

TIME (sec) 

Figure 7. Albumin adsorption k i n e t i c on polyetherpolyurethane 
using human serum spiked with 125j albumin (Sevastianov 1s data). 
Curves are c a l c u l a t e d according to Sevastianov 1s adsorption-
desorption k i n e t i c s model. 
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390 P R O T E I N S A T I N T E R F A C E S 
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W a l l Shear R a t e , ( s e c * 1 ) 

I I Contro l 

C 4 Q Alkylotion 
T O 

p<.001 wrt contro l 
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< 

4 0 0 0 

Ξ 3 0 0 0 -I 
.£ 2 0 0 0 Ι
Ε 
3 

XI 

< 
"Ό m 
JO 
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1 0 0 0 -

f 

2 

I I Contro l 

122 C 1 8 Alkylotion 

* p < 0 0 1 wrt control 
r t p < 0 0 1 w r t 0 s h e a r 

0 1 0 0 1 5 0 0 

W a l l S h e a r R a t e , ( t e c ' 1 ) 

Figure 8. (a) Albumin binding from s o l u t i o n (25 mg/dl) on poly-
urethane at i n d i c a t e d w a l l shear rate applied f o r 1 hr. (b) Same 
measurement following 1 hr s t a t i c incubation and 1 hr s a l i n e 
exposure at in d i c a t e d w a l l shear r a t e . Immunoferritin TEM tech
nique. (Reproduced with permission from Ref. 23. Copyright 1985 
American Society for A r t i f i c i a l I n t e r n a l Organs.) 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 391 

Figure 9. (a) Albumin adsorption on polyurethane, 25 mg/dl, 
1 min s t a t i c exposure. F e r r i t i n conjugated anti-IgG complex with 
antialbumin treated sample. F e r r i t i n p a r t i c l e s r e g i s t e r as white 
dots. Line i s 1 ym. (b) Albumin adsorption on C^Q a l k y l a t e d 
polyurethane. Same incubation and f e r r i t i n l a b e l i n g c o n d i t i o n s . 
(Reproduced with Permission from Ref. 23. Copyright 1985 American 
Society for A r t i f i c i a l I n t e r n a l Organs.) 
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392 PROTEINS AT INTERFACES 

ο 
-ο 
< 

"SO 

/alkylated-control \ 
values=( ) χ .100 

0 2 0 0 4 0 0 6 0 0 8 0 0 1000 

C^8 Alkyl Substitution (1 2 51-Albumin Adsorption) 

Figure 10. Reduction of fi b r i n o g e n adsorption (simultaneous albu
min incubation) with C^s a l k y l a t e d polyurethanes. Abscissa: 
enhancement of albumin adsorption on a dupli c a t e t r e a t e d sample, 
using i d e n t i c a l methodology. (Reproduced with permission from 
Ref. 25. Copyright 1983 American Society for A r t i f i c i a l I n t e r n a l 
Organs.) 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 393 

l a y e r which might i n h i b i t the surface-induced a c t i v a t i o n of other 
plasma p r o t e i n s . 

The b u f f e r i n g p o t e n t i a l of the a l k y l a t e d surface was supported 
by i n v i t r o study of the complement a c t i v a t i n g p o t e n t i a l of C^g 
a l k y l a t e d Cuprophan d i a l y s i s membrane. Using a p o l y - 4 - v i n y l p y r i 
dine (P4VP) g r a f t intermediate, i t was shown that more albumin bound 
to C^5~P4VP tre a t e d Cuprophan than to c o n t r o l s , and that complement 
p r o t e i n C3 a c t i v a t i o n f o r Ci6-P4VP was s i g n i f i c a n t l y l e s s than f o r 
c o n t r o l s (24). The albumin bound to the a l k y l a t e d surface p a s s i -
vated that surface more e f f e c t i v e l y than spontaneously bound albumin. 

Considering a l l the i n v i t r o data, we hypothesize that the 
albumin held by hydrophobic i n t e r a c t i o n to the C ^ or CIQ d e r i v a -
t i z e d surfaces i s maintained i n a form akin to i t s t e r t i a r y s t r u c 
ture i n bulk. I t may be that the s t r a i g h t chain hydrocarbons f u r 
ther s t a b i l i z e the hydrophobic s t r i p s on the a l p h a - h e l i c e s , adding 
to the s t a b i l i z a t i o n normally provided by d i s u l f i d e bridges. Recep
tor s i t e s which might otherwise be exposed to contribute to the con
t a c t a c t i v a t i o n of serum pro t e i n s or other blood c o n s t i t u e n t s , are 
thus una v a i l a b l e . We f u r t h e r hypothesize that i n time the albumin 
molecules denature, p o s s i b l y by d i s u l f i d e bridge rupture, and the 
alignment of the alpha-helices i s l o s t . The hydrophobic groove i s 
thus l o s t , removing the a f f i n i t y of the albumin f o r the surface a l i 
p h a t ic chain and leading to desorption of the albumin molecule. 
However, the a l k y l chain remains, since i t i s c o v a l e n t l y bound to 
substrate. I f not i n t e r n a l i z e d , i t i s a v a i l a b l e f o r hydrophobic 
i n t e r a c t i o n with other f u n c t i o n a l albumin molecules. Thus a c o n t i n 
uing renewal of the albumin l a y e r at the surface may be maintained 
for an i n d e f i n i t e period, and the b i o c o m p a t i b i l i t y of the surface 
may be enhanced f o r prolonged periods of time. 

In Vivo Studies. The f i r s t i n vivo studies t e s t e d the a b i l i t y of a 
C^g d e r i v a t i z e d polymer to bind albumin s u f f i c i e n t l y r a p i d l y to i n 
h i b i t blood coagulation and p l a t e l e t aggregation. Four mm I.D. wire 
r e i n f o r c e d polyurethane tubes were d e r i v a t i z e d by a one-step method 
employing octadecylisocyanate. This surface treatment attaches the 
a l k y l group at the urethane nigrogen atom. Control and d e r i v a t i z e d 
4-5 cm long tubes were implanted b i l a t e r a l l y , end-to-end, at femoral 
a r t e r i a l s i t e s i n the dog. Tubes were f i l l e d with s a l i n e ; no albu
min precoating, systemic h e p a r i n i z a t i o n or other anticoagulant 
treatment was employed. Following 30 min of exposure to flowing 
whole blood, the samples were removed, gently flushed with s a l i n e , 
noting any thrombotic m a t e r i a l which emanated from the tube, and 
f i x e d i n gluteraldehyde s o l u t i o n . Gross and e l e c t r o n microscopic 
examination showed a dramatic improvement i n the surface character
i s t i c s of the implanted tubes (Fig. 11). No f i b r i n or p l a t e l e t 
aggregate was seen on the a l k y l a t e d surfaces whereas c o n t r o l s were 
coated with a complete mural red and white thrombus. I d e n t i c a l 
r e s u l t s were obtained i n a l l f i v e experiments. S i m i l a r r e s u l t s to 
these 30 min studies were obtained i n 2- and 4-hr implantations. 
Radiolabeled f i b r i n o g e n was infused i n a 20-hr implant s e r i e s and 
p e r i o d i c a l l y scanned. In support of the i n v i t r o study, f i b r i n o g e n 
binding to the a l k y l a t e d polymer surface was s i g n i f i c a n t l y reduced 
(Fig. 12). P l a t e l e t adhesion and aggregation were a l s o markedly 
reduced. However, an i n c r e a s i n g f i b r i n o g e n ( f i b r i n ) buildup was 
observed at the suture l i n e , which we a t t r i b u t e to coagulation 
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394 PROTEINS AT INTERFACES 

Figure 11. (a) SEM of midsection of c o n t r o l polyurethane tube 
implanted i n canine femoral a r t e r y , 30 min exposure. (b) SEM of 
midsection of a l k y l a t e d polyurethane tube implanted at the b i l a t 
e r a l p o s i t i o n . (Reproduced with permission from Ref. 25. Copy
r i g h t 1983 American Society f o r A r t i f i c i a l I n t e r n a l Organs.) 
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24. EBERHART ET AL. Organization of Albumin on Polymer Surfaces 

100 

CONTROL 

Prox Dist. 
GRAFT 

10 
Position (cm) 

Figure 12. Canine I f i b r i n o g e n uptake on c o n t r o l and C^g 
a l k y l a t e d polyurethane tubes at b i l a t e r a l femoral a r t e r i a l s i t e s . 
Fibrinogen f i r s t appears at the anastomoses, then propagates 
through the tubes. (Reproduced with permission from Ref. 25. 
Copyright 1983 American Society f o r A r t i f i c i a l I n t e r n a l Organs.)  P
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396 PROTEINS AT INTERFACES 

i n i t i a t e d at the i n t e r f a c e of the host v e s s e l with the g r a f t . While 
these r e s u l t s suggested that a d d i t i o n a l treatment would be necessary 
to provide a v i a b l e small v e s s e l p r o s t h e s i s , they d i d not d e t r a c t 
from the observed s i g n i f i c a n t improvement i n thromboresistance i n 
the body of the g r a f t s away from the host v e s s e l i n t e r f a c e (2_5) . 

Albumin turnover was evaluated i n a s e r i e s of i n v i v o e x p e r i 
ments, employing the same femoral a r t e r i a l canine model. Radio
label e d canine albumin s o l u t i o n was preincubated i n s i t u , i n c r o s s -
clamped d e r i v a t i z e d and c o n t r o l g r a f t s f o r 30 min, followed by 
s a l i n e f l u s h and exposure to flowing blood. Radiolabeled albumin 
r a p i d l y desorbed from both c o n t r o l and d e r i v a t i z e d surfaces. How
ever, s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s i n the amounts of 
labeled albumin retained on the d e r i v a t i z e d and c o n t r o l surfaces 
were observed during the 2-hr course of the whole blood exposure 
(Fig. 13). Following a second cross-clamping, washout of the r e s i d 
u a l whole blood and reincubation with r a d i o l a b e l e d albumin s o l u t i o n , 
the experiment was repeated, with s i m i l a r r e s u l t s . However, on the 
second 2-hr blood pass the s t a t i s t i c a l s i g n i f i c a n c e between albumin 
binding on d e r i v a t i z e d and c o n t r o l surfaces was l o s t . This sug
gested that competing materials were a c t i n g to organize the surface, 
p o s s i b l y a hydrophobic i n t e r a c t i o n between substrate and immuno
g l o b u l i n , with subsequent binding of albumin. This view was sup
ported by an a d d i t i o n a l experimental s e r i e s i n which whole blood was 
incubated with the c o n t r o l surface p r i o r to r a d i o l a b e l e d albumin 
exposure. More albumin bound to the blood preincubated c o n t r o l sur
face than to one not preexposed to blood. Perhaps the most impor
tant f i n d i n g of t h i s s e r i e s was that when whole blood was preexposed 
to CIQ a l k y l a t e d surfaces, l e s s l a b e l e d albumin was subsequently 
bound to these than to c o n t r o l s (Fig. 14). The a l k y l binding s i t e s 
were apparently blocked by some substance adsorbed from whole blood. 
The most obvious candidate, considering the p r o t e i n makeup of plasma 
and the i n v i t r o k i n e t i c s studies i n plasma (Fig. 7) would be endog
enous albumin. I f we adopt t h i s i n t e r p r e t a t i o n , a p a r t i a l confirma
t i o n of the underlying albumination hypothesis i s obtained. 

Conclusion 

Plasma pro t e i n s organize on polymer substrates i n d i f f e r e n t ways. 
Adsorbates are influenced by substrate physicochemical p r o p e r t i e s 
and by environmental f a c t o r s , e s p e c i a l l y f l u i d shear and bulk pro
t e i n d i s t r i b u t i o n . D i f f e r e n t types of binding i n t e r a c t i o n s and more 
than one conformation for adsorbed p r o t e i n are observed. In the 
case of albumin, the i r r e v e r s i b l y adsorbed conformation, as measured 
by pulse i n t r i n s i c fluorescence, appears to be s u b s t a n t i a l l y a l t e r e d 
from that of bulk albumin. Microaggregated albumin and undenatured 
forms are seen at the polymer i n t e r f a c e , which are r e a d i l y desorbed 
by viscous drag. 

A method to s u b s t a n t i a l l y improve the albumin a f f i n i t y of a num
ber of polymers was developed, based on surface C^-C^g a l k y l a t i o n . 
In v i t r o studies suggest the albumin i s bound i n a stable form, pos
s i b l y i n v o l v i n g one or more hydrophobic grooves i n the a l p h a - h e l i c a l 
region. The bound albumin may be presented to c o n t a c t - a c t i v a t i n g 
p r o t e i n s as i f i t were i n bulk form, but one which i s not e a s i l y 
desorbed. This treatment i s demonstrated, i n v i v o , to i n h i b i t con
t a c t a c t i v a t e d coagulation and p l a t e l e t aggregation. 
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SALINE P R E T R E A T M E N T 
(n = 6) 

ζ 
ο 

yJ 
or 

ω 

t=0 t=2HR 

Γ BLOOD P R E T R E A T M E N T 
0 = 0, DERIVATIZED, n=3) 

t = 0 t=2HR 

f ~ ] DER IVAT IZED 

g | C O N T R O L 

- * ρ < .05 wrt CONTROL 

* p< .05 wrt 

DERIVATIZED, 
SALINE T R E A T E D 

BLOOD EXPOSURE PERIOD 

Saline Blood Pretreatment 
Pretreatment of the 

Control Graft 

- 3.0 
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1.0 
ω $5 0 . 5 

I D e r i v a t i z e d 

C o n t r o l 

(n=4) 

Figure 14. E f f e c t s of s a l i n e and sal i n e / b l o o d pretreatment on 
uptake of canine 1 2 5 i albumin on polyurethane tubes implanted at 
b i l a t e r a l femoral a r t e r i a l s i t e s . The blood pretreatment step 
was c a r r i e d out only f o r d e r i v a t i z e d tube at t = 0. (b) Same 
conditions as (a) but blood pretreatment of c o n t r o l tube. 
(Reproduced with permission from A r t i f i c i a l Organs [manuscript 
i n p r e s s ] . Copyright 1986 Raven Press.) 
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Chapter 25 

Interactions of Proteins at Solid-Liquid Interfaces: 
Contact Angle, Adsorption, and Sedimentation 

Volume Measurements 

D. R. Absolom1,2,3, W. Zingg1,3, and A. W. Neumann1,2,3 

1Research Institute, The Hospital for Sick Children, Toronto, 
Ontario M5G 1X8, Canada 

2Department of Mechanical Engineering, University of Toronto, Toronto, 
Ontario M5S 1A4, Canada 

3Institute of Biomedical Engineering, University of Toronto, Toronto, 
Ontario M5S 1A4, Canada 

The hydrophobicity of proteins can be assessed quantitatively through 
contact angle measurements on thick films of proteins generated by 
means of ultrafiltration with membrane filters. The surface tension 
values of proteins obtained from such contact angle measurements may 
be used as input data for a thermodynamic model for protein 
adsorption. This model predicts an increase of protein adsorption with 
decreasing surface tension of the substrate for high surface tensions of 
the suspending liquid; the opposite pattern is predicted for low
-surface-tension liquid phases. Similar correlations between the extent 
of protein adsorption and surface tensions exist for the interaction of 
different proteins with one and the same substrate. The experimental 
observations follow closely the pattern predicted by the model. The 
detailed analysis of the adsorption data allows determination of the 
surface tension of the proteins independent of contact angle 
measurements. On the other hand, the sedimentation volume of a fixed 
mass of small particles in a liquid assumes an extremum when the 
surface tension of the particles is equal to the surface tension of the 
suspending liquid. This technique may be used to study properties of 
the adsorbed protein films. For particles coated with low-bulk 
concentrations of the protein, surface tensions of the adsorbed protein 
film are observed that are lower than those of fully hydrated proteins. 
This is possibly due to substrate-induced conformational changes of 
the adsorbed proteins. At high bulk concentrations of the coating 
protein solution, surface tensions for the protein-coated particles are 
found that are in excellent agreement with the results obtained from 
contact angles as well as protein adsorption. Blood plasma proteins in 
their native state are hydrophilic, with surface tensions typically in the 
range of 60-70 ergs/cm2. 

0097-6156/87/0343-0401 $06.25/0 
© 1987 American Chemical Society 
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402 PROTEINS AT INTERFACES 

P r o t e i n a d s o r p t i o n at an i n t e r f a c e i s of importance f o r many 
reasons. Foremost amongst these i s that the surfa c e p r o p e r t i e s of 
the s u b s t r a t e m a t e r i a l are i n e v i t a b l y a l t e r e d as a r e s u l t of 
contact w i t h a p r o t e i n - c o n t a i n i n g s o l u t i o n . The s u b s t r a t e may be 
e i t h e r a s o l i d or l i q u i d . There are many areas i n which such 
phenomena have d i r e c t t e c h n o l o g i c a l a p p l i c a t i o n s i n c l u d i n g emulsion 
s t a b i l i z a t i o n , hydrophobic chromatography, biomedical d e v i c e s , 
enzyme i m m o b i l i z a t i o n and immunology. 

During the past s e v e r a l years we have attempted to address the 
f o l l o w i n g questions: 1. What causes a p r o t e i n to adsorb to a 
polymer s u b s t r a t e ? ; and 2. What e f f e c t does p r o t e i n a d s o r p t i o n 
have on the surface p r o p e r t i e s of the "naked" polymer substrate? 
These questions w i l l be the c e n t r a l theme of t h i s a r t i c l e . 

I n blood contact s i t u a t i o n s p r o t e i n a d s o r p t i o n i s b e l i e v e d to 
be an extremely r a p i d process o c c u r r i n g w i t h i n a few seconds of 
exposure (1-3). P r o t e i n a d s o r p t i o n has at l e a s t two major conse
quences. The adsorbed p r o t e i n molecules a l t e r the su b s t r a t e surface 
p r o p e r t i e s s i g n i f i c a n t l y . T his w i l l i n f l u e n c e d r a m a t i c a l l y subse
quent events such as the extent of p l a t e l e t and leukocyte adhesion 
and hence thrombus formation on those s u r f a c e s . The l e v e l of c e l l 
adhesion may be reduced (4-8) as a r e s u l t of the pr o t e i n - c o a t e d 
m a t e r i a l e x h i b i t i n g markedly d i f f e r e n t s u r f a c e p r o p e r t i e s as com
pared to the uncoated m a t e r i a l . A l t e r n a t i v e l y the l e v e l of c e l l 
adhesion may increase s i g n i f i c a n t l y due to the presence of s p e c i f i c 
r e c e p t o r - l i g a n d i n t e r a c t i o n s between the adhering c e l l s and the 
adsorbed p r o t e i n molecules. One example i n t h i s regard i s the 
increase i n p l a t e l e t adhesion on fib r i n o g e n - c o a t e d polymers (9,10) 
which i s b e l i e v e d to be due to the presence of f i b r i n o g e n receptors 
on the p l a t e l e t membrane (11). Depending on both the nature of the 
adsorbing p r o t e i n molecules and the su b s t r a t e m a t e r i a l s the r e s u l 
t ant p r o t e i n - c o a t may vary c o n s i d e r a b l y g i v i n g r i s e to surfaces 
which may induce markedly d i f f e r e n t secondary responses, such as 
the degree of c e l l spreading (12 f13) and secondary granule r e l e a s e 
(14), i n the adherent c e l l u l a r m a t e r i a l . A l l - i n - a l l p r o t e i n 
a d s o r p t i o n i s a key event i n blood surface i n t e r a c t i o n s and needs 
to be understood more f u l l y i n order to understand and c o n t r o l the 
mechanisms of surface-induced thrombosis. 

Surface C h a r a c t e r i z a t i o n of P r o t e i n s 

S e v e r a l authors (15-18) have r e l a t e d the extent of p r o t e i n adsorp
t i o n (or c e l l adhesion) to the hy d r o p h o b i c i t y of both the "naked" 
s u b s t r a t e m a t e r i a l (or the prote i n - c o a t e d s u b s t r a t e ) and the 
adhering e n t i t i e s themselves. I n t h i s regard the h y d r o p h o b i c i t y of 
the s u b s t r a t e m a t e r i a l has g e n e r a l l y been assessed by means of 
contact angle measurements. In the case of p r o t e i n s the hydrophob
i c i t y has been determined i n a number of d i f f e r e n t ways i n c l u d i n g 
two-phase p a r t i t i o n s t u d i e s (19), a l c o h o l p r e c i p i t a t i o n (20)> c i s -
p a r a n a r i c a c i d b i n d i n g (21 f22) and a l s o by means of contact angle 
measurements (18.23 P24). I t i s g e n e r a l l y accepted that i n an 
aqueous so l v e n t a l l serum p r o t e i n s e x h i b i t o v e r a l l a h i g h degree of 
h y d r o p h i l i c i t y . This statement does not i n any way exclude the 
exis t a n c e of hydrophobic patches or domains i n the p r o t e i n molecule 
but simply i m p l i e s that i n t h e i r n a t i v e s t a t e p r o t e i n s e x h i b i t an 
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25. ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 403 

o v e r a l l h y d r o p h i l i c c h a r a c t e r . This i s i l l u s t r a t e d f o r s e v e r a l 
serum p r o t e i n s i n Figure 1 i n which contact angle data on r e l a t i v e l y 
t h i c k hydrated l a y e r s of the p r o t e i n s are reported. The p r o t e i n 
l a y e r s were formed by means of u l t r a - f i l t r a t i o n of p r o t e i n s o l u t i o n s 
through a n i s o t r o p i c c e l l u l o s e acetate membranes. As i l l u s t r a t e d 
the contact angles are measured as a f u n c t i o n of time. The p l a t e a u 
contact angle v a l u e s , which are s t a b l e f o r approximately 30-60 
minutes, have been i d e n t i f e d as the r e l e v a n t contact angle (25). 
These values are independent of experimental v a r i a b l e s such as r e l a 
t i v e humidity, temperature and t h i c k n e s s of the u l t r a - f i l t e r e d 
l a y e r . These f a c t o r s change a l l f e a t u r e s of the contact angle 
versus time curves such as the i n i t i a l s l o p e , the d u r a t i o n of the 
p l a t e a u , the end v a l u e s , e t c . , w i t h the s t r i k i n g exception of the 
contact angle value as g i v e n by the p l a t e a u (18,25). The observed 
p l a t e a u values r e f l e c t s o l e l y the p r o p e r t i e s of the hydrated 
p r o t e i n l a y e r and are unique f o r each p r o t e i n i n v e s t i g a t e d . These 
contact angle values can f o r purposes of a more ready comparison, 
be used to d e r i v e the s u r f a c e t e n s i o n of the p r o t e i n l a y e r . For 
t h i s purpose we use an e q u a t i o n - o f - s t a t e approach (26)· The v a l i d 
i t y of t h i s approach has been discussed i n d e t a i l elsewhere (27). 
The surface tensions of the h i g h l y hydrated p r o t e i n l a y e r s obtained 
i n t h i s manner are summarized i n Table 1. I t i s r e a d i l y seen from 
t h i s t a b l e t h a t the p r o t e i n s under these circumstances a l l e x h i b i t 
a h i g h s u r f a c e t e n s i o n v a l u e , i . e . they are h y d r o p h i l i c . A l s o 
given i n Table 1 f o r comparison purposes are the s u r f a c e t e n s i o n 
values of the same p r o t e i n s obtained by other independent means. 
These r e s u l t s confirm the h y d r o p h i l i c nature of the n a t i v e p r o t e i n s . 

TABLE I . Comparison of the Surface Tension of F u l l y Hydrated, 
Non-Denatured P r o t e i n s , Determined by 

Three Independent Methods 

Surface t e n s i o n (ergs/cm ) determined from: 
P r o t e i n Contact Angles Adsorption Sedimentation 

Volume 

ot2M 70.9 71.0 
HSA 70.3 70.2 69.7 
IgM 69.5 69.4 69.4 
IgG 67.3 67.6 67.7 
F i b r i n o g e n 63.5 - 63.2 

Under c e r t a i n circumstances however the same p r o t e i n s can 
e x h i b i t a markedly hydrophobic character (23,24). T h i s i s i l l u s 
t r a t e d i n Table 2 i n which contact angle measurements have been 
performed on t h i n l a y e r s of p r o t e i n s adsorbed onto v a r i o u s polymer 
sur f a c e s and subsequently exposed to an a i r i n t e r f a c e . T h i s 
r e s u l t s , due to r e o r i e n t a t i o n and/or s t r u c t u r a l changes, i n a much 
more hydrophobic t e r t i a r y c o n f i g u r a t i o n . Thus, when r e f e r r i n g to 
the r e l a t i v e h y d r o p h o b i c i t y / h y d r o p h i l i c i t y of p r o t e i n s i t i s 
important to bear i n mind the environmental c o n d i t i o n s under which 
the experimental data are generated. 
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404 PROTEINS AT INTERFACES 

TABLE I I . Contact Angles and Corresponding Surface Tensions 
Obtained on A i r - D r i e d Layers of Human Serum Albumin Coated 

on Three D i f f e r e n t Polymer Surfaces 

Polymer Contact Angle 
(degrees) 

Surface Tension 
2 

(ergs/cm ) 
S a l i n e G l y c e r o l S a l i n e G l y c e r o l 

PTFE 
(17.6 

ergs/em 2) 

Low Density 
Polyethylene 

(32.5 
ergs/cm 2) 

Sulphonated 
Po l y s t y r e n e 

(66.7 
ergs/cm ) 

51 

50 

52 

36 

38 

36 

52.6 

53.2 

51.8 

53.1 

52.4 

53.1 

aYLV =72.8 ergs/cm 2 

bYLV = 6 3 . 1 ergs/cm 2 

( S o u r c e : Reproduced w i t h p e r m i s s i o n from R e f . 18. 
E l s e v i e r / N o r t h H o l l a n d P r e s s . ) 

P r o t e i n A d s o r p t i o n to Polymer Surfaces 

C o p y r i g h t 1981 

The e f f e c t of p r o t e i n h y d r o p h o b i c i t y on the extent of ad s o r p t i o n to 
a hydrophobic s u b s t r a t e , p o l y - t e t r a f l u o r e t h y l e n e (PTFE) i s shown i n 
Figure 2. The four p r o t e i n s are d i s s o l v e d at v a r i o u s b u l k concen
t r a t i o n s i n phosphate b u f f e r e d s a l i n e , pH 7.3, w i t h a surf a c e 
t e n s i o n of 72.9 ergs/cm 2. I t i s c l e a r from t h i s f i g u r e that an 
ad s o r p t i o n p l a t e a u occurs f o r each p r o t e i n . The height of the 
pl a t e a u i s unique f o r each p r o t e i n and corresponds to the hydrophob
i c i t y of the p r o t e i n s : increased surface c o n c e n t r a t i o n correspond
ing to increased p r o t e i n h y d r o p h o b i c i t y ( c f . Table 1 ) . S i m i l a r 
experiments have been performed f o r these p r o t e i n s adsorbing onto a 
v a r i e t y of other s u b s t r a t e m a t e r i a l s e x h i b i t i n g a wide range of 
surfac e t e n s i o n s . The pla t e a u l e v e l of ad s o r p t i o n (\xg/cm2) f o r 
each p r o t e i n on each of the su b s t r a t e s has been p l o t t e d as a 
f u n c t i o n of s u b s t r a t e surface t e n s i o n , ygy, i n Fig u r e 3. I t i s 
c l e a r from t h i s f i g u r e that f o r these experimental c o n d i t i o n s that 
the p l a t e a u l e v e l of ad s o r p t i o n decreases w i t h i n c r e a s i n g s u b s t r a t e 
s u r f a c e t e n s i o n , y$y, f o r each of the p r o t e i n s examined. The 
d i f f e r e n c e s i n the slopes of the curves i s s i g n i f i c a n t as discussed 
below. Thus both the su b s t r a t e surface t e n s i o n as w e l l as p r o t e i n 
h y d r o p h o b i c i t y are important parameters i n determining the extent 
of p r o t e i n a d s o r p t i o n . 

S e v e r a l authors have reported that p r o t e i n a d s o r p t i o n i s a 
maximum on hydrophobic s u b s t r a t e s whereas others c l a i m that i t i s 
more pronounced on h y d r o p h i l i c surfaces (15-17). I n an attempt to 
c l a r i f y the s i t u a t i o n and to e l u c i d a t e the fundamental mechanisms 
i n v o l v e d i n bioadhesion we have examined the adhesion of v a r i o u s 
b i o l o g i c a l c e l l s to a number of polymer su r f a c e s (28-33)• The 
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ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 405 

1 20- Α Δ J « 2 M 
U J ] / Δ — Δ — Δ Δ Δ 

ϊ 16" t — — π - ° Λ 

u u 

ι , , , , , 1 

15 30 45 60 75 90 
TIME (min). 

F i g u r e 1 : Contact angle on four serum p r o t e i n s deposited by 
u l t r a f i l t r a t i o n on a n i s o t r o p i c c e l l u l o s e acetate membranes. 
E r r o r s i n d i c a t e d are 90% confidence l i m i t s . For g r a p h i c a l 
reasons e r r o r s are shown only i n some cases; e r r o r s are s i m i l a r 
i n a l l cases, ο ο, IgG; Δ Δ , IgM; Ο •, 
human serum albumin (HSA); φ 0 » ct2-macroglobulin. 
(Reproduced w i t h permission from Ref. 18. Copyright 1981, 
E l s e v i e r / N o r t h Holland P r e s s ) . 

-o 

-O 

Ο IgG 
Δ IgM 
• HSA 
0°<2 M 

~i 1 1 1 1 1 " 1 
1 2 4 6 8 10 5 0 

BULK PROTEIN SOLUTION (mg/ml) 

F i g u r e 2: Adsor p t i o n isotherms of four serum p r o t e i n s to 
p o l y - t e t r a f l u o r e t h y l e n e . P r o t e i n s d i s s o l v e d at v a r i o u s b u l k 
c o n c e n t r a t i o n s i n phosphate b u f f e r e d s a l i n e , pH 7.3; surf a c e 
t e n s i o n = 72.J ergs/cm 2. P r o t e i n s as i n d i c a t e d . (Reproduced 
w i t h permission from Ref. 18. Copyright 1981, E l s e v i e r / N o r t h 
Holland P r e s s ) . 
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406 P R O T E I N S A T I N T E R F A C E S 

r e s u l t s have shown that the extent of bioadhesion can be p r e d i c t e d 
by means of a thermodynamic model. The question was then r a i s e d as 
to whether t h i s model could a l s o be used to p r e d i c t the extent of 
p r o t e i n a d s o r p t i o n to v a r i o u s polymer s u r f a c e s . 

The model, i n terms of p r o t e i n a d s o r p t i o n , i s based on surface 
thermodynamic c o n s i d e r a t i o n s : Consider a p r o t e i n molecule (P) 
i n i t i a l l y suspended i n a b u f f e r s o l u t i o n (L) adsorbing to a s o l i d 
s u r f a c e (S) which i s a l s o immersed i n the same b u f f e r as i l l u s 
t r a t e d s c h e m a t i c a l l y i n Figure 4. In the absence of s p e c i f i c 
i n t e r a c t i o n s of the r e c e p t o r - l i g a n d type, the change i n the Helmhotz 
f r e e energy f A F a d s ) due to the process of a d s o r p t i o n i s : 

A F a d s = γ ρ δ _ m _ Y S L m 

where ypg, YPL and YSL are the p r o t e i n - s o l i d , p r o t e i n - l i q u i d 
and s o l i d - l i q u i d i n t e r f a c i a l t e n s i o n s , r e s p e c t i v e l y . The v a l i d i t y 
of t h i s model has been discussed elsewhere (27). 

I t i s apparent from Eq. [1] that the f r e e energy of a d s o r p t i o n 
of a p r o t e i n onto a surface should depend not only on the surface 
t e n s i o n of the adhering p r o t e i n molecules and the s u b s t r a t e mater
i a l but a l s o on the surface t e n s i o n of the suspending l i q u i d . As 
an i l l u s t r a t i o n shown i n Figure 5 i s a p l o t of the f r e e energy of 
a d s o r p t i o n ( A F a d s ) as a f u n c t i o n of s u b s t r a t e surface t e n s i o n , 
YSV» f o r immunoglobulin M (IgM) suspended i n l i q u i d s of two 
d i f f e r e n t surface t e n s i o n s , Y L V The input data r e q u i r e d f o r 
the development of such a p l o t are the r e s p e c t i v e s u r f a c e tensions 
of the adsorbing p r o t e i n s (γργ)» the polymer s u b s t r a t e s (γ$ν) 
and the suspending l i q u i d medium ( γ χ , ν ) · The y ^ y and Ysv 
values are determined using any of a v a r i e t y of procedures (34)· 
The s u r f a c e t e n s i o n , Ypy> o f the hydrated p r o t e i n molecules i s 
most e a s i l y determined by means of contact angle measurements on 
t h i c k l a y e r s of p r o t e i n s as discussed e a r l i e r . 

C o n s i d e r a t i o n of such t h e o r e t i c a l c a l c u l a t i o n s as i l l u s t r a t e d 
i n F i g u r e 5 leads to a d i s t i n c t i o n between two s i t u a t i o n s . For 

. YLV < YPV [23 
Apaas decreases w i t h i n c r e a s i n g Ygy, p r e d i c t i n g i n c r e a s i n g 
p r o t e i n a d s o r p t i o n w i t h i n c r e a s i n g s u b s t r a t e surface t e n s i o n , 
Ysv> over a comparatively wide range of YSV v a l u e s . On the 
other hand when 

YLV > YPV W 
the opposite p a t t e r n of behaviour i s p r e d i c t e d . For the l i m i t i n g 
case of the e q u a l i t y 

. YLV = YPV 
A F a a s becomes equal to zero independently of the value of Y s v 
In t h i s l i m i t i n g case p r o t e i n a d s o r p t i o n should not depend on the 
s u r f a c e t e n s i o n of the substratum and, i n p r i n c i p l e , should be zero 
i f no other e f f e c t s , such as e l e c t r o s t a t i c i n t e r a c t i o n s , come i n t o 
P l a y (28-31). Thus the model suggests th a t the s u r f a c e t e n s i o n of 
not only the s u b s t r a t e s and the adsorbing p r o t e i n but a l s o of the 
suspending l i q u i d medium i s an important parameter i n determining 
p r o t e i n a d s o r p t i o n ; yet t h i s important physico-chemical property i s 
seldom reported or even considered. 

We have evaluated the r o l e of YLV and t e s t e d the p r e d i c t i o n s 
of p r o t e i n a d s o r p t i o n experimentally (18). Shown i n F i g u r e 6 are 
the experimental data f o r IgM suspended i n v a r i o u s l i q u i d s of 
d i f f e r e n t surface t e n s i o n s . (A phosphate b u f f e r c o n t a i n i n g v a r y i n g 
s m a l l amounts of dimethy1-sulfoxide (DMSO) was used. The pH of the 
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Figure 3: P l a t e a u l e v e l of p r o t e i n a d s o r p t i o n to a wide range 
of s u b s t r a t e s p l o t t e d as a f u n c t i o n of s u b s t r a t e surface 
t e n s i o n , Y s y (YLV = 7 2 . 9 ergs/cm 2). P r o t e i n s as 
i n d i c a t e d . E r r o r s i n d i c a t e d are 95% confidence l i m i t s . 
(Reproduced w i t h permission from Ref. 18. Copyright 1981, 
E l s e v i e r / N o r t h Holland P r e s s ) . 

F i g u r e 4: Schematic r e p r e s e n t a t i o n of the process of p r o t e i n 
a d s o r p t i o n . P, p r o t e i n ; L, l i q u i d ; S, s u b s t r a t e . 
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408 PROTEINS AT INTERFACES 

1 0 3 0 5 0 
— I 

7 0 

7 s v C e r g s / c m • 

Figure 5 : The f r e e energy of ads o r p t i o n ( A F a d s ) as a 
f u n c t i o n of su b s t r a t e surface t e n s i o n , ysv 
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IT Lv(ergs/cm^) 

• 729 
A 708 
• 698 
Ο 691 
Δ 6 72 
Ο 63.2 

1 1 1 ι 1 1 1 
0 10 20 30 40 50 60 70 

" δ " 5 ν (ergs cm' ) 

F i g u r e 6: Immunoglobulin M (IgM) a d s o r p t i o n to v a r i o u s polymers 
w i t h a wide range of surfa c e t e n s i o n s , y g y IgM used at a 
bulk c o n c e n t r a t i o n of 2.5 mg/ml corresponding to the p l a t e a u 
r e g i o n i n Figure 2. P r o t e i n d i s s o l v e d i n phosphate b u f f e r e d 
s a l i n e , pH 7.3, c o n t a i n i n g v a r y i n g amounts of DMS0 and hence 
having d i f f e r e n t l i q u i d s urface t e n s i o n s , yitft ·» 72.9 
ergs/cm 2; A, 70.8; O, 69.8; o, 69.1; V , 67.2; φ , 63.2. 
E r r o r s i n d i c a t e d are 95% confidence l i m i t s . For g r a p h i c a l 
reasons e r r o r s are given only i n some cases; e r r o r s are s i m i l a r 
i n a l l cases. (Reproduced w i t h permission from Ref. 18. 
Copyright 1981, E l s e v i e r / N o r t h Holland P r e s s ) . 
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410 PROTEINS AT INTERFACES 

solution was maintained at pH 7.3). The theoretical predictions 
inherent in Figure 5 and their implications are substantiated ex
perimentally. At the lowest DMSO concentration, corresponding to 
the highest surface tension Yjny of the suspending medium, protein 
adsorption decreases with increasing substrate surface tension, 
Y s v As the DMSO concentration is increased and the surface 
tension correspondingly lowered, the change in the degree 
of protein adsorption with increasing Ysv becomes less pronounced. 
At a certain intermediate YLV value the extent of IgM adsorption 
becomes independent of Ysv and fi n a l l y , at yet lower values of 
the liquid surface tension, Y L V adsorption increases with increas
ing Y s v Similar adsorption studies have also been performed for 
human serum albumin (HSA), immunoglobulin G (IgG) and c^macro-
globulin (18). 

Aside from the int r i n s i c interest of these data there are two 
further points to be made. Firs t the thermodynamic model under
lying Eq. [1] describes the qualitative features of protein adsorp
tion well. Second, the data of Figure 6 lend strong support to the 
method of contact angle measurements on thick layers of hydrated 
protein (35), as follows. The thermodynamic model predicts that in 
the case of y-jjj = Ypy (Eq.[4]), A F a d s should be independent of 
Y s y a situation that is indeed contained in the curves of Figure 6. 
To investigate this further, the slopes of the straight lines in 
Figure 6 were plotted versus γτ,ν in Figure 7, by means of a second-
order polynomial computer curve f i t . For each protein investigated 
i t is inferred that the slope becomes equal to zero at a value of 
YLV characteristic of that protein. This YLV value according 
to the model is equal to the surface tension, Y p y of the 
adsorbing species. For example, consideration of Figure 7 reveals 
for IgM that the adsorption slope becomes equal to zero when 
YLV = 69.4 ergs/cm2 implying that the surface tension of this pro
tein is also equal to 69.4 erg/cm2. This is In excellent agreement 
with the value of Ypy = 69.5 ergs/cm2 obtained from contact angle 
measurements, via the equation-of-state approach, on layers of the 
protein. Summarized in Table 1 are the surface tension values 
obtained with the adsorption technique for the four serum 
proteins. Comparison with the data obtained from other techniques 
shows good agreement; in a l l cases the discrepancy between the 
various methods is less than 0.5 ergs/cm2. 

The above discussion assumes naively that protein molecules act 
as small particles having a distinct surface tension. It should be 
noted, however, that agreement between thermodynamic model predic
tions and experimental results does not stipulate that the individ
ual macromolecules have a surface tension. The fact i s that, since 
there is a close correlation between the thermodynamic free energy 
of adhesion and van der Waals interactions (36,37)f the results can 
be understood as manifestations of the latter. 

Characterization of the Surface Properties of Protein-coated 
Polymers 

In many situations i t is desirable to characterize the surface 
properties of protein-coated polymer surfaces. This is not a 
t r i v i a l task and most available methods employ either exposure of 
the proteinated surface to an air interface or other denaturing 
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25. ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 411 

pretreatment (23,24,38,39). For example, as d i s c u s s e d e a r l i e r i n 
t h i s a r t i c l e , contact angle measurements performed i n a i r on l a y e r s 
of p r o t e i n s adsorbed onto polymer su r f a c e s show that the adsorbed 
p r o t e i n i s hydrophobic ( 2 3 f 2 4 ) . I t i s b e l i e v e d t h a t t h i s observ
a t i o n i s an a r t i f a c t due to the exposure to a i r d u r i n g the measure
ment and does not r e f l e c t the i n s i t u c o n d i t i o n . (These comments 
do not apply to contact angle measurements on t h i c k l a y e r s of 
hydrated p r o t e i n s which i n d i c a t e that the p r o t e i n s i n t h e i r n a t i v e 
s t a t e are h y d r o p h i l i c . ) Recently, however, a n o v e l s t r a t e g y , 
c a l l e d the sedimentation volume method, has been developed which 
permits the determination of the surface t e n s i o n of p r o t e i n - c o a t e d 
polymer p a r t i c l e s i n s i t u under non-denaturing c o n d i t i o n s (40)· 

In the sedimentation volume technique a f i x e d mass of polymer 
p a r t i c l e s ( l e s s than 100 urn i n s i z e ) i s exposed to a known volume 
of the p r o t e i n s o l u t i o n f o r a c e r t a i n l e n g t h of time. T h e r e a f t e r 
the p a r t i c l e s are r i n s e d by means of a d i l u t i o n / d i s p l a c e m e n t method 
i n order to remove non-adherent p r o t e i n molecules. The p r o t e i n -
coated p a r t i c l e s are then resuspended i n l i q u i d mixtures of v a r i o u s 
s u r f a c e t e n s i o n s . Such l i q u i d s are prepared by i n c o r p o r a t i n g s m a l l 
volumes of a s u r f a c e t e n s i o n lowering a d d i t i v e such as propanol or 
DMSO i n t o the b u f f e r . The pH of the b u f f e r remains f i x e d at pH 
7.2. The s u r f a c e t e n s i o n of the s o l u t i o n i s measured immediately 
before use. The p a r t i c l e s are then q u a n t i t a t i v e l y t r a n s f e r r e d to 
graduated Wintrobe R tubes, and allowed to s e t t l e f o r s i x t e e n hours 
under the i n f l u e n c e of g r a v i t y . ( A f t e r t h i s time no f u r t h e r 
changesin the sedimentation volume i s observed.) T h e r e a f t e r the 
sedimentation height i n each of the tubes i s determined. A 
photo-micrograph of one such experiment f o r Nylon-6,6 (N-6,6) 
p a r t i c l e s coated w i t h HSA i s given i n Figure 8. The sedimentation 
volume of the p a r t i c l e s i n each tube i s then p l o t t e d as a f u n c t i o n 
of the surface t e n s i o n , yjjj, of the suspending l i q u i d medium i n each 
tube as shown i n Figure 9. I t i s apparent from these f i g u r e s that 
the f i n a l sedimentation volume, V s e ( j , changes as a f u n c t i o n of 
the composition and hence the surface t e n s i o n , Y L V, of the 
l i q u i d mixtures such that an extremum (here: a maximum) occurs at a 
c e r t a i n YLV v a l u e . From previous work w i t h pure polymer systems 
(41) i t i s known that t h i s maximum occurs where the s u r f a c e t e n s i o n 
of the suspending l i q u i d , YLV> equals the surface t e n s i o n , Ypvi 
of the p a r t i c l e s . Since the surface t e n s i o n , YLVI of the l i q u i d s 
i s r e a d i l y measured the sedimentation volume method provides a 
d i r e c t means f o r determining the s u r f a c e t e n s i o n of the 
p r o t e i n - c o a t e d p a r t i c l e s . 

Shown i n F i g u r e 10 are the experimental data f o r three polymer 
systems coated w i t h HSA at d i f f e r e n t b u l k c o n c e n t r a t i o n s . I t i s 
c l e a r that each bulk c o n c e n t r a t i o n g i v e s r i s e to a unique V s e (| 
extremum. For example i n the case of HSA used at b u l k concentra
t i o n s of 25 mg/ml and 5 mg/ml to coat PTFE p a r t i c l e s , V s e < j maxima 
occur at YLV values of 69.7 and 57.0 ergs/cm 2, r e s p e c t i v e l y . 
These r e s u l t s imply that the surface t e n s i o n of PTFE coated w i t h 
these concentrations of HSA i s 69.7 and 57.0 ergs/cm 2, respec
t i v e l y . Thus the V s e ( i technique i s able to d i s c r i m i n a t e between 
the surface p r o p e r t i e s of one and the same polymer coated w i t h 
d i f f e r e n t b u l k concentrations of the same p r o t e i n . 

Shown i n Figures 11 and 12 are the data f o r the same three 
polymers coated w i t h d i f f e r e n t bulk concentrations of IgG and 
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412 PROTEINS AT INTERFACES 

ι 1 1 1 1 1 
63 65 67 69 71 73 

tfLv(ergs/cm2) 

Figure 7: Slopes of the s t r a i g h t l i n e s of the type i n d i c a t e d 
i n F i g u r e 6 versus γ ^ · The slope i s zero f o r γτ,γ = 
Ypy. The p o i n t s are computer curve f i t t e d to a second order 
polynomial and the i n t e r c e p t s are taken from that curve f i t . 
(Reproduced w i t h permission Ref. 18. Copyright 1981, 
E l s e v i e r / N o r t h Holland P r e s s ) . 

F i g u r e 8: Sedimentation of Nylon-6,6 p a r t i c l e s coated w i t h a 
25 mg/ml bulk c o n c e n t r a t i o n of Human Serum Albumin. The 
p a r t i c l e s i n each tube are suspended i n b i n a r y mixtures of 
Hanks Balanced S a l t S o l u t i o n (HBSS) c o n t a i n i n g d i f f e r e n t 
amounts of d i m e t h y l s u l f o x i d e , pH 7.2. (Reproduced w i t h 
permission from Ref. 40. Copyright 1986, Academic Press Inc.) 
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T 1 h 1 -ι 
68 70 72 
LIQUID S U R F A C E TENSION (ergs/cm 2 ) 

F i g u r e 9: Sedimentation volume of Nylon-6,6 p a r t i c l e s g i v e n i n 
Fig u r e 8 p l o t t e d as f u n c t i o n of the surface t e n s i o n , γτ̂ γ, 
of the suspending l i q u i d i n each tube. (Reproduced w i t h 
permission from Ref. 40. Copyright 1986, Academic Press Inc.) 

f i b r i n o g e n . Each of the polymers coated w i t h the same b u l k 
c o n c e n t r a t i o n of HSA, IgG or f i b r i n o g e n g i v e r i s e to V s e (| extrema 
which are d i f f e r e n t f o r each p r o t e i n . There are s e v e r a l p o i n t s to 
be made about the data contained i n Figu r e s 10-12. 

The f i r s t i s that p r o t e i n a d s o r p t i o n , even out of d i l u t e 
s o l u t i o n s , changes the apparent surface t e n s i o n of the uncoated 
polymer m a t e r i a l very markedly. As an example, a b u l k concentra
t i o n of 1 mg/ml of HSA, IgG or f i b r i n o g e n g i v e s r i s e to a su r f a c e 
t e n s i o n of 53.0, 58.8 and 59.0 ergs/cm 2, r e s p e c t i v e l y , on PTFE. 
These values represent an increase i n su r f a c e t e n s i o n of more than 
30 ergs/cm 2 over the value of uncoated PTFE p a r t i c l e s (18)· 

Next, i t i s c l e a r that the p o s i t i o n at which the Vse& maxima 
occur changes w i t h v a r y i n g b u l k p r o t e i n c o n c e n t r a t i o n s . The extent 
of these changes i s r e l a t e d to the nature of both the s u b s t r a t e 
m a t e r i a l and to the adsorbed p r o t e i n i t s e l f . For example as shown 
i n F i g u r e 10 f o r HSA, i t i s noted that f o r lower b u l k concentra-
ions the d i f f e r e n c e i s more pronounced on the more hydrophobic PTFE 
m a t e r i a l than on the other s u b s t r a t e s . By way of i l l u s t r a t i o n of 
t h i s p o i n t i t i s seen that f o r an HSA b u l k c o n c e n t r a t i o n of 10 
mg/ml that Nylon-6,6, which has a surf a c e t e n s i o n of 44.1 ergs/ 
cm 2, gi v e s r i s e to a sedimentation maximum o c c u r r i n g at 68.8 ergs/ 
cm 2, whereas p o l y v i n y l c h l o r i d e (32.1) and PTFE (19.8) g i v e s r i s e 
to V s e < j maxima o c c u r r i n g at 63.3 and 61.5 ergs/cm 2, r e s p e c t i v e l y . 
S i m i l a r trends are a l s o observed f o r both IgG and f i b r i n o g e n . 

The i n f l u e n c e of the s u b s t r a t e s u r f a c e t e n s i o n i s f u r t h e r r e 
vealed through a c o n s i d e r a t i o n of the range i n V s e ^ maxima f o r 
the v a r i o u s b u l k concentrations of each p r o t e i n adsorbed onto the 
d i f f e r e n t s u r f a c e s . I t i s c l e a r from the data contained i n Figures 
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Ί 1 1 Γ 
55 60 65 70 

LIQUID S U R F A C E TENSION (ergs c m 2 ) 

F i g u r e 10: Sedimentation volume, V s e £|, as a f u n c t i o n of the 
surf a c e t e n s i o n , Y L V, of the suspending l i q u i d 
(propanol/HBSS) f o r albumin-coated polymer p a r t i c l e s . 
C oncentration of the co a t i n g p r o t e i n s o l u t i o n i s i n d i c a t e d . 
Polymers: P o l y - t e t r a f l u o e t h y l e n e (PTFE); P o l y v i n y l c h l o r i d e 
(PVC); Nylon-6,6 (N-6,6). (Reproduced w i t h permission from 
Ref. 40. Copyright 1986, Academic Press Inc.) 
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ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 

Figure 11: Sedimentation volume, V s e ( j , as a f u n c t i o n of the 
surface t e n s i o n , yjjj, of the suspending l i q u i d 
(propanol/HBSS) f o r IgG-coated polymer p a r t i c l e s . 
Concentration of the c o a t i n g p r o t e i n s o l u t i o n i s i n d i c a t e d . 
For i d e n t i f i c a t i o n of the polymers see Figure 10. (Reproduced 
w i t h permission from Ref. 40. Copyright 1986, Academic Press 
Inc.) 
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416 PROTEINS AT INTERFACES 

55 60 65 70 
LIQUID S U R F A C E T E N S I O N (ergs/cm 2 ) 

F i g u r e 12: Sedimentation volume, V s e ( j , as a f u n c t i o n of the 
surfac e t e n s i o n , y\j\j, of the suspending l i q u i d 
(propanol/HBSS) f o r fib r i n o g e n - c o a t e d polymer p a r t i c l e s . 
C oncentration of the co a t i n g p r o t e i n s o l u t i o n i s i n d i c a t e d . 
For i d e n t i f i c a t i o n of the polymers see Figure 10. (Reproduced 
w i t h permission from Ref. 40. Copyright 1986, Academic Press 
Inc. ) 
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25. ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 417 

10-12 that the "spread" i n the V s e < i maxima values increases w i t h 
decreasing s u b s t r a t e surface t e n s i o n . For example, i n the case of 
HSA over the bul k c o n c e n t r a t i o n range of 25 to 1 mg/ml the range i n 
V"sed maxima i s approximately 4 ergs/cm 2 f o r N-6,6, 11 ergs/cm 2 

f o r PVC and 17 ergs/cm 2 f o r PTFE. 
The range i n V s e ( j maxima a l s o appears to be due, i n p a r t , to 

the nature of the adsorbed p r o t e i n . As shown i n F i g u r e 13 at bul k 
c o n c e n t r a t i o n s equal to or gre a t e r than 25 mg/ml i t i s noted that 
HSA gi v e s r i s e to the high e s t surface t e n s i o n (69.7 ergs/cm 2) 
fo l l o w e d by IgG (67.8) and then f i b r i n o g e n (63.5). These values 
are independent of the surface p r o p e r t i e s of the u n d e r l y i n g 
s u b s t r a t e m a t e r i a l . This order of h y d r o p h o b i c i t y , however, i s not 
c o n s i s t e n t l y maintained as the bulk c o n c e n t r a t i o n i s decreased. 
HSA i s the p r o t e i n which gives r i s e to the l a r g e s t range i n V s e ( j 
maxima foll o w e d by IgG and f i b r i n o g e n . For example PTFE coated 
w i t h a HSA bul k c o n c e n t r a t i o n of 25 mg/ml y i e l d s a V s e < j maximum 
at approximately 70 ergs/cm 2 whereas a 1 mg/ml bulk c o n c e n t r a t i o n 
y i e l d s a V s e ( j maximum at 53 erg/cm 2; i . e . a change i n su r f a c e 
t e n s i o n of approximately 17 erg/cm 2 over t h i s range of bul k 
c o n c e n t r a t i o n s . For the same bulk p r o t e i n concentrations of IgG, 
the corresponding PTFE values are 68 and 58 ergs/cm 2 r e s p e c t i v e l y : 
a decrease of 10 ergs/cm 2. For the most hydrophobic p r o t e i n 
s t u d i e d , f i b r i n o g e n , at the same bul k concentrations the observed 
PTFE values are approximately 63 and 59 ergs/cm 2, r e s p e c t i v e l y . 
T h i s corresponds to a decrease of only 4 ergs/cm*. One p o s s i b l e 
e x p l a n a t i o n f o r these observations i s that HSA undergoes more 
extensive s u b s t r a t e induced conformational changes than the more 
r i g i d IgG and f i b r i n o g e n molecules. 

I n c o n t r a s t to the p a t t e r n at low bul k p r o t e i n c o n c e n t r a t i o n s , 
there i s a unique l i m i t i n g maximum at h i g h b u l k c o n c e n t r a t i o n s f o r 
each of the p r o t e i n s , even though the u n d e r l y i n g s u b s t r a t e s u r f a c e 
t e n s i o n s are markedly d i f f e r e n t . T h i s i s i l l u s t r a t e d i n F i g u r e 13 
i n which i t i s shown that the polymer p a r t i c l e s when coated w i t h 
p r o t e i n at a c o n c e n t r a t i o n of 25 mg/ml or l a r g e r g i v e s r i s e to a 
V s e ( i maximum which i s c h a r a c t e r i s t i c of each p r o t e i n and i s inde
pendent of the hy d r o p h o b i c i t y of the u n d e r l y i n g s u b s t r a t e m a t e r i a l . 
These l i m i t i n g values agree w e l l w i t h the surf a c e t e n s i o n values of 
the p r o t e i n s determined from s a l i n e contact angle measurements on 
r e l a t i v e l y t h i c k hydrated p r o t e i n l a y e r s ( 1 8 f 3 5 ) r hydrophobic 
i n t e r a c t i o n chromatography (42) and a d s o r p t i v i t y measurements 
( U ) . These values are compared i n Table 1. 

There i s one more s t r i k i n g o b s e r v a t i o n i n connection w i t h the 
sedimentation volume of f i b r i n o g e n coated p a r t i c l e s . As i l l u s 
t r a t e d i n Fi g u r e 13 f o r a l l b u l k concentrations examined, f i b r i n 
ogen, when adsorbed onto any of the three polymers, r e s u l t s i n 
markedly l a r g e r sedimentation volumes than e i t h e r HSA- or IgG-
coated p a r t i c l e s . T h i s i s p a r t i c u l a r l y n o t i c e a b l e at h i g h b u l k 
c o n c e n t r a t i o n s and on the h i g h energy s u r f a c e , Nylon-6,6. The 
reason f o r these l a r g e values i n V s e ( j i s not known at t h i s time. 
However, i t may be r e l a t e d to s t e r i c c o n s i d e r a t i o n s s i n c e even i n 
phosphate b u f f e r without any a d d i t i v e , the V s e ( j values f o r 
fi b r i n o g e n - c o a t e d p a r t i c l e s are about 50% l a r g e r than f o r the same 
polymers coated w i t h e i t h e r HSA or IgG at the same bul k concen
t r a t i o n . I n t h i s regard i t should be noted that f i b r i n o g e n 
molecules are the l a r g e s t among the three p r o t e i n s s t u d i e d having a 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
5



4 1 8 PROTEINS AT INTERFACES 

55 60 65 70 
LIQUID SURFACE TENSION (ems/cm 2 ) 

Figure 13: Comparison of the sedimentation volume, V s e ( j as a 
f u n c t i o n of the surface t e n s i o n , YLV> °f the suspending 
l i q u i d (propanol/HBSS) f o r d i f f e r e n t polymers coated w i t h three 
serum p r o t e i n s at a bulk c o n c e n t r a t i o n of 25 mg/ml. For 
i d e n t i f i c a t i o n o f the polymers see Figure 10. (Reproduced w i t h 
permission from Ref. 40. Copyright 1986, Academic Press Inc.) 
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25. ABSOLOM ET AL. Interactions at Solid-Liquid Interfaces 419 

molecular weight 340,000 and an a x i a l r a t i o of 1:7. The l a r g e 
V"sed values f o r f i b r i n o g e n coated p a r t i c l e s cannot, however, be 
e n t i r e l y a s c r i b e d to p r o t e i n molecular dimensions alone s i n c e HSA 
(67,000; 1:3) and IgG (169,000; 1:5) i n v i r t u a l l y a l l cases g i v e 
r i s e to s i m i l a r V s e ( j valu e s . 

The data discussed here do not exclude the p o s s i b i l i t y that the 
adsorbed l a y e r might be comprised of more than a s i n g l e l a y e r of 
p r o t e i n molecules. Evidence f o r such m u l t i l a y e r formation has been 
given elsewhere f o r both f i b r i n o g e n and HSA (43 f 4 4 ) . 

Conclusions 

I n t h e i r n a t i v e s t a t e most serum p r o t e i n s are q u i t e h y d r o p h i l i c . 
C h a r a c t e r i z a t i o n of the surface p r o p e r t i e s of the n a t i v e p r o t e i n s 
i s best achieved by time dependent contact angle measurements on 
r e l a t i v e l y t h i c k p r o t e i n l a y e r s or by the a d s o r p t i o n method. With 
h i g h b u l k concentrations of the coa t i n g s o l u t i o n the V s e ( i method 
may a l s o be employed. 

The r e l a t i v e extent of p r o t e i n a d s o r p t i o n onto polymer surfaces 
i s i n f l u e n c e d by the surface tensions of the s u b s t r a t e m a t e r i a l , of 
the suspending l i q u i d and of the p r o t e i n s themselves. For one and 
the same s u b s t r a t e m a t e r i a l the extent of p r o t e i n a d s o r p t i o n 
depends on the r e l a t i v e h y d r o p h o b i c i t y of the p r o t e i n s . For the 
s i t u a t i o n where > Ypv t n e more hydrophobic p r o t e i n s 
w i l l adsorb to the l a r g e s t extent. 

P r o t e i n a d s o r p t i o n changes the surface p r o p e r t i e s of the 
"naked" s u b s t r a t e markedly. These changes may be c h a r a c t e r i z e d by 
means of the sedimentation volume method. Most polymers are 
rendered s i g n i f i c a n t l y more h y d r o p h i l i c as a r e s u l t of p r o t e i n 
a d s o r p t i o n . The extent of the change of s u b s t r a t e p r o p e r t i e s i s 
dependent on the nature of the adsorbing p r o t e i n , the b u l k 
c o n c e n t r a t i o n of the c o a t i n g p r o t e i n s o l u t i o n and the s u b s t r a t e 
s u r f a c e p r o p e r t i e s . At low b u l k concentrations s u b s t r a t e s u r f a c e 
p r o p e r t i e s are important i n that they i n f l u e n c e the subsequent 
su r f a c e t e n s i o n of the p r o t e i n - c o a t e d polymer p a r t i c l e s p o s s i b l y 
through substrate-induced conformational changes i n the adsorbed 
molecules. At h i g h bulk concentrations the s u r f a c e t e n s i o n of the 
p r o t e i n coated polymer i s independent of the u n d e r l y i n g s u b s t r a t e 
s u r f a c e p r o p e r t i e s . Under these c o n d i t i o n s of h i g h b u l k concentra
t i o n each p r o t e i n gives r i s e to a unique s u r f a c e t e n s i o n which i s 
c h a r a c t e r i s t i c of the co a t i n g p r o t e i n . 
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Chapter 26 

Electron Tunneling Used as a Probe of Protein 
Adsorption at Interfaces 

J. A. Panitz 

Department of Cell Biology, University of New Mexico School of Medicine, 
Albuquerque, NM 87131 

The ability of electron tunneling to detect protein adsorption on a 
metal surface has been investigated. Tunneling at a vacuum-metal 
interface is discussed. Field-electron emission tunneling experiments 
are reviewed; they suggest a fundamental limit on the ability of an 
electron tunneling microscope to probe protein adsorption at an 
interface, or to image the structure of a biological macromolecule. 

Tunneling is a ubiquitous phenomenon. It is observed in biological systems (1), 
and in electrochemical cells (2). Alpha particle disintegration (3), the Stark 
effect (4), superconductivity in thin films (5), field-electron emission (6), and 
field-ionization (7) are tunneling phenomena. Even the disappearance of a 
black hole (or the fate of a multi-dimensional universe) may depend on 
tunneling, but on a cosmological scale (8-9). 

Classical physics dictates that a particle constrained by an energy barrier 
can become free only if it acquires an energy greater than the height of the 
barrier. In quantum mechanics, this restriction is eased. For example, 
quantum mechanics allows an electron to escape from the interior of a metal by 
tunneling through the potential barrier that confines it. The height of this 
barrier is called the work function of the metal (φ). The work function is a 
property of a metal surface which can be locally modified by the presence of an 
adsorbate. For a clean metal surface, Φ = 1-6 eV 

When a potential difference is applied to two metal electrodes in high 
vacuum, two types of tunneling can be observed: metal-vacuum-metal tunneling 
when the electrodes are separated by l-2nm, or field-electron emission tunneling 
when the gap is much larger. In practice, it is difficult to measure a tunneling 
current in a vacuum gap when the gap is very small because the electrode 
spacing must be maintained without electrode contact. For this reason, the first 
successful tunneling experiments between closely spaced electrodes used a thin, 
insulating layer to define the electrode gap, and fix the electrode separation 
(10). 

0097-6156/87/0343-0422$06.00/0 
© 1987 American Chemical Society 
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26. PANITZ Electron Tunneling Used as a Probe 423 

Electron Tunneling Phenomena 

If all sources of conduction current in a vacuum gap are eliminated (for 
example, the current that would flow through an an asperity that might span the 
gap), a tunneling current can be observed (11-12). At small electrode 
separations, the tunneling current depends exponentially on both the separation 
of the electrodes and the work function of the cathode surface, and linearly on 
the voltage applied between them. A simplified, one-dimensional picture of the 
tunneling barrier is shown schematically in Figure 1. 

If an adsorbate is placed in the tunneling gap, the tunneling current will 
be modified by the local change in work function that the adsorbate produces. 
To observe a tunneling current, electrons must tunnel from one electrode (the 
cathode) into the adsorbate, and then conduct through the adsorbate to the 
other electrode (the anode). Alternately, electrons could tunnel completely 
through the adsorbate, but this process becomes more improbable as the 
thickness of the adsorbate increases. As the adsorbate thickness increases, the 
electrode gap that contains it must also increase. If the adsorbate is a protein 
molecule, the gap must be increased to tens or hundreds of nanometers. At 
these distances, a tunneling current could normally not be measured. 

The dimensional stability of the tunneling gap is of primary importance 
when proteins are placed in the gap. If the electrode separation increases, the 
proteins may not completely fill the gap; if the separation decreases, the 
proteins may be deformed or destroyed. Field-electron emission provides an 
alternative way to probe the tunneling properties of proteins without the 
difficulties imposed by small, random changes in the separation of the tunneling 
electrodes. Unlike metal-vacuum-metal tunneling, field-electron emission 
tunneling does not explicitly depend on the separation of the electrodes in a 
tunneling apparatus. As a result, large protein molecules can be placed on the 
cathode, and a tunneling current measured, independent of the anode position. 

Field-electron emission tunneling depends exponentially on the work 
function of the cathode, and exponentially on the electric field strength at its 
surface (13). At a field strength of a few volts per nanometer, the width of the 
tunneling barrier will be reduced and electrons will tunnel with high probability 
from the cathode surface. If protein molecules are placed on the surface, the 
local tunneling probability will reflect their presence. Field-emitted electrons 
emerge as free particles in the vacuum gap, and accelerate to the anode 
through the potential difference that is applied across the electrodes. To avoid 
electrical breakdown, the electrode separation must be large, and the potential 
difference must be small. An easy way to generate the required field strength 
under these conditions is to enhance the electric field at the cathode surface by 
using a highly curved, needle-like cathode known as a field-emitter tip (See 
Figure 2). 

A tip with the required shape and size can be prepared from fine wire by 
standard electropolishing techniques (14). The highly curved apex of the tip 
can be made smooth on an atomic scale by annealing the tip in high vacuum 
close to its melting point (15). Tips with an apex radius of curvature of ΙΟ
Ι OOOnm can be easily fabricated by these techniques. It is important to realize 
that on the scale of a single protein molecule, the highly curved apex of a large 
radius field-emitter tip looks like a flat surface of infinite extent. 
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424 PROTEINS AT INTERFACES 

V 

SEA 

I = a exp(-b φθ.5 d) A V 

Figure 1. Metal-vacuum-metal tunneling. 

ν 

! = a'exp(-b'$1-5/F) A 

Figure 2. Field-electron emission tunneling. 
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26. PANITZ Electron Tunneling Used as a Probe 425 

Protein deposition on field-emitter tips 

Reproducible deposition of protein molecules on the apex of a field-emitter tip 
can present formidable problems. Unlike a small organic adsorbate that can be 
sublimed directly onto the apex of a field-emitter tip in high vacuum, a large 
protein molecule must be deposited onto the tip apex from an aqueous 
environment, and then dried without introducing artifacts. Surface tension 
forces during the drying process can rearrange or distort the structure of the 
protein molecules adsorbed on the tip apex; proteins can even be removed 
from the apex as an air-liquid interface is traversed. Fortunately, the 
deposition problem has been solved. A surprisingly simple protocol can be 
used to deposit protein molecules (and most other species of biological 
interest) onto the apex of a field-emitter tip in a reproducible fashion (16-17). 

The success of a particular deposition procedure can be determined 
from a series of control experiments in which the coverage of a biological 
species on the tip surface is determined by imaging the tip profile in the 
transmission electron microscope (TEM). Isolated species on the tip surface 
can be visualized if they are stained with uranyl acetate, or coated with a thin 
layer of tungsten prior to imaging (18)· For example, figure 3 shows tobacco 
mosaic virus particles deposited from aqueous solution onto a large radius, 
tungsten field-emitter tip. The enzyme-cleaved virus particles were rotary 
shadowed with tungsten prior to imaging the tip apex in the T E M (19). 

Field-electron emission Microscopy 

A field-emitter tip has a unique advantage when used as the cathode in a 
tunneling apparatus: the electron tunneling probability at the tip apex can be 
directly visualized in the field-electron emission microscope (20). Electrons that 
tunnel from the apex of a field-emitter tip emerge as free particles in vacuum, 
and are accelerated along electric field lines that rapidly diverge into space. In 
the field-electron emission microscope (FEEM), the anode of a tunneling 
apparatus is coated with a suitable phosphor and placed far from the tip apex. 
The tunneling electrons that strike the phosphor form a highly magnified image 
that reflects their point of origin at the tip apex. Bright regions in the image 
reflect regions of increased electron tunneling; dark regions reflect a decrease 
in the electron tunneling probability. 

The magnification of an F E E M image is determined by the radius of the 
tip apex and the distance between the tip and the phosphor-coated anode that 
displays the image. In practice, a magnification of several hundred thousand 
times is easily achieved (21). The resolution of an F E E M image is about 2nm; it 
is limited by the lateral velocity component of the tunneling electrons as they 
emerge from the tunneling barrier, and by the Heisenberg uncertainty principle 
that ultimately obscures their precise point of origin on the tip apex (22). 
Unlike other electron microscopes, the F E E M is a very simple device. Image 
quality is not affected by external vibrations, and high contrast images are 
stable for long periods of time. It has been noted that in the absence of lenses, 
illuminating devices, and automatic controls a field-emission microscope is less of 
an apparatus and more of a direct aid to the eye and brain (23). 
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426 PROTEINS AT INTERFACES 

Figure 3. Transmission electron microscopy of enzyme-cleaved, 
tobacco mosaic virus particles on the apex of a tungsten field-emitter tip 
(imaged at 200kV). TMV sample kindly supplied by P. J. Butler, the MRC, 
Cambridge, England. 
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26. PANITZ Electron Tunneling Used as a Probe 421 

F E E M imaging of small organic molecules 

Many small organic molecules can be conveniently imaged in the F E E M 
because they can be directly sublimed onto the apex of a field-emitter tip 
without sacrificing the high vacuum environment of the microscope. The first 
attempt to image such molecules in the F E E M was made in 1950 (24-25). Two 
planar molecules were studied: copper-phthalocyanine (a four-fold symmetric 
molecule), and flaventhrene (a two-fold symmetric molecule). Figure 4A is an 
F E E M image that is characteristic of a clean, (HO)-oriented tungsten field-
emitter tip. The symmetry of the image reflects the symmetry of the tip apex 
about the axis of the wire from which it was made (a result of the 
electropolishing technique mentioned above). Figure 4B shows the result of 
subliming copper phthalocyanine molecules onto the tip apex. Figure 4C shows 
an F E E M image of another tungsten tip exposed to the same flux of molecules 
for a greater time (resulting in an increased coverage of molecules on the tip 
apex). Figure 4D shows the result of subliming flaventhrene onto a different 
tungsten tip. The bright features that appear after sublimation reflect a 
decrease in the local work function of the surface at each adsorption site. 
Although these regions seem to reflect the known symmetry of each adorbate, 
the correspondence may be fortuitous: three-fold symmetric adsorbates (and 
other non-symmetric molecules) also produce two-fold and four-fold symmetric 
F E E M images, and other unique shapes have also been reported (26). 

The symmetry of a phthalocyanine or a flaventhrene image feature is 
thought to reflect a complex scattering phenomenon within the molecule. The 
potential well defined by the molecule may tend to open a window, or aperture, 
in the tunneling barrier at the cathode surface, increasing the tunneling current 
at the adsorption site (27). Tunneling electrons, elastically (and inelastically) 
scattered from the aperture, then reemitted into space, could produce the 
patterns that are observed (28). Careful experiments have demonstrated that 
an F E E M image can accurately reflect the adsorption of a single organic 
molecule on the tip apex, but will not necessarily reflect its true shape or size 
(22). 

The size of a molecular image feature in Figure 4 is about an order of 
magnitude larger than the size of the molecule that produced it. The increase 
in local image magnification has been explained by assuming that a molecule 
acts like a small metallic protrusion on the tip apex (30). A small metallic 
protrusion will distort the trajectories of the tunneling electrons in its vicinity, 
causing them to diverge more rapidly into space. If a molecule contains a 
number of quasi-free (i.e. pi) electrons, the electric field in the vicinity of the 
molecule will tend to be excluded from its interior, and the molecule will act 
like a small metallic protrusion. Although some molecules may behave in this 
way (e.g. semiconducting phthalocyanines), others may behave more like an 
insulator than a metal. The electric field will penetrate almost completely into 
the interior of an insulating (dielectric) protrusion. Electron trajectories in the 
vicinity of the protrusion will be relatively undisturbed by its presence, and the 
local magnification at the site of the protrusion will not change by an 
appreciable amount. 
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428 PROTEINS AT INTERFACES 

Figure 4. Field-electron emission microscopy of small, organic adsorbates. (A) 110-
oriented tungsten tip. (B) With copper-phthalocyanine adsorption. 
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26. PANITZ Electron Tunneling Used as a Probe 429 

Figure 4.—Continued. Field-electron emission microscopy of small, organic adsorbates. 
(C) With increased copper-phthalocyanine. (D) With flaventhrene adsorption. 
(Courtesy of Dr. A. J. Melmed, The National Bureau of Standards, Gaithersburg, MD.) 
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F E E M imaging of Immune Complexes 

The tunneling characteristics of protein molecules and virus particles have been 
studied by observing how they affect the appearance of an F E E M image. 
These experiments highlight the difficulty in handling biological species that 
must be removed from an aqueous environment for examination in an F E E M 
under ultra-high vacuum conditions. To insure some semblance of statistical 
reliability, many tips must be examined under reasonably identical conditions. 
With this in mind, thirty or forty tips are usually examined, divided into groups, 
with two tips in each group. One tip in each group is called the active tip; it is 
exposed to buffer containing the immune complex. The other tip is called the 
control tip; it is transferred with the active tip, in and out of the FEEM, during 
each stage of the imaging protocol. The control tip is used to assess the effect 
of tip contamination by adsorbed gas or impurities from laboratory ambient 
(21). 

It is instructive to review the imaging protocol that was developed for 
studying the tunneling characteristics of ferritin/goat anti-rabbit IgG conjugate 
because this protocol illustrates the type of control that is required for 
examining any biological species in the FEEM: 

(1) Two tips were cleaned by repeated heating in vacuum to 2100C. The 
heating schedule was designed to remove contaminant species from the tip apex 
by thermal desorption. 

(2) An F E E M image of each tip was taken without breaking vacuum to 
record the field-electron emission pattern of the clean tip surface (Figure 5A 
and 5D). 

(3) Both tips were transferred into laboratory ambient. The active tip 
was placed for 180s into an aqueous solution of 20mM Tris-Cl buffer containing 
150mM NaCl at pH 7.6. The tip was rinsed in distilled water, transferred wet 
into a mixture of 90% ethanol in water for fifteen seconds, and then dried in 
air. The control tip remained in laboratory ambient during this time. 

(4) Both tips were returned to the vacuum system and an F E E M image 
was taken of each tip after a 12 hour pumpdown (Figure 5B and Figure 5E). 
The bright features in Figure 5B are characteristic of exposing a tip to an 
aqueous solution of buffer (that does not contain protein molecules) as 
described above. 

(5) Both tips were transferred into laboratory ambient. The active tip 
was placed in buffer containing ferritin/IgG conjugate at a concentration of 
about 12.5 micrograms/ml. After three minutes the active tip was rinsed as 
described in (3), above. Previous T E M images confirmed that this procedure 
resulted in a saturation coverage of the immune complex on the tip surface. 
The control tip remained in laboratory ambient during the deposition 
procedure. 

(6) Both tips were returned to the vacuum system, and an F E E M image 
was taken of each tip. The image of the active tip (Figure 5C) reflects the 
adsorption of gas phase contaminants during tip transfer in air, the adsorption 
of buffer molecules, and the adsorption of ferritin/IgG complexes from 
solution. The total tunneling current from a tip exposed to the protein complex 
is greatly reduced (or eliminated) when compared to the tunneling current from 
a clean tip, or a control tip (Figure 5F). 
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26. PANITZ Electron Tunneling Used as a Probe 431 

Figure 5. Field-electron emission microscopy of protein adsorbates. (A) 
Active tip prior to deposition. (B) Deposition in buffer without ferritin-lgG. 
(C) Deposition in buffer with ferritin-lgG. (D) Control tip prior to air 
exposure. (E) After exposure to laboratory ambient. (F) After 
subsequent exposure to laboratory ambient. (Reproduced with 
permission from Ref. 31. Copyright 1984 The American Institute of 
Physics.) 
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432 PROTEINS AT INTERFACES 

Conclusions 

As a result of the F E E M imaging experiment described above, and other 
(unpublished) F E E M experiments, the following general conclusions have been 
reached: 

(1) Repeated exposure of a tungsten tip to laboratory ambient does not 
seem to appreciably alter its tunneling characteristics. Since the tip apex must 
be covered with a monolayer of gas phase contaminants (as a result of exposure 
to laboratory ambient), the adsorbed species must either not affect F E E M 
image contrast, or the adsorbates must desorb from the tip surface during the 
pumpdown cycle prior to imaging. The latter effect is probably responsible for 
the image contrast that is observed. Localized regions of increased image 
brightness are occasionally seen in an F E E M image after exposing a tip to 
laboratory ambient (indicating the presence of adsorbed contaminants), but 
these features are short lived and do not survive minor increases in field 
strength (of the order of 0.5%). 

(2) If a clean tip is exposed to buffer (the type of buffer does not seem to 
matter), a characteristic F E E M image is recorded in vacuum. Image features 
consist mainly of bright, circular regions of increased contrast, often 
superimposed on a weak background image that looks similar to an FEEM 
image of a clean tip. Unlike the bright regions that are occasionally observed 
in a control tip image after air exposure, these bright regions are stable, even if 
the imaging field is increased by several percent. The increased emission has 
been correlated with the presence of salt in the buffer solution. 

(3) The F E E M image of a tip exposed to an aqueous solution of buffer 
containing a protein (the exact protein appears to be unimportant) shows 
characteristically less emission than the F E E M image of a clean tip, or a 
control tip. Electron tunneling from large regions of the tip surface is 
suppressed, apparently by the presence of protein molecules in these regions. 
The reduction in the total emitting area is in qualitative agreement with the 
coverage of protein on the tip apex as judged by subsequent imaging in the 
T E M (unpublished). We interpret these observations by suggesting that a 
protein molecule behaves like a thick, insulating protrusion on the tip apex. 
Tunneling seems to occur with high probability only from the regions of the tip 
apex that are not covered with protein. Precise, probe-hole measurements of 
the tunneling current are needed to quantify this effect (32). 

Implications for STM imaging 

The scanning tunneling microscope (STM) is a high resolution, non-contacting, 
surface profilometer (33). Contrast is generated in an STM image by mapping 
the tunneling probability of electrons across a surface scanned by a field-
emitter tip. A tip is used to limit and define the tunneling region of the surface. 
As the tip is rastered within lnm of the surface (by piezoelectric crystals), a 
metal-vacuum-metal tunneling current is recorded. The tunneling current is 
kept constant as the tip scans the surface by allowing the tip to move vertically 
with respect to the surface below. A plot of raster position verses tip elevation 
records the surface profile in three dimensions. STM images of semiconductor 
surfaces show structure at the atomic level, but the appearance of an image 
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26. PANITZ Electron Tunneling Used as a Probe 433 

depends on the bias voltage that is applied between the tip and the surface (34-
35). The STM has also been used to image unstained virus particles in 
laboratory ambient, but the images have not been reproduced and are 
unconvincing when compared to their T E M counterparts (36). STM images of 
fatty acid bilayers deposited by the Langmuir-Blodgett technique and imaged 
in air have also been reported (37)· 

Unstained protein molecules, and unstained virus particles (unpublished 
results), do not image in the FEEM. Tunneling appears to be negligible or 
absent at the adsorption site of these species. STM images reflect a reasonably 
large tunneling probability for these species; F E E M images do not, and the 
dichotomy is puzzling. Field-electron emission images are consistent with a 
picture of a protein molecule (or a virus particle) that behaves like a large, 
insulating species while STM images suggest that these species are at least 
quasi-conductors for the tunneling electrons. Perhaps the different degree of 
hydration of the species that result from the two imaging techniques may 
account for the different tunneling characteristics that have been reported 
(FEEM images of biological species must be produced in a high vacuum 
environment while STM images can be taken in laboratory ambient). More 
complete studies of electron tunneling through protein molecules under a 
variety of deposition and imaging conditions will be needed to resolve the 
fundamental questions that have been raised by these two types of tunneling 
experiments. 
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Chapter 27 

Characterization of the Acquired Biofilms 
on Materials Exposed to Human Saliva 

H. J. Mueller 

Council on Dental Materials, American Dental Association, Chicago, IL 60611 

A variety of dental alloys were submitted to 
adsorption experiments with human saliva. FT
-IR and SIMS were used to analyze the surface 
films. IEF compared the protein patterns from 
surface extracts and salivas used in protein 
adsorptions to those from unexposed saliva 
controls. Results support both selective and 
nonselective adsorption processes. The SIMS 
spectrum showed variabil i t ies in elemental 
intensities between substrates of different 
compositions, while IEF patterns of surface 
extracts from eleven different compositions 
of powder a l l appeared to contain the same 
acidic protein bands. FT-IR spectrum showed 
variabil i t ies in the protein to carbohydrate 
intensity ratios at different sites on the 
same alloy surface, and suggested that other 
factors besides substrate material may be 
important in protein adsorption. 

