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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d co l ­
lections of data i n spec ia l areas of top i ca l interest that c ou ld 
not be accommodated i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented , 
their papers d i s t r ibuted among several journals or not p u b ­
l i shed at a l l . Papers are refereed c r i t i ca l l y accord ing to A C S 
ed i tor ia l standards a n d receive the careful attention a n d proc ­
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r ig ina l contr ibutions 

not p u b l i s h e d elsewhere i n who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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PREFACE 

his is a miss ionary book, b r i n g i n g the message that m a n y seemingly 
A diverse fields are but a single field w h e n attention is focused sharp ly 

enough at the various phase boundaries . A c o m m o n feature often f o u n d 
is that the b o u n d a r y interactions are dominated b y inter fac ia l layers of 
proteins. T h u s , advances i n appl icat ions of chemistry at pro te in inter­
faces w i l l be ach ieved more r a p i d l y i f i n d i v i d u a l gains f r o m certa in 
iso lated d isc ip l ines , a l l of w h i c h invo lve pro te in in ter fac ia l phenomena, 
can be integrated. F o r example , this vo lume demonstrates that most 
fields of b i o l og i ca l adhesion are uni f ied at the fundamenta l l eve l w h e r e 
one must d e a l w i t h attachment of single cells or s m a l l m u l t i c e l l u l a r aggre­
gates under moist, sal ine, a n d b i o chemica l l y active condit ions. T h e events 
of m a r i t i m e f ou l ing , thrombus format ion , a n d denta l p laque attachment 
share m a r k e d s imilar i t ies i n the establ ished requirement that a l l so l id 
surfaces first acquire a cond i t i on ing layer of pro te in w h i c h mediates the 
adhesive interactions w i t h a r r i v i n g cells. A t the electron microscop ic 
leve l , specimens f r o m the b i o l og i ca l m i l i e u x of sea water , b l o o d , or sal iva 
can se ldom be dif ferentiated. A p p a r e n t l y insurmountab le difficulties i n 
some fields have a l ready been overcome i n other phases of pro te in 
surface science. 

T h i s book grew f r o m a perce ived need for cross f e r t i l i za t ion of these 
art i f i c ia l ly separated disc ipl ines . Chapters were chosen f r o m a sympos ium 
ent i t led "Proteins A s a n d A t Substrates," f r o m a concurrent sympos ium 
ent i t led " B i o m e d i c a l A p p l i c a t i o n of Po lymers , " a n d f r o m i n v i t e d contr i ­
butions of experts i n fields not p o p u l a r l y ident i f ied as in ter fac ia l chemistry. 
T h e authors were asked to prov ide manuscripts w h i c h m i g h t stimulate 
other contr ibutors to this same v o l u m e as w e l l as the m u c h broader , 
in terd i s c ip l inary audience whose specific prob lems are encompassed b y 
one or more of these contr ibutions . N u m e r o u s p o p u l a r aspects of the 
subject of surface chemistry of proteins have been purpose ly exc luded. 
T h e papers gathered here were selected, instead, to exempl i fy those 
diverse under-represented fields w h i c h also share a c o m m o n concern for 
pro te in in ter fac ia l chemistry . Sixteen different institutions are repre ­
sented, 5 academic , 4 m e d i c a l , 4 governmental , a n d 3 indust r ia l . O u r 
single regret is that major i n d u s t r i a l concerns w h i c h can expect to benefit 
greatly f r o m the knowledge evident i n this vo lume dec l ined on the 

v i i 
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grounds of proprietary interest to allow contributions from their out­
standing scientific staffs to be included here. Thus, manuscripts on the 
surface chemistry of hair, of pharmaceutical preparations, and of photo­
graphic gelatin are regrettably absent. 

ROBERT E. BAIER 

Calspan Corp. 
Buffalo, N.Y. 
January 1975 
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1 

Applied Chemistry at Protein Interfaces 

ROBERT E. BAIER 

Calspan Corp., Environmental Systems Department, Buffalo, Ν. Y. 14221 

Some of the areas where interfacial protein layers dominate 
the boundary chemistry are reviewed, and we introduce 
some nondestructive analytical methods which can be used 
simultaneously and/or sequentially to detect and character­
ize the microscopic amounts of matter at protein or other 
substrates which spontaneously acquire protein conditioning 
films. Examples include collagen and gelatin, synthetic 
polypeptides, nylons, and the biomedically important sur­
faces of vessel grafts, skin, tissue, and blood. The impor­
tance of prerequisite adsorbed films of proteins during 
thrombus formation, cell adhesion, use of intrauterine con­
traceptives, development of dental adhesives, and preven­
tion of maritime fouling is discussed. Specifics of protein 
adsorption at solid/liquid and gas/liquid interfaces are 
compared. 

Numerous surface phys i co chemica l ana ly t i ca l techniques, i n c l u d i n g 
^ internal reflection I R spectrometry, e l l ipsometry, a n d determinat ion 

of c r i t i c a l surface tension a n d contact potent ia l values, revea l a c o m m o n 
inter fac ia l chemistry among seemingly unre lated phenomena. T h a t is , 
m a n y interfaces are dominated b y proteins, either as the o r i g ina l sub­
strates at or w i t h i n w h i c h the key events occur or as the first spontane­
ously a cqu i red cond i t i on ing layers w h i c h are prerequisites for subsequent 
events. Proteins as substrates dominate the surface chemistry of col lage­
nous biomaterials , photographic emulsions, sk in , a n d hair . T h e inter fac ia l 
composi t ion a n d organizat ion of proteins determine the barr ier properties 
of sk in a n d its recept iv i ty to cosmetics a n d medicat ions. T h e r a p i d a n d 
often irreversible adsorpt ion of pure prote in or g lycoprote in constituents 
f rom complex m e d i a precedes microscop ica l ly detectable adhesion of 
f o rmed ( ce l lu lar or l a rva l ) elements i n a l l k n o w n circumstances. A l l 
surfaces proposed for b lood-compat ib le i m p l a n t materials , for example, 
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2 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

acquire such a cond i t i on ing film as do a l l s t ructura l a n d engineer ing 
materials immersed i n the sea, or p laced i n tissue culture or into the ora l 
or uterine cavities. Pro te in films are spontaneously f o rmed at a n d e l i m i ­
nated f r om most g a s / l i q u i d interfaces i n nature, a n d the bubb le - s t r ipp ing 
of such layers f r om the sea has been i m p l i c a t e d i n océanographie /mété­
orologie phenomena. O n c e the c o m m o n features of inter fac ia l chemistry 
have been recognized , significant cross- fert i l ization of the fields m e n ­
t ioned shou ld be s t imulated . 

Some of the best examples of the dominance of funct iona l interfaces 
b y b i o l og i ca l macromolecules occur i n the research area of "b ioadhes ion . " 
T h i s area includes the use of denta l restoratives; the use of p o l y m e r i c 
surg ica l adhesives w h i c h replace mechan i ca l l inks such as staples a n d 
sutures; the development of prosthetic implants w h i c h replace, improve , 
or supplement almost every part of the h u m a n body ; the mul t ip l i ca t i on 
of extracorporeal c ircuits for m e d i c a l treatment i n art i f ic ia l k i d n e y cen­
ters, coronary care units , a n d home dialys is ; the s tudy of b l o o d c lot t ing 
reactions as they are i n d u c e d b y contact w i t h nonphys io log ic surfaces 
r a n g i n g f r om the struts of *an i m p l a n t e d heart valve to the transected ends 
of a n o r m a l b l o o d vessel w h i c h init iate w o u n d hea l ing ; and the various 
mar ine f ou l ing events w h i c h encrust ships w i t h barnacles and tube 
worms a n d w h i c h s low o i l - carry ing supertankers b y a lga l adhesion at the 
h i g h l y stressed water l ine w i t h large accumulat ions of seagrass. T h e 
c o m m o n inter fac ia l features of these problems are often over looked as 
researchers focus large ly on the vo lume phase effects a n d the fluid 
d y n a m i c a l effects invo lved . 

Analytical Methods and Materials 

F i g u r e 1 shows the phys i cochemica l surface methods used exten­
s ive ly i n our laboratory to assess the inter fac ia l structure and properties 
of p redominant ly prote in substrates l i k e sk in , co l lagen, a n d l i v i n g ce l l 
surfaces a n d also to assess the i n i t i a l sequence of events at c lean sol id 
substrates u p o n their exposure to b lood , sal iva , a n d sea water . 

T h e molecular structure of the film adsorbed on a substrate such as 
germanium, s i l i con , or various c ommon IR - t ransmi t t ing salts [either 
before or after their surfaces were modi f ied b y s tandard techniques such 
as monolayer format ion ( J , 2 ) ] , is read i ly deduced b y the in terna l reflec­
t i on technique w h i c h has been descr ibed ( 3 ) . W h e n the substrate is a 
mater ia l of h i g h ref lect ivity a n d h i g h intr ins ic refract ive index such as 
germanium ( w h i c h is used i n most of our experiments ) , film thickness a n d 
refract ive index m a y be determined nondestruct ively b y e l l ipsometric 
techniques (4). A t h i r d nondestruct ive a n d noncontact ing technique, 
w h i c h is easily a p p l i e d to t h i n film samples on g e r m a n i u m or any con-
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1. B A I E R Applied Chemistry 3 

duct ive substrate, is the determinat ion of the contact potent ia l f r om 
v i b r a t i n g reed electrometer studies us ing exper imental apparatus designed 
b y B e w i g a n d Z i s m a n (5, 6). 

A major technique used i n a l l our studies is contact angle data taken 
accord ing to the methods of Z i s m a n (7 ) to der ive the c r i t i ca l surface 
tension. A l l of these techniques can be app l i ed s imultaneously or sequen­
t ia l ly to the same inter fac ia l area, w i t h a sensit ivity for a l l of the methods 
great enough to detect layers less than 10 A a n d representing less than 
0.1 μg of mater ia l on a substrate surface area s imi lar to a glass microscope 
slide. F o r any inter fac ia l film, easily adapted a n d we l l - ca l i b ra ted tech ­
niques can determine first the molecular composi t ion of the mater ia l , then 
its degree of organizat ion ( f r om el l ipsometr ic deductions of its thickness 
a n d refractive i n d e x ) , its degree of e lectr ical asymmetry ( f r om d ipo le 
presence a n d or ientat ion deduced via contact potent ia l d a t a ) , a n d finally 
w h i c h of the molecu lar clusters present w i t h i n the film ( ident i f ied b y 
interna l reflection I R ) must be outermost a n d i n contro l of interactions 
w i t h the external environment (us ing the important contact angle-deter­
m i n e d c r i t i c a l surface tension va lues ) . 

Proteins as Substrates 

Contac t angle methodology for p r o b i n g the surface chemica l funct ion 
a n d architecture of prote in -dominated surfaces has been the most revea l ­
i n g technique. T h e contact angle (Θ) of a l i q u i d on a so l id surface is 
defined as that interna l angle, general ly between 0° a n d 150°, measured 
through the l i q u i d drop to the tangent d r a w n to its p e r i p h e r a l boundary . 
A p lot of the cosine of the contact angle vs. the independent ly determined 
l i q u i d / v a p o r surface tension for each diagnostic l i q u i d used forms a 
l inear re lat ionship f r om w h i c h one can infer a c r i t i ca l surface tension 
va lue at the cosine θ = 1 axis. T h e direct correlation w h i c h Z i s m a n a n d 
coworkers (7 ) have developed between such c r i t i c a l surface tension 
intercepts a n d the true outermost atomic const itut ion of l o w energy 
organic solids is often ca l l ed a wettab i l i ty spectrum. F o r selected l o w 
energy surfaces the actual atomic constitution of the surface can be corre­
lated on a 1:1 basis w i t h the c r i t i ca l surface tension exper imental ly 
determined . 

Collagen and Gelatin 

Contac t angle techniques used to evaluate t h i n films of water-soluble 
col lagen, w i t h care to avo id denatur ing effects, gave a c r i t i ca l surface 
tension approach ing 40 d y n e s / c m ( 8 ) . A n anomalous nonwet tab i l i ty b y 
some of the l o w surface-tension, dispersion-force-only l i qu ids was evident, 
a n d this was at tr ibuted to organized water adsorbed at the surface of 
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4 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

these t h i n films. There were no spec ia l interactions w i t h hydrogen -bond­
i n g l i qu ids . O n the other h a n d , i t was discovered that b y cast ing t h i n 
films of co l lagen f r om hot rather than coo l water , a m a r k e d departure 
i n the wet t ing properties was exhib i ted b y hydrogen-bond ing l iqu ids . 
B a s e d on previous p u b l i s h e d w o r k (9, 10), this behavior is expla ined as 
randomizat i on of the nat ive prote in structure w h i c h al lows access of the 
hydrogen -bond ing w e t t i n g l i qu ids to the hydrogen-bond-suscept ible 
a m i d e l inks at the interface w h i c h serve as a substrate for other inter ­
actions (e.g., p latelet adhesion to col lagen fibers in vivo in i ta t ing 
thrombosis ). 

C o m p l e t e l y water -swol len col lagen dif fered m a r k e d l y f rom the re la ­
t i ve ly d ry [ equ i l ibrated at 5 0 % relat ive h u m d i t y ( R H ) ] prote in (8 ) i n 
its wet tab i l i ty b y water - immisc ib le l i qu ids . I n the water -swol len case, 
the apparent c r i t i c a l surface tension d i m i n i s h e d to ca. 30 d y n e s / c m , i n d i ­
ca t ing that a prote in interface i n nature is not correct ly mode led b y 
d e h y d r a t e d specimens. 

Protein Analogs 

Synthet ic po lypept ides serve as models for proteins i n a n u m b e r o f 
c ircumstances, par t i cu lar ly i n d e d u c i n g the influence of backbone c h a i n 
configurations on the wet t ing properties of prote in -dominated surfaces 
(9,11). W h e n , for example, p o l y ( y - m e t h y l g lutamate) was cast as a b u l k 
sheet f rom solvents w h i c h favored the extended cha in beta-structure of 
the p o l y m e r (as veri f ied b y I R a n d various di f fraction techniques ) , the 
inter fac ia l properties were dominated b y the organized side chains 
( m e t h y l ester groups i n this case) . N o evidence of the hydrogen -bond ing 
backbone , w h i c h was only a f ew atomic diameters f r o m the surface, c o u l d 
be f ound . O n the other h a n d , casting the p o l y ( y - m e t h y l g lutamate) into 
b u l k films f r om solvents w h i c h favored the a lpha he l i ca l arrangement of 
the po lymer backbone demonstrated a m a r k e d increase i n the wet tab i l i t y 
of the surface b y those diagnost ic wet t ing l i qu ids character iz ing h y d r o ­
gen-bonding interactions. These films also showed a net increase i n the 
average c r i t i ca l surface tension or apparent surface free energy of the 
p o l y m e r as a result of this backbone reorganizat ion. S i m i l a r l y , w h e n 
p o l y ( y - m e t h y l g lutamate) was cast f r om solvents favor ing the r a n d o m 
tangle structure of the molecule a n d again a l l o w i n g accessibi l i ty across 
the interface to p o l y m e r i c backbone segments capable of enter ing into 
hydrogen -bond ing interactions, the wet t ing results were s imi lar to those 
for the a lpha he l i ca l f o rm a n d complete ly d iss imi lar to those for the 
extended cha in intermolecu lar ly hydrogen-bonded beta structure. 

A n extreme example of the different appearance of a macromolecular 
surface to an interact ing external environment is p r o v i d e d b y p o l y a c r y l -
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1. B A I E R Applied Chemistry 5 

amide (12). I n this case, the data of a l l l i qu ids w h i c h can enter into 
hydrogen-bond ing interactions f a l l together on a Z i sman- type contact 
angle plot at a c r i t i c a l surface tension of about 50 d y n e s / c m ; other l i qu ids 
incapable of this special interact ion f o rm a separate straight l ine w h i c h 
extrapolates to a c r i t i c a l tension some 10 d y n e s / c m lower (8, 12). T h u s , 
prote in surfaces can either (a ) respond di f ferential ly ( w i t h the groups 
present a n d l o cked into the surface ) to a var ie ty of cha l leng ing env i ron ­
ments, or ( b ) through molecular rearrangement, present those molecu lar 
groupings most compat ib le w i t h the l i q u i d adjacent to the so l id substrate. 

Nylons 

A m o n g m o d e l materials most relevant to natura l proteins, the engi ­
neer ing po lymer , n y l o n 2 ( descr ibed i n b i o chemica l terminology as p o l y -
g lyc ine ) is important . I n po lyg lyc ine (10) the difference between w e t t i n g 
of the surface b y hydrogen -bond ing l i qu ids a n d b y nonhydrogen -bond ing 
l iqu ids is s tr ik ing . 

O t h e r n y l o n po lymers showed the same apparent effect ( J O ) . T h e 
frequency d is tr ibut ion of the a m i d e segments i n a surface is a significant 
determinant of the general wet tab i l i ty of the surface as w e l l as of any 
specific enhanced wet tab i l i t y b y hydrogen -bond ing l iqu ids . F o r nylons , 
because of their lack of mask ing side chains, the modif ications of surface 
properties resul t ing f rom casting of b u l k films f rom various solvents were 
m u c h less important than i n the po lypept ides w i t h lengthy side chains 
w h i c h result i n signif icant steric h indrance . 

T h e wet tab i l i t y b a n d for po lyamides of the n y l o n series shi fted to 
show lower slopes a n d higher c r i t i ca l surface tension intercepts w h e n 
p lo t ted i n the s tandard Z i s m a n format (7) as the amide group density 
increased (10). U n f o r t u n a t e l y no theoret ical w o r k describes the i m p o r ­
tant factors inf luencing the slope of such plots w h i c h reflect i n a general 
w a y the strength of s o l i d / l i q u i d interactions. 

Biome die ally Important Collagenous Substrates 

O n e of the most active areas of surg ica l research a n d pract ice i n ­
volves col lagen-based substitutes for natura l b l o o d vessels. W h a t is 
sought is a b l o o d conduit w h i c h is s tructural ly sound a n d textural ly 
suited for anchor ing accumulat ing b l o o d components w i t h o u t s ignif icantly 
d istort ing them to cause adverse subsequent reactions ( such as thrombus 
generation, calc i f ication, atherosclerosis) . W e have presented m u c h sur­
face textural a n d surface chemica l data character iz ing the surfaces of 
modi f i ed bov ine b l o o d vessels dominated b y a co l lagen matr ix a n d of the 
natura l b l o o d vessels w h i c h they can replace (13). O n e of our most 
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6 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 1. Simultaneous non-destructive analytical techniques 

important findings was that, w h e n the textural ly r o u g h collagenous grafts 
are exposed to fresh flowing b lood , they are r a p i d l y over la in w i t h a second 
pro te in film of fibrin, deposited spontaneously. W e also demonstrated 
that i n certain circumstances cholesterol stéarate a n d fatty a c i d deposits 
accumulate a long the l u m e n of col lagen vessels. T h e deposits adversely 
increased their surface free energy a n d u l t imate ly became the site of 
thrombus format ion a n d aneurysmic fa i lure of the collagenous implants . 

Skin 

G r o w i n g f r o m deeper layers is the stratum corneum, a co l lapsed layer 
of prote in -dominated , kerat in- f i l led membranous sacks w h i c h prov ide the 
interface w i t h a l l environments : a ir , water , and various increasingly haz ­
ardous aerosol chemicals . Important contributions to the study of the 
surface chemistry of this prote in substrate were made first i n i n d u s t r i a l 
quarters, where the actions of soaps, creams, a n d other cosmetic a p p l i c a ­
tions were sought (14). T h e studies of m a n y laboratories conf irm the 
surface of sk in to be a moderately l o w energy p o l y m e r s imi lar to p o l y ­
ethylene i n m a n y interactions. Modi f i cat ions of the method descr ibed i n 
F i g u r e 1 have been used for five years to study in situ the surface I R 
characteristics of l i v i n g skin . F i g u r e 2 shows an in terna l reflection spec­
t r u m obta ined s imply b y touch ing the forearm to a g e r m a n i u m p r i s m i n a 
hor i zonta l attachment to our interna l reflection I R spectrophotometer 
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1. B A I E R Applied Chemistry 7 

Figure 2. Skin in situ; spectrum recorded by touching forearm to germanium 
prism in horizontal attachment 

( constructed to our specifications b y H a r r i c k Scientif ic C o r p . , Oss in ing , 
Ν. Y . ). T h e depth of the sk in thus sampled is on ly a f ract ion of a mi c ron . 
T h i s external surface of the body is o v e r w h e l m i n g l y dominated b y prote in 
components. A s imi lar spectrum character ized o l d sk in in situ on the 
t h u m b of an exper imental subject showing prote in dominat i on again w i t h 
a sma l l contr ibut ion of organic ester. Contras t ing w i t h this is the s i tuat ion 
i l lustrated spectral ly i n F i g u r e 3, where the fresh sk in of the opposite 
t h u m b of the same subject, as generated beneath a bl ister cap, shows an 
intermediate sk in chemistry where in the relat ive abundance of fatty esters 

Figure 3. MA.I.R. infrared spectrum of fresh skin area beneath peeled away 
blister cap (1 cm X 3 cm; right thumb in situ, 2 days after first exposure to 
atmosphere; fingerprint ridges not well developed). Note ratio of hydrocarbon 

and ester bands to amide bands. 
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8 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

is greater. F igures 4 a n d 5 i l lustrate the difference i n sk in surface c h e m ­
istry recorded before a n d just after the app l i ca t i on of a t y p i c a l commer­
c i a l moisture cream accord ing to the supplier 's instructions. T h i s example 
highl ights the potent ia l diagnost ic p o w e r of this method , w h i l e conf irm­
i n g dominance of the inter fac ia l chemistry b y prote in components recep­
t ive to other materials . C o n t r o l experiments showed that the observed 
changes between F igures 4 a n d 5 were not s i m p l y the result of a sk in 
coat ing. 

Figure 4. M.A.LR. infrared spectrum of virgin skin in situ (female forearm, 
underside, immediately after soap and water wash, towel dry) 

T h u s , the outermost layer of l i v i n g h u m a n sk in is dominated b y p r o ­
teins; n e w sk in generated under the o l d is s imi lar ly dominated b y proteins 
w i t h the a d d i t i o n of a signif icant f ract ion of l i p i d . T o understand the 
barr ier a n d other protect ive properties of the sk in one must look at the 
inter fac ia l chemistry of prote in layers. F i g u r e 6 shows that even the 
exudate f r o m a s k i n w o u n d is dominated b y pro te in components. A s 
discussed later, the proteins i n this case are almost exc lusively g lycopro ­
teins, as ind i ca ted i n F i g u r e 6 b y the re lat ive ly strong absorpt ion b a n d 
at ca. 1050 cm" 1 . I n m o d e r n prote in inter fac ia l c h e m i c a l l i terature, g lyco­
proteins dominate the discussion. 

Tissue and Blood 

O n e of the most s t r ik ing differences between prote in -dominated sub ­
strates ( e.g., sk in , tissue masses, a n d b l o o d ) a n d other so l id , semi-sol id , 
or l i q u i d surfaces is i n the ir wet tab i l i ty a n d adhesiveness w i t h other 
materials . W o r k o n the development of surg ica l adhesives based u p o n 
the po ly (a - cyanoacry lates ) used successfully i n hemostasis for massive 
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1. B A I E R Applied Chemistry 9 

Figure 5. MA.LR. infrared spectrum of modified skin in situ (female forearm, 
underside, immediately after application of commercial "moisture cream' ac­

cording to suppliers instructions) 

wounds , c l i n i c a l repair of s k i n incisions, a n d o r a l surgery (15, 16) p r o ­
vides excellent examples of this di f ferential we t tab i l i t y a n d adhesion. 
F o r example, the homologous series of a l k y l cyanoacrylate po lymers f r o m 
m e t h y l through h e p t y l shows an inverse order of w e t t i n g a n d adhesion 
on b l o o d a n d tissue f r o m the order shown on p u r e water or protein-free 
fluids. T h i s a n d anc i l lary evidence (16) shows that interfaces of w e t 
b i o l og i ca l masses are dominated b y prote in molecules w h i c h c a n enter 

Figure 6. Proteinaceous exudate from wounded (by stripping of cornified layer) 
skin surface 
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10 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

into m a n y spec ia l inter fac ia l chemica l reactions not possible i n the ab­
sence of prote in . 

Pro te in inter fac ia l layers also contro l t rad i t i ona l surface phys i co -
c h e m i c a l properties of f r i c t ion , wear , a n d lubr i ca t i on i n the joints of 
art i cu lated bones—e.g., i n h i p joints. L i t t l e is k n o w n about the r u b b i n g 
surfaces a n d the filling fluids of the natura l b a l l a n d socket connections 
except that they are predominate ly cart i laginous, g lycoprote in , a n d pro ­
teoglycan materials . 

Another important example of the di f ferential adhesiveness w h i c h 
prote in -dominated surfaces can display , is i n the development of art i f i c ia l 
sk in especial ly for w o u n d dressings a n d for temporary covers of extensive 
burns . C . W . H a l l a n d co-workers (17) showed that relat ive tissue a d ­
hesion to mechanica l ly i dent i ca l ve lour fabrics constructed of various 
materials fo l lows the order pred i c ted b y the c r i t i ca l surface tensions o f 
construct ion mater ia l . 

M o h a n d a s a n d co-workers (18), conf i rming previous findings of We iss 
a n d B l u m e n s o n (19), have also shown that cells i n an environment free 
of adsorbable proteins ( w h i c h r a p i d l y m o d i f y the surface properties of 
p o l y m e r i c or inorganic substrates) w i l l exhibi t a s imi lar d irect re la t i on ­
ship between their adhesion a n d the c r i t i ca l surface tension of the surface 
they contacted. Di f f erent ia l adhesion of r e d b l o o d cells was measured b y 
de termin ing the fract ion of cells retained on a surface after the a p p l i c a ­
t ion of we l l - ca l ibrated shear stresses (18). I n protein-free experiments, 
the r e d cells (themselves dominated i n adhesive interactions b y their 
pro te in membranes ) h a d greatest adhesion to glass, intermediate adhesion 
to po lyethylene a n d s i l i con ized glass, a n d least adhesion to Tef lon. 

T h i s art i f i c ia l b ioadhesion does not character ize the na tura l s i tua­
t i on , where spontaneous pro te in adsorpt ion precedes cell -surface contact. 
M o h a n d a s a n d co-workers (18) recognized this p r o b l e m a n d have ex­
t ended their studies to prote in-coated surfaces as w e l l . 