S u r f a c e s c o m i n g i n t o c o n t a c t w i t h s a l i v a become a d s o r b e d 
i n a s h o r t t i m e w i t h a t h i n f i l m o f o r g a n i c m a t t e r . ( 1 - 4 ) 
Much i n t e r e s t h a s been g e n e r a t e d i n c h a r a c t e r i s i n g t h i s 
f i l m f o r p u r p o s e s o f e l u c i d a t i n g , ( i ) d e m i n e r a l i z a t i o n -
m i n e r a l i z a t i o n p r o c e s s e s o f e n a m e l , ( 5 ) ( i i ) i n t e r a c t i o n s 
o f e n a m e l w i t h f l u o r i d a t i o n t r e a t m e n t s , ( 6 ) ( i i i ) i t s 
r o l e a s p r e c u r s o r t o t h e a t t a c h m e n t o f m i c r o o r g a n i s m s and 
t h e f o r m a t i o n o f p l a q u e , c a r i e s , and p e r i o d o n t a l d i s e a s e 
( 7 ) , and i t s r o l e i n t a r n i s h i n g and c o r r o s i o n o f d e n t a l 
a l l o y s . ( 8 ) The r o l e o f a d s o r b e d s a l i v a r y p r o t e i n s , 
e s p e c i a l l y m u c i n s , i n p r o t e c t i n g t h e o r a l t i s s u e s a g a i n s t 
e n v i r o n m e n t a l i n s u l t , p o t e n t i a l p a t h o g e n s , and i n l u b r i 
c a t i n g h a s been t a k e n a s r o u t i n e b i o l o g i c a l f u n c t i o n s . ( 9 ) 

S a l i v a - Enamel I n t e r a c t i o n s . E namel becomes a d s o r b e d 
w i t h a b a c t e r i a - f r e e f i l m a l m o s t i n s t a n t a n e o u s l y a f t e r 
c o n t a c t i n g s a l i v a , (10.) and i s c o n s t a n t l y r e n e w a b l e i f 

0097-6156/87/0343-0435$06.00/0 
© 1987 American Chemical Society 
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436 PROTEINS AT INTERFACES 

l o s t o r a b r a d e d . ( 1 1 ) L a n g m u i r ' s a d s o r p t i o n i s o t h e r m has 
been u s e d w i t h some s u c c e s s e s p e c i a l l y a t l o w e r p r o t e i n 
c o n c e n t r a t i o n s i n f o l l o w i n g t h e a d s o r p t i o n . ( 1 2 , 1 3 ) T h i c k 
n e s s e s o f t h e o r d e r o f 10-20 nm a f t e r t h e f i r s t 1-2 h o u r s 
o f s a l i v a e x p o s u r e have been d e t e c t e d . ( 1-4 ) a l t h o u g h much 
t h i c k e r f i l m s o f t h e o r d e r o f m i c r o n s h a v e a l s o been 
d e m o n s t r a t e d . ( 1 1 ) The f i l m s i n c o n t r a s t t o e n a m e l a r e 
a c i d i n s o l u b l e , a l t h o u g h an a c i d s o l u b l e f r a c t i o n a l s o 
o c c u r s , ( 1 4 ) and a c t as d i f f u s i o n b a r r i e r s a g a i n s t a c i d s . 
( I S ) t h e r e b y r e d u c i n g t h e a c i d s o l u b i l i t y o f e n a m e l and 
i n h i b i t i n g t h e a d h e r e n c e o f o r g a n i s m s . I t has become 
c u s t o m a r y t o r e f e r t o t h e i n i t i a l b a c t e r i a - f r e e i n t e g u m e n t , 
as t h e a c q u i r e d p e l l i c l e . ( 1 4 , 1 5 ) . Aged p e l l i c l e s c o n t a i n 
i n a d d i t i o n t o t h e a d s o r b e d p r o t e i n s , m i c r o o r g a n i s m s , 
p l a q u e , m i n e r a l i z e d p r o d u c t s . and o t h e r d e b r i s . ( 7 . 1 1 , 1 6 ) 

A n a l y s i s o f e x t r a c t e d two h r i n - v i v o e n a m e l p e l l i c l e 
showed i t t o be n e g a t i v e l y c h a r g e d and c o n t a i n i n g b o t h 
l o w e r and h i g h e r MW p r o t e i n s . G l y c i n e , g l u t a m i c a c i d , and 
s e r i n e w ere i n a b u n d a n c e and w i t h an amino a c i d c o n t e n t 
s i m i l a r t o a r e p o r t e d s a l i v a r y p h o s p h o p r o t e i n . (17.) I n 
a d d i t i o n , t h e p e l l i c l e s c o n t a i n c a r b o h y d r a t e , w h i c h 
i n c l u d e s up t o 70 % g l u c o s e ( 4 ) and l i p i d . ( 2 ) N e w i l - 2 h r ) 
p e l l i c l e s c o n t a i n 3 0 % o f p r o l i n e - r i c h p r o t e i n s . T h e i r 
d e g r a d a t i o n b e g i n s a f t e r a b o u t 24 h r s . The p r o l i n e - r i c h 
p r o t e i n c o n t e n t i n aged p e l l i c l e s i s l e s s t h a n 0.1 % . ( 1 8 ) 
A n i o n i c d i s c g e l e l e c t r o p h o r e s i s o f e x t r a c t e d two h r 
p e l l i c l e s i n d i c a t e d f o u r m a j o r bands and w i t h t h r e e bands 
i n d i c a t i n g m u l t i p l e s u b - b a n d s . ( 1 9 ) 

The a d s o r p t i o n o f s a l i v a r y p r o t e i n s t o e n a m e l may 
i n c l u d e e x c h a n g e r e a c t i o n s i n w h i c h t h e p r o t e i n p h o s p h a t e 
g r o u p s r e p l a c e s u r f a c e p h o s p h a t e i n t h e e n a m e l h y d r o x y -
a p a t i t e . ( 2 0 , 2 1 ) 

S a l i v a r y B i n d i n g P r o t e i n s . S a l i v a r y p r o t e i n s t h a t b i n d 
t o h y d r o x y a p a t i t e and w h i c h may be i m p o r t a n t i n p e l l i c l e 
f o r m a t i o n i n c l u d e , ( 2 2 ) ( i ) mucous g l y c o p r o t e i n s (MW=3-5 
χ 1 0 e , p l = 2 , 7 0 % c a r b o h y d r a t e ) , ( i i ) p r o l i n e - r i c h b a s i c 
g l y c o p r o t e i n (MW=3.5 χ 1 0 s , p l = 9 . 5 , 4 0 % CHO), ( i i i ) 
p r o l i n e - r i c h a c i d i c p r o t e i n (MW=6-12 χ 1 0 3 , p I = 4 - 4 . 7 ) , 
( i v ) t y r o s i n e - r i c h p r o t e i n known as s t a t h e r i n (MW=5.2 χ 
1 0 3 , ρI = 4.2) , v) h i s t i d i n e - r i c h p r o t e i n (MW=4.5 χ 1 0 3 , 
p l = 7 ) , and ( v i ) c a l c i u m g l y c o p r o t e i n o f m i x e d s a l i v a (MW= 
6.2 χ 10-*, p l = 4.7, 1 5 % CHO). P r o t e i n s i n p a r t i i i , i v , 
and v i a l s o b i n d c a l c i u m . A c a l c i u m p r e c i p i t a b l e g l y c o 
p r o t e i n o f s u b m a x i l l a r y s a l i v a (MW=12 χ 1 0 3 , 5% CHO), 
w h i l e n o t b i n d i n g t o h y d r o x y a p a t i t e d o e s b i n d c a l c i u m and 
i s p h o s p h o r y l a t e d . P r o t e i n s i n p a r t s i i i , and ν a r e a l s o 
p h o s p h o r y l a t e d w h i l e t h e p r o t e i n s i n p a r t s i . and i i a r e 
s u l f a t e d . 

S a l i v a - D e n t a l M a t e r i a l s I n t e r a c t i o n s . B e s i d e s e n a m e l 
and o t h e r t i s s u e s , s u r f a c e s f r o m m e t a l l i c , p o l y m e r i c , and 
c e r a m i c d e n t a l m a t e r i a l s a r e c a p a b l e o f becomimg a d s o r b e d 
w i t h o r g a n i c f i l m s . Germanium and s i l i c a i n f r a r e d s p e c t r o 
m e t e r p r i s m s f o r m e d o r a l f i l m s a t h i g h s p e e d s and were 
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27. MUELLER Characterization of the Acquired Biofilms 437 

s t a b l e o v e r t i m e . D e t e c t i o n o f p r o t e i n , c a r b o h y d r a t e , and 
l i p i d was made.(2) The amino a c i d c o n t e n t o f f i l m s f o r m e d 
on s e v e r a l p l a s t i c s and g l a s s v a r i e d and was d i f f e r e n t 
f r o m t h a t f o r m e d on e n a m e l . I t was c o n c l u d e d t h a t t h e 
c h e m i c a l c o m p o s i t o i o n o f t h e s u b s t r a t e s u r f a c e has an 
i m p o r t a n t i n f l u e n c e on t h e t y p e o f p r o t e i n s w h i c h t h e y 
r e t a i n . ( 2 3 ) F o r p e l l i c l e s on d e n t u r e s , s p e c i f i c p r o t e i n s 
seemed t o be p r e c u r s o r s i n f o r m i n g t h e f i l m s . (10.) F o r t h e 
p e l l i c l e s f r o m d i f f e r e n t r e s t o r a t i v e m a t e r i a l s , C, N, and 
Ο p r e d o m i n a t e d t h e c o m p o s i t i o n s . The t h i c k n e s s o f t h e f i l m 
f o r m e d on g o l d a l l o y was a b o u t 10 x, 4 x, and 1.25 χ t h e 
t h i c k n e s s e s t h a t f o r m e d on amalgam, e n a m e l , and c o m p o s i t e 
r e s i n , r e s p e c t i v e l y . No f i l m o c c u r r e d on s i l i c a t e cement. 
The r e l e a s e o f F~ may h a v e c o m p e t e d f o r b i n d i n g s i t e s on 
t h e a n i o n i c a d s o r b i n g p r o t e i n s . C o p p e r was f o u n d i n f i l m 
on g o l d a l l o y , w h i l e t i n was f o u n d i n f i l m on amalgam. 
The c a t i o n may be a f a c t o r i n t h e f o r m a t i o n and a d h e s i o n 
o f t h e f i l m s , and t h e a t t a c h m e n t o f m i c r o o r g a n i s m s . ( 3 ) 
B e s i d e s C, N, and O, t h e i n - v i v o t a r n i s h e d f i l m s on g o l d 
a l l o y s c o n t a i n C l , S, Ca, N i , Mg, S i , Sn, Fe, Κ, Na, A l 
and P. C o p p e r and Zn were t h e o n l y a l l o y i n g e l e m e n t s i n 
t h e f i l m s . ( 8 ) 

O b j e c t i v e 
S a l i v a r y p r o t e i n s - d e n t a l m a t e r i a l s i n t e r a c t i o n s h a v e n o t 
b e e n f u l l y a d d r e s s e d . The few i n number o f r e p o r t s h a v e 
been i n c o n c l u s i v e r e g a r d i n g i m p o r t a n t i s s u e s p e r t a i n i n g 
t o a d s o r p t i o n . F u r t h e r r e s u l t s a r e r e q u i r e d t o e l u c i d a t e 
i n g r e a t e r d e t a i l t h e a d s o r p t i o n o f s a l i v a r y c o m p o n e n t s 
t o d e n t a l m a t e r i a l s s u r f a c e s . W h ether t h e a d s o r p t i o n 
p r o c e s s e s on a l l s u r f a c e s a r e s p e c i f i c t o a few p r o t e i n s 
o r w h e t h e r t h e a d s o r b e d p r o t e i n s d e p e n d upon t h e u n d e r 
l y i n g s u b s t r a t e c o m p o s i t i o n i s v e r y much o f I n t e r e s t . 
I t was t h e g o a l o f t h i s p r o j e c t t o i n v e s t i g a t e t h e 
e f f e c t o f d e n t a l m a t e r i a l c o m p o s i t i o n upon t h e a d s o r b e d 
f i l m c h a r a c t e r i s t i c s . What e l e m e n t s become a d s o r b e d and 
what compounds a r e f o r m e d o r a d s o r b e d were i n v e s t i g a t e d . 
I n c l u d e d was a c o m p a r i s o n o f t h e a d s o r b e d p r o t e i n s t o 
t h o s e o c c u r r i n g i n s a l i v a . S i n c e t h e f i l m s a r e u s u a l l y 
o n l y nm i n t h i c k n e s s , t h e a p p r o p r i a t e a n a l y t i c a l methods 
w e r e r e q u i r e d f o r t h e i r a n a l y s i s . I t was t h e p u r p o s e o f 
t h i s p o r o j e c t t o u t i l i z e b o t h f o u r i e r t r a n s f o r m i n f r a r e d 
s p e c t r o m e t r y ( F T - I R ) and s e c o n d a r y i o n mass s p e c t r o m e t r y 
( S I M S ) , two h i g h l y s u r f a c e o r i e n t a t e d t e c h n i q u e s , as w e l l 
as i s o e l e c t r i c f o c u s i n g . F T - I R i s c a p a b l e o f d e t e c t i n g 
o r g a n i c s t r u c t u r e s , w h i l e SIMS i s c a p a b l e o f d e t e c t i n g 
most o f t h e e l e m e n t s w i t h i n s e v e r a l o f t h e o u t e r m o s t 
m o n o l a y e r s . I s o e l e c t r i c f o c u s i n g i s an e l e c t r o p h o r e t i c 
t e c h n i q u e made i n pH g r a d i e n t . The r e s u l t i n g bands a l o n g 
t h e pH g r a d i e n t c o r r e s p o n d t o t h e i s o e l e c t r i c p o i n t s o f 
i n c l u d e d p r o t e i n s . 

M a t e r i a l s and M e t h o d s 

S a l i v a and A l l o y S u r f a c e P r e p a r a t i o n s . U n s t i m u l a t e d 
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438 PROTEINS AT INTERFACES 

w h o l e s a l i v a was c o l l e c t e d i n t o i c e c h i l l e d p o l y p r o p l y e n e 
b e a k e r s f r o m one d o n o r a t t h e b e g i n n i n g o f e a c h o f t h e 
d i f f e r e n t e x p e r i m e n t s . The s a m p l e s were c e n t r i f u s e d i n 
p o l y p r o p l y e n e t u b e s a t 1600 >: g f o r 30 m i n u t e s . The s u p e r 
n a t a n t s were d e c a n t e d and u s e d i n a d s o r p t i o n t e s t s w i t h 
v a r i o u s a l l o y s u r f a c e s o r p o w d e r s t o be d e s c r i b e d . 

A l l o v s u r f a c e s f o r F T-IR and SIMS were i n i t i a l l y 
g r o u n d t o a no. 600 g r i t f i n i s h on s i l i c o n c a r b i d e 
s t r i p s , f o l l o w e d by 10 urn and 5 urn g r i n d i n g on S t r u e r ' s 
r o t a t i n g S i C d i s c s . The s u r f a c e s were p o l i s h e d w i t h 3 and 
1 urn d i a m o n d p a s t e s on nap c l o t h s . S a m p l e s were immersed 
u l t r a s o n i c a l l y i n d e t e r e g e n t , d e i o n i z e d w a t e r r i n s e d , and 
d e c r e a s e d by i m m e r s i o n s i n a c e t o n e f o l l o w e d by C C I * . 

F o u r i e r T r a n s f o r m I n f r a r e d S p e c t r o m e t r y ( F ^ - I R ) F o u r 
c r o w n and b r i d g e a l l o y s , a l l o y s A, B. C, and Ε i n T a b l e I , 

T a b l e I . A l l o v S u r f a c e s A n a l y z e d by F T - I R o r SIMS 

C o m p o s i t i o n ( w t %) 
A l l o v M a n u f a c t u r e r Au Pd Α** Cu o t h e r 

A S z a b o H e r a e u s 77 . 4 2 12. 5 8 . 1 
Β M i d a s J e l e n k o ^6 . 0 6 39. c 7 . C( 

C A 1 b a c a s t J e l e n k o — 2 5 70 . 0 5 . 0 
D T y t i n S.S. W h i t e - - 3 4 . c 7 . c ( 16Sn, 42Hg 
Ε MS M o n a r c h _ - 72 . 0 20A1 Fe.Ni,Mn 
F B i o b o n d D e n t s p l v 7 6 N i , 12Cr . 3Mo f S n . N b . S i . B b a l 

were c a s t i n t o s q u a r e s h a p e s 8 Χ S mm and 1 .5 mm t h i c k . 
The p o l i s h e d s a m p l e s were e x p o s e d f o r a few d a y s t o t h e 
o r a l e n v i r o n m e n t . The s a m p l e s w i t h h o l e s d r i l l e d l e n g t h 
w i s e were a t t a c h e d v i a o r t h o d o n t i c e l a s t i c t h r e a d t o 
p l a s t i c b r a c k e t s c e m e n t e d t o t h e b u c c a l s u r f a c e s o f u p p e r 
m o l a r o r b i c u s p i d t e e t h . ( 2 4 ) A f t e r r e m o v a l , t h e s a m p l e s 
were r i n s e d w i t h d i s t i l l e d H 2Q and a i r d r y e d . The s a m p l e s 
were a n a l y z e d i n t h e r e f l e c t i v e mode on a D i g i l a b F T - I R . 

I n a n o t h e r s e r i e s , g o l d a l l o y A ( T a b l e I ) was e x p o s e d 
i n - v i t r o f o r 1 h r t o t h e s u p e r n a t a n t o f s a l i v a . A f t e r 
d i s t i l l e d w a t e r r i n s i n g and a i r d r y i n g , t h e s u r f a c e was 
v i e w e d u n d e r t h e F T - I R m i c r o s c o p e and s u r f a c e s c r a p i n g s 
made w i t h a s c a p e l t i p a t d i f f e r e n t l o c a t i o n s a c r o s s t h e 
s u r f a c e . O r g a n i c m a t e r i a l removed a t t h e d i f f e r e n t s i t e s 
was o b t a i n e d as t h i n f i l m s on ΚBr d i s c s . An A n a l e c t FT-
IR was u s e d t o o b t a i n t h e s p e c t r u m 

S e c o n d a r y I o n Mass S p e c t r o m e t r y . P o l i s h e d a l l o y s , A, C, 
D. E. and F i n T a b l e I w e r e e x p o s e d t o t h e s u p e r n a t a n t o f 
human s a l i v a , w a t e r r i n s e d , a i r d r y e d , and a n a l y z e d by 
SIMS. A C a m b r i d g e S t e r e o s c a n s c a n n i n g e l e c t r o n m i c r o s c o p e 
w i t h an a t t a c h e d a r g o n beam gun and q u a d r a p o l e mass 
a n a l y z e r ( K r a t o s SIMS u n i t ) was u s e d . B o t h t h e p o s i t i v e 
and n e g a t i v e s p e c t r u m w e r e t a k e n . A f t e r SIMS a n a l y s i s , 
t h e s a m p l e s were r e g r o u n d and r e p o l i s h e d and a n a l y z e d 
a g a i n t o o b t a i n SIMS s p e c t r u m o f t h e a s - p o l i s h e d s u r f a c e s . 
A d s o r p t i o n M e t h o d s f o r I s o e l e c t r i c F o c u s i n g . F i v e ml 
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27. MUELLER Characterization of the Acquired Biofilms 439 

o f t h e s u p e r n a t a n t w ere m i x e d w i t h 50 mg o f d i f f e r e n t 
d e n t a l m a t e r i a l s p o w d e r s c o n t a i n e d i n p o l y s t y r e n e t u b e s . 
T a b l e I I c h a r a c t e r i z e s t h e p o w d e r s . I n i t i a l l y t h e t u b e 

T a b l e I I . A l l o y P o w d e r s f o r P r o t e i n A d s o r p t i o n w i t h I E F 

Powder S o u r c e P a r t i c l e S i z e 
1 Human Enamel g r o u n d t o o t h -200 mesh 
ο H y d r o x y a p a t i t e S i gma -200 mesh 
3 P o r c e l a i n D e n t s p l y -200 mesh 
4 PMMA r e s i n G e n e r a l D e n t a l -150 mesh 
5 P a l l a d i u m A l f a 0.25-0.55 urn 
6 S i l v e r G o l d s m i t h -325 mesh 
7 Ag-Cu e u t e c t i c C o n s o l i d a t e d A s t r o -325 mesh 
8 C o p p e r S a r g e n t - W e l c h -150 mesh 
9 T i n F i s h e r -325 mesh 
10 Amalgam A l l o y E n g e l h a r d -325 mesh 
11 B i s m u t h G o l d s m i t h -325 mesh 

c o n t e n t s w e r e v i g o r o u s l y s h a k e n w i t h t u b e m i x e r f o l l o w e d 
by a 4 h r i n c u b a t i o n w i t h a m o d e r a t e l i n e a r b a c k and f o r t h 
m o t i o n . The powde r s w e r e s e p a r a t e d f r o m t h e s a l i v a by 
c e n t r i f u g i n g a t 1600 x g f o r 15 m i n u t e s . The powde r s were 
washed w i t h 5 ml o f d i s t i l l e d H sO by v i g o r o u s l y s h a k i n g 
f o r 5 m i n w i t h t u b e m i x e r and c o l l e c t e d by c e n t r i f u g i n g . 
Two e x t r a c t i o n s f o l l o w e d , t h e f i r s t w i t h 0.2 M NaH 2PCu 
and t h e s e c o n d w i t h 0.2 M ED T A ( N a ^ ) . F i v e ml o f t h e 
e x t r a c t i o n s o l u t i o n w e r e added t o e a c h t u b e , v i g o r o u s l y 
s h a k e n f o r s e v e r a l m i n u t e s and f o l l o w e d by an i n c u b a t i o n 
f o r 4 h r . The e x t r a c t s w e r e c o l l e c t e d by c e n t r i f u g i n g , 
d i a l y z e d f o r 24 h r s a g a i n s t d i s t i l l e d H 2 o w i t h 1000 
MWCO membranes. C o n c e n t r a t i o n f o l l w e d by d e h y d r a t i o n 
t o n e a r d r y n e s s i n a 3 5 % s o l u t i o n o f p o l y e t h y l e n e g l y c o l . 
The s o l u t i o i n s w ere r e c o n s t i t u t e d by a d d e d 0.15 ml o f 
d i s t i l l e d w a t e r . 

P o l y a c r y l a m i d e and A g a r o s e I s o e l e c t r i c F o c u s i n g I E F 
was p e r f o r m e d on a LKB M u l t i p h o r 2117 e l e c t r o p h o r e s i s u n i t 
w i t h e i t h e r p o l y a c r y l a m i d e o r a g a r a s e g e l p l a t e s w h i c h 
c o n t a i n e d a m p h o l i n e c a r r i e r a m p h o l y t e s f o r g e n e r a t i n g t h e 
pH g r a d i e n t 3.5 t o 9.5. W i t h t h e 1 mm t h i c k p o l y a c r y l a m i d e 
p r e c a s t g e l p l a t e s , 1 M H^PO* and 1M NaOH w e r e added t o 
t h e anode and c a t h o d e , r e s p e c t i v e l y , w h i l e w i t h t h e 0.5 mm 
t h i c k c a s t a g a r o s e p l a t e s a 0.5 M a c e t i c a c i d and 0.5 M 
NaOH were u s e d . C o o l i n g o f t h e g e l s was by 5 d e g C w a t e r 
f l o w i n g i n t h e c o o l i n g p l a t e . I n f o c u s i n g a p l a t e h a v i n g 
d i m e n s i o n s o f 110 χ 245 mm, a c o n s t a n t power o f 20 W was 
a p p l i e d f o r 1 1/2 h r s w i t h t h e a c r y l a m i d e g e l s and f o r 1/2 
h r w i t h t h e a g a r o s e g e l s . The pH g r a d i e n t a c r o s s t h e g e l 
w i d t h s was m e a s u r e d w i t h an LKB s u r f a c e c o m b i n a t i o n pH 
e l e c t r o d e . The g e l s w e r e f i x e d i n a 1 1 . 5 % t r i c h l o r o a c e t i c 
a c i d - 3.5% s u l p h o s a l i c y l i c a c i d s o l u t i o n and r i n s e d i n 
9 5 % e t h a n o l t o remove a m p h o l i n e . The p o l y a c r y l a m i d e g e l s 
w e r e s t a i n e d w i t h a s o l u t i o n c o n t a i n i n g 1.15% c o o m a s s i e 
b l u e R 250, 8% a c e t i c a c i d , and 2 5 % e t h a n o l s o l u t i o n . 
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440 PROTEINS AT INTERFACES 

D e s t a i n i n s was w i t h s t a i n i n g s o l u t i o n w i t h o u t a d d e d c o o -
m a s s i e b l u e . The a g a r o s e p l a t e s w ere s t a i n e d w i t h s i l v e r 
(25) A f t e r r e m o v i n g a m p h o l i n e and d r y i n g , t h e g e l s were 
immer s e d i n a 2% KFeCN f o r 5 m i n , r i n s e d i n w a t e r , and 
s t a i n e d f o r 15 m i n i n d e v e l o p i n g s o l u t i o n w h i c h c o n t a i n e d 
35 % o f s o l u t i o n A and 65 % o f s o l u t i o n Β. S o l u t i o n A was 
composed o f 8% N a 2 C O 3 , w h i l e s o l u t i o n Β was composed 
o f 0.19% o f NH^NO.3, 0.2% A g N 0 3 , 1% t u n g s t o s i l i c i c a c i d , 
and 7.3% ( v / v ) f o r m a l i n ( 3 7 % ) . 

R e s u l t s 

F T - I R . F i g u r e 1 p r e s e n t s an FT-IR s p e c t r a t a k e n f r o m 
t h e s u r f a c e o f a l l o y A i n T a b l e 1 a f t e r i n - v i v o e x p o s u r e . 
The a m i d e I and I I p r o t e i n bands a r e d e t e c t e d a t a b o u t 
1650 c m - 1 and 1530 cm" 1, r e s p e c t i v e l y , as w e l l as 
a d d i t i o n a l p r o t e i n bands a t 1450 c m - 1 and 1390 cm" 1. 
S t r o n g c a r b o h y d r a t e a d s o r p t i o n i s d e t e c t e d a t 1060 c m - 1 , 
as w e l l as m o d e r a t e l i p i d c o n t e n t a t 1250 c n r 1 . A d d i t i o n a l 
a d s o r p t i o n p e a k s i n c l u d e C H 3 a t a b o u t 2930 cm" 1 and C 0 2 

a t 2350 c m - 1 . S p e c t r u m f r o m t h e r e m a i n i n g a l l o y s (Β, C, Ε 
i n T a b l e I ) were s i m i l a r t o t h a t f r o m a l l o y A. The u s e o f 
d e c o n v o l u t i o n methods f a i l e d t o p r o d u c e any s i g n i f i c a n t 
d i f f e r e n c e s due t o a l l o v c o m p o s i t i o n . 

The s p e c t r u m f r o m t h e s c r a p i n g s f o r d i f f e r e n t s i t e s 
on t h e s u r f a c e o f a l l o y A a f t e r o n l y 1 h r o f i n - v i t r o 
e x p o s u r e s t o t h e s u p e r n a t a n t o f s a l i v a showed v a r i e d 
r e s u l t s . A c o m p a r i s o n o f t h e r a t i o s o f t h e p r o t e i n ( o r 
l i p i d ) t o c a r b o h y d r a t e peak i n t e n s i t i e s a t f o u r d i f f e r e n t 
s u r f a c e s i t e s i s p r e s e n t e d i n T a b l e I I I . 

T a b l e I I I . P r o t e i n ( o r L i p i d ) t o C a r b o h y d r a t e Peak R a t i o s 
(% T/% T) a t F o u r S u r f a c e S i t e s on A l l o y A 

S i t e 
P e a k ( c m - 1 > 1 2 3 4 
1650 77 . . 9 65. . 5 77. , 2 74 . . 4 
1530 93 . . 1 76. . 1 82 . . 2 ο / , . 2 
1450 I l l . . 0 96. , 0 98. . 5 102. , 0 
1390 112. . 0 96 . .2 110 . . 0 104 . . 0 
1250 114 . . 0 98 . . 8 102 . . 0 105. c 

SIMS. F i g u r e 2 p r e s e n t s a " p o s i t i v e " SIMS s p e c t r a f o r 
a l l o y A a f t e r s a l i v a e x p o s u r e . C o m p a r i s o n t o t h e s p e c t r u m 
f r o m d i f f e r e n t a l l o y s i n d i c a t e d t h e f o l l o w i n g . The p e a k s 
r e l a t e d t o a l l o y i n g e l e m e n t s a r e Cu(AMU=63 & 65) f o r a l l o y s 
A, C, D, and E, Al< AMU=27) , Mn(AMU=56) , and Fe(AMU = 54,56, 
57,58) f o r a l l o y Ε. and B(AMU=11), S i ( A M U = 2 8 , 2 9 , 3 0 ) . C r 
(AMU=50,52,53,54) and Nb(AMU=93) f o r a l l o y F. N i c k e l ( A M U 
=58,60,61.62,64) o c c u r s w i t h a l l o y s Ε and F. O t h e r s t r o n g 
p e a k s i n c l u d e Na (AMU=23), Κ(AMU=39,41), and Ca(AMU=40.42, 
4 3 , 4 4 ) . P e a k s a l s o o c c u r a t AMU o f 12, 13, 14 ( Ν ), 1 5 Î N H ) , 
16, 2 7 Î C N H , C 2 H 3 , o r A l ) . and 4 3 ( C 2 H 3 Q ) . P e a k s a l s o 
o c c u r f o r CrO(AMU=68), NiO(AMU=74), and CuO(AMU=80). 

T a b l e s IV and V p r e s e n t c o m p a r i s o n s b e t w e e n SIMS peak 
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MUELLER Characterization of the Acquired Biofilms 

1.00 

^ w ι 1 1 1 1 1 1 

4000 3600 3200 2800 2400 2000 1600 1200 800 
WAVE NUMBERS 

F i g u r e 1. FT-IR s p e c t r a from s u r f a c e of a l l o y A 
which was r e t r i e v e d from i n v i v o usage. 

Ο 10 20 30 40 50 60 70 
ATOMIC M A S S UNITS (AMU) 

F i g u r e 2. P o s i t i v e SIMS s p e c t r a from s u r f a c e of 
a l l o y A which was exposed to the supernatant of 
human s a l i v a f o r s e v e r a l hours. 
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442 PROTEINS AT INTERFACES 

T a b l e IV. P o s i t i v e SIMS Peak m i n u s B a c k g r o u n d I n t e n s i t i e s 
. ( c o u n t s ) f o r S a l i v a E x p o s e d A l l o v S u r f a c e s 

A l l o v 
AMU A C D Ε F 
11 209 
12 10 c — 76 133 19 
13 19 57 104 
14 48 48 104 209 133 
15 20 228 86 
16 28 10 48 95 
23 1714 1666 171 152 1332 

123 57 28 476 190 
28 58 28 266 352 
39 666 514 304 1856 323 
40 571 209 542 1808 238 
4 3 76 
52 1475 
55 48 
56 48 
58 19 875 
63 57 95 104 1428 
68 67 
74 38 
93 57 
107-10 37, 28 84 , 75 28 
116-22 56 

T a b l e V. P o s i t i v e SIMS Peak m i n u s B a c k g r o u n d I n t e n s i t i e s 
( c o u n t s ) f o r As-- P o l i s h e d A l l o v S u r f a c e s 

A l l o y 
AMU A C D Ε F 
11 283 
12 113 85 28 85 
13 113 28 56 
14 283 198 226 141 113 
15 368 311 226 198 141 
16 57 56 28 28 
23 2518 5377 4245 4811 6226 
27 452 622 1201 6226 1641 
28 113 141 198 1198 
39 509 453 877 962 850 
40 226 233 538 113 1301 
43 57 226 141 95 
52 5377 
55 198 198 396 1641 
56 141 170 368 1584 
58 452 3962 
63 3537 651 1068 5094 
68 849 
74 85 283 
93 85 198 
107-10 680,481 3962,3900 339,311 
116-22 4000 1075 
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27. MUELLER Characterization of the Acquired Biofilms 443 

i n t e n s i t i e s f o r s a l i v a e x p o s e d and a s - p o l i s h e d s u r f a c e s , 
r e s p e c t i v e l y . P e a k s w i t h a t o m i c mass u n i t s h i g h e r t h a n 
t h o s e shown i n F i g u r e 2 i n c l u d e Ag(AMU= 1 0 7 , 1 0 9 ) , Pd(AMU= 
1 0 4 , 5 , 6 , 8 , 1 0 ) , SnfAMU=116-20,22,24), and SnO(AMU=132-40). 
A l l f i v e o f t h e a s - p o l i s h e d s u r f a c e s e x h i b i t e d h i g h e r Na 
i n t e n s i t i e s and h i g h e r i n t e n s i t i e s f o r AMU= 27 (C-H-,. CNH. 
o r A l ) and 4 3 C C 2 H 3 Q ) . The a l l o y i n g e l e m e n t s c o n t a i n e d 
i n t h e s u b s t r a t e a r e a l s o h i g h e r i n i n t e n s i t y f o r t h e a s -
p o l i s h e d s u r f a c e s . T h i s i s c l e a r l y e v i d e n t i n T a b l e s IV 
f o r C r , Mn, F e , N i , Cu. Nb. Ag, Pd, and Sn, a s w e l l a s f o r 
CrO, N i O , CuO, and SnO. P e a k s a l s o o c c u r r e d w i t h f o u r o u t 
o f t h e f i v e a l l o y s a t AMU = 55 and 56. F o r a l l o y Ε t h e s e 
a r e f r o m Mn and Fe, w h i l e f o r t h e o t h e r s , CaO i s i n v o l v e d . 

F i g u r e 3 p r e s e n t s t h e " n e g a t i v e " SIMS s p e c t r a f o r 
a l l o y A i n t h e s a l i v a e x p o s e d c o n d i t i o n . Peak i n t e n s i t i e s 
f o r C(AMU=12), CH(AMU=13), 0(AMU=16). 0H(AMU=17). F(AMU 
=19), and CN(AMU=26 o r C 2 H 2 ) a r e h i g h e r f o r t h e 
e x p o s e d c o n d i t i o n . However, t h e CI(AMU=35,37) peak was 
h i g h e r i n t h e a s - p o l i s h e d c o n d i t i o n . S i m i l a r t r e n d s 
t o o k p l a c e w i t h a l l o y s C and F, w h i l e a l l o y s D and Ε had 
h i g h e r Ο and C I i n t e n s i t i e s w i t h t h e s a l i v a e x p o s e d s t a t e . 
T a b l e s VI and V I I p r e s e n t c o m p a r i s o n s o f t h e v a r i o u s peak 
i n t e n s i t i e s f o r b o t h s a l i v a e x p o s e d and a s - p o l i s h e d s t a t e s . 

T a b l e V I , . N e g a t i v e SIMS Peak m i n u s B a c k g r o u n d I n t e n s i t i e s 
( c o u n t s ) f o r S a l i v a E x p o s e d A l l o y s 

A l l o y 
( AMU ) A C D Ε F 
12 3966 5476 1019 1952 1322 
13 5477 7365 1301 1840 2172 
16 10953 11993 4160 2009 12842 
17 3399 3871 1075 707 7460 
19 3021 3305 3679 2066 566 
24 661 1133 283 509 -25 472 755 141 - -
26 2455 3116 509 1211 94 
32 566 944 378 424 378 

c , 2266 3772 907 509 236 

T a b l e VII. N e g a t i v e SIMS Peak m i n u s B a c k g r o u n d I n t e n s i t i e s 
( c o u n t s ) f o r A s - P o l i s h e d A l l o y s 

A l l o v 
( AMU ) A C D Ε F 
12 906 708 1726 1132 962 
13 1528 1443 2377 2037 1726 
16 3679 3226 5264 5716 5150 
17 906 934 
19 1415 3113 3339 4358 2575 
24 452 340 339 2830 85 
25 340 283 226 2264 113 
26 1358 1075 311 2264 85 
32 339 452 481 396 339 
35 3906 4528 5086 4245 2094 
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444 PROTEINS AT INTERFACES 

10 20 30 4 0 50 

ATOMIC M A S S UNITS (AMU) 

60 

F i g u r e 3. Negative SIMS s p e c t r a 
a l l o y A which was exposed to the 
human s a l i v a f o r s e v e r a l hours. 

from s u r f a c e of 
supernatant of 
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27. MUELLER Characterization of the Acquired Biofilms 445 

Table VIII presents the change i n peak i n t e n s i t i e s 
minus background f o r a l l o y A exposed to s a l i v a a f t e r a 4 
hr argon i o n beam e t c h . 

Table VIII . Percent 
Exposed 

Change i n SIMS Spectrum 
A l l o y A a f t e r Argon Ion 

f o r , 
Beam 

S a l i v a 
Etch 

P o s i t i v e SIMS(AMU) 
14 16 17 18 23 27 28 39 40 

-40 -50 -99 -99 +30 +667 -87 + 17 + 113 

Negative SIMS(AMU) 
12 13 16 17 19 24 26 32 "35 

-38 -18 -13 -49 +17 -99 -14 -50 + 50 

IEF. F i g u r e 4 presents a photogrraph of p o l y a c r y l a m i d e 
g e l p l a t e s t a i n e d with coomassie blue f o r s a l i v a super-
natants that were i n c o n t a c t with the e l e v e n powders i n 
the a d s o r p t i o n experiments. The t w e l f t h p a t t e r n i s f o r an 
unexposed s a l i v a c o n t r o l sample. A l l p a t t e r n s appeared 
s i m i l a r and as many as 25 p r o t e i n bands were d i s c e r n a b l e 
by i n s p e c t i o n . However, only a l i m i t e d number were e a s i l y 
d e t e c t a b l e by o b s e r v a t i o n . P r o t e i n s were detected w i t h i n 
the pH range of 4.4 to 8.9. The p r o t e i n s o c c u r r i n g between 
pH = 5.2 - 5.7 and at 6.6, 6.8, and 7.2 were most i n t e n s e 
and d i s c e r n a b l e . A schmetatic r e p r e s e n t a t i o n of the 
p a t t e r n s and the pH g r a d i e n t corresponding to the p l a t e 
dimensions are shown i n F i g u r e 5. 

The IEF p a t t e r n s f o r the H 3PCU and EDTA e x t r a c t s 
from the e l e v e n powders were very weak i n i n t e n s i t y . The 
p a t t e r n s from the enamel and h y d r o x a p a t i t e e x t r a c t s , even 
though j u s t b a r e l y d i s c e r n a b l e , were s t i l l the most 
i n t e n s e from a l l of the e x t r a c t s . These p a t t e r n s i n d i c a t e d 
s e v e r a l p r o t e i n l i n e s at the same p o s i t i o n s as o c c u r r i n g 
with the the c o n t r o l and supernatants. These l i n e s c o r r e s 
ponded to the pH = 5-6 range and c l o s e to 7. A l l remaining 
e x t r a c t s o l u t i o n s only gave very weak i n d i c a t i o n s f o r the 
e x i s t e n c e of s e v e r a l bands and w i t h i n the pH = 5-6 range. 
Schematics f o r these p a t t e r n s are a l s o shown i n F i g u r e 5. 

D i s c u s s i o n 
Some of the data from t h i s p r o j e c t supports a s e l e c t i v e 
a d s o r p t i o n process, while some other data tends to support 
the o p p o s i t e viewpoint. The data from the SIMS work shows 
v a r i a b i l i t y i n the s u r f a c e compositions among the v a r i o u s 
s u b s t r a t e m a t e r i a l s , although some trends were a l s o seen. 
The data from the IEF analyses i n d i c a t e d non s p e c i f i c 
a d s o r p t i o n , s i n c e the same p r o t e i n s appeared to be bound 
to a l l of the d i f f e r e n t s u b s t r a t e compositions used. The 
FT-IR r e s u l t s showed th a t d i f f e r e n c e s i n adsorbed f i l m 
composition can occur even on the same s u b s t r a t e m a t e r i a l , 
and suggested the p o s s i b i l i t i e s f o r other f a c t o r s besides 
s u b s t r a t e composition to be important i n a d s o r p t i o n . Some 
of these other f a c t o r s may i n c l u d e s u r f a c e smoothness and 
p r e p a r a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
7
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27. MUELLER Characterization of the Acquired Biofilms 
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F i g u r e 5. G r a d i e n t i n pH d e v e l o p e d a c r o s s p l a t e 
shown i n F i g u r e 4. S c h e m a t i c s A, Β. and C r e f e r t o 
p a t t e r n s f o r s a l i v a c o n t r o l , p h o s p h a t e e x t r a c t 
f r o m e n a m e l o r h y d r o x y a p a t i t e . and EDTA e x t r a c t s 
f r o m a l l p o w d e r s . 

The e f f e c t s f r o m s h o r t t i m e s a l i v a e x p o s u r e s upon 
s u r f a c e c h a r a c t e r i s t i c s o f t h e a l l o y s a r e e v i d e n t f r o m t h e 
SIMS s p e c t r u m . T h i s i s most c l e a r l y s e e n by t h e l o w e r i n g 
i n t h e a l l o y i n g e l e m e n t c h a r a c t e r i s t i c i n t e n s i t i e s . T h i s 
most d e f i n i t e l y e s t a b l i s h e s an a d s o r b e d l a y e r o r f i l m 
o f some k i n d . The c h a r a c t e r i s t i c s o f t h e a d s o r b e d f i l m s 
i n c l u d e d v a r i a b i l i t i e s i n o r g a n i c s a s w e l l a s i n o r g a n i c 
c o n t e n t s . The v a r i a t i o n s i n o r g a n i c c o n t e n t s a r e s e e n 
i n t h e p o s i t i v e SIMS d a t a by AMU = 27(CNH o r C 2 H 3 } and 
43 (C-H.^G) and i n t h e n e g a t i v e SIMS d a t a by AMU = 1 2 ( C ) , 
1 3 ( C H ) . 1 6 ( 0 ) , 1 7 ( 0 H ) , 2 4 ( C 2 ) , and 2 6 ( C N ) . C e r t a i n l y 
t h e v a r i a t i o n s i n some o f t h e s e s p e c i e s w i t h s u b s t r a t e 
m a t e r i a l s u p p o r t s s e l e c t i v e a d s o r p t i o n . F o r t h e i n o r g a n i c " 
c o n t e n t s , t h e h i g h l e v e l s o f Na, K. and Ca n o t o n l y i n t h e 
o u t e r m o s t t o p s u r f a c e l a y e r s , b u t a l s o t h e i r i n c r e a s e d 
c o n t e n t s w i t h f i l m d e p t h ( a r g o n e t c h i n g t i m e ) may p r o v i d e 
e l e c t r i c a l c o n d u c t i v i t y p a t h w a y s t h r o u g h t h e f l i m t o t h e 
s u b s t r a t e . The r e l e a s e o f s u b s t r a t e i o n s v i a c o r r o s i o n 
may t h e n a f f e c t t h e a d s o r p t i o n p r o c e s s e s o f f i l m o n t o 
s u b s t r a t e and h e n c e make a d s o p t i o n a s e l e c t i v e p r o c e s s . 
T h e s e e f f e c t s may be a c c e n t u a t e d o r m i n i m i z e d by t h e 
v a r i a b i l i t i e s i n t h e c o n c e n t r a t i o n s o f Na, Κ, and Ca 
w i t h s u b s t r a t e a l l o y . The v a r i a t i o n s i n C I w i t h s u b s t r a t e 
and i t s i n c r e a s e d c o n c e n t r a t i o n w i t h f i l m t h i c k n e s s a r e 
a l s o l i k e l y t o a f f e c t t h e a d o s o r p t i o n p r o c e s s e s . 

The h i g h l e v e l s o f i o n s r e m a i n i n g on t h e s u r f a c e s 
American Chemical Society 

Library 
1155 16th St., N.W. 

Washington, 0,(L 20036 
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448 PROTEINS AT INTERFACES 

a f t e r p r e p a r a t i o n s ( a s - p o l i s h e d c o n d i t i o n ) i s a l s o v e r y 
l i k e l y t o a f f e c t t h e a d s o r p t i o n p r o c e s s e s . F o r a l l f i v e 
a l l o y s , t h e C I c o n c e n t r a t i o n on t h e a s - p o l i s h e d s u r f a c e s 
were v e r y much h i g h e r t h a n on t h e s u r f a c e s a f t e r s a l i v a 
e x p o s u r e s . T h i s r e d u c t i o n i n o u t e r m o s t C I may be p a r t l y 
due t o r e l e a s e o f C I i n t o s o l u t i o n , o r d i f f u s i o n and 
p e n e t r a t i o n f u r t h e r i n t o t h e f i l m t h i c k n e s s . A l s o , t h e 
h i g h e r l e v e l s o f o r g a n i c s r e t a i n e d on t h e a s - p o l i s h e d 
s u r f a c e s s u g g e s t t h a t t h e s t a t e o f t h e a s - p o l i s h e d s u r f a c e 
may h a v e more o f an i n f l u e n c e t h a n t h e a c t u a l s u b s t r a t e 
on t h e a d s o r p t i o n p r o c e s s e s . S i n c e t h e t o p s u r f a c e l a y e r s 
i n t e r a c t w i t h t h e p r o t e i n s and i o n s i n s a l i v a , i t may be 
t h a t t h e s e t o p l a y e r s o f i o n s may be c o n t r o l l i n g p r o c e s s e s 
r e l a t e d t o a d s o r p t i o n . When v i e w e d on t h e a t o m i s t i c s c a l e 
t h e a d s o r p t i o n o f s a l i v a r y p r o t e i n s may j u s t be a r e m o d i 
f i c a t i o n o f t h e o u t e r m o s t t o p s u r f a c e l a y e r s , a l r e a d y v e r y 
c o m p l e x e v e n b e f o r e p r o t e i n c o n t a c t . One t h e n s h o u l d t h e n 
be c o n c e r n e d w i t h s u r f a c e a l l o y p r e p a r a t i o n s i n s t e a d o f 
t h e a c t u a l s u b s t r a t e m a t e r i a l . 

The i n a b i l i t y t o u n e q u i v o c a l l y e s t a b l i s h d i s t i n c t and 
i n t e n s e I E F p a t t e r n s f o r t h e e x t r a c t s f r o m t h e v a r i o u s 
p o wders r e m a i n e d a f t e r i n t e n s i f i e d m e a s u r e s f o r b e t t e r 
d e f i n i t i o n s . A number o f a v a i l a b l e methods were u s e d t h a t 
a r e known t o i n f l u e n c e I E F p a t t e r n s . Some a d d i t i o n a l 
e f f o r t s u n d e r t a k e n i n c l u d e d e x t r a c t d i a l y s i s and c o n c e n 
t r a t i o n p r i o r t o I E F . B e s i d e s , i n a p p l y i n g t h e e x t r a c t s t o 
t h e g e l p l a t e s , n o t one b u t f o u r and more a p p l i c a t i o n 
s t r i p s were a p p l i e d t o t h e g e l s , t h u s p e r m i t t i n g a t l e a s t 
f o u r t i m e s t h e amount o f e x t r a c t t o be a p p l i e d . The u s e 
o f a g a r o s e i n s t e a d o f p o l y a c r y l a m i d e g e l s p e r m i t t e d t h e 
v e r y h i g h l y s e n s i t i v e s i l v e r s t a i n i n g t e c h n i q u e ( 2 5 ) t o be 
u s e d . However, e v e n h e r e t h e r e s u l t i n g p a t t e r n s f o r t h e 
e x t r a c t s l a c k e d d e f i n i t i o n and c l a r i t y w h i c h i s r e q u i r e d 
f o r p h o t o g r a p h y e x h i b i t i o n . The s i m i l a r i t i e s i n f e a t u r e s 
f r o m a l l t h e I E F e x t r a c t p a t t e r n s s u g g e s t e d t h e same 
s a l i v a r y p r o t e i n s , w i t h i s o e l e c t r i c p o i n t s a r o u n d pH =5, 
t o be i n v o l v e d w i t h t h e a d s o r p t i o n p r o c e s s e s . The e n a m e l 
and h y d r o x y a p a t i t e e x t r a c t s showed b e t t e r I E F d e f i n i t i o n s 
and a r e c o n s i d e r e d t o a d s o r b p r o t e i n s b e t t e r . Some c o n c e r n 
c a n a l w a y s be r a i s e d r e g a r d i n g p o s s i b l e c a r r y o v e r f r o m 
s u p e r n a t a n t u s e d i n a d s o r p t i o n , t h r o u g h r i n s i n g , and i n t o 
e x t r a c t i o n s o l u t i o n s . I n a d s o r p t i o n e x p e r i m e n t s d e s i g n e d 
w i t h t h e a g a r o s e g e l s , more t h o r o u g h r i n s i n g s o f t h e 
pow d e r s were p e r f o r m e d p r i o r t o e x t r a c t i o n . The r i n s i n g s 
c o n s i s t e d o f t h r e e s e p a r a t e 5 ml H 2Q r i n s e s and w i t h e a c h 
v i g o r o u s l y s h a k e n i n t u b e w i t h m i x e r . The I E F p a t t e r n s 
w i t h t h e a g a r o s e p l a t e s w e r e n o t t h a t much d i f f e r e n t t h a n 
o b t a i n e d w i t h p o l y a c r y l a m i d e . T h e s e r e s u l t s a r e i n l i n e 
w i t h a s t u d y (26) i n d i c a t i n g t h e I E F p a t t e r n s o f t h e 
e x t r a c t e d p r o t e i n s f r o m n i n e h y d r o x y a p a t i t e s w i t h v a r i o u s 
s u r f a c e p r o p e r t i e s w ere a l l s i m i l a r and w i t h i n t h e a c i d i c 
pH r a n g e o b s e r v e d h e r e . 

The h i g h c a r b o h y d r a t e c o n t e n t s a n a l y z e d by FT-IR on 
a l l i n - v i v o e x p o s e d s u r f a c e s a r e l i k e l y due t o p r o d u c t s 
o f b a c t e r i a t h a t c o l o n i z e t h e s u r f a c e s a f t e r s e v e r a l d a y s 
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27. MUELLER Characterization of the Acquired Biofilms 449 

of i n - v i v o usage. Hence, f o r these s u r f a c e s i n f o r m a t i o n 
obtained i s l i k e l y to be d i f f e r e n t than f o r a l l o y s exposed 
f o r s h o r t times. The v a r i a t i o n s i n p r o t e i n to carbohydrate 
r a t i o s f o r s u r f a c e s c r a p i n g s from d i f f e r e n t s i t e s on a l l o y 
s u r f a c e exposed to s a l i v a f o r only 1 hour are l i k e l y from 
a d s o r p t i o n of d i f f e r e n t amounts of the same s p e c i e s , or 
ad s o r p t i o n of d i f f e r e n t types of p r o t e i n s , carbohydrates, 
or g l y c o p r o t e i n s . Hence, t h i s data r e f l e c t s d i r e c t l y the 
nature of the adsorbing s p e c i e s . 

The importance of the r e l e a s e d corroded ions from 
a l l o y s i n a f f e c t i n g a d s o r p t i o n must be s t r e s s e d . It was 
shown.(27) that f o r a v a r i e t y of m e t a l l i c s a l t s added to 
whole s a l i v a t h a t Cu 2* and Z n 2 generated p r e c i p i t a t e s 
with p r o t e i n s which were most s i m i l a r to whole s a l i v a . The 
p r e c i p i t a t e s with C a 2 * were mi s s i n g some of the p r o t e i n 
bands and the p r e c i p i t a t e s with S r 3 * . Ba 2*, Fe 2*, F e 3 * , 
and Α Γ 3 - contained only a s t r o n g a c i d i c p r o t e i n . Some 
c a t i o n s l i k e C u 2 - and S n 2 * are a l s o c o n s i d e r e d (3) to 
i n h i b i t a d s o r p t i o n through t h e i r b i n d i n g to charged groups 
on p e l l i c l e or b a c t e r i a . 

Comparison of the IEF pa t t e r n s obtained i n t h i s study 
to the r e s u l t s obtained (25) with human p a l a t i n e s a l i v a 
i n d i c a t e s general agreement. About the same number of 
p r o t e i n bands occurred with both s t u d i e s and with a c i d i c 
p r o t e i n s being the most i n t e n s e i n the p r o t e i n p a t t e r n s . 
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Chapter 28 

Reversible-Irreversible Protein Adsorption 
and Polymer Surface Characterization 

Adam Baszkin, Michel Deyme, Eric Perez, and Jacques Emile Proust 

Physico-Chimie des Surfaces et Innovation en Pharmacotechnie, UA Centre National 
de la Recherche Scientifique 1218, Université Paris—Sud, 5 rue J. B. Clément, 

92296 Châtenay-Malabry, France 

The present review paper describes the work on 
adsorption of proteins performed in the authors'labora
tory. Behavior of two proteins of different type : 
collagen (rigid rod-like molecule) and mucin (flexible 
molecule) was investigated at the solid-solution inter
faces using surface force and in situ adsorption/desor
ption measurements. The in situ adsorption/desorption 
technique, based on the use of 14C labeled proteins, 
allows to distinguish between irreversibly and rever
sibly adsorbed protein. Results obtained from these 
experiments provide direct data on the structure and 
orientation of adsorbed collagen or mucin molecules at 
the studied surfaces. It is shown that the degree of 
reversibility of the adsorbed protein depends on the 
type of protein and surface. Since the nature, distri
bution and orientation of polymer functional groups 
have a direct influence upon the mechanism of protein 
adsorption, emphasis is given to the techniques of 
characterization of polymer surfaces developed in the 
laboratory. 

Characterization of Polymers 

Quantification of functional sites on polymer surfaces. The 
principle of the method developed in our laboratory for these 
purposes is based upon the use of radioactive isotopes emitting 
soft- $ radiation ( 1 4 C , ^ 5 Ca) . When a polymer film bearing functional 
sites capable of adsorbing S 1 4 CN" or 4 5 C a 2 + ions is placed in 
contact with a solution containing one of these ions, the measured 
radioactivity above the solution-polymer interface would come from 
the molecules adsorbed in excess at the interface plus that of a 

0097-6156/87/0343-0451 $06.00/0 
© 1987 American Chemical Society 
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452 PROTEINS AT INTERFACES 

thin layer of solution. As the mean free path of these radiations in 
aqueous solution is respectively equal to 0.16 mm and 0.59 mm, a l l 
radiation originating from the solution below this depth is 
attenuated. To allow for the radioactivity from the adjacent thin 
solution layer a separate experiment is performed in which instead 
of a surface treated polymer film an untreated polymer film of the 
same thickness which does not adsorb SCN* or C a 2 + ions is used. 

Figure 1 i l lustrates the apparatus used for these measurements. 
Detailed description of a f -radiotracer adsorption method is given 
in the paragraph dealing with mucin and collagen adsorption at 
interfaces. 

The cal ci um/thi ocyanate method was extensively used in the 
laboratory for quantification of functional groups on different 
surface modified polymers. Figure 2 exemplifies a series of such 
typical polymeric surfaces. While the calcium adsorption isotherms 
on poly(maleic acid) grafted polyethylene surfaces yielded the 
amounts of dissociated C00H groups, thiocyanate adsorption isotherms 
were used to determine the amounts of quaternized polyamine groups 
on surfaces. Depending on the grafting conditions, pH and ionic 
strength of the aqueous adjacent phase, the surface density of 
functional groups on these polymers varied in the range of 10^ -
10 1 7 s i tes/cm 2 . 

The calcium/thiocyanate isotherms, combined with contact angle 
measurements, reveal, on a molecular leve l , any rearrangement or 
reorientation of surface functional groups produced by the variation 
or alternation of the polymer adjacent phase. The main references to 
these studies are given in (1-5). 

Thin wetting fi lms. The Scheludko's technique of thin wetting films 
was adapted to study the behavior of proteins at various interfaces 
and in particular or, contact lenses. 

The principle of the method, shown in Figure 3, is the fo l l o 
wing : the sample is placed at the bottom of the cel l made of 
optical glass which is f i l l e d with a protein solution of a given 
concentration. An a i r bubble is formed in the solution by means of a 
capi l lary tube. The pressure of the a i r bubble is maintained 
constant using a mercury pump adjusted with a manometer. The dis
tance, h, between the capi l lary tube and the sample may be adjusted 
so as to obtain a thin film of the solution between the a ir and the 
sample. The film thickness, h, varies between 20-150 nm, while i t s 
diameter is about 300 m. The cel l is fixed on the table of a 
metallographic microscope and the kinetics of the fai lure or of the 
formation of the l iquid film is observed direct ly or photographed by 
means of a movie camera. 

Two main parameters are studied : (1) the break-up time which 
is defined as the time which elapses from the moment when the radius 
of the thin fi lm formed becomes constant (about 100 /cm) and the 
appearance of the f i r s t hole : and (2) the kinetics of dry spot 
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28. BASZKIN ET AL. Reversible-irreversible Protein Adsorption 453 

Figure 1. Schematic representation of adsorption measuring appa
ratus. (1) gas flow counter ; (2) floating polymer film ; (3) 
teflon window ; (4) c ircular glass container ; (5) support. 

POLYETHYLENE 

POLYETHYLENE 
POLYMALEIC ANHYDRIDE 

Benzoyl peroxyde 90°C POLYETHYLENE 
Maleic anhydride Acetic anhydride POLYMALEIC ANHYDRIDE 

H2O 100°C POLYETHYLENE 
POLYMALEIC ACID 

POLYETHYLENE 
POLYMALEIC ACID 

PC I5 

35°C 24h CCI 4 

POLYETHYLENE 
POLYACYL CHLORIDE 

POLYETHYLENE 
POLYACYL CHLORIDE 

Ν,Ν-Dimethyltrimethylenediamine POLYETHYLENE 
TERTIARY POLYAMINE 

POLYETHYLENE 
TERTIARY POLYAMINE 

POLYETHYLENE 
QUATERNIZED POLYAMINE 

Figure 2. Outline of the surface reactions on poly(maleic anhy
dride) grafted polyethylene. 

wetting 
film 

polymer 

Figure 3. Schematic drawing i l lus tra t ing formation of a thin 
film on a solid substrate. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

02
8



454 PROTEINS AT INTERFACES 

formation. This latter parameter is characterized as the variation 
of the mean diameter of a hole formed in the l iquid film with time. 

An example of the dry spot formation of mucin films on a s i l i 
cone contact lens is i l lustrated in Figure 4. 

The speci f ic i ty of the method rel ies on i ts dynamic character. 
Spectacular results may be obtained with i ts use in rrany situations 
were the static wettability measurements are net sensitive enough. 
In part icular, the method allows the detection of even minor surface 
modifications or changes in solution parameters. These alterations 
are evidenced by the s tab i l i ty and thickness change of the wetting 
fi1ms. 

Various contact lenses were characterized by means of the 
wetting thin film technique and the results of these investigations 
are described in (6, 7). 

Mucin and Collagen at Interfaces 

When biomaterials come into contact with various biological f luids 
(blood, sa l iva , tears) protein adsorption at the so l id- l iquid inter
face is the f i r s t phenomenon which occurs. This primary adsorption 
process then exerts a profound influence over subsequent events and 
mi y give rise to such well recognized and undesired processes as 
thromtus formation, formation of dental plaque or dry spot formation 
in the case of contact lenses. 

Although the phenomenon of protein adsorption at the l i q u i d / a i r 
and so l id / l iqu id interfaces has been the subject of a large number 
of investigations during the past several years, the answer to the 
key questions : what is the behavior of proteins at interfaces and 
why do proteins behave as they do at interfaces, remains unclear and 
further research effort has to be directed toward understanding of 
the mechanism of protein adsorption. In particular there is s t i l l a 
lack of direct experimental evidence on the organisation of various 
adsorbed protein layers and on their composition when protein 
adsorption takes place from multicomponent mixtures. 

In our laboratory, two techniques have been extensively used 
for studying protein behavior at various interfaces. The f i r s t 
technique consists of in situ measurement of protein adsorption with 
14c labeled proteins ; the second technique based on multiple-beam 
interferons try measures surface forces between two mica sheets with 
adsorbed proteins (Tabor-Israelachvi1i technique). While the in situ 
measurements enable quantitation of protein adsorption, force-
distance measurements provide direct experimental data on the exten
sion of adsorbed protein layers towards the solution and on their 
conformation. 

Reported below are the adsorption and surface force experiments 
with two proteins of different type (mucin and collagen). Each of 
these proteins was isolated in the laboratory from animal organs. 
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456 PROTEINS AT INTERFACES 

Mucin was extracted from bovine submaxillary glands and collagen was 
isolated from rat t a i l tendons. The experimental protocols descri
bing extraction, isolation and the 1 4 C radiolabeling procedures of 
these proteins were reported in Refs.(8, 11). 

Mucin. Bovine submaxillary mucin (BSM) belongs to the class of 
glycoproteins. It is a large f lexible macromolecule believed to 
exist in a bottle-brush form. It has a molecular weight of about 4 χ 
106 and consists of a long polypeptide core with numerous disaccha-
ride and oligosaccharide side chains. The oligosaccharides, mainly 
sialyl-N-acetylglucosamine, are linked to the peptide through glyco
s i d e bonds between N-acetyl-glucosamine and the hydroxyl group of 
serine or threonine. The length of the molecule is about 800 nm and 
i ts radius of gyration measured by l ight scattering is 140 nm. 

The main function of mucin from secretions of submaxillary 
glands, along with similar mucoproteins found in the respiratory, 
gastrointestinal, reproductive tracts and also in the tear l i q u i d , 
is to lubricate epithel ial ce l l s and protect them from the external 
environment. The role of the mucous glycoproteins as a macromole-
cular surfactant is therefore of great importance in the science and 
technology of biomaterials. Such different biosurfaces as dentures, 
contact lenses or intrauterine contraceptive devices, in spite of 
different functions, have one common feature, namely that a l l are 
placed on a mucosal surface. 

Collagen. Different types of collagens have one common 
feature : their molecule is composed of three continuous helical 
polypeptide chains wound together over most of their length. The 
tr ip le helix of this glycoprotein is stabilized by intermolecular 
hydrogen bonds. The soluble collagen used in our experiments is Type 
I collagen. Its molecular weight is 300,000 and i t s molecule can be 
regarded as a r ig id rod, about 300 nm long and 0.15 nm in diameter. 

Collagen molecules undergo self-assembly by lateral associa
tions into f i b r i l s and fibers and are able, therefore, along with 
other biological functions, to ensure the mechanical support of the 
connective tissue. Collagen also plays an important role in many 
bioadhesion processes. Collagen molecules bound to implant materials 
enhance adhesion of epidermal ce l l s to the surfaces of biomaterials 
and prevent implant fa i lure . 

In Situ Adsorption/Desorption Measurements. The techniques to study 
adsorption/desorption of proteins at interfaces are similar to those 
i n i t i a l l y developed for quantification of functional groups at 
polymer surfaces and described above. 

To measure adsorption of proteins at the solution/air interface 
the apparatus shown in Figure 5A is used. A c ircular glass container 
is f i l l e d with a 1 4 C protein and covered with a teflon window. The 
gas flow counter measures the radioactivity and continuously 
displays i t on a recorder as a function of time. To allow for the 
radioactivity originating from the solution (Afc) close to the 
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458 PROTEINS AT INTERFACES 

solution/air interface, a separately run experiment is performed. 
Instead of a l^C protein the glass container is f i l l e d with a solu
tion of a non-adsorbing substance, containing the same radioactive 
element K^CNS , and i ts radioactivity is measured in the same 
geometrical conditions as those in the experiments with proteins. 
The radioactivity can then be calculated from 

cp 

Ab = V 
c'p' 

where c and c' are the concentrations of the protein solution and of 
the non-adsorbing solution respectively, ρ and p'are their respec
tive specific ac t iv i t i e s , and A D ' is the radioactivity of the non 
adsorbing solution. 

Subtraction of A5 from the total measured radioactivity (At) 
gives the radioactivity of protein molecules adsorbed in excess at 
the interface (A a cj) for each of the protein concentrations studied 
(Figure 6). At low protein solution concentrations (< 0.005 mg/ml), 
Ab is very small and At represents almost entirely the adsorbed 
quantity (A a cj) ; for the adsorption at higher protein concentration 
(> 0.5 mg/ml), A5 represents about 50% of the adsorbed value. 

To measure protein adsorption on polymers two techniques are 
used. The f i r s t technique with the polymer films floating on the 
protein solution surface is i l lustrated in Figure 1. The second 
technique, which can be used with either a polymer or a mica thin 
f i lm, is shown in Figure 5b. Both techniques give identical results 
indicating that with the use of the measuring device as i l lustrated 
in Figure 5b and under the conditions in which our adsorption expe
riments were performed, neither mucin nor collagen precipitation was 
observed. To measure the A D value, the same procedure as above, with 
!4CNS- ions, is used. In addition, the At value has to allow for the 
absorption of radiation by the sample. The magnitude of the 
correction for each sample is determined with the help of a l^C 
methyl methacrylate solid source placed above the polymer or mica 
window and in the same geometrical conditions as for the adsorption 
measurements. The necessary checks have been done to ascertain that 
protein labeling with 1 4 C did not cause any change of their surface 
act iv i t ies and different protein adsorbability on the surfaces 
studied (8, Π , 1_3). For both adsorption techniques, the radio
act iv i ty measured, in counts/minute, is converted to the amount in 
milligrams of protein per square meter. This is dene by depositing, 
drying on mica surfaces known amounts of labeled protein which, when 
counted, yielded a calibration factor per unit amount of protein. 
Knowing the conversion factor, and the area of the sample exposed to 
protein solution, the amount of protein adsorbed in mg/m2 is 
obtained. 
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28. BASZKIN ET AL. Reversible-Irreversible Protein Adsorption 459 

The in situ desorption experiments on polymer or mica surfaces 
are performed using the apparatus shown in Figure 5b. The protein 
solution is pumped out of the cel l and simultaneously replaced by 
water or a buffer solution. Multiple replacement operations lead to 
a negligible protein concentration in the c e l l . The A D value being 
zero, the measured radioactivity after allowing for the absorption 
of radiation by a solid sample is d irect ly converted into the sur
face concentration of the irreversibly adsorbed protein. The loosely 
bound protein (reversibly adsorbed protein) as a fraction of the 
total adsorbed layer, is thus obtained by subtraction of the i r r e 
versible adsorption from the total adsorption value. 

Mucin and collagen adsorption/desorption data on different 
interfaces have been reported previously. They include adsorption 
studies at the solution/air interface and adsorption/desorption data 
on hydrophobic and surface modified hydrophobic polymers (8-12). 
Adsorption of mucin was also studied on sil icone and poly(vinyl 
pyrrolidone)-grafted contact lenses (1Ό) and on mica surfaces (13, 
14). It was shown that increasing solution concentration of these 
proteins tended to increase the i n i t i a l rate of adsorption as well 
as the amount adsorbed at later times. It was also shown that modi
fication of hydrophobic polymers by different treatments capable of 
generating functional groups at their surfaces (oxidation, super
f i c i a l grafting of polar monomers) enhances adsorption of mucin and 
of collagen. The adsorbed amounts of these proteins increase with 
increasing surface density of functional sites on such polymers (8). 

However, in spite of these s imi lar i t i e s , the adsorbed amounts 
and the structure of the adsorbed mucin and collagen layers on the 
surfaces studied are entirely different. The behavior of these 
proteins is analyzed here on the hydrophobic polyethylene surface 
(water contact angle Θ Η 2 Ο

 = 9 5 ° ) , on the surface modified polyethy-
lenes : oxidized polyethylene (θμ Q = 7 4 ° ) and poly(maleic acid) 
grafted polyethylene ( θΗ 2 0 = 7 4 0 ) a n ? d o n t n e hydrophilic mica sur
face ( θ Η 2 Q = o ° ) . Acidic pH = 2.75 (for collagen) and s l ight ly 
alkaline pH = 7.2 (for mucin) were chosen in order to minimize the 
association of these proteins in solution and to make possible the 
analysis of their adsorbabilities in comparable conditions. 

Figure 7 shows typical adsorption kinetics of mucin and co l la 
gen on polyethylene and mica surfaces followed by displacement of 
the protein solution by a buffer solution. It may be noted that 
collagen adsorption on polyethylene is five times higher than that 
of mucin and that the i n i t i a l adsorption rates are protein d i f fus i -
vity dependent. The diffusion coefficients for mucin and collagen 
were reported by us previously. At a protein solution concentration 
of 0.05 mg/ml they are respectively equal to 1.5 χ 10"^ 
mZ.sec- 1 and 1.0 χ 10~ 1 2 mZ.sec"1 (11, 13). 

Desorption experiments, given also in Figure 7, c learly indi 
cate that the adsorbed mucin and collagen layers d i f fer substan
t i a l l y in their nature. While on polyethylene mucin is entirely 
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460 PROTEINS AT INTERFACES 

c o n c e n t r a t i o n 

Figure 6. Schematic representation of adsorption measuring 
technique. At = total radioactivity measured ; A D = radioactivity 
measured at the solution/air or solid/solution interface with a 
non-adsorbing substance ; A a c j = radioactivity corresponding to 
the amount adsorbed at the interface. 

Figure 7. Adsorption kinetics for mucin (Mu) and collagen (Col) 
on polyethylene (PE) and mica (Mi). Protein solution concen
tration 0.05 mg/ml. Temp. 20°C. Collagen adsorption from 0.2 M 
NaCl - 0.1 M CH3COOH buffer at pH = 2.75. Mucin adsorption from 
ΙΟ" 3 M phosphate buffer with 0.15 M NaCl at pH = 7.2. Dotted 
lines and arrows indicate desorption and the amount after 
desorption. 
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28. BASZKIN ET AL. Reversible-Irreversible Protein Adsorption 461 

irreversibly adsorbed, one fourth of the adsorbed collagen can be 
eluded from this surface. A s ignif icantly higher adsorption of mucin 
in comparison to collagen is observed on mica surfaces. 

The surface density/solution concentration isotherms, not shown 
in this paper, reflect also the differences in the behavior of mucin 
and collagen upon their adsorption at solid interfaces. While the 
collagen isotherms on polyethylene and surface-grafted polyethylene 
show a plateau of adsorption at solution concentrations higher than 
0.05 mg/ml, no plateau values for mucin adsorption are observed on 
polyethylene and surface oxidized polyethylene. 

The desorption-adsorption relationship for mucin and collagen 
on mica is represented in Figure 8. This relationship for mucin is 
l inear and clearly indicates that half of the adsorbed quantities 
can be desorbed. On the contrary, for collagen, this relationship 
shows a threshold value (1.1 mg/m2) corresponding to the maximum 
irreversibly adsorbed value. Above this value a l l adsorbed collagen 
can be desorbed (the slope of the straight line is one). 

F ina l ly , Figure 9 presents the desorption-adsorption relation
ship for mucin and collagen on polyethylene and surface-modified 
polyethylene. The adsorption of mucin on untreated polyethylene is 
typical ly irreversible and the maximum adsorbed quantity is equal to 
2.2 mg/m2. In contrast, low but continuous desorption of mucin with 
increasing adsorbed concentrations is observed on surface oxidized 
polyethylene. 

Collagen desorption-adsorption linear functions on polyethy-
lenes exhibit c learly defined transition points. A l l collagen which 
adsorbs in addition to the irreversibly adsorbed layers (represented 
for polyethylene and grafted polyethylene by their abscissa values 
3.0 and 3.7 mg/m2) can be entirely desorbed. Above the transition 
points the desorption-adsorption slopes are equal to one. 

The contrasting features of mucin and collagen adsorption are 
summarized in Table I. 

To explain the mechanism of collagen adsorption on polyethylene 
surface, we have formulated a simple hypothesis according to which 
the reversible adsorption of collagen molecules is realized by their 
attachment to the irreversibly adsorbed layer. The intramolecular 
collagen-collagen bonds, much weaker than protein-polymer bonds, 
break during the washing out procedure causing the release of a 
fraction of the adsorbed protein. From a comparison of the dimen
sions of collagen molecules and the irreversibly adsorbed quan
t i t i e s , i t is most unlikely that these molecules are adsorbed in 
their flattened "side-on" orientation. The most rea l i s t i c picture of 
the irreversible adsorption would imply binding of r ig id rod-like 
collagen molecules in a t i l t ed "end-on" position. We believe that 
they are bound to polyethylene essentially via hydrophobic inter
actions. The angle which they form with the surface may vary between 
0° and 90° and would to a large extent depend upon the type and 
number of protein-surface bonds. Thus for the poly(maleic acid) 
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• 

A D S O R P T I O N ( m g / m 2 ) 

Figure 8 . Desorption-adsorption relationships on mica surfaces, 
(t) mucin ; ( â ) collagen. Adsorption time 20 hrs ; temp. 20°C. 
Adsorption conditions as indicated in Figure 7. 

0 1 2 3 I 5 6 
ADSORPT ION (mg/m 7 ) 

Figure 9. Desorption-adsorption relationships (Δ) polyethylene-
collagen ; (A) poly(maleic acid) grafted polyethylene-collagen ; 
(o) polyethylene-mucin ; (t) surface oxidized polyethylene-mucin. 
Adsorption time 20 hrs ; temp. 20°C. Adsorption conditions as 
indicated in Figure 7. 
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28. B A S Z K I N E T A L . Reversible-Irreversible Protein Adsorption 463 

Table I. Features of mucin and collagen adsorption on 
polyethylene, surface treated polyethylene and mica surfaces 

Surface 
Protein 

Mucin Collagen 

Polyethylene low entirely 
irreversible 
adsorption 

high irreversible 
adsorption followed 
by complete rever
sible adsorption 

Surface treated 
polyethylene 

continuous, very 
high irreversible 
adsorption (90% of 
total adsorption) 

high irreversible 
adsorption followed 
by complete rever
sible adsorption 

Mica continuous equi
valent irrever
sible and rever
sible adsorption 

low irreversible 
adsorption followed 
by complete rever
sible adsorption 

grafted polyethylene which bears functional sites on i ts surface, in 
addition to hydrophobic interactions via direct hydrogen bond forma
tion may occur. The presence of these interactions would increase 
the amounts of irreversibly adsorbed collagen molecules and 
"tighten" the interactions with the polymer. This seems to be the 
case, since the irreversible adsorption is higher (3.7 mg/m2 instead 
of 3.0 mg/m2 for the polyethylene) and less collagen desorbs (the 
slope of the lower part of the collagen curve in Figure 9 is 0.05 
while that of polyethylene is 0.2). The increase of irreversible 
adsorption by 0.7 mg/m2 between the surface grafted and untreated 
polyethylene may be attributed to the appearance of additional 
bonds, most probably hydrogen bonds between the polymer surface and 
adsorbed collagen. 

The amount of collagen adsorbed irreversibly to mica is about 
one third of that measured on polyethylenes (1.1 mg/m2). Since mica 
is an entirely hydrophilic surface i t may be considered that hydro
gen bonds between the hydrated ions present on i ts surface and 
collagen chains would account for the major part of the binding 
mechanism. Otherwise this quantity (1.1 mg/m2) is comparable with 
the adsorption increase (0.7 mg/m2) due to the introduction of 
hydrophilic sites on a polyethylene surface. 

Mucin may be regarded as a f lexible macromolecule. In contrast 
to collagen i t can assume a much greater number of different surface 
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464 PROTEINS AT INTERFACES 

induced conformations. Its a f f in i ty for a particular surface with 
respect to others, would involve formation of a greater number of 
surface bonds or a greater mean energy per bond or both. The degree 
of revers ib i l i ty of i ts adsorption would depend upon the type of 
configuration which a particular surface may induce. The untreated, 
hydrophobic polyethylene would be a representative example of a 
surface inducing mucin configurations leading to a strong and i r r e 
versible adsorption. Increasing the number of polar anchoring sites 
on polyethylene yields high irreversible levels of adsorption. The 
occurrence of configuration different from that on polyethylene 
would most probably involve formation of multiple hydrophobic and 
short range hydrogen bonding interactions between mucin and the 
surface. When the short range hydrogen bond interactions increase, 
as in the case of mica, the revers ib i l i ty of mucin adsorption 
increases. 

Surface Force Measurements. This technique enables the measurement 
of the force (10 mN accuracy) versus distance (0.1-0.2 nm accuracy) 
between two curved mica surfaces. The forces between two solid 
surfaces across an aqueous solution are highly sensitive to the 
structure of the so l id / l iqu id interfaces. When such surfaces are 
covered with adsorbed protein layers, then, the analysis of the 
force/distance profiles may reveal the formation of protein bridges 
between the two surfaces, the occurrence of steric interactions, or 
any possible protein conformation change. 

Figure 10 shows force/distance profiles between mica surfaces 
bearing collagen or mucin adsorbed layers. The experiments were 
performed by f i r s t measuring forces between bare mica surfaces 
across a pure electrolyte solution and then injecting protein solu
tion into the measuring c e l l . After allowing 3 hours for the protein 
to adsorb, the forces were measured against distance. The experi
mental conditions were chosen in order to ensure the same protein 
(mucin or collagen) surface concentration at the mica/aqueous solu
tion interface (2 mg/m2) and to allow therefore the comparison of 
protein effects on the surface forces. 

The collagen force/distance profiles clearly indicate that on 
approaching the mica surfaces, no forces are present down to the 320 
nm separation distance. On decreasing the distance, repulsive forces 
increase smoothly. 

An entirely different type of behavior is exhibited by adsorbed 
mucin layers. Forces are observed beginning at 450 nm (attractive 
interactions, inset in Figure 10). These are followed by a steep 
repulsion beginning at 100 nm. The attractive interactions with 
mucin have been explained by bridging mechanisms (14, 15). The 
repulsive regime can be interpreted in terms of steric interactions 
due to the confinement of adsorbed mucin molecules between two walls 
(reduced number of configurations). Other experiments, not reported 
in this paper, show that the solution ionic strength may profoundly 
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influence mucin configurations. Also, bridging interactions are 
highly dependent on mucin surface density (15). 

For collagen, repulsive forces start at a distance which is 
smaller than twice the length of the collagen s t i f f rod. The 
force/distance profiles for collagen confirm therefore the inter
pretation of the adsorption-desorption data. Collagen molecules are 
attached to the mica surface in a t i l t ed end-on orientation. This 
orientation varies as a function of compression of the surfaces. The 
repulsive forces result from the head-to-head contacts of collagen 
rods or from the i n t e r p é n é t r a t i o n of the layers. 

Conclusions 

Various surface chemistry techniques described in this paper and 
used in our laboratory can be used to characterize protein adsor-
babil i ty at surfaces of different types. 

The in situ adsorption/desorption technique can be used to dis
tinguish between irreversibly and reversibly adsorbed protein. The 
desorption/adsorption ratio depends on the nature of protein and 
surface. Further development of this technique would involve the 
design of a new type of measuring cel l for adsorption/desorption 
measurements in flow conditions and extension of protein adsorption 
experiments to competitive protein adsorption measurement. Studies 
of albumin and fibrinogen competitive adsorption versus collagen 
(12) have recently been in i t ia ted . 

The surface force measurements between two adsorbed protein 
layers on mica are now being investigated on polymer surfaces. The 
coverage of mica surfaces by polymers may be achieved by successive 
dipping of these supports through a polymer monolayer (Langmuir-
Blodgett technique) or by a direct polymer plasma polymerization on 
mica sheets. Also studies of interactions between two surfaces each 
bearing a different adsorbed protein are anticipated. 

Studies on polymer monolayers spread at the air-water interface 
are now in progress in our laboratory. Biocompatible and biodegra
dable polymers used as nanoparticles carrying biological ly active 
substances are characterized using the surface balance, surface 
potential and protein adsorption/desorption measurements. The 
combined data of a l l these measurements provide information on drug 
and protein penetration/delivery with these polymers. 
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Chapter 29 

Protein Adsorption on Solid Surfaces: Physical Studies 
and Biological Model Reactions 

Hans Elwing1, Agneta Askenda1, Bengt Ivarsson1,3, Ulf Nilsson2, Stefan Welin1, and 
Ingemar Lundström1 

1Laboratory of Applied Physics, Linköping University, S-581 83 Linköping, Sweden 
2The Blood Centre, University Hospital, S-751 85 Uppsala, Sweden 

The paper describes some of our studies of protein 
adsorption on solid surfaces. An emphasis is made on 
newly developed experimental techniques and on recent 
biological model experiments. We therefore discuss the 
use of a wettability gradient along a solid surface to 
investigate, in a convenient way, the influence of surface 
energy on the adsorption of protein molecules. The 
behavior of the complement system at solid surfaces is 
also discussed, with special attention to surface induced 
conformational changes of human complement factor 3. 
The protein adsorption studies described were all at the 
liquid - solid or solid - air interface. Lateral scanning 
ellipsometry was made to evaluate the surfaces with a 
wettability gradient. Experiments were most often made 
on (modified) silicon surfaces. The experimental results 
are also discussed in relation to the proposed theoretical 
models for protein adsorption. 

During a number of years we have applied surface orientated 
analytical methods to the study of protein adsorption on solid 
surfaces. These investigations include in situ studies with 
ellipsometry, surface potential and capacitance measurements 
( 1.2) We have applied spectroscopic techniques like infra-red 
£ef lection absorption spectroscopy (IRAS, 3-5) and E5CA (5-7) to 
investigate details in the interaction between organic molecules 
and surfaces. Spectroscopic techniques have also been used to 

^Current address: Pharmacia, S-751 82 Uppsala, Sweden 

0097-6156/87/0343-0468$06.25/0 
© 1987 American Chemical Society 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 469 

study metal surfaces which had been implanted in humans for 
different length of time (8.9). The input from the physical 
measurements has been used to develop some simple dynamic 
models for protein adsorption (10-12). Furthermore we have used 
mainly ellipsometry to study biological model reactions related 
to antigen-antibody reactions on solid surfaces (13) and the 
behavior of the immune complement system at solid surfaces 
(14-16). Several new analytical methods have been developed 
during the course of this work, notably the use of a gradient in the 
surface energy along a solid substrate to study the influence of 
surface energy on protein adsorption. (Γ7). The influence of 
surface induced conformational changes on subsequent biological 
processes are under study. It should also be mentioned that our 
interest for protein adsorption on solid surfaces has led to the 
development of simple methods and instrumentation for medical 
diagnostic purposes (18-20). 

The main purpose of our present studies is to investi
gate the details of protein-surface interactions with relevance to 
questions regarding biocompatibility, fouling and the possible 
development of (implantable) biosensors. 

The solid surfaces used are evaporated metal films or 
polished silicon wafers, which are well suited for the optical 
studies. Several types of proteins have been used like human 
fibrinogen, immunoglobulins, complement factor 3 and others, 
including lysozyme, egg albumin and beta lactoglobulin. Detailed 
studies of the interaction between amino acids, like glycine, 
histidine and phenylalanine, and metal surfaces have been made 
with IRAS and ESCA. In some experiments deposition of organic 
material from whole blood, serum or plasma has been studied. In 
a short review it is not possible to cover all of the present and 
past research activities and to give a detailed account of the 
experimental methods used. Some of our work on protein 
adsorption on metal surfaces was recently summarized in ref 21. 
where also a number of methods used to study protein adsorption 
on metal (oxide) surfaces were described. We have therefore 
chosen to describe two of our more more recent developments, 
namely the so called "wettability gradient method" for the study 
of protein adsorption, desorption and exchange on solid surfaces, 
and the study of surface induced activation of the immune 
complement system, mainly the conformational change of 
complement factor 3 (C3) upon adsorption. Our experimental 
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470 PROTEINS AT INTERFACES 

results are discussed in relation to the assumed models for 
protein adsorption on solid surfaces. The virtues and 
shortcomings of a simple dynamic model for protein adsorption 
are described in this context. 

The wettability gradient method. 