Proteins at Substrates 

T h r o m b u s . I n over 20,000 substitute heart valves i m p l a n t e d d u r i n g 
the mid-1960's, thromboembo l i sm ( shedd ing of sma l l masses of platelet 
aggregates f r om their l o c i on the art i f i c ia l surfaces of the i m p l a n t e d 
prostheses) occurred i n about one of five patients despite attempts to 
m a i n t a i n ant icoagulat ion (20). T h e events of ce l l adhesion a n d break­
d o w n of such adhesion after i t has propagated enough so that l o ca l shear 
forces can overcome it is a significant compl i ca t i on of heart va lve replace­
ment a n d s imi lar insert ion of nonphys io log i ca l mater ia l into the card io ­
vascular system. T h e first events involve adsorpt ion of proteins, pre ­
d o m i n a n t l y fibrinogen, as m o d i f y i n g or cond i t i on ing films on the implants 
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1. B A I E R Applied Chemistry 11 

(21, 22, 23). T h e n platelets, w h i c h h a d been a r r i v i n g but not adher ing 
pr ior to the b u i l d u p of a certain thickness of the prote in layer , adhere to 
f o rm a saturated layer (24, 25, 26). D e p e n d i n g on the nature of the 
o r ig ina l substrate as transduced through the n o n e q u i l i b r i u m layer of 
prote in present at the t ime of induc t i on of platelet adhesion, either p late ­
let aggregation into the l u m e n occurs, or the o r ig ina l platelets are shed. 
In the former, more c ommon case, the aggregating mass grows d o w n ­
stream i n a wake pattern, finally i n d u c i n g format ion of an interaggregate 
fibrin a n d red ce l l mesh, w i t h complete flow b lock b y thrombus a n d 
subsequent embol i . A c t i v a t i o n of the coagulat ion factors X I I , X I I I , etc. 
is an important independent event w h i c h also can beg in b y surface 
contact; i t enhances the format ion of fibrin i n the vo lume phase of the 
flowing stream. O n l y two, se ldom seen routes to favorable b i o m e d i c a l 
outcomes have been observed. I n the first, the o r ig ina l layer of adherent 
platelets does not become st i cky to a r r i v i n g sibl ings. T h r o u g h a poor ly 
understood secondary adhesion of whi te cells (p redominant ly neutro­
p h i l s ) , the o r ig ina l platelets are removed to leave a res idual prote in film 
i n d y n a m i c e q u i l i b r i u m w i t h the b l ood stream. N o further ce l lular depo­
sit ion is noted. T h e second favorable c ircumstance occurs w h e n , i n 
implants of sufficiently large diameter or i n regions of sufficiently h i g h 
rates of flow, the o r ig ina l layer of platelet thrombus ( w i t h or w i t h o u t 
fibrin strands and t rapped erythrocytes) remodels to f o rm a smooth 
fibrin layer or to support ce l lu lar i n g r o w t h ( p r o b a b l y of endothel ia l cells 
such as those or ig ina l ly l i n i n g b l o o d vessels ) to prov ide a passive pseudo 
in t ima . 

Some general observations on the adhesion of b l o o d platelets can 
be made based on experiments per formed i n a var ie ty of careful ly de­
s igned flow chambers (24, 27). A lag of 30 -60 sec before platelets 
deposited, even though a r r i v i n g i n abundance , was observed m i c r o ­
scopical ly a n d filmed. A n c i l l a r y studies b y electron microscopy, in terna l 
reflection spectroscopy, e l l ipsometry, staining, ant ibody , a n d contact 
angle techniques p r o v i d e d evidence that no ce l l adhesion occurs f r o m 
natura l b l o o d wi thout the presence of this intervening layer of pro te in 
w h i c h is selectively a n d un i f o rmly deposited on a l l nonphys io log ic sub­
strates (21, 25, 28, 29). It has been proposed recently that the interact ion 
of platelets themselves w i t h this deposited prote in film is med ia ted b y 
an extracel lular prote in layer of contracti le prote in on the ce l l surface 
( 30, 31 ). F i g u r e 7 is a h i g h l y magnif ied , electron microscop ic v i e w of 
the edge of a single b l o o d platelet where i t contacts a foreign so l id 
( epoxy ) . T h i s v i e w illustrates bo th the prerequis i te adsorbed film a n d 
the platelet surface fuzz w h i c h m a y be i n v o l v e d i n this adhesive inter ­
act ion. 
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12 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 7. The edge of a platelet adhering to an epoxy slab, as coated with a 
protein conditioning film 

N o explanat ion exists for the observation rout ine ly conf irmed that, 
a l though spontaneously adsorbed prote in at nonphys io log ic interfaces 
has a u n i f o r m i n i t i a l appearance a n d chemistry , the a r r i v i n g b l o o d p late ­
lets do not adhere u n i f o r m l y to that layer . T h e adherent platelets always 
leave apparent ly unoccup ied space between themselves a n d their nearest 
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1. B A I E R Applied Chemistry 13 

neighbors, general ly g i v i n g a saturation popu la t i on density of between 
70 a n d 90 platelets per 1000 μ2 (26). A c t u a l c e l l adhesion on pre fo rmed 
prote in films can be measured b y methods a lready descr ibed (18). 

T h e r a p i d i t y of the prote in adsorpt ion has been demonstrated else­
where . I n as l i t t le as 5 sec, for example, the film thickness was a lready 
of the order of 50 A (21). I t is n o w accepted that adsorbed prote in 
accumulates over the same t ime p e r i o d to about the same thickness on 
a l l fore ign so l id surfaces i n b lood . E l e c t r o n micrographs of the platelets 
o r ig ina l ly adherent to surfaces h a v i n g different o r ig ina l characters (32) 
prov ide some insight on the o r ig in of a cont inued di f ferential end po int 
exist ing among thromboresistant or thrombogenic materials . O n those 
surfaces w h i c h are thromboresistant after l ong term implantat ions , the 
or ig ina l ly adherent platelets r e m a i n more morpho log i ca l l y intact than 
those w h i c h or ig ina l ly adhered to the ( e m p i r i c a l l y f ound ) thrombogenic 
materials . Those or ig ina l ly adherent platelets w h i c h reta in their r o u n d 
or d isc - l ike shape a n d throw out very f ew pseudopods across the surface 
are no longer observed on the surface after flow times as short as 2 hrs 
i n m a n y cases (33 ) , even though they were present f rom times of about 
1 m i n (24) to 10 m i n (26). T h u s , i n some u n k n o w n wa y , differences i n 
the adsorbed prote in , even the same adsorbed prote in , must be m a r k e d 
enough to prov ide this s t r ik ing ly different response i n adher ing b l o o d 
platelets. Changes i n the zeta potent ia l a n d other e lectrokinet ic proper ­
ties across adsorbed prote in layers are p r o b a b l y not great enough to 
exp la in the re lat ive compat ib i l i ty , or lack of c ompat ib i l i ty , of a var iety 
of proposed implant materials (35, 36). 

L e o V r o m a n a n d co-workers, w h o present a d d i t i o n a l data i n this v o l ­
ume, have made major contr ibutions to our unders tanding of the f u n d a ­
mentals of this adsorpt ion process. T h e y have shown that events at the 
subs t ra te /b l ood interface are not static after the first layer of prote in is 
adsorbed, but that the prote in layer is cont inuously remodeled , reacted 
w i t h , or converted b y other surface-active components i n intact p lasma 
(37 ) . 

T h e layer w h i c h continues to exist i n apparent e q u i l i b r i u m w i t h the 
b l o o d after l ong term implantat ions of otherwise inert so l id materials 
remains mysterious; i t is not recognized b y any of the specific b l o o d 
component antibodies t r i ed to date. Of ten , i t remains th i ck enough so 
that w h e n ana lyzed b y in terna l reflection spectroscopy (sensitive to, at 
the most, a f ew microns of a substrate surface s a m p l e ) , the u n d e r l y i n g 
po lymer i c substrate cannot be detected at a l l . A n interest ing exception 
to this finding has come f rom our recent research w i t h inorganic sub­
strates w h i c h h a d been scrupulous ly c leaned b y g l ow discharge treat­
ment. W h e n borosi l icate glass t u b i n g was treated b y this process a n d 
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14 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

i m p l a n t e d , i t r e m a i n e d thrombus-free for more t h a n a year i n a very 
thrombogenic locat ion (the canine thoracic infer ior vena c a v a ) . A 
pass ivat ing layer of pro te in , w h i c h was r emark a b ly pure b y spectroscopic 
cr i ter ia a n d abundant after 2 hrs of b l o o d contact, c o u l d be bare ly d e m ­
onstrated b y I R after 480 days (38 ) . 

I m p r o v e d ana ly t i ca l techniques are needed to detect the important 
conf igurat ional a n d c h e m i c a l differences among adsorbed films f o rmed 
spontaneously f r om complex solutions on various substrates. Internal 
reflection I R does not reveal significant differences i n the adsorbed pro ­
te in films w h i c h accumulate on var iously treated Stel l ite 21 devices (a 
coba l t - chromium al loy used to make synthetic heart valve struts a n d 
seats) ; i n some instances these devices are thrombogenic , a n d i n others 
they are apparent ly thromboresistant (39 ) . Yet , scanning electron 
microscopy reveals that a r r i v i n g b l o o d platelets can discern differences 
i n the films immedia te ly on contact w i t h them. 

T e x t i l e G r a f t s . F l e x i b l e kn i t t ed a n d w o v e n tubes ( usual ly of D a c r o n 
a n d Tef lon fibers) are often i m p l a n t e d as synthetic b l ood conduits . It 
was demonstrated as early as 1958 that these plast ic fiber grafts a l l 
become coated, on bo th outer a n d inner surfaces, w i t h fibrous tissues as 
soon as 30 days after implantat i on (40). I n add i t i on the nomina l l y h igher 
surface-energy fabrics , constructed f r om po lyamide a n d polyester, are 
more prone to accumulate th ick layers of such fibrous tissue than are 
the l ower surface-energy grafts of Tef lon. D r a w i n g u p o n such scattered 
observations, a long w i t h our o w n data on the surface properties of 
-apparently thromboresistant implants (41), w e proposed a tentative 
correlat ion of the relat ive surface energies of solids w i t h their b io log i ca l 
interactions (13, 24, 42). T h e most significant feature of our hypothesis 
is a m i n i m u m i n re lat ive b io l og i ca l interact ion along the scale f r o m very 
l o w surface-energy materials ( typi f ied b y the fluorocarbons ) to the h igher 
surface-energy plastics ( typ i f i ed b y the various polyesters a n d po ly -
amides ). E v i d e n c e (42, 43) suggests that the zone of m a x i m u m b i o c o m -
p a t i b i l i t y — a s judged b y m i n i m u m depositions of debris on implants or 
m i n i m u m distort ion of cells adherent through an intermediate layer of 
prote in to the surfaces—fal ls i n the c r i t i c a l surface reg ion between 20 and 
30 d y n e s / c m . O n the basis of w e l l deve loped correlations between po ly ­
mer surface const itut ion a n d cr i t i ca l surface tension ( 7 ) , such a range 
must be essentially dominated b y the - C H 3 t e rmina l groups as side chains 
(as i n po lyd imethy ls i l oxane ) or t e r m i n a l atomic clusters (as i n fatty 
acids, amides, a n d l ong cha in a l iphat i c alcohols) on more complex 
organic backbones. T h e apparent c r i t i c a l surface tension of organized 
water (de termined f r om wet t ing experiments i n v o l v i n g s imple l iqu ids 
w h i c h can interact on ly b y dispersion forces a n d not b y po lar interactions 
or hydrogen -bond ing interact ions) falls also i n this zone (45, 46); this 
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1. B A I E R Applied Chemistry 15 

suggests that very h i g h l y h y d r a t e d masses such as hydrogels m i g h t also 
funct ion b y this moderate surface-energy mechanism w h e n they r e m a i n 
thromboresistant. 

Cell Adhesion. E x c e p t for m o d e l experiments w i t h r e d cells i n a r t i ­
ficial protein-free environments, there is no counter example to the gen­
eral izat ion that ce l l adhesion does not occur to any so l id surface w i t h o u t 
an interven ing t h i n layer of adsorbed or prev ious ly deposited pro te in -
dominated matter. A n excellent demonstrat ion of the requirement for 
such adsorbed layers was p r o v i d e d b y A . C . T a y l o r (47) i n his studies of 
adhesion between g ing iva l ep i the l ia l cells a n d h a r d enamel surfaces at 
the denta l m a r g i n a n d between a l l l i v i n g cells w h i c h he s tudied a n d 
art i f i c ia l substrates i n culture . M o r e recently, this finding has been con­
firmed i n examples as m u c h i n contrast as the adhesion of s tandard c e l l 
lines to unmodi f i ed glass surfaces a n d to complete ly s i l i cone-masked glass 
surfaces (48). S u c h mask ing was done b y a pinhole- free overcoat ing of 
a s i l i c on iz ing mater ia l w h i c h not on ly changed the surface free energy 
of the so l id but also reversed its n o r m a l e lectr ical charge ( f rom negative 
to p o s i t i v e ) ; yet prote in adsorpt ion preceded ce l l adhesion bo th before 
a n d after the glass was overcoated. 

I n this vo lume Ba ier a n d Weiss demonstrate the rea l i ty of the spon­
taneous adsorpt ion of reasonably pure g lycoprote in films f rom c o m m o n 
ce l l cu l ture m e d i a (as general ly supplemented w i t h ca l f serum) p r i o r 
to ce l l attachment a n d g r o w t h on substrate surfaces. I n add i t i on to sur­
face chemica l a n d charge influences on ce l l adhesion at the s o l i d / s o l u t i o n 
interface, there is a dependence on the relat ive sizes a n d geometries of 
the cells a n d their potent ia l substrates (48). I n some cases, where the 
substrates are quite large w i t h respect to the cells, the cells w i l l s i m p l y 
grow over, a long, or under such foreign mater ia l . W h e n the substrates 
are very smal l a n d fibrous, or otherwise finely part i cu lated , a process 
a k i n to phagocytosis occurs—i.e., the cells cluster on a n d around the 
foreign so l id surfaces. P a u l Weiss catagor ized these types of reactions as 
ind icat ive of a tactile chemica l response (49). V a n Oss a n d co-workers 
(50, 51) a n d G o o d (52) have recently taken some of these factors into 
account i n their study of mechanisms of phagocytosis as i t underl ies 
part i c le engul fment i n hea l th a n d disease. 

A n important feature of the incubat i on of fore ign so l id surfaces i n 
natura l b i o l og i ca l m e d i a , especial ly i n m e d i a conta in ing adsorbable 
macromolecular components such as serum glycoproteins, is that h igher 
surface free-energy materials ( such as g low-discharge c leaned glass ) a n d 
moderate ly l o w surface free-energy materials ( such as d i c h l o r o d i m e t h y l -
s i lane-modi f ied glass) cont inue to exhib i t di f ferential surface properties 
through an adsorbed prote in b lanket of equa l thickness. These properties 
are exhib i ted i n bo th contact angle ( w e t t i n g a n d spreading) a n d ce l l 
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16 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

adhesion experiments w h i c h are easily done i n the laboratory (47). W e l l 
character ized a n d w e l l behaved glass coat ing compounds of very l o w 
surface free energy are needed to ver i fy that prote in adsorpt ion w i l l 
occur on that substrate i n the same w a y i t does on the h i g h a n d moderate 
surface free-energy substrates. Ce l l s adhere more t ight ly a n d i n greater 
abundance to smooth h igher surface free-energy substrates than to 
smooth moderate (between 20 a n d 30 d y n e s / c m ) substrates; cells at­
tached to the h i g h surface-free-energy substrates, through an intervening 
layer of spontaneously adsorbed prote in , show m u c h greater f requency of 
i r regular perimeters (i.e., m a n y protrusions, pseudopods, a n d fibrous 
projections f rom the border attaching to the sur face ) . Ce l l s on the b i o ­
compat ib le surfaces r e m a i n r o u n d e d a n d poor ly adherent. E q u a l l y s ig ­
nif icant is that, i n the case of ce l l contact w i t h prote in-coated moderate ly 
low-energy surfaces, the cells prefer to aggregate (over a p e r i o d of t i m e ) 
w i t h one another i n t issue-l ike masses rather than m a i n t a i n independent 
a n d separate adhesion w i t h a substrate (47). W e have prev ious ly d is ­
cussed a zone of m i n i m a l ce l l spreading a n d attachment on such surfaces 
( 41 ) a n d r e v i e w e d these processes f r om the po int of v i e w of c e l l m o t i l i t y 
a n d migrat i on as necessarily takes p lace d u r i n g w o u n d hea l ing (53). 
F u t u r e s tudy must show how, at the l ead ing edge of m i g r a t i n g cells, the 
adhesion between ce l l surface structures a n d the u n d e r l y i n g i m m o b i l i z e d 
substrate surface structures can be so r a p i d l y made a n d broken as to a l l ow 
the observed rotat ing-tank tread- l ike mot ion of the ce l l surface a n d the 
f o r w a r d progress of the ce l l b o d y to occur. 

Intrauterine Devices. L e i n i n g e r (54) has rev iewed the u t i l i t y of 
various po lymers as implants . Objects w h i c h are neither a tissue i m p l a n t 
nor a cardiovascular i m p l a n t but w h i c h m a y have features of both , are 
contraceptive foreign bodies. Since this subject has not been discussed 
often enough i n the surface chemica l l i terature, interactions of devices 
p l a c e d i n the uterine cav i ty r e m a i n poor ly understood. These devices 
m i n i m i z e i n some u n k n o w n manner , chances for concept ion a n d preg ­
nancy. A br ie f artic le w h i c h discusses the specifics of spontaneous inter -
f a c i a l modi f i cat ion of these contraceptives is i n c l u d e d i n this vo lume (57). 
T h e major finding is that a l l such inserts accumulate a r e m a r k a b l y u n i ­
f orm coat ing of g lycoprote in b y spontaneous adsorpt ion f r om the cerv i ca l 
mucous fluid. It has been speculated that this layer of adsorbed inter -
fa c ia l mater ia l modest ly activates ant ibody a n d rejection mechanisms i n 
the surrounding tissue, thereby prevent ing capac i tat ion of sperm ob l iged 
to s w i m through this subt ly chemica l l y modi f ied zone (41). 

Dental Adhesion. A p r o b l e m of increasing importance w h i c h is 
attract ing increas ing scientif ic workers , is the establ ishment i n the moist 
sal ine, enzymat i ca l ly active, heat-and-cold-stressed, a n d mechanica l ly 
per turbed environment of the m o u t h good adhesive bonds between the 
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1. B A I E R Applied Chemistry 17 

natura l surfaces a n d synthetic prosthetic materials (50, 57, 58 ) . T h i s 
happens spontaneously i n most hea l thy a n d m a n y diseased persons w h e n 
denta l p laque accumulates a n d transforms into denta l calculus. A s w e 
have shown elsewhere ( 5 9 ) , a n d as Q u i n t a n a reviews i n this vo lume 
( 6 0 ) , so l id surfaces i n the ora l cav i ty even w h e n scrupulous ly prec leaned 
do not r e m a i n free of adsorbed macromolecular components for more 
than a few seconds. T h e mater ia l w h i c h is spontaneously adsorbed 
is a specific g lycoprote in component of sal iva a n d not a heterogeneous 
r a n d o m selection f rom a l l surface-active components present. I n our 
laboratories, we are determining the surface chemistry of h u m a n teeth as 
they n o r m a l l y rest i n a heal thy h u m a n mouth , b y m a k i n g contact angle 
measurements (59 ) . O n c e the m a i n features of this inter fac ia l chemistry 
a n d the dominance of most interfaces b y adsorbed h y d r a t e d proteinaceous 
layers becomes more general ly understood, the development of excellent 
denta l adhesives w i l l fo l low. S u c h adhesives, supported b y spec ia l denta l 
treatment, w i l l a l l o w greater adhesion between b io l og i ca l materials a n d 
h a r d substrates, as i n implants at the denta l m a r g i n . I n other cases, 
i m p r o v e d surface chemica l knowledge should a l l ow treatments to be 
deve loped w h i c h w i l l m i n i m i z e adhesion between ce l lu lar elements, such 
as bacter ia l flora, a n d so l id surfaces i n the m o u t h so that denta l p laque , 
cav i ty in i t ia t ion , a n d calculus format ion w i l l be m i n i m i z e d . 

Biological Fouling. B a c t e r i a l adhesion is a p r i m a r y event i n the 
early phases of denta l p laque formation. A less p o p u l a r l y understood 
example of bacter ia l adhesion is that w h i c h occurs on foreign so l id 
surfaces i n natura l waters. K e v i n M a r s h a l l i n A u s t r a l i a a n d W i l l i a m 
C o r p e i n the U n i t e d States have l e d the study of p r i m a r y bac ter ia l film 
format ion on foreign so l id surfaces (61, 62). T h e y have demonstrated, 
independent ly a n d i n co l laborat ion w i t h this author, the inter fac ia l m o d i ­
fication of a l l foreign substrates, p r i o r to such p r i m a r y bac ter ia l adhesion, 
b y adsorbed g lycoprote in layers. It is not yet certain that these extra­
ce l lu lar layers originate f rom dissolved components i n na tura l seawater 
or i n suspending m e d i a i n laboratory experiments. These cond i t i on ing 
films of adsorbed prote in m a y result f rom act ive par t i c ipat i on of the 
bacter ia i n extruding such mater ia l or f r om the dis integrat ion of some 
of the bacter ia to prov ide the adsorbable components i n a nonspecif ic 
manner . M a r s h a l l has also shown that the propagat ion of these bacter ia 
i n chains a n d clusters proceeds f r om the surface t h r o u g h the in terming l ing 
or adhesion of fibrillar extracel lular p o l y m e r i c mater ia l s imi lar to that 
i n v o l v e d i n the o r ig ina l adhesive event (63). T h i s observation recalls 
the invo lvement of fiber-forming fibrinogen a n d the m u t u a l aggregation 
of b l o o d platelets d u r i n g the i n i t i a l events of thrombus format ion de­
scr ibed earl ier (21, 29). 
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18 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

E v e n i n the absence of microscop ica l ly observable bacter ia l adhesive 
events, a l l substrates i n n a t u r a l water , a n d especial ly i n subtrop ica l areas 
where mar i t ime f ou l ing abounds, are spontaneously coated w i t h adsorbed 
prote in films (65 ) . I n fact, a l l o w i n g for differences i n relat ive t ime scales 
w h i c h reflect differences i n relative concentrations of adsorbable com­
ponents, the sequence of events at so l id surfaces immersed i n c o m m o n 
fresh or seawater ( conta in ing l i v i n g organisms) is essentially ident i ca l 
to that i n the natura l mar i t ime environment. T h e sequence begins w i t h 
r a p i d , near ly monomolecular layer coverage of specif ically adsorbed g ly ­
coproteins f o l l owed b y layer th i cken ing a n d finally adhesion a n d g r o w t h 
of discrete organisms (65 ) . 

W i t h samples prepared b y M . C o o k i n E n g l a n d , we have demon­
strated that such adsorbed films on so l id substrates are also i n v o l v e d i n 
the adhesion of mussel byssus discs to such surfaces (66 ) . A secondary 
adhesive product , analyt i ca l ly s imi lar to glycoproteins, is that on the 
unders ide of the mussel byssus discs ( 67 ) . I n the case of the ab i l i t y of 
barnac le cypr ids to adhere under adverse circumstances to substrates as 
diverse as Tef lon, steel, a n d h i g h l y toxic pa int surfaces, the or ig ina l 
modi f i cat ion of the so l id substrate interface is p r o v i d e d b y adsorbed 
prote in -dominated layers. C r i s p (68) has shown conv inc ing ly that bar ­
nacle cypr ids i n their adhèrent stage w i l l choose protein-coated substrates 
for sett l ing rather than freshly inserted or freshly c leaned surfaces. I n 
this case, as w i t h the mussel byssus disc a n d w i t h adherent bacter ia , the 
extruded cement ( itself a g lycoprote in) must be establ ishing its great 
adhesion not d i rec t ly w i t h the substrate but w i t h the already-present 
g lycoprote in film f o rmed pr i o r to c y p r i d settl ing. W e suggested earlier 
that a l l b i o l og i ca l f ou l ing begins b y an adsorptive event dominated b y 
accumulat i on of g lycoprote in mater ia l a n d that secondary adhesion of 
the f o rmed ce l lu lar or l a r v a l organisms is through a proteoglycan type 
mater ia l ( 67 ) . W e suppose that the secondary cement interacts, carbo­
hydrate -group-to -carbohydrate -group, through its exposed glyco side 
chains w i t h s imi lar o l igosaccharide groups of the or ig ina l ly adherent 
layer i n m u c h the same manner as po lysacchar ide chains merge i n wet 
cel lulos ic pulps to give paper products their strength. 

Barnacles actual ly g r o w n on the faces of in terna l reflection prisms 
have a cement predominate ly of the g lycoprote in class. I n most detach­
able b i o l og i ca l l inks , such as f o rmed b y the mussel byssus discs, l i m p i d s , 
snails, a n d fresh-water removable bacter ia , the adhesive is general ly of 
the po lysacchar ide or proteoglycan class. Based u p o n immers ion studies 
s t i l l i n progress, the zone of m i n i m a l b i o l og i ca l adhesion s ignaled b y the 
c r i t i c a l surface tension range between 20 a n d 30 d y n e s / c m i n tissue 
implantat i on , ce l l culture , a n d b lood compat ib i l i ty experiments w i l l also 
be the proper funct iona l zone for m i n i m u m b io log i ca l f ou l ing ( 64 ) . 
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1. B A I E R Applied Chemistry 19 

Specifics of Protein Adsorption 

Substrates of d i f fer ing i n i t i a l surface properties , w h e n immersed i n 
m e d i a conta in ing adsorbable macromolecules such as proteins, attain at 
e q u i l i b r i u m essentially the same amount of the same adsorbed mater ia l 
(69). A l t h o u g h the e q u i l i b r i u m conditions at the surfaces of various 
substrates are, i n the absence of other components a n d especial ly of 
l i v i n g cells, s imi lar , these surfaces differ remarkab ly w h i l e attaching, 
adsorbing, or otherwise contact ing ce l lular elements before e q u i l i b r i u m 
thicknesses or constant chemica l conditions have been obtained. T o 
understand bioadhesive events one must k n o w the specific conf iguration 
a n d other details of organizat ion of the films d u r i n g their conversion 
f r om i n i t i a l l y attached molecules to the establishment of a d s o r p t i o n -
desorption e q u i l i b r i u m . Some aspects of the adsorpt ion process, and 
especial ly the differences w h i c h continue to exist even under e q u i ­
l i b r i u m condit ions, are descr ibed i n other publ icat ions (69, 70). 