General It has long been known that solid surface wettability or 
energy plays a critical role in protein adsorption on solid 
surfaces. Most methods for the investigation of adsorption and 
desorption of proteins at solid surfaces involve the use of solid 
surfaces with a constant given chemical composition. The action 
of a specific surface constituent is usually investigated with 
the use of several preparations of the surface. This procedure is 
time consuming, uncertain and expensive. We have used another 
approach in which the specific surface constituent is attached to 
a flat solid surface in a gradient. The quantification of protein 
adsorption on the gradient surface is made with the use of 
lateral scanning ellipsometry. Ellipsometry is described in (21) 
and (22). "The gradient method" has been used for the 
investigation of the dependence of solid surface wettability on 
protein adsorption. The wettability gradient in these experiments 
is made by diffusion of methylsilane on silicon surfaces with a 
spontaneously grown layer of silicon dioxide. The surfaces so 
formed are hydrophilic at one end and hydrophobic at the other 
and in between there is a gradient in surface energy, 10-15 mm 
long. The distribution of the wettability along the gradient could 
be determined with the use of a capillary rise method on 
similarly treated glass plates or indirectly by means of 
ellipsometric determinations of adsorbed fibrinogen (in 
preparation). Both this methods give an estimate of the advancing 
contact angle with water. Experiments on protein adsorption and 
desorption reactions are performed by incubating the gradient 
plates in protein solution, followed by incubation in various 
detergents or other test solutions. All plates are finally rinsed in 
distilled water and dried with N2. The amount of adsorbed protein 

along the gradient is determined by means of an ellipsometer 
(Rudolph Research,Auto Ell 2), equipped with a device for lateral 
scanning along the silicon surface. The adsorbed amount, r, was 
estimated from the mearured thickness of the organic layer using 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 471 

a density of 1.37 g/cm 3 and a refractive index of 1.6 of the dried 
protein layer (17). 

Protein adsorption and desorption on the gradient surfaces. 
Typical results of the dependence of the adsorbed amounts of 
protein on the wettability of the silicon surface with water are 
shown in Figure 1. Of the protein used, fibrinogen showed the 
largest quantitative difference between the hydrophobic and 
hydrophilic parts of the surface. Lysozyme and y-globulin showed 
smaller differences. The reproducibility with regard to the 
appearance of the adsorption profile was usually very good 
between gradient plates from the same diffusion batch. There 
were .however, differences between plates from different 
diffusion batches as illustrated in Figure 1. This difference Is 
most probably due to differences in the wettability distribution 
in plates from different batches. 

The gradient method has been applied to the investigation 
of protein desorption effects of detergents and other agents (II). 
An experiment with desorption of y-globulin induced by 
detergents is illustrated in Figure 2. It was observed that Tween 
20, a non-ionic detergent caused a maximum desorption effect 
at a contact angle of about 40°. At the hydrophilic side of the 
gradient there was very little desorption induced by Tween and at 
the hydrophobic side of the gradient the desorption decreased 
with decreased surface wettability. Desorption of adsorbed 
y-globulin ,induced by an ionic detergent, SD5 on gradient plates 
has also been studied . In contrast to Tween 20, SDS had a general 
high desorption activity on both the hydrophilic and hydrophobic 
side of the gradient (data not shown). Tween of SDS themselves 
caused no measurable adsorption on the gradient plates since they 
were probably removed during the rinsing procedure. 

Protein exchange reactions on the gradient surfaces.The gradient 
method has been used for the Investigation of exchange 
reactions on solid surfaces.(21). In these experiments the 
gradient plates were first incubated in fibrinogen (1 g/L, 
dissolved in phosphate buffered saline solution, PBS at pH 7.3) for 
one hour followed by incubation in y-globulin for 4 hours under 
gentle stirring. Some of the plates were then incubated in 
antiserum against y-globulin, diluted 1/25, for 30 min. The plates 
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472 PROTEINS AT INTERFACES 

C O N T A C T A N G L E (9) 

Figure 1: Ellipsometrically registered amount of adsorbed 
protein on silicon surfaces at the air/solid interface. 
a:fibrinogen b: y-globulin and clysozyme. The proteins, dissolved 
in phosphate buffered saline solution (PBS) at pH 7.3 was 
adsorbed on the surfaces for 30 min at a concentration of lg/1. 
The amounts was determined on dried surfaces in air. The lateral 
distance is given as a bar in the drawing. The corresponding 
contact angle values as estimated with the use of a capillary 
rise method are given on the X-axis . The lower dashed dotted 
"O'-lines indicate the ellipsometrically registered silicon 
dioxide layer including the methyl gradient. The adsorbed 
amount of protein is given by the deviation from this line in the 
figure. Each line in the drawing represents the average amount 
of adsorbed proteins measured on triplicate plates. Three 
different triplicate experiments were performed for each 
protein, involving a new preparation of gradients plates at each 
experiment. 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 

80 70 605040 

CONTACT ANGLE (Θ) 

Figure 2: Ellipsometrically registered Tween 20 induced 
desorption of human y-globulln adsorbed on gradient plates, a: 
buffer only, b: 0.005% Tween 20, c: 0.05% and d: 0.5%. For further 
explanation, see Figure 1 and text. 
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474 PROTEINS AT INTERFACES 

were finally rinsed and dried and the amount of organic material 
along the gradient was determined with ellipsometry. The 
experiment was also reversed in that the first incubation of the 
gradient plates was made with y-globulin and the second 
incubation with fibrinogen and adsorbed fibrinogen was detected 
by using of antiserum against fibrinogen, diluted 1/25) The 
results of representative experiments are given in Figures 3 and 
4. Adsorption of ^-globulin o n t h e fibrinogen coated surface 
occured only at the hydrophilic end of the gradient as indicated 
by the deposited antibodies. In the reverse experiment it was 
noted that adsorption of fibrinogen on ^-globulin coated 
surfaces was extended into the hydrophobic side of the gradient. 
These results indicate that fibrinogen is more readily 
immunologically detecable than ̂ -globulin both on hydrophilic and 
hydrophobic surfaces. The strong adsorption preference of 
fibrinogen compared to γ-globulin is a well known phenomenon and 
has been described in several publications, e.g 34-28 The details 
of the exchange reactions depend, however,also on concentrations 
and incubation times and need more investigations before they 
are completely understood. 

We are aware of the possibility that the adsorbed proteins 
may partially be removed by serum proteins during incubation 
with antiserum, especially at the hydrophilic side of the gradient. 
We do not believe ,however, that this has any major influence on 
possible qualitative conclusions. 

The two examples above of the application of the gradient 
method illustrate its analytical properties for the investigation 
of mechanisms of macromolecular adsorption and desorption 
reactions. Some of the described phenomena could probably not 
have been observed without the use of the gradient method. 
Ellipsometric analysis of protein interaction on gradient surfaces 
may in principle also be performed at the liquid /solid interface, 
a procedure which perhaps further will increase the prescision 
and accuracy of the determinations. The air/solid measurement 
method makes however the gradient method very rational since 
the ellipsometer only is used a short time at the end of each 
experiments. At present, about 30 gradients including 1800 
automatically performed ellipsometrica! determinations, can 
quite easily be analyzed by one person in one day. 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 475 

Τ 

5mm 

Figure 3: Exchange reactions of human γ-globulin (HGG) on 
gradient surfaces precoated with human fibrinogen (HFG). The 
adsorbed amount of protein, determined ellipsometrically is 
shown versus the wettability along the gradient. The curves 
(duplicate experiments) represent a:adsorption with HFG, b: 
adsorption of HFG followed by incubation of HGG, c: as in b) with 
an additional incubation in anti-HFG, d) as in b) with an 
additional incubation in anti- HGG. The adsorbed amount of 
organic material is given by the deviation from the "0" -line. For 
further explanations, see Figure 1. 
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Τ 

5mm 

80 70 60 5040 

CONTACT ANGLE (Θ) 

Figure 4: Exchange reactions of HF6 on gradient surfaces 
precoated with HGG. The curves (duplicate experiments) 
represent a: adsorption of HGG, b: adsorbtion of HGG followed by 
incubation in HFG, c: as in b with an additional incubation in 
anti-HFG-, ct as in b with an additional incubation in anti- HGG. 
For further explanation see Figure 3.  P
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces All 

Surface activation of the immune complement system. 

Identification of serum complement activation with the use of 
ellipsometry. Activation of the immune complement system in 
blood, has been described in connection with haemodialysis and 
leukapheresis It results in various "down stream symptoms" 
such as transient leukopenia (29-32). Activation of complement 
on a surface implies sequential activation of several factors. 
The activation process shows similarity with the clotting system 
of blood in that restricted proteolysis of some of the factors is 
one of the main regulation mechanisms and that activation is of 
the cascade type. C3 is the quantitatively dominating complement 
protein and has a central position in the complement activation 
cascade. 

Activation of the complement system has been studied 
in vitro on various model surfaces. Most methods used are based 
on the analysis of various complement degrading factors. 
Activation of the complement system means however also that 
some of the factors, especially C3, are deposited on the solid 
surface. Therefore, we have used ellipsometry to analyse 
complement activation on solid surfaces. The solid surfaces 
were either hydrophilic silicon surfaces with a spontaneously 
grown layer of silicon dioxide or silicon surfaces made 
hydrophobic by means of the attachement of methyl groups. 
Ellipsometric analysis was performed at the liquid-solid 
interface. Some experimental results are shown in Figure 5. It 
was noted that incubation of hydrophobic surfaces in serum 
resulted in a slow deposition of material from the serum on the 
surface. Further incubation of antibodies against C3 resulted in 
deposition of C3 antibodies indicating that C3 had been adsorbed 
from serum. Incubation with serum containing EDTA did not cause 
any accumulation of organic material from serum. (The 
complement system is inactivated by EDTA due to chelating of 
Mg 2 + and C a 2 + ions which are needed for the normal function of 
the complement system). Instead the adsorption rapidly reached a 
plateu. In addition, the anti C3 response was insignificant. 
Precoating the hydrophobic surface with y - g ' o t ) U , 1 n before 
addition of serum resulted furthermore in a pronounced increase 
of the deposited organic material compared to the experiment 
without precoating of the surface. The same sets of experiments 
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Figure 5: Kinetic measurements of the deposition of organic 
material from 10% human serum on hydrophobic silicon. 
"Anti-C3" denotes further incubation with anti-C3, diluted 1/50 

at the end of the experiment. The kinetics of anti-C3 deposition 
is not shown but the additional adsorbed amount, Γ, after 120 
min adsorption is given at the end of each curve. The upper 
curve represents deposition of organic material from serum on 
surfaces preadsorbed with ^-globulin. The dashed line marked 
"IgG" indicates the amount of preadsorbed ^-globulin jn the 
y-globulin ,serum experiment. The middle curve represents 
deposition from serum only and the lower curve from serum • 10 
mM EDTA. The reproducibility in Γ was within ±15%. 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 479 

were repeated on hydrophilic surfaces. Both the deposition 
reaction from serum as well as the subsequent reaction with C3 
were smaller on hydrophilic surfaces compared to hydrophobic 
surfaces. The reproducibility of the results was usually good 
provided that the same serum preparation was used. There were 
however differences between serum from different individuals as 
well as serum from one individual collected at different 
occasions. The characteristic slow growth of organic material on 
the surface was, however, always accompanied by subsequent 
anti-C3 deposition. Presence of EDTA in the serum resulted 
always in the absence of subsequent anti-C3 deposition. These 
experiments show that ellipsometry is useful for the 
investigation of complement activation on solid surfaces. The 
method constitutes a useful complement to other methods 
which are based on the analysis of soluble complement factors. As 
illustrated, it was in addition possible to perform real time 
measurements of the complement deposition reaction which is an 
uniqe feature of in situ ellipsometry. 

Surface induced conformational changes of complement factor 3. 
It is likely that the interaction of C3 with a surface is one of the 

recognition mechanisms that leads to surface induced complement 
activation. It has been demonstrated that C3 undergoes major 
antigenic alteration if C3 is denatured with SDS (sodium dodecyl 
sulphate) (33) Similar alteration occurs when C3 is activated and 
deposited on biological target surfaces like erytrocyte 
membranes (34). It has been shown that there are three antigenic 
subtypes of C3 (33) .C3(N) which is present on the native but not 
on the SDS denatured or biologically activated form of C3, C3(D) 
which is present only on the SDS denature, biologically activated 
and surface deposited form, and C3(S) which is present on both 
native and denatured molecules. One of the most used 
commercially available, antiserum preparation is ,anti-C3c, and 
contains a mixture of antibodies against C3(S) and C3(N) subtypes. 
The use of the described subsets of antibodies constitutes an 
useful analytical probe for investigating of the changed 
antigenicity of C3 on solid surfaces. 

Purified C3 was adsorbed on hydrophilic and hydrophobic 
silicon surfaces followed by incubation with the various subtypes 
of antibodies. The amount of deposited organic material was 
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480 PROTEINS AT INTERFACES 

measured with ellipsometry on the dried surface. It was observed 
in these experiments that C3 exposed 5-determinants and 
possible also N-determinants on both hydrophilic and hydrophobic 
surfaces, since anti-C3c was adsorbed both on the hydrophilic and 
hydrophobic surfaces. . D-antigens could be detected only on C3 
adsorbed on hydrophobic surfaces. Thus, it is obvious that C3 
undergoes conformational changes on the hydrophobic surface 
similar to SDS denaturation or biological activation (to be 
published). 

Experiments including specific binding of the different 
anti-C3 antibodies were also performed on the gradient surfaces. 
C3 (10 ug/ml in PBS) was adsorbed on the gradient plates for 30 
min and some of the plates were also incubated for 30 min in the 
different antiserum preparations diluted 1/25. A representative 
experiment is illustrated in Figure 6. C3 was adsorbed on both 
the hydrophilic and the hydrophobic side of the gradient but to a 
slightly lesser extent on the hydrophilic side. Deposition of 
anti-C3c (anti-C3(N) and anti-C3(S)) , occured on both the 
hydrophilic and hydrophobic side of the gradient The rabbit 
anti-C3(D) antibodies used in the experiments were directed 
either to the α or p polypeptide chain. Ellipsometric visualization 
of deposited antibodies was here enhanced by subsequent 
Incubation for 30 min in anti- rabbit immunoglobulin diluted in 
phosphate buffer. As illustrated in Figure 6, anti-aand ant1-p 
antibodies reacted apparently tittle with C3 deposited at the 
hydrophilic side of the surface but there was an increased 
binding capacity of both anti-aand -p at the hydrophobic side of 
the gradient. 

The difference in anti-C3(D) binding between the 
hydrophobic and the hydrophilic end of the gradient is not only 
due to the different amounts of C3 adsorbed , since a slightly 
larger amount of anti-C3c was bound to C3 on the hydrophilic 
side of the gradient . There are thus more C3(N) determinants on 
the hydrophilic side of the gradient since the C3(S) determinants 
per adsorbed molecule should be the same on both sides of the 
gradient. The C3(N) determinants are gradually lost against the 
hydrophobic side of the gradient. The presence of C3(D) deter
minants on C3 adsorbed on the hydrophobic silicon surface does 
not prove that C3 is biologically active on this surface e.g. bind 
its inhibitors. This possibility is presently under investigation. 
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CONTACT ANGLE (Θ) 
Figure 6: Antibody binding to C3 adsorbed on gradient surfaces. 

The plates were first incubated in 10 ug/mL of C3 and 
thereafter in different antisera. The adsorbed amount of protein, 
determined ellipsometrically Is shown versus the wettability 
along the gradient. Each line in the drawing represent the 
average of three gradient plates, a: plates incubated with C3 for 
one hour, b: plates incubated with C3 followed by incubation 
with anti-C3c for 30 min. c: and d: plate incubated with C3 
followed by incubation in anti-<x(c: in the drawing) or anti-p (d: 
in the drawing) for 30 min followed by incubation with anti 
rabbit immunoglobulin for 30 min. e: plates incubated with C3 
followed by incubation with anti rabbit immunoglobulin for 30 
min (control). 
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Some notes on theoretical models for protein adsorption. 

The behavior of protein molecules at solid surfaces is very 
complex. The interaction between the surface and the protein is 
determined both by the nature of the protein, the surface and the 
medium outside the surface. The situation is further complicated 
by the fact that exchange reactions between protein molecules of 
the same or different kinds take place on the surface. Except for 
these exchange reactions most protein molecules appear to be 
irreversibly adsorbed. Although the details of the interaction 
between protein molecules and surfaces are not known it is 
assumed that general properties of the surface and the protein 
such as hydrophobicity, charge density, ion binding, hydration etc. 
are involved. For reviews, see e.g (21.35-37). 

Protein adsorption is a dynamic phenomenon, where protein 
molecules diffuse to the solid surface, adsorb and eventually 
change conformation. Furthermore the number of contact points 
and hence the strength of the protein surface interaction may 
increase with time. This in turn means that the probability for 
spontaneous desorption decreases with time. Exchange reactions 
are other dynamic phenomena where, in a dynamic equlibrium 
"irreversibly" adsorbed molecules may be exchanged by protein 
molecules in the solution. In this case the total energy is not 
necessarily changed (it may actually decrease) and protein 
exchange may therefore be thermodynamically much more 
probable than spontaneous desorption. The details of an exchange 
reaction are probably very complicated. 

A possible mechanism is that the bonds initially formed 
between adsorbed molecules and the surface are broken 
sequentially and replaced by bonds between a new molecule from 
the solution and the surface. An adsorbed protein molecule may 
have several different conformations, which are determined by 
the surface properties. It is also likely that the "average" confor
mation is determined by the total amount of protein on the 
surface. Furthermore, the packing and conformation of the protein 
molecules are not necessarily homogenous along the surface. Sur
face aggregation and domain formation may occur. It is therefore 
very difficult to formulate a theoretical model for protein 
adsorption. The adsorption is not governed only by thermodynamic 
factors but also by kinetic and dynamic processes on the surface. 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 483 

It thus matters how a protein is added to a solution during 
an adsorption experiment (1.38) Protein adsorption isotherms are 
also often non-Langmurian in shape, which may have several 
physical origins. We have tested a very simple dynamic model 
which gives rise to a new type of adsorption isotherm with a 
shape very similar to the experimentally observed ones (11.12) 
Even if the model can not explain in detail all the observed 
phenomena, for example the exchange reactions, it is a starting 
point for further developments. In the model it is assumed that a 
protein molecule adsorbs in one conformation and then undergoes 
a conformational change to another (more extended) conformation. 
The molecule is assumed to cover an area of a 1 and a 2 

respectively in the two conformations (Figure 7) By allowing 
mathematically for a small desorption the following expressions 
for the coverage of molecules of form 1 and 2 respectively were 
obtained, with the notations in Figure 7 (II), 

where a s a 2 /a 1 and θ 1 and θ 2 are the coverages of molecules in 

conformation 1 and 2 repectively. The maximum surface density 
of adsorbed molecules is N 0 = 1/at (i.e. all molecules in 

conformation 1 ). The adsorbed amount of organic material e.g. the 
surface concentration ^g/cm 2) is proportional to + θ 2 . If the 

rate constant r, and r 2 are small we have in practise irreversible 

adsorption. If the r's are mathematically zero 8| and 8 2 are 

determined only by the kinetics of the adsorption process and we 
get as a first approximation by neglecting possible diffusion 
limitations (10): 
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484 PROTEINS AT INTERFACES 

0 0.005 0.01 0 50 100 

C C 

Figure 7 : Example of adsorption isotherms calculated from the 
dynamic model (illustrated in the insert) assuming (small) 
spontaneous desorption. The isotherms are drawn in two 
different scales and for two different relative magnitudes of the 
desorption terms, 
a: Γ,/s, - O.Ol ; r 2 /s, = O.OOOl 

b: r,/s, =0.1 ; r 2 / S j =0.01 

In both cases as a 2/3| = 2 

C is the normalized concentration of proteins in solution (with 

conformation 1), C = KpCj/ S|. The rate constant S j implicitly 

NQ, the maximum density of adsorbed molecules; it is in a more 

detailed theory s, replaced by "s,, N0" (12))· 
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29. ELWING ET AL. Protein Adsorption on Solid Surfaces 485 

One interesting feature of the dynamic model is that it 
generates adsorption isotherms which are similar to 
experimentally observed isotherms. The shape of the isotherm is 
determined by the size of the "surface denaturation" time 
constant s t and a 2/aj. The isotherms may have shapes normally 

taken as a sign of (lateral) interaction between adsorbed 
molecules or a heterogenous composition of the protein solution , 
see Figure 7 (12). 

It has been suggested that protein exchange reactions 
could be described by a protein concentration dependent 
desorption of already adsorbed molecules i.e. by replacing Γ| by 

=(r1d) + r l e C 1 and r 2 by r 2 = (r 2 d) • r l e C t and r 2 by r 2 = (r 2 d) + r 

2 e C| (12). This together with the assumption that with time a 

fraction of the protein molecules on the surface becomes truly 
irreversibly bound ("non exchangable") could explain the 
difference between direct and subsequent addition of the protein 
to the solution during an adsorption experiment. The difference 
between a hydrophobic and a hydrophilic surface was then to be 
found in the fraction of irreversible bound protein molecules (12). 
The use of a protein dependent desorption is, however, naive in 
the sense that this actually means that the surface coverage of 
proteins is first decreased and then the surface is covered with 
new molecules. The protein exchange mechanism is more likely a 
gradual phenomenon as described earlier in this section. 
Furthermore, the simple model with concentration dependent 
desorption is an equilibrium model which does not consider 
surface aggregation phenomena, phase transitions and domain 
formation on the surface. Thus, it is not possible, with the 
present model to explain all the details of protein adsorption and 
exchange on the surface. 

Conclusions 

Our results on protein adsorption on solid surfaces support the 
view that protein molecules , in general, change conformation 
more on hydrophobic surfaces and are more strongly bound on 
these surfaces than on hydrophilic surfaces. The use of a 
wettability gradient along a given substrate surface enables us to 
study ,in a convenient way, the interaction between proteins and 
surfaces with different surface energies. The gradient method is 
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486 PROTEINS AT INTERFACES 

most probably not limited to a gradient in wettability but can be 
extended to other types of gradients as well. It is however 
necessary to develope techniques to evaluate the microscopic 
details of the gradient surface itself to be able to make use of the 
full potential of the method. 

The immune complement system appears to be an 
interestring model system for the study of surface induced 
biological phenomena closely related to conformational changes 
of surface deposited proteins. The study of C3 adsorption and 
conformational changes on surfaces hao already yielded detailed 

information about surface-protein interaction. The fact that the 
deposition kinetics of organic material from human serum 
depends on the nature of the surface and that this deposition 
contains a large amount of C3 makes further studies of the 
complement system worthwhile, not the least in connection with 
biocompatibility. 
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Chapter 30 

Protein Adsorption at the Solid-Solution Interface 
in Relation to Blood-Material Interactions 

John L. Brash 

Departments of Chemical Engineering and Pathology, McMaster University, Hamilton, 
Ontario L8S 4L7, Canada 

The author's work on the adsorption of plasma proteins using radiolabeling, 
hydrodynamic thickness measurements and elution/identification methods 
is reviewed. This work was motiviated by the need to understand the role of 
protein adsorption in thrombus formation following blood-foreign surface 
contact. Studies of single protein systems showed that adsorption occurs in 
monolayers, that adsorption is inherently, but only slowly reversible and 
that some alterations of protein structure can occur upon adsorption. Work 
with protein mixtures showed the strong preferential adsorption of fibrino
gen relative to albumin and IgG. From plasma there is a relative lack of 
adsorption of the abundant proteins. Adsorption of fibrinogen from plasma 
was shown to be transient, it is displaced by contact phase clotting proteins. 
Part of the fibrinogen adsorbed from plasma was found to be degraded by 
surface generated plasmin implying that surfaces have thrombolytic as well 
as thrombogenic properties. 

Work by the present author on protein adsorption has been motivated by the desire to 
understand the sequence of events leading to clot and thrombus formation on solid 
surfaces in contact with blood. The present review of these studies is organized on the 
basis of the medium in which the protein is dissolved, beginning with single proteins in 
buffer and progressing to plasma. By and large this is also the chronological order in 
which the work was carried out since it was believed that the more complex would only 
become comprehensible through an understanding of the simple. This belief has been only 
partially corroborated by our findings. There is no question that single protein data have 
enormously aided the interpretation of blood studies, for example by defining the 
"capacities" of surfaces for proteins and by providing data on protein denaturation at 
surfaces. At the same time events such as the transient adsorption of fibrinogen which 
occur in blood were not predicted from studies with simpler media. 

We begin with some comments on the various experimental methods used in our 
studies. Investigations of single proteins in buffer are then discussed, including kinetics 
and isotherms, reversibility, denaturation, and the structural status of adsorbed proteins. 
Results of competitive adsorption studies using mixtures of proteins in buffer are then 
described. We next discuss our more recent studies of protein adsorption from blood 
plasma using both radiolabeled proteins and elution techniques. Finally, data on the 
effect of red blood cells on protein adsorption are summarized. 

0097-6156/87/0343-0490$06.00/0 
© 1987 American Chemical Society 
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30. BRASH Protein Adsorption at the Solid-Solution Interface 491 

Experimental Methods 

In our experimental studies to measure adsorbed amounts we have mostly used methods 
based on radiolabeling with isotopes of iodine. We have favored the iodine monochloride 
(1) and lactoperoxidase (2) methods of labeling mainly because of various reports stating 
that proteins are only minimally, if at all, altered by these reagents (3). A certain amount 
of controversy has surrounded the use of radiolabeled proteins for adsorption studies (4-6). 
In this regard we have used a simple test to validate the method for any system under 
study. Adsorption is measured for a series of solutions of constant total concentration but 
varying in the ratio of labeled to unlabeled protein. If the surface concentration is 
invariant, then we conclude that radiolabeling does not influence adsorption. In the 
overwhelming majority of systems we have studied, this has proved to be the case, and 
thus we conclude that radiolabeling is a valid and widely applicable technique. 

Most of our experiments have utilized surfaces in the form of tubing segments of 
about 0.25 cm diameter (7). The tubing is initially filled with buffer which is subse
quently displaced by the protein solution or plasma in the absence of any air-solution 
interface. At the end of the adsorption period the protein solution is displaced by buffer, 
the tube is rinsed in a standard manner with buffer, and then counted for bound radio
activity. The necessity for rinsing of course introduces uncertainty since loosely bound or 
reversibly bound protein may be desorbed. Various attempts have been made to 
eliminate this uncertainty and in particular the use of unlabeled protein solutions of the 
same concentration for rinsing should be mentioned. We have found that very often on 
surfaces where desorption may be a problem, the adsorbed amount after rinsing with 
unlabeled protein is less than after rinsing with buffer showing that in such systems 
exchange of bound and dissolved protein may be more rapid than desorption. 

In early work (8) we used infrared spectroscopy coupled with attenuated total 
reflection optics. This work was done before the availability of infrared equipment based 
on Fourier transform methods. Due to their relative speed these methods now permit in 
situ, real time measurements with a resolution of 1 sec or less (9), and continue to yield 
valuable data, particularly in the hands of the Battelle group in a series of studies dating 
from 1979 (10). In our early infrared work we had to be content to rinse and dry the 
surface before obtaining the infrared reflection spectrum Nevertheless the values of 
surface concentration were remarkably close to those determined more recently. Infrared 
studies of proteins suffer generally from the fact that the main features of protein spectra 
are similar for all proteins and therefore it is difficult to distinguish one from another. 

In studies with colleagues in Strasbourg (U.) we used the hydrodynamic method 
based on capillary flow measurements to obtain estimates of adsorbed layer thickness. 
This method has been most widely used to measure the thickness of adsorbed synthetic 
polymers (12). It depends on the difference in flow through capillaries due to the 
reduction in diameter caused by adsorption. Capillary diameters of about 1 μ m are 
suitable for detecting protein monolayers. Capillaries of this size are subject to blocking 
by dust particles and we found it necessary to work with networks of many capillaries in 
parallel as opposed to single capillaries since blockage of a few capillaries made little 
difference to the total flow. The difficulty then lies in defining the diameter of the 
capillary before adsorption since a distribution of diameters usually exists in the network. 
For this reason we concluded that this technique is better adapted to measuring changes 
in thickness due to variables such as temperature, pH etc. rather than absolute thickness. 

Adsorption from Solutions of Single Proteins in Buffer 

Early work using infrared spectroscopy. In this work (8) we measured isotherms at 37°C 
for fibrinogen, albumin and IgG on various polymeric materials. As in many other 
investigations before and since, we noted the existence of plateaux in the isotherms and 
by suitable calibration we concluded that the plateaux correspond to monomolecular 
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492 PROTEINS AT INTERFACES 

layers for each of the three proteins The precision of the method was insufficient to 
permit detailed analysis of the isotherms although we were bold enough to claim that, at 
least on average, the molecules in the layer could not be drastically denatured since their 
average dimensions were not substantially changed compared to those in solution. In 
retrospect this work may have had its main value in drawing attention to protein 
adsorption as an important part of blood-material interactions (we also showed the 
development of protein layers on the surface after whole blood contact) and to the 
potential value of quantitative measurements of these phenomena. 

Kinetics and isotherms using radioiodine labeling. In considering the kinetics of any 
interfacial phenomenon the question of transport versus reaction control must always be 
kept in mind. Our studies have not contributed much in this regard due to the fact that 
adsorption is relatively rapid. Our method requires separation of the surface from the 
solution before measuring and is consequently not capable of the 1 s or so time resolution 
needed to study initial adsorption kinetics. Using total internal reflection fluorescence 
methods, Robertson et al. (13) have shown that adsorption is in general transport 
controlled at low coverage but at higher coverage it becomes reaction limited due to 
"crowding" effects. 

We have found generally that adsorption is as much as 75% complete in a few 
minutes (7,14,17) and reaches "equilibrium" (see below for a discussion of protein 
adsorption "equilibrium") in about one hour. Data on the glass-fibrinogen system were 
obtained under laminar flow conditions in tubes (14). It was found that the amount of 
fibrinogen adsorbed at a given time from 5 to 30 min was independent of surface shear 
rate from 0 to 2100s-1. These data give a clear indication that transport is not the 
controlling step under these conditions. In support of this conclusion we found that 
surface coverage after 5 min was about 75% indicating an intrinsically rapid adsorption 
at the concentration studied (3 μΜ). 

We have measured adsorption isotherms at room temperature for a range of 
systems (14-17). The main results from this work are that the isotherms generally show 
well-developed plateaux and although the amounts adsorbed at the plateau vary from 
surface to surface, they are all in the close-packed monolayer range. In this connection it 
must be mentioned that adsorbed amounts in close packed protein layers can vary 
because of varying surface-protein orientation and the possibility of conformational 
change. Apparent exceptions to the monolayer "rule" are hydrogel-like materials such as 
segmented polyurethanes based on polyethylene oxide soft segments. These materials 
appear to adsorb essentially no protein (18,19). However, it is difficult to decide whether 
this result is real or only apparent due to the possible loss of protein during rinsing since 
adsorption on such materials is likely to be rapidly reversible. 

One of our studies (IT) was done to investigate the influence of fixed electrical 
surface charge on protein adsorption, and data were obtained for the adsorption of 
fibrinogen on glass and various polyelectrolyte complex surfaces. Different plateaux were 
exhibited by the different surfaces, perhaps indicating different specific surface areas 
and/or site densities. However, an analysis of the initial or rising portion of the isotherms 
showed that the slopes were the same for all surfaces, and thus that the adsorption 
energies are independent of the fixed electrical charges. In this conclusion, perhaps 
running contrary to intuition which might suggest that charge repulsion would occur if 
surface and protein have the same charge sign, we are in agreement with several other 
studies (20,21). Of course attractive interactions between surfaces and proteins of the 
same charge sign can be explained by ion-bridging. Also Norde and Lyklema (22) have 
shown that extensive charge redistribution may occur upon adsorption, involving 
incorporation of small ions into the adsorbed layer. 

Measurements of equilibrium layer thickness were also done on the fibrinogen-
glass system (11). The thickness versus solution concentration data showed an overall 
increase corresponding to the adsorption versus concentration curve. However the thick-
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30. BRASH Protein Adsorption at the Solid-Solution interface 493 

ness "isotherm" was "stepped" at thicknesses corresponding closely to side-on and end-on 
molecular orientations. The thickness data thus support the point of view that adsorption 
occurs at the monolayer level. Interestingly this study also showed a tremendous 
extension of the fibrinogen molecules away from the surface at high pH, although the 
solution conformation is known to be stable under these conditions. 

Reversibility. This topic might be considered appropriately under the "isotherm" heading 
but due to the persistent controversy and discussion surrounding it, we give it separate 
treatment. Most investigators, ourselves included, have found that adsorption of proteins 
on solid surfaces is irreversible on a normal time scale in the sense that one cannot 
"descend" the isotherm (8,13,14,23). This is particularly true of hydrophobic solids. Some 
authors have contended that since proteins can be eluted in media other than those used 
for adsorption, e.g. detergents or buffers of high ionic strength, adsorption is therefore 
inherently reversible. We regard this as a questionable argument since the introduction 
of the eluent solution means that the process of protein leaving the surface is no longer 
simply the reverse of adsorption. Similarly it has been argued that irreversibility can be 
due to conformational change (24). Again, however, reversibility of adsorption per se 
cannot be judged if an irreversible conformational change accompanies adsorption. It has 
also been suggested (24) that due to the high values of the putative equilibrium constants 
one would not be able to measure the vanishingly small quantities of protein released into 
solution as a result of desorption. This argument ignores the fact that, if one is measuring 
the protein bound to the surface, a decrease should be easily detected but usually is not 
observed. 

Our main contribution to this debate, besides our own observations of 
"irreversibility" (8,14), lie in our demonstration that while desorption is either non
existent or extremely slow, there is measurable exchange of protein between surface and 
solution while the two remain in contact (7,14,15,25). The use of labeled proteins is 
particularly well adapted for this kind of study since unlabeled molecules or molecules 
labeled with different iodine isotopes can be used initially in the different 
"compartments" of the system. 

The major conclusions from these studies are: (1) that such exchange occurs in all 
systems thus far investigated, (2) that the extent of exchange varies with the surface, is 
usually greater for hydrophilic than for hydrophobic surfaces, and depends on factors such 
as protein concentration and flow, (3) that the rate of exchange varies similarly to the 
extent of exchange, with "half-lives" ranging from days (e.g. polyethylene-albumin) (7) to 
hours (e.g. glass-fibrinogen) (14). With polyelectrolyte complex surfaces and fibrinogen 
we found that slow-exchanging and fast-exchanging populations of molecules could be 
distinguished, the former corresponding to points low on the isotherm where less than 
monolayer coverage exists (25). This "multipopulation" behavior is illustrated in 
Figure 1. 

Exchange phenomena have been noted by others with respect both to proteins and 
synthetic polymers (13,26-28). The occurrence of exchange in contrast to the lack of 
desorption into solvent is counter-intuitional since exchange perforce involves a desorp
tion step. All of the evidence, particularly concentration dependence, indicates a 
mechanism involving interactions between protein in solution and adsorbed protein. A 
likely explanation due to Jennissen (29) is illustrated in Figure 2 and is based on the very 
plausible concept of "multivalent" binding between protein and surface. Exchange is 
envisaged as a cooperative effect whereby a single site of an adsorbed molecule "desorbs". 
Such single site exchange represents the initial step of whole molecule exchange. The 
concept of multivalent binding also provides an explanation for lack of desorption since 
the breaking of several bonds simultaneously is an unlikely occurrence. According to this 
explanation irreversibility is only apparent and has kinetic origins. 

Our current view, taking all the above evidence into account, is that adsorption is 
inherently reversible. In addition to the self-exchange phenomenon, other evidence in 
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30. BRASH Protein Adsorption at the Solid-Solution Interface 495 

Figure 2. Schematic showing (a) low probability of desorption for a protein adsorbed 
via several binding sites and (b) concerted cooperative mechanism of exchange 
between dissolved and adsorbed protein. (Reproduced with permission from Ref. 66. 
Copyright 1985 Plenum.) 
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496 PROTEINS AT INTERFACES 

support of this view is that one can usually "climb" the isotherms in well delineated 
stages: if adsorption were truly irreversible, one would expect that the isotherm would 
rise instantly to the plateau or that in very dilute systems where there is insufficient 
protein to reach the plateau, complete depletion would be observed. Since this does not 
occur, reversibility is implied. 

Denaturation and Adsorption: Structural Status of Eluted Proteins. Stemming to a large 
extent from the conventional wisdom that proteins adsorbed at the air-solution interface 
are denatured, for example in foaming phenomena, it has been widely speculated that 
denaturation accompanies adsorption on solids. Many investigations using both physical 
(20,30) and biological (31,32) criteria of denaturation have been conducted. Some systems 
have shown evidence of denaturation and others have not. For example Factor XII 
adsorbed on quartz was shown to undergo a conformational change (33) while thrombin 
adsorbed on cuprophan or polyvinylchloride retained most of its biological activity (31). 

Our main contributions to the study of denaturation consist of experiments to 
evaluate the structural status of fibrinogen eluted from glass. Clearly, it would be 
preferable to evaluate structural alteration while the protein remains on the surface but 
such an approach presents formidable experimental difficulties, not the least of which is 
sensitivity. Therefore, we made the compromise of studying eluted protein and making 
the tacit assumption that the eluted protein is structurally similar to the adsorbed 
protein. The eluents used (high molarity buffers and surfactants) were shown not to affect 
the properties examined. 

In one series of experiments, fibrinogen eluted from glass tubing or fritted glass 
filters was examined by circular dichroism (34). Controls were incorporated so that any 
effects of protein handling could be allowed for. The eluted protein showed a loss of a-
helix content of the order of 50% relative to the "native" fibrinogen, so that surface 
interactions appear to be capable of disrupting α-helical regions of the protein. It should 
be noted that we could not distinguish in these experiments between indiscriminate 
desorption of whole protein with an overall reduction of α-helix content and preferential 
desorption of portions of the molecule with inherently low α helix content. 

A second series of experiments utilizing glass bead columns was designed so that 
adsorbed fibrinogen could be eluted in stages (35). After adsorption from 0.05 M Tris, 
pH 7.4, initial fractions were eluted using 1 M Tris, which, as had been shown with 
labeled protein, removes 80% of the adsorbed fibrinogen. The remaining 20% (as judged 
by labeled protein) was eluted with 2% SDS. The fractions were examined by SDS-PAGE 
under reducing conditions and it was found that the initially eluting fractions, 
presumably containing the fibrinogen molecules that are the least firmly bound, had 
undergone considerable chain degradation. The extent of degradation was less in later-
eluting fractions, and for the SDS-eluted fractions there was very little difference from 
"native" fibrinogen. The fact that various fractions differ in extent of degradation 
suggests that several surface populations are present, in agreement with conclusions 
based on self-exchange and differential elutability as discussed above. 

The gel band patterns of the degraded fractions bear a strong resemblance to those 
of early plasmin-induced degradation products of fibrinogen (FDP). Therefore, a possible 
explanation of our results is that traces of plasminogen present in the fibrinogen 
preparation are activated to plasmin by contact with glass. In this regard, we have found 
that fibrinogen purified on DEAE cellulose, which is reported to remove plasminogen (36) 
is less degraded after glass contact than is unpurified fibrinogen. These observations 
suggest rather strongly that plasminogen activation and subsequent fibrinogen degrada
tion may be blood-material interactions of some significance that have not been 
recognized heretofore. 
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Mixtures of Proteins in Buffer: Competitive Adsorption 

497 

Most real protein-containing fluids of interest, such as blood, are multicomponent systems 
so that the influence of one protein on another may become important. With respect to 
adsorption, the main consideration is whether adsorbed amounts are in proportion to 
solution concentration or whether surfaces "select" one protein in preference to another. 
Presumably if proteins act independently of each other one should be able to predict 
adsorbed amounts in mixtures from relative affinities derived from single protein studies. 
Although there have been no systematic attempts to make such predictions it seems 
likely that they would fail. In general it has been found that preferential or selective 
adsorption occurs so that certain proteins may be enriched in the surface relative to the 
solution and vice versa. There have as yet been no attempts to determine the properties of 
protein-surface systems that govern the relative surface affinity of different proteins. 
More will be said on this topic when adsorption from plasma is discussed. 

Mixture studies using two- or three-protein systems have been used as simple 
compositional models of complex biological fluids like plasma (38) or milk (39). In the 
case of plasma, which is relevant to our own work, mixtures of the three abundant 
proteins albumin, IgG and fibrinogen in varying properties have often been used 
(16,18,38,40,41). We have carried out a number of investigations using mixtures of these 
proteins (16,18,41). Radiolabeling provides an excellent means of distinguishing one 
protein from another, and using the isotopes 1 2 5 I and 1 3 1 I two proteins may be measured 
simultaneously. For the binary system albumin-fibrinogen adsorbing on glass from Tris 
buffer (16), it was found that fibrinogen is preferentially adsorbed. In a series of mixtures 
of varying composition, the equilibrium ratio of surface mole fraction to solution mole 
fraction of fibrinogen ranged from 70 (solution mole fraction = 0.01) to 6 (solution mole 
fraction = 0.15). These data emphasize the very strong fractionation effect of the glass 
surface with these mixtures. Data for several other surfaces at a single solution 
composition (mole ratio fibrinogen: albumin = 0.005, close to the ratio in human plasma) 
showed surface enrichment of fibrinogen between 10- and 200-fold (18). 

In ternary mixtures of fibrinogen, IgG and albumin (41), the preferential 
adsorption of fibrinogen was again observed. These experiments were conducted using 
proportions of the proteins the same as are found in blood, but at varying total 
concentrations. For each composition, three separate kinetic experiments were conducted 
in which each of the three pair combinations of the proteins were labeled, and the third 
protein was unlabeled. Over four hours, fibrinogen adsorption increased continuously, 
although the rate decreased, while IgG showed an adsorption maximum at about 
5 minutes and then remained constant at a relatively low value. Albumin adsorption was 
effectively zero in these experiments. These data again demonstrate the overwhelming 
preference of glass for fibrinogen relative to the other abundant plasma proteins. Thus, it 
is tempting to suggest that from plasma or blood, fibrinogen would be preferentially 
adsorbed. This point should be kept in mind when results of adsorption from plasma are 
discussed below. It is also relevant to point out that the experiments with the ternary 
system were all conducted at total concentrations that are very dilute compared to 
plasma. As will be seen below, we have since found in plasma itself that adsorption of 
fibrinogen is greatly enhanced when the plasma is diluted. 

Several other groups have also found preferential adsorption of fibrinogen from 2-
and 3-protein mixtures (13,38,40,42). These studies have been done on a variety of 
surfaces with various mixture compositions and total concentrations and consistently 
confirm preferential adsorption of fibrinogen. Many of these measurements refer to equi
librium and involve relatively long adsorption times; information on the time dependence 
of relative quantities adsorbed in multi-protein systems is largely missing. One of the few 
such studies is that of Gendreau et al (42), using FTIR spectroscopic techniques. They 
found that for a 1:1 mixture of albumin and fibrinogen, albumin predominated in the first 
7 minutes and then was gradually displaced by fibrinogen. 
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Adsorption of Proteins from Plasma 

Clearly studies of single proteins and of mixtures in buffer solutions provide useful 
information as is evident from the above discussion. However, only studies using blood or 
plasma can give definitive answers regarding blood-material interactions. Accordingly 
much of our research over the past several years has been devoted to studies of protein 
adsorption from plasma or blood. 

Our work with plasma has used two approaches. In the first, purified radiolabeled 
proteins are added in small amounts to the plasma as tracers and their adsorption 
measured as a function of time, plasma concentration and composition, and surface type. 
The surfaces are in the form of tubing segments, as for the single protein and mixture 
studies already discussed. This approach gives quantitative data on the adsorption of 
individual proteins. The second approach is more qualitative in nature and seeks to 
identify the multitude of proteins adsorbed out of plasma to different surfaces. In this 
work the surfaces are in particle form to give high surface-to-volume ratios, and after 
plasma contact they are eluted and the proteins are separated and identified by 
electrophoresis and other techniques. Our results with these two approaches are now 
described. 

Studies using radiolabeled tracers. An initial series of experiments was done with 
albumin, fibrinogen and IgG, and a number of surfaces including glass, siliconized glass, 
polyethylene, polystyrene and several segmented polyurethanes (43). Fibrinogen was not 
detected on any of the hydrophilic surfaces. On polyethylene and siliconized glass 
fibrinogen adsorption was greatest at the shortest time (2 min) and then decreased to near 
zero. Only on polystyrene was fibrinogen adsorption substantial and constant with time. 
Albumin was also not detected on the hydrophilic surfaces but was adsorbed substantially 
on hydrophobic surfaces. IgG was detected on all surfaces though in relatively low surface 
concentrations. From these observations we concluded: (l)The plasma itself modifies 
adsorption. Therefore single protein or simple mixture studies cannot be used to predict 
plasma adsorption. (2) Fibrinogen is either not adsorbed or only transiently adsorbed on 
most surfaces. This is a surprising finding in view of the widely reported fact that fibrino
gen is preferentially adsorbed from simple mixtures with albumin and IgG. (3) Since the 
major plasma proteins are only minimally adsorbed on surfaces that are known to adsorb 
compact monolayers of protein from solution, it appears that the less abundant proteins of 
plasma may be important components of adsorbed layers. 

In a follow-on study using the trace-labeling approach (44), we have further 
investigated the adsorption of fibrinogen. As indicated above fibrinogen appeared to be 
transiently adsorbed to most surfaces with a "residence time" on the surface which varied 
with the material. On surfaces such as glass where we failed to detect any fibrinogen, we 
suspected this was due to very short residence times. Unfortunately our experimental 
technique is not suitable for observing residence times of less than a minute. However if 
fibrinogen adsorption is transient due to displacement by other proteins as suggested by 
Vroman et al (45). it seemed likely that by diluting the plasma sufficiently, the 
concentration of displacing species would decrease below effective levels so that 
fibrinogen residence times on the surface would be increased. Therefore we undertook a 
study of the effect of plasma dilution on fibrinogen adsorption. 

The surfaces studied were glass, polyethylene and siliconized glass. On dilution of 
the plasma we found as predicted that fibrinogen adsorption gradually increased to a 
maximum at a plasma concentration about 1% of normal, the exact value depending on 
the surface and increasing with increasing surface hydrophobicity. Data for glass are 
shown in Figure 3. It was concluded that the increase of adsorption from 0 to 1% plasma is 
due to increasing availability of fibrinogen (an "isotherm" type of relationship) and that 
beyond the maximum the decrease of adsorption is due to displacement of fibrinogen by 
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30. BRASH Protein Adsorption at the Solid-Solution Interface 499 

PLASMA CONCENTRATION (% normal) 

Figure 3: Adsorption of albumin, I gG, and fibrinogen from plasma to glass as a function of 
plasma concentration. Plasma was diluted with isotonic Tris, pH 7.35 and adsorptions 
were for J min. Reproduced with permission from Ref. 44. Copyright 1984, F.K. 
Schattauer-Verlag. 
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500 PROTEINS AT INTERFACES 

other plasma components. Kinetics of adsorption at different plasma concentrations, as 
shown in Figure 4, also support this conclusion: at concentrations less than the adsorption 
maximum, kinetics is conventional with adsorption increasing onto a plateau, while at 
concentrations greater than the maximum, kinetics curves show maxima at times which 
increase as plasma concentration decreases (increasing fibrinogen residence times). 

These results support the hypothesis of Vroman et al (45) regarding displacement 
of initially adsorbed fibrinogen and we now refer to this phenomenon as the "Vroman 
Effect". It may be noted that simultaneously with ourselves other groups have reported 
the same phenomena (46>£[). The work of Bantjes et al (47) is notable in that it proposes 
high density lipoprotein as the fibrinogen displacing species. This is in contrast to 
Vroman's contention that components of the intrinsic coagulation system, e.g. high 
molecular weight kininogen (HMWK), are the displacing species (45,48). 

In recent studies (19,49) we have developed a more extensive data base on the 
Vroman Effect and have examined its phenomenology in detail. All surfaces studied, 
except for two hydrophilic polyurethanes, showed the Vroman Effect. However quantita
tive differences (peak height, peak position) were found among surfaces and there was 
some evidence that the height of the peak in the adsorption versus plasma concentration 
curves is correlated with gross thrombogenicity. This was especially true when data at 
longer times (24 h) were considered. The hydrophilic polyurethanes, which are generally 
regarded as relatively thromboresistant, showed no Vroman Effect from 0.07 to 10% 
plasma concentration. Any attempt to attach significance to this observation in terms of 
thromboresistance of surfaces is premature. For the moment we do not understand the 
significance of the Vroman Effect in relation to surface thrombogenesis and have 
postulated two possibilities: (1) the key surface property is prevention of coagulation so 
that if initially adsorbed fibrinogen is displaced by HMWK and other contact phase 
clotting factors (as suggested by Vroman et al. and by ourselves (see below)) then 
fibrinogen retention is desirable, (2) the key surface property is non-reactivity to 
platelets, so that since adsorbed fibrinogen is considered to be platelet-reactive, 
fibrinogen retention is undesirable. 

As we and others continue this line of investigation it is becoming evident that the 
whole area of competitiveness of protein adsorption in the blood context, which at the 
moment seems hopelessly mired and anecdotal, may eventually reveal a rational, orderly 
nature. Vroman has postulated (50) that a rapid sequence of adsorption and displacement 
events occurs by which, over time, more abundant proteins are displaced by less 
abundant. The time frame of these events is such that albumin is adsorbed and replaced 
in a fraction of a second, thus accounting for the fact that it is not often observed on the 
surface after plasma contact. Clearly the time frame may be expected to vary with the 
surface so that in some cases the sequence will be relatively fast and in others relatively 
slow. Thus the apparent absence of a Vroman Effect for hydrophilic polyurethanes may 
reflect a very rapid sequence, such that a fibrinogen peak would be observed only at very 
short times or at low plasma concentrations (less than 0.05%). 

The postulate of Vroman addresses only one variable, namely concentration, that 
may be expected to influence a protein's adsorption competitiveness. From known 
adsorption principles we may reasonably assume that protein affinity for the surface (free 
energy of adsorption), protein-protein interactions in the layer, and kinetic factors such as 
activation energy of adsorption will also influence competitive adsorption. The idea of a 
sequenced based at least partly on concentration seems reasonable, since initially 
diffusion would ensure relatively high concentrations of the abundant proteins, and only 
later would the true relative affinities of the proteins for the surface be expressed. This 
idea raises tantalizing questions such as whether all surfaces end up with the same 
protein layer or whether the sequence stops at different points on different surfaces. 

In very recent work we have tried to identify the species that replace fibrinogen 
(51). The main approach in this work is to observe the adsorption of fibrinogen from 
plasmas that are deficient in various coagulation factors. If adsorbed fibrinogen is not 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
0



30. BRASH Protein Adsorption at the Solid-Solution Interface 501 

TIME (min) 

Figure 4: Kinetics of adsorption of fibrinogen from plasma to glass at various plasma con
centrations (indicated on curves). Reproduced with permission from Ref. 44. Copyright 
1984, F.K. Schattauer-Verlag.  P
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502 PROTEINS AT INTERFACES 

replaced when plasma deficient in a particular factor is used, then that factor may be 
identified as a replacing species. For a glass surface the findings to date are: (a) HMWK-
deflcient plasma has a greatly diminished Vroman Effect thus confirming HMWK as a 
fibrinogen replacing species, (b) The Vroman Effect is not totally abolished in HMWK-
defîcient plasma suggesting there are other replacing components, (c) Plasminogen-
deflcient plasma gives a near normal Vroman Effect thus suggesting that fibrinogen is 
not substantially removed from the surface by plasmin attack. (This appeared to be a 
strong possibility given our data showing that adsorbed fibrinogen is degraded to some 
extent by plasmin.) (d) Factor ΧΠ-deficient plasma has a diminished Vroman Effect, 
although we believe this may be an indirect effect through kallikrein. (e) Activation of 
normal plasma with dextran sulfate (an activator of the contact system of coagulation) 
diminishes the Vroman Effect while the same treatment of Factor XI-deficient plasma 
has no effect. This suggests that HMWK is inactivated by Factor XIa. 

Identification of proteins adsorbed from plasma. As indicated above, our initial studies of 
adsorption of abundant plasma proteins led us to conclude that a major part of the 
adsorbed protein layer must consist of species as yet unidentified but other than IgG, 
fibrinogen or albumin. Since blood compatibility is believed to depend critically on the 
properties of the adsorbed protein layer it seemed to be a worthwhile goal to identify the 
proteins in this layer and particularly to try to pinpoint differences among various 
surfaces that might explain differences in compatibility. Our approach has been to expose 
the surface to plasma, then elute the adsorbed proteins and try to identify them. Since 
adsorption capacities are small, a large surface area is required to obtain useful 
quantities of protein for identification purposes. As a means of obtaining large areas we 
have used materials in particle form in packed columns. The experiment consists of 
incubation of the column with plasma, followed by sequential elution of adsorbed proteins 
with high molarity Tris buffer, then with sodium dodecyl sulfate (SDS). The eluted 
proteins are then concentrated and subjected to polyacrylamide gel electrophoresis 
(PAGE) to obtain molecular weight profiles. In addition, selected radiolabeled proteins 
were added to plasma in some experiments and the presence of these proteins (or frag
ments derived from them) in the eluates investigated by determining the location of 
radioactivity in the gels. Ouchterlony double diffusion immunoassays against a number 
of specific antibodies were also carried out. Results for various surfaces are as follows: 

Glass (37): This typical hydrophilic surface shows complex PAGE patterns (Figure 5). 
Besides some albumin, IgG and fibrinogen, proteins found in the eluate were plasminogen 
and, most notably, plasmin-induced degradation products of fibrinogen (FDP) suggesting 
surface activation of plasminogen. In support of this conclusion it was found that FDP 
formation was less when either plasminogen-deflcient plasma or Factor XII-deficient 
plasma was used. It should be noted in this connection that the contact factors of blood 
coagulation are known activators of the fibrinolytic system (52). Many other species are 
present in the glass eluates but are not yet identified, including a very strong band at 
25,000 MW which appears to be a fragment of a larger protein. 

Polystyrene: On this hydrophobic material fibrinogen has been identified as a major 
constituent of the layer in agreement with results from the trace-labeling studies. FDP 
are also observed although in lesser amounts than for glass. The major band at 25,000 
seen for glass is absent. In general the eluates are considerably less complex than for 
glass, a result which may reflect the increased difficulty of eluting proteins from 
hydrophobic surfaces. 

Modified (heparin-like) polystyrenes (53): This work represents a collaboration with the 
groups of M. and J. Jozefowicz of l'Université Paris-Nord, France who developed these 
materials (54,55). The materials in question are crosslinked polystyrenes to which 
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30. BRASH Protein Adsorption at the Solid-Solution Interface 503 

Figure 5: SDS-polyacrylamide gels of proteins eluted from glass after contact with 
normal human plasma. Lane 1: Pooled fractions eluted by 1M Tris, showing FDP. Lane 
2: Pooled fractions eluted by SDS (note the very prominent band at 25,000 MW). Lane 3: 
Purified fibrinogen. Reproduced with permission from Ref. 37. Copyright 1986, John 
Wiley and Sons, Inc. 
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504 PROTEINS AT INTERFACES 

sulfonate, glutamic acid sulfamide or arginine sulfamide groups have been attached. 
They have been shown to possess anticoagulant properties and might therefore be 
expected to provide contrasting behavor to glass, a highly procoagulant surface, insofar as 
protein adsorption is related to activation of coagulation. Major findings with these 
materials are: (a) in contrast to glass there is no component at 25,000 MW. (b) There is 
considerable fibrinogen but also a large number of other components particularly at high 
MW. FDP and plasminogen are also found in the eluates. 

General conclusions from this work to date are: (1) there are considerable 
differences in the proteins eluted from different surfaces, (2) the protein layers are 
complex and contain a large number of components, (3) a common feature for all materials 
so far examined is the formation of FDP implying activation of fibrinolysis at surfaces. 
The latter may well be a highly significant new finding in blood-material interactions, 
and suggests that a valid approach to thromboresistance may be to maximize fibrinolytic 
activity. Kusserow et al. (56) several years ago developed this approach by immobilizing 
urokinase on surfaces and more recently Senatore et al. (57) have tried to incorporate 
urokinase into small diameter vascular grafts. 

The Influence of Red Blood Cells on Adsorption 

Our original interest in this area was prompted by the fact that red cells are a major 
component of blood and as such might have some effect on protein adsorption. In addition 
we had shown (58) that red cells have a strong augmenting effect on platelet adhesion 
probably due to the increased mixing action deriving from red cell local motions in 
flowing blood. Similar effects of red cells on platelet diffusion have been noted by others 
(59). 

In initial studies (60) we showed that, in contrast to platelet adhesion, adsorption 
of albumin and fibrinogen to polyethylene is inhibited in the presence of red cells (the red 
cell effect). In follow-on work we made a detailed study of the glass-fibrinogen system 
(61). In these experiments washed red blood cells were added to solutions of iodine-
labeled fibrinogen and adsorption to the walls of glass tubing under flow conditions was 
measured. It was found that adsorption decreased as the red cell concentration increased, 
i.e. there is a "red cell effect" in this system also. It seemed possible that this inhibiting 
effect might be due to competitive adsorption by hemoglobin released from the red cells, 
but deliberately added hemolysate had no effect on adsorption. On the other hand 
hemoglobin-free ghost cells were as effective as whole red cells in inhibition of adsorption, 
suggesting that the red cell effect is membrane related, and is perhaps due to the 
deposition of membrane components which render the surface less adsorptive. 

In subsequent studies (62) we pursued the possibility that membrane fragments 
may be deposited on the surface. Using both glass and siliconized glass bead columns, we 
have shown that materials elutable after red cell contact have UV-visible spectra and gel 
electrophoresis patterns that correspond very closely to those of red cell membranes, thus 
showing that membrane material is indeed deposited. The SDS-PAGE of proteins eluted 
from the column show that spectrin and actin are essentially missing, suggesting that the 
cytoskeleton remains intact as the cells interact with the surface. SEM of surfaces 
following cell contact shows the presence of filaments and particles whose dimensions 
correspond to the red cell "tethers" and microvesicles described in the literature (63). We 
have suggested that the deposition of membrane material as filaments and vesicles occurs 
through extrusion of part of the membrane, including the integral membrane proteins, on 
to the surface during contact. Whether the "red cell effect" found in our laboratory is 
important in whole blood contact situations has not been determined. In agreement with 
the red cell effect, Horbett has found reduced fibrinogen adsorption levels in ex vivo 
studies using baboons (64), whereas Chuang (65) has found higher levels of fibrinogen 
after clinical use of cuprophan dialysis membranes compared to in vitro plasma exposure. 
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Chapter 31 

Platelet Activation by Polyalkyl Acrylates and 
Methacrylates: The Role of Surface-Bound Fibrinogen 

Jack N. Lindon1,2, Gerald McManama1 , 5, Leslie Kushner2,3, Marek Kloczewiak1,2, 
Jacek Hawiger1,2, Edward W. Merrill 4, and Edwin W. Salzman1,2 

1Department of Surgery, Beth Israel Hospital, Boston, MA 02215 
2Harvard Medical School, Boston, MA 02215 

3New England Deaconess Hospital, Boston, MA 02215 
4Department of Chemical Engineering, Massachusetts Institute of Technology, 

Cambridge, MA 02139 

Platelet adhesion and activation by polyalkyl acrylates 
and methacrylates were found to increase with the length 
of the alkyl side chains and the resultant hydrophobici
ty of the polymers. For the methacrylates, platelet 
reactivity correlated with the affinity of anti-fibrino
gen antibodies for fibrinogen adsorbed onto the surfaces 
in contact with fibrinogen solution, plasma (after short 
incubations only), or diluted plasma. Platelet reacti
vity did not correlate with total fibrinogen binding 
which did not vary among the methacrylates. Fibrinogen 
polymers, prepared by crosslinking fibrinogen with 
affinity purified antibodies against the Ε domain of 
fibrinogen, induced platelet aggregation which required 
intact metabolic activity and the availability of plate
let membrane GP IIb/IIIa fibrinogen binding sites and 
did not require prior platelet activation. These re
sults suggest that clusters of surface-bound fibrinogen 
molecules with minimal conformational alterations may 
provide a stimulus for platelet activation by surfaces. 

Thrombotic complications are frequently encountered when blood is 
exposed to the surfaces of hemodialysis devices, heart-lung machines, 
arterial grafts, artificial heart components and other prosthetic 
devices. The blood platelets are particularly vulnerable to these 
adverse effects which may include a decrease in platelet count, 
shortened platelet survival and attendant higher platelet turnover, 
and altered platelet function. However the interaction of platelets 
with an artificial surface exposed to blood must be preceded by the 
interaction of the molecular components of plasma, particularly the 
plasma proteins, with the surface (1,2). This is due to the prepon-

5Current address: Washington University School of Medicine, St. Louis, MO 63130 
0097-6156/87/0343-0507$06.00/0 
© 1987 American Chemical Society 
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508 PROTEINS AT INTERFACES 

derance of the plasma molecular components and their high di f f u s i v i t y 
compared to the formed elements in blood. It is the nature of these 
protein-surface interactions, i.e., the composition of the adsorbed 
protein layer and the configuration of the proteins in i t , which 
governs in large part the subsequent interactions of the various 
blood cells with the surface. 

Numerous laboratories have shown that the plasma protein f i b r i n 
ogen can potentiate the adhesion of p l a t e l e t s to surfaces (3,4) and 
that the ability of many surfaces to promote platelet adhesion tends 
to correlate with the amount of fibrinogen bound (5-7). When exposed 
to mixtures of purified proteins or to whole plasma, many surfaces 
adsord fibrinogen preferentially (8-10), sometimes with subsequent 
desorption (10-13), which Vroman et a l . (jj_) and Brash et a l . (13) 
have reported to require high molecular weight kininogen. A popular 
theory to explain the mechanism of platelet activation by surfaces 
(14,15) suggests that the fibrinogen molecules adsorbed to a surface 
in contact with blood are conformationally altered, and that this 
partially denatured fibrinogen mediates platelet adhesion, activation 
and subsequent secretion. 

Work in our laboratory has supported the idea that fibrinogen 
plays an important role in platelet-surface interaction. However, 
evidence is accumulating that fibrinogen molecules bound to the sur
face in an undistorted, "native" conformation are required for these 
interactions to occur. Much of our work on the mechanisms of plate
let activation by surfaces has been facilitated by the finding (16) 
that two families of simple polymers - the polyalkyl aerylates and 
methaerylates - exhibit an extraordinary range of p l a t e l e t reac
t i v i t i e s , from the r e l a t i v e l y non-reactive polymethyl aerylate and 
methaerylate to the highly reactive longer side-chain aerylates and 
methaerylates. These polymers (Fig. 1) consist of linear carbon 
backbones on which every second carbon possesses both a methyl group 
(on the methaerylates) or a hydrogen atom (on the aerylates) and a 
earboxylic acid group in ester linkage with an a l k y l alcohol side 
chain. Many of the polymers 1 physical and chemical properties are 
determined by the lengths of these alkyl side chains. 

We studied a series of highly purified homopolymers, prepared 
from alkyl aerylate and methaerylate monomers, which varied in the 
length of the a l k y l side chains from 1 to 12 carbons. P l a t e l e t 
reactivity of these polymers was assessed using a bead column method 
( 17) modeled after the Hellem glass bead test (j_8). Polyethylene 
columns (5 cm χ 0.8 cm) were f i l l e d with small (0.35 - 0.50 mm 
diameter) glass beads and coated with polymer by deposition from a 1% 
solution in chloroform. The polymer-coated columns were exposed to 
flowing whole blood, maintained at 37°C and anticoagulated with 
sodium citrate. Platelet retention was determined by comparing the 
number of platelets entering and leaving the columns; platelet secre
tion was assayed by measuring extracellular serotonin (19), platelet 
factor 4 (20), and beta thromboglobulin (2J_) leve l s in the effluent 
blood plasma. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
1



31. LINDON ET AL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 509 

Columns packed with small polymer-coated glass beads, because of 
their large surface area to void volume ratio, provide a severe test 
of platelet-surface compatibility. A 2.5 ml column packed with 0.35 
- 0.50 mm diameter beads provides -200 cm2 of surface area which, at 
a point in time, i s exposed to -0.6 ml of blood. This i s equivalent 
to spreading a f i l m of blood 30 um thick on a f l a t surface and, 
assuming a mean capillary diameter of 7 um, represents approximately 
one-twentieth the surface to volume ratio of a capillary bed. 

Platelet retention in the polymer-coated bead columns was quan
t i f i e d by noting the percentage of platelets removed from aliquots 2 
through 5 of 5 successive 1 ml effluent fractions. (Aliquot 1 was 
diluted with saline and was not counted.) Retention values obtained 
for the 14 polymers tested are shown in Table 1. These data are 
plotted in Fig. 2 as a function of both the a l k y l side chain length 
and the glass transition temperatures (Tg's) of the polymers. 

Many properties have been proposed to account for the conse
quences of blood-surface interaction. Some of these include surface 
topography, w e t t a b i l i t y , surface charge, surface free energy, the 
balance between hydrophobic and hydrophilic groups, chain mobility, 
crystallinity, the capacity for ionic and hydrogen bonding, and the 
presence of s p e c i f i c chemical groups at the surface. However, at 
present there is no general agreement as to which chemical or physi
cal properties determine the behavior of a r t i f i c i a l materials in 
contact with blood. 

We found ( 16) a s t r i k i n g inverse co r r e l a t i o n between p l a t e l e t 
retention and the glass t r a n s i t i o n temperatures for each polymer 
family as well as a direct correlation between platelet retention and 
the lengths of the polymers 1 a l k y l side chains (Fig. 2). P l a t e l e t 
reactivity, measured as secretion of serotonin, platelet factor 4 and 
beta thromboglobulin, paralleled that seen with the retention assay 
(16). The glass t r a n s i t i o n temperature is an expression of the 
temperature above which the polymer backbone loses stable van der 
Waals associations with nearby atomic groups and i s a measure of 
chain mobility. The length of the a l k y l side chain affects the 
polymer's capacity for hydrophobic interactions, presumably with 
adsorbed plasma protein. Although each polymer family showed inverse 
correlations between Tg and platelet retention, retention values for 
PMA, PEA and PPA were very different from those for PLMA, PDMA, PAMA 
and PBMA even though a l l 7 of these polymers had s i m i l a r T g

fs. On 
the other hand, platelet retention as a function of side chain length 
showed similar, and almost overlapping, correlations for both polymer 
f a m i l i e s (Fig. 2). These results suggest that, for these groups of 
polymers, hydrophobicity is a more important determinant of platelet 
reactivity than is chain mobility. Earlier experiments with a large 
number of segmented polyether polyurethanes (22) also demonstrated 
that, as long as the polymer structure did not promote formation of 
hydrogen bonds or other polar interactions, increasing hydrophobicity 
correlated with increasing platelet-surface reactivity. 
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510 PROTEINS AT INTERFACES 

CH, 

H-CH 2-ç-}fr 
c=o 
0 

(ÇH,) 2'x 

H 

H - C H 2 - Ç - ) T 
c=o 

x = 0,1,2, ,11 
(ÇH 

CH, 
2'x 

Polyalkyl methaerylates Polyalkyl aerylates 

Figure 1. Structure of polyalkyl aerylates and methaerylates. 
Polymers were synthesized by free radical polymerization initiated 
by exposing alkyl aerylate and methaerylate monomers to high doses 
(-10 Mev) of ionizing radiation using a Van de Graff accelerator. 
Polymers were separated from unreacted monomer by precipitating in 
methyl alcohol and redissolving in chloroform. Purified polymers 
were dissolved in chloroform for use in coating glass beads 
columns and glass cover slips. 

I 0 0 

I ι ι ι ι 1 1 — ι 
-80 -40 0 40 80 I20 

Tg °C 
Figure 2. Platelet retention by polyalkyl aerylates and by poly
alkyl methaerylates plotted vs length of the alkyl side chain (A) 
or glass transition temperature, Tg (B). (Replotted from data in 
Fig. 3 of Ref. 17.) 
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512 PROTEINS AT INTERFACES 

When each of the aerylate or methaerylate polymers was preincu
bated with whole plasma, the platelet reactivity of the surfaces upon 
subsequent exposure to whole blood decreased significantly (Fig. 3 ) . 
On the other hand, with many other polymers this effect of plasma was 
not seen. Of 20 varieties of segmented polyurethanes examined, none 
showed this behavior (22), and platelet adhesion to polystyrene was 
also unaffected by plasma pretreatment (23). The phenomenon of 
plasma-induced passivation of methaerylate and aerylate polymers 
presumably involves selective adsorption of specific plasma proteins 
by the surfaces and/or a particular alteration of the adsorbed pro
tein once bound. 

Because of the wide range of platelet reactivities observed with 
the aerylate and methaerylate polymer series, and the inter e s t i n g 
effects of plasma pretreatment, additional experiments were performed 
with these polymers to investigate the role that fibrinogen might 
play in platelet activation by surfaces. Fibrinogen adsorption was 
carried out from single component solution or from whole or diluted 
blood plasma. Two techniques were employed, one using radiolabeled 
fibrinogen to measure t o t a l fibrinogen binding and a second using 
radiolabeled anti-fibrinogen antibodies to determine the amount of 
fibrinogen bound with minimal alteration in conformation (24). 

Preliminary experiments with polymethyl, ethyl, propyl and butyl 
methaerylate (PMMA, ΡΕΜΑ, PPMA, and PBMA) and pure solutions of 
fibrinogen labeled with 1 2 ^ I (25) showed identical binding isotherms 
for these four polymers. Fibrinogen adsorption exhibited t y p i c a l 
"Langmuirian" binding at fibrinogen concentrations between zero and 
50 ug/ml. However as the fibrinogen concentration was further i n 
creased to 2 mg/ml, small but measureable increases in binding were 
observed and binding saturation was not obtained. Fibrinogen binding 
was rapid, with most of the binding occurring within the f i r s t 30 
seconds. At a concentration of 250 ug/ml, an incubation time of one 
hour, and an incubation temperature of 22°C, fibrinogen binding (Fig. 
4A) was approximately 0.3 ug/cm2 and showed no s t a t i s t i c a l l y s i g n i f i 
cant differences among the four polyalkyl methaerylates (p>0.1, n=9). 
As described by Schmitt et a l . (26), this l e v e l of binding probably 
results from the formation of a monolayer of fibrinogen molecules on 
the surface. 

When the polyalkyl methaerylate surfaces were incubated with 
whole plasma (Fig. 4B), fibrinogen binding occurred less rapidly than 
with single component fibrinogen solutions. After exposure to plasma 

ρ 

to one hour, fibrinogen binding was approximately 0.25 ug/cmc for 
each of the methaerylates, a level very close to that obtained with 
the single component firinogen solutions. However, work in a number 
of laboratories ( 8 - 1 3 ) has shown that the binding of fibrinogen to 
surfaces exposed to whole plasma is a complex phenomenon which may 
involve competition with other plasma proteins (11,13), particularly 
high molecular weight kininogen (HMWK), over a very short time 
period. Binding after long exposures may not, therefore, be physio-
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31. LINDON ET AL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 513 
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Figure 3. Passivation of polymers of the aerylate series (A) and 
the methaerylate series (B) by preliminary exposure to platelet-
poor plasma (PPP) before whole blood: platelet retention vs alkyl 
side chain length. (Replotted from data in Fig. 5 of Ref. 17.) 
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514 PROTEINS AT INTERFACES 

l o g i c a l l y relevant; while binding after very short exposures i s 
d i f f i c u l t to measure. 

Brash and ten Hove (27) have shown that the early plasma protein 
adsorption and desorption events occur more slowly and can be more 
readily examined i f the plasma is diluted. Using this approach, we 
found that exposure of each of the methaerylate polymers to 1% plasma 
(Fig. 4C) resulted in fibrinogen binding which showed maxima after 1 
to 3 minutes of exposure followed by decreases in bound fibrinogen to 
an apparent plateau at less than 0.1 ug/em2. These kine t i c s are 
s i m i l a r to those reported by Brash and ten Hove (27.) for glass, 
siliconized glass and polyethylene. 

Thus, for the 4 polyalkyl methaerylates tested, the kinetics of 
fibrinogen adsorption differed for fibrinogen solution, whole plasma 
and diluted plasma. However for each one of these three media, 
fibrinogen adsorption to each of the four methaerylates did not 
d i f f e r s i g n i f i c a n t l y . The measured amounts of adsorbed fibrinogen 
did not, therefore, correlate with the p l a t e l e t r e a c t i v i t y of the 
polymers, as previously assayed in polymer-coated bead columns. 

Measurement of surface bound fibrinogen using polyclonal a n t i -
fibrinogen antibodies labeled with 1 2 ^ I produced different results. 
When the polyalkyl methaerylates were pre-exposed to a single compo
nent fibrinogen solution (250 ug/ml) for up to one hour and then to a 
solution containing a low concentration (300 ng/ml) of radiolabeled 
anti-fibrinogen antibody (Fig. 4D), s i g n i f i c a n t differences were 
noted among the four polymers. After the one hour pre-exposure, 
antibody binding ranged from 1.26 ng/cm2 for PMMA to 3.1 ng/cm2 for 
PBMA. At each pre-exposure time tested, antibody binding was signi
ficantly different for each of the four polymers (p<0.05, n=9). The 
levels of antibody binding in these experiments were low because of 
the low concentration of labeled antibody solution employed. At high 
antibody concentrations (Table 2), the amount of bound antibody was 
similar to that of the bound fibrinogen and the differences in anti
body binding to the four polymers were no longer observed. These 
results indicated that the antibody binding hierarchy for the four 
methaerylate polymers was due to differences in binding a f f i n i t i e s of 
the adsorbed fibrinogen molecules for antibody rather than to d i f f e r 
ences in the number of fibrinogen molecules recognizable by the 
antibodies (i.e., the number of antibody binding sites). 

Antibody binding to polyalkyl methaerylates following exposure to 
whole plasma for up to 60 minutes i s shown in Fig. 4E. Short expo
sures to plasma for 15 seconds, 1 minute or 2.5 minutes resulted in 
small but s t a t i s t i c a l l y significant differences in antibody binding 
to each of the four methaerylates (p<0.05, n=14). The hierarchy of 
antibody binding to the methaerylates exposed briefly to whole plasma 
was i d e n t i c a l to the hierarchy of antibody binding to polymers ex
posed to single component fibrinogen solutions. The differences in 
antibody binding were not apparent when the polymers were pre-exposed 
to plasma for longer times (i.e., for 8 or 60 minutes). Polymers 
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31. LINDONETAL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 515 

Figure 4. Fibrinogen binding and anti-fibrinogen antibody binding 
to polyalkyl methaerylates (o=PMMA, · = ΡΕΜΑ, Δ=ΡΡΜA, A=PBMA). 
Polymer-coated glass cover slips were exposed to solutions spiked 
with ^-*I-labeled fibrinogen (A-C) or were exposed f i r s t to unla
beled fibrinogen solutions and then to 1 2^I-labeled anti-fibrino
gen antibody (D-F). (A) Purified fibrinogen solution (250 ug/ml). 
(B) Undiluted plasma. (C) 1% plasma. (D) P u r i f i e d fibrinogen 
solution (250 ug/ml) followed by anti-fibrinogen antibody solution 
(300 ng/ml, -800 epm/ng). (E) undiluted plasma followed by anti-
fibrinogen antibody solution (100 ng/ml, -8000 epm/ng). (F) 1% 
plasma followed by anti-fibrinogen antibody solution (100 ng/ml, 
-8000 epm/ng). (Reproduced with permission from Ref. 24. Copy
right 1986 Grune & Stratton.) 
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516 PROTEINS AT INTERFACES 

TABLE 2. Binding of A n t i - f i b r i n o g e n Antibody (Fg-Ab) to P o l y a l k y l 
Methaerylate Polymers P r e v i o u s l y Exposed to F i b r i n o g e n 3 

Antibody Bound (ng/cnr) 

Polymer 
PMMA 
ΡΕΜΑ 
PPMA 
PBMA 

[ F g - A b ] b : 0.3 ug/ml 1 ug/ml 10 ug/ml 

1.26 1 .12 e 

2.09 ± .12 
2.94 - .05 
3.07 ± .07 

5.7 ± .4 
6.3 ± .3 
8.1 ± .5 
9.4 ± .8 

108 ± 5 
102 ± 8 
100 ± 7 
105 - 3 

200ug/ml 

250 ± 27 
251 ± 13 
234 ± 14 
237 - 17 

a) Polymers were pre-exposed to a s o l u t i o n o f p u r i f i e d f i b r i n o g e n 
(250 ug/ml) f o r 1 hour. 

b) V a l u e s are the c o n c e n t r a t i o n s o f a n t i - f i b r i n o g e n a n t i b o d y 
s o l u t i o n s t o which p o l y m e r s were exposed f o l l o w i n g i n i t i a l 
f i b r i n o g e n exposure. 

e) Data r e p r e s e n t means £ s t a n d a r d d e v i a t i o n s : f o r the 0.3 ug/ml 
column, η = 9; f o r the 1, 10 and 200 ug/ml columns, η = 3. 

(Reproduced w i t h p e r m i s s i o n from Ref. 24. C o p y r i g h t 1986 Grune 
& St r a t t o n ) 
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31. LINDONETAL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 517 

pre-exposed to plasma diluted to 1% (Fig. 4F) showed large, s t a t i s t i 
cally significant differences (p<0.05, n=5) in their antibody binding 
capacities, and these differences persisted even after one hour of 
pre-exposure. 

Differences in the binding a f f i n i t i e s of anti-fibrinogen antibo
dies to fibrinogen molecules bound to different polymers might result 
from variations in the orientation of the fibrinogen molecules or 
from variations in the extent of the conformational alteration i n 
duced in the bound fibrinogen molecules by the energy of adsorption. 
If fibrinogen binds to the different methaerylates with no particular 
orientation but with the induction of various conformational changes, 
then a variety of antibodies should show the same hierarchy of a f f i n 
i t y for the surface-bound fibrinogen molecules. If on the other 
hand, the different methaerylates adsorb fibrinogen with d i f f e r e n t 
orientations, then antibodies that recognize different parts of the 
fibrinogen molecule should show d i f f e r e n t hierarchies of antibody 
binding. 

These two p o s s i b i l i t i e s were tested by repeating the antibody 
binding experiments using five different antibody preparations, i n 
cluding Fab fragments of antibodies prepared against the D-domain 
(the terminal region) and the Ε-domain (the central region) of f i 
brinogen (Fig. 5). Although the l e v e l of antibody binding varied 
s i g n i f i c a n t l y from one antibody to another, each anti-fibrinogen 
antibody preparation exibited the same rank order of binding to the 
four polyalkyl methaerylates. A control anti-IgG antibody bound 10 
to 100 fold less than the antifibrinogen antibodies and showed no 
polymer-to-polymer variation. The complexities of the multiple 
interactions of polyclonal antibodies with a large molecule l i k e 
fibrinogen make these experiments d i f f i c u l t to interpret. However, 
these results are consistant with the hypothesis that the variations 
in antibody binding to fibrinogen adsorbed onto the different polymer 
surfaces are due to variations in conformation, not orientation, of 
the bound fibrinogen molecules, and that these variations in confor
mation are the result of d i f f e r i n g degrees of s t r u c t u r a l change 
induced by the different polymers. 

The rank order of binding of anti-fibrinogen antibodies, when 
the series of methaerylates was pre-exposed to fibrinogen solution, 
diluted plasma, or to whole plasma (for short times), showed s i g n i f i 
cant positive correlations with the measurements of platelet reacti
vity induced by these polymers (Fig. 6). These correlations suggest 
that platelet activation induced by these polymers may depend upon 
the a v a i l a b i l i t y of conf or ̂ nationally unaltered, "native" fibrinogen 
on the surface, and may be less dependent on the t o t a l amount of 
bound fibrinogen. 

One possible objection to the comparison of protein adsorption 
on f l a t surfaces with platelet adhesion and activation in polymer-
coated bead columns i s raised by the work of Vroman et a l . (28) who 
showed that protein adsorption onto surfaces from plasma in narrow 
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— 10 
CM Ε 

3 4P 
C D N ~ 

>·» 
ο 0 
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1 2 

I 

Ab(E) 
(Hawiger) 

Ab(D) 
(Hawiger) 

Ab(Fg) 

(US Biol.) 

Ab(Fg) 
(Atlantic) 

,^Γ-Π Ab(Fg) 
(Hawiger) 

AbdgG) 
(Sigma) 

Μ Ε Ρ Β Μ Ε Ρ Β Μ Ε Ρ Β Μ Ε Ρ Β Μ Ε Ρ Β Μ Ε Ρ Β 

Methaerylate Polymers 

F i g u r e 5. B i n d i n g of a n t i - f i b r i n o g e n a n t i b o d i e s t o p o l y a l k y l 
m e t h a e r y l a t e s e xposed t o f i b r i n o g e n (M=PMMA, E=PEMA, P=PPMA, B= 
PBMA). Two c o m m e r c i a l a n t i - f i b r i n o g e n a n t i b o d y IgG p r e p a r a t i o n 
(US B i o c h e m i c a l and A t l a n t i c A n t i b o d y ) , an a n t i - f i b r i n o g e n Fab 
fragment [ A b ( F g ) ( H a w i g e r ) ] , an a n t i - d o m a i n D Fab fragment [ A b ( D ) ] , 
an a n t i - d o m a i n Ε Fab fragment [ A b ( E ) ] , and an a n t i - I g G a n t i b o d y 
[ A b ( I g G ) ] were used. P o l y m e r - c o a t e d c o v e r s l i p s were exposed f i r s t 
t o f i b r i n o g e n (250 ug/ml) and t h e n t o a ^ 5 χ _ [ 3 5 Θ [ e ( j a n t i b o d y 
p r e p a r a t i o n . S p e c i f i c a c t i v i t i e s and c o n c e n t r a t i o n s of each o f the 
l a b e l e d a n t i b o d y p r e p a r a t i o n s were ~1000 cpm/ng and 200 ng/ml. 
( R e p r o d u c e d w i t h p e r m i s s i o n from Ref. 24. C o p y r i g h t 1986 Grune & 
St r a t t o n . ) 
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31. LINDONETAL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 519 

3 0 h 

Antibody Bound (ng/cm2) 

F i g u r e 6. C o r r e l a t i o n o f a n t i - f i b r i n o g e n a n t i b o d y b i n d i n g w i t h 
p l a t e l e t a c t i v a t i o n by p o l y a l k y l m e t h a e r y l a t e s . P o l y m e r - c o a t e d 
g l a s s c o v e r s l i p s were e x p o s e d f i r s t t o f i b r i n o g e n s o l u t i o n (250 
ug/ml) and t h e n t o 125χ_labeled a n t i b o d y s o l u t i o n (300 ng/ml, ~ 8 0 0 
cpm/ng). ( R e p r o d u c e d w i t h p e r m i s s i o n from R e f . 24. C o p y r i g h t 
1986 Grune & S t r a t t o n . ) 
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520 PROTEINS AT INTERFACES 

spaces, such as the spaces between small polymer-coated beads, may be 
altered. They postulate that, in these narrow spaces, insufficient 
HMWK may be present to complete the replacement of bound fibrinogen. 
However, these effects were observed in a static system where protein 
transport to the surface was l i m i t e d by d i f f u s i o n . In the bead 
column system we have employed, the flow of blood and/or plasma 
through the spaces between the beads i s l i k e l y to mit igate these 
diffusional l imitations. 