Adsorbed Films 

U s i n g the prote in beta- lactog lobul in as a mode l , George L o e b has 
shown that the rat io of essentially nat ive to conf igurat ional ly modi f ied 
prote in i n spontaneously adsorbed films varies d i rec t ly w i t h the amount 
of mater ia l adsorbed (71). A t the lowest amount adsorbed (presumably 
the first monolayer coverage) , the ratio of nat ive to altered molecular 
configuration is about 0.5. O n l y as the film achieves adsorpt ion e q u i l i b ­
r i u m at a signif icantly greater thickness does this ratio become about 0.8 
( for films adsorbed on nomina l l y h i g h surface energy mater ia l s ) . L o e b s 
parameter of s t ructura l alteration was the IR-detectable shift i n h y d r o ­
gen-bonding arrangements w h i c h differentiate the predominate ly beta-
structured ( in termolecu lar ly hydrogen-bonded extended cha in ) f r om the 
a lpha-he l i ca l configuration ( s tab i l i zed b y in tramolecu lar ly hydrogen -
b o n d e d amino a c i d u n i t s ) . O n l y w h e n the substrate avai lab le for a d ­
sorption of prote in macromolecules f rom solution was i n the moderate ly 
low-surface-free-energy class d i d the ratio of nat ive to denatured mater ia l 
i n the adsorbed film approach one. L o e b also showed i n a series of 
experiments i n w h i c h the concentration of prote in i n the o r ig ina l solution 
was systematical ly modi f ied , that the propor t ion of native mater ia l ( con­
figurationally undistorted at the l eve l of secondary structure detected b y 
I R ) was l ower re lat ive to the lower o r i g ina l concentration of prote in i n 
solution. I n s imi lar systems s tudied b y e l l ipsometry , e q u i l i b r i u m film 
thicknesses are not attained u n t i l ca. 1500 sec of adsorpt ion; this i l l u s ­
trates the substantial difference i n t ime scales between attainment of 
e q u i l i b r i u m prote in adsorpt ion a n d the t ime (30 -480 sec) at w h i c h cells 
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20 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

usua l l y become adhesive to the t h i c k e n i n g films. Recent results f r o m 
the N a t i o n a l B u r e a u of Standards (69) i l lustrate the further sensit ivity 
of prote in adsorpt ion to the specific surface free energy of the so l id sub­
strate. S u c h w o r k has shown that a l though the mass of mater ia l adsorbed 
o n various surfaces m i g h t r e m a i n essentially constant under e q u i l i b r i u m 
condit ions, the prote in extension out into the solut ion phase can be sub­
stantial ly different. O n a var iety of surfaces, proteins of spec ia l interest 
i n thrombus format ion a n d b l o o d c lo t t ing have the ir greatest extension 
f r o m those surfaces of l ower free energy (69 ) . S u c h studies have sug­
gested the interpretat ion , discussed i n de ta i l b y N y i l a s (72), that l o w 
interact ion energies across s o l i d / p r o t e i n solut ion boundaries w i l l ensure 
short residence times of the adsorb ing macromolecules . Proper ba lance 
of the inter fac ia l chemistry w i t h the chemistry of the adsorbing species 
c a n p r o b a b l y m i n i m i z e the adverse influences w h i c h tenacious, i r r e ­
vers ible prote in adsorpt ion ( a n d configuration modi f i cat ion) induce (73). 

Gas/Liquid Interfaces 

A d s o r p t i o n experiments w i t h prote in macromolecules at s o l i d / s o l u -
t i o n interfaces are often diff icult to per form a n d even more diff icult to 
interpret proper ly . F o r t u n a t e l y w e have reported a n d r e v i e w e d else­
where (11, 22) that bo th adsorpt ion a n d del iberate spreading of proteins 
a n d synthetic po lypept ides (as m o d e l prote ins) at a i r / l i q u i d interfaces 
p rov ide films whose structures are usual ly ind is t inguishable f r o m those 
f o r m e d b y adsorpt ion to solids. It has also been shown, as recently 
r e v i e w e d b y M a l c o l m (74) a n d recapi tu lated b y h i m i n this vo lume, that 
g a s / l i q u i d inter fac ia l p o l y m e r i c films can be grossly man ipu la ted , c r u m ­
p l e d , a n d co l lapsed into fibrous bundles w i t h o u t modi f i cat ion of their 
f u n d a m e n t a l structure (75, 76). L o e b has shown that for p redominant ly 
a lpha-he l i ca l proteins, adsorpt ion at the s o l i d / l i q u i d b o u n d a r y a n d more 
par t i cu lar ly spreading at the a i r / l i q u i d interface does not s ignif icantly 
degrade their o r ig ina l secondary structure (77). O n the other h a n d , 
p r e d o m i n a n t l y beta-chain materials , such as beta- lactog lobul in , do d u r i n g 
adsorpt ion or a i r / w a t e r inter fac ia l film format ion change to a more 
he l i ca l f o rm (71). T h i s was prev ious ly shown, b y m u l t i p l e attenuated 
in terna l reflection spectroscopy techniques ident i ca l to those descr ibed 
here, to occur w i t h the s impler po lypept ide p o l y ( y - m e t h y l g l u t a m a t e ) 
spread f r om solutions i n w h i c h its predominant molecular f o rm was 
beta (extended cha in ) a n d i n w h i c h its a i r / w a t e r inter fac ia l film 
became about 5 0 % co i l ed (76). I n beta- lactog lobul in , the fract ion of 
nat ive mater ia l r e m a i n i n g i n a monolayer depended on the surface pres­
sure under w h i c h the film was transferred to in terna l reflection prisms 
for u l t imate analysis. T h e h igher pressures favored more nat ive mater ia l 
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1. B A I E R Applied Chemistry 21 

i n the transferred film. W i t h this exception, i t can be general ized that 
the strong preference is for co i led rather than extended chains of surface-
l o ca l i zed macromolecules . 

U s i n g direct extensions of film transfer techniques o r ig ina l ly de­
scr ibed b y L a n g m u i r a n d Blodget t ( 1 ), we have a p p l i e d the surface film 
retr ieval method descr ibed to films accumulated at natura l g a s / l i q u i d 
inter fac ia l boundaries such as those between the sea a n d the atmosphere 
above lakes a n d oceans ( 78, 79, 80, 81 ). G i v e n prisms w h i c h h a d been 
scrupulous ly c leaned i n the laboratory pr i o r to packag ing , so that their 
surface properties were predominant ly h y d r o p h i l i c at the t ime of field 
immers ion , i t was demonstrated that even i n a reasonably choppy m a r i ­
t ime environment where precise immers ion a n d w i t h d r a w a l was not 
possible, on ly a single thickness of the ambient resident film was trans­
ferred for analysis ( b y the combinat i on of techniques descr ibed earl ier 
here ) . It was also shown that, b y first cond i t i on ing the p r i s m w i t h a 
h y d r o p h o b i c coat ing ( such as that p r o v i d e d b y s i l i conizat ion or b y a 
d r i e d monolayer of stearic a c id or stéarate sa l t ) , m u l t i p l e immersions a n d 
w i thdrawa l s of a p r i s m through a surface-f i lm-covered l i q u i d w o u l d result 
i n the easy transfer of proport ionate ly th icker ( m u l t i p l e ambient layers ) 
films for easier analysis. T h i s technique involves remov ing a p r i s m i n a 
spec ia l smal l holder f r om its plast ic package, at taching i t to a snap hook 
on a fishing l ine a n d l o w e r i n g i t through the n a t u r a l a i r / w a t e r interface 
( or out fa l l of indus t r ia l wastes, layer of foam, o i l s l ick ) of interest, s lowly 
w i t h d r a w i n g the p r i s m , g iv ing it a br ie f air d r y i n g , a n d repackag ing for 
later analysis. T h e first large scale app l i ca t i on of the technique was i n 
C h a u t a u q u a L a k e i n N e w Y o r k state, w h i c h was repet i t ive ly sampled over 
the entire 1969 recreat ional season to establish spectroscopic parame­
ters to permi t character izat ion of its surface q u a l i t y (78). M o r e recently , 
the technique has been extended to the major oceans a n d seas of the 
earth. I n general , i n a l l nonpo l lu ted locations or i n p o l l u t e d locations 
w h i c h were a l l o w e d a f e w days for na tura l c leansing to occur at the 
interface, na tura l a i r / w a t e r boundaries are dominated b y g lycoprote in 
a n d proteoglycan type films (80, 81). 

W i t h rare exceptions, such as a long the nor th w a l l of the G u l f 
Stream where inter fac ia l films are sometimes dominated b y l i p i d c o m ­
ponents, contact angle data on the transferred d r i e d films have ind i ca ted 
c r i t i ca l surface tensions between 30 a n d 40 d y n e s / c m , thereby conf i rming 
the presence of oxygenated a n d presumably also ni trogenated components 
as dominant components i n such films. T h e s tab i l i z ing film at the g a s / 
l i q u i d boundaries so prol i f ic i n long- last ing sea foams is p r e d o m i n a n t l y 
g lycoprote in a n d proteog lycan mater ia l h a v i n g its o r ig in i n sea-surface 
films contr ibuted p r i m a r i l y b y p l a n k t o n blooms (81, 82, 83, 84). 
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W i t h respect to g a s / l i q u i d interfaces created i n the b u l k of solutions, 
bubbles r i s ing through solutions conta in ing macromolecules of b i o l og i ca l 
o r ig in , a n d especial ly proteins, w i l l not only spontaneously col lect these 
polymers at the n e w g a s / l i q u i d interfaces of the r i s ing b u b b l e b u t w i l l 
concentrate them into inso luble fibrous debris w h i c h is spun off the d is ­
appear ing t r a i l i n g edge of a m o v i n g bubb le (85). Bubb les t rave l ing to 
the water surface f r om the solution also carry , w i t h their g a s / l i q u i d 
boundaries , at least a por t i on of their adsorbed b u r d e n to that surface. 
D u r i n g b u b b l e break ing , this mater ia l is ejected a long w i t h film f rag ­
ments f r o m the ambient g a s / l i q u i d inter fac ia l film a lready res id ing there. 
B l a n c h a r d , i n this vo lume , gives an excellent r e v i e w of the importance 
of such processes on a w o r l d w i d e scale a n d of their impl i cat ions i n 
oceanography a n d meteorology. I n a more modest but i n d i v i d u a l l y more 
le thal example , the pre ferred method of b l ood oxygenation d u r i n g open 
heart surgery is to a l l o w a c o l u m n of gas bubbles to rise through the 
b lood . T h i s creates a vigorous f oaming w h i c h requires secondary foam 
b r e a k i n g a n d filtering of part iculate debris before the b l o o d is reinjected 
into the patient. I n bubbles r i s ing through the ocean, the inso luble pro ­
te in shed m a y be c ont r ibut ing to the organic detrit is necessary as food 
for l o w e r - d w e l l i n g organisms be low the phot i c zone; i n b l o o d oxygenators, 
the proteins lost i r revers ib ly f rom the vo lume phase are usual ly c r u c i a l 
to the heal th of the patient. Loss of such c r u c i a l mater ia l , especial ly 
antibodies, c ou ld be large ly responsible for the frequent deaths f rom 
s imple infect ion , pneumonia , a n d other diseases of patients w h o have 
h a d successful open heart surgery. 

Cell-Cell Interactions 

L i v i n g cells can undergo changes i n their surface properties , a n d 
these properties dictate the relat ive adhesiveness of cells to their n e i g h ­
bors (86). T h i s surface chemica l interference to adhesion then correlates 
w i t h decreased strength of ce l l - to -ce l l joints a n d the increased m o b i l i t y 
a n d invasiveness characterist ic of mal ignant cells i n tumors a n d other 
forms of cancer. I n this regard, i t is w o r t h w h i l e to consider mechanisms 
where the adhesion is between two s imi lar or d iss imi lar cells; fore ign 
so l id substrates, as discussed earlier, are not i n v o l v e d here. It is l i k e l y 
that ce l l - to -ce l l adhesions are also med ia ted b y adsorbed macromolecu lar 
components, however. A l m o s t certainly , g lycoprote in or proteoglycan 
materials account for the gap of about 100 A shown b y e lectronmicroscopy 
to exist between closely apposed ce l l surface membranes. It is a serious 
task for chemists to dec ipher the specific const i tut ion, configuration, 
structure, a n d funct ion of such glycoproteins a n d proteoglycans present 
at interfaces. Since the g lycoprote in materials can contain anywhere 
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f rom 1/10 of 1% to about 1 5 % carbohydrate i n side chains, a n d since 
the molecular weights of these materials are general ly around 1 m i l l i o n , 
a n d since proteoglycans ( u n t i l recently usual ly ca l led mucopo lysaccha­
rides i n the b i o c h e m i c a l l i terature ) can have every other amino a c i d a long 
the prote in backbone substituted w i t h short sugar chains a n d also can 
range i n molecular we ight f r om ca. 20,000 to > 1 m i l l i o n , i t is a f o rmidab le 
chal lenge to dec ipher the specifics of inter fac ia l chemistry a n d organiza ­
t ion r e q u i r e d for further progress. 
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2 
Collagen Surfaces in Biomedical Applications 

KURT H. STENZEL, TERUO MIYATA, ITARU KOHNO, 
SUSAN D. SCHLEAR, and ALBERT L. RUBIN 

Rogosin Laboratories, The New York Hospital-Cornell Medical Center, 
Departments of Surgery and Biochemistry, New York, N.Y. 10021 

Although the biochemical and biophysical properties of 
collagen are well known, its surface properties are poorly 
understood. Collagen-containing structures, which are ex­
posed to blood when endothelium is injured, initiate clot 
formation. Surface properties of restructured collagen have 
important biomedical applications. Several types of collagen 
films with varying surface morphologies were prepared, 
crosslinked with aldehydes, and implanted in rabbits. Re­
sults indicate that biologic degradation of collagen can be 
controlled and delayed for at least 90 days. Inflammatory 
reactions are minimal. Crosslinking decreases swelling ratios 
and increases shrinkage temperature and resistance to bac­
terial collagenase. These studies are a base to develop 
collagen for specific biomaterials and to study collagen 
surface-blood interactions. 