Thus i t appears that fibrinogen's role in platelet adhesion to 
surfaces may be similar to i t s essential role in platelet aggregation 
(29-31). In whole blood or plasma, f ibrinogen acts as a cofactor , 
binding to GP Ilb/IIIa receptors after activation of the platelet by 
an agonist such as thrombin or ADP (32,33). The subsequent aggrega
tion mechanism is unclear. Perhaps f ibrinogen alone forms bridges 
between GP Ilb/IIIa receptors on contiguous platelets; more l ike ly , 
some other adhesive protein or proteins (e.g., von Willebrand factor 
(34) or thrombospondin (35)) act in concert with f ibrinogen to bind 
platelets together. 

Results presented above might even be compatible with the hypo
thesis that fibrinogen molecules properly arrayed on a surface may 
themselves fac i l i ta te platelet adhesion and induce platelet activa
tion. Adsorbed fibrinogen differs from fibrinogen in solution in two 
important respects. F i r s t , on a surface i t may be present in greatly 
increased l o c a l concentrat ion: e.g., an eas i ly obtained surface 
coverage of 0.5 ug/cm 2 is equivalent to a solution concentration of 
110 mg/ml (26). Second, surface-bound fibrinogen molecules are l i k e 
ly to be c lose ly arrayed and w i l l be s t e r i c a l l y constrained. Such 
constrained molecules, i f they possess the proper conf igurat ions , 
would present multiple binding sites to their specific c e l l membrane 
receptors. Individual fibrinogen molecules bind weakly or not at a l l 
to unactivated p la te l e t s (31,33), but the binding of mult iva lent 
l igands to mul t ip le receptors has been shown to increase binding 
a f f i n i t y dramatically (36,37). 

In order to test the effects of c lose ly arrayed, s t e r i c a l l y 
constrained fibrinogen molecules on platelets, we sought to prepare 
soluble f ibrinogen polymers (38) as models of f ibrinogen adsorbed 
onto a r t i f i c i a l surfaces. Although soluble fibrinogen polymers might 
not maintain conformations identical to surface-bound fibrinogen, we 
reasoned that the multivalent presentation of platelet binding loc i 
may mimic events which take place when circulating platelets interact 
with fibrinogen-coated surfaces. 

Fibrinogen polymers were prepared using divalent antibody frag
ments (Fab f

2) of af f ini ty-purif ied antibodies directed against the E -
domain of the fibrinogen molecule (designated Fab f

2(E)). When mixed 
with f ibrinogen in approximately a 2:1 molar r a t i o , th i s antibody 
fragment produced a polymer (designated Fg-Fab' 2(E)) which induced 
dose-dependent, irreversible aggregation of g e l - f i l t e r e d p l a t e l e t s 
(Fig. 7A). No cofactor or additional agonist was required to produce 
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31. LINDONETAL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 521 

Fg-Fab ' 2 (E Î Fg 

Figure 7. (A) Dose response of Fg-Fabf
2(E) polymer-induced aggre

gation of g e l - f i l t e r e d p l a t e l e t s . Values indicated are f i n a l 
concentrations of the polymer. (B) Aggregation of g e l - f i l t e r e d 
p l a t e l e t s by Fg-Fab f

2(E) polymer and lack of aggregation by i t s 
components. Aggregation in response to Fg-Fabf

2(E) polymer (150 
ug/ml) or fibrinogen (500 ug/ml) followed by ADP (5 uM) i s con
trasted to the lack of response to Fab' 2(E) antibody (300 ug/ml) 
alone or fibrinogen (500 ug/ml) alone. (Reproduced with permis
sion from Ref. 38. Copyright 1986 Grune & Stratton.) 
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522 PROTEINS AT INTERFACES 

t h i s effect. Neither fibrinogen alone nor the antibody alone pro
duced p l a t e l e t aggregation (Fig. 7B), and ADP did not aggregate the 
g e l - f i l t e r e d p l a t e l e t suspensions unless fibrinogen was also added. 
Platelet aggregation by Fg-Fabf

2(E) was blocked by antibodies speci
f i c for the D domain of fibrinogen and for the GP Ilb/IIIa binding 
sites on the platelet (Fig. 8) suggesting that the polymer may func
tion by binding i t s free D-domains to GP Ilb/II I a receptors on the 
platelets. Fg-Fabf2(E)-induced aggregation was abolished by metabo
l i c i n h i b i t o r s (Fig. 8) - strong evidence that the aggregation 
response was not simply the result of agglutination. 

Aggregation of g e l - f i l t e r e d platelets by Fg-Fabf
2(E) was atten

uated but not eliminated (Fig. 8) by ADP scavenging systems and by 
5 f-fluorosulfonylbenzoyl adenosine (FSBA, which inhibits the binding 
of ADP to p l a t e l e t s (39.)), suggesting that release of ADP from the 
pl a t e l e t f a c i l i t a t e s the polymer-induced aggregation, but i s not 
required to initiate the response. The observation that no aggrega
tion was seen in response to fibrinogen alone (Fig. 7B) argues 
against the p o s s i b i l i t y that these g e l - f i l t e r e d p l a t e l e t s were 
already subjected to ADP stimulation before exposure to the Fg-
Fabf

2(E) polymer. Thus i t appears that the polymer i t s e l f is capable 
of activating the p l a t e l e t s , presumably by binding to fibrinogen 
receptors, and that this activation does not appear to depend on the 
receptor-inducing effects of either exogenous or platelet-derived 
ADP. 

It is not surprising that multiple fibrinogen binding sites held 
in close proximity, as provided by the Fg-Fab' 2(E) polymers, would 
produce a s i g n i f i c a n t l y greater effect than fibrinogen molecules 
acting independently. Dower et a l . (37) have provided a detailed 
analysis of multivalency effects and showed that multivalent binding 
sites should always produce binding a f f i n i t i e s many orders of magni
tude higher than those of the monovalent ligands. Hornick and Karush 
(40) have provided experimental v e r i f i c a t i o n of t h i s p r i n c i p l e by 
showing that divalent anti-DNP (2,4-dinitrophenol) antibodies bind to 
DNP-coated phage p a r t i c l e s with an a f f i n i t y constant of 3.5 x 10 1 1 

(mol/L)" 1 compared with 6 x10^ (mol/L)*"1 for the monovalent Fab 
fragments. 

Once bound to the platelet, the fibrinogen polymers may induce 
platelet activation via rearrangement of the GP Ilb/IIIa receptors. 
According to the mobile receptor hypothesis of Jacobs and Cuatrecasas 
(41 ), receptor proteins move about freely in the plane of a resting 
membrane, but when they interact with their target ligands they may 
cluster into complexes which promote c e l l responses. Such receptor 
"patching" has been observed in p l a t e l e t s and several other c e l l 
systems (42,43). Polley (44) showed by electron microscopy that 
thrombin induces the clustering of GP Ilb/IIIa receptors in platelet 
membranes. DeMarco et a l . (45) suggested that GP Ilb/IIIa clusters 
may result when platelets interact with von Willebrand factor; and 
Santoro and Cunningham (46) proposed s i m i l a r mechanisms to explain 
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31. LINDONETAL. Platelet Activation by Polyalkyl Aerylates and Methaerylates 523 

28<tyg/ml (No Inhibitors) 

140/ig/ml (No Inhibitors) 

I40^g/ml j 3 0 m ' n incubation, 22 eC 

Creatine Phosphote, 2mM 

Creatine Phosphokinase, IOU/ml 

FSBA, 100μΜ, 5 min Incubation,22°C 

Anti-Ïïb/Πα (I0E5) 10/ig/ml 

Anti-D Domain Fab 100/ig/ml 

Na Azide 10 mM 130 min Incubation 
2-DeoxyglucoselOmMJ 22°C 

1 min 

Figure 8. E f f e c t s of v a r i o u s i n h i b i t o r s on Fg-Fab f
2(E) p o l y m e r -

induced a g g r e g a t i o n o f g e l - f i l t e r e d p l a t e l e t s . (Reproduced wi t h 
permission from Ref. 38. Copyright 1986 Grune & Stratton.)  P
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524 PROTEINS AT INTERFACES 

collagen-induced platelet aggregation. These proposed mechanisms may 
be analogous to those responsible for the activation of platelets by 
the Fg-Fab̂ CE) polymers described here. 

At this point l itt le is known about how the formation of mem
brane receptor complexes might induce cellular responses in plate
lets. Perhaps the rearrangement of GP Ilb/IIIa receptors alters 
interconnections between cytoskeletal and membrane components of the 
cell. Such changes in membrane and cytoskeletal structures might 
induce the activation of membrane phospholipases which, in turn, 
could generate elevated levels of cytoplasmic calcium (47) and/or 
diacylglycerol (4J-) and lead to the expression of additional GP 
Ilb/IIIa receptors and to platelet secretion. This or a similar 
mechanism may prove to be the trigger by which platelets in contact 
with surface-bound fibrinogen are activated. 
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Chapter 32 

Aspects of Platelet Adhesion 
to Protein-Coated Surfaces 

Irwin A. Feuerstein 

Departments of Chemical Engineering and Pathology, McMaster University, Hamilton, 
Ontario L8S 4L7, Canada 

The work discussed here has shown that suspensions of platelets and red 
cells in a physiological medium can provide information for platelet surface 
interactions. Evidence is provided on the dynamic features of platelet
-surface adhesion and detachment which indicates that more than one 
sequence of adhesion, detachment and re-adhesion can lead to the same net 
platelet adhesion. Surface generated substances, such as ADP and serotonin 
from platelets and thrombin from the coagulation pathway, may strongly 
influence the function of platelets approaching a surface. The supply of these 
substances depends on the presence of flow and continued arrival of platelets 
at a surface. The reactivity of surface-bound protein may be altered by 
platelet adhesion and detachment. This may occur as a result of deposition 
of cell membrane components, replacement of the original substrate with 
protein secreted from platelets or possibly by enzymatic digestion of surface 
bound protein. 

The work to be discussed here deals with platelet adhesion to protein coated surfaces. The 
protein coating, the cells on the surface and the moving fluid adjacent to the surface may 
be viewed as a system of interacting components. Flow is an important feature of this 
system since it brings new protein and cells to the system, augments the transport of cells 
to the surface and can cause the detachment of adherent cells. Each component of the 
system may influence the conditions of the other components. The variation of the surface 
concentrations of proteins on a solid substrate continues to be studied and remains a key 
area of interest. However, the action of immobilized cells on the substrate needs to be 
examined more carefully as well as their contribution of secreted substances to the fluid 
phase adjacent to the substrate and to the substrate protein itself. Red cells, platelets and 
white cells may also adhere and detach from the substrate changing its make-up by yet 
another mechanism. 

An Overall Picture of Platelet Adhesion to Protein-Coated Surfaces 

Platelet adhesion to protein-coated substrates has been studied using whole blood (1), 
whole blood with anticoagulant (2) and with suspensions of washed platelets (3.4.5) and 
red cells (6) in a physiological medium. In order to maintain the surface concentration 
integrity of a precoated protein substrate and avoid the difficult to control action of 
thrombin on the substrate and platelets, washed cells in a solution containing C a + + and 
Mg++ offer a good experimental alternative. The presence of Ca+ + and Mg+ + at 
physiological concentrations is an important condition for optimal physiological platelet 

0097-6156/87/0343-0527$06.00/0 
© 1987 American Chemical Society 
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528 PROTEINS AT INTERFACES 

function (7,8). Anticoagulants which sequester divalent cations and heparin which often 
has unpredictable effects on platelets are other alternatives. 

Using such suspensions of platelets and red cells and well controlled tube flow 
leads to an ordered pattern of platelet adhesion (6,9), see Figure 1. The net rate of platelet 
adhesion is at First constant at any position along the tube with this rate decreasing with 
distance from the tube's entrance. As time goes on the adhesion rates decrease and an 
invariant surface concentration of principally single platelets evolves with a surface 
concentration independent of position. It is not clear whether platelets are adhering and 
detaching, leaving their suface concentration constant, or not. Aggregates of platelets 
have not been observed under these conditions for glass coated with fibrinogen, 
Fibronectin or albumin (6,10-12). 

Secretion of Granule Contents from Adherent Platelets 

If one views a segment of biomaterial while platelets are contacting and adhering and also 
examines the fluid adjacent to the surface, changes are continually occurring, see 
Figure 2. Blood cells carried by the moving suspension enter the region of view and leave 
downstream. Some cells are deposited on the surface and may remain adherent. 
Measurements of the granule content of adherent platelets before and after adhesion give 
information on the amount of secretion from these cells (13-15) The dense granules of 
platelets contain ADP and serotonin, known stimulatory agents for platelets, in addition 
to a number of other substances (16). The alpha granules of platelets contain proteins 
which include, amongst others: Fibrinogen, Fibronectin, thrombospondin, albumin, von 
Willebrand factor and several antiheparin proteins, β-thromboglobulin and platelet 
factor 4 (16-18). Low molecular weight substances such as ADP and serotonin will be 
transferred to the moving suspension and to the vicinity of moving suspended cells; 
proteins may be transferred to the adjacent substrate or to the suspension where they too 
may interact with cells. 

A mathematical analysis coupled to platelet accumulation and secretion data has 
shown that a near-the-surface micro environment containing elevated levels of secreted 
substances can exist while accumulation and secretion occur. Levels of ADP and serotonin 
capable of activating platelets can exist adjacent to the substrate (16) . The computations 
indicate that the region of higher concentration can range from 20-200 μ m from the 
surface. The mathematical model describing this effect gives a concentration determined 
from contributions from all surface bound platelets. Concentrations one or two cell 
diameters into the flow may be higher than those calculated with this model. The 
computed results, however, represent those values of concentration which flow-borne 
platelets would encounter as they move in the vicinity of a biomaterial. The 
concentration values are relatively independent of flow rate (they depend on the wall 
shear rate to the 0.27 power). A possible picture is that of an unstimulated, resting, 
platelet moving into the vicinity of the active biomaterial where it is activated to a degree 
before surface contact with adherence and further activation. The formation of 
pseudopods, spiny extensions from the platelet's surface, occurs early as platelets are 
stimulated (19). These protrusions could aid with surface contact because: 1) platelets 
would not need to move as close to the substrate and 2) the hydrodynamic resistance of the 
smaller radius of curvature pseudopod, relative to the radius of curvature of the main 
body of the cell, would be less than the resistance of the main body of the cell. 

Interaction of Platelets with the Coagulation Pathway 

Since thrombin is formed upon the surface of stimulated platelets (20), and since 
Hageman Factor is activated at artificial surfaces (21), thrombin is likely to be 
preferentially formed at a surface during mural thrombogenesis with whole blood. It 
would then be open to the influence of convection and diffusion in a manner similar to 
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Figure 1: Adhesion of 5lCr-labelled platelets on a fibrinogen-coated glass tube at a 
wall shear rate of 80 s - 1 Curves starting from the uppermost are for 0.5, 1.5, 2.5, 
3.5, 5.0, 7.0 and 9.0 cm from the tube's inlet. (Reproduced with permission from 
Ref. 6. Copyright 1981 ASAIO Publications.) 
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Figure 2: Schematic of platelet adhesion process. 
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530 PROTEINS AT INTERFACES 

that for substances released from surface-bound platelets. One may now ask, for flowing 
blood in contact with an artificial surface, what the effect of thrombin would be as a 
platelet stimulator. To deal with this question directly, while avoiding the use of whole 
blood which contains fibrinogen, which may form fibrin and trap platelets, we have 
chosen to prestimuiate platelets with low concentrations of thrombin, in a physiological 
medium lacking fibrinogen, for a short time prior to flow. The thrombin may then be 
inactivated with substances such as hirudin (12) or Phe-Pro-Arg-CMK (Π) . This 
approach yields a uniform and known concentration of thrombin in the fluid surrounding 
the platelet. 

Tests done at 1 and 3 minute flow times show no significant increase in platelet 
accumluation on fibrinogen- or albumin-coated surfaces as a result of thrombin addition. 
These results also indicate that for a period of flow up to one minute both control and 
thrombin prestimulated platelets adhere singly at the same average surface 
concentration. Thus, the early measurements of net platelet accumulation are not 
influenced by the presence of activated platelets while the later phase, aggregate 
formation is, see Figure 3, (Π). The presence on the solid substrate of platelets which 
have been prestimulated is necessary for aggregates to form and grow. The ability of 
prestimulated platelets to form surface-bound aggregates while unstimulated platelets 
are unable to do this may be related to a difference of membrance receptor or adhesive 
protein availability. Our previous work has indicated that platelets adherent to surface-
bound fibrinogen release up to 50% of their dense granule content (6). In that sense they 
may be viewed as stimulated. For adhesion to collagen-coated glass, the same study 
indicated a release of 80% or greater and the potential for aggregate formation. Others 
have shown that the availability of a membrance receptor and fibrinogen are suffucient 
for platelet aggregation in stirred suspensions (22). The membrane receptor has also been 
shown to become available for fibrinogen binding as a result of stimulation with a number 
of agonists such as ADP, collagen, arachidonic acid and thrombin (22,23). Fibrinogen 
which is stored in the alpha granules of platelets is also known to be released form 
stimulated platelets (16,17). These components then are likely not to be present in 
sufficient quantities to support cell-cell adhesion between flow-borne unstimulated 
platelets and platelets adherent to fibrinogen- and albumin-coated glass. 

Over our 3 cm measurement region greater variation in cellular accumulation 
occurrred with thrombin present than without it, see Figure 4. Similar large variations 
may be observed on collagen coated-glass (6,14). This may be viewed as preferential 
aggregate formation followed by inhibition of accumulation causing a localizing 
phenomenon. On theoretical grounds a reduction in cellular accumulation can occur 
along a surface as a result of a depletion of platelets in the moving fluid near the surface 
due to upstream deposition (9). When aggregate formation occurs this effect may be 
augmented due to accumulation of platelets on to aggregates as well as on the the solid 
substrate. The presence of aggregates may effectively increase the substrate surface area 
Preferential adhesion to aggregates may occur since they protrude into the fluid making 
them accesible to more platelets than the solid surface. Thus the intitial formation of 
small surface-bound aggregates may be the cause of the acceleration of platelet 
accumulation during the cell-cell contact phase. 

Cell-Surface Dynamics 

Previous work with flowing suspensions of red cells has shown that they can remove 
surface-bound molecules e.g. cholesterol (24), fibrinogen (25) and albumin (25). Adherent 
platelets have longer residence times on a substrate than do red cells and thus can provide 
different effects. Detached platelets are likely to be altered from their natural state and 
thus be predestined, in an artificial organ flow circuit, for removal from the circulation. 
Previous work using transmitted light microscopy which dealt with platelet adhesion and 
detachment was limited in that the flow rate range was low as was the concentration of 
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32. FEUERSTEIN Aspects of Platelet Adhesion to Protein-Coated Surfaces 531 

red cells (26,27). Red cells are an important component of blood rheology and mass 
transfer for cells and solutes. Microscopic observations of cell-surface contacts in the 
presence of physiological hematocrit, 35-45%, is not feasible with transmitted light. To 
overcome this problem, a system utilizing video microscopy of fluorescently labelled 
platelets was developed. This required the inclusion of a video camera capable of low light 
level detection, see ref. 6 for a schematic 

nl . . . • , ι 
0 1 2 3 4 5 G 

FLOW TIME (mm) 

Figure 3: Platelet accumulation on the First 1 cm of fibrinogen-coated glass tubes 
versus time with and without thrombin prestimulation. (Reproduced with 
permission from Ref. 11. Copyright 1986 Pergamon Journals, Inc.) 

0.0 05 10 15 20 25 

• STANCE FROM INLET (cm) 

Figure 4: Platelet accumulation on Fibrinogen-coated glass tubes versus distance 
from the tube's inlet with and without thrombin prestimulation. (Reproduced with 
permission from Ref. 11. Copyright 1986 Pergamon Journals, Inc.) 
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532 PROTEINS AT INTERFACES 

The measurements made with fluorescent video-microscopy result from a 
microscope objective which is focused on the inner surface of a glass tube having a wall 
thickness approximating that of a cover slip. Fluorescently labelled platelets may be 
viewed only when they are attached to the surface of the glass tube. The small depth of 
field of the objective, the lack of resolution of the video camera with respect to time and 
the ability of red cells to block incident and emitted fluorescent light are reasons for this. 
Two fluorescent dyes have been used; these are: 1) mepacrine which is actively taken up 
and stored in the dense granules of platelets and 2) carboxyfluroescein diacetate which is 
lipophilic promoting its passage into the cytosol where it is enzymatically converted to a 
polar compound. Both dyes are compatible with the optical components used for 
fluorescein. Platelets are labelled in suspension after separation from plasma and other 
cells and washed after labelling. Aggregation tests with low concentrations of ADP and 
thrombin show these platelets to be as responsive as control suspensions (11,28). The flow 
system used is one in which a stagnant suspension of platelets and red cells is drawn 
through a vertically mounted tube by a syringe pump. The measurement region is located 
0.5 cm downstream from the glass tube's (1.3 mm I.D.) entrance. 

A video camera with a silicon intensifier target (SIT) tube was used to prepare 
video tapes which were analyzed one frame at a time (the time between frames is 33 ms). 
The location and arrival and detachment time of each cell were recorded. Notations were 
made of the movements of cells to new positions on the surface and a record was made of 
unoccupied grid spaces which had previously contained cells. The surfaces examined 
were albumin-, fibronectin- and collagen-precoated glass. Exposure times to flow were 
kept short, 1-4 min, in order to minimize the effects of protein desorption and exchange. 

Studies on fibrinogen-coated glass were done at wall shear rates of 40 s - 1 , 80 s - 1 , 
and 944 s_1(29). Data were reduced in order to give absolute rates of arrival, detachment 
and a net rate of adhesion as well as adhesion efficiencies which are normalized 
quantitites based on 100 platelets. Comparisons of the platelet arrival rates and net rates 
of adhesion among the three flow rates studied show a 3-4 fold increase over the shear rate 
range. This phenomenon is likely to be at least in part a result of the nonlinear increase 
in the transfer of platelets through the motions of rotating and translating red cells. The 
detachment rate of cells from the measurement region is greater at 944 s _ 1 than at 40 or 
80s- 1. Although these rates are small relative to the convective input of platelets into 
the glass tube they may be important if they represent the rates of damaged cells 
returning to the circulation. 

The efficiency for permanent adhesion on first contact is maximum at 80s-l 
(comparison with 40 s~ 1 and 944s -1) while the percents of arriving cells moving to new 
positions and departing from the measurement region are minimum at 80s- 1 . An 
overall balance, which includes movement of cells and adhesion at new sites, indicates a 
maximum in the efficiency for permanent adhesion at 80s - 1 and a minimum in the 
percent of arriving platelets departing from the measurement region at that wall shear 
rate. The overall picture is thus one of 40-60 percent of platelets adhering on arrival with 
an additional 30 percent permanently adhering after several moves along the surface, see 
Table I. It is possible to think of these data in terms of forces promoting adhesion and 
forces promoting cell removal. The "sum" of these forces appears to change with 
increasing shear rate such that adhesion is favoured up to a point, while departure is 
favoured as the flow rate is increased. 

Additional experiments were performed to compare fibrinogen- and 
albumin-coated glass with respect to the details of the platelet adhesion process (30). 
Using purified forms of fibrinogen and albumin it was demonstrated with ^Cr-labeiled 
platelets that the net rates of adhesion of platelets to these proteins are equal. The next 
task was to determine if the pathways leading to this were the same. With 
video-microscopy of mepacrine labelled platelets, we found a difference in pathways, see 
Table II. At a wall shear rate of 80s- 1 , the percent of platelets which adhere 
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Table I. Overall Accounting for Platelets Arriving on Fibrinogen-coated Glass 

Flow rate 
(Shear Rate) 

0.5 ml/min 
(40s-l) 

1.0 ml/min 
(80 s-1) 

11.8 ml/min 
(944 s-l) 

Exposure time to flow 0-2 min 0-2 min 0-1 min 

No. of measurements n=15 n=l l n=10 

First Contacts on Arrival 

Permanent adhesion 42.5(17.2) 2P<0.01a 61.9(11.7) 2P<0.01a 45.4(8.4) 

Those moving to new 
sites in the measure
ment region1* 

43.0(15.4) 2P<0.05 30.4(8.7) N.S. 31.3(7.5) 

Departure from the 
measurement region 14.5(10.2) 

100.0 
N.S. 7.7(7.8) 

100.0 
2P<0.001 23.3(6.0) 

100.0 

Overall Balance 

Permanent adhesion 79.0(15.0) 2P<005 91 2(8.3) 2P< 0.001 72.9(7.9) 

Departure from the 
measurement region 21.0(15.0) 

100.0 
2P<0.05 8.8(8.3) 

100.0 
2P< 0.001 27.1(7.9) 

100.0 

The probabilities shown refer to t-tests for independent samples. Entries are Mean 
Percent (S.D.) 

b The percent and S.D. of these platelets which adhere permanently is: (1) 85.5(12.2) 
for 0.5 ml/min, 0-2 min, (2) 96.2(5.7) for 1.0 ml/min, 0-2 min, (3) 85.3 (19.4) for 1.0 
ml/min, 2-4 min. and (4) 88.9 (10.7) for 11.8 ml/min, 0-1 min. 

(Reproduced with permission from Ref. 29. Copyright 1986 American Society of 
Mechanical Engineers.) 
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534 PROTEINS AT INTERFACES 

TABLE II. Overall Accounting for Platelets Arriving on Albumin-coated and Fibrinogen-
coated Glass at 1.0 ml/min (80 s l) - Basis 100 Platelets Contacting the Surface 

Coating Albumin Fibrinogen 

Exposure time to flow 
Number of measurements 

0-2 min 
η = 12 

0-2 min 
η = 11. 

First Contacts on Arrival 

Permanent adhesion 45.2 (5.5) 62.2(11.7) 2P<0.01 

Those moving to new sites 
in the measurement region3 

45.0 (6.7) 30.4 (8.7) 2P<0.01. 

Departure from the 
measurement region 

9.8 (6.0) 7.4 (7.8) N.S. Departure from the 
measurement region 

100.0 100.0 

Overall Balance 

Permanent adhesion 87.5 (8.7) 91.2 (8.3) N.S. 

Departure from the 
measurement regio 

12.5 (8.7) 8.8 (8.3) N.S. Departure from the 
measurement regio 

100.0 100.0 

Entries are Mean Percent (S.D.) 
a The Mean Percent (S.D.) of these platelets which adhere permanently: 94.0 (8.9) for 

albumin and 95.4 (5.7) for Fibrinogen. 

(Reproduced with permission from Ref 30 Copyright 1986 F.K. Schattauer Verlag.) 
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permanently on first contact is less on albumin than on fibrinogen, while the percent of 
platelets which move to new positions is greater for albumin than for Fibrinogen. The 
overall percent of cells permanently adhering is the same for both surface types. At a 
shear rate of 456 s-1, these differences are absent and the adhesion efficiency on initial 
contact and overall adhesion efficiency are less than corresponding values for each protein 
coating at 80s-1. The mechanism of detachment and reattachment of surface-bound 
platelets is flow dependent and can lead to an equality of overall adhesion efficiency even 
when initial adhesion efficiencies are not equal. 

Experiments with fluorescent video-microscopy have also been used to focus on 
the adhesion of platelets to unaltered fibrinogen and albumin and to regions on these 
protein substrates where platelets have detached, platelet-primed protein. On fibrinogen, 
no difference was found at low shear rates; at 944 s - 1 , it was shown that the adhesion 
efficiency was greater on the platelet-primed protein (29). On albumin, the 
platelet-primed protein was stickier at 80 s-1 and 456 s - 1 (30). 

Another question area which was probed was that of whether or not detached 
platelets were more sticky when they contacted a surface for the second time. This 
question was asked by making observations on unaltered fibrinogen and albumin. Here, 
it was demonstrated that second contacts are more efficient than first contacts (25,26). 
Possible explanations may be an alteration of the platelet's membrane resulting from 
detachment which makes it more adhesive or that the mechanical features of a cell 
moving along a surface to a nearby spot, 1-5 pm away, favours adhesion to a greater 
extent than for a cell contacting from the bulk suspension. 

The alteration of surface-bound protein through adherence and detachment of 
platelets is but one way that a cell can alter a protein substrate. A number of cells which 
have been cultured on preadsorbed protein have been shown to alter this protein as well 
as protein provided by the cell to the surface (31. 32). Endocytosis and enzymatic digestion 
of surface-bound protein are possible mechanisms directly related to functions of adherent 
cells. Evidence exists to indicate that such processes may be occurring when platelets 
adhere to preadsorbed protein (33). 
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Chapter 33 

Capillary Perfusion System for Quantitative 
Evaluation of Protein Adsorption and Platelet 

Adhesion to Artificial Surfaces 

Jean-Pierre Cazenave and Juliette Mulvihill 

Biologie et Pharmacologie des Interactions du Sang avec les Vaisseaux et les 
Biomatériaux, Centre Régional de Transfusion Sanguine, Institut National de la Santé et 

de la Recherche Médicale U.311, 10 rue Spielmann, 67085 Strasbourg Cédex, France 

A capillary perfusion system has been developed for in 
vitro quantitation of protein adsorption and platelet 
accumulation on artificial surfaces under controlled 
hydrodynamic conditions (0-4,000s-1). Using washed 
platelet suspensions or anticoagulated whole blood, 
platelet deposition and/or protein adsorption is 
followed by radioisotopic techniques, platelet 
deposition in whole blood being measured by surface 
phase radioimmunoassay with a monoclonal antibody 
against human platelet membrane glycoprotein Ilb-IIIa. 
Applications include studies of the influence of 
preadsorbed proteins on platelet accumulation on 
artificial surfaces and screening of biomaterials for 
short term hemocompatibility. 

Under normal conditions, the luminal surface of the endothelium lining 
of the cardiovascular system is non thrombogenic and does not allow 
platelet and leucocyte adhesion (1,2). In contrast, exposure of an 
artificial surface to blood leads to basic reactions which may culminate 
in thrombus formation (3 ) · When flowing blood enters into contact with 
an artificial surface, a series of events is initiated : rapid 
adsorption of a layer of plasma proteins at the interface, platelet 
adhesion to the protein layer and conformational changes of adsorbed 
contact factors leading to activation of the coagulation system to form 
thrombin and fibrin. Hemodynamic and rheological conditions play an 
important role in the localisation, size, structure and turnover of the 
resulting thrombus. In high flow regions, it is composed mainly of 
platelets and fibrin. 

The adsorption of a layer of plasma proteins is the first event 
which occurs when blood is exposed to an artificial surface {̂ ). As a 
result, a platelet never sees or adheres to abare surface. The nature of 
the adsorbed protein layer, which depends on the relative 
concentrations and mobilities of the proteins in plasma and on their 
affinity for the surface, will condition the subsequent platelet-
surface interaction (5) · Protein adsorption to foreign surfaces has 

0097-6156/87/0343-0537$06.00/0 
© 1987 American Chemical Society 
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538 PROTEINS AT INTERFACES 

been studied experimentally by measuring the adsorption isotherms of 
single purified proteins (6,7) known to be involved in thrombosis 
(fibrinogen, f i b r i n , contact factor XII, high molecular weight 
kininogen, von Mllebrand factor, thrombin), inflammatory and 
immunological reactions (immunoglobulins, immune complexes, 
complement chemotactic fragments C5a and C3a) and c e l l adhesion 
(albumin, fibronectin, collagen). Adsorption of a protein at an 
interface may be followed by denaturation, conformational change or 
biological activation. Furthermore, adsorption from blood, which i s a 
complex mixture of proteins, is complicated by competition between 
proteins, desorption and. structural modifications of the protein layer 
with time and rheological factors (6,8). 

The development of thromboresistant biomaterials is important in 
a l l situations where an a r t i f i c i a l surface is exposed to blood, for 
example in cardiovascular implants (heart valves, shunts, vascular 
grafts and catheters), extracorporeal circulation systems, blood 
f i l t e r s and blood storage containers. In order to predict the short term 
c l i n i c a l performance of biomaterials, we have developed an in vitro 
technique for the determination of protein adsorption and platelet 
adhesion to a r t i f i c i a l surfaces which satisfies the following 
requirements : absence of an air-solution interface, an essential 
condition to avoid activation of proteins or platelets by air contact; 
well characterised hydrodynamic conditions (Poiseuille laminar flow) 
with wall shear rates corresponding to those encountered in the 
cardiovascular system (0-4,000 s"'') (9); using radioisotopic methods, 
possibility of the simultaneous study of platelet adhesion and the 
adsorption of one or more plasma proteins; quantitation of platelet 
accumulation either with washed radiolabeled platelets or by surface 
phase radioimmunoassay using a monoclonal antibody directed 
specifically against the membrane glycoprotein complex Ilb-IIIa, thus 
enabling experiments to be performed with whole blood. 

Experimental Procedures 

Capillary Perfusion System. The in vitro perfusion system (Figure 1 ) 
consists of two plastic syringes mounted in parallel on a syringe pump 
(Precidor 5003, Infors, Easel, Switzerland) and leading to a pair of 
glass capillary tubes (Microcaps, Drummond Scientific Co., USA). Prior 
to use, capillaries are cleaned by immersion for one hour in 
sulphcchromic acid, followed by extensive rinsing in d i s t i l l e d water 
and oven drying at 10C°C. The capillary internal diameter i s 
constant to within 2%. Capi] laries of internal diameter 0.56 mm are used 
for perfusion at wall shear rates from 800 to 4.,000 s and capillaries 
of internal diameter 0.80 mm for perfusion at shear rates less than 800 
s~ . A three way stop-cock at the joint between each syringe and i t s 
connecting capillary leads via a peristaltic pump (Minipuls 2, HP4-, 
Gilson, France) to a reservoir containing rinsing buffer. The entire 
system is maintained at 37.0 ± 0.2°C under a thermostated hood (ITH I, 
Infors, Basel, Switzerland). Using radiolabeled proteins, platelets or 
anti-platelet antibody, protein adsorption or platelet accumulation, i s 
measured according to the radioactivity deposited on capillary segments 
of known internal surface area, determined by radioactive counting in a 
well-type gamma counter (1282 Compugamma, LKB, Sweden). Blood 
collection at the capillary exit enables quantitative determination of 
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33. C A Z E N A V E A N D M U L V I H I L L Capillary Perfusion System 539 

Figure 1 : Schematic diagram cf the in vitro capillary perfusion 
system. S : 50 ml plastic syringe containing protein or antibody 
solution, antiecagulated whole blood or washed platelet suspension; 
Ρ : piston driven by syringe pump; SC : 3-way stop-cock; J : joint in 
silicone tubing; C : glass capillary (0.80 or 0.56 mm i.d.); F : 
direction of blood flow; Τ : plastic tube for blood collection; R : 
rinsirg buffer from a reservoir at 37°C, flow controlled by a 
peristaltic pump. The entire apparatus is enclosed in a thermostatec 
hood at 37°C. 
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540 PROTEINS AT INTERFACES 

factors indicating activation of platelets (platelet factor 4 , 3 -
tbromboglobulin) or the coagulation system (fibrinopeptide A). 
Morphological examination of the capi l lary surface i s also possible by 
scanning electron microscopy (10)« 

Purif ication and Radiolabeling of Proteins. Human serum albumin is a 
s teri le solution (175 g/1 ) prepared by the Cohn method of ethanol 
fractionation at the Centre Regional de Transfusion Sanguine de 
Strasbourg. Fibrinogen is purified from human plasma by the technique of 
Kekwick ( 1_1_). Human fibronectin is purified by af f in i ty chromatography 
using gelatin immobilised on Sepharose 4B, according to Miekka ( 1_2 ). Von 
Willebrand factor (vWF) is isolated by gel f i l t r a t i o n of human plasma 
cryoprecipitate and characterised according to the von Willebrand 
antigen content, determined by Immunoelectrophoresis , and the 
ristocetin cofactor act iv i ty , measured in agglutination tests with 
washed human platelets (13,). The purity of plasms proteins, as verif ied 
by electrophoresis in SDS-polyacrylamide gel (1^), is always greater 
than 98 %. Bovine collagen (type I, insoluble, Sigma Chemicals, St 
Louis, USA) is a 0.25 % suspension in 0.522 M acetic acid, pH 2.8, 
prepared by the method of Cazenave (13). Purified human plasma proteins 
are radiolabeled with '^Iodine (Commissariat à l f Energie Atomique, 
Saclay, France) by the iodogen technique (15)« 

Production, Purif ication and Radiolabeling of Monoclonal Anti-human 
Platelet Antibody 6C9» The monoclonal antibody 6C9 directed 
specif ical ly against the membrane glycoprotein complex l i b - I l i a of 
human platelets is a development of the Central Laboratory of the 
Netherlands Red Cross Blood Transfusion Service in Amsterdam. As 
described in deta i l in previous publications (16), antibody is produced 
in BALB/C mice, purified by ammonium sulphate precipitation and ion 
exchange chromatography and characterised by serological and 
immunochemical analysis. Radiolabeling with ^^Iodine js performed 
using the iodogen technique. 

Blood Collection and Preparation of Washed 1^Indium Labeled 
Human Platelets . Blood is collected from healthy donors by 
venipuncture using a large diameter (18/10) needle. Washed human 
platelets are prepared by the method of Cazenave (13.) $ a modification of 
the technique of Mustard (17), and resuspended at 300,000/mm^ in 
Tyrode's buffer containing 2 mM C a 2 + , 1 mM M g 2 + , 0.35 % human serum 
albumin, 0.1 % glucose and 20 yl/ml apyrase (1.3), pH 7.30. Radiolabeling 
of platelets is carried out by incubation with Indium-oxine (0.25 
g/ml) for 15 min at 37°C, according to Eber ( IS). Under these conditions, 
labeling yie ld is of the order of 90 % and platelet aggregation with ADP, 
thrombin or collagen is not modified. Washed red blood cel ls from the 
same donor are prepared as described by Cazenave ( 1 9 ) · Immediately 
before perfusion experiments, packed erythrocytes are added to the 
suspension of washed Indium labeled human platelets at a volume ratio 
corresponding to a 40 % hematocrit. For perfusion studies with heparin 
(10 U/ml, Roche, France) anticoagulated whole blood, the stoppered 
tubes are kept at room temperature unt i l required for perfusion, within 
a maximum delay of two hours. 

Protein Adsorption. Adsorption of human plasma proteins to glass 
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33. CAZENAVE AND MULVIHILL Capillary Perfusion System 541 

capillary surfaces has been studied under static conditions az ambient 
temperature. Purified plasma proteins are diluted in rinsing buffer 
(Tyrode*s buffer without calcium or magnesium, pH 7.30). The 
capillaries are first filled with rinsing buffer, the protein solution 
is introduced at low flow rate (150 s ) by displacement of at least four 
capillary volumes and the tubes are then stoppered and left for one hour, 
the time required to attain adsorption equilibrium. Using radiolabeled 
proteins for the measurement of adsorption isotherms, rinsing (10 min at 
1,000 s ) is followed by radioactive counting. Precoating of glass 
capillary surfaces with plasma proteins or bovine collagen for 
subsequent platelet adhesion studies is performed in the same manner as 
the determination of adsorption isotherms, the bulk solution 
concentration of plasma protein being chosen to lie in the plateau 
region of the Langmuir-type adsorption curve. Bovine collagen is used as 
a 0.25 % suspension in 0.522 M acetic acid, pH 2.8. In the case of plasma 
proteins, the precoated tubes, rinsed and buffer filled, are left 
stoppered at ambient temperature until perfusion, within no longer than 
18 hours. Collagen precoated capillaries are emptied to allow 
polymerisation of the collagen on contact with air (1_9) and may be stored 
at 4°C for up to 7 days. Care is taken at a l l times during protein 
adsorption or blood perfusion experiments to avoid the formation of air 
bubbles or an air-liquid interface, to prevent denaturation or 
activation of proteins or platelets on air contact. 

Perfusion of Whole Blood or Washed Platelets Suspensions. 
Capillaries are perfused with anticoagulated whole blood or with a 
suspension of washed '^Indium labeled human platelets in "yrodefs-
albumin buffer in the presence of a 4-0 % hematocrit. The blood or 
platelet suspension is introduced by displacement of rinsing buffer. 
Perfusion is continued for a fixed time interval, e.g. 2 or 5 min, at a 
steady flow rate corresponding to a predetermined wall shear rate, e.g. 
50, 800, 2,000 or 4,000 s"1. Rinsing with buffer (5 min at 1,000 s~1 ) is 
followed by radioactive counting in the case of ^Indium labeled 
platelets or by radioimmunoassay with ^^Iodine labeled anti-human 
platelet antibody in experiments with whole blood. The perfusate is 
collected in plastic tubes. Platelet count is determined before and 
after perfusion, while standard immunoenzymatic (ELISA) techniques 
with commercial kits (Asserachrom, Stago, France) are used to measure 
the production of fibrinopeptide A (FPA), platelet factor 4 (PF4) 
or B-thromboglobulin ($TG). 

Quantitation of Platelet Deposition by Radioimmunoassay with 
Anti-human Platelet Antibody 6C9. In perfusion experiments with 
unlabeled platelets in anticoagulated whole blood, platelet deposition 
is quantitated by means of a surface phase radioimmunoassay using the 
monoclonal antibody 6C9, directed against the membrane glycoprotein 
complex Ilb-IIIa of human platelets. An aliquot of purified '^Iodine 
labeled antibody is diluted in rinsing buffer containing 0.1 % human 
serum albumin and introduced into the capillary tubes at low flow rate 
(150 s-1 ) by displacement of at least four volumes of buffer. The tubes 
are stoppered and incubation is continued under static conditions at 
37°C for 30 min, the time required for immunoadsorption to reach a 
plateau value. Background antibody adsorption is determined using 
capillaries perfused with platelet poor plasma. After rinsing (5 min at 
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542 PROTEINS AT INTERFACES 

1,000 s" ), radioactive counting yield ε the ̂ 2*Iodine radioactivity due 
to immunoadsorbed antibody for capillary segments of known surface 
area. Calibration of the radioimmunoassay is performed by means of 
cjlguble isotope experiments with ''indium labeled platelets and 

'̂Icdine labeled antibody. Capillaries are perfused with blocd 
containing autologous washed ''^Indium labeled platelets and a linear 
correlation is obtained between adherent ''indium-platelets and 
immunoadsorbed -'Iodine-antibody. For experiments using unlabeled 
platelets in whole blood, platelet adhesion is then calculated 
according to the relation: 

adherent platelets/mm2 = ( 1 2 $ I A - 1 2"I E) x slopec/S (1) 

where 1 2 % A is the measured 1 ̂ Iodine radioactivity, 1 2^Ig the 
background antibody adsorption, S the surface area and slope^ the slope 
of^the linear correlation for radioimmunoassay ( ' In-platelets versus 

^I-antibody), corrected for physical decay. 

Results and Discussion 

Flow Properties of Perfusion System. Under conditions of Poiseuille 
type laminar flou in capillary tubes, the Reynold's number (Re) is given 
by the relation : 

Re = P < v> r ^ 
ζ 

where Ρ is the volumetric mass, r the tube radius,^ ζ the fluid 
viscosity and < ν > the average fluid velocity (flow rate/r 2). The onset 
of turbulent flow occurs at Reynold's numbers in excess of 2,500 (9) · In 
our system, at maximum shear stress (4,000 s"'' ), corresponding to a flow 
rate of 4· 14 ml/min in capillaries of internal diameter 0.56 mm, the 
Reynold's number calculated from Equation 2 is 80. This figure lies well 
below the limit of turbulent flow. Furthermore, experiments with tracer 
dyes have shown no visible evidence of turbulence at wall shear rates in 
the range 50-4,000 s , either within the capillaries or at entrance or 
exit points. 

The length of the inlet region (L) at the entrance of the capillary 
is estimated as (9) ï 

L = 0.07 Rer ( 3 ) 

which in our case is never greater than : 

L = 0.07 χ 80 χ 2.8 χ 10"2 

= 0.16 cm. 

Since the minimum capillary length used in our system is 4 cm, the 
inlet region where the fluid flow is not of Poiseuille type represents 4 
% or less of the total flow path studied. P. Ώ entrance effect would be 
reflected in increased protein or platelet deposition under dynamic 
conditions. Using radiolabeled platelets, when capillaries are cut into 
1.0 cm segments for radioactive counting, there is no increase in 
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33. CAZENAVE AND MULVIHILL Capillary Perfusion System 543 

radioactivity of the first segment other than that which may be 
attributed to the known variation of platelet accumulation with tube 
length (see following paragraph). Sensitivity in these measurements is 
sufficient to ensure less than 1 % error in radioactive counting of 
capillary segments. The velocity profile in the perfusion system is 
therefore considered to be parabolic and wall shear rates (γ) are 
calculated according to the relation : 

γ = U< ν > (4) 
r 

In platelet perfusion experiments, platelet accumulation on 
reactive adhesive surfaces such as collagen coated glass shows a steady 
decrease with distance from the capillary inlet, as previously observed 
in similar flow systems (20,21 ). This axial dependence does not, in our 
system, appear to follow a simple mathematical law as a function of 
distance from the capillary entrance (22). Platelet deposition is thus 
calculated as the mean deposition over the entire length ( ̂  10 cm) of a 
single capillary and in comparative studies capillaries of equal length 
and internal diameter are considered. 

Static Adsorption of Plasma Proteins on Glass. Initial studies of 
the interaction of proteins with artificial surfaces concerned the 
highly simplified situation of static adsorption on glass from 
solutions of purified radiolabeled human plasma proteins. Albumin was 
chosen as a major plasma protein known for its non thrombogenic 
properties (5,6). Fibrinogen and fibronectin, on the contrary, are 
major proteins of plasma which enhance platelet and cellular adhesion 
(4,5.7,23-25). 

Static adsorption isotherms on glass were determined at ambient 
temperature for purified -"Iodine labeled human albumin, fibrinogen 
and fibronectin in Tyrodefs buffer without calcium or magnesium, pH 
7.30. Langmuir type adsorption was observed, the plateau region being 
attained for solution concentrations of 3.0 - 5.0 mg/ml (albumin), 0.5-
1.0 mg/ml (fibrinogen) and 0.2 - 0.4· mg/ml (fibronectin). Plateau 
surface concentrations of protein (Table I) correspond approximately to 
monolayers of fibrinogen (26,27) and fibronectin (28) and to a bilayer 
of albumin (29). Affinity constants suggest an order of affinity for the 
glass surface : fibronectin > fibrinogen > albumin. 

Washed Human Platelet Suspensions. The capillary perfusion system 
has proved to be of particular value for the study cf the influence of a 
preadsorbed protein layer on subsequent platelet accumulation on 
artificial surfaces. Platelet deposition was measured for varying wall 
shear rates (150, 500 or 1,000 s"*' ) and perfusion times (2, 5 or 10 min) 
on glass capillaries preadsorbed with purified human albumin, 
fibrinogen or fibronectin, using a suspension of washed Indium 
labeled human platelets in the presence of a 4-0 % hematocrit. Bulk 
solution concentrations of plasma protein for preadsorption were chosen 
to lie in the plateau region of the previously determined adsorption 
isotherms. Results showed an increase in platelet accumulation with 
perfusion time on all three surfaces. On fibrinogen and fibronectin 
coated glass, platelet deposition increased with wall shear rate up to 
1,000 s , indicating that under these conditions adhesion was largely 
controlled by transport to the interface (30). Consistent with the 
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544 PROTEINS AT INTERFACES 

Table I. Static Adsorption Isotherms on Glass Capillary Tubes for 
Purified Human Plasma Proteins 

Protein H u g / cm2) Κ x 10 9 (1/mole) 

albumin G, 40 100 
fibrinogen o, 40 174 
fibronectin o, 25 313 

Adsorption 1 hour, static conditions, 22°C. 
Γ: Surface protein concentration in plateau region ; corresponding 

solution concentrations : albumin 3.0 - 5.0 mg/ml, fibrinogen 0.5 -
1.0 mg/nl, fibronectin 0.2 - 0.4 mg/ml. 

K: Affinity constant. 

passive nature of albumin surfaces, accumulation of platelets on 
albumin coated glass was lower than on the other surfaces and decreased 
at high shear rate (1,000 ), where i t would appear that adhesion was 
no longer governed by transport phenomena but rather by surface phase 
biochemical reactions. At low wall shear rate (150 s ), platelet 
deposition was greater on fibronectin than on fibrinogen. Conversely, 
at high wall shear rate (1,000 s"1 ), platelet accumulation was greatest 
on fibrinogen. According to these studies, an albumin coated artificial 
surface has low reactivity with respect to platelets, while a 
fibronectin coated surface shows greater reactivity under hemodynamic 
conditions corresponding to those of the venous circulation and a 
fibrinogen coated surface enhanced reactivity under arterial 
conditions (9 ) · 

In further experiments using washed human platelet suspensions, 
platelet accumulation on albumin ana fibrinogen coated glass was 
compared with accumulation on glass capillaries coated with type I 
bovine collagen for a perfusion time of 5 min and wall shear rates 
ranging from 50 to 4,000 s~ '. Surface reactivity followed the general 
order : albumin < fibrinogen < collagen (Table II). On the highly 
reactive collagen surface, platelet deposition increased continuously 
with wall shear rate up to 4,000 s-'', indicating transport controlled 
adhesion, whereas on the passive albumin surface, peak deposition was 
observed at 800 s"'' and. lowest values at 4,000 s , where the rate of 
adhesion would be limited by biochemical reactions at the interface. The 
fibrinogen surface showed intermediate behaviour, v/ith a plateau level 
of platelet accumulation from 800 to 4,000 s . Results are thus in 
accord with the known high platelet reactivity of collagen, this protein 
being an important constituent of subendothelium, where i t is 
considered to play the major role in platelet adhesion and subsequent 
thrombus formation (3]_) · 

Platelet adhesion to subendothelium at high wall shear rate has 
been shown to be mediated by vWF (32). Preliminary results in the 
capillary perfusion system, using glass capillaries uncoated or coated 
with purified human albumin or bovine collagen, showed an increase in 
platelet deposition in the presence of vWF on the albumin surface at low 
(50 s"1 ) and high (2,000 s~1) wall shear rate, but on the glass and 
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33. CAZENAVE AND MULVIHILL Capillary Perfusion System 545 

Table II. Accumulation of Washed Human Platelets Labeled with 
Indium on Glass Capillary Surfaces Precoated 

with Purified 
or 
Human Albumin, Human Fibrinogen 
1 Bovine Collagen 

Wall shear 
(s"1) 

rate Adherent platelets/mm2 Wall shear 
(s"1) 

albumin 
Protein coating 

fibrinogen collagen 

50 
800 

2,000 
4,000 

11,000 
22,500 
11,000 
7,000 

6,000 
53,000 
78,000 
56,000 

16,500 
151,500 
306,000 
425,500 

Preadsorption of protein coating 1 hour, static conditions, 22°C. 
Perfusion 5 min at 37°C, platelets 180,000/mm̂  in Tyrode1s-albumin 
buffer, hematocrit 40 %. 
Results are mean of four independent experiments. 

collagen surfaces only at high shear rate (Table III). Experiments were 
of two types : vWF was added to the platelet suspension (final 
concentration 5 ug/ml) immediately before perfusion or the capillaries 
were preadsorbed with vWF (5 ug/ml) before perfusion. Control values 
were obtained by substituting buffer solution containing no vWF. The 
enhancement of platelet adhesion by vWFwas best seen on the more passive 
albumin surface, where the concentration of adherent platelets after 
perfusion for 2 min at 2,000 s increased by a factor of 1.87 when vWF 
was added to the platelet suspension and by a factor of 4 when vWF was 
already present on the surface in the form of a preadsorbed layer. 

Anticoagulated Whole Blood. In perfusion experiments using anticoa
gulated whole blood, platelet accumulation on protein coated glass 
capillary surfaces is determined by radioimmunoassay with a monoclonal 
antibody directed specifically against the membrane glycoprotein 
complex Ilb-IIIa of human platelets. The validity of this technique 
has been discussed in detail elsewhere ( 1_0). Briefly, since the 
glycoprotein complex Ilb-IIIa exists only in platelets and endothelial 
cells, when applied to the study of blood interaction in vitro with 
artificial surfaces, the radioimmunoassay may be considered to give a 
specific measurement of platelet deposition, regardless of the presence 
of other blood cells. Calibration by the double isotope method results 
in, a linear correlation between adherent platelets (Indium labeled) 
and immunoadsorbed antibody (^^Iodine labeled). Linearity is 
conserved up to at least 7.5 x 10-* platelets/mm2 and fer a given 
preparation of purified, radiolabeled antibody the slope of the 
straight line relation, corrected for physical decay, remains constant 
to within 10 % in separate calibration experiments. Thus antigen-
antibody specificity is not destroyed by platelet adhesion. Nor does 
this specificity appear to be influenced by differing morphology of 
adherent platelets, since the slope of the linear relation is not 
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546 PROTEINS AT INTERFACES 

affected by the nature of the adhesive surface, e.g. glass coated with 
albumin, fibrinogen or collagen. Background antibody adsorption in the 
absence of platelets is low, of the order of 10 % of values for surfaces 
bearing platelets. As applied to the quantitation of platelet 
accumulation in whole blood, this technique offers the advantage of 
avoiding the lengthy procedure of platelet separation, washing and 
radiolabeling, together with the possible selection of a particular 
population of platelets during this preparation. 

Table III. Accumulation of Washed Human Platelets Labeled with 
1^''indium in Presence and Absence of vWF on Glass 

Capillary Surfaces Uncoated or Precoated with 
Purified Human Albumin or Bovine Collagen 

Wall shear rate 
(s" 1 ) 

Adherent platelets : ratio vWF/control buffer 

uncoated 
Protein coating 

albumin collagen 

A. 50 
2,000 

0.98 
1.33 

1.18 
1.87 

0.94 
1.49 

B. 50 
2,000 

0.82 
1.33 

1.43 
4.08 

1.07 
1.35 

Preadsorption of protein coating 1 hour, static conditions, 22°C. 
Perfusion 2 min at 37°C, platelets 180,000/mnK in Tyrode1s-albumin 
buffer, hematocrit 40 %. 
Results are mean of three independent experiments. 
A. vWF added to washed platelet suspension (final concentration 
5 yg/ml). 
B. Preadsorption of vWF (5 yg/ml) 1 hour, static conditions, 22°C. 

Typical results for a series of measurements of platelet 
accumulation by surface phase radioimmunoassay are presented in Table 
IV. Glass capillaries precoated with purified human albumin or 
fibrinogen or bovine collagen were perfused with heparin anticoagulated 
(10 U/ml) whole blood at varying wall shear rates (50-4,000 s~"^). As 
compared to equivalent experiments with washed platelet suspensions 
(Table II), platelet deposition was reduced on a l l surfaces. This 
diminution of surface reactivity, undoubtedly related to albumin 
passivation from plasma, was particularly important on albumin 
precoated glass, possibly due to favorable conditions for albumin 
adsorption by extension of the existing protein layer. In other 
respects, platelet deposition in whole blood followed trends similar to 
those observed in washed platelet suspensions. The order of surface 
reactivity was unchanged : albumin < fibrinogen < collagen. With 
rising wall shear rate, platelet accumulation on collagen showed a 
continuous increase up to 4,000 s"'', as compared to a leveling out of 
values from 800 to 4f000 s~ 1 on the less reactive albumin and fibrinogen 
surfaces. 
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33. CAZENAVE AND MULVIHILL Capillary Perfusion System 547 

Table IV. Platelet Accumulation from Heparin Anticoagulated Whole 
Blood on Glass Capillary Surfaces Precoated with 

Purified Human Albumin, Human Fibrinogen or Bovine 
Collagen. Quantitation of Platelet Deposition by 

Radioimmunoassay with ^^'Iodine Labeled 
Monoclone 1 Antibody 6C-9 against Human Platelet 

Glycoprotein Complex Ilb-IIIa 

Adherent platelets/mm' 

Protein coating 
albumin fibrinogen collagen 

50 90 
800 150 

2,000 170 
4,000 100 

Preadsorption of protein coating 1 hour, static conditions, 22°C. 
Perfusion 5 min at 37°C, heparin anticoagulated (10 U/ml) whole blood, 
platelets 173,000 ± 15,000/mm3 (χ ± SFM, n=4). 
Results are mean of four independent experiments. 

Adaptation of Perfusion System to theStudy of Biomaterials in 
Catheter Form. Although originally developed for use with glass 
capillaries, the perfusion system is readily adapted to the study of 
protein adsorption and platelet accumulation on polymeric biomaterials 
in catheter form. As an example of this type of investigation, catheters 
produced from mixtures of polyvinylchlcride (PVC) with silicone based 
copolymers (Hospal, Meyzieu, France) were compared with pure silicone 
catheters. Using suspensions of washed Indium labeled human 
platelets in the presence of a 4.0 % hematocrit, platelet deposition 
and release of 3TG were determined for perfusion at flow rates 
corresponding to a wall shear rate of 500 s-'' (Table V). Consistent with 
the weak thrombogenicity of silicone polymers (3,33), platelet 
accumulation and 6TG secretion were lower on pure silicone than on the 
mixed PVC/silicone surfaces. 

A similar series of experiments concerned a blend of a terpolymer 
of PVC with a cationic elastomer, containing or not ionically bound 
heparin. Perfusion with washed platelet suspensions, under conditions 
excluding thrombin generation from plasma, demonstrated the 
activation of platelets by heparin (34)> as reflected in a parallel 
increase in platelet deposition and gTG secretion (Table V). The 
perfusion system thus offers a simple means of in vitro screening of 
biomaterials for short term interactions with platelets and plasma 
proteins. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C 20036 

Wall shear rate 
(s-1) 

4,500 
27,000 
25,500 
31,000 

16,000 
39,000 
43,500 
79,000 
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548 PROTEINS AT INTERFACES 

Table V. Platelet Interaction with Biomaterials in Catheter Form 

Biomaterial Adherent platelets/mm 3TG secretion Adherent platelets/mm 
(ng/ml) 

A. Silicone 3,200 130 
PVC/silicone (1) 4,000 170 
PVC/silicone (2) 3,900 200 
PVC/silicone (3) 3,600 180 

B. PVC/EC 3C0 80 
PVC/EC/H 500 130 

Perfusion 5 min at 500 s , 22°C, washed Indium labeled human 
platelets 180,0C0/mm̂  in Tyrode1 s-albumin buffer, hematocrit 4-0 %. 
Results are mean of two independent experiments. 
PVC/silicone (1), (2) and (3) : mixed PVC/silicone polymers containing 
respectively 15.9, 30.5 and 26.0 % silicone. 
PVC/EC : blend 50 % PVC, 50 % cationic elastomer. 
PVC/EC/H : blend 45 % PVC, 45 % cationic elastomer, 10 % ionically bound 
heparin. 

Clinical Application ; Surface Passivation by Albumin Adsorption. 
Passivation of artificial surfaces by preadsorption of human serum 
albumin is a technique frequently employed to improve the 
hemocompatibility of biomaterials used in clinical practice (3,35). The 
efficiency of this method is well illustrated by a study in our 
laboratory relating to therapeutic plasmapheresis (36). In the 
treatment of patients showing abnormal or excess immunoglobulins or 
immune complexes, plasmapheresis was hindered by blockage of the 
extracorporeal circulation system by platelet thrombi which formed in 
the filters and joints and in 44 % of cases led to premature termination 
of the plasmapheresis session. Perfusion tests in vitro indicated 
greatly reduced platelet accumulation on the PVC tubing of the 
extracorporeal system after preadsorption with purified human albumin. 
It was therefore decided to passivate the plasmapheresis circuits by 
preadsorption with 4 % human serum albumin, then to introduce the 
patient's blood by displacement of the albumin solution. Following 
adoption of this technique, blockage of the extracorporeal circulation 
system occured in only 5 % of cases treated. 

Conclusions 

In summary, the capillary perfusion system represents a simple in 
vitro technique for the quantitation of protein adsorption and platelet 
accumulation on artificial surfaces under well defined hydrodynamic 
conditions (0-4,000 s~ 1 ). Radioisotopic methods enable simultaneous 
study of platelet deposition and adsorption of one or more plasma 
proteins. Experiments may be performed using washed platelet 
suspensions or anticoagulated whole blood, platelet deposition being 
measured in the latter case by surface phase radioimmunoassay with a 
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33. CAZENAVE AND MULVIHILL Capillary Perfusion System 549 

monoclonal antibody against the human platelet glycoprotein complex 
Ilb-IIIa, Activation of platelets or the coagulation system may be 
followed by determination of released PF4, 3TG or FPA. The system is of 
particular value for the study of tre influence of preadsorbed proteins 
on platelet accumulation on artificial surfaces, the screening of 
biomaterials for short term hercocompatibility and the evaluation of 
techniques such as albumin passivation designed to reduce the 
throncogenicity of systems used in clinical practice. 
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Chapter 3 4 

Blood Protein-Material Interactions 
That Lead to Cellular Adhesion 

C. A. Ward 

Kinetics and Thermodynamics Laboratory, Department of Mechanical Engineering, 
University of Toronto, Toronto, Ontario M5S 1A4, Canada 

A series of studies investigating the interaction between 
synthetic materials and blood indicates that the activation 
of the complement proteins is of major importance in the 
sequence of events leading to cellular adhesion, whereas 
fibrinogen plays only a minor role. This sequence of 
proteins is activated by the material itself and it is 
activated along the alternative pathway by the air nuclei 
that can be stabilized in the surface roughness of a 
synthetic material. If the air nuclei are removed during 
priming, the degree of complement activation by the 
biomaterial appears to be in proportion to the ("critical") 
surface tension of the material. 

When a synthetic material is exposed to blood, a complicated sequence 
of events is initiated that can lead to thrombus formation. Two of the 
early events in the sequence are protein adsorption and subsequently 
cellular adhesion (1. 2): however the extent to which the cellular 
adhesion Is controlled by the interaction between the adsorbed proteins 
and the biomaterial has not been clarified, nor has the role which the 
properties of the biomaterial play in the process. 

The surface tension of the material could be reasonably expected 
to play a major role. Some of the early work Q) Indicated that when a 
material witn a small surface tension was exposed to blood there was 
less platelet adhesion than if the material exposed had a larger surface 
tension, but this was disputed in subsequent studies. The basic concept 
has been elaborated on (4j; however it nas remained controversial (£). 

One of the difficulties with trying to determine if the amount of 
cellular adhesion to a material can be correlated with the surface 
tension is that the surface actually exposed to blood becomes a 
composite when materials with different surface tensions are used. For 
example, as materials with smaller surface tensions are exposed to 
blood, the contact angles between them and blood plasma become 
larger. If this contact angle is sufficiently large, tiny air nuclei 
(bubbles) can be trapped and stabilized 1n the surface roughness of the 
material (6.7). Thus the blood is actually exposed to a composite 

0097-6156/87/0343-0551 $06.00/0 
© 1987 American Chemical Society 
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552 PROTEINS AT INTERFACES 

surface: a portion is the blood-biomaterial Interphase and the 
remainder is the blood-air interphase. The relative importance of these 
two interphases in promoting cellular adhesion is examined below. 

A second difficulty in establishing this correlation is that of 
identifying the key plasma proteins involved in promoting cellular 
adhesion. Plasma contains numerous proteins. For example, twenty 
proteins are involved in the complement system alone (fi). The behavior 
of the different proteins varies widely once adsorbed. For example, the 
complement protein C3 can break into fragments, C3a and C3b when 
adsorbed on certain surfaces, i.e. surfaces which activate the 
complement system. The fragment C3a returns to the fluid phase. 
These components can then nave strong effects on the cellular 
aggregation. The proteins which have received the most attention are 
the fibrinogen, albumin and γ-globulin; however, there Is no evidence to 
indicate that they control the cellular adhesion. Below the role of 
fibrinogen in promoting platelet adhesion is examined and compared to 
that of the complement system. The present evidence indicates that the 
complement system plays the more important role in promoting cellular 
adhesion. 

Effect of Air Nuclei on Protein and Cellular Adhesion to Synthetic 
Materials 

To determine if the air nuclei that can be trapped in the roughness of a 
synthetic material play a major role in cellular adhesion to the 
material, a series of experiments was conducted in which the air nuclei 
were removed before the material was exposed to a biological fluid. 
The biological fluids examined were blood, washed platelet suspensions 
and fibrinogen solutions. 

As a model material, we chose silicone rubber. This material has 
certain properties that makes it of particular interest: 1) it is 
permeable to gases, such as oxygen and nitrogen; 2) it is used in 
artificial organs, such as the membrane oxygenator, and 3) it has a low 
surface tension that is characteristic of many synthetic biomaterials. 
Its surface tension is low enough so that one would expect the air nuclei 
to be trapped in its surface roughness during priming (§). 

Priming to Remove Air Nuclei from Surface Roughness of Gas Permeable 
Materials 

To remove the air microbubbles (nuclei) from the surface roughness of a 
gas permeable material, such as silicone rubber, a priming procedure 
was developed in which a priming buffer was brought in contact with 
one side of the material, while the other side of the material was 
exposed to a vacuum. The material was left in this configuration for a 
period of time to allow the air from microbubbles to be drawn through 
the material and removed by the vacuum pump, and to allow the priming 
buffer to enter and fill the space that had been occupied by the 
microbubbles. Afterwards, the vacuum was removed so that both sides 
of the material were exposed to atmospheric pressure before it was 
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34. WARD Blood Protein-Material Interactions 553 

exposed to a biological fluid. A biological fluid could then be pumped in 
to displace the priming buffer; however the surface Irregularities were 
then filled with the buffer, and the buffer in the surface irregularities 
could then mix with the solvent of the biological fluid, allowing the 
solvent to enter the surface Irregularity. This brings about intimate 
contact between the synthetic material and the solvent of the biological 
fluid. Thereby the presence of an air-biological fluid interface would be 
eliminated. Thus if this method of priming, called denucleation priming, 
were adopted any adhesion to the material would be attributable to the 
material-biological fluid interface alone. 

In the normal priming procedure in which a buffer is simply 
flushed past the material, and then it is displaced by the biological 
fluid, the air nuclei would be present in the surface irregularities. 

Platelet Adhesion from Washed Platelet suspenses 

To assess the effect that any air nuclei have on cellular adhesion to 
silicone rubber, we first compared the platelet adhesion from blood and 
washed platelet suspensions when either of them were exposed to 
normally primed and to denucleation primed specimens of silicone 
rubber. 

The washed platelet suspensions were prepared from swine blood 
(9. 10) and the platelet concentrations in them were set at the normal 
value (2.5 χ 105 platelets/mm3). As measured by the Lowry technique 
(ii), the total protein concentration was reduced to an average of 0.018 
mg/ml which is a very small fraction of the normal value. 

To expose the silicone rubber to washed platelet suspensions, two 
tubes of this material were primed, one was subjected to denucleation 
priming, and the other primed normally. The washed platelet 
suspensions were then pumped simultaneously through each at a 
Reynolds No. of 115 and a shearing rate of 78/s. 

To assess the platelet adhesion to the differently primed samples 
of silicone rubber, they were prepared for viewing with the scanning 
electron microscope, and counts of the adhering platelets were made at 
different positions along the length of the tubes. It was found that the 
variation with position was smafi and the average for all positions was 
taken in each tube. The results for the differently primed tubes are 
shown by the second column in Table I. Before discussing these results, 
we consider the exposure of the differently primed samples of silicone 
rubber to blood. 

Platelet Adhesion from Fresh Blood 

After one tube of silicone rubber had teen primed by the 
denucleation procedure and another primed normally, they were exposed 
to fresh swine blood. An animal was cannulated, the canula connected 
to the two tubes at a T-junction and fresh blood pumped simultaneously 
through the two tubes under the same flow conditions as used with the 
washed platelet suspensions. Also, the number of adhering platelets 
was assessed in the same manner. The results for the differently 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
4



554 PROTEINS AT INTERFACES 

primed material samples are shown 1n the first column of Table I. Note 
that 1) the platelet adhesion on the denucleation primed specimen 
exposed to either a washed platelet suspension or fresh blood was 
approximately the same. Thus, if the air nuclei are removed from the 
surface roughness, it appears that the plasma proteins do not contribute 
significantly to the platelet adhesion. 2) By contrast, if the air nuclei 
are present, it appears the presence of the plasma proteins significantly 
enhances the platelet adhesion. This can be seen by comparing the 
platelet adhesion to normally primed specimens of silicone rubber when 
they were exposed to fresh blood or to washed platelet suspensions (see 
the second row of Table I). The maximum platelet adhesion occurs when 
both the plasma proteins and the air nuclei are present, i.e. when 
normally primed specimens were exposed to fresh blood. 

These results support the conclusion that the consequences of the 
protein-air nuclei interaction lead to enchanced platelet adhesion to a 
material. This conclusion was supported further by studies of platelet 
adhesion and thrombus formation in membrane oxygenators (12-14). 
These latter studies were conducted with sheep using oxygenators that 
had membrane surface areas of 2.5 m2. Some of the oxygenators were 
subjected to a denucleation priming procedure and others primed 
normally. 

There were remarkable differences in the number of circulating 
platelets remaining in the blood after it had perfused the oxygenators 
for a period of time. Immediately after the blood perfused the normally 
primed oxygenators, there was a sharp reduction in the number of 
circulating platelets. A minimum of 27% of the control value was 
reached 32 mins. after the blood began to perfuse the normally primed 
oxygenators. The platelet count slowly recovered to 62% of the control 
value during the following four hours of perfusion (12). By contrast, the 
reduction in the number o? circulating platelets when blood perfused the 
denucleation primed oxygenators was only slight. It fell to 87% of 
control value and remained relatively constant throughout the four hour 
perfusion period. Thus in the two cases where the number of circulating 
platelets reaches a minimum, there are approximately six times as 
many platelets adhering to the surface of the normally primed 
membrane as to the denucleation primed membrane. 

Other factors were measured, such as the pressure drop across the 
oxygenator, the number of circulating leukocytes, the amount of 
thrombus on the membranes of the differently primed oxygenators. The 
measurement of each of these parameters consistently indicated that 
removing the gas nuclei from the surface roughness of the membrane 
significantly reduced the cellular adhesion to it (12-14). 

Changes η the composition of the membrane of the oxygenator was 
also examined as a means of reducing the cellular adhesion to the 
membrane (JJ). However, the dominant effect was found to be the 
method by which the membrane of the oxygenator was primed. As with 
the results described above, the cellular adhesion was in each case 
significantly reduced by denucleation priming. 

These results indicate that if the cellular adhesion to a material 
is to be related to the properties of that material, then it is importait 
to remove the air nuclei from the surface rouç^ness of the material. 
Otherwise, the air nuclei can dominate the interaction between blood 
and the material. Further, the Immediate question that is raised when 
these results are considered is: how can gas nuclei bring about such a 
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34. WARD Blood Protein-Material Interactions 555 

large effect on the cellular adhesion? One possibility is that they 
affect the plasma proteins and, once altered, the plasma proteins 
promote platelet and other cellular adhesion. 

Table I. Platelet Adhesion from Whole Blood and Washed Platelet 
Suspensions on Normally Primed and Denucleation 

Primed Specimens of Silicone Rubber 

Platelet Adherlnq/QqPl7&m2 

Washed Platelet 
Treatment of Fresh Blood Suspension 
Silicone Rubber Mean t SE Mean • SE 
Denucleation Primed Specimen 3.2 ±1 5.0 ± 0.3 

Normally Primed Specimen 48.1 t 2.8 11.21 0.5 

Adsorption of Fibrinogen and its Affect on Platelet Adhesion 

Fibrinogen is one of the proteins to be considered as vulnerable to 
alteration when adsorbed at the interphase between blood and an air 
nucleus (15-16). To examine this possibility, we have conducted two 
series of experiments. In the first, we examined the amount of 
fibrinogen that is adsorbed on normally primed silicone rubber and the 
amount adsorbed on the same type of material after it has been primed 
so as to remove the gas nuclei (1L Jfi). In the second series of 
experiments, the effect of preadsorbed fibrinogen on platelet adhesion 
was examined 

Fibrinogen was extracted from swine blood (19.20). The purity 
was examined using ultracentrifugation and found to be greater than 
94%. Its average clottability was approximately 97%. 

The extracted fibrinogen wasiésuspended in a phosphate buffer. A 
portion of it was labelled with 1 Z 5I. Two tubes of silicone rubber 
were prepared for exposure to the fibrinogen solution. One was primed 
normally, and the other was subjected to the denucleation priming 
rocedure. The fibrinogen solution was pumped simultaneously througn 
oth tubes for a perioa of three minutes at a flow rate of 15 ml/min. 

The fibrinogen solution was then allowed to remain static in the tubes 
for a perioa of 12 min. This was found to be sufficient to establish 
equilibrium (17.18). The concentration of fibrinogen at each position 
was assessed. 

The adsorption isotherm established by this method on the 
material subjected to denucleation priming is shown in Figure I. For 
comparison, the results reported by Morrissey and Stromberg (21) for 
bovine fibrinogen adsorbing on silica are also shown. They used 
ellipsometry to measure the surface concentration of bovine fibrinogen. 
Note that the solution concentration which they considered did not 
extend as far as the ones we considered. However at the same solution 
concentrations, the results correspond well. Since they used 
ellipsometry to measure the surface concentration and this is an optical 
technique, it would appear that the more invasive method of radioactive 
labelling nonetheless gives a valid assessment of the adsorption. 
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556 PROTEINS AT INTERFACES 

When the fibrinogen was dissolved in a phosphate buffer to the 
physiological concentration (2.8 mg/ml), the effect of the air nuclei 
increased the surface concentration of the fibrinogen by only 
approximately 10% Q8). However, if one examines the fibrinogen 
isotherm, one finds an indication of a change in the interaction of the 
fibrinogen molecules when the surface concentration exceeds 
approximately 0.45 μg/cm2, i.e. the second plateau (Figure 1). Thus if 
the fibrinogen adsorption at the site of an air nucleus exceeds 0.45 
μg/cmz, one possible explanation for the observed increase in platelet 
adhesion is that this new interaction changes the fibrinogen molecule 
and, as a result, it strongly promotes platelet adhesion. 

To examine the effect of this interaction on platelet adhesion, 
porcine fibrinogen was first preadsorbed on the silicone rubber tubes, 
using the same experimental procedure as that used to establish the 
fibrinogen adsorption isotherm. After first preadsorbing the fibrinogen 
and without exposing it to air, the surface with the preadsorbed 
fibrinogen was then exposed to fresh porcine blood by cannulating an 
experimental animal at either the femoral or jugular vein. The mood 
was drawn directly into the tubes containing the preadsorbed fibrinogen 
at a flow rate of /.5 ml/min. Afterwards, the adhering platelets were 
counted at positions 10, 20, and 30 cm from the entrance to the 
thermostated region. 

The average platelet adhesion was plotted against the surface 
concentration of the preadsorbed fibrinogen and is shown in Figure 2. 
Note that the platelet adhesion increases almost linearly with 
increasing surface concentration of the preadsorbed fibrinogen, until 
the surface concentration reached the value at which the adsorption 
isotherm showed a second plateau (0.45 ug/cm2). After this surface 
concentration of the preadsorbed fibrinogen is exceeded, further 
increases in the preadsorbed surface concentration of fibrinogen does 
not lead to any further increase in platelet adhesion. Thus rather than 
the fibrinogen in the second plateau giving rise to more platelet 
adhesion, it appears the additional fibrinogen is completely benign. 

Activation of Complement System at the Plasma-Air Interphase 

If the nine complement proteins of plasma are activated along either the 
classical pathway (Cl, C2... C9) or along the alternate pathway (C3, C5 
... C9), they have the capacity for considerable amplification because the 
activation of one molecule in this sequentially acting, enzymatic 
cascade activates several of the next molecules in the sequence. Also, 
Pol ley and Nachman (22) have shown that the presence of C3a gives rise 
to platelet aggregation. This is the fluid phase component that results 
from the activation of the first step on the alternate pathway. The 
activation of the second step on this pathway produces the fluid phase 
fragment C5a and this component is known to strongly promote 
leukocyte aggregation (23.24). Thus it would appear that if the 
complement system is activated by the air nuceli in the surface 
roughness of a biomaterial, it is the type of system that could produce 
the increased cellular adhesion that is observed when the air nuclei are 
present in the surface roughness of a synthetic biomaterial exposed to 
blood. 
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34. WARD Blood Protein-Material interactions 557 

1.5 

• Sil ica (Data of Morrissey, B.W. and 
Stromberg, R.R., J. Colloid 
Interface Sci.. 46: 152-164,1974.) 

• Sil icone rubber 

)! ι ι ι ι ι ι ι ι I 
0 1 2 3 4 5 6 7 8 9 

Solution concentration (mg/ml) 

Figure I. Adsorption isotherm for fibrinogen adsorbing on 
denucleation primed silicone rubber (solid dots) and on silica (solid 
squares). (Reproduced with permission from Ref. 17. Copyright 
1986, Academic Press Inc.) 
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Figure 2. Platelet adhesion to denucleation primed silicone rubber 
after different surface concentrations of fibrinogen had been 
preadsorbed before the material was exposed to fresh blood. 
(Reproduced with permission from Ref. 17. Copyright 1986, 
Academic Press Inc.) 
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558 PROTEINS AT INTERFACES 

As a first step toward investigating this possibility, a series of 
experiments was conducted in which air bubbles were incubated both 
with rabbit plasma (25) and with human plasma (Ward, C. A. et al. J. 
Appl. Physiol, in press! The same method of incubating the different 
types of plasma with air bubbles were used, but the degree of 
complement activation in human plasma was assessed by 
radioimmunoassays and that in rabbit plasma by the leukocyte 
aggregation test. Both experimental methods indicated similar results. 

To perform the studies with human plasma, blood was collected 
from each of 34 male volunteers. The plasma was separated from the 
cells and divided into two portions. One portion, 1.5 ml, was placed in a 
1.65 ml polypropylene tube. After capping, the remaining volume was 
filled with bubbles by vigorously shaking the cappea tube. The 
polypropylene tube was then placed in a device that rotated the tube 
ena-over-end at a rate of 22 RPM. This insured that the bubbles 
traversed the length of the tube twice during each rotation. Also, the 
tube was thumped during each rotation to insure the bubbles remained 
present. Another polypropylene tube was completely filled with the 
human plasma, cappea carefully, and placed in the same device. This 
plasma sample served as a control. The device was then placed in a heat 
bath that maintained the temperature at 37*C. Both tubes were 
incubated while under rotation. There were no visible bubbles present 
in the control sample and this tube was not thumped. 

To assess the complement activation in the human plasma, 
radioimmunoassays were used to measure C3a (tes Arg, C4a des Arg and 
C5a des Arg. During the complement activation process, the components 
C3a, C4a and C5a are first produced. Then each of these components is 
rapidly converted to the des Argine component. The radioimmunoasssay 
measures the des Argine component. We assume the concentration of 
the des Argine components is equal to the concentration of C3a, C4a and 
C5a. 

Great variation was found in the sensitivity of the individuals to 
complement activation by air bubbles. For example, the concentration 
of C5a in the plasma samples from different individuals incubated with 
air bubbles was found to vary by over an order of magnitude (from 2.0 
ng/ml to 66 ng/ml). A similar variation had been seen in the amount of 
complement activation occurring when rabbit plasma was incubated 
with air bubbles (25). Accordingly, the individuals who produced more 
than 25 ng/ml of C$a as a result of incubating their plasma with air 
bubbles were classified as Sensitive to complement activation and the 
others as Insensitive. Of the 34 individuals examined, 11 of them were 
found to be Sensitive. 

In another study, this variation in sensitivity to complement 
activation was found to have important consequences. For example, the 
Sensitive individuals were found to be much mere susceptible to 
decompression sickness than the Insensitive individuals (Ward et al. J. 
Appl. Physiol, in press). 

In Tigure 3, the concentration of C5a is shown for each group of 
individuals. One finds that the complement system underwent 
activation as a result of the presence of the air bubbles for both groups, 
although the degree of activation was significantly larger by the 
Sensitive group. A similar result was found for C3a; however the C4a 
concentration in the plasma samples incubated with air bubbles was 
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34. WARD Blood Protein-Material interactions 559 

found to be insignificantly greater than that in the control samples of 
plasma. Since C4 is only on the classical pathway, this would indicate 
that the complement activation by air bubbles is via the alternate 
pathway. Both C3 and C5 are on this pathway. Thus incubation of air 
bubbles with plasma produces the fluid phase metabolites of 
complement activation that are known to stimulate both platelet and 
leukocyte aggregation. 

Complement Activation by Different Synthetic Biomaterials 

In view of the above, one would expect that the air nuclei in the surface 
roughness of a synthetic material should also activate the complement 
system. If they do, then the complement system may be the series of 
proteins that is affected by the air nuclei with the consequence that 
cellular adhesion to the material is strongly promoted. 

To examine this possibility, the degree of complement activation 
that results when rabbit plasma is incubated with 
polytetraf luoroethylene (PTFE) or silicone rubber or cellophane has been 
measured (26). Each of these materials was primed In two ways before 
it was exposed to the plasma. One method of priming removed the air 
nuclei from the surface roughness of the material and the other was 
simply the normal priming technique in which the material was 
immersed in the physiological saline before it was exposed to the 
plasma. 

To measure the complement activation, the leukocyte aggregation 
test was used (23.24). In this procedure, a leukocyte suspension is 
formed from the rabbit's own polymorphonuclear (PMN) leukocytes, and 
the degree of complement activation is assessed from the degree of PMN 
leukocyte aggregation that occurs when a sample of plasma Is injected 
into the suspension. In our experiments, one portion of the rabbits 
plasma was incubated with zymosan, a substance known to strongly 
activate the complement system by the alternate pathway. Two other 
portions of the plasma were incubated with a specimen of the 
biomaterial being examined, one subjected to denucleation priming and 
the other to normal priming. 

A portion of the PMN suspension (0.45 ml) was placed in an 
aggregometer, and then a sample of the plasma (0.05 mi) that had been 
incubated either with zymosan, or with a specimen of the differently 
primed biomaterials was injected into the suspension. The aggregation 
that followed was taken as a measure of the degree of complement 
activation. Since zymosan is a strong stimulant to activation, the 
measured amount of aggregation occurring when a sample of plasma was 
incubated with this substance was taken as the capacity of the 
complement system for activation. The degrees of aggregation 
measured in the other cases were then expressed as a percentage of the 
zymosan value. The results are shown in table II. 

For all three materials, the denucleation priming is seen to lead to 
a reduction in complement activation. It is statistically signifleant for 
both PTFE and silicone rubber but not for cellophane. Cellophane has a 
larger surface tension than either of the other materials: this may 
result in it having a smaller number of bubbles present in its surface 
roughness (§J. 
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560 PROTEINS AT INTERFACES 

Once the bubble nuclei have been removed, the complement 
activation that results from incubating the material with the plasma 
proteins can be expected to be a function of the properties of the 
materials themselves because the plasma is only exposed to this 
surface. To examine this expectation, we have plotted the % complement 
activation given in Table II versus the "critical surface tension" for the 
material. This surface property is assumed to be an approximation to 
the true or thermodynamic surface tension and the value of the critical 
surface tension is available for these materials. The value of the 
thermodynamic surface tension for these materials remains 
controversial. This plot is shown in Figure 4. 

These data show a clear trend of increasing complement activation 
with increasing surface tension of the material. Before one can be sure 
of this trend, more materials must be studied. However, it is 
interesting to note that the complement activation by cellophane is 
correlated with its critical surface tension. Cellophane is a 
polysaccharide and exposure of the polysaccharides to plasma had been 
thought to result in strong complement activation. Rather than there 
being anything special about the polysaccharides, it may be that the 
complement activating capacity of this molecular structure is only 
because they produce a surface with a relatively large surface tension. 

Table II. Percentage Complement Activation Produced by 
Differently Primed Synthetic Materials 

MATERIAL 

Priming Procedure 
Normal " Denucleation 

Mean % ± SE Mean % ± SE 

PTFE (n = 5) 8.3 + 1.6 3.1 ± 1.9 

Silicone Rubber (n = 4) 34.51 6.9 16.2 • 2.8 

Cellophane (n = 3) 46.0 i 10.5 36.1 i 7.1 

Cellular Adhesion From DecomplemerÉfd Blood 

The hypothesis can now be advanced that the air nuclei in the surface 
roughness of a synthetic material activates the complement system and 
as a result promotes cellular adhesion to the material. This hypothesis 
can be examined further by exposing the blood of normal animals and 
animals that have been decomplemented in-vivo to a specimen of the 
same synthetic materials. Fortunately, such experiments have already 
been performed by Herzlinger and dimming (27). 

Dogs were decomplemented in-vivo by injecting a factor derived 
from cobra-venom that is known to act as a strong convertase for C3. A 
rocket Immunoelectrophoresis study of the plasma from animals that 
had been decomplemented with this technique showed that the C3 
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Figure 3. Activation of the complement system by air bubbles. C5a was produced by 
both sensitive and insensitive individuals when their plasma was incubated with air 
bubbles. (Reproduced with permission from Ref. 30. Copyright 1987 American 
Physiological Society.) 
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Figure 4. Activation of the complement system by different synthetic materials 
incubated with rabbit plasma. (Reproduced with permission from Ref. 26. Copyright 
1984 Wiley.) 
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562 PROTEINS AT INTERFACES 

concentration in the plasma was reduced to only a small fraction of the 
normal value. Activation of C3 is necessary for activation of the 
complement system; thus removal of this plasma protein would prevent 
activation of the complement system. The decomplementation 
prodecure did not significantly change the concentration of fibrinogen in 
the plasma. Also, the platelets from decomplemented animals were 
found to aggregate almost normally in response to adenosine 
diphosphate and to undergo the release reactions. 

To examine the cellular adhesion to synthetic materials, the 
"Stagnation Point Flow" cell was used (28). this device allows blood 
from the carotid artery of a dog to issue directly onto a specimen of 
synthetic material so that the flow is radially outward from the 
stagnation point. The shear stress increases in trie radial direction in 
this flow configuration. The cellular adhesion is then characterized by 
the diameter of the circle within which there is cellular adhesion. The 
larger the diameter of this "white cell circle", the more cellular 
adhesion there is and the stronger the bond between the surface and the 
cells. 

Blood from normal and decomplemented animals where exposed to 
specimens of both nylon 6.6 and polymethyl methaerylate (PMMA). None 
of the specimens of the synthetic material were subjected to 
denucleation priming; however, if it is the complement proteins that 
are affected by the air nuclei, then the priming procedure should not 
matter for the decomplemented animals. The air nuclei would contribute 
to the cellular adhesion occurring when the blood of the normal animals 
was exposed to the biomaterial. However, if the hypothesis is valid, 
then there should be less cellular adhesion from the blood of the 
decomplemented animal. 

the results reported by Herzlinger and Cumming are summarized in 
Table III. As may be seen, decomplementing the animals strongly 
reduces the cellular adhesion from their blood. We would emphasize 
that a strong reduction in cellular adhesion also resulted when the air 
nuclei were removed from the surface roughness of silicone rubber (e.g. 
see Table I). Also, that fibrinogen was present at the normal 
concentration in the blood of tne decomplemented animals but, 
nonetheless, there was little cellular adhesion from the blood of these 
animals. These results strongly implicate the complement system as 
being responsible for the cellular adhesion that occurs when a 
biomaterial is exposed to blood. 

The results listed above indicate that when a synthetic material -
plasma interface is formed, the complement system is activated. The 

Table III. Cellular Adhesion from Blood of Normal and 
Decomplemented Animals Exposed to Nylon 

and Polymethyl Methaerylate 

Cellular Adhesion 

Animal Preparation 

Normal 

Decomplemented 

>1600 

60 

>1500 

400 
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34. WARD Blood Protein-Material Interactions 563 

pathway by which the activation occurs is not yet clear. Herzlinger et 
al. (29) found some indication that in the case or PMMA the complement 
system is activated along the classical pathway. However, in the case 
of the air-plasma interface, it is clear from our study with 
radioimmunoassays that the activation is along the alternate pathway. 

Conclusion 

After reviewing the previously obtained data, the hypothesis is 
advanced that wnen a normally primed synthetic material is exposed to 
blood, the air nuclei trapped in the surface roughness of the material 
activates the complement proteins by the alternative pathway and that 
the products of this activation process (i.e. at least C3a, and C5a) 
promote cellular adhesion to the synthetic material. The evidence in 
favor of this hypothesis includes the following. 

Studies have been conducted with both human plasma and with 
rabbit plasma in which a plasma sample was incubated with air bubbles 
and then assayed for complement activation. For those experiments 
conducted with human plasma, radioimmunoassays were performed for 
C3a, C4a, and C5a. It was found that the air bubbles did activate the 
complement system and that the activation was along the alternative 
pathway, i.e. c3a and C5a were produced but not C4a. For the studies 
with rabbit plasma, the assay technique was PMN leukocyte aggregation. 
The results with rabbit plasma were consistent with those round for 
human plasma. 

In a series of studies, three synthetic materials were incubated 
separately with rabbit plasma after they had either been primed 
normally or subjected to denucleation priming which largely removes 
the air nuclei from the surface roughness. The plasma samples were 
then assayed for complement activation with the leukocyte aggregation 
test. It was found that removal of the air nuclei during priming indeed 
reduced the complement activation by each of the syntnetic materials, 
as would be expected from the results listed above. Further, it was 
found that the amount of complement activation increased when the 
sample of synthetic material being incubated had a larger (critical) 
surface tension. 

Denucleation priming then is one method of reducing the 
complement activation that results when a synthetic material is 
exposed to blood. Another method is by administering the animal a drug 
that removes the complement protein C3 from the animal's plasma 
in-vivo. Then when the animal's blood is exposed to a synthetic 
material, activation of the complement sequence is prevented. Both of 
these methods of reducing the complement activation have been found to 
reduce the cellular adhesion. In particular, when the air nuclei have 
been removed from the roughness of a synthetic material by subjecting 
it to denucleation priming and then exposing it to the blood of a normal 
animal, it has been found that the cellular adhesion is strongly reduced 
as compared to the cellular adhesion on the same type of synthetic 
materia] primed normally and then exposed to blood. An equally dramatic 
reduction in cellular adhesion to a synthetic material has been 
demonstrated to result when an animal is decomplemented in-vivo 
before its blood is exposed to a normally primed synthetic material, i.e. 
to a synthetic material with the air nuclei present in the surface 
roughness. 
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564 PROTEINS AT INTERFACES 

AH of the above results are consistent with the hypothesis listed 
above and when taken together they lend it considerable support. 

Although fibrinogen can not be ruled out as playing a role in 
promoting cellular adhesion as a result of the air nuclei, it appears 
unlikely to play a major role. The presence of the air nuclei in the 
surface roughness only gives rise to a 10% increase in the fibrinogen 
adsorption under physiological conditions. Also, the platelet adhesion 
appears to increase only linearly with increasing amounts of 
preadsorbed fibrinogen and then to become constant as the fibrinogen 
concentration is increased further. Thus the 10% increase in fibrinogen 
adsorption that results from the presence of the air nuclei seems 
unlikely to be responsible for the order of magnitude increase in 
cellular adhesion that results when both the plasma proteins and the air 
nuclei are allowed to interact (see Table I). 

Acknowledgments 

This work was supported by the Ontario Heart Foundation and the 
Defence and Civil Institute of Environmental Medicine, Downsview, 
Canada. 

Literature Cited 

1. Baier, R.E.; Dutton, R.C. J. Biomed. Mater. Res. 1969, 3, 191 -206. 
2. Vroman, L.; Adams, A.L. J. Biomed. Mater. Res. 1969, 3, 43-67. 
3. Lyman, D.J.; Klein, K.G.; Brash, J.L.; Fritzinger, B.K. Thromb. Diath. 

Haemorrh 1970, 23, 120-128. 
4 Baier, R.E. In Adhesion in Biological Systems; Manly, R.S., Ed.; 

Academic Press, New York, 1970, 15-48. 
5. Ruckenstein, E.; Gourisankar, S.V. J. Coll. & Sci. Interface 1984, 

101, 436-451. 
6. Ward, C.A.; Forest, T.W. Ann. Biomed. Engin. 1976, 4, 184-207. 
7. Ward, C.A.; Levart, E. J. Appl. Phys. 1984, 56, 491-500. 
8. Kunkel, S.L.; Ward, P.A.; Caporale, L.H.; Vogel, C-W.; In Immunology: 

Basic Processes; Bellanti, J.A. Ed.; W. B. Saunders Co.; Toronto, 
1985; Chapter 6, 106-116. 

9. Ward, C.A.; Ruegsegger, B.; Stanga, D.; Zingg, W.; Herbert, M.A. Am. J. 
Physiol. l977, 233, H100-116. 

10. Tangen, O.; Berman, H.J. Advan. Exptl. Biol. Med. 1973, 34, 235-243. 
11. Lowry, O.H.; Rosebrough, N.J.; Farr, L.A; Randall, R.J.; J. Biol. Chem. 

1951, 193, 265-275. 
12. Osada, H.; Ward, C.A.; Duffin, J.; Nelems, J.M.; Cooper, J.D. Am. J. 

Physiol. 1978, 234, H646-H652. 
13. Osada, H.; Duffin, J.; Ward, C.A.; Nelems, J.M.; Cooper, J.D. Artif. 

Organs 1978, 2, 121-125. 
14. Fountain, S.W.; Duffin, J.; Ward, C.A.; Osada, K.; Martin, B.A.; Cooper, 

J.D. Am. J. Physiol. 1979, 236, H371-H375. 
15. Packham, M.A.; Evans, G.; Glynn, M.F.; Mustard, J.F. J . Lab. Clin. Med. 

1969, 73, 686.-697. 
16. Zucker, M.B.; Vroman, L. Proc. Soc. Exptl. Biol. Med. 1969, 131, 318. 
17. Ward, C.A.; Stanga, D. J. Colloid Interface Sci. 1986, 114, 323-329. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
4



34. WARD Blood Protein-Material Interactions 565 

18. Ward, C.A; Stanga, D.; Zdasiuk, B.J.; Gates, F.L. Annals of Biomed. 
Engin 1979, 7, 451-469. 

19. Cohn, E.J.; Strong, L.E.; Hughes, W.L.; Mulford, D.J.; Ashworth, J.N.; 
Melin, M.; Taylor, H.J. J. Am. Chem. Soc. 1946, 68, 459-475. 

20. Blombäck, B.; Blombäck, M. Ark. for Kemi. 1957, 10, 415-443. 
21. Morrissey, B.W.; Stromberg. R.R. J. Colloid Interface Sci. 1974, 46, 

152-164. 
22. Polley, M. J.; Nachmann, R.L. J. Exp. Med. 1983, 158, 603-615. 
23. Craddock, P.R.; Fehr, J.; Dalmasso, A.P.; Brigham, K.L.; Jacob, H.S. J. 

Clin. Invest. 1977, 59, 879-888. 
24. Craddock, P.R.; Hammerschmidt, D.; White, J.G.; Dalmasso, Α.Ρ.; 

Jacob, H.S. J. Clin. Invest. 1977, 60, 260-264. 
25. Ward, C.A.; Koheil, Α.; McCullough, D.; Johnson, W.R.; Fraser, W.D. J. 

Appl. Physiol. 1986,60, 1651-1658. 
26. Ward, C. Α.; Koheil, Α.; Johnson, W.R.; Madras, P.N. J. Biomed. Matr'l. 

Res. 1984, 18, 255-269. 
27. Herzlinger, G.A.; Cumming, R.D. Trans. Am. Soc. Artif. Intern. Organs 

1980, 26, 165-171. 
28. Petschek, H.E.; Adamis, D.; Kantrowitz, A.P. Trans. Am. Soc. Artif. 

Intern. Organs, 1968, 14, 256-259. 
29. Herzlinger, G.A.; Bing, D.H.; Stein, R.; Cumming, D. Blood 1981, 57, 

764-770. 
30. Ward, C.A.; McCullough, D.; Fraser, W.D. Relation Between 

Complement Activation and Susceptibility to Decompression 
Sickness; American Physiological Society: Bethesda, MD, 
1987. 

RECEIVED March 27, 1987 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
4



Chapter 35 

Thrombin-Antithrombin III Interactions 
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A heparin-polyvinyl alcohol hydrogel (> 70% water) has 
been used to show that heparin, which is immobilized 
via the terminal serine group, can retain its 
biological activity in a number of clotting assays 
without being released into plasma (1-4). Reviewed 
here are studies of the interactions between thrombin, 
antithrombin III, and immobilized heparin, which 
suggested that the interaction between actively 
adsorbed thrombin and immobilized heparin was the first 
step in enzyme inactivation by antithrombin III, 
presumably by the formation of a surface bound heparin
thrombin-antithrombin III complex. Regeneration of 
surface heparin sites, which would be necessary for 
long term applications, was demonstrated by the slow 
removal of 125I-thrombin (17-22% of bound radio
activity) as thrombin-antithrombin III complex (~ 70%) 
and thrombin-α-2-macroglobulin complex (~ 30%) with 
defibrinated or arvinized plasma. Thus, heparin-PVA 
has shown potential as a long term thromboresistant 
material. 

Of t h e many methods r e p o r t e d i n t h e l i t e r a t u r e f o r i m p r o v i n g t h e 
t h r o m b o g e n i c i t y o f b i o m a t e r i a l s , h e p a r i n i z a t i o n has been one o f t h e 
more i n t r i g u i n g and sometimes c o n t r o v e r s i a l . I o n i c a l l y bound h e p a r i n 
was f o u n d t o be r e l e a s e d f r o m t h e s u r f a c e a t b i o l o g i c a l l y s i g n i f i c a n t 
r a t e s w h i l e e a r l y a t t e m p t s a t c o v a l e n t i m m o b i l i z a t i o n l e d t o 
i n a c t i v a t i o n o f t h e h e p a r i n . T h i s prompted e a r l y c r i t i c s t o c o n c l u d e 
t h a t h e p a r i n i z e d m a t e r i a l s c o u l d be e f f e c t i v e o n l y i f enough h e p a r i n 
was r e l e a s e d f r o m t h e s u r f a c e t o c r e a t e a m i c r o e n v i r o n m e n t a t t h e 
b l o o d - m a t e r i a l i n t e r f a c e . 

A more r e c e n t l y d e v e l o p e d h e p a r i n - p o l y v i n y l a l c o h o l ( h e p a r i n -
PVA) h y d r o g e l (> 70% w a t e r ) has shown t h a t h e p a r i n i m m o b i l i z e d v i a 
t h e t e r m i n a l s e r i n e g r o u p , w h i c h r e m a i n s on many c h a i n s o f commer
c i a l l y a v a i l a b l e h e p a r i n , can r e t a i n i t s b i o l o g i c a l a c t i v i t y i n a 

0097-6156/87/0343-0566$06.00/0 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 567 

number of clotting tests without being released into the plasma 
(1-4). Subsequent ex vivo canine shunt experimentation (5) and 
mathematical model calculations (_6) have confirmed this conclusion. 
In the absence of a heparin microenvironment we have presumed that a 
surface bound thrombin-antithrombin III complex is formed on the 
immobilized heparin with the heparin accelerating the rate of 
inactivation as happens in solution. Hence we have examined the 
interactions between thrombin, antithrombin III and the immobilized 
heparin in heparin-PVA with a view to understanding the mechanism of 
action of the immobilized heparin and the fate of inactive complex. 

In addition to the question of heparin release, it has been 
thought that the heparinized surface may become saturated with the 
inactive complex which by tying up the active sites would prevent 
further thrombin from being inactivated. Alternatively, consumption 
of antithrombin III, prothrombin, or other clotting factors may 
result, leaving the blood systematically hypocoagulable. It is also 
conceivable that heparin-induced interruption of the intrinsic 
clotting system may prevent the normal failure mode of devices 
exposed to low blood flowrates (i.e., red thrombus formation) but 
only expose an underlying platelet aggregation or white thrombus 
formation problem. Only recently have these concerns been subject to 
c r i t i c a l analysis (J) ; until now their validity, although never 
verified, has been unquestioned. The work reviewed here focuses on 
the i n i t i a l concern regarding the fate of the inactive complex. 
Other work dealing with platelets wil l not be discussed here. 

Materials and Methods 

Heparin-PVA. Heparin-polyvinyl alcohol (heparin-PVA) hydrogel was 
prepared as before (2) from an aqueous solution containing 10$ PVA 
(20% acetylated PVA, Gelvatol 20-60, Monsanto Canada Ltd., Toronto, 
Ont.), 5% MgCl 2·Η 20, 0.5% glutaraldehyde, 3% formaldehyde, k% 
glycerol and 1 or 2% sodium heparin (porcine mucosal, 176 U.S.P. 
U/mg, Canada Packers Ltd., Toronto, Ont.). Control gel was prepared 
without heparin. Films were cast onto petri dishes, air dried, and 
then cured at 70°C for 2 hours. The cured films were ground as 
previously described (8̂ ) within a nominal particle-diameter range of 
105-250 ym. Unless stated otherwise, \% heparin-PVA "beads" were 
used. 

Heparin was released from 1$ heparin-PVA gel "beads" at 1.7 x 
10~ 2 Pg/g wet gel/min. This rate was determined from the 
approximately linear portion of the heparin content versus PBS 
(phosphate buffered saline, pH 1Λ) wash time curve (between 300 and 
500 hours) by using the toluidine blue method (3_). This release rate 
was 1/1000 of the minimum rate considered necessary for 
thromboresistance (9). After washing, the remaining heparin content 
was determined indirectly by mass balance to be approximately 7.1 
mg/g wet gel for 1$ heparin gels and 14 mg/g wet gel for 2% heparin 
gels. 

Proteins. Thrombin and antithrombin III were obtained from various 
sources. Crude bovine thrombin was obtained from Parke-Davis (96 NIH 
U/mg, Detroit, MI) and Miles Laboratories (100 NIH U/mg, Elkart, IN). 
The crude bovine thrombin from Parke-Davis was p u r i f i e d on 
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568 PROTEINS AT INTERFACES 

SP-Sephadex as b e f o r e (j_0) u s i n g a m o d i f i c a t i o n o f t h e method o f 
L u n d b l a d e t a l . (JJ_) t o p r o d u c e a p r o d u c t w i t h a s p e c i f i c a c t i v i t y o f 
1850 NIH U/mg (J_2). P u r i f i e d human α-thrombin (3000 - 3153 NIH U/mg) 
was t h e k i n d g i f t o f Dr. J.W. F e n t o n I I (N.Y. S t a t e Department o f 
H e a l t h ) . Heat d e f i b r i n a t e d c i t r a t e d human pl a s m a (54°C, 5 min) was 
used as a s o u r c e o f c r u d e a n t i t h r o m b i n I I I (0.2 mg/mL). P u r i f i e d 
human a n t i t h r o m b i n I I I (1000 U/mg; 1 mL p l a s m a = 100 U) was t h e k i n d 
g i f t o f Dr. M. W i c k e r h a u s e r ( A m e r i c a n Red C r o s s , B e t h e s d a , MD). A 
p u r i f i e d human a n t i t h r o m b i n I I I o f s i m i l i a r a c t i v i t y t o t h a t o f 
W i c k e r h a u s e r (0.29 mg/mL) was a l s o p r e p a r e d from c i t r a t e d human 
pl a s m a (Red C r o s s B l o o d Bank, T o r o n t o ) u s i n g h e p a r i n - S e p h a r o s e (13)» 

P u r i f i e d t h r o m b i n and a n t i t h r o m b i n I I I were r a d i o l a b e l e d w i t h 
1 2 5 I u s i n g Enzymobeads ( B i o - R a d Lab., M i s s i s s a u g a , Ont.) a s d e s c r i b e d 
p r e v i o u s l y (JJO. Chromatography o f r a d i o l a b e l e d t h r o m b i n on 
SP-Sephadex u s i n g g r a d i e n t e l u t i o n (j_0) d e m o n s t r a t e d t h a t more t h a n 
95$ o f t h e r a d i o a c t i v i t y c o i n c i d e d w i t h p l a s m a c o a g u l a n t a c t i v i t y o f 
t h e t h r o m b i n . The r e m a i n i n g 5$ p a s s e d t h r o u g h t h e column and was 
c o n s i d e r e d t o be f r e e 1 2 5 I . The t h r o m b i n r e t a i n e d most o f i t s 
b i o l o g i c a l a c t i v i t y . A l t h o u g h a n t i t h r o m b i n I I I r e t a i n e d a b o u t 70$ o f 
i t s i n h i b i t o r y a c t i v i t y a f t e r l a b e l l i n g , c h r o m a t o g r a p h y o f 
r a d i o l a b e l e d a n t i t h r o m b i n I I I on h e p a r i n - S e p h a r o s e showed t h a t o n l y 
18-21$ o f t h e r a d i o a c t i v i t y bound t o the column. S i n c e most o f t h e 
l a b e l l e d a n t i t h r o m b i n I I I d i d n o t h a v e a f f i n i t y f o r 
h e p a r i n - S e p h a r o s e , o n l y a f e w e x p e r i m e n t s were made u s i n g 
r a d i o l a b e l e d a n t i t h r o m b i n I I I . 

Plasma F r a c t i o n s . F i b r i n o g e n - f r e e plasma was p r e p a r e d by t r e a t i n g 
human pl a s m a , c o l l e c t e d i n a c i d c i t r a t e d e x t r o s e (ACD), w i t h A r v i n 
( a l s o known as A n c r o d ; a g i f t f rom Dr. J . S . B u r t o n o f Berk 
P h a r m a c e u t i c a l s , G u i l f o r d , U.K.) a s d e s c r i b e d b e f o r e ( 1 5 ) . 
A n t i t h r o m b i n I l l - f r e e p l asma was p r e p a r e d by p a s s i n g A r v i n - t r e a t e d 
p l a s m a (100 mL) t h r o u g h a column o f h e p a r i n - S e p h a r o s e (12 cm χ 2.2 
cm) a t room t e m p e r a t u r e e q u i l i b r a t e d w i t h 0.02 M Tris-HCl, pH 7.6, 
c o n t a i n i n g 0.15 M N a C l . The p o o l e d e f f l u e n t , w h i c h p o s s e s s e d 
a p p r o x i m a t e l y 3$ o f the s t a r t i n g q u a n t i t y o f a n t i t h r o m b i n I I I as 
shown by f l u o r o g e n i c a s s a y (J_6), was t h e n p a s s e d a se c o n d t i m e 
t h r o u g h a s i m i l a r column o f h e p a r i n - S e p h a r o s e . A f t e r two p a s s a g e s 
t h r o u g h h e p a r i n - S e p h a r o s e , t h e p r e s e n c e o f a n t i t h r o m b i n I I I was n o t 
d e t e c t a b l e by e i t h e r c h r o m o g e n i c a s s a y or by i m m u n o d i f f u s i o n u s i n g 
a n t i s e r u m t o human a n t i t h r o m b i n I I I r a i s e d i n g o a t s ( A t l a n t i c 
A n t i b o d i e s , Westbrook, ME). 

Human plasma f r e e f r o m α-2-macroglobulin was p r e p a r e d by 
t r e a t i n g p l a s m a w i t h ( N H H ) 2 S0„ t o 50$ s a t u r a t i o n . A f t e r 30 min a t 
room t e m p e r a t u r e , t h e plasma was c e n t r i f u g e d and t h e p r e c i p i t a t e 
d i s c a r d e d . The r e s u l t i n g s u p e r n a t a n t , w h i c h was d i a l y s e d a g a i n s t 
0.15 M N a C l at 4°C, c o n t a i n e d good a n t i t h r o m b i n I I I a c t i v i t y b u t was 
f r e e from α-2-macroglobulin as shown by i m m u n o d i f f u s i o n u s i n g a 
s p e c i f i c a n t i s e r u m r a i s e d i n g o a t s ( M e l o y , S p r i n g f i e l d , VA). 

Human α-2-macroglobulin was p r e p a r e d from f r e s h l y drawn b l o o d 
e s s e n t i a l l y a s d e s c r i b e d by H a r p e l (V7) e x c e p t t h a t , r a t h e r t h a n a 
KBr g r a d i e n t , a s u c r o s e d e n s i t y g r a d i e n t (minimum 0.2 M; maximum 1.0 
M s u c r o s e ) was employed. A f t e r u l t r a c e n t r i f u g a t i o n (Beekman L8-55; 
SW 28.1 r o t o r a t 28,000 rpm f o r 16 h r ) , t h e α-2-maeroglobulin 
a c t i v i t y was p r e s e n t l a r g e l y i n t h e hypophase. I m m u n o d i f f u s i o n 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 569 

confirmed the presence of α-2-macroglobulin but antithrombin III was 
not detected. 

Solutions of bovine serum albumin (Cohn fraction V, Miles Lab., 
Elkhart, IN) were made with PBS. 

Enzymatic Activity of Thrombin Bound to Heparin-PVA Beads. Unless 
stated otherwise, heparin-PVA or PVA columns (1.4 cm diameter χ 2.5 
cm) were prepared with 3 g of unused "beads", equilibrated at room 
temperature with PBS and loaded with thrombin. The enzymatic 
activity of thrombin bound to the "beads" was quantified by loading 1 
mL of chromogenic substrate (0.5 mg/mL, S2238 Ortho Diagnostics, 
Raritan, NJ or Chromozym TH, Boehringer Mannheim, Dorval, Que.) and 
determining the c o n c e n t r a t i o n of the r e a c t i o n product 
(p-nitroaniline) by measuring the absorbance at 381 nm in the 
effluent not more than 10 minutes after elution from the column. The 
ratio of colour produced by enzymatic action to the total possible 
from the load of chromogen was termed "colour yield". Neither 
chromogen nor p-nitroaniline was observed binding to the columns. 

Thrombin Binding Affinity. The affinity of thrombin for PVA or 
heparin-PVA was analyzed by loading crude bovine thrombin 
(Parke-Davis, 62 U, 18 nmoles) onto a PVA or heparin-PVA "bead" 
column, washing with 100 mL PBS and/or 15 mL 20% (w/v) bovine 
albumin, and measuring the residual thrombin activity (8^). The 
thrombin activity after washing with 3 mg of crude antithrombin III 
(15 mL defibrinated plasma, 48 nmoles) instead of albumin was also 
measured. As well, the effect of precoating the gel columns with 20 
mL of 10$ (w/v) bovine albumin on the binding of purified human 
thrombin (1072 U, 9.4 nmoles) was determined. 

Preliminary thrombin adsorption isotherms were prepared by 
incubating 100 mg of heparin-PVA (control PVA) beads in centrifuge 
tubes (15 mL) with 0.6 mL of thrombin solution (3-1200 U/mL). 
Unlabelled purified human thrombin was spiked with 1 2 5 I - l a b e l l e d 
purified bovine thrombin. After adsorption for 15 minutes, the beads 
were washed twice with 5 mL of PBS and the supernatants counted. The 
amount of thrombin/gram of gel was determined. 

Loading Sequence. Two similar columns of heparin-PVA beads were 
prepared (8_). The f i r s t column was loaded with thrombin followed by 
antithrombin III; the sequence was reversed for the second column. 
The thrombin load was either crude bovine (62 U, 18 nmoles), pure 
bovine (23 U, 0.35 nmoles), or pure human (1072 U, 9.4 nmoles). The 
antithrombin III load was either crude human (3 mg; 48 nmoles, 15 mL 
of defibrinated plasma) or purified human (1.5 mg, 24 nmoles, 0.29 
mg/mL). After loading each protein, 100 mL of PBS was passed through 
the column and the residual thrombin activity measured by the 
chromogenic substrate method. 

Displacement of Surface Bound Heparin-Thrombin-Antithrombin III 
Complex. To determine whether the surface bound heparin became 
saturated with inactive thrombin-antithrombin III complex, the 
abil i t y to displace bound inactive complex and thereby regenerate 
heparin was assessed. 
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570 PROTEINS AT INTERFACES 

A series of experiments were made with heparin-PVA bead columns. 
Thrombin (100 U crude bovine, 450 U purified human or 100 U purified 
bovine) was loaded onto the columns and the excess removed with PBS. 
Antithrombin III ( 2000-2500 U purified human) was then loaded, and 
the columns eluted with PBS, 5$ (w/v) bovine serum albumin, or plasma 
fractions. In some cases heat defibrinated or arvinized plasma was 
used instead of purified human antithrombin III as a crude source of 
antithrombin III, as well as a displacing agent. The inactivation of 
thrombin by antithrombin III was shown in a separate experiment using 
the chromogenic substrate assay. 

Further investigation of displacement was done by incubating 
0.25 g of heparin-PVA "beads" in centrifuge tubes (15 mL, Corning 
Glass Works, Corning, N.Y.) with 8 U purified human thrombin spiked 
with purified bovine 1 2 5I-thrombin. The displacing agents were 
added, vortexed, centrifuged, and decanted. Each set of beads was 
washed twice with 9 mL PBS followed by 5 mL heat defibrinated plasma. 
The beads were then washed with 10 mL of either PBS, 3 M NaCl in PBS, 
1% PEG 7500 in PBS, or 6 M guanidine-HCl. 

The radioactivity of the column eluents (collected in 1-5 mL 
fractions) and the supernatants from the centrifuge tubes were 
measured either by liquid s c i n t i l l a t i o n (Beckman LS8000) or with a 
Ύ-counter (Beckman Gamma 3000). 

Characterization of Displaced Protein. Two approaches were used 
simultaneously to characterize the 1 2 5I-thrombin displaced from 
heparin-PVA columns: f i l t r a t i o n on Sephadex G-200 and heparin-
Sepharose affinity chromatography using the elution conditions 
described by Collen et al. (Jj5) for the separation of antithrombin 
III from enzyme-antithrombin III complex. Radiolabelled antithrombin 
III displaced from the heparin-PVA column was characterized in a 
similar way by affinity chromatography on heparin-Sephrose. Detailed 
methods are presented elsewhere (14,7). 

Results 

Thrombin Binding Affinity. Bovine and human thrombins bound not only 
to heparin-PVA but also to PVA without heparin (_8). Colour yields of 
89$ and 81$ were obtained for the heparin-PVA and PVA gel 
respectively. Passing albumin through the same columns followed by 
chromogen lowered the colour yield for PVA to 54$ while not 
significantly reducing the colour yield for heparin-PVA. Passing 
crude antithrombin III through a column of PVA previously loaded with 
crude bovine thrombin gave a colour yield of 50$, which was similar 
to that obtained when using albumin in place of crude antithrombin 
III. In contrast, crude bovine thrombin bound to heparin-PVA, while 
not being significantly inactivated (or desorbed) by bovine albumin, 
was significantly inactivated by crude antithrombin III as shown by 
the 24$ colour yield. Precoating the gel columns with bovine albumin 
significantly reduced human thrombin binding to PVA, relative to 
heparin-PVA. Loading precoated columns with 1072 U purified human 
thrombin gave a colour yield of 78$ with heparin-PVA and 38$ with PVA 
alone. 

Preliminary thrombin adsorption isotherms (purified human 
thrombin spiked with purified bovine 1 2 5I-thrombin) have shown that 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 571 

thrombin is adsorbed proportionally to the mass of PVA or heparin-PVA 
in the range 3~1200 U/mL bulk concentration (Figure 1). Heparin-PVA 
beads adsorbed significantly more thrombin. 

Thrombin Inactivation of Antithrombin III on Heparin-PVA Bead 
Columns. Bovine and human thrombins loaded onto heparin-PVA columns, 
followed by chromogenic substrate, resulted in colour yields of 
77-89$, which indicated a large amount of active thrombin was bound 
to the heparinized gel (8). After passing antithrombin III through 
each column, colour yields of 18-48$ were obtained, indicating 
significant inactivation of thrombin by antithrombin III. However, 
using a second set of heparin - PVA columns with antithrombin III 
loaded f i r s t onto the heparinized gel followed by thrombin and 
chromogenic substrate gave colour yields of 78-91$, which was 
comparable to that of the loaded thrombin, indicating that 
essentially no thrombin had been inactivated. 

Loading i n h i b i t o r before enzyme did not result in any 
significant decrease in thrombin activity. Only by passing 
antithrombin III through a heparin-PVA column that had been 
previously loaded with thrombin, could a reduction in thrombin 
activity be observed. 

Displacement. The displacement of 1 2 5I-antithrombin III from a 
heparin-PVA column (2g, 14 mg heparin/g wet gel) previously exposed 
to thrombin (450 U purified human thrombin) by arvinized plasma is 
shown in Figure 2. Approximately 82$ of the radioactivity and 43$ of 
the antithrombin III activity associated with the 2000 U of pure 
human antithrombin III loaded into the heparin-PVA column that had 
been previously loaded with unlabelled thrombin did not bind, giving 
rise to the f i r s t peak in the chromatogram of Figure 2. On changing 
the PBS eluent to arvinized plasma there was a significant increase 
in radioactivity in the eluent, indicating the displacement from the 
column of radiolabelled antithrombin III previously bound to the 
thrombin or heparin in the heparin-PVA column. Approximately 8$ of 
the antithrombin III l e f t on the column after the PBS elution was 
displaced by arvinized plasma in the f i r s t hour. Similar 
displacement occurred with heat defibrinated plasma and a 5$ (w/v) 
albumin solution. 

Radiolabelled purified bovine thrombin, adsorbed to heparin-PVA, 
was exposed to a variety of eluents. Compared with PBS, a l l eluents 
were effective in displacing some of the bound thrombin (or 
thrombin-antithrombin III complex) although arvinized plasma was the 
most successful in this respect. 

After washing with PBS approximately 48 ± 9 U (± SD) of thrombin 
( i n i t i a l load = 100 U) was bound to the heparin-PVA column. 
Arvinized plasma (20 to 130 mL) was able to displace from 5.4 ± 1.3$ 
(SD; η = 5) to 22$ of the adsorbed thrombin in a progressive fashion 
(Figure 3). Bovine serum albumin, antithrombin III free plasma, 
antithrombin III deficient plasma, and α-2-macroglobulin-free plasma 
were only partially effective as displacing agents (2-5.6$ removed 
with 20-50 mL of displacing agent). In contrast, purified 
antithrombin III and α-2-macroglobulin were ineffective, each 
inhibitor displacing less than 0.1$ of the bound enzyme. However, as 
shown in a separate experiment, substantial i n h i b i t i o n by 
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572 PROTEINS AT INTERFACES 
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Figure 1. Adsorption isotherms of 1 2 5I-thrombin to heparin-PVA 
(•) and PVA (φ) "beads" (100 mg, 15 minutes, purified human 
thrombin spiked with purified bovine 1 2 5I-thrombin). 
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Figure 2. Displacement of 1 2 5I-antithrombin III from heparin-PVA 
by arvinized plasma. Pure bovine thrombin (450 U) was loaded 
onto a heparin-PVA "bead" column (2 g, 14 mg heparin/g wet gel) 
followed by 2000 U of purified human 1 2 sI-antithrombin III. 
After eluting with 120 mL PBS at 100 mL/hr, eluent was changed to 
arvinized plasma at 30 mL/hr. The f i r s t peak contained 43$ of 
the biological activity and the second peak 8$. (Reproduced with 
permission from Ref. 7. Copyright 1982, American Society for 
A r t i f i c i a l Internal Organs.) 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 573 

Eluent volume (mL) 

Figure 3. Displacement of purified bovine 1 2 5I-thrombin from 
heparin-PVA "beads" by arvinized plasma. Each column was loaded 
with 100 U of thrombin, eluted with 100 mL of PBS and then 
further eluted with arvinized plasma or 5% (w/v) bovine albumin 
at a flowrate of 60 mL/hr. (Reproduced with permission from Ref. 
28. Copyright 1984, Gordon and Breach, Science Publishers Inc.) 
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574 PROTEINS AT INTERFACES 

antithrombin III was observed. The passage of 40 nmol (2500 U, 1000 
U/mg) purified human antithrombin III through a column, to which 1 
nmol of purified human thrombin had been loaded, inactivated about 
70$ of the bound enzyme. 

Further elution, after heat defibrinated plasma, with 1$ PEG, 
3 M NaCl or 6 M guanidine-HCl only removed another 7 - 16$ of the 
bound radioactivity (Table 1). In a l l cases there was s t i l l a 
significant amount of l 2 5 i - thrombin remaining on the heparin-PVA 
"beads". 

Table I. Displacement of Purified Human Thrombin Spiked with 
Purified Bovine 1 2 5I-thrombin from Heparin-PVA "Beads" 
in Centrifuge Tubes 

Displacing Agent (10 mL) % thrombin eluted 

PBS 3.8 
3 M NaCl in PBS 7.2 
1$ PEG in PBS 9.3 
6 M guanidine-HCl 15.8 

* % 1 2 5I-thrombin removed after heat defibrinated plasma had removed 
16.6 ± 7% (SD; η = 6) of 1 2 5I-thrombin not removed by PBS. 

Characterization of Displaced Protein. With labelled antithrombin 
III, chromatography of the displaced radioactivity on heparin-
Sepharose revealed that the bulk of the displaced radioactive 
material did not bind to heparin-Sepharose (Table II). With 
arvinized plasma as the displacing eluent, 65$ of the 1 2 5 i -
antithrombin III eluted in the void volume, compared with 49$ of the 
control 1 2 5I-antithrombin III (diluted in citrated plasma) that had 
not previously been used to inactivate thrombin; the latter unbound 
fraction was likely labelled impurities or inhibitor modified by 
radiolabelling to lose its heparin af f i n i t y . With 5$ (w/v) albumin 
used as a displacing eluent, 78$ of the 1 2 5I-antithrombin III came 
out in the void volume. This increase in material that did not bind 
to heparin after displacement from heparin-PVA was attributed to 
post-complex antithrombin III, a modification of the original 
inhibitor resulting from the inactivation of thrombin. Neither 
thrombin-antithrombin III complex nor free antithrombin III were 
detected in the 5$ (w/v) albumin displaced fractions while there was 
a barely detectable amount of complex (6$) and free antithrombin III 
(4$) in the material displaced by arvinized plasma. With the control 
1 2 5I-antithrombin III, 25$ of the radioactivity was determined to be 
free antithrombin III and 2$ as complex. The remainder (22-27$) was 
not recovered from the column. 

Analyses of the effluent produced by passing arvinized plasma 
through a heparin-PVA "bead" column previously loaded with 100 U of 
purified bovine 1 2 5I-thrombin showed that 46.8 ± 8.9$ (SD, η = 5) of 
the recovered radioactivity (labelled thrombin) passed through 
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35. SEFTON ET AL. Thrombin-Antithrombin 111 Interactions 575 

Table II. Heparin-Sepharose Chromatography of 1 2 5I-antithrombin III 
Displaced from Heparin-PVA (7_) 

Fraction of Loaded Radioactivity 
Void Intact Free Recovery from 

Displacing Eluent Volume Complex Antithrombin III Column 

Arvinized plasma 0.65 0.06 0.04 0.75 
5$ (w/v) albumin 0.78 — — 0.78 
Antithrombin III 0.49 0.02 0.25 0.76 
(Control) 

heparin-Sepharose without affinity and 53.2 ± 8.5$ was gradient-
eluted as a low, f l a t peak, similar in profile to the standard 
thrombin-antithrombin III complex. Having corrected the unbound peak 
for thrombin-antithrombin III complex content, the results from 
heparin-Sepharose indicated that 36.2 ± 4.1$ (SD, η = 5) of 1 2 5 I -
thrombin in the heparin-PVA effluent was contained in 1 2 5I-thrombin-
α-2-macroglobuliη complex and 63.8 ± 5.7$ in 1 2 5I-thrombin-
antithrombin III complex. Free 1 2 5I-thrombin was not observed. 
Analysis on Sephadex G-200 showed 27.1 ± 5.1$ of the 1 2 5I-thrombin 
was 1 2 5I-thrombin-a-2-macroglobulin complex, and 72.9 ± 5.1$ was 
1 2 5I-tliromb in-anti thromb in III complex. 

Antithrombin I l l - f r e e plasma (i.e. twice chromatographed through 
heparin-Sepharose) displaced 1 2 5I-thrombin from heparin-PVA probably 
as thrombΐη-α-2-macroglobulin complex as indicated by the lack of 
aff i n i t y of 1 2 5I-thrombin radioactivity for heparin-Sepharose and the 
preponderance of radioactivity in the 19S region after Sephadex G-200 
chromatography. In contrast, antithrombin III deficient plasma 
(plasma once chromatographed through heparin-Sepharose and containing 
3$ of the normal plasma antithrombin III level) displaced both 
thrombin-antithrombin III and thrombin-a-2-macroglobulin complexes in 
a ratio which was not significantly different from those displaced by 
arvinized plasma. In this case the antithrombin III level, although 
low, was presumably s t i l l sufficient in quantity to interact with 
bound thrombin in a manner comparable to arvinized plasma. Alpha-2-
macroglobulin-free plasma displaced radioactivity from heparin-PVA 
which, on Sephadex G-200, largely behaved as thrombin-antithrombin 
III complex; heparin- Sepharose analysis of the heparin-PVA effluent 
revealed a substantial proportion (23$) of unbound radioactivity 
which presumably was high molecular weight thrombin-antithrombin III 
complex without affinity for heparin-Sepharose. (More details can be 
found in ref. 14.) 

Discussion 

Mechanism of Inactivation. The results obtained with heparin-PVA 
suggest that the interaction between thrombin and immobilized heparin 
is the primary step in enzyme inactivation by antithrombin III. 

Thrombin, loaded onto the heparin-PVA column, forms a complex 
mainly with immobilized heparin. Following the enzyme, antithrombin 
III could complex either with available heparin sites or with 
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576 PROTEINS AT INTERFACES 

h e p a r i n / t h r o m b i n . The d r a s t i c r e d u c t i o n i n c o l o u r y i e l d i n d i c a t e d 
t h a t a n t i t h r o m b i n I I I had i n a c t i v a t e d a s u b s t a n t i a l q u a n t i t y o f 
h e p a r i n / t h r o m b i n complex. Thus a n t i t h r o m b i n I I I w h i c h had been shown 
t o a d s o r b s p e c i f i c a l l y t o h e p a r i n ( n o t s i g n i f i c a n t l y a d s o r b e d t o PVA) 
had h i g h e r a f f i n i t y f o r t h r o m b i n s i t e s t h a n f o r h e p a r i n a l o n e . 

By u s i n g t h e r e v e r s e l o a d i n g sequence t h r o m b i n c o u l d i n t e r a c t 
w i t h h e p a r i n / a n t i t h r o m b i n I I I complex or w i t h h e p a r i n a l o n e . The 
c o l o u r y i e l d o b t a i n e d was s i m i l a r i n t h i s sequence t o t h a t o b t a i n e d 
by o n l y t h r o m b i n l o a d i n g , i n d i c a t i n g t h a t none o f t h e t h r o m b i n on 
h e p a r i n - P V A g e l had been n e u t r a l i z e d by t h e h e p a r i n / a n t i t h r o m b i n I I I 
complex. 

Thus th e mechanism of i n a c t i v a t i o n a p p e a r s t o i n v o l v e t h e 
b i n d i n g o f t h r o m b i n t o h e p a r i n - P V A b e f o r e i t i s i n a c t i v a t e d by 
a n t i t h r o m b i n I I I , w h i c h p r e s u m a b l y b i n d s t o a n e i g h b o u r i n g r e g i o n i n 
t h e h e p a r i n m o l e c u l e . T h i s i s c o n s i s t e n t w i t h t h e mechanism p r o p o s e d 
by G r i f f i t h e t a l . ( 1 9 , 2 0 ) and o t h e r s t h a t t h e i n t e r a c t i o n between 
h e p a r i n and t h r o m b i n b r i n g s a b o u t a c o n f o r m a t i o n a l change i n t h e 
enzyme t h a t f a c i l i t a t e s complex f o r m a t i o n w i t h a n t i t h r o m b i n I I I . On 
t h e o t h e r hand i t c o n f l i c t s w i t h t h e mechanism o f R o s e n b e r g and Damus 
( 2 J _ , 2 2 ) , who s u g g e s t e d t h a t t h e d i r e c t i n t e r a c t i o n between h e p a r i n 
and a n t i t h r o m b i n I I I may be l a r g e l y r e s p o n s i b l e f o r t h e k i n e t i c 
e f f e c t o f h e p a r i n . These d i f f e r e n c e s may be due t o t h e h e t e r o g e n e i t y 
o f h e p a r i n ( d i f f e r e n c e between c o m m e r c i a l h e p a r i n and a n t i t h r o m b i n 
I I I a f f i n i t y f r a c t i o n a t e d h e p a r i n ) o r a d i f f e r e n c e between immobi
l i z e d h e p a r i n and h e p a r i n i n s o l u t i o n . F o r example i m m o b i l i z a t i o n 
v i a g l u t a r a l d e h y d e t o PVA may a l t e r t h e a b i l i t y o f h e p a r i n t o 
i n t e r a c t e f f e c t i v e l y w i t h a n t i t h r o m b i n I I I . 

However, i t i s c l e a r t h a t t h r o m b i n a d s o r b e d by P V A - h e p a r i n i s 
b i o l o g i c a l l y a c t i v e and i s i n a c t i v a t e d by a n t i t h r o m b i n I I I p r e s u m a b l y 
t h r o u g h t h e f o r m a t i o n o f a s u r f a c e - b o u n d h e p a r i n - t h r o m b i n -
a n t i t h r o m b i n I I I complex. F u r t h e r m o r e , t h e b i o l o g i c a l a c t i v i t y o f 
t h e h e p a r i n i z e d g e l and t h e mechanism o f t h r o m b i n i n a c t i v a t i o n by 
a n t i t h r o m b i n I I I on h e p a r i n - P V A have been v e r i f i e d u s i n g c l o t t i n g 
a s s a y s (3). 

T h r o m b i n A f f i n i t y . T h r o m b i n has been shown t o a d s o r b t o b o t h PVA and 
h e p a r i n - P V A by u s i n g b o t h c h r o m o g e n i c s u b s t r a t e and r a d i o l a b e l l e d 
t h r o m b i n . As shown i n t h e r a d i o l a b e l l e d a d s o r p t i o n e x p e r i m e n t s , 
s i g n i f i c a n t l y more t h r o m b i n was a d s o r b e d t o h e p a r i n - P V A . R e s u l t s o f 
t h e c h r o m o g e n i c s u b s t r a t e e x p e r i m e n t s i n d i c a t e d t h a t a s i g n i f i c a n t 
p o r t i o n ( - 30%) o f t h e t h r o m b i n w h i c h was a d s o r b e d t o PVA was e a s i l y 
d e s o r b e d w i t h a l b u m i n or d e f i b r i n a t e d p l a s m a ( c r u d e a n t i t h r o m b i n I I I ) 
o r p r e v e n t e d from a d s o r p t i o n by p r e - c o a t i n g t h e PVA w i t h a l b u m i n . 
These s i t e s a ppear t o have a l o w e r a f f i n i t y f o r t h r o m b i n , b u t a 
s i g n i f i c a n t amount o f t h r o m b i n was s t i l l bound t o PVA w i t h p r e s u m a b l y 
h i g h e r a f f i n i t y t o o t h e r s i t e s i n t h e p o l y m e r . P r e s u m a b l y 
h e p a r i n - P V A has t h e s e PVA s i t e s ( l o w and h i g h a f f i n i t y ) a s w e l l as 
t h e t h r o m b i n b i n d i n g s i t e s on h e p a r i n . I t a p p e a r s t h a t s p e c i f i c 
b i n d i n g t o h e p a r i n p r e d o m i n a t e s s i n c e t h r o m b i n was n o t removed 
s i g n i f i c a n t l y by a l b u m i n a s i t was f o r PVA. F o r m a t i o n o f an i n a c t i v e 
complex was shown when p a s s i n g c r u d e a n t i t h r o m b i n I I I ( d e f i b r i n a t e d 
plasma) t h r o u g h a h e p a r i n - P V A column i n a c t i v a t e d more t h a n 70% o f t h e 
bound t h r o m b i n . 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 577 

Quantitative comparison of the amount of thrombin bound by 
chromogenic substrate and radiolabelled measurements d i f f e r 
significantly, with apparent biological activity being much less than 
the total labelled thrombin. Whether this reflects a limitation in 
using a chromogenic substrate to measure adsorbed protein activity or 
a real difference between biological activity and amount bound 
remains to be seen, but could be related to the multiplicity of 
binding sites apparent in heparin-PVA. This aspect of thrombin 
interactions with heparin-PVA is currently being followed up in 
detail with measurements of the thrombin adsorption isotherms and 
affi n i t y to these materials. 

Displacement. Although antithrombin III was able to inactivate the 
bound thrombin, i t was not able to displace the complex. The most 
efficient displacement agent was arivinzed or heat defibrinated 
plasma. However, these displacing agents were only able to remove 
17 - 22$ of the 1 2 5I-thrombin bound to heparin-PVA. The remaining 
radioactivity was presumably in part adsorbed thrombin which was not 
inactivated and thrombin-antithrombin III complex which was not 
removed from the heparin sites or at least from the gel. It appears 
that thrombin-antithrombin III complex was more easily removed than 
thrombin from heparin-PVA because of the lower recovery with 
antithrombin III deficient plasma and the fact that no free 
1 2 5I-thrombin was found in the displaced radioactivity; presumably 
the free 1 2 5I-thrombin must have remained bound. Even stronger 
displacing agents, such as, 3 M NaCl and 6 M guandine-HCl were of 
limited use in displacing more 1 2 5I-thrombin (only another 7 - 1 6 $ 
removed). The limited slow removal of 1 2 5I-thrombin may be because 
of a diffusion limitation of a yet unknown displacing agent(s) in 
plasma into the "beads" or the thrombin- antithrombin III complex 
out; i t should be noted that the hydrogel beads are permeable to 
thrombin and antithrombin III (23) and the heparin is immobilized 
throughout the beads. 

Analysis of the radioactivity displaced by arvinized plasma 
indicated the presence of thrombin-antithrombin III complex (~ 70$) 
and what was presumed to be thrombin-a-2-macroglobulin complex 
( - 30$). The bound thrombin is thought to react f i r s t with anti
thrombin III to produce a bound inactivated thrombin-antithrombin III 
complex, which is dislodged from heparin by a yet unknown plasma 
component(s), decomplexed by an unknown mechanism to react with 
α-2-macroglobulin. This mechanism is illustrated in Figure 4. After 
displacement, the increase in 1 2 5I-antithrombin III which had lost 
it s affinity for heparin-Sepharose was attributed to the production 
of a post complex antithrombin III on décomplexât ion of the inactive 
complex. This modified antithrombin III has been described by Lam et 
a l . (24), Fish et a l . (25) and Marciniak (26). Neither free 
1 2 5I-thrombin nor 1 2 5I-antithrombin III were detected in the 
displaced eluent. 

Although displacement of 1 2 5I-thrombin was limited, some heparin 
sites were regenerated. Further experiments, not yet published (27), 
have demonstrated that the immobilized heparin appeared to retain its 
ab i l i t y to accelerate the inactivation of thrombin at least over 10 
cycles of exposure to thrombin and antithrombin III. This suggested 
that the regenerated heparin sites can retain their catalytic 
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578 PROTEINS AT INTERFACES 

F i g u r e 4. S c h e m a t i c i l l u s t r a t i o n o f f a t e o f s u r f a c e bound 
complex. T h r o m b i n - a n t i t h r o m b i n I I I complex i s d i s p l a c e d and 
d i s s o c i a t e d by an unknown component(s) i n plasma t o p r o d u c e 
r e s i d u a l complex, p o s t complex ( i n a c t i v e ) a n t i t h r o m b i n I I I and a 
thrombiη-α-2-macroglobulin complex. ( R e p r o d u c e d w i t h p e r m i s s i o n 
f r o m R e f . 28. C o p y r i g h t 1984, Gordon and B r e a c h , S c i e n c e 
P u b l i s h e r s I n c . ) 
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35. SEFTON ET AL. Thrombin-Antithrombin III Interactions 579 

activity and can be repeatedly regenerated. This may be sufficient 
to give heparin-PVA the capacity for long term nonthrombogenicity. 
Conclusions 

The results reported here, in conjunction with earlier results (1-6) 
indicate that immobilized heparin need not necessarily be lost from a 
surface in order to accelerate the inactivation of thrombin and 
reduce the thrombogenicity of a surface. For heparin-PVA, and 
perhaps for other covalent reactions that do not inactivate the 
heparin, the irreversibly bound heparin can accelerate the formation 
of a surface-bound inactive thrombin-antithrombin III complex. 
Furthermore, our results suggest that the inactive complex is not 
itself permanently bound to the surface, but rather can be displaced 
by a component or components in plasma. 

While materials that lose heparin at a controlled rate can be 
clinically acceptable in short-term applications, the long-term use 
of heparinized materials requires stable immobilization techniques 
that do not compromise the biological function of the heparin. These 
investigations indicate that these requirements may not be mutually 
exclusive, and that bound heparin can potentially retain its 
biological activity over the long term. Heparinization can be an 
important means of preparing the materials needed for the development 
of improved cardiocirculatory assist devices and blood handling 
procedures. 
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Chapter 36 

Applications of Adsorbed Proteins 
at Solid and Liquid Substrates 

Ivar Giaever and Charles R. Keese 

Corporate Research and Development, General Electric Company, 
Schenectady, NY 12301 

The understanding of protein adsorption onto nonbiological 
substrates is an important problem in biotechnology that may 
lead to many practical advances. For example, solid-phase 
immunology tests such as enzyme-linked immunosorbant assays rely 
on a preadsorbed layer of either antigen or antibody on a 
plastic or glass surface. Protein-covered interfaces are also 
very important in tissue culture research, as the cells attach 
to a protein film adsorbed at the plastic surface of the tissue 
culture dish and not directly to the dish itself. In addition, 
because of the increasing use of artificial organs, 
understanding of the adsorption of protein from body fluids and 
the search for a nonthrombogenic surface has intensified. If 
successful, such surfaces will be of major importance in 
medicine. This paper presents a summary of work in our 
laboratory to understand the phenomenon of protein adsorption 
and to apply this understanding to biotechnological problems. 

Adsorption of Protein on Solid Surfaces 

It is generally agreed that proteins adsorb to most artificial 
surfaces in a monolayer; however, much confusion exists with 
regard to the desorption and replacement of protein. One reason 
for this is the variety of different buffers used in studying 
this phenomenon. In this laboratory we have confirmed earlier 
findings (1) that phosphate and borate-based buffers under 
certain conditions interfere with the adsorption process, and 
can also cause proteins to desorb. Thus to avoid this 
complication, these buffers have been generally avoided in our 
work, and Tris is used in most experiments requiring a buffer. 

If protein is adsorbed from a saline solution onto a solid 
surface, we believe that the protein binds in a random 
orientation at the site of the molecule's first encounter with 
the surface. We simulated this process on a computer, 
approximating the proteins with a disk, and found that the final 

0097-6156/87/0343-0582$06.25/0 
© 1987 American Chemical Society 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 583 

f r a c t i o n a l c o v e r a g e was o n l y 0.547 compared t o 0.907 f o r a c l o s e 
p a c k e d s u r f a c e . I n F i g u r e 1, o u r computer c a l c u l a t i o n i s 
c o n t r a s t e d w i t h a n e x p e r i m e n t a l o b s e r v a t i o n o f t h e a d s o r p t i o n o f 
f e r r i t i n o n t o a c a r b o n s u r f a c e . The agreement b e t w e e n 
f r a c t i o n a l c o v e r a g e measurement f o r t h e model and t h e 
e x p e r i m e n t a l s i t u a t i o n i s e x c e l l e n t ( 2 ) . 

D e t e c t i o n o f A d s o r b e d P r o t e i n L a y e r s 

Many i n g e n i o u s methods have b e e n i n t r o d u c e d t o s t u d y p r o t e i n 
a d s o r p t i o n . I f t h e k i n e t i c s o f t h e a d s o r p t i o n p r o c e s s a r e 
i m p o r t a n t , t h e e l l i p s o m e t r i c method i n t r o d u c e d b y R o t h e n (3) 
i s p r o b a b l y t h e b e s t . I n t h i s method p r o t e i n a d s o r p t i o n c a n be 
s t u d i e d i n s i t u f r o m a s o l u t i o n . The method h a s b e e n u s e d 
t o s t u d y t h e k i n e t i c s o f b o t h t h e a d s o r p t i o n o f p r o t e i n i n 
s i n g l e l a y e r s and i n d o u b l e l a y e r s t h a t c a n o c c u r i n t h e 
i m m u n e - r e a c t i o n . When p r o t e i n s u c h as b o v i n e serum a l b u m i n 
(BSA) was a d s o r b e d f r o m a d i l u t e s o l u t i o n o n t o a s u r f a c e , a f t e r 
a d e l a y o f a few s e c o n d s , s t e a d y - s t a t e d i f f u s i o n c o n t r o l l e d t h e 
a d s o r p t i o n p r o c e s s and, c o n s e q u e n t l y , t h e amount bound t o t h e 
s u r f a c e i n c r e a s e d l i n e a r l y w i t h t i m e . However, as t h e s u r f a c e 
became c o v e r e d , a d s o r p t i o n s l o w e d down, b e c a u s e i t was now 
l i m i t e d by t h e number o f a v a i l a b l e s i t e s on t h e s u r f a c e . The 
f i n a l l a y e r o f BSA was r o u g h l y 2 nanometer t h i c k . 

F i g u r e 2 i s a good i l l u s t r a t i o n o f t h e power o f t h e 
e l l i p s o m e t r i c t e c h n i q u e . C u r v e ( a ) on t h e f i g u r e shows t h e 
s p e c i f i c a t t a c h m e n t o f a n t i b o d y t o a p r e a d s o r b e d BSA l a y e r . 
Curve (b) i s a r e p e a t o f t h e e x p e r i m e n t , e x c e p t r o u g h l y 90 s e c . 
a f t e r t h e s t a r t o f t h e r u n , a d d i t i o n a l BSA was added t o t h e 
s o l u t i o n t h u s e f f e c t i v e l y n e u t r a l i z i n g t h e s p e c i f i c a n t i b o d i e s . 

F o r s t a t i c measurement o f p r o t e i n f i l m s we have d e v e l o p e d a 
method t h a t r e l i e s on l i g h t s c a t t e r i n g ; t h e t e c h n i q u e i s 
r e f e r r e d t o as t h e I n d i u m S l i d e Method (4.5.6^. When i n d i u m i s 
e v a p o r a t e d o n t o a t r a n s p a r e n t s u r f a c e s u c h as g l a s s o r p l a s t i c 
i n a vacuum, t h e i n d i u m atoms w i l l c ondense upon t h e s u r f a c e i n 
s m a l l p a r t i c l e s . The p h y s i c a l s i z e o f t h e i n d i u m p a r t i c l e s 
depends m a i n l y on t h e amount o f i n d i u m e v a p o r a t e d , b u t a l s o on 
the t e m p e r a t u r e o f t h e s u b s t r a t e . The optimum s i z e o f t h e 
p a r t i c l e s f o r t h i s method i s r o u g h l y e q u a l t o t h e w a v e l e n g t h o f 
l i g h t , i . e . a few h u n d r e d n a n o m e t e r s i n d i a m e t e r . The t e s t 
r e l i e s on t h e f a c t t h a t v i s i b l e l i g h t s c a t t e r e d by p a r t i c l e s i n 
t h i s s i z e r a n g e i s m a r k e d l y i n c r e a s e d i f t h e p a r t i c l e s a r e 
c o v e r e d w i t h t h i n d i e l e c t r i c l a y e r s . A d s o r b e d p r o t e i n a c t s as 
t h i s d i e l e c t r i c l a y e r and, i n g e n e r a l , t h e more p r o t e i n a d s o r b e d 
th e more t h e s c a t t e r i n g i n c r e a s e s . Thus i t i s p o s s i b l e t o 
q u a n t i f y t h e amount o f p r o t e i n a d s o r b e d by m e a s u r i n g t h e amount 
o f l i g h t t r a n s m i t t e d t h r o u g h t h e s l i d e w i t h t h e h e l p o f a s i m p l e 
d e n s i t o m e t e r , o r one c a n s i m p l y e s t i m a t e t h e amount o f p r o t e i n 
by v i s u a l i n s p e c t i o n . 

A p p l i c a t i o n o f A d s o r b e d P r o t e i n L a y e r s i n Immunology 

We have u s e d t h e s l i d e s e x t e n s i v e l y f o r m e a s u r i n g v a r i o u s f o rms 
o f t h e immune r e a c t i o n , f r o m s c r e e n i n g f o r m o n o c l o n a l a n t i b o d i e s 
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584 PROTEINS AT INTERFACES 

Figure la. Monte Carlo simulation of protein adsorption. At the jamming limit for 
disks, the final coverage is 0.547 of the available area.  P
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36. G I A E V E R A N D K E E S E Adsorbed Proteins at Solid and Liquid Substrates 585 

Figure lb. Ferritin (horse spleen) adsorbed on carbon and stained with uranyl acetate. 
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586 PROTEINS AT INTERFACES 

TIME (sec) 

Figure 2 (a) E l l i p s o m e t r i c d e t e c t i o n of the adsorption 
of r a b b i t antiserum to BSA onto a monolayer of BSA at a 
gold surface. (b) Same conditions as i n curve (a), but 
at the i n d i c a t e d time, excess BSA was added to the antiserum 
d i l u t i o n . 
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36. G I A E V E R A N D K E E S E Adsorbed Proteins at Solid and Liquid Substrates 587 

(R. Rej , I. Giaever and C.R. Keese, A Screening Technique for 
Monoclonal Antibody Production: Application of an Indium Slide 
Immunoassay, submitted for publication) to detecting hepatitis 
or schistosomiasis infections (4). In a typical test, antigen 
is f i r s t adsorbed onto the slide as a small spot from a solution 
of a relatively pure protein. The protein adsorbs in a 
monolayer, and i f the slide is rinsed and dried, this layer can 
easily be detected by a change in the amount of transmitted 
light. Next, i f desired, the slide is "masked" by adsorbing an 
inert protein over the remaining surface of the slide that has 
the same light scattering effect as the antigen. The slide is 
now exposed to a solution that may or may not contain antibodies 
to the adsorbed antigen. If antibody is absent, no additional 
protein w i l l attach to any portion of the slide, and the light 
scattering w i l l not change. On the other hand, i f specific 
antibody is present, some of the antibody w i l l bind to the 
preadsorbed antigen causing a distinct change in the transmitted 
light in that region. There are several variations of this 
procedure. For example, i t is possible to enhance the effect by 
using a second antibody. If i t is desired to detect antigen, i t 
is necessary to do an inhibition test (5), as only a small 
fraction of the antibodies remain active i f they are adsorbed on 
a surface. 

Figure 3 shows a photograph of the indium slide applied to 
detection of rheumatoid factor (6). Figure 3a is a 
photograph of a naked indium slide. Figure 3b is a photograph 
of the slide following the adsorption of antigen spots, on the 
l e f t is human IgG and on the right, rabbit IgG. Figure 3c shows 
the slide after i t has been dipped into a solution of aldolase. 
The aldolase, which alters the light scattering with 
approximately the same intensity as the IgG molecules, adsorbs 
around the antigen "masking" them from view. Figure 3d is the 
appearance of a slide after i t has been incubated in a serum 
that does not contain rheumatoid factor. Figure 3e, on the 
other hand, shows the slide after i t has been incubated with a 
serum containing rheumatoid factors against both the human and 
rabbit antigen. The "antigen spots" are now v i s i b l e because the 
monomolecular layer of adsorbed IgG is now covered with a layer 
of rheumatoid factor. Finally Figure 3f shows the result of 
incubation with a serum whose rheumatoid factor only reacted 
with the human IgG, a much more common occurrence. 

Adsorbed Protein Layers and Cells in Tissue Culture 

Since the 1950's i t has been possible to grow mammalian cells 
isolated from a variety of different tissues and organisms in 
the laboratory. In tissue culture, cells divide and carry on a 
variety of biological activities while feeding on a rich 
nutrient medium that supplies a l l of the necessary molecules for 
their survival. Unlike bacterial cultures, most commonly 
cultured normal mammalian cel l s , such as fibroblasts, w i l l not 
grow in suspension but require attachment to a r i g i d surface in 
order to undergo mitosis. Traditionally, this substrate has 
been glass or polystyrene that has been treated to render i t 
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588 PROTEINS AT INTERFACES 

Figure 3 Detection of rheumatoid f a c t o r i n human sera 
using the indium s l i d e immunoassay. (a) Indium s l i d e 
before s p o t t i n g . (b) Antigen spots ap p l i e d . (c) Spots 
masked. (d) S l i d e exposed to c o n t r o l serum. (e,f) S l i d e 
exposed to two d i f f e r e n t p o s i t i v e sera. 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 589 

hydrophilic. In most tissue culture work, the medium contains 
large amounts (e.g. 10%) of plasma or serum in addition to 
defined components such as salts, sugars, vitamins, etc. 
Consequently, cells in tissue culture are grown in the presence 
of protein molecules, and the surfaces with which they interact 
are covered with a monolayer of protein that spontaneously 
adsorbs on the solid interface. 

Our laboratory has been engaged in studies of the 
interactions of fibroblastic cells with these adsorbed protein 
layers. There are many facets to this study. When surfaces are 
i n i t i a l l y inoculated, the cells are introduced as a monodisperse 
suspension with roughly a spherical morphology. Upon settling 
to the substrate, a complex series of events occur where the 
cell s attach to the surface, spread into highly flattened, 
irregular shapes, and then crawl about (Figure 4a). Although 
the attachment and subsequent spreading and locomotion involve 
making and breaking contact and exerting forces upon the 
adsorbed proteins, as a general rule, we have found that the 
type of protein adsorbed at the surface has only subtle effects 
on c e l l behavior. 

One exception to this generalization was observed when 
cells were grown on substrates covered with IgG molecules. In 
this case the a b i l i t y of the cells to attach and spread upon the 
substrate was noticeably impaired. An even more pronounced 
effect was observed when the substrate was coated with a 
bimolecular protein layer consisting of IgG molecules 
specifically bound to an adsorbed antigen layer. In this 
situation, no c e l l attachment or spreading was detected for a 
wide variety of both normal and transformed c e l l lines (7). 

Figure 4b demonstrates this effect and emphasizes the fact 
that cel l s in culture interact with interfacial protein layers 
and not directly with the solid substrate. To produce the 
effect shown, different protein layers were placed on a glass 
coverslip in defined regions using a UV lithographic technique 
(8). The substrate was then inoculated using standard 
tissue culture protocol with WI-38 human embryoic lung 
fibroblasts. Following overnight incubation the coverslip was 
gently rinsed with tissue culture medium to remove unattached 
c e l l s . The remaining cells were fixed and stained to reveal 
their location. The background showing normal cell-substrate 
interaction is covered with a layer of BSA while the pattern 
(GE100) consists of a base layer of BSA covered with 
specifically attached IgG molecules and, consequently, is void 
of c e l l s . 

Monitoring Cell Attachment and Spreading El e c t r i c a l l y 

It is possible to detect small differences in cell-substrate 
interactions using weak electric fields and in this manner to 
quantitatively measure differences in the dynamics of c e l l 
attachment and spreading to defined protein monolayers. The 
details of the system have been previously described (9-10). 

In brief, cells were cultured on gold electrodes under 
standard tissue culture conditions. To minimize the effect of 
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590 PROTEINS AT INTERFACES 

SPREADING FIBROBLAST 

ADSORBED PROTEIN 
MONOLAYER 

~ 20 Â THICK 

ADHESION PLAQUE 

Figure 4a. The illustration depicts a spread Fibroblast on a layer of adsorbed protein; 
the arrows represent forces generated by the microfilaments of the cell as an 
action-reaction pair. These forces are involved in the process of spreading as well as 
locomotion of the cells on the substrate. 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 591 

Figure 4b. Haptotactic behavior of WI-38 cells on a specially prepared glass coverslip. 
The background, showing normal cell-substrate interaction, is covered with a layer of 
adsorbed BSA, while the pattern (GE100) is covered with IgG molecules specifically 
attached to a base layer of BSA. 
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592 PROTEINS AT INTERFACES 

s o l u t i o n r e s i s t a n c e , t h e s y s t e m was d e s i g n e d w i t h one 
s m a l l e l e c t r o d e (=* 10 " 4 cm 2) and one l a r g e e l e c t r o d e ; 
u n d e r t h e s e c o n d i t i o n s t h e measurement i s d o m i n a t e d by t h e 
e l e c t r o l y t i c i n t e r f a c e b e t w e e n t h e s m a l l e l e c t r o d e and t h e 
s o l u t i o n . An a p p l i e d a l t e r n a t i n g e l e c t r i c f i e l d ( n o r m a l l y 4000 
Hz) p r o d u c e d a v o l t a g e d r o p o f a few m i l l i v o l t a t t h e b o u n d a r y 
o f t h e s o l u t i o n and t h e e l e c t r o d e , and t h e c u r r e n t d e n s i t y was a 
few m i l l i a m p e r e s / c m 2 . Under t h e s e c o n d i t i o n s , t h e r e were no 
d e t e c t a b l e e f f e c t s o f t h e e l e c t r i c f i e l d s on c e l l s as j u d g e d by 
c e l l m o r p h o l o g y , l e n g t h o f g e n e r a t i o n t i m e , e t c . As f i b r o b l a s t s 
a t t a c h e d and s p r e a d on t h i s s u r f a c e , however, t h e impedance o f 
t h e e l e c t r o d e was o b s e r v e d t o i n c r e a s e , r e a c h i n g a maximum v a l u e 
a b o u t two h o u r s a f t e r i n o c u l a t i o n ( u s i n g a s u f f i c i e n t number o f 
c e l l s f o r a c o n f l u e n t l a y e r ) . A t t h i s p o i n t , t h e impedance 
d e c r e a s e d s l i g h t l y , and a f t e r a p p r o x i m a t e l y a n o t h e r h o u r t h e 
a v e r a g e v a l u e s t a b i l i z e d . A t t h i s t i m e , t h e impedance 
f l u c t u a t e d a b o u t t h e mean as t h e f i b r o b l a s t s c r a w l e d a b o u t , 
a l t e r i n g t h e i r c o n t a c t w i t h t h e e l e c t r o d e s u r f a c e . F i g u r e 5a 
i l l u s t r a t e s t h e s e e v e n t s w i t h WI-38 c e l l s i n w h i c h t h e d a t a i s 
p r e s e n t e d as t h e measured i n - and o u t - o f - p h a s e p o t e n t i a l a c r o s s 
t h e s m a l l e l e c t r o d e as a f u n c t i o n o f t i m e . 

We have a p p l i e d t h i s new means o f m o n i t o r i n g c e l l b e h a v i o r 
t o s t u d y t h e i n t e r a c t i o n o f c e l l s i n c u l t u r e medium w i t h d e f i n e d 
l a y e r s o f a d s o r b e d p r o t e i n . B e f o r e t h e a d d i t i o n o f t h e t i s s u e 
c u l t u r e medium c o n t a i n i n g serum, t h e s m a l l e l e c t r o d e was e x p o s e d 
f o r 15 min. t o a 100 Mg/ml s o l u t i o n o f a s e l e c t e d p r o t e i n . 
F o l l o w i n g a d s o r p t i o n , t h e e l e c t r o d e was t h o r o u g h l y r i n s e d f r e e 
o f u n a d s o r b e d p r o t e i n and i n o c u l a t e d w i t h a f i b r o b l a s t 
s u s p e n s i o n . F i g u r e 5b p r e s e n t s d a t a o b t a i n e d when e l e c t r o d e s 
c o a t e d w i t h a d s o r b e d l a y e r s o f p l a s m a f i b r o n e c t i n , g e l a t i n , BSA 
and f e t u i n were i n o c u l a t e d w i t h WI-38/VA 13 c e l l s , a t r a n s f o r m e d 
( c a n c e r o u s ) c e l l l i n e d e r i v e d f r o m WI-38. As c a n be s e e n , t h e r e 
was a p r o n o u n c e d d i f f e r e n c e i n t h e r e s p o n s e o f t h e c e l l s t o t h e 
d i f f e r e n t p r o t e i n l a y e r s . A l t h o u g h t h e r a t e o f change i n t h e 
r e s i s t i v e component o f t h e impedance was g r e a t l y r e d u c e d f o r BSA 
and f e t u i n , e v e n t u a l l y t h e f i n a l change i n impedance, and hence 
i n c e l l - s u b s t r a t e i n t e r a c t i o n , a p p e a r e d t o be e q u i v a l e n t ( d a t a 
n o t shown i n f i g u r e . ) When d i f f e r e n t c e l l l i n e s were compared, 
t h e o r d e r i n g o f t h e p r o t e i n l a y e r s w i t h r e g a r d t o t h e r a t e o f 
impedance i n c r e a s e v a r i e d , b u t i n a l l c a s e s e x a m i n e d , r a p i d 
i n i t i a l change i n impedance o c c u r r e d when t h e p r o t e i n c o a t was 
f i b r o n e c t i n ; t h i s p r o t e i n has l o n g b e e n t h e l e a d i n g c a n d i d a t e 
f o r t h e " g l u e " t h a t c o n n e c t s c e l l s t o a s u r f a c e . 

I n a d d i t i o n t o s t u d i e s i n v o l v i n g t h e d y n a m i c s o f c e l l 
a t t a c h m e n t and s p r e a d i n g on p r o t e i n - c o a t e d s u b s t r a t e s , t h e 
s y s t e m has a l s o b e e n employed t o s t u d y c e l l l o c o m o t i o n as 
r e v e a l e d by o s c i l l a t i o n s i n t h e impedance o b s e r v e d f o l l o w i n g 
c e l l a t t a c h m e n t and s p r e a d i n g . The b e l i e f t h a t t h e s e a r e 
r e l a t e d t o c e l l m o t i o n i s s u p p o r t e d by d r u g s t u d i e s where 
compounds known t o i n t e r f e r e w i t h c e l l m o t i o n g r e a t l y r e d u c e d 
t h e a m p l i t u d e o f t h e s e f l u c t u a t i o n s ( 9 ) . An e x t e n s i v e s e a r c h 
was u n d e r t a k e n t o d i s c o v e r i f d ominant f r e q u e n c i e s were p r e s e n t 
b y d i g i t a l l y p r o c e s s i n g t h e s i g n a l s . So f a r t h i s s e a r c h has 
b e e n n e g a t i v e , b u t t h e power d e n s i t y s p e c t r u m o f t h e 
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GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 

Figure 5 (a) Monitoring cell-substrate interactions in 
tissue culture using weak electric fields. (b) The effect 
of different adsorbed protein layers on WI-38/VA13 cells 
monitored using weak electric fields. 
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594 PROTEINS AT INTERFACES 

cell-induced fluctuations has been obtained from this study. In 
general, the magnitude of the spectrum varies inversely with the 
square of the frequency of the fluctuation (Brownian noise) and 
is much larger for cancer cells than normal c e l l s . Because 
there is a large amount of scatter in the data, we have not yet 
been able to relate the noise to the various proteins used as 
substrates. 

Oil-water Interfaces as Substrates for Cell Growth 

In 1964, Rosenberg introduced the use of a f l u i d substrate for 
the growth of both transformed and anchorage-dependent cells 
(11). In this method, a c e l l suspension was introduced over 
a hydrophobic liquid having a density greater than that of the 
aqueous medium, and then the cells, being of intermediate 
density, settled to the interface where they were observed. 
Using fluorocarbon fluids, Rosenberg found that such interfaces 
could serve as supports for attachment, spreading, and growth of 
a variety of c e l l lines. Again, as in the case of solid 
substrates, the interface was coated with a monolayer of 
adsorbed protein from the culture medium. 

Since this i n i t i a l observation, we have demonstrated that 
the adsorbed proteins on highly purified fluorocarbon fluids do 
not form adequate interfacial substrates unless the o i l contains 
small amounts of specific surface active compound (12). The 
compound we have found to be most effective in this capacity is 
pentafluorobenzoyl chloride (PFBC). To produce an interfacial 
substrate that is adequate for the growth of most fibroblastic 
mammalian ce l l s , this compound is added to the oil-phase to 
yield a f i n a l surface concentration of at least 0.25 μg per 
square centimeter (Figure 6a). The necessity for this (or 
similar compound) for c e l l growth has been thoroughly 
investigated in our laboratory because i t affects the mechanical 
strength of the adsorbed protein. In order to achieve a spread 
morphology and to move about on a surface, cells in culture 
exert forces at their points of attachment. These forces are 
generated by an intracellular system of muscle-like fibers 
referred to as microfilaments and composed mainly of the muscle 
protein actin. If the adsorbed protein layer at the oil-water 
interface is unable to support such forces, i t w i l l yield 
causing the cells to retract to a rounded state. Hence, i f one 
is to use fluorocarbon fluid-water interfaces as tissue culture 
supports, they must satisfy the minimal mechanical properties 
required to sustain the forces involved in c e l l spreading. 

We have investigated the alteration in mechanical 
properties of the protein layer caused by the PFBC using a 
modified surface viscometer. The protein film was placed under 
a shearing stress by the application of a small torque to a 
teflon paddle wheel inserted into the interfacial boundary, and 
the angular deformation of the film was measured. From this 
data i t was possible to obtain stress-strain curves and to 
determine the surface shear modulus and surface fracture point 
for the protein layer. In most studies protein was adsorbed to 
the interface of perfluorotributylamine from either a buffered 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 595 

BSA solution or culture medium containing 10% serum. Following 
a 24-hour period, to allow diffusion of PFBC to the interface, 
measurements were carried out. The results are shown in Figure 
6b where the conversion of an essentially f l u i d layer of 
adsorbed protein to an elastic film by the presence of 
increasing amounts of the acid chloride is shown. 

We believe there are two possible mechanisms to account for 
this alteration. Following adsorption of the interfacial 
protein layer, the PFBC molecules diffusing to the interface 
w i l l react with the acid chloride moiety either with the water 
or, more importantly, with functional groups on the surface of 
the adsorbed protein by a condensation reaction. In this manner 
what were formerly the most hydrophilic residue are chemically 
modified into groups that now are l i k e l y to be inserted into the 
oil-phase. This alteration could result in severe denaturation 
of the protein molecules, such that adjacent molecules would 
tangle to form an elastic film. It is also possible that the 
fluorine in the para position could undergo a nucleophilic 
replacement reaction. In this manner the PFBC could be acting 
as a bifunctional crosslinking compound, joining adjacent 
proteins by covalent bonds. 

We are now using interfacial protein layers to characterize 
some of the mechanical properties required of a c e l l substrate. 
To carry out these studies two different measurements are being 
made. First, the surface shear modulus and surface fracture 
point of 24-hour old adsorbed protein layers are measured as a 
function of the surface concentration of PFBC as described 
above. Next, identical interfaces are inoculated with 
fibroblasts and incubated for 16 hours. Following this period, 
the cells at the interface are fixed and stained, and the 
projection area of the cells is measured with a Zeiss IBAS image 
analysis system. From this data, the relative amount of c e l l 
spreading is calculated. By correlating the results of these 
two types of experiments, we expect to determine the minimal 
mechanical proparties required of a substrate for different c e l l 
lines. Conversely, these values should also allow us to infer 
the magnitude of the forces exerted by different c e l l lines upon 
the substrate. In vivo these forces are thought to be 
associated with normal c e l l migration in development and wound 
healing. They have also been implicated in the process of 
metastasis whereby a cancer c e l l is able to leave i t s primary 
location and establish secondary tumors throughout the body. 

Applications of Oil-water Interfacial Protein Layers 

By u t i l i z i n g fluorocarbon fluids containing pentafluorobenzoyl 
chloride, a liquid microcarrier system has been developed 
capable of use with a variety of c e l l types including normal 
human fibroblast. In this configuration, cells on the surface 
of a coarse o i l dispersion (- 150 μτα. diameter) exhibit 
exponential growth (Figure 7). In addition, a microcarrier 
based on silicone o i l has been formed and used to culture mouse 
fibroblasts (12-13). 