Col lagen has evo lved i n nature as the p r i m a r y connective tissue prote in 
^ i n animals . E l e c t r o n micrographs of co l lagen f r om w i d e l y d ivergent 
species reveal few, i f any, differences. A s a suppor t ing structure a n d as a 
surface for g r o w t h of cells, co l lagen makes an attractive b iomater ia l . 
M e t h o d s exist for so lub i l i z ing large amounts of co l lagen a n d for restruc­
t u r i n g it into a var iety of forms for b i o m e d i c a l appl icat ions ( I , 2 ) . 

Surface properties of this ub iqui tous prote in , w h i c h are of paramount 
importance for m a n y of these appl icat ions , are, however , the least s tudied 
a n d least understood. 

T h e structure a n d p h y s i c a l properties of co l lagen are w e l l k n o w n . 
Several recent reviews are avai lable to interested readers (3, 4, 5,6,7,8). 
Some of the w o r k pert inent to the problems of us ing co l lagen as a b i o m a ­
t e r i a l a long w i t h some of our recent w o r k on reconst i tut ing co l lagen 
surfaces are rev i ewed here. 

26 
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2. S T E N Z E L E T A L . Collagen Surfaces 27 

C o l l a g e n molecules, tropocol lagen, consist of three pept ide chains 
w o u n d together as a t r ip le hel ix. T h e molecule is m a r k e d l y asymmetr i ca l 
w i t h a length of 2800 A a n d a w i d t h of 15 A . It read i ly polymerizes to 
f o rm fibrils a n d fibers, a n d i n nature i t exists largely as an insoluble 
macromolecular complex of crossl inked molecules. O n l y smal l amounts 
of nat ive co l lagen are soluble, either i n d i lu te a c i d or salt solutions. M o s t 
of the chemica l a n d phys i ca l studies on the structure of co l lagen have 
been done w i t h ac id-soluble preparations. O f pr ime importance i n us ing 
reconst ituted col lagen as a b iomater ia l was the discovery of non-he l i ca l 
appendages, termed telopeptides, on the basic tropocol lagen tr ip le hel ix . 

F . O . Schmitt 's group at M I T f ound that proteo lyt ic enzymes, such 
as peps in a n d t ryps in , digested a smal l por t i on of tropocol lagen but left 
the t r ip l e hel ix intact ( 9 ) . Treatment of tropocol lagen w i t h proteolyt ic 
enzymes, other than collagenase, a ltered the interact ion properties of 
co l lagen but d i d not result i n denaturat ion or degradat ion. N i s h i h a r a 
and M i y a t a ( 1 ) deve loped techniques for s o lub i l i z ing a n d p u r i f y i n g large 
quantit ies of insoluble co l lagen w i t h contro l led proteolysis at a l o w p H . 
T h e so lub i l i zed col lagen is easily pur i f ied b y repeated prec ip i ta t ion , w a s h ­
ing , a n d reso lubi l i zat ion . B o t h p h y s i c a l a n d chemica l methods have been 
used for restructur ing or recross l inking the enzyme-so lub i l i zed col lagen 
as specific biomaterials . V i r t u a l l y a l l of our w o r k has u t i l i z e d this 
enzyme-so lub i l i zed col lagen mater ia l . 

T h e i n d i v i d u a l pept ide chains assume a r a n d o m co i l configuration 
w h e n col lagen is denatured a n d can exist i n any one of three states. I f the 
three po lypept ide strands are not covalent ly l i n k e d , the co l lagen is k n o w n 
as a l p h a col lagen. If two of the strands are covalent ly crossl inked, the 
co l lagen is k n o w n as beta col lagen. A l l three po lypept ide chains l i n k e d 
together is k n o w n as gamma col lagen. T h e i n d i v i d u a l chains themselves 
can exist i n either of two species, each w i t h a s imi lar b u t dist inct p r i m a r y 
structure. T h e two most c ommon types of co l lagen po lypept ide chains 
f o u n d i n m a m m a l i a n tissues are k n o w n as a lpha-1 a n d alpha-2 chains. 
M o s t collagens are made u p of two alpha-1 a n d one a lpha-2 chains, 
a l though there are significant differences i n this makeup w h i c h w i l l be 
noted later. B o t h of the chains have a fa i r l y t y p i c a l sequence of amino 
acids character ized b y a repeat ing un i t of three amino acids, g lyc ine 
appear ing at every t h i r d posit ion. There are large numbers of i m i n o 
acids, especial ly pro l ine a n d hydroxypro l ine . These p r o b a b l y account 
for the t y p i c a l tert iary structure of the molecule . T h e po lypept ide chains 
conta in about 40 sets of po lar a n d apolar amino a c i d groups. These 
groups m a y be extremely important i n the surface properties of co l lagen 
materials . T h e t y p i c a l repeat ing sequence w i t h g lyc ine i n the t h i r d 
pos i t ion does not exist for the te lopeptide e n d regions. T h i s part of the 
molecule is not i n a h e l i c a l configuration. 
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C o l l a g e n contains carbohydrate , p redominant ly i n the f o r m of g ly ­
cosylated hydroxy lys ine residues, as 0-galactosyl - /? -glucosyl side chains. 
T h e intermolecular crosslinks i n col lagen occur w h e n the enzymat ic ox i ­
da t i on of lysine residues b y lysine oxidase spontaneously crossl ink via 
a ld imine a n d a l d o l bonds ( J O ) . 

I m m u n o l o g i c properties must be considered w h e n any prote in m a ­
ter ia l is to be used as an i m p l a n t or surface for b l o o d flow i n a fore ign 
species. Since col lagen has changed very l i t t le i n the course of evo lu ­
t ion , there are f e w antigenic determinants that are recognized i n heter­
ologous systems. T h e strongest of these determinants appears to reside 
i n the protease lab i le , non -he l i ca l end regions. These are k n o w n as 
P-specific antigens a n d are f o u n d i n the 300 A reg ion at the C terminus 
of b o t h types of a l p h a chains. These are species specific a n d protease 
lab i le . Α-specific antigens have a general col lagen specificity, a n d they 
crossreact among species a n d w i t h enzyme-treated col lagen. S-specific 
determinants are species specific a n d crossreact w i t h bo th native and 
enzyme-treated col lagen ( J J , 12). E n z y m e - s o l u b i l i z e d co l lagen, there­
fore, lacks one of the strongest antigenic determinants of the molecule . 
C r o s s l i n k i n g w i t h a var iety of reagents diminishes the immuno log i c ac­
t i v i ty even further. F r o m a prac t i ca l or c l i n i c a l po int of v i ew , ant igenic i ty 
has not been a p r o b l e m even w h e n materials such as treated bovine 
caro t id arteries have been p laced i n foreign species. T h u s , a l though the 
ant igenic structure of co l lagen is important i n understanding its b i o chem­
istry, i t is of minor importance i n its c l i n i c a l appl i cat ion . 

M o r e pert inent to the p r o b l e m of surface structure is the effect of 
co l lagen on various c lot t ing factors. W h e n the endothe l ium of b l o o d 
vessels is in jured or damaged, platelets adhere to the exposed subendo-
the l ia l mater ia l , a n d a complex set of reactions that l ead to thrombosis 
a n d hemostasis is in i t ia ted (13). T h e subendothe l ium is r i c h i n co l lagen 
a n d other connect ive tissue proteins, but the co l lagen, especial ly, has 
been i m p l i c a t e d as an in i t iator of the c lo t t ing mechanism. W h e n col lagen 
is a d d e d to p late let - r i ch p lasma, the platelets agglutinate (14). C o l l a g e n 
has also been shown to activate H a g e m a n factor, or F a c t o r X I I (15). 
N u m e r o u s studies have ind i ca ted that the cluster of charged groups a long 
the col lagen fibrils are important i n these reactions (14, 15, 16). M o r e 
interest ing is what takes place at the co l lagen surface, but f e w studies 
d irect themselves to this p ro b l e m. 

Recent ly , Jaffe a n d D e y k i n ( J 6 ) presented evidence for a structural 
requirement for co l lagen- induced platelet aggregation. T h e y f o u n d that 
part iculate , sa l t -prec ipi tated col lagen was inact ive i n terms of platelet 
agg lut inat ion a n d that soluble monomer ic col lagen resulted i n platelet 
agg lut inat ion on ly after a l ag of about 3 m i n . So luble micro f ibr i l lar 
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2. S T E N Z E L E T A L . Collagen Surfaces 29 

col lagen, however , was as active as native part iculate co l lagen i n aggre­
gat ing platelets. T h i s evidence suggests that tropocol lagen is not suffi­
cient for platelet aggregation nor is r a n d o m l y prec ip i ta ted (salt ) co l lagen, 
but that an archi tectural arrangement of the molecules is r equ i red to 
in i t iate platelet aggregation. These requirements m a y also be necessary 
for platelet adhesion. 

C o l l a g e n i n basement membrane has a different quarternary struc­
ture f rom sk in or fibrous col lagen (17,18). T h i s type of co l lagen consists 
of three a-l chains, has a h i g h g lycosylated hydroxy lys ine content, a n d 
apparent ly has disulf ide bonds connect ing i t to other prote in constituents. 
These disulf ide bonds m a y be located i n the telopeptide, or non-he l i ca l , 
reg ion of the molecule . T h e surface of basement membrane m a y prov ide 
a c lue to the phys io log i ca l architecture r e q u i r e d for in i t ia t i on of throm­
bosis. S u c h knowledge w o u l d be of use, not on ly i n biomaterials research, 
but also i n understanding various k idney diseases a n d possibly even 
atherosclerosis. 

Several natura l co l lagen materials are current ly be ing used i n c l i n i c a l 
medic ine . B o v i n e carot id heterografts, for instance, funct ion w e l l i n m a n 
(19). These grafts are prepared b y c leaning bovine carot id arteries, 
treat ing them w i t h a proteolyt ic enzyme ( f i c i n ) , a n d cross l inking them 
w i t h an a ldehyde ( d ia ldehyde starch ). Auto logous a n d homologous v e i n 
grafts are also used c l in i ca l ly . T h e endothe l ium varies f rom re lat ive ly 
poor ly preserved to v i r tua l ly absent i n these v e i n grafts. T h e bovine vessels 
are a l l p laced i n areas of re lat ive ly h i g h flow and , i n the case of v e i n 
grafts, endothel ia l izat ion occurs over the surfaces (20). 

T h e cross l inking reagent is important i n the case of bov ine carot id 
heterografts. Chrome- tanned grafts h a d a h i g h inc idence of thrombosis 
whereas aldehyde-treated ones funct ioned w e l l . Formal in - t rea ted grafts 
tended to be weak, but g lutaraldehyde-treated ones d i d not rupture (21). 

A var iety of methods for prepar ing col lagen films f rom enzyme-
so lub i l i zed , monomer ic col lagen w i t h different surface structures were 
evaluated. O u r i n i t i a l interest was to determine the effects of various 
preparat ive techniques o n the in vivo behavior of the films. 

Experimental 

I n method I, the co l lagen so lut ion was p o u r e d onto a m e t h y l metha -
crylate plate a n d l owered into a 0 .02M dibasic N a 2 H P 0 4 so lut ion ( p H 
8.5) conta in ing 0 . 1 % glutaraldehyde . C o l l a g e n precipitates as nat ive -
type fibrils i n phosphate buffer at this p H . T h e films were crossl inked 
as the fibers were f o r m i n g before the films were dr ied . C r o s s l i n k i n g was 
a l l o w e d to continue for 7 or 24 hrs. T h e films were washed w i t h water , 
p last i c i zed w i t h 2 % glycerine, a n d air dr i ed . 

I n method I I , the col lagen was not prec ip i tated . A c i d i c solutions of 
co l lagen were a ir d r i e d a n d the result ing films were cross l inked us ing 
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30 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

0 . 5 % g lutaraldehyde i n . 0 2 M N a 2 H P 0 4 for 10 or 20 mins. These films 
were also w a s h e d w i t h water a n d p last i c ized . 

I n m e t h o d I I I , the co l lagen was first prec ip i ta ted i n phosphate buffer, 
as i n method I , b u t the film was d r i e d pr ior to cross l inking. T h e cross-
l i n k i n g was per formed as i n method I I . 

Another series of films was prepared b y the same methods but 
cross l inked w i t h d ia ldehyde starch rather than w i t h g lutaraldehyde . T h e 
cross l inking condit ions were s imi lar to those used for the g lutara ldehyde 
cross l inked films w i t h the exception of m e t h o d I I I . These latter films 
were prepared b y m i x i n g col lagen a n d d ia ldehyde starch at a ratio of 
1 to 1.5. T h i s mixture was then d i a l y z e d against . 0 2 M N a 2 H P 0 4 to pre ­
c ipitate co l lagen fibers. A f t e r cross l inking, the films were washed , p las­
t i c i zed , a n d dr i ed . 