These novel interfacial substrates may allow manipulation 
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598 PROTEINS AT INTERFACES 

BSA F C - 4 3 24 hrs 

LOG SURFACE CONC. ( p g m / c m 2 ) 

Figure 6b. Mechanical properties of adsorbed BSA layers at a fluorocarbon oil-water 
interface as a function of the log of the surface concentration of PFBC (Ο» surface 
fracture point; ·, surface shear modulus). 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 599 

1000 
MRC-5 CELLS 

I C tF, e WITH PENTAFLU0R0BENZ0YL CHLORI0E (SOO^/ta!) I 

100 b-

10 

i. 

/ 

0 40 80 120 160 200 
t t 1 I t 

TIME (hr) 

Figure 7a. Growth curve for the human f i b r o b l a s t MRC-5 at the 
int e r f a c e of o i l droplets ( m i c r o c a r r i e r s ) . 
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36. GIAEVER AND KEESE Adsorbed Proteins at Solid and Liquid Substrates 601 

of cells in culture in ways previously not possible using 
solid-substrate culturing. The liquid microcarrier system 
permits mass culturing cells in arrangements commonly used with 
solid microcarriers but also allows one to mechanically harvest 
the cells by breaking the dispersion into its two component 
phases. Such an arrangement may prove to be of particular value 
in studies involving purification of large quantities of 
receptors and other surface molecules, where chemical methods of 
cell harvesting could damage the components of interest. 
Another interesting property of this arrangement is its capacity 
for delivery of water insoluble compounds to cells. By first 
dissolving such compounds in the oil-phase they could then 
continuously partition from the oil-phase into the cells 
membranes. 

Adsorbed protein on fluorocarbon oil-water interfaces have 
also been used in our laboratory to develop a variation of the 
latex agglutination assay to detect immunological molecules. 
Fluorocarbon oil was emulsified by sonication in the presence of 
an antigenic protein that also serves as the emulsifying agent. 
Average particles had a diameter of the order of 1 μπι and 
were highly stable without the addition of other emulsifiers or 
the additive, PFBC. When these droplets were combined with 
specific antiserum and allowed to slide by each other with a 
gentle rocking motion, agglutination could be observed and 
quantitated using a image analysis system. The system had a 
sensitivity of 1 /ig/ml of antibody for a 15-min. reaction 
time. Interestingly, the most sensitive results were obtained 
when an impure antigen was used to stabilize the emulsion (14) 
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Chapter 3 7 

Affinity Selection of Cells on Solid-Phase Matrices 
with Immobilized Proteins 

Kazunori Kataoka1, Yasuhisa Sakurai1, and Teiji Tsuruta2 

1Institute of Biomedical Engineering, Tokyo Women's Medical College, 8-1 Kawada-cho, 
Shinjuku-ku, Tokyo 162, Japan 

2Department of Industrial Chemistry, Science University of Tokyo, 1-3 Kagurazaka, 
Shinjuku-ku, Tokyo 162, Japan 

This paper reviews the present status of affinity 
separation of cells based on the biospecific 
interaction of cellular receptors with proteinaceous 
ligands immobilized on a solid-phase matrix. Special 
emphasis was placed on the development of new matrix 
materials for immuno-affinity chromatography of 
lymphocyte subpopulations. Our newly developed matrix 
of poly(2-hydroxyethyl methacrylate)/polyamine graft 
copolymer offered novel advantages in (1) elimination 
of non-specific adsorption of lymphocytes and (2) 
simple immobilization procedure of ligand protein 
through non-covalent adsorption. This matrix allowed 
a rapid separation of preparative quantities of pure 
and vital lymphocyte subpopulations (IgG-positive and 
-negative cells) in excellent yield. 

Proteins non-covalently adsorbed or c o v a l e n t l y l i n k e d on solid-phase 
matrices have many a p p l i c a t i o n s i n the wide area of science and 
technology (1,2) . Indeed, i n the f i e l d of separations science and 
technology, a f f i n i t y s e l e c t i o n based on the b i o s p e c i f i c i n t e r a c t i o n 
of biomolecules with proteinaceous ligands immobilized on a s o l i d -
phase matrix has been widely noted as the separation method with 
highest s e l e c t i v i t y , and i s commonly u t i l i z e d f o r separation and 
p u r i f i c a t i o n of biopolymers i n c l u d i n g p r o t e i n s and n u c l e i c a c i d s 
( 3 , 4 ) . 

Recently, a f f i n i t y s e l e c t i o n methods have a l s o been shown to 
allow e f f i c i e n t separation of v i r u s e s , b a c t e r i a , c e l l u l a r o r g a n e l l e s , 
and even whole c e l l s i n t h e i r v i t a l form ( 4 - 7 ) . These methods o f f e r 
a s p e c i a l advantage i n the separation of lymphocyte subpopulations 
based on the b i o s p e c i f i c i n t e r a c t i o n of immobilized ligands with 
marker pro t e i n s s p e c i f i c a l l y expressed on the plasma membrane 
surface of each subpopulation. As reviewed i n many a r t i c l e s ( 6 - 1 3 ) , 
the separation of lymphocyte subpopulations has become i n c r e a s i n g l y 
important i n the diagnosis as well as i n the therapy of immuno-
diseases, i n donor-recipient matching i n t r a n s p l a n t a t i o n , and i n the 

0097-6156/87/0343-0603$06.00/0 
© 1987 American Chemical Society 
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604 PROTEINS AT INTERFACES 

production of high-value b i o a c t i v e compounds i n c l u d i n g i n t e r f e r o n 
and monoclonal antib o d i e s . I t i s to be noted that the therapy of 
auto-immune diseases, i n c l u d i n g systemic lupus erythematosus (SLE) 
and rheumatoid a r t h r i t i s , would be f a c i l i t a t e d g r e a t l y i f i t were 
f e a s i b l e to deplete a p a r t i c u l a r subpopulation of lymphocytes by 
extracorporeal hemoperfusion through a column containing 
b i o s e l e c t i v e adsorbents. 

As w i l l be described below, the f i r s t a p p l i c a t i o n of a f f i n i t y 
chromatography i n c e l l separation, reported i n 1969 (14,15), was 
based on antigen-antibody r e a c t i o n s (immuno-affinity chromatography). 
C e l l u l a r immuno-affinity chromatography has since been f u r t h e r 
extended by a number of i n v e s t i g a t o r s , and i n i t s present form, 
o f f e r s a wider a p p l i c a b i l i t y because of an increased number and 
v a r i e t y of a v a i l a b l e antibodies. 

Other than antigen and antibody molecules, p r o t e i n A, a v i d i n , 
and various types of l e c t i n s have often been u t i l i z e d as s p e c i f i c 
l i g a n d p r o t e i n s . P r o t e i n A i s a p r o t e i n of molecular weight 42,000, 
and was o r g i n a l l y found on the c e l l - w a l l surface of Staphylococcus 
aureus. I t has a s p e c i f i c binding a b i l i t y toward the Fc p o r t i o n of 
immunoglobulin, u s u a l l y IgG (16). A v i d i n i s a p r o t e i n from egg 
white, and shows an extraordinary a f f i n i t y ( a s s o c i a t i o n constant : 
-10 1 5) with b i o t i n . C e l l s reacted with b i o t i n y l a t e d antibodies can 
be s e l e c t i v e l y adsorbed on columns containing immobilized a v i d i n (6). 
L e c t i n i s a general term f o r a group of sugar-binding p r o t e i n s and 
glycoproteins c h i e f l y but not e x c l u s i v e l y of p l a n t o r i g i n . The word 
" l e c t i n " i s derived from L a t i n "légère" whose meaning i s " s e l e c t 
out". As to i t s meaning, each kind of l e c t i n s e l e c t i v e l y binds 
s p e c i f i c carbohydrate residues of c e l l - s u r f a c e carbohydrates (11). 

In s p i t e of the widespread u t i l i z a t i o n of a f f i n i t y 
chromatography i n c e l l separation, there are s t i l l a considerable 
number of problems to be solved. The most serious problem i s that 
there i s always a s u b s t a n t i a l f r a c t i o n of c e l l s that are non-
s p e c i f i c a l l y adsorbed on the matrix surface. The research on c e l l 
a f f i n i t y chromatography done i n the l a s t decade seems to be more 
biased towards the improvement i n operating conditions than to the 
development of s p e c i a l l y designed matrices f o r c e l l separation as 
well as the c h a r a c t e r i z a t i o n of immobilized p r o t e i n s . Nevertheless, 
there i s no doubt that f u r t h e r advances i n a f f i n i t y chromatography 
as an e f f e c t i v e t o o l f o r c e l l separation v i r t u a l l y depend on the 
d e t a i l e d understanding of the features of matrix materials and 
immobilized p r o t e i n s , as wel l as t h e i r i n t e r a c i o n s at the i n t e r f a c e . 
In t h i s respect, c e l l a f f i n i t y s e l e c t i o n based on the s p e c i f i c 
i n t e r a c t i o n of c e l l s with immobilized p r o t e i n s on a solid-phase 
matrix i s now a major area of i n t e r e s t i n the f i e l d of bi o m a t e r i a l s 
science. 

T h i s paper b r i e f l y reviews the progress and present status of 
c e l l a f f i n i t y s e l e c t i o n with s p e c i a l emphasis on immuno-affinity 
chromatography, and then deals with our own studies on the 
development of new matrix materials s p e c i a l l y designed f o r c e l l 
a f f i n i t y chromatography. 

A p p l i c a t i o n of Immuno-affinity Chromatography i n C e l l Separation 

In 1969, W i g z e l l et a l (14) and Evans et a l (15) f i r s t a p p l i e d 
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37. KATAOKA ET AL. Affinity Selection of Cells 605 

immuno-affinity chromatography i n c e l l separation. This was only a 
year a f t e r the term " a f f i n i t y chromatography" had been coined by 
Cuatrecasas et a l (17). W i g z e l l et a l used glass or poly(methyl 
methaerylate)(Degalan) beads as a solid-phase matrix, and 
immobilized p r o t e i n molecules thereon by non-covalent p h y s i c a l 
adsorption. In t h e i r f i r s t report (14), c e l l s forming antibodies to 
bovine serum albumin (BSA) were depleted from murine lymphnode 
lymphocyte populations by b i o s p e c i f i c adsorption to a column packed 
with beads bearing adsorbed BSA. They f u r t h e r c a r r i e d out the 
b i o s p e c i f i c adsorption of lymphocytes expressing immunoglobulins (Ig) 
on t h e i r surfaces ( s o - c a l l e d Β c e l l s ) by using beads with adsorbed 
a n t i - I g antibodies (18). Evans et a l used polyesterurethane foam as 
a matrix materials instead of beaded-form matrices. S i m i l a r to 
W i g z e l l ' s method, li g a n d p r o t e i n s were immbilized on the foam 
surface by p h y s i c a l adsorption. 

The most serious problem with t h i s e a r l i e s t type of a f f i n i t y 
column based on non-covalently adsorbed l i g a n d s , was n o n - s p e c i f i c 
adsorption of c e l l s on the column. In order to decrease t h i s non
s p e c i f i c adsorption, very high concentrations of l i g a n d s o l u t i o n 
(>lmg/ml) were used f o r the treatment of the matrix. Subsequent to 
t h i s p h y s i c a l adsorption of l i g a n d p r o t e i n s , the matrix was f u r t h e r 
i n c l u b a t e d with i s o t o n i c s a l i n e containing a t l e a s t 5% f e t a l c a l f 
serum (FCS). In s p i t e of t h i s rather complicated and time-consuming 
process of double-coating, there was s t i l l a considerable degree of 
n o n - s p e c i f i c adsorption (approximately 30 - 50% of the number of 
loaded c e l l s ) . Furthermore, treatment of a ligand-immobilized 
matrix with FCS-containing medium might induce the desorption of the 
l i g a n d from the matrix surface, because of the p o s s i b i l i t y of l i g a n d 
exchange with serum p r o t e i n s having higher a f f i n i t y f o r the matrix 
surface. Also, recovery of bound c e l l s from the column was not 
e a s i l y achieved unless the column bed was a g i t a t e d mechanically. 
This mechanical a g i t a t i o n can cause a considerable decrease i n c e l l 
v i a b i l i t y . 

To eliminate n o n - s p e c i f i c c e l l u l a r adsorption, a search f o r 
matrix materials s u i t a b l e f o r c e l l separation has been c a r r i e d out 
by many i n v e s t i g a t o r s (5,7). These studies have revealed that 
h y d r o p h i l i c polymer gels i n bead form, which were o r i g i n a l l y 
developed as column matrices f o r a f f i n i t y chromatography of 
b i o l o g i c a l macromolecules, have generally acceptable feature as 
matrices f o r use i n c e l l a f f i n i t y chromatography. These h y d r o p h i l i c 
matrices include dextran (Sephadex) (19-21), agarose (Sepharose) 
(22-35), polyacrylamide (Bio-gel P) (6,36-39), poly(2-hydroxyethyl 
methaerylate) (Spheron) (40), and copolymers of acrylamide and N-
acryloyl-2-amino-2-hydroxymethyl-l,3-propane d i o l ( T r i s a c r y l ) (7,41). 
Among these, agarose and polyacrylamide are the most commonly used 
solid-phase matrices. 

Although these hydrogel matrices showed f a r l e s s n o n - s p e c i f i c 
adsorption than conventional matrices such as g l a s s and poly(methyl 
methaerylate), they have not yet f u l f i l l e d a l l of the fundamental 
requirements. On these hydrogel matrices, ligands should be 
convalently immobilized to prevent l i g a n d desorption. This process 
of c o v a l e n t - l i n k i n g of the l i g a n d to the matrix i s not only time-
consuming but i s a l s o l i a b l e to form new s i t e s f o r n o n - s p e c i f i c 
c e l l u l a r adsorption due to the chemical m o d i f i c a t i o n of the matrix 
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606 PROTEINS AT INTERFACES 

surface. For example, i t i s w e l l documented that CNBr-activated 
agarose i s commonly used f o r coupling of l i g a n d p r o t e i n s . 
Nevertheless, excess imido-carbonate groups remaining a f t e r l i g a n d 
coupling could be d e r i v a t i z e d , on r e a c t i n g with water, to urethane 
groups which may provoke a considerable degree of n o n - s p e c i f i c 
c e l l u l a r adsorption (32,42). 

A f f i n i t y "Panning" Methods f o r C e l l Separation 

There i s another type of a f f i n i t y c e l l s e l e c t i o n technique besides 
column chromatography. In 1971, an a f f i n i t y s e l e c t i o n method using 
nylon f i b e r s was developed by Edelman et a l f o r s e l e c t i n g murine 
lymphocytes possessing receptors f o r concanavalin A (ConA) (43). 
Nylon f i b e r s were s t r i n g e d under tension i n a ring-shaped supporting 
frame followed by incubation with a s o l u t i o n of l i g a n d p r o t e i n , i n 
t h i s case ConA (0.025 - 1.0 mg/ml). A f t e r t h i s adsorption procedure, 
the f i b e r s i n the frame were r i n s e d with s a l i n e , and then incubated 
with a c e l l suspension under gentle h o r i z o n t a l shaking. C e l l s bound 
on the f i b e r s could be recovered by plucking each f i b e r with a 
needle. The d e n s i t y of l i g a n d p r o t e i n s on the f i b e r can be 
c o n t r o l l e d by incubating the f i b e r i n a s o l u t i o n containing varying 
proportions of a l i g a n d p r o t e i n and a spacer p r o t e i n such as BSA 
(44). Competitively adsorbed BSA molecules are interspaced with 
l i g a n d p roteins on the f i b e r surfaces. This n y l o n - s t r i n g i n g method 
was shown to be u s e f u l f o r the capture of a p a r t i c u l a r f r a c t i o n of 
r e c e p t o r - p o s i t i v e c e l l s out of a heterogeneous c e l l population ( i . e . 
p o s i t i v e s e l e c t i o n ) rather than t h e i r d e p l e t i o n from the c e l l 
suspension ( i . e . negative s e l e c t i o n ) . The l a t t e r can be 
accomplished more e f f i c i e n t l y by the forementioned a f f i n i t y column 
chromatography. 

There i s another method s i m i l a r to t h i s n y l o n - s t r i n g i n g method, 
namely the a f f i n i t y "panning" method, a term coined by Wysocki and 
Sato (_45) , i n which a p l a s t i c p e t r i d i s h coated with l i g a n d p r o t e i n s 
i s used as adsorbent. P e t r i dishes made of polystyrene are most 
frequently u t i l i z e d i n t h i s method (10). Ligand p r o t e i n s are non-
c o v a l e n t l y adsorbed on the d i s h surface from t h e i r buffered s o l u t i o n . 
As i n the case of a f f i n i t y chromatography, FCS treatment of the d i s h 
subsequent to l i g a n d adsorption i s required to eliminate non
s p e c i f i c c e l l u l a r adsorption (45). Plasma-discharged polystyrene 
dishes (tissue c u l t u r e grade) were reported to provoke a more severe 
degree of n o n - s p e c i f i c adsorption of lymphocytes compared with non-
discharge-treated polystyrene dishes ( b a c t e r i o l o g i c a l grade) (45). 

Because the a f f i n i t y panning method requires no s p e c i a l 
instrument f o r separation, i t has been widely c a r r i e d out as a 
laboratory technique f o r c e l l separation, e s p e c i a l l y f o r p o s i t i v e 
s e l e c t i o n of lymphocyte subpopulations. Nevertheless, there are a 
number of disadvantages to t h i s method as follows. F i r s t , the 
quantity of c e l l s a p p l i c a b l e to the d i s h i s l i m i t e d , and thus the 
method i s not s u i t a b l e f o r large scale separations. Secondly, a 
r e l a t i v e l y long time-period, ca. 60 min, i s required to allow a l l of 
the receptor-bearing c e l l s to be s t a b l y anchored on the d i s h . 
T h i r d l y , the operating temperature s e r i o u s l y a f f e c t s the r e s u l t s of 
the separation. Separations done at low temperature f o r example as 
4°C u s u a l l y give inadequate r e s u l t s because of the weak binding of 
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37. KATAOKA ET AL. Affinity Selection of Cells 607 

c e l l s to the immobilized ligands on the d i s h . T h i s may r e l a t e to 
the f l u i d i t y of membrane receptors. Receptors on c e l l surfaces seem 
to d i f f u s e l a t e r a l l y to form a c l u s t e r or patch at the i n t e r f a c e 
with immobilized ligands (46,47). This leads to m u l t i p o i n t 
i n t e r a c t i o n s of c e l l u l a r receptors with immobilized ligands, leading 
to higher a f f i n i t y binding. Indeed, c l u s t e r i n g of c e l l u l a r 
receptors at the i n t e r f a c e with the e x t r a c e l l u l a r matrix was shown 
to occur f o r a s i a l o g l y c o p r o t e i n - r e c e p t o r mediated binding of 
hepatocytes to immobilized galactose residues on a polyacrylamide 
g e l surface (48). This type of c l u s t e r formation may be one of the 
reasons f o r another disadvantage of panning, namely that release of 
"panned" c e l l s from the d i s h surface u s u a l l y requires vigorous 
p i p e t t i n g and s c r a t c h i n g . L a s t l y , prolonged incubation of c e l l s 
with immobilized ligands at p h y s i o l o g i c a l temperature may provoke 
undesirable changes i n c e l l u l a r f u n c t i o n s . This could be 
accerelated by c l u s t e r i n g of c e l l u l a r receptors a t the i n t e r f a c e 
(46,47). 

Development of tert-Amine D e r i v a t i z e d Matrices f o r C e l l A f f i n i t y 
Chromatography 

Re f e r r i n g to the l i t e r a t u r e on c e l l a f f i n i t y chromatography which 
has been published thus f a r , i t could be concluded that there i s at 
present no solid-phase matrix which f u l f i l l s both of the f o l l o w i n g 
fundamental requirements : (1) e l i m i n a t i o n of n o n - s p e c i f i c c e l l u l a r 
adsorption, and (2) e l i m i n a t i o n of the need f o r any complicated and 
time-consuming process of covalent-binding of l i g a n d p r o t e i n s (in 
other words, s t a b l e immobilization of l i g a n d p r o t e i n s through simple 
adsorption should be p o s s i b l e ) . In t h i s s e c t i o n , our approach to 
the development of new matrices f u l f i l l i n g both of the above 
requirements w i l l be described. 

Through our systematic studies of c e l l u l a r i n t e r a c t i o n s with 
the surface of microdomain structured polymers using a microsphere 
column method, we found that a group of block and g r a f t copolymers 
d i d not provoke the adsorption and subsequent contact-induced 
a c t i v a t i o n of p l a t e l e t s (49-54). Some of these copolymers showed 
e x c e l l e n t in vivo non-thrombogenicity ( J 5 5 , Yui, N. ; Kataoka, K. ; 
Sakurai, Y.; Aoki, T.; Sanui, K.; Ogata, N. J . Biomater. S c i . , 
submitted). Of f u r t h e r i n t e r e s t i s the f a c t that an albuminated 
surface of polystyrene/polyamine g r a f t copolymers (SA copolymers) 
eliminated r a t p l a t e l e t adsorption (56). The s t r u c t u r a l formula of 
SA copolymer i s shown i n Figure 1. Coating of γ-globulin as w e l l as 
albumin was e f f e c t i v e f o r e l i m i n a t i n g p l a t e l e t adsorption on SA 
copolymer surface, although no such e l i m i n a t i o n was observed f o r a 
bare SA surface. Another i n t e r e s t i n g feature of p l a t e l e t adsorption 
on SA copolymer surfaces i s the e l i m i n a t i o n of shape change of 
adsorbed p l a t e l e t s (56,57). 

These suppressive e f f e c t s of SA copolymers on c e l l u l a r 
adsorption and shape change were observed f o r r a t lymphocytes as 
w e l l as p l a t e l e t s (58,59). Figure 2 c l e a r l y demonstrates the 
e l i m i n a t i o n of adsorption of lymphocytes on albuminated surfaces of 
SA copolymers containing 9 wt% polyamine branches (SA9). A change 
i n the back-bone s t r u c t u r e of the g r a f t copolymer from polystyrene 
to the more h y d r o p h i l i c poly(2-hydroxyethyl methaerylate) (PHEMA) 
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608 PROTEINS AT INTERFACES 

decreased the n o n - s p e c i f i c binding of lymphocytes to a greater 
extent. Also, t h i s PHEMA/polyamine g r a f t copolymer (HA copolymer), 
whose st r u c t u r e i s i l l u s t r a t e d i n Figure 3, could suppress the non
s p e c i f i c adsorption of lymphocytes even i n the absence of adsorbed 
albumin. 

Summarizing the above d e s c r i p t i o n , the surface of polyamine 
g r a f t copolymers with a d e f i n i t e amount of polyamine branches showed 
an extremely small quantity of n o n - s p e c i f i c a l l y adsorbed lymphocytes. 
This advantageous c h a r a c t e r i s t i c of polyamine g r a f t copolymers l e d 
us to u t i l i z e them as solid-phase matrices f o r c e l l a f f i n i t y 
chromatography. 

As the separation of lymphocyte subpopulations based on the 
expression of immunoglobulin (Ig) molecules on t h e i r plasma membrane 
surfaces i s of considerable p r a c t i c a l i n t e r e s t at the present time 
(13), we have ap p l i e d polyamine g r a f t copolymers as solid-phase 
matrices f o r the separation of IgG-positive (IgG +) and -negative 
(IgG~) lymphocytes. The solid-phase matrix was prepared by coating 
g r a f t copolymers on glass beads of 48 - 60 mesh by solvent 
evaporation techniques. 

In our study, HA2, PHEMA/polyamine g r a f t copolymer with 2 wt% 
polyamine, was used as the main matrix m a t e r i a l , because of i t s 
superior feature of e l i m i n a t i n g n o n - s p e c i f i c adsorption of 
lymphocytes (Maruyama, A.; Tsuruta, T.; Kataoka, K.; Sakurai, Y. J . 
Biomater. S c i . , submitted). At a flow rate of 0.4 ml/min, a column 
packed with l g of HA2-coated glass beads (column length: ca. 10cm, 
column inner diameter: 3mm) showed n o n - s p e c i f i c adsorption of 
lymphocytes as low as 1% of the number of c e l l s loaded. S e l e c t i v e 
binding of IgG + c e l l s on HA2 columns tr e a t e d with goat a n t i - r a t IgG 
was s u c c e s s f u l l y c a r r i e d out as shown i n Figure 4, demonstrating an 
increase i n the r e t e n t i o n of IgG + c e l l s with an increase i n the 
concentration of antibody i n the PBS used for the treatment of the 
column. This increased r e t e n t i o n of IgG + c e l l s with an increase i n 
the antibody concentration strongly suggests that s e l e c t i v e binding 
of IgG4* c e l l s on the HA2 column with adsorbed antibody i s based on 
the b i o s p e c i f i c i n t e r a c t i o n of adsorbed antibodies (goat a n t i - r a t 
IgG) with IgG molecules expressed on the lymphocyte surfaces. 

More than 80% of IgG + c e l l s were re t a i n e d on the column 
pretreated with PBS containing 0.08 mg/ml of antibody, whereas non
s p e c i f i c adsorption of IgG*" c e l l s was reduced to l e s s than 5%. 
Consequently, an IgG" c e l l population with more than 90% p u r i t y was 
obtained as column e f f l u e n t i n approximately 95% y i e l d by using the 
HA2 column (3mm ID x 10cm length) pretreated with 0.08 mg/ml 
s o l u t i o n of goat a n t i - r a t IgG (Kataoka, K.; Sakurai, Y.; Hanai, T.; 
Maruyama, A.; Tsuruta, T., i n prepa r a t i o n ) . As summarized i n Table 
I, s u c c e s s f u l separation can be achieved even on an HA2 column 
tr e a t e d with a more d i l u t e s o l u t i o n of antibody (0.04 mg/ml) by 
c o n t r o l l i n g experimental conditions such as flow r a t e , column length, 
and operating temperature as we l l as by adding bovine serum albumin 
to the medium. As p r e v i o u s l y mentioned, conventional columns using 
glass or poly(methyl methaerylate) beads u s u a l l y have to be t r e a t e d 
with antibody s o l u t i o n s containing 1 mg/ml or more of antibody (18). 
The range of antibody concentrations (0.04 - 0.08 mg/ml) i n our 
procedures i s much lower than that g e n e r a l l y used f o r the treatment 
of conventional columns. This feature o f f e r s the p r a c t i c a l 
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F i g u r e 1 ( l e f t ) . S t r u c t u r a l f o r m u l a o f p o l y s t y r e n e / p o l y a m i n e g r a f t 
c o p o l y m e r (SA c o p o l y m e r ) . χ r e p r e s e n t s w t % o f p o l y a m i n e p o r t i o n 
i n the c o p o l y m e r . 

F i g u r e 2 ( r i g h t ) . Re t e n t i o n o f r a t m e s e n t e r i c lymph node l y m p h o c y t e s 
on SA c o p o l y m e r column. O : Column w i t h a l b u m i n c o a t i n g . ·: column 
w i t h o u t a l b u m i n c o a t i n g . 

100 _ 

-fcn fCH); 

è 

ÇH 3 

-fCH rC-fc— 
0=C0CH 2 CH 2 0H 

CM, ^ 
CHj fNCH 2 CH 2 NCH 2 CHr^-CH 2 CH 2 -hNCH 2 CH 2 NH 

Et Ét ti Et 

HAx 
0 0.02 0.04 0.06 0.08 0.10 

Antibody Concentration (mg/ml) 

F i g u r e 3 ( l e f t ) . S t r u c t u r a l f o r m u l a o f p o l y ( 2 - h y d r o x y e t h y 1 
m e t h a e r y l a t e ) / p o l y a m i n e c o p o l y m e r (HA c o p o l y m e r ) . χ r e p r e s e n t s 
wt% of p o l y a m i n e p o r t i o n i n the c o p o l y m e r . 

F i g u r e 4 ( r i g h t ) . E f f e c t o f a n t i b o d y c o n c e n t r a t i o n o f s e l e c t i v e 
r e t e n t i o n o f I g G + l y m p h o c y t e s on HA2 column. Column s i z e : 0.3 cm 
ID χ 10 cm l e n g t h . Flow r a t e , 0.2 ml/min. T e m p e r a t u r e : 23 °C. 
Loaded c e l l number: 1.0 χ 10^. 
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advantage of reducing the q u a n t i t i e s of expensive antibodies 
required. As HA2 i t s e l f showed n e g l i g i b l e n o n - s p e c i f i c adsorption 
of lymphocytes, f u r t h e r treatment of the HA2 columns with FCS-
containing medium i s not required. 

Rapid separation i s another advantageous feature of our column 
system. As a l s o summarized i n Table I, separation can be done i n 
times as short as 7 min since there i s no need to incubate the 
lymphocyte suspension i n the column. This time p e r i o d of 7 min i s 
l e s s than one-third of that required f o r conventional a f f i n i t y 
chromatography or f o r the panning method described i n the preceding 
s e c t i o n s . 

As w e l l as IgG~ c e l l s , IgG + c e l l s were r e a d i l y recovered from 
the column by gentle p i p e t t i n g of the column matrices. The eluted 
population contained approximately twice the f r a c t i o n of IgG4* c e l l s 
as the i n i t i a l population (Table I I ) . I t i s to be noted that 
recovery of IgG4" c e l l s was more than 80%. 

Table I I . Recovery of IgG-positive Lymphocytes from Column 

Expriment No. P u r i t y of Recovered Recovery of IgG" 
IgG4" C e l l Population 2^ C e l l b ; 

( % ) ( % ) 

l c ) 56.0±2.6 79.4-3.5 

2d) 64.5±3.6 87.9±3.3 

a) I n i t i a l f r a c t i o n of IgG4" c e l l : 30.7±2.4 %. 
b) % of loaded number of IgG4* c e l l s i n t o the column. 
c) Flow r a t e : 0.2 ml/min, temperature: 23 °C. 
d) Flow r a t e : 0.1 ml/min, temperature: 4 °C. 

As b r i e f l y reviewed i n t h i s paper, a f f i n i t y s e l e c t i o n of c e l l s 
using proteinaceous ligands immobilized on solid-phase matrices i s a 
subject which requires d e t a i l e d understanding of the nature of 
p r o t e i n s at i n t e r f a c e as w e l l as the mode of t h e i r i n t e r a c t i o n with 
l i v i n g c e l l s . In t h i s sense, t h i s i s surely a promising f r o n t i e r 
which presents a strong challenge to researchers i n the b i o m a t e r i a l s 
f i e l d . 
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Chapter 38 

Fibronectin-Mediated Attachment of Mammalian Cells 
to Polymeric Substrata 

Robert J. Klebe, Kevin L. Bentley, and Danelle P. Hanson 

Department of Cellular and Structural Biology, University of Texas Health Science 
Center, San Antonio, TX 78284 

Fibronectin and related cell adhesion proteins 
have been shown to mediate the attachment of many 
mammalian cells to natural and artificial 
substrata. Following a presentation of our 
current understanding of the molecular biology of 
cell adhesion, factors influencing the attachment 
and growth of cells on polymeric substrata are 
discussed. 

In a study of 52 diverse materials, we found 
that 48 chemically dissimilar substrata bind 
fibronectin and, thereby, permit the attachment 
and growth of cells. Our results indicate that 
the ability of a polymer to bind fibronectin and 
other extracellular matrix proteins is an 
important determinant of the biological 
properties of the polymer. Poly(hydroxyethyl-
methaerylate) was found to be unique in that it 
does not bind fibronectin and, thereby, does not 
support cell adhesion. 

Various surface treatments of polymers are 
shown to alternatively inhibit or enhance the 
binding of fibronectin to polymeric substrata. 
We have also found that oxidation of the surface 
of "bacteriological" poly(stryrene) petri plates 
converts such surfaces into "tissue culture 
dishes". 

By means of a new technique, termed 
cytoscribing, fibronectin can be deposited in 
precise patterns on substrata such that two 
dimensional tissues can be formed. 

The objective of this paper is to review our knowledge of the 
biochemical events which lead to cell adhesion both in vivo and to 
polymeric substrata in vitro. Prior to presenting studies involving 
cell adhesion, a brief review of our current knowledge of the 
molecules involved in fibronectin-mediated cell adhesion will be 

0097-6156/87/0343-0615$06.00/0 
© 1987 American Chemical Society 
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616 PROTEINS AT INTERFACES 

p r e s e n t e d . I t s h o u l d be n o t e d t h a t i n a d d i t i o n t o t h e now f a m i l i a r 
f i b r o n e c t i n s y s t e m ( 1 - 3 ) , p r o g r e s s o v e r t h e l a s t s e v e r a l y e a r s has 
r e v e a l e d a s e r i e s o f c e l l a d h e s i o n p r o t e i n s w h i c h , w h i l e s i m i l a r t o 
f i b r o n e c t i n i n some r e s p e c t s , d i s p l a y g r e a t e r c e l l t y p e s p e c i f i c i t y ; 
i . e . , l a m i n i n ( 4 ) , v i t r o n e c t i n ( 5 ) , c h o n d r o n e c t i n ( 6 ) , e p i n e c t i n 
( 7 ) , u v o m o r u l i n ( 8 ) , η-CAM ( 9 ) , and 1-CAM ( 9 ) . As i n t h e p a s t , t h e 
d e t a i l e d knowledge w h i c h has b e e n g e n e r a t e d c o n c e r n i n g f i b r o n e c t i n 
s h o u l d c o n t i n u e t o f a c i l i t a t e s t u d i e s o f o t h e r c e l l a d h e s i o n 
p r o t e i n s . 

The Molecular Basis of Cell Adhesion. 

Over t h e l a s t few y e a r s , i m p o r t a n t p r o g r e s s has b e e n made i n 
u n d e r s t a n d i n g t h e s t r u c t u r e and f u n c t i o n o f f i b r o n e c t i n and o t h e r 
c e l l a d h e s i o n p r o t e i n s ( s e e r e f . 1-3 f o r r e v i e w s ) . A model f o r t h e 
m o l e c u l a r i n t e r a c t i o n s w h i c h g o v e r n c e l l a d h e s i o n i s p r e s e n t e d i n 
F i g u r e 1. T h i s model w i l l be d i s c u s s e d b e l o w . 

C e l l S u r f a c e R e c e p t o r P r o t e i n s . 

S e v e r a l g r o u p s have now been a b l e t o p u r i f y t o h o m o g e n e i t y t h e c e l l 
s u r f a c e r e c e p t o r p r o t e i n s f o r l a m i n i n ( 1 0 , 1 1 ) , f i b r o n e c t i n ( 1 2 ) , and 
v i t r o n e c t i n ( 1 3 ) . The l a m i n i n , f i b r o n e c t i n , and v i t r o n e c t i n 
r e c e p t o r s a r e i n t e g r a l membrane p r o t e i n s w i t h r e d u c e d s u b u n i t 
m o l e c u l a r w e i g h t s o f 0.7 kD, 1.4 kD, and 1.25/1.15 kD, r e s p e c t i v e l y . 
W h i l e t h e f i b r o n e c t i n and v i t r o n e c t i n c e l l s u r f a c e r e c e p t o r s b o t h 
b i n d a u n i q u e t e t r a p e p t i d e ( A r g - G l y - A s p - X ) p r e s e n t i n t h e c e l l 
b i n d i n g domains o f f i b r o n e c t i n and v i t r o n e c t i n ( 1 2 , 1 3 ) , b o t h 
r e c e p t o r s d i s p l a y s p e c i f i c i t y f o r t h e i r t a r g e t p r o t e i n s ( 1 3 ) . I t 
has b e e n shown t h a t i n s e r t i o n o f t h e v i t r o n e c t i n r e c e p t o r i n t o a 
r e c o n s t i t u t e d l i p i d membrane r e s u l t s i n an a d h e s i v e r e s p o n s e t o 
v i t r o n e c t i n , b u t n o t f i b r o n e c t i n ( 1 3 ) . The i s o l a t i o n o f t h e 
r e c e p t o r s f o r c e l l a d h e s i o n p r o t e i n s s h o u l d make i t p o s s i b l e t o 
answer many b a s i c q u e s t i o n s a b o u t t h e b i o l o g i c a l f u n c t i o n o f c e l l 
a d h e s i o n p r o t e i n s . B i o c h e m i c a l a p p r o a c h e s a r e now a v a i l a b l e t o 
d e t e r m i n e t h e mechanism w h i c h r e s u l t s i n t h e l o s s o f f i b r o n e c t i n 
f o l l o w i n g c e l l t r a n s f o r m a t i o n (2) and t h e m o l e c u l a r b a s i s o f 
f i b r o n e c t i n m e d i a t e d transmembrane s i g n a l l i n g w h i c h r e s u l t s i n t h e 
r e o r g a n i z a t i o n o f a c t i n s t r e s s f i b e r s ( 1 4 ) . 

R o l e o f C o l l a g e n . G a n g l i o s i d e s and H e p a r i n i n C e l l A d h e s i o n . 

I n a d d i t i o n t o t h e r e c e n t l y i s o l a t e d c e l l s u r f a c e r e c e p t o r p r o t e i n s 
f o r c e l l a d h e s i o n p r o t e i n s ( 1 0 - 1 3 ) , i t has become c l e a r t h a t most 
c e l l a d h e s i o n m o l e c u l e s a l s o r e c o g n i z e o t h e r c e l l s u r f a c e m o l e c u l e s . 
Most c e l l a d h e s i o n p r o t e i n s p o s s e s s d i s c r e t e b i n d i n g s i t e s f o r 
c o l l a g e n , h e p a r i n , and g a n g l i o s i d e ( o r o t h e r g l y c o l i p i d s ) . The 
a v i d i t y o f most c e l l a d h e s i o n p r o t e i n s f o r one o r more s p e c i e s o f 
c o l l a g e n and t h e i n v o l v e m e n t o f t h i s i n t e r a c t i o n i n c e l l a d h e s i o n 
has b e e n r e v i e w e d (1) and we w i l l t r e a t t h i s a r e a more t h o r o u g h l y i n 
a s u b s e q u e n t s e c t i o n . 

S e v e r a l l i n e s o f e v i d e n c e i n d i c a t e t h a t g a n g l i o s i d e s p l a y an 
i m p o r t a n t r o l e i n t h e i n t e r a c t i o n o f f i b r o n e c t i n w i t h c e l l s . 
F o l l o w i n g t h e i n i t i a l o b s e r v a t i o n o f K l e i n m a n e t a l . (15) i n d i c a t i n g 
t h a t t h e o l i g o s a c c h a r i d e m o i e t y o f g a n g l i o s i d e s c o m p e t i t i v e l y 
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KLEBE ET AL. Fibronectin-Mediated Attachment of Cells 617 

F i g u r e 1. C u r r e n t model f o r f i b r o n e c t i n m e d i a t e d c e l l 
a t t a c h m e n t . The m o l e c u l e s c u r r e n t l y known t o be i n v o l v e d i n 
f i b r o n e c t i n - m e d i a t e d c e l l a d h e s i o n a r e p r e s e n t e d . 
G a n g l i o s i d e s a r e i n v o l v e d i n two s t e p s ; namely, (a) t h e 
i n i t i a l i n t e r a c t i o n o f f i b r o n e c t i n w i t h t h e c e l l s u r f a c e 
i n v o l v e s a g a n g l i o s i d e b i n d i n g s i t e o f t h e amino t e r m i n a l 
domain o f f i b r o n e c t i n and (b) g a n g l i o s i d e s and d i v a l e n t 
c a t i o n s a r e r e q u i r e d f o r t h e 140 kD c e l l s u r f a c e r e c e p t o r 
p r o t e i n t o r e c o g n i z e t h e A r g - G l y - A s p sequence i n t h e c e l l 
b i n d i n g domain o f f i b r o n e c t i n . W h i l e i n t e r a c t i o n o f t h e 
f i b r o n e c t i n 140 kD r e c e p t o r w i t h t h e A r g - G l y - A s p sequence o f 
f i b r o n e c t i n r e s u l t s i n t h e a n c h o r a g e o f c e l l t o s u b s t r a t u m , 
c e l l s p r e a d i n g does n o t o c c u r w i t h o u t t h e i n t e r c e s s i o n o f 
e i t h e r a h e p a r i n b i n d i n g s i t e o f f i b r o n e c t i n o r a h e p a r i n 
b i n d i n g p r o t e i n . The h e p a r i n i n t e r a c t i o n l e a d s t o a 
transmembrane s i g n a l t h a t r e s u l t s i n t h e o r g a n i z a t i o n o f 
a c t i n c a b l e s and, t h e r e b y , c e l l s p r e a d i n g . 
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618 PROTEINS AT INTERFACES 

i n h i b i t s f i b r o n e c t i n m e d i a t e d c e l l a d h e s i o n , s e v e r a l o t h e r s t u d i e s 
have a p p e a r e d w h i c h c o n f i r m and e x t e n d t h i s f i n d i n g i n a v a r i e t y o f 
c e l l l i n e s ( 1 6 , 1 7 ) . S p e c i f i c i t y i n t h e i n t e r a c t i o n o f g a n g l i o s i d e s 
w i t h f i b r o n e c t i n was d e m o n s t r a t e d by t h e f i n d i n g t h a t t h e more 
h i g h l y s i a l a t e d g a n g l i o s i d e s ( G T-j.b a n c * G D l a ^ w e r e m o r e e f f e c t i v e 
t h a n GM^ (18) . The e f f e c t s o f g a n g l i o s i d e s on c e l l a d h e s i o n c o u l d 
a l s o be shown t o e x t e n d t o o t h e r f i b r o n e c t i n m e d i a t e d phenomena; 
namely, c e l l s p r e a d i n g (16) and r e s t o r a t i o n o f a n o r m a l m o r p h o l o g y 
t o t r a n s f o r m e d c e l l s ( 1 6 ) . A g a i n , t h e more complex s p e c i e s o f 
g a n g l i o s i d e s p r o v e d t o be t h e most e f f e c t i v e i n a l t e r i n g c e l l 
s p r e a d i n g and c e l l m o r p h o l o g y ( 1 6 ) . I n a d d i t i o n t o t h e e f f e c t s o f 
g a n g l i o s i d e s on c e l l a d h e s i o n n o t e d above, i t has be e n d e m o n s t r a t e d 
t h a t g a n g l i o s i d e s c o - d i s t r i b u t e w i t h f i b r o n e c t i n on t h e c e l l 
s u r f a c e . Development o f m o n o c l o n a l a n t i b o d i e s w i t h r e c o g n i z e 
g a n g l i o s i d e s GD^ and GD^ has p e r m i t t e d t h e l o c a l i z a t i o n o f 
g a n g l i o s i d e s t o t h e a d h e s i o n p l a q u e s o f c e l l s ( 1 8 ) . V i a 
f l u o r e s c e n c e m i c r o s c o p y , i t has been shown t h a t g a n g l i o s i d e s 
i n t e g r a t e r a n d o m l y i n t o t h e c e l l membrane i n i t i a l l y and t h e n 
l o c a l i z e i n r e g i o n s r i c h i n f i b r o n e c t i n ( 1 7 ) . 

S e v e r a l more d i r e c t l i n e s o f e v i d e n c e now c l e a r l y i n d i c a t e a 
r o l e o f g a n g l i o s i d e s i n c e l l a d h e s i o n . F i r s t i t has been 
d e m o n s t r a t e d (a) t h a t a mutant c e l l l i n e w h i c h l a c k s g a n g l i o s i d e s i s 
a l s o d e f e c t i v e i n i t s a d h e s i v e p r o p e r t i e s (17,19) and (b) t h a t 
p u r i f i e d g a n g l i o s i d e s c a n r e s t o r e n o r m a l c e l l a d h e s i o n t o t h e above 
mutant c e l l l i n e ( 2 0 ) . T h a t p u r i f i e d g a n g l i o s i d e s p o t e n t i a t e t h e 
i n t e r a c t i o n o f f i b r o n e c t i n w i t h a g a n g l i o s i d e d e f i c i e n t c e l l l i n e 
p r o v i d e s c l e a r e v i d e n c e t h a t g a n g l i o s i d e s a r e i m p o r t a n t i n 
f i b r o n e c t i n m e d i a t e d f u n c t i o n s . Second, i t r e c e n t l y has b e e n shown 
t h a t t h e 140 kD f i b r o n e c t i n r e c e p t o r c o - p u r i f i e s w i t h g a n g l i o s i d e s 
and r e q u i r e s g a n g l i o s i d e s and d i v a l e n t c a t i o n s f o r b i n d i n g t o t h e 
A r g - G l y - A s p - X c e l l b i n d i n g domain p e p t i d e ( 2 1 ) . T h i r d , we have 
r e c e n t l y d e v e l o p e d a f l u o r e s c e n c e p o l a r i z a t i o n a s s a y w h i c h c l e a r l y 
d e m o n s t r a t e s t h a t f i b r o n e c t i n i t s e l f b i n d s g a n g l i o s i d e s and, u s i n g 
t h i s a s s a y , we have l o c a l i z e d t h e g a n g l i o s i d e b i n d i n g s i t e o f 
f i b r o n e c t i n t o t h e amino t e r m i n u s o f t h e m o l e c u l e ( 2 2 ) . S i n c e t h e 

b i n d i n g s i t e f o r t h e c e l l s u r f a c e f i b r o n e c t i n r e c e p t o r p r o t e i n (12) 
i s l o c a t e d n e a r t h e m i d d l e o f t h e m o l e c u l e ( 2 3 ) , t h e f i b r o n e c t i n 
r e c e p t o r s f o r g a n g l i o s i d e s and t h e c e l l s u r f a c e r e c e p t o r p r o t e i n a r e 
d i s t i n c t e n t i t i e s . R e c e n t l y , McKeown-Longo and Mosher (24) have 
d e m o n s t r a t e d t h e e x i s t e n c e o f a " m a t r i x a s s e m b l y r e c e p t o r " i n t h e 
domain t h a t we have shown c o n t a i n s t h e g a n g l i o s i d e b i n d i n g s i t e 
( 2 2 ) . S i n c e t h e " m a t r i x a s s e m b l y r e c e p t o r " i s r e q u i r e d f o r 
i n t e g r a t i o n o f f i b r o n e c t i n i n t o t h e e x t r a c e l l u l a r m a t r i x ( 2 4 ) , t h e 
g a n g l i o s i d e b i n d i n g s i t e o f f i b r o n e c t i n may have a r e l a t e d , o r 
p o s s i b l y i d e n t i c a l , f u n c t i o n . Thus, s e v e r a l i n d e p e n d e n t l i n e s o f 
e v i d e n c e i n d i c a t e t h a t g a n g l i o s i d e s a r e i m p o r t a n t i n f i b r o n e c t i n 
b i o l o g i c a l a c t i v i t y ( 1 5 - 2 4 ) . 

H e p a r i n R e l a t e d M o l e c u l e s as F i b r o n e c t i n R e c e p t o r s . 

I n a d d i t i o n t o g a n g l i o s i d e s , h e p a r i n r e l a t e d m o l e c u l e s have a l s o 
b e e n shown t o be i n v o l v e d i n f i b r o n e c t i n m e d i a t e d c e l l a d h e s i o n . 
H e p a r i n b i n d i n g s i t e s have been d e s c r i b e d on many c e l l a d h e s i o n 
p r o t e i n s ; e.g., f i b r o n e c t i n ( 2 5 - 2 6 ) , l a m i n i n ( 2 7 ) , and v i t r o n e c t i n 
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38. KLEBE ET AL. Fibronectin-Mediated Attachment of Cells 619 

( 2 8 ) . The u b i q u i t o u s h e p a r i n b i n d i n g s i t e s o f c e l l a d h e s i o n 
p r o t e i n s have b e e n f o u n d t o b i n d t o b o t h h e p a r i n and h e p a r a n s u l f a t e 
p r o t e o g l y c a n (29) , t h e most abundant p r o t e o g l y c a n on t h e s u r f a c e o f 
many c e l l s . I t has been f o u n d t h a t t h e h e p a r i n b i n d i n g s i t e o f 
f i b r o n e c t i n i s i n v o l v e d i n c e l l a d h e s i o n ( 1 4 , 3 0 , 3 1 ) , t h e r e l a t e d 
phenomena o f c e l l m i g r a t i o n ( 3 1 ) , and t h e d e t e r m i n a t i o n o f c e l l u l a r 
m o r p h o l o g y ( 3 1 , 3 2 ) . W h i l e t h e f i b r o n e c t i n c e l l s u r f a c e b i n d i n g 
domain ( w h i c h l a c k s a h e p a r i n s i t e ) c a n a t t a c h c e l l s t o a s u b s t r a t e , 
i t h as r e c e n t l y b e e n shown t h a t u n d e r s u c h c o n d i t i o n s c e l l s do n o t 
r e - o r g a n i z e t h e i r a c t i n s t r e s s f i b e r s ( 1 4 ) . I n c o n t r a s t , c e l l s 
b ound t o a s u b s t r a t u m c o n t a i n i n g t h e c e l l b i n d i n g domain o f 
f i b r o n e c t i n p l u s a h e p a r i n b i n d i n g p r o t e i n , p a r t i a l l y r e o r g a n i z e 
t h e i r s t r e s s f i b e r s ( 1 4 ) . Thus, i t has b e e n s u g g e s t e d t h a t t h e 
h e p a r i n b i n d i n g s i t e o f f i b r o n e c t i n may be i n v o l v e d i n t h e 
transmembrane s i g n a l l i n g e v e n t w h i c h o c c u r s d u r i n g f i b r o n e c t i n 
m e d i a t e d c e l l a d h e s i o n ( 1 4 ) . We have r e c e n t l y f o u n d t h a t t h e 
a b i l i t y o f h e p a r i n t o b i n d t o f i b r o n e c t i n depends on t h e p r e s e n c e o f 
a s p e c i f i c s u b - p o p u l a t i o n o f h e p a r i n m o l e c u l e s ( 2 5 ) . 

The d i s c u s s i o n above i n d i c a t e s t h a t a t l e a s t f o u r c e l l s u r f a c e 
m o l e c u l e s a r e i n v o l v e d i n f i b r o n e c t i n m e d i a t e d c e l l a d h e s i o n ; 
n amely, (a) t h e r e c e n t l y i s o l a t e d c e l l s u r f a c e r e c e p t o r p r o t e i n 
( 1 2 ) , (b) h e p a r a n s u l f a t e p r o t e o g l y c a n ( 1 4 , 3 1 ) , ( c ) c o l l a g e n ( s ) (1) 
and (d) g a n g l i o s i d e s ( 1 5 - 2 4 ) . T h i s f a c t s u g g e s t s t h a t c o - o p e r a t i v e 
i n t e r a c t i o n s b e t w e e n s e v e r a l r e c e p t o r s i t e s on t h e f i b r o n e c t i n 
m o l e c u l e may be i n v o l v e d i n f i b r o n e c t i n m e d i a t e d c e l l a d h e s i o n 
( F i g u r e 1) . T h e r e a r e numerous o t h e r e xamples o f c o - o p e r a t i v e 
i n t e r a c t i o n s b e t w e e n f i b r o n e c t i n b i n d i n g s i t e s w h i c h have been 
e s t a b l i s h e d f r o m b i o c h e m i c a l s t u d i e s . F o r example, h e p a r i n h a s been 
shown t o be i n v o l v e d i n b o t h t h e r a t e and s t r e n g t h o f t h e b i n d i n g o f 
f i b r o n e c t i n t o c o l l a g e n ( 3 3 ) . Thus, t h e i n v o l v e m e n t o f a t l e a s t 
f o u r o f t h e 14 ( o r more) b i n d i n g s i t e s o f f i b r o n e c t i n i n t h e c e l l 
a d h e s i v e a c t i v i t y o f t h e m o l e c u l e i s t h e r u l e r a t h e r t h a n t h e 
e x c e p t i o n . 

Cell Biology of Fibronectin-Mediated Cell Adhesion 

As i n d i c a t e d above, most, i f n o t a l l , t h e m o l e c u l e s r e q u i r e d f o r 
c e l l a d h e s i o n have now b e e n i d e n t i f i e d ; n e v e r t h e l e s s , many i m p o r t a n t 
f e a t u r e s o f t h e e c h a n i s m o f c e l l a d h e s i o n r e m a i n a t t h e 
p h e n o m e n o l o g i c a l l e v e l . I n t h e f o l l o w i n g s e c t i o n , a b r i e f r e v i e w 
o f c e l l b i o l o g i c a l s t u d i e s o f f i b r o n e c t i n - m e d i a t e d c e l l a d h e s i o n 
w i l l be p r e s e n t e d . 

Due t o t h e w e l l - k n o w n o b s e r v a t i o n t h a t EDTA c a n d i s s o c i a t e 
c e l l s and t i s s u e s , i t h as b e e n r e c o g n i z e d f o r some t i m e t h a t 
d i v a l e n t c a t i o n s a r e r e q u i r e d f o r t h e a d h e s i o n o f many c e l l t y p e s . 
D u r i n g t h e a d h e s i o n o f f i b r o b l a s t s t o f i b r o n e c t i n s u b s t r a t a , i t has 
be e n d e m o n s t r a t e d t h a t (a) s e v e r a l d i v a l e n t c a t i o n s a r e a c t i v e and 
(b) t h a t f i b r o n e c t i n d i s p l a y s t h e f o l l o w i n g o r d e r o f p r e f e r e n c e f o r 
d i v a l e n t c a t i o n s : 

2+ 2+ 2+ 2+ 2+ 2+ Mn >Mg >Co >Ca >Zn >Ni 
2+ 2+ 

w i t h Ba and S r b e i n g i n a c t i v e ( 3 4 ) . A mutant c e l l l i n e w i t h an 
a l t e r e d a d h e s i v e r e s p o n s e t o d i v a l e n t c a t i o n s h a s been d e s c r i b e d 
( 3 5 ) . The r e c e n t o b s e r v a t i o n t h a t Ca i s r e q u i r e d f o r t h e 
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620 PROTEINS AT INTERFACES 

a c t i v a t i o n of the 140 kD f i b r o n e c t i n receptor (21) suggests a 
p o s s i b l e r o l e f o r d i v a l e n t c a t i o n s i n the biochemical mechanism of 
c e l l adhesion. Study of other i o n i c requirements f o r c e l l adhesion 
i n d i c a t e s that c e l l adhesion occurs o p t i m a l l y at n e u t r a l pH and 
under i s o t o n i c c o n d i t i o n s (34). I n h i b i t i o n of c e l l adhes ion note^d 
at high pH can be as c r i b e d to the i n s o l u b i l i t y of both Ca and Mg 
at high pH. 

I t has been e s t a b l i s h e d f o r some time that c e l l s r e q u i r e 
metabolic energy to both i n i t i a t e an adhesive response to 
f i b r o n e c t i n as w e l l as maintain t h e i r adhesion to f i b r o n e c t i n (36) . 
Conditions which lower c e l l u l a r ATP l e v e l s (metabolic i n h i b i t o r s and 
low temperature) have been shown to both i n h i b i t c e l l attachment and 
r e s u l t i n the rounding and detachment of c e l l s from f i b r o n e c t i n 
coated s u b s t r a t a (36). I t i s w e l l known that m e t a b o l i c a l l y dead 
c e l l s do not at t a c h to f i b r o n e c t i n or other adhesive s u b s t r a t a ; the 
above observation i n d i c a t e s that c e l l adhesion i s not as simple as 
an antigen-antibody r e a c t i o n and al s o provides a d d i t i o n a l support 
f o r the observation that c e l l u l a r metabolic energy i s r e q u i r e d f o r 
c e l l adhesion (36). 

The observation that i n t e r a c t i o n of f i b r o n e c t i n w i t h c e l l 
surface molecules r e s u l t s i n a transmembrane s i g n a l which leads to 
the o r g a n i z a t i o n of cytoplasmic a c t i n cables (14) suggests a r o l e 
f o r c e l l u l a r metabolic energy i n the mechanism of c e l l adhesion. 
Transmembrane s i g n a l l i n g has been shown to r e q u i r e the c e l l b i n d i n g 
domain of f i b r o n e c t i n plus one or more of the heparin b i n d i n g s i t e s 
of f i b r o n e c t i n (14). The mechanism by which f i b r o n e c t i n generates a 
transmembrane s i g n a l which a f f e c t s a c t i n o r g a n i z a t i o n i s c u r r e n t l y 
known. 

Due to the e s t a b l i s h e d c e l l adhesive a c t i v i t y of f i b r o n e c t i n , 
i t i s not s u r p r i s i n g that f i b r o n e c t i n a l s o i s i n v o l v e d i n the 
c o n t r o l of c e l l m o t i l i t y and c e l l shape. V i a the phagokinetic t r a c k 
method, i t has been shown that the m o t i l i t y of c e l l s increases w i t h 
added f i b r o n e c t i n (31) and we have r e c e n t l y shown that heparin 
r e l a t e d molecules augment the a c t i o n of f i b r o n e c t i n i n t h i s system 
(31). In a d d i t i o n to the s t i m u l a t o r y a c t i v i t y of f i b r o n e c t i n on the 
m o t i l i t y of s e v e r a l c e l l types i n v i t r o , f i b r o n e c t i n has a l s o been 
shown to be inv o l v e d i n the migr a t i o n of neural c r e s t c e l l s i n ovo 
(37). 

One of the e a r l i e s t observations i n the c e l l adhesion p r o t e i n 
area was the l o s s of f i b r o n e c t i n from the surface of most malignant 
(but not n e c e s s a r i l y transformed) c e l l s (2) . The involvement of 
f i b r o n e c t i n i n the malignant spread of tumor c e l l s has r e c e n t l y been 
demonstrated by the f i n d i n g that Arg-Gly-Asp c e l l b i n d i n g domain 
sequences can i n h i b i t i n v a s i o n of the lungs of mice i n j e c t e d w i t h 
melanoma c e l l s by over 90% (38). 

C e l l Adhesion to Natural and A r t i f i c i a l Substrata 

E l e c t r o n microscopy of c e l l s c u l t u r e d on p l a s t i c s u b s t r a t a r e v e a l s 
that the plasma membrane does not make d i r e c t adhesive contact w i t h 
p l a s t i c but rat h e r i s separated from the p l a s t i c surface by a l a y e r 
of proteinaceous m a t e r i a l of about 100 angstrom thickness (39). Due 
to the presence i n serum of f i b r o n e c t i n , v i t r o n e c t i n , l a m i n i n (1-3) 
and p o s s i b l y other c e l l adhesion p r o t e i n s , c e l l s c u l t u r e d i n serum 
c o n t a i n i n g medium adhere to t h e i r s u b s t r a t a v i a one or more c e l l 
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38. KLEBE ET AL. Fibronectin-Mediated Attachment of Cells 621 

adhesion p r o t e i n s . Adhesion of t i s s u e s to implantable devises 
probably a l s o depends on c e l l adhesion p r o t e i n s . In t h i s s e c t i o n , 
we w i l l b r i e f l y review our knowledge of the surface p r o p e r t i e s of 
n a t u r a l and a r t i f i c i a l s u b s t r a t a which c o n t r o l the a c t i v i t y of c e l l 
adhesion p r o t e i n s . 

While i t has been shown that the c e l l surface receptor p r o t e i n s 
f o r s e v e r a l c e l l adhesion p r o t e i n s b i n d to an Arg-Gly-Asp c e l l 
b i n d i n g domain sequence found i n many adhesive p r o t e i n s (12,13), i t 
has been known f o r some time that appropriate surfaces g r e a t l y 
f a c i l i t a t e the i n t e r a c t i o n of f i b r o n e c t i n w i t h the c e l l surface 
(1,40-43). Thus, while f i b r o n e c t i n can b i n d d i r e c t l y to the c e l l 
surface (24), c o l l a g e n increases the b i n d a b i l i t y of f i b r o n e c t i n to 
the c e l l surface by a f a c t o r of about s i x (44,45). At present, the 
events which l e a d to b i n d i n g of f i b r o n e c t i n are not e n t i r e l y 
r e s o l v e d ; however, i t i s c l e a r that more than r e c o g n i t i o n of an 
Arg-Gly-Asp sequence i n f i b r o n e c t i n by the f i b r o n e c t i n receptor i s 
r e q u i r e d f o r b i n d i n g of f i b r o n e c t i n to the c e l l surface. For 
example, i t has been shown by McKeown-Longo and Mosher (24) that an 
amino t e r m i n a l f i b r o n e c t i n peptide de r i v e d from the amino te r m i n a l 
of the molecule can block f i b r o n e c t i n i n c o r p o r a t i o n i n t o the 
e x t r a c e l l u l a r matrix of c e l l s . The "matrix assembly receptor" 
i d e n t i f i e d by McKeown-Longo and Mosher (24) does not c o n t a i n the 
Arg-Gly-Asp c e l l b i n d i n g domain of f i b r o n e c t i n and i s c u r r e n t l y 
thought to depend on a g a n g l i o s i d e b i n d i n g s i t e that we (22) and 
others (46) have demonstrated at the amino terminus of f i b r o n e c t i n . 
Binding of f i b r o n e c t i n to the c e l l surface i n v o l v e s , i n a d d i t i o n to 
b i n d i n g to the 140 kD f i b r o n e c t i n receptor, i n t e r a c t i o n w i t h 
g a n g l i o s i d e s (21,22,46), heparin r e l a t e d molecules (14), and 
c o l l a g e n or a s u i t a b l e substrate (40,44,45). Below, we w i l l b r i e f l y 
review our knowledge of the surface a c t i v a t i o n of f i b r o n e c t i n by 
n a t u r a l and a r t i f i c i a l s u b s t r a t e s . 

Collagen: The Natu r a l Substratum f o r F i b r o n e c t i n and Other C e l l 
Adhesion P r o t e i n s . 

While i t i s c l e a r that f i b r o n e c t i n w i l l b i n d to many man-made 
polymers, i t i s a l s o c l e a r that c o l l a g e n i s the n a t u r a l substrate 
m a t e r i a l f o r f i b r o n e c t i n and other c e l l adhesion p r o t e i n s . Collagen 
and f i b r o n e c t i n are the most abundant p r o t e i n s i n the e x t r a c e l l u l a r 
matrix of c e l l s ; e.g., c o l l a g e n represents 5-20% of the t o t a l 
p r o t e i n i n most t i s s u e s (47) while f i b r o n e c t i n makes up 30% of the 
p r o t e i n on the c e l l surface (48) . The abundance and wide t i s s u e 
d i s t r i b u t i o n of c o l l a g e n makes c o l l a g e n an i d e a l substrate m a t e r i a l 
f o r f i b r o n e c t i n . The s p e c i f i c i t y of the i n t e r a c t i o n of f i b r o n e c t i n 
w i t h c o l l a g e n has been demonstrated by the f i n d i n g that f i b r o n e c t i n 
possesses a receptor f o r c o l l a g e n which recognizes a unique sequence 
i n c o l l a g e n I (49). I t i s i n t e r e s t i n g that the c o l l a g e n sequence 
recognized by f i b r o n e c t i n a l s o contains the sole s i t e on c o l l a g e n 
cleaved by mammalian collagenase (49). A sequence s i m i l a r to that 
present i n c o l l a g e n I i s a l s o recognized i n collagens I I and I I I by 
f i b r o n e c t i n (49). Laminin has been found to b i n d p r e f e r e n t i a l l y to 
c o l l a g e n IV (50). 

The s p e c i f i c i n t e r a c t i o n of f i b r o n e c t i n w i t h c o l l a g e n has 
f u n c t i o n a l s i g n i f i c a n c e . While i t has been demonstrated that 
f i b r o n e c t i n can b i n d to the c e l l surface without the a d d i t i o n of 
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622 PROTEINS AT INTERFACES 

exogenous c o l l a g e n , i t has been f o u n d t h a t c o l l a g e n g r e a t l y enhances 
t h e amount o f f i b r o n e c t i n bound t o t h e c e l l s u r f a c e ( 4 4 , 4 5 ) . (Due 
t o t h e f a c t t h a t most c u l t u r e d c e l l s s y n t h e s i z e c o l l a g e n ( 5 1 ) , i t i s 
d i f f i c u l t t o e x c l u d e t h e p o s s i b i l i t y t h a t c o l l a g e n i s r e q u i r e d f o r 
f i b r o n e c t i n b i n d i n g t o t h e c e l l s u r f a c e ) . C o l l a g e n b i n d i n g t o 
f i b r o n e c t i n may r e s u l t i n t h e e x p o s u r e o f a c r y p t i c A r g - G l y - A s p c e l l 
b i n d i n g domain p e p t i d e o f f i b r o n e c t i n o r i n c r e a s e t h e b i n d i n g 
c o n s t a n t o f f i b r o n e c t i n f o r i t s c e l l s u r f a c e r e c e p t o r s . W i t h t h e 
i s o l a t i o n o f t h e m o l e c u l e s i n v o l v e d 
i n f i b r o n e c t i n - m e d i a t e d c e l l a d h e s i o n , i t s h o u l d be p o s s i b l e t o t e s t 
t h e p o s s i b i l i t i e s above i n t h e n e a r f u t u r e . 

W h i l e c o l l a g e n i s c l e a r l y t h e e x t r a c e l l u l a r m a t r i x m a t e r i a l t o 
w h i c h f i b r o n e c t i n b i n d s i n v i v o . i t has a l s o b e e n e s t a b l i s h e d t h a t a 
w i d e v a r i e t y o f man-made p o l y m e r s w i l l promote f i b r o n e c t i n b i n d i n g 
t o t h e c e l l s u r f a c e ( 4 1 ) . The s u r f a c e a c t i v a t i o n o f f i b r o n e c t i n by 
a r t i f i c i a l s u b s t r a t e s may be s i m i l a r t o t h e w e l l c h a r a c t e r i z e d 
s u r f a c e a c t i v a t i o n o f b l o o d c l o t t i n g f a c t o r X I I , t h e Hageman f a c t o r 
( 5 2 , 5 3 ) . I t has b e e n shown t h a t b i n d i n g o f t h e Hageman f a c t o r t o 
g l a s s r e s u l t s i n a s e v e r a l h u n d r e d f o l d i n c r e a s e i n t h e p r o t e o l y t i c 
c o n v e r s i o n o f t h e Hageman f a c t o r f r o m a proenzyme i n t o an a c t i v e 
enzyme ( 5 2 , 5 3 ) . The s u r f a c e a c t i v a t i o n o f f i b r o n e c t i n by many 
p o l y m e r s may have a s i m i l a r mechanism. 

B i n d i n g o f F i b r o n e c t i n t o Man-Made P o l y m e r s . 

F o r many y e a r s , a w i d e v a r i e t y o f c e l l s have b e e n c u l t u r e d on 
p l a s t i c s ; however, o n l y r e c e n t l y have we begun t o u n d e r s t a n d t h e 
m o l e c u l a r e v e n t s t h a t p e r m i t p l a s t i c s u b s t r a t e s t o promote t h e 
a t t a c h m e n t and g r o w t h o f c e l l s . I t has b e e n known f o r many y e a r s 
t h a t a s u i t a b l e s u b s t r a t u m i s an a b s o l u t e r e q u i r e m e n t f o r t h e g r o w t h 
o f n o r m a l , b u t n o t t r a n s f o r m e d c e l l s ( t h e phenomenon o f a n c h o r a g e 
dependence ( 5 4 ) ) . The a n c h o r a g e i n d e p e n d e n c e o f t r a n s f o r m e d c e l l s 
has become t h e b a s i s o f one o f t h e most r e l i a b l e a s s a y s f o r c e l l 
t r a n s f o r m a t i o n ; i . e . , t h e a g a r c l o n i n g a s s a y o f M o n t a g e r and 
M c P h e r s o n ( 5 5 ) . 

The t a b l e p r e s e n t s m a t e r i a l s w h i c h e i t h e r b i n d o r do n o t b i n d 
f i b r o n e c t i n as w e l l as t h e a b i l i t y o f t h e s e m a t e r i a l s t o s u p p o r t 
c e l l a t t a c h m e n t and g r o w t h . F o r a more c o m p l e t e t r e a t m e n t , see 
r e f e r e n c e 41. 

We have i n v e s t i g a t e d t h e a b i l i t y o f 52 p o l y m e r s , c e r a m i c s , 
m e t a l s , and waxes t o s u p p o r t t h e a t t a c h m e n t and g r o w t h o f c u l t u r e d 
c e l l s ( T a b l e I and r e f e r e n c e 41) . Of t h e 52 c h e m i c a l l y d i s s i m i l a r 
m a t e r i a l s s t u d i e d , 48 p r o v e d t o s u p p o r t t h e a t t a c h m e n t and g r o w t h o f 
c e l l s . W i t h t h e a i d o f a m o n o c l o n a l a n t i b o d y b a s e d E L I S A p r o c e d u r e 
t h a t d e t e c t s f i b r o n e c t i n , we were a l s o a b l e t o d e m o n s t r a t e t h a t t h e 
a b i l i t y o f a s u r f a c e t o b i n d f i b r o n e c t i n d i s t i n g u i s h e d t h e m a t e r i a l s 
c a p a b l e o f s u p p o r t i n g c e l l a t t a c h m e n t and g r o w t h f r o m i n a c t i v e 
m a t e r i a l s ( 4 1 ) . Thus, t h e a b i l i t y o f a s u r f a c e t o b i n d f i b r o n e c t i n 
d e t e r m i n e s i t s a n c h o r a g e and g r o w t h p r o m o t i n g p r o p e r t i e s . 

Of t h e 52 m a t e r i a l s we i n v e s t i g a t e d , p o l y ( h y d r o x y e t h y l -
m e t h a e r y l a t e ) ( p o l y (HEMA) p r o v e d t o be u n i q u e ( 4 1 ) . Poly(HEMA) was 
t h e o n l y s o l i d m a t e r i a l t h a t d i d n o t s u p p o r t f i b r o n e c t i n b i n d i n g 
( a n d , t h u s , a l s o d i d n o t p e r m i t c e l l a t t a c h m e n t and g r o w t h ) . I t i s 
i n t e r e s t i n g t h a t t h e a d d i t i o n o f one p a r t p e r m i l l i o n o f an a d h e s i v e 
p o l y m e r t o poly(HEMA) p e r m i t s f i b r o n e c t i n b i n d i n g t o o c c u r (41) . 
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38. KLEBE ET AL. Fibronectin-Mediated Attachment of Cells 623 

T a b l e I . A b i l i t y o f M a t e r i a l s t o S u p p o r t F i b r o n e c t i n 
B i n d i n g . C e l l A d h e s i o n , and C e l l Growth 

C e l l F i b r o n e c t i n C e l l 
S u b s t r a t e M a t e r i a l A t t a c h m e n t B i n d i n g GrowtV 
A. F i b r o n e c t i n B i n d i n g 

M a t e r i a l s 
Lux C u l t u r e D i s h 100% 100% 100% 
C o l l a g e n 90 174 108 
P o l y ( s t y r e n e ) 100 100 100 
P o l y ( m e t h y l m e t h a c r y l a t e ) 56 66 94 
P o l y ( v i n y l c h l o r i d e ) 100 36 91 
P o l y ( v i n y l a c e t a t e ) 70 95 94 
T e f l o n 60 - 74 
E t h y l c e l l u l o s e 60 55 88 
P y r e x g l a s s 79 100 92 
C a r n a u b a wax 83 71 109 
S i l i c o n e g r e a s e 64 27 91 
Aluminum m e t a l 88 94 81 

B. M a t e r i a l s Which Do Not 
B i n d F i b r o n e c t i n 

B o v i n e Serum A l b u m i n 13 0 95 
A g a r 0 0 0 
P o l y ( a e r y l a m i d e ) 20 0 -
P o l v ( h v d r o x v e t h v l m e t h a c r v l a t e ) 1 0 13 

Thus, i m p u r i t i e s on t r e a t e d s u b s t r a t e s c a n a l t e r f i b r o n e c t i n b i n d i n g 
and c e l l a d h e s i o n t o poly(HEMA) ( 4 1 ) . The s u r f a c e d i s t r i b u t i o n o f 
a d h e s i v e p o l y m e r s i n poly(HEMA) was n o t t e s t e d . 

W h i l e t r e a t m e n t o f p o l y ( s t y r e n e ) and 48 d i v e r s e m a t e r i a l s w i t h 
p u r i f i e d f i b r o n e c t i n r e n d e r s s u c h m a t e r i a l s a d h e s i v e ( 4 1 ) , t r e a t m e n t 
o f p o l y ( s t y r e n e ) w i t h f i b r o n e c t i n i n t h e p r e s e n c e o f o t h e r serum 
p r o t e i n s i s c o n s i d e r a b l y l e s s e f f e c t i v e ( 4 2 , 4 3 , 5 6 ) . A g a i n v i a ELISA 
a s s a y f o r f i b r o n e c t i n b i n d i n g , i t c a n be shown t h a t l e s s f i b r o n e c t i n 
b i n d s t o p l a s t i c i n t h e p r e s e n c e o f o t h e r serum p r o t e i n s ( 4 2 ) . T h i s 
o b s e r v a t i o n i s e x p e c t e d s i n c e i t c a n be shown t h a t b o v i n e serum 
a l b u m i n and o t h e r p u r i f i e d p r o t e i n s compete w i t h f i b r o n e c t i n f o r 
n o n - s p e c i f i c b i n d i n g s i t e s on p l a s t i c . 

W h i l e b o t h b a c t e r i o l o g i c a l p e t r i p l a t e s and " t i s s u e c u l t u r e 
d i s h e s " a r e made o f p o l y ( s t r y r e n e ) ( 5 7 - 5 9 ) , t h e f i b r o n e c t i n b i n d i n g 
p r o p e r t i e s o f t h e s e m a t e r i a l s a r e q u i t e d i f f e r e n t ( 4 2 ) . ELISA 
a s s a y s f o r f i b r o n e c t i n b i n d i n g i n d i c a t e t h a t " t i s s u e c u l t u r e d i s h e s " 
b i n d more f i b r o n e c t i n t h a n b a c t e r i o l o g i c a l p e t r i p l a t e s ( 4 2 ) . Thus, 
" t i s s u e c u l t u r e d i s h e s " b i n d more c e l l s and promote b e t t e r g r o w t h o f 
c e l l s t h a n b a c t e r i o l o g i c a l p e t r i p l a t e s . S i n c e b o t h t y p e s o f 
p l a s t i c p e t r i p l a t e a r e made o f p o l y ( s t y r e n e ) , we t e s t e d t h e 
h y p o t h e s i s t h a t a p r o p r i e t a r y s u r f a c e t r e a t m e n t was i n v o l v e d . By 
d i s s o l v i n g " t i s s u e c u l t u r e d i s h e s " i n benzene and r e c a s t i n g t h e 
p o l y m e r , we c o u l d show t h a t t h e r e c a s t p o l y m e r now h a d t h e 
f i b r o n e c t i n b i n d i n g p r o p e r t i e s o f b a c t e r i o l o g i c a l p l a s t i c s (42) . 
W h i l e t h e i n i t i a l a t t a c h m e n t o f c e l l s t o serum t r e a t e d 
b a c t e r i o l o g i c a l p l a s t i c s i s c o m p a r a b l e t o t i s s u e c u l t u r e p l a s t i c s , 
c e l l a t t a c h m e n t d e c r e a s e s m a r k e d l y a t t i m e p o i n t s b e yond 48 h o u r s on 
b a c t e r i o l o g i c a l p l a s t i c s ( F i g u r e 2) . By t r e a t i n g b a c t e r i o l o g i c a l 
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Figure 2. C e l l attachment to b a c t e r i o l o g i c a l and t i s s u e 
c u l t u r e p l a s t i c s . The attachment of CHO c e l l s to 
b a c t e r i o l o g i c a l (opened t r i a n g l e s ) , t i s s u e c u l t u r e (opened 
c i r c l e s ) , and H^SO^-oxidized substrata (closed c i r c l e s ) i s 
presented over a 5 day period. Note that c e l l attachment 
decreases with time on b a c t e r i o l o g i c a l p l a t e s treated with 
serum. The detachment of c e l l s with time observed on 
b a c t e r i o l o g i c a l p l a t e s explains the poor growth of c e l l s 
observed on b a c t e r i o l o g i c a l p l a s t i c s . 

p l a s t i c s with s u l f u r i c acid, we could also show that b a c t e r i o l o g i c a l 
p e t r i p l a t e s gained the f i b r o n e c t i n binding properties of " t i s s u e 
c u l t u r e dishes". Thus, i t i s p o s s i b l e to i n t e r c o n v e r t the 
p r o p e r t i e s of b a c t e r i o l o g i c a l p e t r i p l a t e s and " t i s s u e c u l t u r e 
dishes" by d i f f e r e n t surface treatments (42). C u r t i s and co-workers 
have shown that s u r f u r i c a c i d and other o x i d i z i n g agents introduce 
s e v e r a l f u n c t i o n a l groups into poly(styrene) and that introduced 
hydroxyl groups are responsible for the a l t e r a t i o n i n b i o l o g i c a l 
p r o p e r t i e s noted (43). 

While the binding of f i b r o n e c t i n appears to be a c r i t i c a l 
feature i n the response of c e l l s to many man-made materials, recent 
studies have shown that treatment of surfaces with other 
e x t r a c e l l u l a r matrix components, such as laminin and type IV 
c o l l a g e n (60), can g r e a t l y a l t e r the b i o l o g i c a l p r o p e r t i e s of 
p l a s t i c s . Treatment of p l a s t i c with a biomatrix derived from a 
basement membrane tumor can a l t e r the morphology and d i f f e r e n t i a t e d 
s t a t e of s e v e r a l c e l l types (60). Hence, the b i o l o g i c a l p r o p e r t i e s 
of polymeric materials are dependent on the type of e x t r a c e l l u l a r 
a t r i x molecule absorbed more than the chemical nature of the polymer 
i t s e l f . 
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38. KLEBE ET AL. Fibronectin-Mediated Attachment of Cells 625 

C y t o s c r i b i n g . 

Recently, we have used the f i b r o n e c t i n b i n d i n g p r o p e r t i e s of 
ma t e r i a l s and computer graphics to synthesize two-dimensional 
t i s s u e s v i a a process we term c y t o s c r i b i n g (61) . By adding 
f i b r o n e c t i n to the c a r t r i d g e of an ink j e t p r i n t e r or l o a d i n g the 
pen of a p l o t t e r w i t h f i b r o n e c t i n , we can p o s i t i o n f i b r o n e c t i n i n 
any d e s i r e d p a t t e r n on a substratum (Figure 3) . F o l l o w i n g BSA 
treatment which i n a c t i v a t e s areas of the substratum untreated w i t h 
f i b r o n e c t i n , c e l l s w i l l a t t a c h only to areas which have been 
c y t o s c r i b e d w i t h f i b r o n e c t i n (Figure 3)(61). Hence, by u t i l i z i n g 
d i f f e r e n c e s i n the f i b r o n e c t i n b i n d i n g p r o p e r t i e s of m a t e r i a l s , i t 
i s p o s s i b l e to cons t r u c t surfaces w i t h d i f f e r e n t adhesive patterns 
f o r d i f f e r e n t c e l l types. Thus, i t i s p o s s i b l e to co n s t r u c t two 
dimensional t i s s u e s . 

In a d d i t i o n to d i r e c t a p p l i c a t i o n of f i b r o n e c t i n to predefined 
areas of a substratum, surfaces w i t h d i f f e r e n t i a l a d h e s i v i t y can be 
constructed by photoengraving technology (Figure 3)(61). For 
example, the photoengraving of a non-adhesive agar surface w i t h a 
photopolymerizable polymer r e s u l t s i n the generation of regions of a 
substratum which can bin d f i b r o n e c t i n and, hence, can support c e l l 
attachment (Figure 3). Due to the high p r e c i s i o n of photoengraving 
methods, i t should be p o s s i b l e to u t i l i z e photoengraving as a 
valua b l e t o o l i n m i c r o p o s i t i o n i n g c e l l s on s u b s t r a t a (61). 

Figure 3A. Cytoscribing as a method for high-precision micropositioning of cell 
populations. A plastic surface was cytoscribed with fibronectin by application of the 
cell adhesion protein by an ink jet printer. Cells attach to those areas of the plastic to 
which fibronectin had been applied. 
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626 PROTEINS AT INTERFACES 

Figure 3B. Cytoscribing as a method for high-precision micropositioning of cell 
populations. Cytoscribing was carried out by photopolymerizing a polymer over a 
nonadhesive agar substratum. Cells attach selectively to the photoengraved region of 
the substratum. 
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Chapter 39 

Film, Foaming, and Emulsifying Properties 
of Food Proteins: Effects of Modification 

John E. Kinsella and Dana M. Whitehead 

Institute of Food Science, Cornell University, Ithaca, NY 14853 

The spectrum of surface active behavior displayed 
by food proteins directly reflects differences in 
structural and physicochemical properties among the 
proteins originating from various sources i.e. 
meat, milk, legumes. Chemical or enzymatic 
modification of model food proteins has indicated 
that alteration of specific structural features 
e.g. net charge, disulfide bonding, size, does 
influence film formation, foaming and emulsifying 
properties. 

The specific sequence of amino acids in a protein determines its 
structure, conformation, and physicochemical properties. The 
structure of protein is categorized as primary, secondary, 
tertiary, or quaternary, depending on the progressive state of 
spatial arrangement of polypeptide chains of the protein (1,2). 
Although the primary structures of almost all major food proteins 
are known, the exact conformation of only a few native proteins 
e.g. φ-lactoglobulin has been elucidated (3-5). 

In an aqueous environment, the component polypeptides of a 
protein tend to fold in a characteristic fashion to form local
ized secondary structures i.e. a(-helix, φ-pleated sheet, Ç-turns, 
or random coil (6). The integrity and stabilization of secon
dary, tertiary, and quaternary structures of a given protein are 
dependent on different forces. An understanding of the various 
forces responsible for the native structure of proteins is 
fundamental in comprehending how they affect the conformation and 
functional properties of proteins (7.)· 

The non-covalent forces involved in stabilizing the second
ary and tertiary structure and influencing the functional 
behavior of proteins include: hydrogen bonding, van der Waal's 
forces, electrostatic interactions, and hydrophobic associa
tions. Covalent disulfide bonds are also important in maintain
ing structural integrity of some food proteins via intramolecular 
and intermolecular bonds e.g. glycinin, Ç>-lactoglobulin (8_). 

0097-6156/87/0343-0629$06.00/0 
© 1987 American Chemical Society 
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630 PROTEINS AT INTERFACES 

The hydrogen bond (Η-bond) i s i o n i c i n nature and s t a b i l i z e s 
secondary s t r u c t u r e s . Hydrogen bonding i s involved i n p r o t e i n -
- p r o t e i n a s s o c i a t i o n s i n f i l m s . 

E l e c t r o s t a t i c i n t e r a c t i o n s are the major f o r c e s a f t e r 
hydrogen bonding. The involvement of e l e c t r o s t a t i c i n t e r a c t i o n s 
i n the f u n c t i o n a l behavior of food proteins i s i n d i c a t e d by the 
e f f e c t of pH on several properties i . e . s o l u b i l i t y , e m u l s i o n 
s t a b i l i z a t i o n , f i l m formation, and foaming. M o d i f i c a t i o n of 
c a t i o n i c groups and i n t r o d u c t i o n of anionic groups s i g n i f i c a n t l y 
a l t e r s the p h y s i c a l properties of food proteins and improves 
c e r t a i n f u n c t i o n a l p r o p e r t i e s (9_). 

Van der Waal's forces are general, n o n s p e c i f i c , short-range 
forces which are operative between c l o s e l y apposed groups i n 
adjacent polypeptides. The involvement of these forces i n f i l m 
formation has not been e s t a b l i s h e d . 

Hydrophobic i n t e r a c t i o n s which are enforced (entropy driven) 
by the nature of water are the p r i n c i p l e forces behind p r o t e i n 
f o l d i n g (6). They f a c i l i t a t e the establishment of other s t a b i l i 
z i n g i n t e r a c t i o n s (7,10). Hydrophobic i n t e r a c t i o n s , being of 
fundamental importance to p r o t e i n s t r u c t u r e , are very relevant to 
the f u n c t i o n a l properties of many food p r o t e i n s , e s p e c i a l l y 
caseins. These forces a f f e c t s o l u b i l i t y , g e l a t i o n , coagulation, 
m i c e l l e formation, f i l m formation, s u r f a c t a n t p r o p e r t i e s and 
f l a v o r binding (7,10). 

P r o t e i n B e h a v i o r a t I n t e r f a c e s 

Film Formation 
The surface a c t i v e properties of proteins are r e l a t e d to t h e i r 
a b i l i t y to lower the i n t e r f a c i a l tension between air/water or 
oil/water i n t e r f a c e s . Surface a c t i v i t y i s a function of the ease 
with which proteins can d i f f u s e t o , a d s o r b a t , u n f o l d , and 
rearrange at an i n t e r f a c e (11,12). Thus, s i z e , n a t i v e s t r u c t u r e 
and s o l u b i l i t y i n the aqueous phase are c l o s e l y c o r r e l a t e d with 
the surface a c t i v i t y of proteins i n model systems (13-16). 

In model systems, i n t e r f a c i a l f i l m formation i s enhanced by 
exposed hydrophobic regions on the p r o t e i n . Thus proteins with 
molecular ' f l e x i b i l i t y ' show s u p e r i o r s u r f a c e a c t i v i t y , as 
d i s p l a y e d by the caseins. 

P r o t e i n conformation at an oil/water i n t e r f a c e i s not f u l l y 
understood. Model st r u c t u r e s have been proposed based on the 
p o l a r i t y of amino a c i d residue side chains, which dep i c t the 
polypeptide chain i n three segments: ' t r a i n s ' of amino a c i d 
residues i n contact with the i n t e r f a c e and 'loops' (and ' t a i l s ' ) 
of residues protruding i n t o e i t h e r bulk phase, depending on t h e i r 
p o l a r i t y (13,15,17). 

A study with the hydrophobic s i g n a l peptide of E^ c o l i 
lambda phage i n phospholipid monolayers, showed a preference f o r 
pC-helical conformation when the peptide was i n s e r t e d i n t o the 
l i p i d phase (18). However, i n t e r a c t i o n with the l i p i d surface 
without i n s e r t i o n induced the peptide to adopt the φ - s t r u c t u r e 
(18). These observations, obtained with c i r c u l a r dichroism and 
Fourier t r a n s f o r m - i n f r a r e d (FT-IR) data, provide the f i r s t d i r e c t 
evidence for interconversions between v a r i o u s c o n f o r m a t i o n a l 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 631 

states, under s p e c i f i c environmental conditions, when the peptide 
approaches a l i p i d surface (18). 

During the i n i t i a l stages of f i l m formation there i s r a p i d 
d i f f u s i o n (nanosecond) of proteins from s o l u t i o n to the i n t e r 
face. This i s thermodynamically favorable because some of the 
conformational and hydration energy of the p r o t e i n i s l o s t at the 
i n t e r f a c e (12). I n i t i a l l y , at low p r o t e i n concentrations, there 
i s no b a r r i e r to adsorption and f o r p r o t e i n molecules that are 
r e a d i l y adsorbed at the i n t e r f a c e , the rate of adsorption i s 
d i f f u s i o n c o n t r o l l e d . But a f t e r some time, e s p e c i a l l y at high 
surface p r o t e i n concentrations, there i s an a c t i v a t i o n energy 
b a r r i e r to adsorption (14,19), which may involve e l e c t r o s t a t i c , 
s t e r i c and osmotic e f f e c t s close to the i n t e r f a c i a l or surface 
l a y e r s . Under the l a t t e r c o n ditions, the a b i l i t y of the p r o t e i n 
molecules to interpenetrate and create space i n the e x i s t i n g f i l m 
and to re a r r a n g e at the s u r f a c e i s r a t e - d e t e r m i n i n g . The 
capacity of proteins to unfold at an i n t e r f a c e depends very much 
on the conformational s t a b i l i t y of f l e x i b l e segments o f the 
pr o t e i n molecule (130. Where there i s extensive intramolecular 
a s s o c i a t i o n s and d i s u l f i d e bonding, unfolding at the i n t e r f a c e 
tends to be l i m i t e d , and formation of an i n t e r f a c i a l membrane 
takes r e l a t i v e l y longer e.g. soy proteins compared to caseins 
(10,15,20). 
Food Protein Films i n Model Systems 
In order to e l u c i d a t e r e l a t i o n s h i p s between surface a c t i v e and 
f i l m forming p r o p e r t i e s of food p r o t e i n s , i t i s u s e f u l to examine 
the surface a c t i v e p r o p e r t i e s of proteins whose p h y s i c a l and 
molecular p r o p e r t i e s are we l l c h a r a c t e r i z e d e.g. Ç>-casein, bovine 
serum albumin (BSA), lysozyme (17), and Ç>-lactoglobulin (b-Lg) 
(21). These represent a range of t e r t i a r y s t r u c t u r e s f o r soluble 
p r o t e i n s . Lysozyme i s a r i g i d and roughly e l l i p s o i d a l molecule, 
whereas the hydrophobic ^ - c a s e i n molecule i s mostly a random c o i l 
s t r u c t u r e . The b-Lg molecule c o n s i s t s almost e n t i r e l y of a n t i -
p a r a l l e l Ç-sheet strands organized i n t o a f l a t t e n e d cone (5_). 

The k i n e t i c s of p r o t e i n adsorption at an i n t e r f a c e can be 
measured by monitoring surface concentration and surface pressure 
i . e . depression of surface tension (V) as a func t i o n of time 
(17). ^ - c a s e i n i s more surface a c t i v e than serum albumin or b-Lg 
and much more so than lysozyme. This r e f l e c t s not only the rate 
of d i f f u s i o n of the native p r o t e i n t o the i n t e r f a c e , but a l s o i t s 
molecular 1 f l e x i b i l i t y ' a n d amphipathic nature (15,17,22). 

Comparisons of the surface adsorption behavior of ^ - c a s e i n , 
lysozyme and BSA have been we11-documented (13-15,22). Rates of 
adsorption at any given surface pressure (2 to 20 mN/M) and 
pro t e i n concentration (0.01 mg/dl t o 1 mg/dl) r e f l e c t d i f f e r e n c e s 
i n unfolding of the p r o t e i n molecules as well as d i f f e r e n c e s i n 
t h e i r i s o e l e c t r i c p o i n t s, ^ - c a s e i n has a p i of approximately 5.3 
(average of the genetic v a r i a n t s ) and forms a d i l u t e monolayer of 
t i g h t l y packed molecules (>7.7 A 2/residue) u n t i l the pr o t e i n 
concentration i s 1 mg/dl. Further adsorption i s averted because 
of charge r e p u l s i o n and s t e r i c f a c t o r s i . e . net negative charge 
on the pr o t e i n at pH 7 (13,23,24). Lysozyme r e t a i n s extensive 
native s t r u c t u r e at the i n t e r f a c e as i t forms a concentrated f i l m 
and m u l t i l a y e r s of the p r o t e i n accumulate above 1 mg/dl. 
Lysozyme m u l t i l a y e r f i l m s d i s p l a y greater v i s c o s i t y , r e s i s t a n c e 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

03
9



632 PROTEINS AT INTERFACES 

to shear and lower c o m p r e s s i b i l i t y ( l a r g e r d i l a t a t i o n a l modulus) 
than β-casein f i l m s , r e f l e c t i n g a greater degree of c r o s s l i n k i n g 
( d i s u l f i d e bonds) and intermolecular a s s o c i a t i o n s (23). The p i 
of lysozyme i s close to n e u t r a l pH, thus e l e c t r o s t a t i c r e p u l s i v e 
forces and s t e r i c f a c t o r s are n e g l i g i b l e at t h i s pH. 

Benjamins et a l (24) studied the e f f e c t s of aging on the 
e l a s t i c i t y of Ç-casein and K-casein f i l m s . The d i l a t a t i o n a l 
modulus of K-casein was l a r g e r than that of ^-casein and i n c r e a s 
ed by a f a c t o r of three with f i l m age, whereas the d i l a t a t i o n a l 
modulus of ^-casein f i l m s changed l i t t l e with time (24). K-casein 
unfolds l e s s at the air/water i n t e r f a c e since i t has l e s s random 
structure than Ç-casein. This can a l s o be i n t e r p r e t e d i n terms 
of K-casein having less d i r e c t contact with the f i l m surface at 
any given protein concentration (25). S i g n i f i c a n t protein-pro
t e i n i n t e r a c t i o n s i . e . s t e r i c / e l e c t r o s t a t i c r e p u l s i o n , are 
b e l i e v e d to occur between segments of polypeptide chains which 
extend both above and below the plane of the air/water i n t e r f a c e 
i n surface p r o t e i n f i l m s (16,26) 

The surface v i s c o s i t y or r e s i s t a n c e to shear s t r e s s of the 
surface f i l m i s an index of i t s mechanical strength and i s an 
important parameter r e l a t e d to the s t a b i l i t y of f i l m s and foams 
(23J. Surface y i e l d s t r e s s of BSA f i l m s were determined using 
the above parameters (23_). Maximum values were obtained i n the 
pH range of 5-6, near the i s o e l e c t r i c point of BSA, and decreased 
r a p i d l y above pH 6.0 [Table 1]. These observations again r e f l e c t 
the enhanced intermolecular i n t e r a c t i o n s between p r o t e i n compo
nents i n the f i l m as the i s o e l e c t r i c point i s reached and the 
enhanced e l e c t r o s t a t i c r e p u l s i o n between neighboring molecules as 
the pH i s r a i s e d above the i s o e l e c t r i c point, i . e . net charge on 
the p r o t e i n surface was increased. 

The general v a l i d i t y of these r e l a t i o n s h i p s has a l s o been 
demonstrated with ^ - l a c t o g l o b u l i n (21 ), r i b u l o s e 1,5-biphosphate 
carboxylase (25), and soy g l y c i n i n (27). 

The adsorption of soy p r o t e i n at an i n t e r f a c e i s r e l a t i v e l y 
slow compared to c a s e i n , and the rate i s a f f e c t e d by i o n i c 
strength, being higher at 0.2 M than at zero NaCl where the 
subunits may be d i s s o c i a t e d . Conceivably the reduction of the 
zeta p o t e n t i a l and e l e c t r o s t a t i c r e p u l s i o n (from 0 to 0.2 M s a l t ) 
f a c i l i t a t e s penetration and subsequent surface packing (28). The 
rate of p e n e t r a t i o n of a d d i t i o n a l m o l e c u l e s i n t o the f i l m 
i n d i c a t e d that the soy proteins i n i t i a l l y adsorbed and spread 
e a s i l y at the surface (29). However, t h i s seems i n c o n s i s t e n t 
with the highly s t a b l e d i s u l f i d e l i n k e d t e r t i a r y s t r u c t u r e of soy 
g l y c i n i n (30) and i t i s perhaps the c o n g l y c i n i n component that 
forms the i n i t i a l i n t e r f a c i a l f i l m (31). 

The behavior of p r o t e i n s a t i n t e r f a c e s i n f l u e n c e s the 
formation of foams and emulsions (32). S t a b i l i z a t i o n of foams 
and emulsions depends, to a great extent, on the f o r m a t i o n , 
r h e o l o g i c a l , and mechanical pro p e r t i e s of the i n t e r f a c i a l f i l m 
(22^). Factors which ensure optimum f i l m properties i n simple 
systems may r e t a r d f i l m formation or cause d e s t a b i l i z a t i o n i n 
foams or emulsions (33); f o r example, many r h e o l o g i c a l p r o p e r t i e s 
of f i l m s are maximum i n the i s o e l e c t r i c pH range of s p e c i f i c 
p r o t e i n s , yet most proteins have minimum s o l u b i l i t y i n t h i s pH 
range (34). Thus, environmental and processing f a c t o r s which 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 633 

TABLE 1 

E f f e c t of pH on Some Film and Foaming Pr o p e r t i e s 
of Bovine Serum Albumin 

Fil m Foam 

Surface Surface Y i e l d F ilm Drainage 
PH Pressure Stress E l a s t i c i t y h a l f - l i f e 

(dyne/cm) (min) 

4.0 2.8 3.0 2.2 5.0 
5.0 15.8 3.8 5.0 8.0 
5.5 19.0 4.0 5.2 9.6 
6.0 14.0 4.3 5.4 8.5 
7.0 10.0 3.0 2.3 6.3 
8.0 2.0 2.2 1.8 6.0 

From Kim and K i n s e l l a , 1985 (23) 
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634 PROTEINS AT INTERFACES 

a l t e r the conformation and s t a b i l i t y of proteins g r e a t l y a f f e c t s 
f i l m formation and p r o p e r t i e s (34). 

Because p r o t e i n - b a s e d foams depend upon the i n t r i n s i c 
molecular p r o p e r t i e s ( e x t e n t and nature of p r o t e i n - p r o t e i n 
i n t e r a c t i o n s ) of the p r o t e i n , foaming properties (formation and 
s t a b i l i z a t i o n ) can vary immensely between d i f f e r e n t p r o t e i n s . 
The i n t r i n s i c properties of the p r o t e i n together with e x t r i n s i c 
f a c t o r s (temperature, pH, s a l t s , and v i s c o s i t y of the continuous 
phase) determine the p h y s i c a l s t a b i l i t y of the f i l m . Films with 
enhanced mechanical strength (greater p r o t e i n - p r o t e i n i n t e r a c 
t i o n s ) , and b e t t e r r h e o l o g i c a l and v i s c o e l a s t i c p r o p e r t i e s 
( f l e x i b l e r e s i d u a l t e r t i a r y structure) are more stable (12,15), 
and t h i s i s r e f l e c t e d i n more stable foams/emulsions (14,33). 
Such f i l m s have bet t e r v i s c o e l a s t i c p r o p e r t i e s ( d i l a t a t i o n a l 
modulus) (35) and can adapt to p h y s i c a l perturbations without 
r u p t u r e . T h i s i s i l l u s t r a t e d by $ - l a c t o g l o b u l i n which forms 
strong viscous f i l m s while casein f i l m s show l i m i t e d v i s c o s i t y 
due to diminished p r o t e i n - p r o t e i n ( e l e c t r o s t a t i c ) i n t e r a c t i o n s 
and lack of bulky s t r u c t u r e ( s t e r i c e f f e c t s ) which apparently 
improves i n t e r a c t i o n s at the i n t e r f a c e (7,13,19). 

In the case of the major cytoplasmic p r o t e i n of leaves, 
r i b u l o s e 1,5-biphosphate carboxylase (RUBISCO), the surface 

r h e o l o g i c a l p r o p e r t i e s and foam s t a b i l i t y were maximum at pH 5.5, 
c l o s e to the i s o e l e c t r i c p o i n t (pH 4.8) and a l l parameters 
measured were greater than any other p r o t e i n studied (25). This 
may be r e l a t e d to the large molecular s i z e of RUBISCO, i . e . 560 
000 daltons, and i t s d i s u l f i d e s t a b i l i z e d globular s t r u c t u r e . 

Hydrophobic i n t e r a c t i o n s between proteins and f a t s are very 
c r i t i c a l i n emulsion formation. The emulsifying a c t i v i t i e s of 
various proteins e.g. BSA, t r y p s i n , ovalbumin, and lysozyme have 
been reported to be c o r r e l a t e d with t h e i r average net hydropho-
b i c i t i e s (36). I t has been suggested that the conformational 
p r o p e r t i e s i . e . ' f l e x i b i l i t y 1 of whey proteins are important i n 
adsorption and p o s s i b l y a f f e c t s t h e i r emulsifying a b i l i t y (37). 
Subsequent studies revealed that the conformational s t a b i l i t y of 
Ç>-lactoglobulin v a r i e d depending on pH i . e . i t s conformation was 
more r i g i d and r e s i s t a n t to denaturation at pH 3 than at pH 7 
(38). The low emulsifying and surface a c t i v i t y of b-Lg at a c i d i c 
pH was assumed to be due to low d e n a t u r a b i l i t y ( ' f l e x i b i l i t y ' ) 
of the molecule (38) and might be an important f a c t o r i n govern
ing surface a c t i v e p r o p e r t i e s (14). 

I t has been suggested t h a t p r o t e i n ' f l e x i b i l i t y ' i s an 
important s t r u c t u r a l f a c t o r governing emulsifying and foaming 
p r o p e r t i e s (39). Chemically induced c r o s s - l i n k i n g of BSA and 
lysozyme g r e a t l y reduced the foaming power and foam s t a b i l i t y of 
both proteins and there was a s i m i l a r though l e s s marked change 
i n e m u l s i f y i n g a c t i v i t y and emulsion s t a b i l i t y ( 4 0 ) . The 
monomeric c r o s s - l i n k e d proteins were r e s i s t a n t to p r o t e o l y s i s and 
heat-induced conformational changes, suggesting that molecular 
f l e x i b i l i t y may play a r o l e i n foaming and emulsion p r o p e r t i e s 
(40). 

E f f e c t o f M o d i f i c a t i o n on F i l m , Foam, and E m u l s i o n P r o p e r t i e s 
I n t e n t i o n a l m o d i f i c a t i o n o f p r o t e i n s t r u c t u r e t h r o u g h a l t e r a t i o n s 
o f p r o t e i n net c h a r g e , h y d r o p h o b i c i t y , h y d r o g e n b o n d i n g , and 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 635 

d i s u l f i d e bonding, provide approaches f o r studying the importance 
of s p e c i f i c s t r u c t u r a l features on f i l m s t r u c t u r e and s t a b i l i t y , 
foaming capacity, and emulsion s t a b i l i z a t i o n (20). 
Mo d i f i c a t i o n of Net Charge 
S u c c i n y l a t i o n : The net charge on p r o t e i n molecules a f f e c t s the 
s o l u b i l i t y and the extent of p r o t e i n - p r o t e i n i n t e r a c t i o n s . Both 
are important i n achieving optimal f i l m and surface p r o p e r t i e s 
(8,9). The s o l u b i l i t y of a p r o t e i n r e s u l t s from an e q u i l i b r i u m 
between p r o t e i n - s o l v e n t and p r o t e i n - p r o t e i n i n t e r a c t i o n s ( 41 ). 
Conditions which favor p r o t e i n - s o l v e n t i n t e r a c t i o n s g e n e r a l l y 
increases the s o l u b i l i t y of a p r o t e i n . Chemical d e r i v a t i z a t i o n 
of the £-amino groups of l y s i n e r e s i d u e s i n p r o t e i n s w i t h 
s u c c i n i c anhydride improves the f u n c t i o n a l i t y of food proteins 
(9). 

P r o g r e s s i v e s u c c i n y l a t i o n of g l y c i n i n or β - l a c t o g l o b u l i n 
increased the amount of unordered s t r u c t u r e , e l e c t r o n e g a t i v i t y 
(42), s p e c i f i c v i s c o s i t y (43), hydration and s o l u b i l i t y (44,)# and 
enhanced the foaming and emulsifying p r o p e r t i e s (44) of the 
su c c i n y l a t e d p r o t e i n s . 

F i l m s t r e n g t h as r e f l e c t e d i n s u r f a c e y i e l d s t r e s s of 
g l y c i n i n was increased by moderate s u c c i n y l a t i o n (<50%) but de
c r e a s e d f o l l o w i n g extensive s u c c i n y l a t i o n . The surface y i e l d 
s t r e s s a l s o d e c r e a s e d w i t h i n c r e a s i n g pH [Table 2 ] . Both 
observations are consis t e n t with the t h e s i s that with an increase 
i n net negative charge, excessive r e p u l s i o n reduces the formation 
of a c o n t i n u o u s c o h e s i v e v i s c o e l a s t i c f i l m . Dynamic f i l m 
e l a s t i c i t y as measured by tensiolaminometry (20) revealed that 
l i m i t e d s u c c i n y l a t i o n enhanced e l a s t i c i t y , but at high l e v e l s of 
s u c c i n y l a t i o n , e l a s t i c i t y decreased. These data r e f l e c t the 
diminished cohesiveness of the f i l m as net charge r e p u l s i o n 
between proteins i n the f i l m was increased. 

Foaming behavior was improved by l i m i t e d s u c c i n y l a t i o n of 
g l y c i n i n (44). The foam s t a b i l i t y , expressed as h a l f l i f e t i m e of 
l i q u i d i n the foam, i . e . drainage, s i g n i f i c a n t l y increased upon 
s u c c i n y l a t i o n , p a r t i c u l a r l y at low (up to 50%) l e v e l s of succiny
l a t i o n . However, a t 100% s u c c i n y l a t i o n , foam s t a b i l i t y was 
greater than that observed for the native g l y c i n i n . This may 
r e f l e c t the enhanced s t a b i l i t y of the bubbles caused by charge 
re p u l s i o n which impeded approach and coalescence of contiguous 
bubbles. The increase i n net negative charge on the p r o t e i n may 
have r e s u l t e d i n greater water binding and r e t e n t i o n i n the 
l a m e l l a as r e f l e c t e d by the increased v i s c o s i t y of modified 
g l y c i n i n [Table 2], 
pH: The e f f e c t s of pH on the surface a c t i v e p r o p e r t i e s of BSA 
and β - l a c t o g l o b u l i n r e f l e c t the importance of net charge. BSA 
i s surface a c t i v e and i t s a b i l i t y to depress surface tension i s 
a f f e c t e d by net charge i . e . pH. The i n i t i a l surface pressure 
development of BSA was markedly pH dependent showing a sharp 
maximum around pH 5.5 close to the i s o e l e c t r i c point of BSA ( 23) 
( F i g . l ) . The rate of adsorption and surface pressure development 
of b-Lg i s s i g n i f i c a n t l y greater i n the pH range 4.5-6.0 ( 21 ) 
(F i g . 2 ) . 

Thus the optimum a d s o r p t i o n and f i l m formation of both 
proteins occurs near t h e i r i s o e l e c t r i c points where the surface 
charge tends toward n e u t r a l . The rate of adsorption of p r o t e i n 
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636 PROTEINS AT INTERFACES 

TABLE 2 

E f f e c t s of S u c c i n y l a t i o n on Some Molecular and 
Surface A c t i v e Properties of Succinylated Soy G l y c i n i n 

(%) Extent of S u c c i n y l a t i o n of G l y c i n i n 

0 25 50 100 

Net charge at pH 7.5 -250 -290 -330 -400 

S p e c i f i c v i s c o s i t y 
( χ 10 ~ 2) 

0.5 0.8 1.5 8.0 

Surface Hydrophobicity 200 330 360 290 

UV Absorbance (270 nm) 0.9 0.8 0.75 0.67 

Surface Pressure 
(5 min dyne/cm) 

3.0 16.0 14.5 5.5 

Surface Y i e l d S t r ess 
(dyne/cm) 

pH 5.0 
pH 6.0 
pH 8.0 

3.5 
3.2 

5.3 
4.6 
4.1 

5.0 
4.0 
3.5 

4.5 
0.2 
0.2 

Film E l a s t i c i t y 
(dyne/cm) 

3.9 4.6 4.4 1.9 

Foam S t a b i l i t y 
( h a l f - l i f e , min) 

5.0 14.5 11.0 8.0 

From Kim and K i n s e l l a , 1986 (27) 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emubifying Properties 637 

Time of Adsorption, Hour 

Figure 1. Surface pressure development of bovine serum albumin at two pH values. 
Protein 5 χ 10"3% in citrate buffer (lOmM). (Reproduced with permission from Ref. 
23. Copyright 1985 Institute of Food Technologists.) 

CO 

1* > 

3 4 5 * 7 $ 

P H 

Figure 2. Relationship between pH and surface pressure of j9-lactoglobulin films at 
different time intervals. (Reproduced from Ref. 21. Copyright 1985 American Chemi
cal Society.) 
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638 PROTEINS AT INTERFACES 

at the i n t e r f a c e i s increased near the p i of a p r o t e i n when the 
p r o t e i n remains s o l u b l e (12, 45 ), because the proteins have 
decreased e l e c t r o s t a t i c r e p u l s i o n at the i n t e r f a c e . The compact 
pr o t e i n molecules can pack more e a s i l y i n t o the i n t e r f a c i a l f i l m , 
f a c i l i t a t i n g favorable p r o t e i n - p r o t e i n i n t e r a c t i o n s . 
P h o s p h o r y l a t i o n : Chemical phosphorylation of proteins should 
a l t e r the net charge and amphipathic nature of the proteins and 
t h i s may modify the surface a c t i v e properties, e.g. emulsifying 
power of the p r o t e i n . A l t h o u g h l i t t l e work has been done 
regarding the f i l m forming and foaming pro p e r t i e s of phosphory
l a t e d food p r o t e i n s , the e f f e c t s of chemically phosphorylated 

φ - l a c t o g l o b u l i n on the native s t r u c t u r e , s o l u b i l i t y , v i s c o s i t y , 
and e m u l s i f i c a t i o n of the p r o t e i n have been reported (46,47). 
Bovine b-Lg was p h o s p h o r y l a t e d with phosphorus o x y c h l o r i d e 
( P O C I 3 ) at pH 8,5 to give a product that contained up to 14 mol 
of phosphorus/mol p r o t e i n (46). Phosphorylation of b-Lg r e s u l t e d 
i n a decrease (approx. 5%) of the ^ - h e l i c a l content compared to 
the native p r o t e i n molecule (46). The s t r u c t u r a l changes brought 
about by phosphorylation were not reversed by removal of the 
phosphate groups, as i n d i c a t e d by c i r c u l a r dichroism measurements 
( 4 6 ) . 

Emulsions prepared with the phosphorylated d e r i v a t i v e of 
b-Lg were up to 30% more st a b l e at pH 7 and pH 5 compared with 
corresponding emulsions prepared with native p r o t e i n (47), The 
v i s c o s i t y of an emulsion prepared with phosphorylated b-Lg at pH 
5 was about double that prepared with native p r o t e i n (47). 
G l y c o s y l a t i o n : L i t t l e i s known about the e f f e c t s of non-charged 
h y d r o p h i l i c s u b s t i t u e n t s on the s u r f a c e a c t i v e behavior of 
p r o t e i n s . Cumper (45) proposed that h y d r o p h i l i c i n t e r a c t i o n s 
between proteins and the aqueous phase were important i n surface 
p r o p e r t i e s and foam s t a b i l i t y . Thus, the glycoproteins of egg 
white may account for i t s superior foaming pr o p e r t i e s , p a r t i c u 
l a r l y foam s t a b i l i t y . 

The e f f e c t s of g l y c o s y l a t i o n on φ - l a c t o g l o b u l i n were 
assessed i n order to observe changes i n the s u r f a c e a c t i v e 
behavior and s t r u c t u r a l parameters r e s u l t i n g from m o d i f i c a t i o n 
(48-50). The f r e e amino groups of b-Lg were modified to varying 
degrees with maltosyl residues using the c y c l i c carbonate method 
and the c a r b o x y l i c groups were m o d i f i e d with g l u c o s a m i n y l 
residues using the carbodiimide method (48). Data i n Table 3 
shows that g l y c o s y l a t i o n increased the molecular weight of b-Lg 
with a concomitant reduction i n the number of charged groups 
(48). 

Changes i n the r e l a t i v e v i s c o s i t y f o r both d e r i v a t i v e s of 
b-Lg i . e . maltosyl-b-Lg (M-b-Lg) and glucosaminyl-b-Lg (G-b-Lg) 
were observed and are shown i n Table 3. The d e v i a t i o n s seen i n 
M-b-Lg and G-b-Lg are d i r e c t l y c o r r e l a t e d with the number o f 
residues modified and the s i z e of the added carbohydrate s u b s t i 
tuents; at >10 residues modified with maltose, the v i s c o s i t y 
increases to a greater extent compared to G-b-Lg. This r e f l e c t s 
some conformational changes i n the p r o t e i n (48,50). 

C i r c u l a r d i c h r o i s m measurements r e v e a l e d s i g n i f i c a n t 
r e d u c t i o n i n the ^ [ - h e l i c a l c o n t e n t and an increase i n the 
unordered s t r u c t u r e of M-b-Lg, r e f l e c t i n g s i g n i f i c a n t perturba
t i o n of secondary s t r u c t u r e i n the d e r i v a t i z e d proteins (50)· 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 639 

TABLE 3 

E f f e c t s of G l y c o s y l a t i o n on Film, Foaming, and Emulsifying 
Properties of β-Lactoglobulin 

Property R e l a t i v e Changes i n Pr o p e r t i e s 

b-Lg M--b-Lg G-b--Lg 

Residues modified 0 7(NH 2) 11(NH 2) 6(C00H) 16(COOH) 
Molecular weight of 

11(NH 2) 

added carbohydrates - ,352 11,220 1,014 2,544 
C i r c u l a r dichroism 
(%) - h e l i x 10 5 2 8 4 

- s t r u c t u r e 40 42 41 44 40 
remainder 50 53 57 48 56 

Surface Pressure 
(mN/M) 0.1% 10 min 

pH 3.5 22.0 23.0 23.0 24.0 19.0 
pH 5.3 24.5 23.5 23.0 21.7 23.0 
pH 7.0 22.0 21.5 21.5 22.7 22.5 

Rate of Adsorption 
(min - 1 ) 

pH 3.5 .28 .29 .31 .40 .31 
pH 5.3 .46 .32 .36 .36 .39 
pH 7.0 .44 .38 .37 .43 .37 

Foaming: 
I n i t i a l volume of L i q u i d 
i n Foam (ml) 

pH 3.5 10.0 12.4 13.1 9.8 9.6 
pH 5.3 5.4 12.9 13.7 9.3 10.1 
pH 7.0 8.4 14.3 14.1 7.2 8.5 

Drainage of Foam a f t e r 
10 min (%) 

pH 3.5 64 56 50 65 58 
pH 5.3 74 49 56 64 50 
pH 7.0 68 63 65 53 56 

Foam Strength a f t e r 10 min 
(sec/ml) 

pH 3.5 1 74 67 20 14 
pH 5.3 0 78 63 32 74 
pH 7.0 6 57 40 34 49 

From Waniska, 1981. (49) 
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640 PROTEINS AT INTERFACES 

A p p a r e n t l y , h y d r o p h i l i c i n t e r a c t i o n s between the m o d i f i e d 
proteins i n water increased with a concomitant reduction i n i o n i c 
and hydrophobic i n t e r a c t i o n s r e s u l t i n g i n d e s t a b i l i z a t i o n of the 
native s t r u c t u r e of the p r o t e i n (50). 

G l y c o s y l a t i o n a f f e c t e d the surface a c t i v e p r o p e r t i e s o f 
b-Lg; surface pressure p r o g r e s s i v e l y increased with time reaching 
e q u i l i b r i u m a f t e r 360 minutes. The rates of adsorption, penetra
t i o n and rearrangement of the p r o t e i n molecules i n the i n t e r f a c e 
were estimated from surface pressure data. The a r e a c l e a r e d 
during adsorption tended to increase with pH and with extent of 
m o d i f i c a t i o n of b-Lg, s u g g e s t i n g a more expanded m o l e c u l a r 
s t r u c t u r e with i n c r e a s i n g pH and bulkiness of the added modifying 
group. The g l y c o s y l a t e d d e r i v a t i v e s of b-Lg had i n f e r i o r surface 
properties i n the i s o e l e c t r i c pH range, whereas the surface f i l m s 
appeared to be more condensed at lower pH's and more expanded at 
higher pH values. The carbohydrate moieties enhanced hydrogen 
bonding between the proteins and solvent and a l t e r e d the number 
of charges on the p r o t e i n which caused changes i n the nature and 
magnitude of the forces a c t i n g between molecules i n the i n t e r f a c -
i a l f i l m . 

The presence of g l y c o s y l moieties reduced the s e n s i t i v i t y of 
p r o t e i n to pH e f f e c t s (41). Changes i n the hydrodynamic volume 
of proteins would be expected to reduce the rate of d i f f u s i o n of 
the modified p r o t e i n e.g. G-b-Lg to the i n t e r f a c e thereby slowing 
the rate of surface adsorption and, f i n a l l y , l o s s of conforma
t i o n a l energy during m o d i f i c a t i o n i . e . l e s s secondary s t r u c t u r e 
may r e s u l t i n a decreased gain in free energy of these proteins 
upon adsorption at the i n t e r f a c e . 

The properties of foams generated from modified b-Lg were 
studied. In contrast to native b-Lg, the maltosyl d e r i v a t i v e s 
showed l i t t l e pH s e n s i t i v i t y and the amount of l i q u i d i n these 
foams was much greater than i n native b-Lg i n d i c a t i n g enhanced 
hydration of the g l y c o s y l a t e d d e r i v a t i v e s . S i g n i f i c a n t l y l e s s of 
the l i q u i d drained from these foams during the i n i t i a l 10 minutes 
r e f l e c t i n g h i g h e r foam s t a b i l i t y i n the modified p r o t e i n s , 
p a r t i c u l a r l y i n the i s o e l e c t r i c pH range . 

In general, foams made from b-Lg were quite unstable which 
i s i n contrast to the superior surface pressure and f i l m surface 
v i s c o s i t y of b-Lg compared to the g l y c o s y l a t e d d e r i v a t i v e s (49). 
Apparently g l y c o s y l a t i o n of b-Lg improved foam s t a b i l i t y p o s s i b l y 
by enhancing water holding a b i l i t y by the g l y c o s y l residues and, 
i n a d d i t i o n , the disordered s t r u c t u r e of the d e r i v a t i z e d p r o t e i n 
may have f a c i l i t a t e d greater entanglement and p r o t e i n - p r o t e i n 
i n t e r a c t i o n s i n the surface f i l m . 
D i s u l f i d e Bond Reduction: 
D i s u l f i d e bonds s t a b i l i z e the t e r t i a r y s t r u c t u r e of proteins 
and impede the a b i l i t y of p r o t e i n to rearrange and i n t e r a c t at 
the i n t e r f a c e by c o n f e r r i n g s t r u c t u r a l c o n s t r a i n t s e.g. lysozyme, 
g l y c i n i n . The l i m i t e d f i l m forming and foaming properties of soy 
g l y c i n i n has been suggested to be due to i t s compact d i s u l f i d e 
l i n k e d g l o b u l a r s t r u c t u r e ( 20, 32). The e f f e c t s of reductive 
m o d i f i c a t i o n of d i s u l f i d e bonds and the e f f e c t s on conformation, 
f i l m forming and foaming p r o p e r t i e s of g l y c i n i n have been studied 
(20,27). 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 641 

G l y c i n i n (which has 6 i n t e r - and 12-14 i n t r a m o l e c u l a r 
d i s u l f i d e bonds) was treated with 5 and 10 mM d i t h i o t h r e i t o l 
(DTT) which reduced seven and >95% of the d i s u l f i d e bonds, 
r e s p e c t i v e l y (27). Gel e l e c t r o p h o r e s i s i n d i c a t e d that 5 mM DTT 
reduced mostly the intermolecular linkages but that some of the 
i n t r a m o l e c u l a r d i s u l f i d e bonds were also reduced (27). The 
s p e c i f i c v i s c o s i t y was s i g n i f i c a n t l y increased following reduc
t i o n with 5 mM DTT whereas i t was only s l i g h t l y a l t e r e d f o l l o w i n g 
t reatment with 10 mM DTT (27). Analysis of the UV spectra 
i n d i c a t e d a blue s h i f t from 277 to 275 nm with a concomitant 
decrease i n absorbance, evidence that with reduction the apolar, 
i n t e r n a l chromophores (tryptophan) were i n i t i a l l y exposed to a 
more polar environment. I n t r i n s i c fluorescence data supported 
the contention that reduced g l y c i n i n i s s t r u c t u r a l l y l e s s compact 
with changes occurring i n the net hydrophobicity depending on the 
extent of reduction i . e . 5 or 10 mM DTT (27). [Table 4] 

The improved surface a c t i v e p r o p e r t i e s of the m o d i f i e d 
g l y c i n i n enhanced s t a b i l i t y of foams formed from these proteins 
(2_0). U s i n g the column a e r a t i o n technique (50)* foams were 
formed of e i t h e r c o n g l y c i n i n , g l y c i n i n , an equal mixture of both, 
or reduced g l y c i n i n (10 mM DTT or metabisulf i t e ) . The most 
high l y reduced g l y c i n i n foamed most r a p i d l y . Foam s t a b i l i t y , 
estimated from the rate of drainage of l i q u i d from the foam, was 
s i g n i f i c a n t l y increased with the extent of reduction of g l y c i n i n 
at a l l pH v a l u e s s t u d i e d , p a r t i c u l a r l y at pH 6 and 7 (20). 
Increasing the pH, which a l s o enhanced the foaming properties of 
native g l y c i n i n , p r o g r e s s i v e l y diminished the s t a b i l i t y of foams 
made from reduced g l y c i n i n . D e s t a b i l i z a t i o n i s caused by 
d r a i n a g e o f l a m e l l a r f l u i d , c o alescence and rupture of the 
lamella (14-16). 

The above data i n d i c a t e p o s i t i v e r e l a t i o n s h i p s between 
pr o t e i n conformation, net h y d r o p h o b i c i t y , s u r f a c e p r e s s u r e , 
surface y i e l d s t r e s s , f i l m e l a s t i c i t y , and foam s t a b i l i t y . 

Enzymatic M o d i f i c a t i o n 
The f u n c t i o n a l properties of food proteins may be improved by the 
use of s p e c i f i c enzymes to p a r t i a l l y hydrolyze the proteins or to 
add s p e c i f i c f u n c t i o n a l g r o u p s t o t h e p r o t e i n s ( 51 ) . 
M o d i f i c a t i o n reactions employing enzymes e.g. t r y p s i n , papain, 
are e s p e c i a l l y a t t r a c t i v e because they may be c a r r i e d out under 
mild conditions, are not l i k e l y to lead to t o x i c products, and 
the n e c e s s i t y f o r t h e i r removal a f t e r completion of the r e a c t i o n 
may be bypassed (52). A very l i m i t e d amount of research has been 
conducted on enzymatic m o d i f i c a t i o n as i t a f f e c t s the s t r u c t u r a l 
and surface properties of food p r o t e i n s . 

Improvement of p r o t e i n s o l u b i l i t y can be achieved through 
l i m i t e d d i g e s t i o n of food proteins e.g. whey proteins, soy with 
various food-grade proteases (53.). The complete s o l u b i l i z a t i o n 
of heat-denatured cheese whey pro t e i n (/?C-lactalbumin) by t r y p s i n , 
within c e r t a i n pH l i m i t s (pH 5-7), and p a r t i a l s o l u b i l i z a t i o n by 
treatment with papain or n e u t r a l protease (54) has been reported. 

P a r t i a l p r o t e o l y s i s of soy p r o t e i n i s o l a t e w i t h n e u t r a l 
p r o t e a s e from A s p e r g i l l u s oryzae a l t e r e d c e r t a i n f u n c t i o n a l 
p r o p e r t i e s (55). S o l u b i l i t y was increased i n the enzyme-treated 
soy i s o l a t e at both neu t r a l pH and at the i s o e l e c t r i c point (pH 
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642 PROTEINS AT INTERFACES 

TABLE 4 

Summary of R e l a t i v e Changes i n Molecular and Surfactant 
P r o p e r t i e s of G l y c i n i n Following Reduction of D i s u l f i d e Bonds 

G l y c i n i n 

P r o p e r t i e s Native Reduced F u l l y Reduced 
20 SS Bonds 13 SS Bonds 0 SS Bonds 

R e l a t i v e 
Hydrophobicity 220 900 870 

S p e c i f i c V i s c o s i t y 
(χ 10" 3) 4.2 8.0 7.3 

UV Absorbance 

(272 nm) 0.90 0.65 0.79 

Fluorescence 
I n t e n s i t y (336 nm) 46 52 57 
Surface Pressure (dyne/cm 5 min) 

pH 6 2 16 13 
pH 7 5 14 15 
pH 8 4 13 15 

Surface Film Y i e l d Stress (dyne/cm) 
pH 6 3.5 4.6 5.0 
pH 7 3.7 3.9 4.7 
pH 8 3.2 3.5 4.0 

Surface Film E l a s t i c i t y (dyne/cm) 
pH 6 3.7 5.8 6.3 
pH 8 4.3 4.5 5.3 

Foam S t a b i l i t y ( h a l f - l i f e , min) 
pH 6 3 16 60 
pH 7 6 13 25 
pH 8 7 10 12 

From Kim and K i n s e l l a , 1986. (27) 
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39. KINSELLA AND WHITEHEAD Film, Foaming, and Emulsifying Properties 643 

4 . 5 ) . L i m i t e d enzyme treatment s i g n i f i c a n t l y reduced the 
v i s c o s i t y of concentrated p r o t e i n s o l u t i o n s and e m u l s i f i c a t i o n 
c a p a c i t i e s were increased ( 5 5 ) . The enzyme-treated proteins had 
s l i g h t l y increased water absorption and foaming p r o p e r t i e s , but 
foam and emulsion s t a b i l i t i e s were decreased ( 5 4 ) . 

Hydrolysis of whey pr o t e i n concentrate (WPC) with pepsin, 
pronase or prolase decreased emulsifying capacity; s p e c i f i c foam 
volume was increased by very l i m i t e d h y d r o l y s i s (56,57), but 
decreased by more extensive h y d r o l y s i s , while foam s t a b i l i t y was 
g r e a t l y decreased by l i m i t e d h y d r o l y s i s (57) ( F i g . 3 ) . 

In general, foaming agents o r i g i n a t i n g from p r o t e i n s a r e 
prepared by p a r t i a l h y d r o l y s i s which r e s u l t s i n increased foaming 
power ( 5 6 ) ; however, foam s t a b i l i t y i s g e n e r a l l y decreased by 
t h i s treatment (16) because of the change of molecular s t r u c t u r e 
and change i n molecular s i z e during h y d r o l y s i s ( 5 8 ) . 

A c o r r e l a t i o n between content of hydrophobic amino acids and 
s u r f a c e a c t i v i t y of f i v e d i f f e r e n t f o o d proteins p a r t i a l l y 
hydrolyzed with 0.1% pepsin has been reported ( 5 8 ) , but excep
t i o n s were noted. P r o t e i n hydrolysates e x h i b i t i n g large surface 
absorption were c o r r e l a t e d with large foam s t a b i l i t y and a large 
external hydrophobic region. I t was c o n c l u d e d t h a t p r o t e i n 
hydrolysates with large surface hydrophobic regions adsorbed more 
r e a d i l y at i n t e r f a c e s and r a t e s of surface desorption were lower. 
However, secondary s t r u c t u r e s , as measured by o p t i c a l r o t a t o r y 
d i s p e r s i o n and i n f r a r e d spectra, and the content of the t o t a l 
hydrophobic amino acids i n the p r o t e i n hydrolysates showed no 
c o r r e l a t i o n with t h e i r foam s t a b i l i t i e s ( 5 8 ) . 

J I I L. 
1 2 3 4 

TIME (hr) 

F i g u r e 3. E f f e c t of e n z y m a t i c h y d r o l y s i s on s p e c i f i c volume o f 
foam o b t a i n e d by w h i p p i n g a h e a t e d whey p r o t e i n s o l (4% w/w, 85 
C, 6 min. w h i p p i n g . ( R e p r o d u c e d w i t h p e r m i s s i o n from Ref. 57. 
C o p y r i g h t 1979 I n s t i t u t e of Food T e c h n o l o g i s t s . ) 
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644 PROTEINS AT INTERFACES 

Cone lus ions 
Because of the complexity of actual food systems it is difficult 
to predict the performance of a protein based on its behavior in 
a simple model system. Thus, pH, salts, or level of surfactant, 
e.g. monoglyceride, in a food system could adversely affect the 
apparent surface activity of protein. 

The need for continuing research to further elucidate basic 
physicochemical properties to clarify structure-function rela
tionships is evident. Information drawn from studies of chemical 
and enzymatic modification of food proteins and improvement of 
methodology for obtaining accurate data will further the objec
tive of better utilization of plant and animal proteins as 
important food ingredients. 
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Chapter 40 

Interfacial Behavior of Food Proteins Studied 
by the Drop Volume Method 

E. Tornberg 

Swedish Meat Research Institute, P.O. Box 504, S-244 00 Kävlinge, Sweden 

Many food items contain emulsions and foams, which are often 
stabilised by proteins forming a protective membrane at the 
interface. By preparing the food, adsorption of the available 
proteins, - by virtue of their surface activity -, is performed at 
the liquid/air (foams) and/or at the liquid/liquid (emulsions) 
interface. One way to study the interfacial behaviour of food 
proteins at those interfaces is to follow the interfacial tension 
decay accomplished by the adsorption of the proteins. 

So far a considerable amount of work has been devoted to the 
study of spread protein films at these types of interface. 
However, the study of the adsorption of proteins at the interface 
from a subphase of known concentration is more similar to the 
conditions prevailing during formation of emulsions and foams. 

Methods 

The interfacial tension decay of food proteins adsorbing from a 
subphase has, in this study, been monitored with an apparatus 
based on the drop volume technique (1.2.3). The following 
procedure was used (for details cf. ref. 2). 

A drop of a certain volume, corresponding to a certain 
interfacial tension (γ) value, is expelled rapidly, and the time 
necessary for the interfacial tension to fall to such a value that 
the drop becomes detached is measured. This procedure is repeated 
for differing drop sizes, i.e. for different values of the 
interfacial tension. A plot of the interfacial tension as a 
function of time (t) can then be made, as seen in Figure 1. This 

0097-6156/87/0343-0647$06.00/0 
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648 PROTEINS AT INTERFACES 

has been done for the adsorption at the air/water interface of an 
ultrafnitrated and spray-dried whey protein concentrate (WPC) 
dispersed in 0.2 M NaCl solution at pH 7 for different i n i t i a l 
subphase concentrations. By use of this procedure the advantages 
of the drop volume method, as opposed to the Wilhelmy plate method 
can, be exploited; i . e . no problems with the contact angle (1), 
which makes i t especially suited for studies at the l iqu id / l iqu id 
interfaces, the poss ibi l i ty of measurement at elevated 
temperatures (t > 25°C) (1), and the formation of a clean 
interface in short time-periods with an i n i t i a l l y uniform 
concentration of proteins (3). 

These types of measurement have been used to follow the 
interfacial tension decay or the rise in surface pressure, 
π ·£ = γ 0 - γ t (Ύ 0 = i n i t i a l interfacial tension of the 

clean interface) with time for a variety of food protein 
preparations. They have also been studied at different interfaces 
[air/water (A/W) and soybean oil/water (0/W) interfaces] and when 
the charge density of the proteins varies (pH, ionic strength). 
Al l the measurements have been carried out at a temperature of 
25°C. 

The kinetics of the interfacial tension decay 

In Figure 2 three representative Y-t-curves are demonstrated. The 
slowest decay is exerted at the A/W-interface by a WPC dispersed 
in 0.2 M NaCl at pH 7, denoted (0.2-7), at a protein concentration 
of 10~3 wt%. As can be seen from this curve there is an 
induction period before the interfacial tension starts to f a l l , 
which can be even more pronounced at lower concentrations and for 
other proteins ( 4 ) . J .A . de Feijter (5) has recently suggested a 
mechanism for this behaviour. He found, when measuring 
simultaneously the surface pressure and the surface concentration 
(Γ by ellipsometry), that the Γ-t-measurements did not give rise 
to an induction period, whereas the π-t-curve could. Moreover, the 
surface concentration at the end of the induction period was about 
1-1.5 mg/m2 for the proteins studied (Lysozyme, BSA and 
Ovalbumin), i . e . about monolayer coverage. This means there wi l l 
be no appreciable increase in surface pressure until almost 
monolayer coverage, or expressed differently at the beginning of 
the condensed phase. Rearrangements of the proteins within the 
adsorbed film wi l l then increase the surface coverage and thereby 
the interfacial pressure (6). However, these rearrangements wi l l 
with time be restricted by the increased incompressibility of the 
f i lm. Therefore, the rise in surface pressure wi l l f a l l off, as 
seen from the curves in Figure 2. 

By plotting the rate of the surface pressure increase, 
l o g | | , as a function of π the change in compressibility of 
the protein film can more easily be followed. This is i l lustrated 
in Figure 3 for the three curves in Figure 2. Graham & Phi l l ips 
(7) have shown that slow conformational changes occur in a f i lm, 
when i t is highly incompressible. Therefore, the 'kinks' observed 
in the log^-^-curves are suggested to arise from a relat ively 
abrubt increase in the incompressibility of the f i lm. 
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40. TORNBERG Interfacial Behavior of Food Proteins 649 

T i m e (minutes) 

Figure 1. Time-dependence of interfacial tensions at the air-water 
(A/W) interface for WPC at different subphase concentrations. The 
WPC is dispersed in 0.2 M NaCl solution at pH 7 (0.2-7).(Reproduced 
with permission from Ref. 4. Copyright 1978 Blackwell Scientif ic 
Publications.) 

WPC (0.2-7) WPC (0.2-7) SOYA (0-7) 
A/W 0.001 % Oft* 1 % ' A/W 0.1 % 

7T(mN/m) 

20 -

TIME (MINUTES) 

Figure 2. Time-dependence of the interfacial pressure, π 40, 
for three curves. They represent WPC dispersed in (0.2-7) 
adsorbing at the A/W and the soya bean oil/water (0/W) 
interfaces at a subphase concentration of 10~3 and 10" wt%, 
respectively, and a soya protein isolate adsorbing at the A/W-
interface at a subphase concentration of 10"1 wtX. 
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650 PROTEINS AT INTERFACES 

WPC (0.2-7) 
A/W Ô.001 % 

WPC (0.2-7) SOYA (0-7) 
O/W 1 % 0.1 % PROT. A/W 

LOG(cffr/dt) 

10 15 20 25 
ΠΤ ( m N / m ) 

30 35 40 

Figure 3. Log°j^ as a function of π for those curves given 
in Figure 2.  P
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40. TORNBERG Interfacial Behavior of Food Proteins 651 

Consequently, this wi l l be followed by a decrease in the rate of 
the surface pressure build-up. 

Another interesting Y - t -curve , observed for extracted meat 
proteins at certain concentrations is a peculiar, stepwise 
behaviour not earl ier shown for proteins (8). This can be seen in 
the middle diagram in Figure 4. To be able to elucidate this 
behaviour we have to find out what the extracted juice of meat 
proteins consists of. 

The beef muscle is heavily comminuted (Moulinex), centrifuged 
(25,000 χ g) and the supernatant is collected as a meat juice of 
about 10% of the original weight and with a protein content 
ranging from 11 to 15%. Through TCA-precipitation i t was found 
that the non-protein nitrogen content of this meat juice was about 
25%. A beef muscle consists on average of 75% water, 18% protein, 
3% fat and 4% other substances, which to 45% of their content are 
composed of non-protein nitrogen (creatin, amino acids and 
dipeptides). The proteins in the meat juice were identified by 
electrophoretic separation as consisting of sarcoplasmic proteins 
to 96% and high molecular weight proteins to 4%, mainly t i t i n 
(MWa* 1000 kdalton). The sarcoplasmic proteins, which are the 
soluble proteins of the sarcoplasm (mostly the enzymes of the 
glycolytic pathway), constitute about 30 to 35% of the total 
muscle protein. Evidently, the molecular weight distribution of 
the components within the meat juice covers such a wide range as 
1000 kdalton down to 100-200 da1ton. 

The upper diagram in Figure 4 gives the lowering of the 
interfacial tension at the A/W-interface of the meat juice in 
(0.2-7) at a concentration of 10~2 wt%. The interfacial tension 
decay is relat ively rapid and high. By lowering the protein 
concentration of the meat juice by one decade to 10"·* wt% the 
stepwise character of the Ύ-t-curve emerges. A very quick lowering 
of the interfacial tension is followed by an induction period and 
later on another, slower decrease in surface tension is obtained, 
more l ike the usual behaviour of proteins at these low 
concentrations. Therefore, the f i r s t quick decay in surface 
tension was suspected to originate from the non-protein nitrogen 
fraction. This was confirmed by TCA-precipitation of the meat 
juice and thereafter registration of the Y - t -curve of the 
supernatant at the concentration of 10~3 wt%. The result can be 
seen in the lower diagram in Figure 4. Furthermore, measurements 
of the interfacial tension decay of pure amino acids (for example 
ot-alanine) at the same concentration give similar results (8). 

Therefore, i t is suggested that the stepwise character of the 
Y - t - c u r v e originates from competitive adsorption between the amino 
acids and dipeptides in the non-protein nitrogen fraction and the 
high molecular weight proteins in the protein fraction. It is not 
so much that the probability of adsorption is much higher for the 
proteins than for the smaller peptides, but rather that the rate 
of desorption decreases markedly with increasing molecular weight 
(9). The proteins wi l l then remain for longer time-periods at the 
interface compared to the smaller peptides, resulting in exclusion 
of the latter and a larger interfacial tension decay. 
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652 PROTEINS AT INTERFACES 

Figure 4. The lowering of the interfacial tension at the air-water interface of meat 
juice in (0.2-7) at a concentration of 10"2 wt% (upper) and 10"3 (lower). Continued on 
next page. 
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88 τ INTERFRCIRL TENSION <mN/m) 

70 

60 

50 

-x κ—x-

4 0 4 , , , , 1 1 1 - i 

0 20 40 60 60 
TIME (mtnutee) 

Figure 4.—Continued. The lowering of the interfacial tension at the air-water interface 
of meat juice in (0.2-7) at a concentration of 10"3 wt% after TCA precipitation. 
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654 PROTEINS AT INTERFACES 

The concentration dependence of the interfacial tension decay 

The concentration dependence of the surface pressure attained 
after 40 minutes ( π 4 θ ) can vary substantially between proteins, 
which Figure 5 i l lustrates (4). The measurements have been made at 
the A/W~interface. A mildly produced soy protein isolate (kindly 
provided by Central Soya), a commercially available sodium 
caseinate (DMV, Holland) and an ultrafiItrated and spray-dried WPC 
were used. They were studied when dispersed in d i s t i l l e d water and 
in 0.2 M NaCl solution at pH 7 denoted as (0-7) and (0.2-7), 
respectively. Analysis of the proteins is given in (4). 

At high concentrations (10"-10~Ί wt% of i n i t i a l subphase 
concentration), the surface act iv i ty of a l l the proteins is high 
and almost equal, whereas at lower concentrations the differences 
in surface behaviour of the proteins become evident. The caseinate 
(0.2-7) system is most effective as a surface active agent and is 
more or less independent of the concentration in the concentration 
range of 10~Ί-10~** wt%. The contrary is observed for the soy 
proteins, which gradually lose their surface act iv i ty with 
decreasing subphase concentration. WPC (0-7) and caseinate (0-7) 
have a rather similar concentration dependence in this range, and 
the curves are in between those of the caseinate (0.2-7) and the 
soy proteins. The addition of 0.2 M NaCl to the WPC dispersions 
does not raise the surface act iv i ty of the WPC far beyond that of 
the caseinate (0.2-7). The increase in lowering of interfacial 
tension due to the addition of salt was also observed for the 
other two proteins. 

Log^-ττ-curves also change with protein concentration, as 
i l lustrated in Figure 6. The curves represent the rate of surface 
tension decay performed by WPC (0.2-7) adsorbing at the soya bean 
oil/water interface at different subphase concentrations (10). The 
^Q-Cp-dependence for WPC under these conditions is a more 
continuous increase of π40 as a function of protein 
concentration (C p) than the more abrupt behaviour of caseinate 
(0.2-7), as shown in the previous Figure. As can be seen from 
Figure 6 a decrease in protein concentration f i r s t l y lowers the 
rate of surface tension decay and secondly the f i r s t barrier of 
lowered compressibility of the film turns up at a lower value 
of π . At lower concentrations the adsorbed molecules have more 
time to expand or unfold at the interface than at higher 
concentrations. The more unfolded the macromolecule the higher the 
number of attachments and the higher the kinetic barrier for 
conformational changes at the interface. Moreover, native, 
globular proteins form a more condensed and more t ightly packed 
interfacial fi lm than unfolded proteins ( H ) , i . e . the former type 
of protein film should have a higher surface coverage and 
therefore cause a greater surface pressure than the latter. This 
means that with decreasing concentration the incompressibility of 
the film wi l l start to rise at a lower ττ, which leads to a slower 
and lower interfacial tension decay. 

What does the different ïï-Cp-dependence of the proteins, as 
is obvious in Figure 5, t e l l us about their interfacial behaviour? 
F i r s t l y , we compare the two extremes, i . e . the interfacial 
behaviour of the caseinate (0.2-7) and the soy protein (0-7). 
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Soy protein (0.2- 7) 30 Soy protein (0.2- 7) 

(0-7) 

WPC (02-7) 

" (0-7) 

Caseinate ( 0 2-7) 

WPC (02-7) 

" (0-7) 

Caseinate ( 0 2-7) 
- · — 

>···"" 
..__-—.·—·": — * . 

20 (0-7) 
/ ' α .··'' / /

 0 

/ · / 
/ ο / 

10 

if? 

• / 
/ Ο / 

/ · / 
f ο 

il II 
.J 

..mn :::-:::iM- — ' "~ ' 1^. 

// 1/ / ο 

i<r' ΙΟ"3 ΙΟ"2 ΙΟΓ' 10° 

Initial subphase concentration ( w t % ) 
Figure 5. The surface pressure attained after 40 min., TT.Q . 
as a function of the i n i t i a l subphase concentration for tne soy*' 
protein isolate, the WPC and the sodium caseinate dispersed in 
(0-7) and (0.2-7), respectively. (Reproduced with permission from 
Ref. 4. Copyright 1978 Blackwell Scientif ic Publications.) 
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40. TORNBERG Interfacial Behavior of Food Proteins 657 

Their Ιοα^-π-curves at the concentrations of ΊΟ"1 and 
0 αχ 

10~*wt%, respectively, can be seen in Figure 7. From the Figure 
i t can be deduced that the kinetics of the interfacial tension 
decay of the caseinate (0.2-7) at the two concentrations are 
similar. Moreover, the lowering of the interfacial tension by 
these proteins under these conditions is relat ively independent 
over a wide concentration range (see Figure 5). This suggests that 
those conformational changes that occur on adsorption of caseinate 
(0.2-7) are so quick that an increase of the protein concentration 
from about 3 χ 10~3 to 1 wt% wi l l give rise to almost the same 
type of kinetics and therefore similar configuration of the 
adsorbed proteins at the interface. 

However, when lowering the subphase concentration below 
10~3 wt% the surface act iv i ty of the caseinates is more 
drast ical ly lost than for the WPC, as revealed by Figure 5. 
Evidently, the caseinates do not seem to be able to spread 
suff iciently at the interface to form a monolayer at these low 
concentrations. This seems though to be the case for the whey 
proteins, which are more surface active than the caseinates in 
this concentration region. 

In Figure 7 i t can be seen that, for the soy proteins 
dispersed in (0-7), the logjj^-n-curves di f fer substantially 
with regard to the concentrations investigated. According to 
Figure 5, π 4 0 m ^ n for the soy protein (0-7) is also very 
concentration-dependent. The low surface pressure attained for 
these proteins at the concentration of 10~3 wt% suggests such 
slow conformational changes occurring on adsorption that almost no 
monolayer coverage is obtained after 40 minutes. By increasing the 
concentration, films containing a mixture of unfolded and 
essentially native molecules are formed, where the latter 
configuration of the proteins predominates the higher the 
concentration. 

Comparison of proteins adsorbing at the A/W- and the O/W-interface 

An overview of the interfacial pressure attained after 40 minutes 
as a function of the protein concentration can be seen in 
Figure 8, for the three proteins soy protein, WPC and sodium 
caseinate in (0-7) and (0.2-7) adsorbing at the A/W- and soya bean 
o i l water (0/W) interface (10). 

An interesting feature to be observed in Figure 8 is that at 
the high concentration range 4 0 can be as much as 10 mN nr 1 

higher at the A/W-interface than at the O/W-interface, whereas in 
the low concentration range the interfacial pressure is higher at 
the 0/W- than at the A/W-interface. This is the case for a l l the 
proteins studied. However, the subphase concentration range in 
which the surface act iv i ty of the proteins at the O/W-interface 
exceeds that of the A/W-interface differs between the proteins. 
For the soya proteins this happens at a concentration of about 
10~2 wt% and for the other two proteins a t » 1 0 ~ ~ 3 wt%. 

Such great differences in the surface pressure obtained 
between the 0/W- and A/W-interfaces are not consistent with the 
findings of Graham and Phi l l ips (13). Moreover, their recorded 
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658 PROTEINS AT INTERFACES 

CAS (0.2-7) CAS (0-2-7) SOYA (0-7) SOYA (0-7) 
0.1 % PROT. 0.01 % PROT. 0.1 % PROT. 0.01 % PROT. 

LOG(dTf/dt) 

-+-·· I X| -r\A r— 1 H -

\ \\ 

5 10 15 20 25 30 35 40 
1T(mN/m) 

Figure 7. Log°j^ as a function of π for caseinate (0.2-7) 
and soy protein (0-7) adsorbing at the A/W-interface at 
the concentrations of TO"1 and 10~2 wt%, respectively. 
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40. TORNBERG Interfacial Behavior of Food Proteins 659 

Soya protein 

Initial subphase concentration(wt%) 

Figure 8. The surface pressure attained after 40 ππη.,τ^ο as a 
function of the i n i t i a l subphase concentration for the proieins 
soy protein, WPC, and caseinate adsorbing at the ( · , ο ) > A/W- and 
( Α , Δ ) 0/W- interfaces; closed symbols (0.2-7); and open symbols 
(0-7). (Reproduced with permission from Ref. 10. Copyright 1982 
Blackwell Scientif ic Publications.) 
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660 PROTEINS AT INTERFACES 

π - C p - c u r v e s , although rather similar in pattern to ours, are 
generally displaced two decades lower in concentration. Although 
Graham and Phi l l ips have worked with other proteins (Lysozyme, BSA 
and 3-casein) we would like to suggest that these differences 
mainly originate from variation in methodology. They have recorded 
the equilibrium surface pressure using the Wilhelmy plate method. 

In order to have an i n i t i a l clean interface for adsorption 
studies with this technique, one usually injects the protein 
solution into the subphase. In the drop volume method the cleaning 
of the interface is performed by forming a drop rapidly in between 
those to be measured, in such a way that the volume detached 
corresponds toYrj . i -e . the clean interface. The main difference 
between the drop volume and the Wilhelmy plate method, when using 
the injection technique, is that the fresh interface is exposed to 
an i n i t i a l l y uniform concentration of protein in the former 
method, whereas this is not the case in the lat ter . This 
difference promotes the existence of more unfolded proteins in the 
adsorbed films formed with the Wilhelmy plate method as opposed to 
the drop volume method. This could be the explanation for the 
higher surface act iv i ty shown by the proteins at the very low 
concentrations and the less marked difference in behaviour at the 
A/W- and O/W-interfaces as obtained by measurements with the 
Wilhelmy plate method. 

When looking at the kinetics of the interfacial tension decay 
at the two studied interfaces some interesting features emerge. 
F i r s t l y , no induction period is found in the γ - t - c u r v e s for the 
proteins adsorbing at the O/W-interface. Evidently, monolayer 
coverage is performed more quickly at the O/W-interface, that i t 
is undetectable within the time limits of the method used. As the 
i n i t i a l subphase concentration is the same at the two interfaces 
this behaviour suggests that the proteins are more unfolded at the 
O/W-interface. 

Secondly, the log^-TT-curves look different at both 
interfaces when studied at the same protein concentration. This is 
i l lustrated in Figure 9 for three proteins at different 
concentrations. When comparing interfaces i t can be seen from 
Figure 9 that at the very beginning of the process ( i . e . at 
low π ) the lowering of the interfacial tension is faster at the 
0/W- than at the A/W-interface. But as the process proceeds the 
lowered compressibility of the film at the O/W-interface reduces 
the increase in interfacial pressure more than at the 
A/W-interface, which in the end results in a higher interfacial 
pressure being obtained at the A/W-interface. This behaviour is 
consistent with more expanded proteins at the O/W-interface as 
opposed to the A/W-interface according to the same reasoning as 
before. 

The different ττ-Cp-dependence for the two interfaces as 
observed in Figure 8 might also be attributed to more unfolded 
proteins existing at the O/W-interface. At the high concentrations 
the higher degree of unfolding at the O/W-interface wi l l lead to a 
less packed interface and consequently a lowers 49. However, at 
the lower concentrations only those proteins unfolded to such a 
degree that they are able to form a monolayer can give any 
appreciable rise in surface pressure. Probably, therefore, higher 
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662 PROTEINS AT INTERFACES 

surface act iv i ty is observed for proteins adsorbed at the 
O/W-mterface as opposed to the A/W-interface in this low 
concentration region. 

Comparison of proteins of varying charge density (pH, ionic 
strength) 

The charge density of the proteins can be varied by change in pH 
and ionic strength. As judged from Figure 8, the addition of salt 
to 0.2 M NaCl in the protein solution raises, in general, the 
surface act iv i ty of the proteins studied at every concentration 
both for the A/W- and the O/W-interface. By elucidating the 
kinetics of the interfacial tension decay (4, 10), i t was found 
for the proteins, that the i n i t i a l lowering of the interfacial 
tension was faster when salt was added and the f i r s t 'kink' in the 
log |ç- îT-curve appeared at a higher π . The f i r s t observation 
suggests a somewhat higher degreee of unfolding at the interface 
in (0.2-7), but that does not seem to create a lowered 
compressibility of the film as opposed to the protein fi lm at 
(0-7). Due to the reduced electrostatic hindrance on the addition 
of salt there is probably a higher poss ibi l i ty for the proteins to 
come closer without causing an incompressibility barrier. 
Therefore, the addition of salt promotes both a quicker and a 
higher interfacial tension decay. 

We have also made some preliminary measurements (14) in 
lowering the pH nearer the isoelectric point (IEP) of the 
proteins, as results appearing in the l iterature (15) show optimum 
surface act iv i ty in the neighbourhood of the IEP. The results of 
our measurements can be seen in Figure 10, where the ^-C p-curves 
are plotted for WPC and sodium caseinate dispersed in (0-7), 
(0,2-7) and (0-6), respectively. The latter denotes d i s t i l l e d 
water at pH 6. It can be noted from the Figure that by lowering 
the pH from 7 to 6, the surface act iv i ty of both proteins is 
raised, especially at the lowest concentrations. This is 
consistent with the behaviour on salt being added, i . e . an 
increased unravelling of the proteins at the interface without 
causing a lowered compressibility of the f i lm. However, the degree 
of unfolding seems to be more pronounced in (0-6) than in (0.2-7), 
as the attained is clearly larger for the former than for 
the latter at very low concentrations. Moreover, in comparison 
with the film formed in (0.2-7) the proteins adsorbing in (0-6) 
give rise to a lower surface pressure in the concentration region 
of 10~2 and 10~3 wt%. This suggests that increased 
incompressibility appears at a lower π for protein films formed in 
(0-6), which is also consistent with more spread proteins in the 
films formed in (0-6) than in (0.2-7). 
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40 

35 W P C 

30 

LOG C 

Figure TO. The surface pressure attained at the A/W-
interface after 40 min, TT^Q , as a function of the 
i n i t i a l subphase concentration for WPC and sodium 
caseinate dispersed in (0.2-7) ( — ) , (0-7) ( ) and 
(0-6) ( ), respectively. 
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Chapter 41 

Caseins and Casein Micelles at Interfaces 

Douglas G. Dalgleish 

The Hannah Research Institute, Ayr KA6 5HL, Scotland, United Kingdom 

The stabilizing properties of individual caseins, 
sodium caseinate and casein micelles are described with 
respect to the formation and behavior of emulsions. In 
particular, attempts are made to relate the properties 
of the emulsions (or rather the interfacial proteins) 
to the properties of the proteins and protein complexes 
when they are in their solution or suspended state. In 
this, the stabilizing action of K-casein in the 
different emulsions is described an important factor 
being its susceptibility to atack by rennet, which may 
serve as an indicator of its conformation on the 
interface. 

Two forms of the casein proteins are used to stabilize oil/Water 
emulsions. Most simply, a mixture of the proteins (as in sodium 
caseinate), or the individual proteins themselves, allows the 
formation thin layers, if not monolayers, of protein at fat/water 
interfaces (1). By contrast, in preparations such as homogenized 
milk, the entities which bind to and stabilize the fat/water 
interface are much larger and more complex, and may be considered as 
intact or semi-intact casein micelles (2). These particles are 
highly aggregated complexes of the four caseins (<*sl-f a

s 2 ~ ' "̂ a n ( * 
κ-casein), linked together by inorganic calcium phosphate (3). They 
have molecular weights in the region 107 - >109, and diameters of 
20-600 nm (4), compared with the monomeric caseins which have 

0097-6156/87/0343-0665$06.00/0 
© 1987 American Chemical Society 
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666 PROTEINS AT INTERFACES 

molecular weights in the region of 20 000. It is possible to 
consider the casein micelle as an interfacial system, since there 
are differences between the proteins comprising the interior core of 
the particle (the α_- and β-caseins, which have overall a 
hydrophobic character), and the protein which defines the surface, 
the amphophilic κ-casein, which appears to bind to the core and 
provide steric stabilization of the particles (5). κ-casein in this 
state has different properties from i t s state on oil/water 
interfaces, but the stabilizing properties of κ-casein in casein 
micelles are relevant not only to the micelles themselves, but to 
the emulsions formed using the pure protein, sodium caseinate, or 
casein micelles. It has therefore been essential to understand the 
properties of "interfacial" κ-casein in casein micelles. 

The caseins (or more generally, caseinate) have been long 
recognized as excellent surfactants, and have been studied from that 
point of view (6). Less effort has been devoted to the comparison 
between the properties of the individual caseins when they are in 
free solution and when they are bound to fat/water interfaces. It 
is these relationships which we find of particular interest, since 
the behavior of the caseins in solution has been extensively 
studied. Although our studies of caseins at interfaces are 
relatively recent, they were established within the framework of 
earlier research on the caseins and casein micelles generally. 
Especially, emulsions stabilized by individual caseins have not been 
widely studied, probably because small-scale homogenization 
equipment i s not widely available, although such instruments have 
been described (7). The work described here was enabled by the 
development of a small-volume homogenizer by the group at the 
Procter Department of Food Science at the University of Leeds, and 
we acknowledge the help and collaboration of E. Dickinson and G. 
Stainsby in the studies of the emulsions involving individual 
caseins. 

This brief review comprises three subject areas: (i) the 
structure and properties of the κ-casein surface layer in casein 
micelles; ( i i ) the properties of the protein fraction in homogenized 
milks (i.e. basically intact casein micelles adsorbed at fat-water 
interfaces); ( i i i ) the properties of caseinate and individual 
caseins adsorbed at the interfaces. In this, we are at present less 
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41. DALGLEISH Caseins and Casein Micelles at Interfaces 667 

involved in determining how the proteins bind to the interface than 
in the properties of the emulsions and their proteins relative to 
their native properties in solution or suspension. 

The Surface of the Casein Micelle - κ-Casein at an Interface 

Casein micelles, as seen by electron microscopy, are approximately 
spherical, although surface detail i s d i f f i c u l t to distinguish. From 
analysis of the distribution of κ-casein between micelles of 
different sizes (7), i t appears that the κ-casein i s to be found on 
the surface, with the micellar "core" (8) being formed of the other 
(a -, a - and β-caseins). The behavior of the particles cannot be 

s 1 s 2 

described by models involving charge interactions (10),and so a 
model involving steric stabilization was postulated in 1975 (5): 
this was later reinforced by studies of the voluminosity (i.e. the 
weight of water incorporated in the structure per unit weight of 
protein) of micelles (11). The presence of a "hairy" stabilizing 
layer of κ-casein was confirmed by the observation that the the 
removal of the polypeptide "hairs" by the proteolytic action of 
chymosin decreased the diameter of micelles (12). We have made a 
number of studies of the properties of this hairy layer. 

Calculations based on measurements of the changes in diameter 
and electrophoretic mobility of casein micelles during controlled 
renneting, showed that the hairy layer has a true thickness of 10-15 
nm, but because i t i s partially draining, the hydrodynamic thickness 
i s about 5 nm (13). Studies of the charge density show that the 

2-

density of hairs i s such that each hair occupies some 480 nm of the 
micellar surface. Only about 10-15% of the κ-casein in the micelles 
i s involved directly in the formation of the hairy layer, although, 
since κ-casein i s probably oligomeric in the micelle (14), this may 
not invalidate the theory that a l l of this protein i s near the 
micellar surface. The large area per hair may be partly explained 
by the presence of oligomeric κ-casein or there may be other casein 
molecules between the molecules of κ-casein. The hairy layer 
collapses when micelles are introduced into buffers containing 
concentrations of ethanol of about 15%, after which no further 
change in diameter i s caused by removal of the hairs with rennet 
(15). This, and similar studies allow the stabilizing layer to be 
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668 PROTEINS AT INTERFACES 

considered as a weak gel, whose structural strength and overall 
thickness i s dependent on the interactions between the hairs, 
mediated by such factors as the ionic strength, and the calcium 
concentration (16). These two descriptions are by no means 
contradictory, insofar as the individual hairs on the surface w i l l 
interact and structurally correlate with one another. 

Thus, κ-casein in i t s native stabilizing role exists, probably 
as small disulphide linked polymers, bound to the micellar surface 
(the ill-defined boundary between the hydrophobic interior of the 
micelle and the aqueous phase). C-terminal polypeptides (61 

residues) of the protein project from the surface into the solution. 
In this position, the macropeptide moiety of the protein i s 
conformationally free (17), constrained only by i t s interactions 
with i t s neighbours (16), and the bond 105-106 of the protein i s 
held in a particularly advantageous position for attack by enzymes 
such as chymosin (18). The importance of this w i l l be apparent when 
emulsions stabilized by κ-casein are being discussed. The enzymic 
action has a relatively small but detectable effect on the 
hydrodynamic diameters of the particles, and a large effect on their 
electrophoretic mobilities, which decrease by between one-third and 
one-half, depending on the solution conditions (19). 

Homogenized Milks - Casein Micelles at Interfaces 

Of the caseins, only κ-casein i s capable of exerting a stabilizing 
effect in systems which contain calcium ions in appreciable 
quantities. This i s the case in milk, where the other caseins are 
effectively rendered insoluble by their binding to calcium 
phosphate, and where there are also appreciable pools of calcium 
ions. When the calcium is removed, a l l of the caseins act as 
surfactants, and can stabilize emulsions. Even in milk, the casein 
micelles can bind to and stabilize unprotected fat surfaces, as in 
homogenized milk. 

From the studies of Walstra and co-workers (2,20), i t appears 
that the fat globules in homogenized milk are stabilized by 
apparently largely intact casein micelles although some smaller 
caseinate complexes can also be involved. However, homogenized 
milks d i f f e r in a number of respects from whole or skim milks, 
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4L DALGLEISH Caseins and Casein Micelles at Interfaces 669 

especially their behaviour during renneting and their response to 
heating. Thus, although the adsorbed casein micelles are v i r t u a l l y 
intact, the stabilized fat globules do not share the properties of 
the stabilizing agents (homogenization of micelles does not 
introduce differences in behaviour of the micelles (21)). 

The particles in homogenized milk can be fractionated by 
centrifugation: this allows either a coarse fractionation into 
particles which float or sink (i.e. are more or less dense than 
water), or a more detailed fractionation, when differential 
centrifugation i s used (22). Generally, although depending on the 
homogenization pressures, approximately half of the fat fraction 
floats. The particles in this fraction have a lower than average 
protein load, and the dividing point between the two fractions 
appears to be when the fat surfaces are saturated with casein 
micelles, so that the less dense fraction w i l l have gaps between the 
stabilizing micelles (23). Nevertheless, a l l of the particles had 
larger protein loads than could be explained by monolayer coverage 
by monomeric caseins. A l l of the fractions isolated had 
hydrodynamic radii which were greater by about micellar dimensions 
than the globules of fat, as could be demonstrated by measuring the 
diameters of the particles before and after dissociation of the 
micelles by treatment with EDTA (23). This confirms that the 
micelles bound to the fat globules were largely intact. In contrast 
to the observations of Walstra (20), we found l i t t l e evidence that 
the serum proteins of the milk were bound to the fat surface. 

The micelles on the fat surfaces cannot be completely intact, 
because the original hydrophilic κ-casein surface of the micelle i s 
unlikely to bind to the fat surface. Homogenization must cause 
partial disruption of the micelles (21), allowing hydrophobic points 
of contact with the freshly exposed fat surfaces. There i s no 
evidence that casein micelles interact with polystyrene latices to 
form a model system, for example (Dalgleish, unpublished results). 
Thus, although the micelles which bind to the fat in homogenized 
milk appear to be intact, their surfaces must have suffered some 
distortion, particularly of the sterically stabilizing κ-casein 
molecules which are near to the point of interaction of the micelle 
and the fat surface. 
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670 PROTEINS AT INTERFACES 

The particles in homogenized milk showed similar 
electrophoretic properties to casein micelles (19), despite the 
slightly higher mobilities of the latter (23). The small 
differences may result from more complex hydrodynamic properties of 
the micelle/fat complexes, or may reflect small differences in the 
conformation of the surfaces of the bound micelles. It was 
impossible to estimate how intact were the hairy layers of the 
stabilizing micelles, because the experimental error in determining 
the diameters of the composite particles is larger than the expected 
changes in diameter during renneting (about 10 nm). The kinetics of 
the changes in electrophoretic mobility during renneting were 
similar in casein micelles and homogenized milk particles (23), 

suggesting that the κ-casein was s t i l l close to the surface of shear 
in the composite particles, and also that i t s susceptibility to 
rennet attack, and therefore i t s conformation, had not been altered. 

The destabilization of the fat particles by rennet did, 
however, depend on their composition. Particles which had a f u l l 
covering of micelles aggregated only late in the enzymic reaction, 
when most of their κ-casein had been destroyed, as do casein 
micelles (24). Conversely, the more sparsely covered fat particles 
began to aggregate at an early stage in the enzymic reaction, 
indicating that they could be destabilized by the breakdown of only 
a small fraction of their κ-casein (25). The reason for this i s 
unclear. Although larger particles have an incomplete covering of 
casein micelles, they are unlikely to have portions of their 
surfaces completely bare of protein: i t i s probable that much 
smaller casein complexes cover the spaces between bound micelles. 
Since the casein micelles are the overall stabilizing agents, these 
small complexes need not be κ-casein. They might therefore stabilize 
the surface only to a small extent. Such a model explains the 
observation that the changes in electrophoretic mobility during 
renneting are similar for a l l types of particle, since i t allows 
similar behaviour at the surfaces of shear. The premature 
aggregation of the larger particles can be explained by 
interpénétration of partly-renneted bound micelles, with binding of 
these entities arising from the interaction of the partly renneted 
surface of the micelle with the smaller casein aggregates on the fat 
surfaces. 
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4 1 . DALGLEISH Caseins and Casein Micelles at interfaces 

Caseins and Sodium Caseinate at Fat-Water Interfaces 

671 

Effective models of casein micelles might in principle be 
constructed by binding caseins to a fat/water interface in an 
emulsion or to a polystyrene latex matrix. This i s in fact not the 
case. It i s questionable whether simple systems such as these w i l l 
explain the behaviour of either casein micelles or homogenized milk, 
and we have sought an explanation for this anomaly. 

Individual caseins bound to oil/water interfaces under 
favourable conditions can interchange relatively rapidly with those 
in solution. It i s of course known that the different caseins have 
different a f f i n i t i e s for the interface (26). An emulsion, prepared 
from o i l and pure a g i-casein, which i s resuspended in a solution of 
pure β-casein, loses a g i-casein and gains (3-casein within a few 
hours (27). α -casein, however, does not readily displace β-casein 
from a 0-casein/oil emulsion. In emulsions prepared using sodium 
caseinate i t would be expected that similar exchanges should occur, 
but analyses of supematants in emulsions prepared from butter o i l 
and sodium caseinate showed somewhat less enrichment of the aqueous 
phase in a_-casein and β-casein than was expected, although a degree 
of preferential adsorption did occur (Robson, unpublished results). 
This i s presumably the result of the presence of more structured 
protein particles in the solutions of sodium caseinate, which 
therefore behaves in a more complex way than would be predicted from 
a knowledge of the behaviour of the individual proteins. 