C o n t r o l films of each type were also prepared us ing the same 
procedures but w i thout the cross l inking reagent. 

A t h i r d group of films was prepared , us ing a mixture of 2 0 % enzyme-
so lub i l i z ed co l lagen a n d 8 0 % inso luble col lagen to increase the i n i t i a l 
film strength. These films were crossl inked us ing g lutara ldehyde i n the 
same manner as the enzyme-so lub i l i zed col lagen films. Since the so lu­
tions contained a h i g h i n i t i a l content of fiber, method I I I was e l iminated 
i n this group. C o n t r o l films of each were also made b y e l iminat ing the 
g lutara ldehyde . 

I 
I I 

I I I 

Table I. Swelling Ratios of Collagen Films 

Glutaraldehyde 

Method Control 

19 
12 
19 

Cross-
linked 

2 
2 
2 

Composite 
80% Insoluble 

Collagen Fiber—20% 
Dialdehyde Starch Soluble Collagen 

Control 

19 
12 
19 

Cross-
linked Control 

2 
2 
2 

Cross-
linked 

2 
2 

Results 

S w e l l i n g ratios, shrinkage temperatures, a n d resistance to collagenase 
were measured for a l l the films. S w e l l i n g ratios were determined b y 
measur ing the change i n we ight before a n d after h y d r a t i o n of the films. 
C r o s s l i n k i n g decreased the swe l l ing ratios as compared w i t h contro l films 
( T a b l e I ) . 

Shr inkage temperatures were determined as an indicator of the de-
naturat ion temperature of the films. I n a l l cases, cross l inking greatly 
increased shrinkage temperatures for each preparat ion . T h u s , c ross l inking 
stabi l izes co l lagen molecules a n d retards denaturat ion ( T a b l e I I ) . 

A n o t h e r important aspect of these films is their resistance to degrada­
t i o n b y b io log i c substances l ike collagenase. E a c h of the films was 
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S T E N Z E L E T A L . CoUagen Surfaces 31 

Method 

I 
I I 

I I I 

Table I I . Shrinkage Temperatures 

Glutaraldehyde 

Cross-
Control linked 

45.0°C 
45.8 
45.0 

66.0°C 
71.8 
78.1 

Composite 
80% Insoluble 

Dialdehyde Starch Collagen Fiber—20% 
Collagen Films Soluble Collagen 

Control 

45.0°C 
45.8 
45.0 

Cross-
linked 

65.0°C 
61.5 
67.0 

Control 

47.5°C 
48.0 

Cross-
linked 

77.0°C 
71.0 

incubated for 2 hrs at 37 ° C w i t h bacter ia l collagenase. T h i s enzyme 
is less specific a n d more destructive than m a m m a l i a n collagenase. T h e 
degradat ion of the films was measured b y the micromoles of amino acids 
released per m i l l i g r a m film. I n each case, the cross l inking increased re­
sistance to bacter ia l collagenase. I n some cases the films were complete ly 
resistant to it ( T a b l e I I I ) . 

E a c h type of film was then i m p l a n t e d subcutaneously a n d i n t r a ­
muscu lar ly i n rabbits to assess tissue react ion a n d rate of resorption. 
T h e film was care ful ly cut into a c irc le w i t h a diameter of 10 m m . S h a m 
incisions were also m a d e i n each rabb i t as controls for the amount of 
in f lammation resul t ing f rom surg ica l t rauma alone. T h e animals were 
k i l l e d after 7 to 180 days. T h e implants were examined grossly for 
in f lammation , changes i n size, a n d appearance of the films. His to l og i c 
preparations were also made of each film to examine the ce l lu lar react ion. 
B y 7 days, in f lammatory cuffs h a d enc irc led the implants . T h e contro l 
films showed evidence of be ing digested; they were swol len , weaker , 
a n d usual ly thinner . 

F i g u r e 1 is a contro l (not crossl inked) film prepared b y method I I 
w i t h enzyme-so lub i l i zed col lagen. T h e film was removed after 7 days 

Table I I I . Resistance to Collagenase" 

Composite 
80%) Insoluble 

Collagen Fiber—20% 
Glutaraldehyde Dialdehyde Starch Soluble Collagen 

Cross- Cross- Cross-
Method Control linked Control linked Control linked 

I 0.230 0.028 0.230 0.000 0.473 0.000 
I I 0.069 0.025 0.069 0.005 0.159 0.000 

I I I 0.218 0.000 0.218 0.004 — — 
α In micromoles of amino acids released per milligram of sample. 
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32 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 1. Control (not crosslinked) collagen film removed after 7 days sub­
cutaneous implantation in rabbits. XI28 

Figure 2. Control (not crosslinked) collagen film removed after 14 days intra­
muscular implantation in rabbits. XI28 
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2. S T Ë N Z E L E T A L . Collagen Surfaces 33 

Figure 3. Method II glutaraldehyde crosslinked collagen film removed after 
90 days subcutaneous implantation in rabbits. XI28 

of subcutaneous implantat i on . Note the fore ign b o d y type of tissue 
reaction w i t h histiocytes and beg inn ing resorption of the col lagen. 

F i g u r e 2 is the same type of film removed after 14 days of i n t r a ­
muscular implantat ion . H e r e the co l lagen is f ragmented a n d inf i l t rated 
w i t h inf lammatory cells. A f t e r 21 days, a l l contro l films d isappeared 
except for the ones prepared f rom a mixture of insoluble co l lagen fiber 
a n d enzyme-so lub i l i zed col lagen. Some of these remained for 30 days. 

T h e inf lammatory response w i t h crossl inked films was m i n i m u m 
a n d not d iss imi lar to the sham operations. Gross ly , there was l i t t l e i n ­
flammation at day 7. W h a t inf lammatory react ion appeared , peaked 
around day 14. T h i s was character ized by an enlarged cuff of cells sur­
r o u n d i n g the i m p l a n t occasional ly accompanied b y a fluid exudate. 

A l l of the cross l inked implants lasted for at least 60 days. A t this 
t ime, a f e w of the enzyme-so lub i l i zed col lagen films cross l inked w i t h 
either g lutara ldehyde or d ia ldehyde starch appeared to be thinner . Some 
of the films crossl inked w i t h g lutaraldehyde appeared to be somewhat 
th inner after 90 days, a l though most were intact. 

F i g u r e 3 is a method II enzyme-so lub i l i zed co l lagen film cross l inked 
w i t h g lutara ldehyde a n d i m p l a n t e d subcutaneously. I t was unchanged 
after 90 days. 
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34 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

T h e films prepared f rom a mixture of co l lagen fiber a n d soluble 
co l lagen cross l inked w i t h g lutaraldehyde were a l l intact after 90 days 
implantat i on . 

F i g u r e 4 is a method I I fiber film that was i m p l a n t e d in tramus­
c u l a r l y for 90 days. T h e t h i n , del icate s u r r o u n d i n g fibrous tissue can 
be seen par t ia l l y adher ing to the surface of the film. T h e 180-day films 
have not yet been removed. 

Discussion 

These results indicate that the b io log ic degradat ion of co l lagen can 
be contro l led a n d de layed for at least 90 days. It is re lat ive ly u n i m p o r ­
tant whether co l lagen is cross l inked i n the wet or the d r y state or whether 
the films are prec ip i ta ted or not pr i o r to cross l inking. B o t h g lutaraldehyde 
a n d d ia ldehyde starch are effective i n s tab i l i z ing co l lagen molecules a n d 
re tard ing their b io -degradat ion for at least 90 days a n d perhaps longer. 
T h e inf lammatory response has been m i n i m u m , reach ing a peak at 14 days 
a n d then subs id ing . T h e films are eventual ly covered b y a t h i n , fibrous 
membrane w h i c h i n some cases adheres to the surface of the film. 

Figure 4. Method II glutaraldehyde crosslinked composite collagen fiber-
soluble collagen film removed after 90 days intramuscular implantation in 

rabbits. XI28 
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2. S T E N Z E L E T A L . Collagen Surfaces 35 

These studies prov ide a base for further development of co l lagen 
materials for specific b i omater ia l appl icat ions . F u r t h e r studies are be ing 
d irected to the effect of col lagen film on b l o o d i n terms of platelet a n d 
whi te ce l l adhesion, prote in absorpt ion, a n d thrombogenic i ty . 
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Barrier Surfaces of Skin 

M. M. MERSHON 

Biomedical Laboratory, Edgewood Arsenal, Aberdeen Proving Ground, 
Maryland 21010 

Stratum corneum, the nonliving layer of skin, is refractory 
as a substrate for chemical reactions, but it has a strong 
physical affinity for water. The chemical stability of stratum 
corneum is evident in its mechanical barriers which include 
insoluble cell membranes, matrix-embedded fibers, special­
ized junctions between cells, and intercellular cement. The 
hygroscopic properties of stratum corneum appear to reside 
in an 80 Α-thick mixture of surface-active proteins and lipids 
that forms concentric hydrophilic interfaces about each 
fiber. This combination of structural features and surface­
-active properties can explain how stratum corneum retains 
body fluids and prevents disruption of living cells by envi­
ronmental water or chemicals. 

' " "phe stratum corneum, the outermost layer of sk in , controls water flux 
A a n d thereby protects our tissues f r om fata l d r y i n g a n d f rom osmotic 

damage b y ba th ing . T h i s tough, flexible layer restricts the passage of 
most substances to a degree that varies w i t h the substance a n d the con­
ditions of exposure. Permeat ion is l i m i t e d b y interre lated contr ibutions of 
s tructural elements, t ime factors, spat ia l arrangements, c h e m i c a l compo­
sitions, a n d phys i ca l properties. 

Differences Among Barriers 

Size. S t ra tum corneum surfaces that impede dif fusion f a l l into four 
sizes. T h e largest structures, such as h a i r a n d the corni f ied surface, are 
v is ib le . C e l l surfaces, their interfaces, a n d their elaborations are m i c r o ­
scopic. K e r a t i n i z e d elements are u l tramicroscopic . F i n a l l y , interactions 
between solvents, solutes, a n d barr ier surfaces occur on the molecular 
level . T h e functions of these structures are integrated into an overa l l 
barr ier capabi l i ty . 

41 
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42 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

PERCUTANEOUS ABSORPTION OF SOLUTIONS WITH TIME AND SITE 

sweat duct hair stratum corneum 

solution 

str. corneun 
air bubble 
basal cells 
capillary 

dermis 
sweat duct 
hair shaft 

Figure 1. Schematic drawing showing relative sizes of sweat ducts, hair fol­
licles, and cornified layers of human abdominal skin. Approximate transient 
concentrations of polar molecules in each site at different times are shown by 

variations in density of stippling. Adapted from Réf. 1. 

Routes of E n t r y . M i c r o s c o p i c sections show the stratum corneum 
( S C ) of the abdomen as t h i n layers of dead , flattened cells arrayed over 
a m u c h th icker layer of ep i the l ia l cells. B o t h layers are p ierced at inter ­
vals b y ha i r fol l ic les a n d sweat ducts ( F i g u r e 1 ) ( 1 ). Sebum flows into, 
lubricates , a n d tends to fill the space between each ha i r shaft a n d its 
surround ing con i ca l sheath (2). Sweat ducts are ce l lu lar tubes that 
s p i r a l through epidermis w i t h increasing radius a n d decreasing p i t c h (3). 
Therefore , they approach the surface at an acute angle a n d empty through 
s l i t - l ike pores (2,3). 

Conf l i c t ing evidence a n d divergent v iews exist concerning the r e l a ­
t ive capacities of ha i r fol l ic les , sweat ducts, a n d S C as para l l e l routes for 
admiss ion of chemicals (1, 2, 4r-21). Pre ferent ia l penetrat ion of fol l ic les 
a n d their associated sebaceous glands is suggested b y tracer studies us ing 
dyes, heavy metals, a n d sulfonamides (4). T h i s ind i ca t i on is re inforced 
b y results w i t h appl icat ions of h is tamine or naphthazo l ine base ( 5 ) , 
hydrocort isone or organophosphorus pesticides ( 6 ) , or other organo-
phosphates (7). These drugs produce enhanced responses i n areas where 
sebaceous glands are most numerous. H o w e v e r , responses to e thy l n i co -
tinate (5 ) a n d radioact ive tracer studies w i t h t r i b u t y l phosphate (8) 
show no difference between h a i r y a n d hair - free areas. F u r t h e r m o r e , 
M a i b a c h a n d associates suspect that differences i n S C , rather than i n 
fo l l i cu lar penetrat ion, account for increased absorpt ion i n h a i r y sites (6). 
Fredr iksson (9) suggests that c h e m i c a l affinities can expla in the h i g h 
concentrations of labe led pesticides that he f o u n d i n ducts a n d fol l ic les 
(10). 
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3. M E R S H O N Barrier Surfaces of Skin 43 

T h e avai lable data are s imi la r l y d ivergent for penetrat ion via sweat 
ducts. V a n K o o t e n a n d M a l i (11) estimate that sweat ducts contain 7 0 % 
of the prec ip i tate f o rmed w h e n potassium ferrocyanide a n d a m m o n i u m 
ferrisulfate diffuse into sk in f rom opposite sides (10, 12). T h i s result 
suggests pre ferent ia l sweat-duct conduct i on of strongly i o n i z e d c o m ­
pounds. W a h l b e r g (13) came to the opposite conclusion, i.e., that 
sod ium ch lor ide passes through S C faster than i t does through ducts or 
fol l icles (6, 12). S u c h strongly i on i zed or po lar compounds general ly 
penetrate s k i n very poor ly (4,14,15,16). 