The influence of the aggregation state of the caseins i s 
emphasized by attempts to prepare emulsions using κ-casein as the 
surface active agent. Surprisingly, in view of i t s clearly defined 
role as the stabilizing protein in native casein micelles and in 
homogenized milks, κ-casein as isolated from milk was not able to 
produce stable emulsions (27). Both α - and β-caseins produced more 
stable emulsions. However, as isolated, the κ-casein exists in the 
form of disulphide-linked oligomers (28), and these remain 
undissociated during the fractionation of the casein complex. These 
κ-casein oligomers present a strongly hydrophilic exterior to their 
surroundings, and κ-casein in this state i s a poor surfactant. 
Treatment of the κ-casein with 2-mercaptoethanol breaks the 
disulphide links and i t was found that such treatment, followed by 
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672 PROTEINS AT INTERFACES 

dialysis to remove the mercaptoethanol, greatly improved the 
emulsifying capacity of the protein, and much more stable emulsions 
with a smaller particle size were produced. As expected, these 
emulsions were stable in the presence of calcium ions. The state of 
the κ-casein in sodium caseinate may also explain the unexpected 
results with respect to casein partition during and after emulsion 
formation. The inabil i t y of oligomeric κ-casein to form emulsions 
also implies that the stabilizing micelles in homogenized milk must 
have been altered before they can bind to the fat surface. 

The different caseins, α -, β- and κ-casein, have diffferent 
s 1 

net charges (29), and the f i r s t two bind Ca 2 + much more strongly 
than the third (30). However, emulsions and polystyrene latices 
coated with the individual caseins showed rather similar 
electrophoretic mobilities irrespective of the particular casein 
used. The mobilities of both coated and uncoated latices are 
reduced by increasing salt concentration, and by the concentration 
of Ca 2 +, but the decline in the mobility appears to be determined 
mainly by the ionic strength rather than by specific effects of the 
binding of Ca 2 + to the proteins, since only small differences were 
found to exist between the α - and β-caseins on the one hand and 

s i 

κ-casein on the other (31). Moreover, these simple systems show 
appreciable differences from native casein micelles in their 
response to Ca 2*. In casein micelles, the binding sites for Ca 2 + 

appear to be some distance from the surface of the hairy layer (13) 
and the same argument can be presumably used for the individual 
caseins, and show that the calcium binding sites in the synthetic 
particles are within the surface of shear. On the other hand, the 
binding of Ca 2 + may cause conformational changes in the interfacial 
layer. 

The s t a b i l i t i e s of the emulsions incorporating individual 
caseins show resemblances to those of the same caseins in solution, 
particularly in respect of their sensitivity to the presence of 
calcium ions. The emulsions based on κ-casein show no tendency to 
aggregate when calcium is added: on the other hand, both the 
β-casein and a_-casein emulsions are reversibly precipitated by 
Ca + , showing that the original properties of the proteins are not 
extensively modified by their binding to the fat surfaces (27). In 
solution, the behaviour of both α - and β- caseins i s believed to 
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41. DALGLEISH Caseins and Casein Micelles at Interfaces 673 

depend on the reduction of the original negative charge of the 
proteins by the binding of Ca 2 + (32). However, the lack of 
significant specific effect of Ca 2 + on the electrophoretic 
mobilities of the complexes may indicate that a different mechanism 
obtains, probably the simple shielding of charge by increased ionic 
strength. 

The most striking evidence of the differences between the 
native structures of caseins and their conformation at oil/water 
interfaces i s evidenced by κ-casein. It has already been shown that 
in i t s native state on the surface of the micelle the protein i s 
highly susceptible to proteolysis by rennet. It was found that, 
when an emulsion stabilized by κ-casein was treated with rennet, the 
electrophoretic mobilities of the particles were decreased, as 
occurs with casein micelles. In such an emulsion, there i s of 
course free κ-casein in the aqueous phase. When the emulsion was 
washed to remove the free protein, and was treated with rennet, the 
decrease in electrophoretic mobility occurred only slowly (27). The 
kinetics of the interaction of the enzyme with the rennet-sensitive 
bond in κ-casein have been altered, presumably as a result of the 
conformation of κ-casein in a monolayer on an oil/water interface 
being such that the sensitive bond i s no longer readily accessible 
to the active site of the enzyme. The bond i s known to be situated 
at the junction of the hydrophilic and hydrophobic parts of the 
κ-casein, and i t i s assumed that the latter i s involved in the 
binding of the protein to the interface. If κ-casein on the surface 
i s thus rendered inaccessible to the enzyme, then the change in 
electrophoretic mobility which occurs during renneting of the 
original emulsion must result from either (i) normal enzyme action 
on the κ-casein in solution, and rapid exchange between the 
para-K-casein formed in this way and the intact κ-casein on the 
interface, or ( i i ) the κ-casein in the original emulsion being more 
than a monolayer. Adsorption isotherms are lacking to allow these 
two possib i l i t i e s to be distinguished. 

Conclusion 

Most of the work which has been described has been within a context 
of general research into milk, and i s generally in response to 
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674 PROTEINS AT INTERFACES 

specific problems in this area, especially with respect to the 
behaviour of homogenized milk systems and caseinate emulsions. The 
studies described above are mostly at an early stage. Further 
research is required and i s in caseins when they are on an oil/water 
interface. The studies on κ-casein emulsions and their 
susceptibility to specific enzymic attack suggest a f r u i t f u l area of 
research which may be more generally applied. Indeed, since 
κ-casein i s very specifically attacked by chymosin or rennet, i t i s 
possible only to discuss the location or conformation of one bond. 
More general enzymic attack i s desirable, and may offer a better 
opportunity of defining clearly the particular parts of the proteins 
which are actually involved with binding to the interface. This in 
turn may allow better functional definition of the properties of the 
particles in the emulsion. Such research i s actively underway at the 
time of writing, but results are not yet available. 

The functional properties of the particles in homogenized milk 
also require better definition. It is only partly evident how 
i n s t a b i l i t y develops in the larger particles, but the problem of the 
conformation of the stabilizing entities in the particles remains. 
Definition of an adequate model of the complex fat/casein particles 
in the milk i s s t i l l to be achieved, and un t i l this i s done there 
seems to be l i t t l e chance of understanding the complex behaviour of 
this material. 

The emulsions formed using α ^- and β-caseins appear to be 
understandable in terms of similarity to the behaviour of the 
proteins themselves. However, i t appears that more attention must 
be paid to the behaviour of caseins in mixed systems, especially in 
terms of the factors which govern the exchange of caseins on the 
interfaces. Such interchange can influence the behaviour of the 
particles by altering the nature of the surface layer (e.g. β-casein 
precipitates less readily than α -casein when subjected to C a 2 + ) . 
It may be possible to control these exchange reactions to produce 
emulsions of desirable defined properties. 
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41. DALGLEISH Caseins and Casein Micelles at Interfaces 675 
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Chapter 42 

Interfacial Properties of Milk Casein Proteins 

P. Paquin, M . Britten, M.-F. Laliberté, and M . Boulet 

Groupe de Recherche en Sciences et Technologie du Lait (STELA), Département de 
Sciences et Technologie des Aliments, Université Laval, Québec G1K 7P4, Canada 

Casein-casein and casein-monoglyceride interactions ha
ve been investigated at air-water interface. Casein 
micelles were dissociated by dialyzing against EDTA. 
Monolayer techniques were used to characterize the in
terfacial properties of the resultant Fractions. Frac
tion I contained highly cohesive complexes that did 
not unfold at the interface and had an average diame
ter of 9.1 nm. These particles are thought to repre
sent submicelles, previously identified in micelle 
formation. Fraction II showed interfacial properties 
that are characteristic of spread casein monomers, and 
contained mainly αs -casein. The results are discussed 
in relation to casein interactions and micellar forma
tion. Mixed monolayers of sodium caseinate/glyceride 
monostearate (NaCas/GMS) were also examined at diffe
rent composition ratios. The results show that for low 
surface pressures (0-20 mNm-1), there is a condensa
tion ascribable to hydrophobic interactions in the 
mixed film. At high surface pressures, the hydrophobic 
interaction is modified and the protein is expelled 
from the monolayer into the subphase. These results 
are discussed in relation to emulsion stability. 

M i l k i s one o f the o l d e s t c o n s t i t u e n t o f human n u t r i t i o n . Raw m i l k 
i s , however, f r e q u e n t l y u n s a f e f o r human c o n s u m p t i o n . The b a s i c f u r 
t i o n o f the d a i r y and m i l k i n d u s t r y i s t h e t r a n s f o r m a t i o n o f t h i s 
p e r i s h a b l e p r o d u c t i n t o a h y g i e n i c one, f o r w i d e s p r e a d c o n s u m p t i o n . 
However, t he e v o l u t i o n o f the m i l k i n d u s t r y r e q u i r e s new m a r k e t s f c 
m i l k and i t s d e r i v a t i v e s . We s h o u l d now c o n s i d e r m i l k as a s o u r c e c 
i n g r e d i e n t s t o f u l f i l t h e needs o f f o o d , p h a r m a c e u t i c a l and even cc 
m e t i c i n d u s t r i e s . To t a k e a d v a n t a g e o f t h e r i c h p o t e n t i a l o f m i l k , 
we must f i r s t o p t i m i z e t h e t e c h n i q u e s f o r i s o l a t i o n o f i t s c o n s t i 
t u e n t s . S e c o n d l y , we must c h a r a c t e r i z e t h e s e c o n s t i t u e n t s i n an a t 
tempt t o e v a l u a t e t h e i r p o t e n t i a l f o r u t i l i z a t i o n . The p h y s i c a l chc 
m i s t r y o f m i l k c o n s t i t u e n t s i s our main i n t e r e s t , and, as a f i r s t , 
s t e p . We have c o n c e n t r a t e d o u r e f f o r t s on m i l k c a s e i n s . 

0097-6156/87/0343-0677$06.00/0 
© 1987 American Chemical Society 
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678 PROTEINS AT INTERFACES 

C a s e i n s a r e the p r i n c i p a l group of p r o t e i n s i n m i l k . They a r e 
p r e s e n t i n t h r e e d i f f e r e n t forms (α, β, κ ) , whose amino a c i d c o m p o s i 
t i o n and sequence have been d e t e r m i n e d ( 1 ) . These p r o t e i n s show a 
m i c e l l a r o r g a n i z a t i o n , w h i c h form a c o l l o i d a l d i s p e r s i o n i n m i l k . 
The s i z e o f p a r t i c l e s r a n g e s from 20 t o 600 nm ( 2 ) . C a s e i n m i c e l l e s 
a r e m a i n l y r e s p o n s i b l e f o r t h e h i g h s e n s i t i v i t y o f m i l k t o p h y s i c a l , 
c h e m i c a l and e n z y m a t i c t r e a t m e n t s ( 3 ) . Many models have been p r o p o s 
ed t o e x p l a i n t he s t r u c t u r e of the m i c e l l e ( 4 ) . However, t h e n a t u r e 
of t he i n t e r a c t i o n s between c a s e i n s w h i c h l e a d t o m i c e l l e f o r m a t i o n 
r e m a i n s u n c l e a r . One r e c e n t l y p r o p o s e d model p r e s e n t s t he m i c e l l e as 
an a g g r e g a t e of s u b u n i t s ( 5 ) . On t h e b a s i s of t h i s m o d e l , c a l c i u m 
p h o s p h a t e m a i n t a i n s the i n t e g r i t y o f the m i c e l l e , but t h e mecanism 
i s unknown. 

A b e t t e r knowledge o f c a s e i n m i c e l l e s t r u c t u r e i s a p r e r e q u i s t e 
f o r f u r t h e r c h a r a c t e r i z a t i o n o f c a s e i n d e r i v a t i v e s . One way t o s t u d y 
the s t r u c t u r e o f t h e m i c e l l e i s by i n d u c i n g c o n t r o l l e d d i s s o c i a t i o n . 
The a n a l y s i s o f r e s u l t a n t F r a c t i o n s p r o v i d e s i n f o r m a t i o n on t h e i n i 
t i a l s t a t e o f a g g r e g a t i o n . Removal of c a l c i u m p h o s p h a t e has been u s 
ed t o d i s s o c i a t e t he m i c e l l e ( 6 ) . The r e s u l t a n t c o m p l e x e s have been 
s e p a r a t e d by c h r o m a t o g r a p h y , and t h e i r c o m p o s i t i o n , and a v e r a g e s i 
ze e v a l u a t e d ( 7 , 8 , 9 ) . However, the n a t u r e o f i n t e r a c t i o n s l e a d i n g t o 
t h e i r f o r m a t i o n i s s t i l l o b s c u r e . I n t h e p r e s e n t work, we removed 
c a l c i u m t o i n d u c e d i s s o c i a t i o n o f the m i c e l l e , but a f t e r w a r d s , we 
p a i d a t t e n t i o n t o t h e i n t e r a c t i v e p r o p e r t i e s of t h e i s o l a t e d c o m p l e 
xes . 

A second a s p e c t of c a s e i n i n t e r a c t i o n s has been s t u d i e d by o u r 
g r o u p . We have been c o n c e r n e d w i t h t he use of c a s e i n s t o improve t h e 
s t a b i l i t y o f d a i r y p r o d u c t e m u l s i o n s . I n raw m i l k , t h e f a t d i s p e r s i o n 
i s s t a b i l i z e d by a n a t u r a l membrane w h i c h s u r r o u n d s t h e f a t g l o b u l e s . 
The r o l e o f t h i s membrane i s t o m a i n t a i n a low i n t e r f a c i a l t e n s i o n 
a t t h e f a t - s e r u m i n t e r f a c e . To a v o i d c r e a m i n g , i t i s a common i n d u s 
t r i e l p r a c t i c e t o homogenize t h e p r o d u c t . By t h i s p r o c e s s , t h e s i z e 
of g l o b u l e s i s r e d u c e d t o d e c r e a s e t he g r a v i t y e f f e c t on phase s e p a 
r a t i o n . However, t h i s p r o c e s s i s accompanied by an i n c r e a s e of the 
f a t - s e r u m i n t e r f a c i a l a r e a . A new membrane w i l l f o r m a t t h i s i n t e r 
f a c e t o m a i n t a i n t h e s t a b i l i t y o f the d i s p e r s i o n . S u r f a c t a n t s a r e 
o f t e n added p r i o r t o h o m o g e n e i z a t i o n t o c o n t r o l t h e c o m p o s i t i o n and 
the p r o p e r t i e s o f t h e new membranes. C a s e i n s a r e among t h e s u r f a c 
t a n t s a v a i l a b l e t o p r o d u c e s t a b l e d i s p e r s i o n s . I n t e r f a c i a l p r o p e r 
t i e s o f pure c a s e i n s p e c i e s have been i n v e s t i g a t e d and shown t h e i r 
a b i l i t y t o form membranes a t i n t e r f a c e s ( 1 0 , 1 1 , 1 2 , 1 3 , 1 4 ) . However, 
a m i x t u r e o f s u r f a c t a n t s u s u a l l y i m p r o v e s t he membrane p r o p e r t i e s . 
I n t h e work p r e s e n t e d h e r e , we have i n v e s t i g a t e d t h e i n t e r a c t i o n b e t 
ween c a s e i n s and g l y c e r i d e m o n o s t e a r a t e a t i n t e r f a c e s . T h i s s o r t o f 
i n t e r a c t i o n has a l r e a d y been r e p o r t e d by Durham (1_5) and F r i b e r g 
( 1 6 , 1 7 ) . They c o n c l u d e d t h a t c a s e i n s i n t e r a c t w i t h m o n o g l y c e r i d e s , 
but t h e y d i d not f u r t h e r i n v e s t i g a t e t h i s phenomenon. 

I n the l a s t few y e a r s , o u r r e s e a r c h group e v a l u a t e d t h e p o s s i 
b i l i t y o f u s i n g m o n o l a y e r t e c h n i q u e s t o c a r a c t e r i z e c a s e i n s i n t e r 
a c t i o n s . These t e c h n i q u e s have a l l o w e d us t o i n v e s t i g a t e t h e i n t e r 
f a c i a l p r o p e r t i e s o f m i l k c a s e i n s w h i c h a r e b e l i e v e d t o be r e s p o n s i 
b l e f o r the i n t e r a c t i o n s l e a d i n g t o m i c e l l a r o r g a n i z a t i o n . S e c o n d l y , 
p r e p a r a t i o n o f mix e d f i l m s by t h e s e t e c h n i q u e s p r o v i d e s r e l e v a n t i n 
f o r m a t i o n about i n t e r a c t i o n s between c a s e i n s and m o n o g l y c e r i d e s r e 
l a t e d t o e m u l s i o n s t a b i l i t y . 
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42. PAQUIN ET AL. Interfacial Properties of Milk Casein Proteins 679 

The p r e s e n t p a p e r i s a r e v i e w o f t h e work we have c a r r i e d o ut 
t o i n v e s t i g a t e c o l l o i d a l a s p e c t s ( m i c e l l a r s t r u c t u r e ) and e m u l s i o n 
s t a b i l i t y ( f a t g l o b u l e membrane) o f m i l k t h r o u g h measurement o f i n 
t e r f a c i a l p r o p e r t i e s . These r e s u l t s l e a d t o a b e t t e r u n d e r s t a n d i n g 
of m i l k o r d a i r y p r o d u c t s b e h a v i o u r when v a r i o u s t r e a t m e n t s a r e ap
p l i e d t o them. 

E x p e r i m e n t a l Methods 

C a s e i n m i c e l l e s were d i s s o c i a t e d u s i n g EDTA as t h e c a l c i u m s e q u e s t e r 
i n g a g e n t . A f t e r d i s s o c i a t i o n , two f a c t i o n s were i s o l a t e d by g e l 
c h r o m a t o g r a p h y . D i s s o c i a t i o n c o n d i t i o n s and c h r o m a t o g r a p h y methods 
were as r e p o r t e d by B r i t t e n e t a l . ( 1 8 ) . P r e s s u r e - A r e a (ττ-Α) i s o 
therms o f c a s e i n m i c e l l e s and t h e i r F r a c t i o n s were o b t a i n e d by u s i n g 
a W i l h e l m y s u r f a c e b a l a n c e (19) c o n s i s t i n g o f a t r o u g h (14x60x1.2 cm) 
and two b a r r i e r s c o a t e d w i t h t e f l o n and f i l l e d w i t h d o u b l e d e i o n i z e d 
w a t e r . The f o r c e was measured by an e l e c t r o b a l a n c e (Cahn. C e r r i t o s , 
M e x i c o ) . P r o t e i n samples were c a r e f u l l y d e p o s i t e d a c c o r d i n g t o t h e 
method o f T r u r n i t ( 2 0 ) . 

C a s e i n a t e / g l y c e r i d e m o n o s t e a r a t e m i x t u r e were a l s o d e p o s i t e d 
a t a i r - l i q u i d i n t e r f a c e . The same s u r f a c e b a l a n c e was used t o m o n i 
t o r t h e π-Α i s o t h e r m s . F i v e m i x t u r e s u s i n g d i f f e r e n t c a s e i n a t e / m o -
n o g l y c e r i d e r a t i o s were i n v e s t i g a t e d . F u r t h e r d e t a i l s on f i l m s p r e 
p a r a t i o n a r e r e p o r t e d by La 1iberté e t a l . (Can. I n s t . Food S c i . T e c h 
n o l . J . s u b m i t t e d f o r p u b l i c a t i o n ) . 

R e s u l t s and D i s c u s s i o n 

M i c e l l a r S t r u c t u r e , The d i a g r a m i n F i g u r e 1 shows t h e π-Α i s o t h e r m s 
o f c a s e i n m i c e l l e s and i t s two f r a c t i o n s o b t a i n e d a f t e r d i s s o c i a t i o n . 
The c l o s e - p a c k i n g a r e a (A^) o f c a s e j n m j x e l l e s , f o u n d a t minimum com
p r e s s i b i l i t y o f t h e f i l m i s 0.43 m mg ( F i g * l a ) . T h i s v a l u e i s v e 
ry^ Ιογ compared t o t h e v a l u e s measured f o r pure c a s e i n s p e c i e s (=1.0 
m mg ) (J_4). The i s o t h e r m s f o r F r a n c t i o n I and I I a r e shown i n ^ F i g y -
r e s l b and l c . F r a c t i o n I showed a c l o s e - p a c k i n g a r e a o f 0.08 m mg 
T h i s e x t r e m e l y low v a l u e i s u n u s u a l f o r p r o t e i n s s p r e a d a t i n t e r f a c e s 
(21) and i n d i c a t e s t h a t F r a c t i o n I c o n t a i n s c o mplexes r e s i s t a n t t o 
u n f o l d i n g . The complexes a p p e a r t o be h i g h l y c o h e s i v e s i n c e t h e i n 
t e r f a c i a l e n e r g y o f t h e a i r - w a t e r i n t e r f a c e does n o t open t h e s t r u c 
t u r e t o any g r e a t ^ x t e n t . F r a c t i o n I I ( F i g . l c ) shows a c l o s e p a c k 
i n g a r e a o f 1.05 m mg w h i c h i s i n agreement w i t h t h e a v e r a g e v a l u e 
o f p u r e c a s e i n s p e c i e s ( 1 4 , 2 2 ) . We have c o n c l u d e d t h a t t h i s f r a c t i o n 
c o n t a i n e d e i t h e r n o n - a s s o c i a t e d c a s e i n s , o r w e a k l y a s s o c i a t e d c a 
s e i n s w h i c h d i s s o c i a t e when d e p o s i t e d a t a i r - w a t e r i n t e r f a c e . 

The r a t e o f change o f t h e m o n o l a y e r a r e a (-dA/dw) and t h e com
p r e s s i b i l i t y c o e f f i c i e n t (κ) were d e r i v a t e d from i s o t h e r m s o f F i g u 
r e 1. These c a l c u l a t i o n s c o n f i r m e d t h e d i f f e r e n c e s o b s e r v e d between 
c a s e i n m i c e l l e s , F r a c t i o n I , and F r a c t i o n I I . We have t r i e d t o mea
s u r e e l l i p s o m e t r i c p r o p e r t i e s o f t h e s e d i f f e r e n t f i l m s , a t t h e a i r -
w a t e r i n t e r f a c e ( S a l e s s e e t a l . u n p u b l i s h e d r e s u l t s ) . R e s u l t s ob
t a i n e d t o d a t e s u p p o r t p r e v i o u s o nes. 

I n r e l a t i o n t o t h e s t r u c t u r e o f c a s e i n m i c e l l e s , o u r r e s u l t s i n 
d i c a t e t h a t t h e m i c e l l e s a r e composed o f two d i f f e r e n t f r a c t i o n s . 
U s i n g the a d d i t i v i t y law (2_3 ), we f o u n d t h a t F r a c t i o n I and F r a c t i o n 
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680 PROTEINS AT INTERFACES 

2 4 . 0 
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AREA A- m 2 m g " 1 

Figure 1. π-Α isotherms of casein m i c e l l e s and f r a c t i o n s . Casein 
m i c e l l e s (a); f r a c t i o n I (b); f r a c t i o n II ( c ) . (EDTA: Calcium 
r a t i o for d i s s o c i a t i o n = 5.0.) (Reproduced with permission 
from Ref. 18. Copyright 1986 M. B r i t t e n . ) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ch

04
2



42. PAQUIN ET AL. Interfacial Properties of Milk Casein Proteins 681 

I I were p r e s e n t i n t h e c a s e i n m i c e l l e f i l m i n a w e i g h t r a t i o o f 
0 . 6 4 : 0 . 3 6 . From th e c l o s e - p a c k i n g a r e a o f F r a c t i o n I , and t h e s p e c i 
f i c volume f o r c a s e i n s r e p o r t e d by S c h u l t z and B l o o m f i e l d ( 7_), we 
have c a l c u l a t e d t h e a v e r a g e d i a m e t e r o f complexes i n t h i s f r a c t i o n . 
The d i a m e t e r i s 9.1 nm, w h i c h i s i n agreement w i t h r e s u l t s p u b l i s h e d 
by P e pper and F a r r e l l on the d i a m e t e r o f t h e s u b m i c e l i e s ( 2 4 · ) · The 
s u b m i c e 1 l a r s t r u c t u r e o f c a s e i n s has a l s o been o b s e r v e d i n e l e c t r o n 
m i c r o s c o p y s t u d i e s . I t has been r e p o r t e d t h a t s uch submice1 l e s c o u l d 
a d s o r b a t f a t - s e r u m i n t e r f a c e w i t h o u t becoming d i s r u p t e d ( 1 7 , 2 5 ) . 
T h i s i s i n agreement w i t h t h e r e s u l t s o b t a i n e d h e r e a t the a i r - w a t e r 
i n t e r f a c e . 

We have used t h e i n f o r m a t i o n from i n t e r f a c i a l s t u d i e s o f c a s e i n 
f r a c t i o n s t o p r o p o s e a model f o r m i c e l l e s t r u c t u r e ( F i g u r e 2 ) . T h i s 
model i s a compromise between th e c o r e - c o a t model of Waugh ( 2 6 ) and 
t h e s u b m i c e l l a r model of S c h m i d t ( 5 ^ · T n e m i c e l l e i s composed of two 
p r o t e i n e n t i t i e s h e l d i n a c o h e r e n t s t r u c t u r e by c a l c i u m p h o s p h a t e 
b r i d g e s . F r a c t i o n I , w h i c h r e p r e s e n t s t h e s u b m i c e l i e s , p l a y s a s t a 
b i l i z i n g r o l e i n t h e m i c e l l e . The h i g h c o n c e n t r a t i o n o f κ-casein i n 
t h i s F r a c t i o n (18) i s r e s p o n s i b l e f o r i t s a m p h i p h i l i c n a t u r e . I t i s 
b e l i e v e d t h a t s u b m i c e l i e s a r e e x p o s e d t o serum p h a s e , as p r o p o s e d by 
S l a t t e r y and E v a r d (2_7 ) . These s u b m i c e l l e s s u r r o u n d t h e c o r e o f t h e 
m i c e l l e i n t h e same manner as s u r f a c t a n t m o l e c u l e s s u r r o u n d t h e f a t 
g l o b u l e . F r a c t i o n I I forms th e c o r e o f t h e m i c e l l e . I t i s m a i n l y 
composed of α - c a s e i n w h i c h forms a framework i n t h e p r e s e n c e o f c a l 
c i u m p h o s p h a t e . T h i s s t r u c t u r a l r o l e o f a g - c a s e i n has a l r e a d y been 
s u g g e s t e d by L i n e_t a_l. (28) and H e e r t j e e_t aj.. ( 2 9 ) . β-casein, a l s o 
p r e s e n t i n F r a c t i o n 11 i s be 1 i e v e d t o i n t e r a c t w i t h t h e framework 
v i a h y d r o p h o b i c i n t e r a c t i o n s . Our mode 1 f u l f i I s t h e v a r i o u s s t r u c t u 
r a 1 a s p e c t s p r e s e n t i n t h e 1 i t e r a t u r e f o r c a s e i n mice 1 l e s . N o n e t h e 
l e s s , a d d i t i o n n a i s t u d y i s r e q u i r e d t o c l a r i f y t o e x a c t t y p e o f i n 
t e r a c t i o n i n v o 1 v i n g α^-casein and c a l c i u m p h o s p h a t e . 

F a t Membrane S t r u c t u r e , F i g u r e 3 shows the i s o t h e r m s f o r d i f f e r e n t 
r a t i o s o f NaCas/GMS a t pH 6.8. The c u r v e s p r e s e n t two d i s t i n c t r e 
g i o n s . The f i r s t one o c c u r s be low t h e c o l l a p s e p r e s s u r e o f p u r e c a 
s e i n a t e ( 0 t o 20 mNm ). I n t h a t r e g i o n , we o b s e r v e d an i n c r e a s e i n 
a r e a as the f r a c t i o n of c a s e i n a t e i n t h e f i l m i n c r e a s e d . We used t h e 
a d d i t i v i t y law t o c a l c u l a t e t h e i n t e r a c t i o n between t h e two compo
nent s a t the i n t e r f a c e . We have o b s e r v e d t h a t m i x e d f i 1 m s do not f o l 
low i d e a 1 i t y . I n f a c t , t h e r e i s a c o n d e n s a t i o n o f t h e f i l m ( 3 0 ) . 
T h i s c o n d e n s a t i o n has been a t t r i b u t e d t o h y d r o p h o b i c i n t e r a c t i o n s 
between c a s e i n a t e and m o n o g l y c e r i d e . I n t h e h i g h p r e s s u r e r e g i o n 
( 2 0 t o 55 mNm~ ) t h e i s o t h e r m s of NaCas/GMS m i x t u r e s a l m o s t o v e r l a p 
ped t h e pure GMS i s o t h e r m . The amount of p r o t e i n r e m a i n i n g i n t h e 
f i l m i n t h i s p r e s s u r e range i s v e r y low but has been c a l c u l a t e d f o r 
d i f f e r e n t s u r f a c e p r e s s u r e s . We f o u n d t h a t f o r a s u r f a c e p r e s s u r e 
above 30 mNm , t h e r e i s about 1 . 0 μ g o f c a s e i n a t e rema i n i n g i n the 
f i l m . T h i s va l u e i s i n d e p e n d e n t of t h e i n i t i a l quant i t y d e p o s i t e d i n 
the m i x e d f i l m . 

I t has been shown t h a t t h e i n t e r f a c j a l t e n s i o n a t a f a t g l o b u l e 
membrane i s i n t h e v i n c i n i t y o f 0 - 2 mNm (3J_). ^11 i m p l i e s t h a t t h e 
i n t e r f a c i a l p r e s s u r e i s i n t h e o r d e r o f 40 mNm . At t h a t p r e s s u r e , 
we d e m o n s t r a t e d t h a t the c a s e i n f r a c t i o n i s a l m o s t c o m p l e t e l y e x p e l 
l e d from the i n t e r f a c e i n t o t h e srum. The h y d r o p h o b i c p o r t i o n o f 
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682 PROTEINS AT INTERFACES 

F i g u r e 2. P r o p o s e d Model o f the C a s e i n M i c e l l e . 
(1), s u b m i c e l l e s ; ( 2 ) , κ-casein; ( 3 ) , α - c a s e i n s a g g r e g a t e s ; 
( 4 ) , c o l l o i d a l c a l c i u m p h o s p h a t e ; (5), α framework. 
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42. PAQUIN ET AL. Interfacial Properties of Milk Casein Proteins 683 

Figure 3. π-Α Isotherms of NaCas/GMS Mixtures. 
NaCas:GMS respective f r a c t i o n of area i n i t i a l l y occupied: 
1,0:100; 2,20:80; 3,40:60; 4,60:40; 5,80:20. 
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684 PROTEINS AT INTERFACES 

p r o t e i n s r e m a i n i n g i n the membrane i s l i m i t e d . The o r g a n i z a t i o n o f a 
membrane c o n t a i n i n g c a s e i n a t e and g l y c e r i d e m o n o s t e a r a t e i s shown 
on F i g u r e 4. U n f o r t u n a t e l y , i t i s not p o s s i b l e from our r e s u l t s t o 
know t o what e x t e n t t he c a s e i n s e x p e l l e d from the i n t e r f a c e a r e r . t i l l 
a s s o c i a t e d w i t h the membrane. 

NaCaseinate 

F i g u r e 4. P r o p o s e d Model of NaCas:GMS mix e d membrane i n an o i l / 
w a t e r e m u l s i o n . 
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42. PAQUIN ET AL. Interfacial Properties of Milk Casein Proteins 685 

The mixture of NaCas/GMS showed an interaction that could be 
interesting in an attempt to improve the emulsion stability. However, 
this interact ion decreases rapidly when the surface pressure reaches 
the conditions found in a fat globule membrane. We believe that a 
mixed film that possesses stronger interactions would be more suita
ble. The utilization of other surfactants with NaCas should be inves
tigated. Such studies are in progress. 

Cone lus ion 

The work presented in this paper shows the usefulness of the mono
layer technique to determine the interfacial propert ies of caseins. 
Characterization of casein Fract ions a t the air-water interface con
tributed to a better understanding of the nature of casein interac-
t ions in micellar organizat ion. Préparât ion of NaCas/GMS mixed f i1ms 
provided re levant informat ion about the manner in which proteins 
might be involved in the structure of fat globule membrane. 

We be 1ieve that interfacia1 propert ies of milk col loids are of
ten responsible for milk response to various treatments. As a next 
step, our group will invest igate the role of these propert ies in di f-
ferent processing problems such as heat stabi1ity and fouling in 
heat exchangers. 
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Subject Index 

A 

Absorbance 
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Adhesion process 
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detection, 583 
Adsorbed protein layers and cells in 
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Adsorbed proteins 
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influence on cellular interactions 
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Adsorption 
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of plasma proteins, procedures, 78 
of polymers, description, 36-37 
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at the solution-air interface 
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radioactivity of protein 
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influence of red blood cells, 504 
mechanism, 37 
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measurement apparatus, 457f,459 
on porous glass 
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ionic binding, 64 
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of protein mixtures to 
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at mercury-water interface, 106-116 

of single proteins in buffer 
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Adsorption behavior 
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Adsorption rate law, description, 230 
Adsorption theory for a monomolecular 
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of helix proteins, 341,344f,345 

Amino acid sequence, effect on 
properties of proteins, 629 

Amphipathicity, effect on surface 
activity of proteins, 5 

Antibody binding 
effect of plasma, 514,515f,517 
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Antithrombin III, preparation, 568 
125I-Antithrombin III 
characterization, 574,575t 
displacement, 571,572f 

L-Arginyl methyl ester polystyrenes, 
use as stationary phase for 
affinity chromatography, 198-207 

Arvinized plasma, displacement of bound 
thrombin, 577,578f,579 

Avidin, properties, 604 

Β 

β + low proteins, deconvoluted aqueous 
solution spectra, 345,348f 

0-sheet proteins, deconvoluted aqueous 
solution spectra, 345,346-347f 

Bacterial adhesion, description, 177-178 
Bacteriological and tissue culture 

plastics, cell 
attachment, 623,624f,625 

Bilayer lipid membranes 
incorporation of erythrocyte membrane 

proteins, 143-148 
methods of formation, 143 
penetration of membrane extracts at 

air- and oil-water 
interfaces, 148,149f,150 

permeability dependence on protein 
extract concentration, 146-148 

sugar permeability plot, 146,147f 
time dependence of resistance and 

capacitance, 146,147f 
Bilayer systems, glycophorin, 142-143 
Biomaterials, adsorption from protein 

mixtures, 239-258 
Blodgett-Langmuir transfer, protein-

surface interaction at air 
interface, 156 

Blood-artificial surface interaction, 
adsorption of plasma proteins, 537 

Blood clotting, effect of glass 
surfaces, 63 

Blood-clotting factors, binding 
site, 190 

Blood-clotting proteins, interaction 
with surfaces, 180-195 

Blood plasma 
adsorption behavior onto material 

surfaces, 79 
studies of competitive 

adsorption, 24-25 
Blood protein-material interactions, 

role of surface tension, 551-552 

Blood-surface interaction, influencing 
factors, 509 

Bovine serum albumin 
adsorption isotherm, 311,312f 
adsorption on porous glass, 64,65t 
competitive adsorption, 314 
effect of detergents on adsorption, 66 
surface coagulation, 171 
surface adsorption behavior, 631-632 

C 

Calcium monohydrate oxalate, effects of 
ionic species on the surface 
charge, 279-286 

Calcium-thiocyanate method, 
quantification of sites on polymer 
surfaces, 452,453f 

Capacitance 
measurement of protein 

adsorption, 106-107,108f 
vs. protein 

concentration, 114,115f,116 
Capillary perfusion system 

adaptation to the study of 
biomaterials in catheter form, 547 

anticoagulated whole 
blood, 545-546,547t 

blood collection, 540 
clinical application, 548 
flow properties, 542-543 
perfusion of whole blood or washed 

platelets suspensions, 541 
preparation of washed indium-labeled 

human platelets, 540 
production, purification and 

radiolabeling of monoclonal anti-
human platelet antibody 6C9, 540 

protein adsorption, 540-541 
purification and radiolabeling of 

proteins, 540 
quantitation of platelet deposition by 

radioimmunoassay with anti-human 
platelet antibody 6C9, 541-542 

schematic, 538,539f,540 
static adsorption of plasma proteins 

on glass, 543,544t 
washed human platelet 

suspensions, 543-544,545-546t 
Cardiotoxin, interactions with 

polyanionic surfaces, 182-185 
Cardiotoxin binding to interfaces 

behavior, 180 
experimental procedures, 180 
thermotropic behaviors, 188 
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692 PROTEINS AT INTERFACES 

Cardiotoxin-heparin complexes 
effects of Ca2+concentration on 

fluorescence, 183,186f 
fluorescence intensity, 183,184f 

Cardiotoxin-lipid complexes 
binding, 182-183,184t 
effect of extreme pH, 182-183 
fluorescence intensity, 182,184f 

Cardiotoxin-polymer complexes 
effects of Ca2+concentration on 

fluorescence, 185,186f 
stabilities, 184t,185 

0-Casein 
effects of aging on film 

elasticity, 632 
surface viscosities, 121,122f 

κ-Casein 
adsorption at fluid interfaces, 119 
adsorption at interface, 667 
effects of aging on film 

elasticity, 632 
formation of "hairy" layer, 667-668 
production of stable emulsions, 671 
use as surfactant, 671 

Casein micelle structure, 
dissociation, 678 

Casein micelles 
at fat-water interfaces, 671-673 
behavior model, 667 
binding to fat in homogenized 

milk, 669 
description, 667 
dissociation, 679 
electrophoretic properties, 670 
fractions, 679,681 
isolation, 679 
isotherms, 679,680f 
stabilizing role in homogenized 

milk, 668-669 
structure, 681,682f 

Casein proteins, forms used to stabilize 
oil-water emulsions, 665-666 

Caseinates, interfacial 
tension, 654,657,658f 

Caseins 
effect on surface 

viscosities, 129,131-132f,l 33 
emulsion stability, 672-673 
milk—See Milk caseins 
native vs. oil-water interface 

structures, 673 
properties, 666 
property comparisons, 672 
surface, coagulation, 171 
surface adsorption behavior, 631-632 
surface viscosities, 123 

Cell adhesion 
biochemical events, 615-616 

Cell adhesion—Continued 
molecular basis, 616-619 
role for divalent cations, 620 
role of cellular metabolic energy, 620 

Cell adhesion to natural and artificial 
substrata, effect of surface 
properties, 620-621 

Cell affinity chromatography, 
development of tcrt-amine-
derivatized matrices, 607-611 

Cell attachment and spreading, electric 
field monitoring, 589,592,593f 

Cell behavior, monitoring, 592 
Cell locomotion, monitoring, 592,594 
Cell membranes, properties, 154-155 
Cell separation, use of affinity 

chromatography, 604 
Cell-surface dynamics, platelet 

adhesion, 530,532 
Cell-surface receptor proteins, 

specificity, 616 
Cellular adhesion 
effect of oxygenators, 554-555 
role of surface tension, 551-552 

Cellular adhesion from decomplemented 
blood 

effect of air nuclei in the 
surface, 560 

effect of decomplementing, 562t,563 
Cellular adhesion to synthetic 

materials, effect of air 
nuclei, 552 

Cellular immunoaffinity chromatography. 
application, 604 

Cellular interactions, role of 
proteins, 29 

Characterization of polymers, 
quantification of functional 
sites, 451-453 

Characterization of surface properties 
of protein-coated polymers, 
methods, 411-419 

Charge, effect on surface activity of 
proteins, 4 

Charge density, effect on protein 
adsorption, 662,663f 

Charge distribution of a protein 
charge transfer between solution and 

plasma albumin, 41,42f 
model for charge transfer, 41,43 
protein titration data, 41 
schematic, 40,42f 
titration experiments, 43 

Chemical reactor, schematic, 231,232f 
Coagulation pressure, calculation, 171 
Collagen 

adsorption kinetics, 459,460f 
description, 456 
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INDEX 693 

Collagen—Continued 
desorption-adsorption 

relationship, 461 
effect on bindability of 

fibronectin, 621 
features of adsorption, 461,463t 
properties, 621 
role in cell adhesion, 616,618 
specificity of fibronectin-collagen 

interaction, 621-622 
surface force-distance 

measurements, 464,465f,466 
Collagen adsorption, on polyethylene 

surface, 461,463 
Colloid forces, behavior in biological 

cells, 88 
Colloidal gold particles, 

preparation, 49-50 
Competitive adsorption, mixtures of 

proteins in buffer, 497 
Competitive adsorption behavior of 

proteins at interfaces 
concentration profile, 21 
influencing factors, 21-25 

Competitive protein adsorption at 
fluid interfaces, literature, 119 

Complement activation 
by different synthetic 

biomaterials, 559,560t,561f 
effect of denucleation 

priming, 559,560t 
effect of surface tension, 560,56It 
measurement by radioimmunoassays, 558 
variation sensitivity, 558-559,56If 

Complement factor 3 
antibody binding, 480,48If 
surface-induced conformational 

changes, 479-481 
Complement proteins of plasma, 

activation, 556-559,56If 
Composition dependence of surface 

viscosity, effect of surface 
activity of protein, 126-127,128f 

Concentration, vs. interfacial 
tension, 654-658 

Conformational fragility, effect on 
adsorption behavior at 
interfaces, 23 

Contact angle measurements, for 
hydrophobicity, 403,404t 

Control tip, definition, 430 
Convection-diffusion model, protein 

adsorption, 313 
Cross-linking, effect on surface 

activity of proteins, 4-5 
Cytochrome c, surface, coagulation, 171 
Cytoscribing, description, 625,626f 

D 

Denaturation, of proteins, 496 
Dental materials-saliva interactions, 

discussion, 436-437 
Depletion assembly process, 

evidence, 95,96f 
Desorption 
synthetic and biological 

macromolecules at 
solid interfaces, 222-226 

See also Protein desorption 
Desorption and exchange dynamics, 

effect of treatments applied to the 
system, 235-236 

Desorption kinetics, 
analysis, 172,173f,174 

Dip-coated polyurethane surfaces, 
properties, 327t 

Displaced protein, 
characterization, 570,574,575t 

Disulfide bond reduction, effect on 
film forming and foaming properties 
of glycinin, 640-641,64 

Drop volume technique 
applications, 648 
interfacial tension vs. time 

plot, 647-648,649f 
procedure, 647-648 
vs. Wilhelmy plate method, 660 

Dynamic model of protein adsorption 
isotherms, 483,484f 
mechanism of adsorption, 482-484 

Ε 

Eisenberg's atomic solvation parameter, 
coloring of atoms, 297t 

Electrical charge, effect on adsorption 
behavior at interfaces, 22-23 

Electron microscopy 
effect of alkylation of polymers on 

protein binding, 393,394f 
hardware, 50 
preparation of protein samples, 50 

Electron scattering by biological 
materials, problems, 50-51 

Electron tunneling, types, 422 
Electron tunneling barrier, 

schematic, 423,424f 
Electrophoretic mobility of calcium 

oxalate monohydrate 
experimental methods, 279-280 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

13
, 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

3.
ix

00
2



694 PROTEINS AT INTERFACES 

Electrophoretic mobility of calcium 
oxalate monohydrate—Continued 

mechanism for increasingly negative 
mobilities, 282,285 

vs. calcium chloride and sodium 
oxalate addition, 282,283f 

vs. citrate 
concentration, 282,284f,285-286 

vs. lysozyme 
concentration, 282,283f,285 

Electrostatic interactions, effect on 
properties of proteins, 630 

Ellipsometer, description, 210,21 If 
Ellipsometric method, 

description, 583,586f 
Ellipsometry 
definition, 209-210 
description, 470 
identification of serum complement 

system, 477,478f,479 
interactions of preadsorbed enzyme 

with solution, 158 
Emulsions, formation and 

stability, 176-177 
Enamel, interaction with 

saliva, 435-436 
Energy transfer experiments 

factors V, Va, and 
VaLC, 192,193t,194f 

influence of calcium, 192,194f 
measurement, 182 
vitamin Κ dependent 

factors, 190,192,193t 
Enzymatic modification of food 

proteins, effect on 
properties, 641,643f 

Enzyme inactivation by antithrombin 
III, mechanism, 575-576 

Enzymes, reactivity, 178 
Enzymes adsorbed on porous glass, 

properties, 72t 
Equilibrium properties of macromolcculcs 

at solid-liquid interface 
adsorption isotherms, 223-226 
layer thickness, 226-229 

Erythrocyte membrane proteins, 
penetration into planar 
bilayers, 143,146-148 

Evidence for multiple states of 
adsorbed proteins 

adsorption hysterisis, 19 
amount of bound fraction of 
7-globulin on silica, 18 

fit to Freudlich isotherms, 17 
IgG desorption, 19-20 
loss of enzyme activity, 20 
presence of bound proteins, 17-18 
protein adsorption, 20 

Evidence for multiple states of 
adsorbed proteins—Continued 

results of photobleaching 
experiments, 19 

sequence of fibrinogen 
preadsorption, 20-21 

types of studies, 15,16t,17 
variance in molar heats of 

adsorption, 18-19 
Existence of multiple states of 

adsorption of proteins to surfaces, 
future research, 27 

Extracorporeal membrane oxygenation, 
role of protein, 378-379 

Extracted juice of meat proteins 
composition, 651 
interfacial tension-time 

plot, 651,652-653f 

F 

Factor Xa 
amount adsorbed on material 

surfaces, 83t,84 
relative activity, 79 

Factors V, Va, and VaLC, energy 
transfer experiments, 192,193t,194f 

Fat membrane 
isotherms, 681,683f 
structure, 681,684f 

Fcldmann's functional color code, 
list, 297t 

Fibrinogen 
adsorption 
competitive, 314 
kinetics, 233,234t 
material surfaces, 80t 
nonpolar surfaces, 257 
primed and unprimed 

material, 555-556,557f 
Teflon, 379,382f,383,384f 

conformational changes on 
adsorption, 156-157 

distribution on alkylated polymer 
surface, 388,392f,393 

effect of concentration 
on adsorption, 158 

effect on platelet 
adhesion, 508,556,557f 

effect on platelets, 520,521 f,522 
free energy potentials, 101 
interaction with thrombin, 158 
measurement of layer 

thickness, 227,228f 
preparation, 555 
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INDEX 695 

Fibrinogen—Continued 
rate constants of adsorption, 80t 
role in platelet adhesion to 

surface, 517,520 
Fibrinogen adsorption 
calcium-dependent 

reversibility, 217,219f 
effect of multivalency, 522 
effect of plasma on antibody 

binding, 514 
influencing factors, 517 
Langmuirian binding, 512,514,515f 
measurement with polyclonal 

antifibrinogen 
antibodies, 514,515f,516t 

rate constants, 214,216f,217 
time-dependent 

reversibility, 217,218-219f,220 
transient maximum, 258 

Fibrinogen-coated polymer particles, 
sedimentation volume vs. surface 
tension, 411,416f,417,419 

Fibrinogen-coated surfaces 
platelet accumulation, 530,53If 
rate of platelet 

adhesion, 532,534t,535 
Fibronectin 

binding to 
cell surface, 621 
man-made polymers, 622,623t 

cytoscribing, 625-626 
dispersion onto polystyrene 

surfaces, 53-54,55f 
effect of collagen on adhesion, 622 
effect on cell motility and 

shape, 620 
order of preference for divalent 

cations, 619 
purification, 325 

Fibronectin adsorption 
changes in amide I 

band, 331,332f,333,334f 
conformational changes, 328,330f 
effect of polymer surface 

chemistry, 328,33l,332f,334f 
kinetics, 328,329f 
measurement using Fourier transform 

infrared spectroscopy-attenuated 
total reflectance optics, 326 

polymer surface preparation and 
characterization, 325-326 

quantitation, 327,329f 
Fibronectin-mediated cell adhesion 
cell biology, 619-620 
cell surface molecules involved, 619 

Fibronectin receptors, heparin-related 
molecules, 618-619 

Field-electron emission microscopy 
comparison to scanning tunneling 

microscopy, 433 
description, 425 
imaging of 

immune complexes, 430,43If 
small organic 

molecules, 427,428-429f 
interpretation, 432 
magnification, 425 

Field-electron emission tunneling 
definition, 422 
description, 423,424f 
schematic, 423,424f 

Film formation, process, 630-631 
Flow cell system for protein adsorption 

studies 
experimental setup, 366-367 
hydrodynamics, 366 

Flow properties of perfusion system, 
calculation, 542-543 

Fluid shear effect on protein adsorption 
adsorption of intact 

fibrinogen, 57,58f 
experimental procedures, 54-55 
flow cell, 54,56f 
polystyrene exposed to human serum 

albumin, 57,59f 
Fluorescence energy transfer studies, 

of myoglobin, 320 
Fluorescence lifetime, of 

albumin, 383-388 
Fluorescence polarization measurements, 

cardiotoxin binding at 
interfaces, 182 

Fluorescent videomicroscopy, 
measurement of 
platelet adhesion, 532-535 

Foam stability, effect of 
hydrolysis, 643f 

Foaming behavior, influencing 
factors, 635,636t 

Foaming power, effect of 
hydrolysis, 643f 

Foams, formation and stability, 176 
Food protein films, formation, 630-631 
Fourier transform infrared resonance 

spectrometry 
deconvolution techniques, 340 
spectra-structure correlations, 340 

Fourier transform infrared resonance 
spectroscopy 

advantages, 363 
alloy surface analysis, 438t 
spectra of alloys, 438 
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696 PROTEINS AT INTERFACES 

Fourier transform infrared resonance 
spectroscopy-attenuated total 
reflectance optics 

applications, 364 
flowsheet of experimental 
steps, 364,365f 

measurement of 
protein adsorption, 326-327 

overview, 364 
problems, 363-364 
sheep blood experiments, 374-375 

Fractionation of homogenized milk, protein 
loads, 669 

Fractions of casein micelles, 
characteristics, 679,681 

Free energy of adhesion 
stress, 98-99 
variations, 95,97 

Free energy potential 
albumin, 101 
adhesion vs. suction pressure of 

adherent vesicle, 91 
bilayer-bilayer adhesion, 100 
fibrinogen, 101 
values for bilayers in salt, 93,94f 

Free energy variation, types of 
variations, 97-98 

Future research on proteins at 
interfaces, topics, 25,26t 

G 

Gangliosides, role in cell 
adhesion, 616,618 

Gas-permeable materials, removal of 
air nuclei from surface 
roughness, 552-553 

Gelatin 
displacement by casein at fluid 

interface, 119 
effect on surface 

viscosity, 127,129,130f 
surface viscosities, 121,122f 
temperature-dependent changes in 

viscosity, 123,125f 
Gelatin adsorption at solid-liquid 

interfaces 
adsorbents, 263 
adsorption isotherms, 263-264 
affinity constants vs. pH, 265,268f 
gelatin, 262-263,266t 
hydrodynamic thickness, 263-264 
plateau values of isotherm vs. 

calculated 
areas, 269,27 l-272f,275 

plot of reciprocal 
isotherms, 264-265,266f 

Gelatin adsorption at solid-liquid 
interfaces—Continued 

ratio of specific volume flow rates 
of solution and solvent, 264 

relative viscosity, 264 
saturation capacities vs. 

pH, 265,267f 
thickness and density vs. 

pH, 269,274,275-276f 
viscosity, thickness, and capacity vs. 

pH, 265,268t,269,270f 
volume and density of molecules vs. 

pH, 269,273f,275 
Gelatins 

composition, 263,266t 
description, 262-263 

Gibbs, application to protein 
desorption, 175-176 

Gibbs adsorption equation, calculation 
of solubility increase in film 
compression, 166 

Glass 
effect on adsorption of proteins, 63 
polyacrylamide gels, 502,503f 

Glass transition temperature, 
definition, 509 

Globulin, Tween 20-induced desorption 
on gradient surfaces, 471,473f 

7-Globulin 
adsorption kinetics, 370,373 
adsorption onto material surfaces, 80t 
effect of environment on 

structure, 355,357 
rate constants of adsorption, 80t 
surface coagulation, 171 

D-Glucose, permeability into bilayer 
lipid membranes, 146,147f 

Glucose transporter, component of human 
erythrocyte membrane, 136 

Glycinin, effect of disulfide bond 
reduction, 640-64l,642f 

Glycophorin 
at the air-water interface 

adsorption vs. time, 137,138f 
preparation, 137 
structure of aggregates, 140 
surface pressure-area 

isotherms, 137,139f,140 
in bilayer systems 
lectin-mediated agglutination of 
liposomes containing 
glycophorin, 142-143,144f 

in monolayers 
at the air-water interface, 137-142 
isolation, 136 
properties, 136-137 
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INDEX 697 

Glycophorin-lipid monolayers at the 
air-water interface 

critical ratio of lipid to 
glycophorin, 140,142 

surface pressure-area isotherms, 140,141f 
Glycosylation, effect on 

proteins, 638,639t,640 
Granule content of adherent platelets, 

measurements, 528 

H 

Helix proteins, deconvoluted aqueous 
solution spectra, 341,343-344f 

Helmhotz free energy, effect of 
adsorption, 406 

Hemoglobin 
effect of environment on 

structure, 358,359-360f 
surface, coagulation, 171 

Hemoglobin genetic variants, surface 
activity, 5-7 

Henry's law, description, 224 
Heparin 
effect on preformed (T-AT)-polymer 

complexes, 187-188,189f 
role in cell adhesion, 616,618 

Heparin-bound protein, effects of 
polymers, 187,188,189f 

Heparin-polyvinyl alcohol hydrogel 
biological activity in clotting 

tests, 566-567 
column loading sequence, 569 
enzyme activity of bound 

thrombin, 569 
preparation, 567 

Heparin-related molecules as 
fibronectin receptors, binding 
sites, 618-619 

Heparinization, improvement of 
thrombogenicity of biomaterials, 566 

iV-Hexadecane-water interface 
effect of casein addition, 132f,133 
surface viscosities, 120-133 

High-performance affinity chromatography 
of thrombin 

chromatographic procedure, 199 
desorption of bound 

thrombin, 205,206f,207 
elution of thrombin, 199,20If 
preparation of chromatographic 

supports, 198-199,200f 
preparation of complexes, 198 
reagents, 198 

High-performance affinity chromatography 
of thrombin—Continued 

stepwise elution 
antithrombin III or 

heparin, 202,203f 
thrombin-antithrombin III 

complex, 202,204f,205f 
High-resolution transmission electron 

microscopy, study of plasma protein 
adsorption, 49 

Homogenized milks, casein micelles at 
interfaces, 668-670 

Human erythrocyte plasma membrane, 
components, 135-136 

Human fibrinogen, preparation, 49 
Human serum albumin, preparation, 49 
Hydrodynamic techniques 

measurement of interfacial layer 
thickness, 226 

thickness of fibrinogen 
layers, 227,228f 

Hydrogel matrices, properties, 605-606 
Hydrogen bond, effect on properties of 

proteins, 630 
Hydrolysis, effect on foam 

stability, 643f 
Hydrophobic interactions, effect on 

properties of proteins, 630 
Hydrophobicity, effect on protein 

adsorption, 404,405f 
Hydrophobicity-hydrophilicity, effect 

on adsorption behavior at 
interfaces, 23 

I 

Imaging biological macromolecules, 
problems, 50 

Immune complexes, field-electron 
emission microscopic 
imaging, 430,43If 

Immunoaffinity chromatography in cell 
separation 

application, 604-606 
development, 604-605 
matrix materials, 605-606 

Immunoglobulin G 
antibodies, 317 
binding, 317 

Immunoglobulin G coated polymer 
particles, sedimentation volume 
vs. surface 
tension, 411,415f,417,419 

Immunoglobulin M, adsorption to polymers 
with range of surface 
tension, 406,409f,410,412f 
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698 PROTEINS AT INTERFACES 

Immunological molecules, detection, 601 
Indium slide method 
application, 583,587,588f 
description, 583 

Infrared absorbance, vs. quantity of 
protein, 373-374 

Infrared spectroscopy, protein 
adsorption, 491-492 

Insoluble sulfonated polystyrenes, use 
as stationary phases for affinity 
chromatography, 198-207 

Interbilayer forces, measurement, 91 
Interfacial behavior of proteins, 

controversy, 36 
Interfacial conformational transitions, 

of macromolecules adsorption 
equilibrium, 229 

Interfacial layers, thickness 
measurements, 226-229 

Interfacial pressure 
time dependence, 648,650f 
vs. concentration and 

interface, 657,659f,660 
Interfacial protein layers, 

characterization of properties 
required of a cell 
substrate, 595 

Interfacial tension decay 
concentration dependence, 654-658 
kinetics, 648-653 
of meat juice, 651,652-653f 
time dependence, 648,649f 

Intrinsic fluorescence measurements, 
cardiotoxin binding at 
interfaces, 182 

Iodination of proteins, effect on 
adsorption to solid surfaces, 301 

Irreversible adsorption, origin, 235 
Isoelectric focusing, 

characterization, 493t 

Κ 

Kinetic properties of macromolecules at 
solid-liquid interface 

desorption and exchange 
dynamics, 235-236 

effect of temperature, 231,233 
limit of chemical control, 231-234 
Smoluchowski limit, 234-235 
values for fibrinogen, 233,234t 

Kinetics data acquisition, 366,368 

L 

Laboratory surfaces, 
characteristics, 154 

Lactalbumin, surface 
viscosities, 121,122f 

Lactoglobulin, surface viscosities, 123 
0-Lactoglobulin, surface, 

coagulation, 171 
Langmuir equation, macromolecule-

surface interaction, 223-224 
Langmuir limit, description, 230 
Langmuir's theory, application to 

macromolecular adsorption, 262 
Leukocyte aggregation test, 

description, 559 
Liquid microcarrier system, 

application, 595,599-600f,601 
Low β proteins, deconvoluted aqueous 

solution spectra, 346,349f,350 
Lymphocyte subpopulation separation, 

applications, 603-604 
Lysozyme adsorption 
affinity for hydrophobic 

surfaces, 303 
comparison on different 

surfaces, 296,298f 
experimental apparatus, 292 
human vs. hen, 296 
isotherms, 294,295f 
materials, 291 
molecular graphic, 294,296,297t 
preparation of surfaces, 291-292 

Lysozymes 
coloring schemes, 296,299-300f,301 
differences between human and 

hen, 301,302t,303 
surface coagulation, 171 
surface adsorption behavior, 631-632 
surface rheology at w-hexadecane-

water interface, 123 
surface viscosities, 121,122f 

M 

a -Macroglobulin, preparation, 568-569 
Macromolecular adsorption 

equilibrium properties, 223-229 
kinetic properties, 229-236 
structural alterations, 227,229 

Macroscopic protein adsorption 
properties 

bovine serum albumin, 311,312f 
competitive adsorption of fibrinogen 

and albumin, 314 
isotherms, 311,312f,313 
rates and kinetics, 313t,314 

Matrix assembly receptor, 
description, 618 
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INDEX 699 

Mechanical stability 
definition, 5 
of hemoglobin variants, 5-7 

Mctal-vacuum-metal tunneling, 
schematic, 423,424f 

Milk, isolation of constituents, 677 
Milk caseins 

characteristics, 678 
effect on stability of dairy product 

emulsions, 678 
forms, 678 
micelle structure, 678 

Mixtures of proteins in buffer, ternary 
system, 497 

Modification of protein structure, 
effect on film, foam, and emulsion 
properties, 634-641 

Modified (heparin-Iike) polystyrenes, 
adsorption of proteins, 502,504 

Molecular aspects of protein adsorption 
using myoglobin 

background, 315 
comparison of Fab binding for each 

antibody, 317,319t 
comparison of IgG and Fab binding of 

the same antibody, 317,319t 
experimental protocol, 315,317 

Molecular basis of cell adhesion 
cell surface receptor proteins, 616 
model, 616,617f 
role of collagen, gangliosides, and 

heparin, 616,618 
Molecular graphics, 

description, 294,296,297t 
Molecular understanding of the surface 

activity of proteins, future 
research, 25,27 

Molecular weight effect on protein 
desorption, I74t,175 

Monoclonal antibody binding, 
orientational state of adsorbed 
proteins, 14 

Monte Carlo simulation, protein 
adsorption, 582-584,585f 

Mucin 
adsorption, 459 
adsorption kinetics, 459,460f 
comparison of adsorption properties 

to collagen, 463-464 
description, 456 
desorption, 459,460f,461 
desorption-adsorption 

relationship, 461 
features of adsorption, 461,463t 
function, 456 
surface force-distance 

measurements, 464,465f,466 

Multicomponent analysis of kinetic 
data, two-cycle bulk correction 
procedure, 370,373 

Multiple states of adsorbed proteins 
adsorbate-adsorbate 

interactions, 1 Of, 13-14 
background, 8 
effect of multiple 

binding modes, 12f,15 
effect of structurally altered 

forms, llf,13 
evidence, 15,16t,17-21 
mechanisms, 8-15 
orientation effects, 12f, 13 
statistical argument for 

existence, 12f,15 
Myoglobin 

binding isotherms of IgG and Fab 
antibodies, 317,319t 

computer-generated three-dimensional 
structure, 315,316f 

fluorescence energy transfer 
studies, 317 

proteolysis studies, 320-321 
Scatchard plot, 317 
surface, coagulation, 171 

Ν 

Net charge on protein molecule, 
influence on protein-protein 
interactions, 635 

Nonprotein species, adsorption, 375-376 
Nonspecific adhesion, description, 88 
Nonspecific adhesion processes 

adsorption and cross-bridging of the 
macromolecules, 93 

depletion of macromolecules near the 
surface, 93 

Nylon-stringing method, 
description, 606 

Ο 

Oil-water interfaces, substrates for 
cell growth, 594 

Oil-water interfacial protein layers, 
applications, 595,599-600f,601 

Oiliness, effect on surface activity 
of proteins, 5 

Ovalbumin, surface, coagulation, 171 
Oxygenators, effect on platelet 

adhesion, 554 
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700 PROTEINS AT INTERFACES 

Ρ 

Ρ and Κ matrix methods 
application to protein 

quantitation, 370,37 l-372f 
limitations, 370 
theory, 369-370 

Partial gold decoration transmission 
electron microscopy, protein 
adsorption, 379-384 

Particles in homogenized milk, 
electrophoretic properties, 670 

Pellicle, definition, 436 
Pentafiuorobenzoyl chloride, effect on 

cell growth, 594,596f-597f 
Peroxidase, properties, 72t 
pH, effects on surface-active 

properties, 635,637f 
Phase separation, effect of blood 

clotting factor binding, 190,191f 
Phosphatase 
effect of substrate 

concentration on activity, 72,73f 
effect of temperature on activity, 72 
effect of time on activity, 72 
properties, 72t 

Phospholipid monolayers 
behavior at interfaces, 104 
interaction with 

prothrombin, 114,115f,116 
Phospholipids 
effect on coagulation, 103 
thermotropic behavior in the presence 

of blood-clotting 
factors, 188,190,19 If 

Phosphorylation, effect on 
proteins, 638 

Plasma 
at interfaces 

at one interface, 159-160 
at proteins-coated 

interface, 160-161 
between two surfaces, 160 
complex systems, 161 
in flow between surfaces, 161 

correlation between protein 
concentration adsorption, 162 

possible events occurring with 
plasma-surface contact, 163f 

preparation, 49-50 
sequence of protein deposition at 

surfaces, 162 
Plasma-air interphase, activation of 

complement system, 556-559,56If 
Plasma Fibronectin 
adsorption on polyurethane 

surfaces, 324-325 
description, 324 

Plasma fractions, preparation, 568 
Plasma protein adsorption 
effect of contact with bioengineering 

materials, 48 
experimental procedures, 49-50 

Plasma proteins 
behavior after adsorption, 552 
behavior at air interface, 156 

Plasmin 
effect of substrate concentration on 

activity, 70,7If 
effect of time on activity, 70,7If 

Platelet accumulation, measurement by 
surface-phase 
radioimmunoassay, 546,547t 

Platelet adhesion 
effect of interaction with air nuclei, 554 
effect of oxygenators, 554-555 
from fresh blood, 553-554,555t 
from washed platelet 

suspensions, 553,555t 
to protein-coated surfaces 

discussion, 527-528 
efficiency of first vs. second 

surface contact, 535 
interacting components, 527 
pattern of adhesion, 528,529f 
rate, 532,534t,535 
schematic of process, 523,529f 
vs. distance, 530,53If 

Platelet aggregation, effects of 
inhibitors, 522,523f 

Platelet morphology on protein-coated 
surfaces, 258 

Platelet reactivity, effect of 
plasma, 512,513f 

Platelet-surface compatibility, 
retention values, 509,51 It 

Platelets 
effect of fibrinogen 

molecules, 520,52 lf,522 
effect of surface coating 

on adhesion,532,534t,535 
efficiency of permanent 

adhesion, 532,533t 
interaction with 

biomaterials in catheter 
form, 547,548t 

coagulation 
pathway, 528,530,53If 

mechanisms of activation, 522,524 
Polyacrylamide and agarose isoelectric 

focusing, alloy surface 
analysis, 439-440 

Polyalkyl aerylates 
platelet reactivity, 508-513 
platelet retention, 509,51 Of 
structure, 508,51 Of 
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INDEX 701 

Polyalkyl methacrylates 
fibrinogen binding, 512,514,515f,516t 
platelet reactivity, 508-513 
platelet retention, 509,51 Of 
structure, 508,51 Of 

Polyamine graft copolymers 
application as solid-phase matrices 

for lymphocyte 
separation, 608,609f,611 

columns, 608 
rapid separation of columns, 61 It 
selective operational 

conditions, 608,6 lOt 
Polyether urethane nylon, structure, 77 
Polyether urethanes 

blood compatibility, 60 
description, 57,60 
shear rates, 60 

Poly(hydroxyethyl methacrylate), effect 
on fibroneetin binding, 622-623 

Poly(2-hydroxyethyl methacrylate)-
polyamine graft copolymer, 
structure, 607-608,609f 

Polymer coatings, thickness 
determination, 326 

Polymer surfaces 
protein adsorption, 306-321 

Polymers 
ability to inhibit blood coagulation 

and platelet aggregation, 393-396 
characterization, 451-454 
effect on thrombin-antithrombin 

complex, 185,186f,187,189f 
for bovine serum albumin 

adsorption, general surface 
properties, 313t 

Polystyrene 
adsorption of proteins, 502 
effect on fibroneetin binding, 623 

Polystyrene-polyamine graft copolymers 
effect on adsorption, 607,6091 
structural formula, 607,609f 

Polyurethane surfaces, fibroneetin 
adsorption, 324-336 

Preadsorbed thrombin, interaction with 
fibrinogen, 158 

Prealbuminated polymers, 
thromboresistive effect, 388-393 

Preferential adsorption of 
125 

I-proteins 
advantages, 256 
detection, 240,256 

Prelabeled protein method, advantages 
and disadvantages, 240,256 

125I-Protein technique, 
description, 240 

Protein A, properties, 604 
Protein adhesion to synthetic materials, 

effect of air nuclei, 552 

Protein adsorption 
at an interface, kinetics, 631 
at fluid interfaces, consequences, 165 
at solid-liquid interfaces 

applications, 306 
consequences, 402 

at solid-solution interfaces 
denaturation, 496 
influence of red blood cells, 504 
mixtures of proteins in buffer, 497 
multipopulation behavior, 493,494f 
reversibility, 493,494-495f,496 
single proteins in buffer, 491-496 

background studies on phospholipid 
membranes, 208-209 

Blodgett-Langmuir transfer, 53,55f 
carbon films exposed to citrated 

whole blood, 51,52f 
carbon films exposed to fibrinogen, 51,52 
chain protuberance, 53,55f 
comparison between air-water and oil-

water interfaces, 657,659f,660 
convection-diffusion model, 313 
current issues and future prospects, 1 -30 
feasibility, 43-44 
fibrinogen rate, 314 
fibrinogen sprayed onto surfaces of 

polystyrene, 53,55f 
film formation, 166 
flow cell system, 366,367f 
flow studies, 54 
future research, 46 
influence of fixed electrical surface 

charge, 492 
isotherms, 166,168f,311,313 
measurement using Fourier transform 

infrared spectroscopy-attenuated 
total reflectance optics, 326 

measurements of equilibrium layer 
thickness, 492-493 

on implanted biomaterials, role in 
determining biocompatibility, 239 

on material surfaces, experimental 
procedures, 77-79 

on nonbiological substrates, 
importance, 582 

on polymer surfaces 
effect of protein 

hydrophobicity, 404,405f 
measurement techniques, 457f,458 

on porous glass, 64-73 
on solid surfaces 

analysis techniques, 468-469 
effect of buffers, 582 
Monte Carlo 

simulation, 582-583,584-585f 
surfaces studies, 469 
wettability gradient 

method, 470-477 
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702 PROTEINS AT INTERFACES 

Protein adsorption—Continued 
partial gold decoration transmission 

electron microscopy, 379-384 
polyether urethanes, 57,60 
pulse intrinsic fluorescence 

fluorometry, 383,385-388 
reversibility, 166,171 
schematic of process, 406,408f 
theoretical models, 482-483 
thermodynamics, 43-45 
See also Adsorption 

Protein adsorption and desorption on the 
gradient surfaces, vs. wettability 
of surface, 471,472f 

Protein backbone vibrations 
assignments, 341-360 
FT-IR instrumentation, 340 

Protein behavior at interfaces 
effect on foam and emulsion 

formation, 632,634 
film formation, 630-631 
films in model systems, 631-634 
techniques for studying, 454 

Protein-coated surfaces, platelet 
adhesion, 527-535 

Protein deposition on field-emitter tips 
problems, 425 
transmission electron 

microscopy, 425,426f 
Protein desorption 
bovine serum albumin rate, 313t,314 
confirmation, 171 
effect of molecular 

weight, 174f, 175 
effect of polymer surface 

properties, 313 
feasibility, 171 
theory, 175 

Protein exchange reactions on 
gradient surfaces 

experimental procedure, 471,474 
of fibrinogen, 474,476f 
of globulin, 474,475f 

Protein films 
adsorption at oil-water 

interface, 118-133 
configurational changes, 169-170 
characterization methods, 49 
composition determination, 49 
structure, 167 
surface coagulation, 170-171 

Protein layer, alteration in mechanical 
properties, 594-595,598f 

Protein mixture adsorption, I-
protein study technique, 240 

influencing factors, 256-258 
studies, 240,24 l-255t 

Protein mixture adsorption, I-
protein study technique—Continued 

use of prelabeled proteins, 240 
Protein molecule, interactions with 

surfaces, 155 
Protein monolayers 
effect of compression on 

stability, 172 
equilibrium distribution between 

attached and displaced 
segments, 170,173f 

surface viscosity, 167,168f,169t 
Protein-protein interactions in the 

surface layer, effect on adsorption 
behavior at interfaces, 23 

Protein quantitation 
methods, based on matrix 

algebra, 368-372 
multicomponent analysis of kinetic 

data, 370,373 
Protein quantity 

influencing factors, 373-374 
vs. infrared absorbance, 373 

Protein Sumption on phospholipid 
membianes 

stacking of monolayers or 
multilayers, 210 

calcium-dependent 
reversibility, 217,219f 

equilibrium binding constant vs. 
surface concentration, 214,215f 

experimental materials, 208 
kinetics analysis, 212,214 
reflecting systems, 210,21 If 
sorption experiments, 210,212,213f 
sorption rate constants vs. surface 

concentration, 214-218 
time-dependent 

reversibility, 217,218-219f 
Protein-stabilized oil-in-water 

emulsions, behavior, 119-120 
Protein structure 

covalent bonds, 629 
noncovalent forces, 629-630 

Protein structure and function, 
influence on interfacial 
viscosity, 169 

Protein-surface interactions 
one or two proteins on two 

surfaces, 159 
one protein on two identical 

surfaces, 157 
one protein-one surface 

air interface, 156 
liquid-solid interface, 156-157 

studies on effect of properties of 
adsorbing surface, 28-29 
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INDEX 703 

Protein-surface interactions—Continued 
two proteins on one surface 

both proteins dissolved 
initially, 158-159 

one protein preadsorbed, 157-158 
Proteins 

at interfaces, future research, 25-30 
bound to glass, activity 

changes, 67-72 
effect of amino acid sequence, 629 
elution pattern, 67 
emulsifying activities, 634 
flexibility, 634 
foaming properties, 634 
role in interfacial phenomena, 176-178 
secondary structure 

assignments, 350,353t 
content, 341,342t 

sorption kinetics, 208-221 
structural properties-adsorption 

behavior relationship, 46 
surface 

characterization, 402-404 
tension, 403t 

Proteolipid vesicle penetration into 
monolayers 

future studies, 150 
mechanism, 150 

Proteolysis studies, of 
myoglobin, 320-321 

Prothrombin 
adsorption and desorption, 212,213f 
rate constants, 214,215f 

Prothrombin adsorption 
at air-water interface 
effect of phospholipid 

monolayers, 104,105f,106 
effect of time, 105f,106 
position of binding to surface, 106 

at mercury-water interface 
capacitance 

measurement, 106-107,108f 
concentration of S-S 

groups, lll,112f,113-114 
direct adsorption, 107,109,1 lOf 
effect of phospholipid 

monolayers, 107,108f, 114-116 
effect of time, 111 
molecules adsorbed, 109 

time-dependent 
reversibility, 217,218-219f,220 

Pseudopods, definition, 528 
Pulse intrinsic fluorescence 

fluorometry, measurement of protein 
conformational alteration upon 
adsorption, 383-388 

Purified bovine I-c thrombin, 
displacement, 571,573f,574 

Q 

Quantification of functional sites on 
polymer surfaces 

principle, 451-452 
schematic of absorption-measuring 

apparatus, 452,453f 

R 

Radioactivity, measurement of protein 
adsorption, 456-460 

Radioiodine labeling, protein 
adsorption, 492-493 

Rate constants, adsorption process in 
plasma, 80t 

Ratio of attached to displaced 
segments, calculation, 170 

Reactivity of enzymes, effects, 178 
Reconstitution, problems, 136 
Red blood cells, effect on protein 

adsorption, 504 
Reflectometry of visible light 

measurement of interfacial layer 
thickness, 226-227 

thickness of fibrinogen 
layers, 227,228f 

Relative concentrations of proteins 
in bulk phase, effect on 
adsorption behavior at 
interfaces, 23-24 

Relative viscosity, calculation, 264 
Renal stones, composition, 278 
Rennet 

destabilization of fat particles in 
milk, 670 

effect on properties of casein 
micelles, 673 

Repulsion model of protein sorption on 
phospholipid membranes, 
evidence, 217,220-221 

Reversibility, of protein 
adsorption, 493,494-495f,496 

Ribulose-1,5-biphosphate carboxylase, 
rheological properties, 634 

S 

Saliva-dental materials interactions, 
discussion, 436-437 

Saliva-enamel interactions, 
discussion, 435-436 

Salivary binding proteins, 
description, 436 
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704 PROTEINS AT INTERFACES 

Salivary proteins-dental materials 
interactions 

adsorption processes, 437 
evidence of plate, 445,445,446f 
Fourier transform infrared resonance 

spectra, 440,44If 
protein to carbohydrate infrared peak 

ratios, 440t 
saliva and alloy surface 

preparations, 437 
secondary ion mass spectra, 440,44If 
selective adsorption 
surface analysis by Fourier transform 

spectrum, 438t 
surface analysis by 

isoelectric focusing, 438,439t,440 
secondary ion mass 

spectrometry, 438,440-443 
Scanning tunneling microscopy 

comparison to field-electron emission 
microscopy, 433 

description, 432-433 
Secondary ion mass spectrometry 

alloy surface analysis, 438 
comparison of peak intensities for 

saliva-exposed and polished alloy 
surfaces, 440,44 lf,443,444f 

Sedimentation volume technique 
description, 411,412f 
surface tension, 411,413f—419 

Sheep blood experiments, analysis of 
adsorbed protein, 374-375 

Silanized surfaces, proposed surface 
structure, 292,293f 

Size 
effect on adsorption behavior at 

interfaces, 24 
effect on surface activity of 

proteins, 2 
Small organic molecules, field-electron 

emission microscopic 
imaging, 427,428-429f 

Smoluchowski limit, validity, 234-235 
Solid-liquid interfaces, gelatin 

adsorption, 261-276 
Solubility 
effect of enzymatic 

modification, 641,643 
effect on surface activity of 

proteins, 642 
Solubilized membrane extracts 

penetration into bilayer lipid 
membranes, 148,149f,150 

penetration into monolayers, 148 
Sorption kinetics, proteins, 208-221 
Soy proteins, interfacial 

tension, 654,657,658f 
Specific adhesion, description, 88 

Spectra-structure correlations for 
proteins, conclusions, 350,354 

Spectrin, component of human 
erythrocyte membrane, 135-136 

Stability, effect on surface 
activity of proteins, 4-5 

Stability of protein monolayers, 
effect of compression, 172 

Stagnation point flow cell, 
description, 562 

Steady-state tension at w-hexadecane-
water interface, effect of 
casein, 126 

Stress 
calculation, 99-100 
definition, 98 

Structural and functional consequences 
of adsorption of proteins to 
surfaces, future research, 27 

Structural properties, vs. adsorption 
behavior, 46 

Structure, effect on surface activity 
of proteins, 4-5 

Structure of adsorbed proteins, effects 
of environment on, 354-360 

Substrate surface tension, effect on 
protein adsorption, 406,407f 

Substrates for cell growth, oil-water 
interfaces, 594 

Subunits, effect on surface activity of 
proteins, 4-5 

Succinylation, effect on properties of 
proteins, 635 

Surface, ability to adsorb a protein, 155 
Surface activation of the immune 

complement system 
identification of serum complement 

activation, 477-479 
surface-induced conformational changes 

of complement factor 3, 479-481 
Surface activities 

of hemoglobin genetic variants 
effect of amino acid 

substitution, 6-7 
mechanical stability, 5-6 

of proteins 
effect on composition dependence of 

surface viscosity, 126-127,128f 
influence of 

molecular properties, 2,3t,4-5 
Surface-bound heparin-thrombin-

antithrombin III complex, 
displacement, 569-570 

Surface characterization of proteins 
contact angle data, 403,404t,405f 
hydrophobicity assessment, 402-403 

Surface coagulation, protein 
films, 170-171 
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INDEX 705 

Surface concentration, calculation, 210 
Surface enrichment, calculation, 256-257 
Surface film from saliva, 

characterization, 435 
Surface force measurements 

description, 464 
force-distance profiles for collagen 

and mucin, 464,465f,466 
Surface passivation by albumin 

adsorption, description, 548 
Surface pressure 

compressibility, 648-658 
concentration dependence, 654,655f 
effect of pH, 662,663f 
vs. compressibility and 

interface, 660,66 lf,662 
Surface properties of protein-coated 

polymers, 410-419 
Surface rheology 

of films adsorbed from mixed protein 
solutions, viscosity vs. 
time, 127,129,130f 

of pure protein films, influencing 
factors, 118-119 

Surface tension, proteins, 403t 
Surface viscosities 

at /j-hexadecane-water interface 
composition dependence, 126,127 
effect of gelatin 

addition, 127,129,130f 
temperature-dependent 

behavior, 123,125f 
time-dependent behavior, 121,122f 

protein monolayers, 167,168f,169t 
theory, 167,169 

Synthetic biological macromolecules at 
solid-liquid interfaces, adsorption 
and desorption, 222-236 

Τ 

Tear proteins, interaction with contact 
lens materials, 290 

Theoretical models for protein 
adsorption 

influencing factors, 482 
isotherm from dynamic model, 483,484f 
mechanism, 482 

Thermodynamics of protein adsorption 
adsorption enthalpy of plasma 

albumin, 44,45f 
analysis, 43-44 
calorimetric measurements, 44 

Thermodynamics of protein adsorption— 
Continued 

effect of protein structure, 44 
Thermotropic properties, glycophorin in 

bilayer systems, 142 
Thin wetting film analysis of protein 

behavior 
kinetics of mucin film rupture on 

silicone contact lens, 454,455f 
parameters studied, 452,454 

Thrombin 
amount absorbed and activity, 78-79 
amount adsorbed on material 

surfaces, 83t,84 
binding affinity, 569 
effect of albumin on activity, 86f 
effect of substrate concentration 

on activity, 68,69f 
effect of surface on 

activity, 84t,86 
formation during mural 

thrombogenesis, 528,530 
high-performance affinity 

chromatography, 198-207 
inactivation of antithrombin II, 571 
preparation, 567-568 
properties, 72t 
time dependence of activity, 84,85f 
time-dependent inactivation, 68,70,7If 

125I-Thrombin, 
displacement, 577,578f,579 

Thrombin affinity, polyvinyl alcohol) 
vs. heparin-
poly(vinyl alcohol), 576-577 

Thrombin-antithrombin complex at 
polymer interface 

adsorption on polymers, 185,186f,187 
desorption from polymers, 187,189f 
heparin-polymer 

competition, 187-188,189f 
Thrombin binding affinity, adsorption 

isotherms, 570-57l,572f 
Thrombin bound to heparin-

poly(vinyl alcohol) beads, 
enzymatic activity, 569 

Thrombin-immobilized heparin, step in 
enzyme inactivation, 575-576 

Thrombiotic complications, surface-
blood interactions, 507 

Thrombogenic materials, factors 
influencing behavior, 49 

Thromboresistant biomaterials, 
importance, 538 

Thrombus 
formation, 48, 537,551 
rates, 48 
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706 PROTEINS AT INTERFACES 

Tobacco mosaic virus particles, 
deposition on Field-emitter 
tips, 425-426f 

Total internal reflection fluorescence 
spectrometry 

apparatus, 307,309f,310f 
experimental applications, 311 
interpretation of results, 307,311 
principles, 307,308f 
use for studying proteins at surfaces, 306 

Total internal reflection intrinsic 
fluorescence spectroscopy 

adsorption isotherms, 291 
apparatus, 292 
description, 291 
problems with quantitation scheme, 301 

Trypsin 
Κ values, 70t 

m . 
properties, 72t 
Kmax V 3 l u e S ' 7 0 t > 7 2 

Tunneling—See Electron tunneling 

U 

Unfolding rates, effect on surface 
activity of proteins, 4-5 

Urinary stones, formation, 278 

V 

van der Waal's forces, effect on 
properties of proteins, 630 

Vesicles, production, 89 
Viscosity, effect of enzymatic 

modification, 643 
Viscosity of surface film, 

description, 632,633t 
Vitamin Κ dependent factors, energy 

transfer experiments, 190,192,193t 
Vitamin Κ dependent proteins, 

interactions, 103-104 
Vroman effect 
description, 500 
discussion, 257 

W 

Washed human platelet suspensions, 
accumulation on glass 
surfaces, 544,545t,546t 

Wettability gradient method 
applications, 474 
discussion, 470-471 
protein adsorption and 

desorption, 471,472-473f 
Wilhelmy plate method, vs. drop volume 

technique, 660 
Work function of the metal, 

definition, 422 

Production by Car a Aldridge Young 
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