Scheuple in a n d associates report that po lar steroids penetrate prefer ­
ent ia l ly through sweat ducts a n d ha i r fol l ic les w h i l e more l ip id - so lub le 
steroids a n d p r i m a r y alcohols penetrate r a p i d l y i n S C (16, 17). Sur fac ­
tant properties of compounds fac i l i tate their penetrat ion of ducts a n d 
foll icles (18). H o w e v e r , massage displaces a ir a n d improves penetrat ion 
through fo l l i cu lar structures (19). L i n d s e y (14) reconciles such diverse 
evidence b y stating that barr ier properties do not depend on structures, 
but they vary w i t h the properties of the penetrant. 

H a i r shafts also constitute routes of entry; water a n d other chemicals 
tend to diffuse through hair shafts more r ead i l y than through S C (20). 
Some organic solvents enter sk in through unprotected h a i r that protrudes 
through an imperv ious coat ing over S C , pores, a n d fo l l i cu lar openings 
(22). 

Biphasic Diffusion. M u c h of the confusion about routes of entry 
has been resolved b y Scheuple in (1). H i s w o r k shows that any one of 
the routes can be dominant under appropr iate condit ions. F o r instance, 
dominance may v a r y w i t h t ime ( F i g u r e 2 ). Scheuple in observed b iphas i c 
diffusion w i t h r a p i d onset a n d i n i t i a l dominance of flux via ducts, ha i r , 

3 h 

- J * 
ο _ 
< Λ c/) , « 2 

ο 
< 

Rapid diffusion 
occurs through 
hair and sweat 
ducts during 
time lag for 
stratum 
corneum. 

Slow diffusion is offset by 
greater volume via large 
stratum corneum area 
(1000X hair and ducts).** 

Flow in hair and ducts 
imited by small diameters (areas). 

ι ι 
0 100 200 300 400 

TIME IN SEC 
500 

Figure 2. Rehtive time course and capacities of stratum 
corneum and other routes for transfer of polar solvents through 

skin. Data from Réf. 1. 
* (Amount of substance)/(thickness of membrane) X concentra­

tion x iœ 
** Human abdominal skin 
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44 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

a n d fol l ic les . T h e short l ag t ime is exp la ined b y data on dif fusion con­
stants ( 1 ) . These show that some po lar molecules t rave l 50 times as fast 
i n ha i r a n d fol l ic les a n d u p to 1000 times as fast i n sweat ducts as i n 
h y d r a t e d S C . T h e s m a l l diameters (70 μ) a n d h i g h flow rates ( I ) of 
these t iny tubes permi t them to fill q u i c k l y a n d del iver solute to the 
dermis w i t h short l ag times. 

I n the second phase, S C becomes saturated a n d begins to de l iver a 
greater vo lume of penetrant to the dermis than is carr ied b y a l l ducts 
a n d fol l icles c o m b i n e d ( F igures 1 a n d 2 ). T h i s condi t ion occurs because 
the surface area of S C m a y be 1000 times greater than the c o m b i n e d 
surface areas of a l l ducts a n d fol l icles ( 1 ) . T h i s rat io a n d differences i n 
permeab i l i t y v a r y w i t h numbers of pores a n d hairs i n various sk in loca­
tions ( 7 ) . S C resembles a large p i p e w i t h s low rates of filling a n d flow, 
p e r m i t t i n g i t to carry volumes that greatly exceed the total capac i ty of 
the smal l pipes. 

Stratum Corneum Structure. Reviewers agree that for most com­
pounds the ra te - l imi t ing barr ier properties of sk in are located w i t h i n the 
S C (2,10,12,15,16, 21). T h e texture a n d cohesiveness of this tissue are 
f a m i l i a r to anyone w h o has ever pee led bits of i t f r om sunburned sk in ; 
large sheets of S C can be separated f r om sk in (2). Such sheets look l ike 
used polyethylene film, a n d their resistance to water diffusion approx i ­
mates that of M y l a r film of s imi lar thickness (16). H o w e v e r , each sheet 
is a mosaic made of i n d i v i d u a l cells (2). 

A top v i e w of S C cells ( F i g u r e 3) shows some features that are 
essential to barr ier functions. T h e i r flat surfaces represent about 9 9 % 
of the exterior sk in surface. A t tachment sites (desmosomes) a n d over­
l a p p i n g interfaces h o l d cells together. A b o u t 15 layers of S C cells, to ta l -

The Epidermis 

Figure 3. Cornified cells on adhesive slide show hexagonal shape and dark 
hands of overlap. Areas of intercellular attachment (desmosomes) appear as 

dark stippling (after modified Gram staining). Magnification: xl065 (2). 
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3. M E R S H O N Barrier Surfaces of Skin 45 

cell membrane 
(3 layers) 

thick external 
membrane layer 
proteoglycan 

(cell coat) 
intercellular 
protein disc 
attachment 
plate-mRNA? 

•tonofi laments 
zone of less 
dense stain 

Ultrastructure of Normal and Abnormal Skin 

Figure 4. Desmosomes within the granular layer and in a schematic diagram. 
The electron microphoto graph (x93,000) is from Ref. 44. The diagram is 
adapted from Refs. 26 and 35. The tonofilament loops (TfL), cement layer (C), 
and bridging material (B) of Kelly (26) are represented on the left side of the 

diagram. 

l i n g about 12/x i n thickness, can be counted i n S C f rom the h u m a n back 
(2). I n d i v i d u a l cells vary f rom 25 to 45μ i n diameter (23) but they are 
only 0.8 to Ι.Ομ th ick ; thus each ce l l is at least 30 times as w i d e as i t is th i ck 
(2). T h e r e is some tendency for these cells to be stacked i n ver t i ca l 
co lumns (2, 24). Loss of this s tacking pattern is observed i n certa in 
diseases such as psoriasis; di f fusion of water a n d other substances is 
increased i n such diseased sk in a n d i n the unstacked n o r m a l callus of 
palms a n d soles (16, 24). 

Desmosomes and Filaments. T h e cohesiveness a n d interna l structure 
of S C cells are dependent on the structures that are ca l l ed desmosomes 
(25, 26, 27). These structures uni te S C cells of different layers ( F i g u r e 
3 ) a n d of the same layer ( F igures 4 a n d 5 ). T h e sequence of embryon i c 
development is a th i cken ing of opposed ce l l membranes f o l l o w e d b y 
interce l lu lar disc format ion a n d intrace l lu lar format ion of the attachment 
plate (25, 29). T h i s sequence is b l o cked i f n o r m a l prote in produc t i on i n 
r o u g h endoplasmic r e t i c u l u m is altered b y virus act iv i ty (28). W h e n 
complete, the desmosomes of basal cells sprout filaments f rom their 
attachment plates (25, 27, 30). These filaments become longer, th icker , 
a n d more numerous as cells differentiate a n d migrate t o w a r d the s k i n 
surface (31, 32). F i l aments arise either f r om the attachment plate (27) 
or they f o rm loops that are anchored there (26). T h e smallest filaments 
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46 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

f o r m complexes w i t h each other, then a d d n e w l y synthesized molecules 
to become tonofilaments (32, 33). These filaments anastomose to unite 
various desmosomes a n d prov ide the ce l l w i t h an interna l meshwork 
skeleton (30, 31, 3 4 ) . A c c o r d i n g to M e r c e r (25), " they are qui te l i t e ra l ly 
tonof ibr i l s—they occur i n prec ise ly the situations where support is de­
m a n d e d / ' 

Desmosomes and Intercellular Material. T h e extracel lular structure 
of desmosomes ( F i g u r e 4 ) inc ludes two proteoglycan layers ( a c i d m u c o ­
po lysacchar ide ) that are continuous w i t h the surface coats of each c e l l 
(26, 3 5 ) . S t a i n i n g responses suggest that the interce l lu lar disc a n d the 
th i ck external layer of the tr ipart i te c e l l membrane b o t h conta in prote in 
a n d a c i d proteoglycans ( 3 5 ) . K e l l y (26) suggests that the disc is f o rmed 
b y o v e r l a p p i n g of pro te in strands or ig inat ing i n the th i ck membrane 
layer ( F i g u r e 4 ) . 

Studies of b l i s ter ing ( acantholysis a n d ves iculat ion ) show that disc 
proteins are attacked b y p a p a i n , t r y p s i n , a n d b y reagents that spl it sul fur 
or hydrogen bonds (36, 37). Desmosomes a n d cells are also separated 
b y extract ion of c a l c i u m ions (35, 37), p resumably f rom proteoglycans. 
Desmosomes are complete ly dissolved in vitro b y ch loro fo rm:methano l 
mixtures (38) that dissolve proteo l ip ids (39). T h e separated cells be ­
come reaggregated after evaporat ion of the solvent l eav ing an in terce l lu ­
lar deposit w i t h n o r m a l appearance b y electron microscopy (38). 

Journal of Investigative Dermatology 

Figure 5. Cross section through an external surface of stratum corneum after 
0.5-hr digestion with subtilisin. The thick membrane envelopes (E) of the 
digested cells and of lower cell layers remain attached by desmosomes (D). The 
arrows indicate the residues of a separated desmosome. Magnification: xl7,770 

(67). 
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3. M E R S H O N Barrier Surfaces of Skin 47 

T h e above results suggest int imate association of proteins a n d proteo­
glycans i n desmosomes a n d i n surface coats of cells. A possible example 
of this k i n d of association is p r o v i d e d b y studies of films made w i t h v a r i ­
ous proport ions of prote in a n d proteoglycan. M i x t u r e s of 2 parts gelat in 
a n d 1 part hya luron i c a c i d are m u c h more resistant to dif fusion of various 
substances than other combinat ions of these ingredients ( 4 0 ) . Perhaps 
interce l lu lar discs represent mechan i ca l l y dense a n d v i s c i d complexes of 
s imi lar nature. T h e disappearance of desmosomal components into re ­
const ituted interce l lu lar cement suggests that they have s imi lar chemica l 
components but different stoichiometry. 

V a r i a b l e viscosity a n d separation of desmosomal surfaces b y enzy­
mat i c ac t iv i ty are i m p l i c i t i n results showing that labe led e p i d e r m a l cells 
occasional ly trade neighbors (41, 42). Rather than b e i n g i rrevers ib ly 
u n i t e d at desmosomes, cells appear to sl ide latera l ly over each other (30). 
Some cells reach the sk in surface i n 1 week w h i l e others straggle a long 
for 6 weeks (41). Stoughton conc luded that demosomal pro te in inc ludes 
a proteo lyt i c enzyme system that requires oxygen a n d that can be a r t i ­
ficially act ivated w i t h c a n t h a r i d i n to separate cells (36). S u c h a system 
m a y expla in the in frequent ly observed separation of fac ing desmosomal 
halves i n n o r m a l tissue (42). H a l f desmosomes a n d cells s l ide b y each 
other after enzymat ic softening of the prote in-proteoglycan adhesive 
(36). T h e n n e w pair ings occur w i t h secretion of fresh proteog lycan a n d 
prote in (30, 41). Some mater ia l for desmosome format ion apparent ly 
originates w i t h i n the rough endoplasmic r e t i c u l u m (28). 

Intercellular Volume and Penetration. T h e surface coats of ep i ­
d e r m a l cells o ccupy interce l lu lar space a n d these gelatinous layers p r o b ­
ab ly act as watery dif fusion channels for nutrients ( 35 ) . Surface coats 
are qui te different f r om kerat in i zed interce l lu lar cement (32, 43); ke ra -
t in izat ion modifies desmosomes a n d interce l lu lar materials to resist d i f fu ­
s ion a n d premature separation i n S C (32, 43, 44). 

A l t h o u g h S C appears as loosely separated layers i n micrographs 
( F i g u r e 5 ) , this appearance is false. It results f rom loss of interce l lu lar 
cement d u r i n g preparat ion for sect ioning (2). H o w e v e r , such v iews do 
show some of the interdigitat ions that cooperate w i t h desmosomes to lock 
cells together (44). T h e interce l lu lar cement probab ly fills a l l space 
between these mechan i ca l junctions i n S C (32). 

T h e top v i e w of S C cells i n F i g u r e 3 (2) shows bo th the horny 
plates a n d their over lapp ing interfaces. C h e m i c a l s c o u l d enter S C t h r o u g h 
the interce l lu lar spaces, the ce l lu lar plates, or both. B u t oppos ing opinions 
on the subject have been expressed. I n 1964 K l i g m a n (2) sa id , 
It is to be emphas ized that, s tructural ly , the horny ce l l is very s imple , 
conta in ing essentially no th ing more than filaments a n d matrix . . . . T h i s 
dense a n d total fibrous.packing w o u l d offer tremendous resistance to 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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penetrat ion b y chemicals . T h a t agents enter sk in b y direct dif fusion 
through such " s o l i d " cells is improbab le . T h e fa i lure of ani l ine dyes to 
stain the contents of monolayers of h o r n y cells is prac t i ca l evidence of 
this. O n the other h a n d , these become deeply stainable after be ing d a m ­
aged b y prote in dénaturants such as anionic detergents. W e h o l d that 
substances permeate the h o r n y layer v i a interce l lu lar spaces. F o r qui te 
different reasons, Tregear (8) insists that agents pass between the cells, 
not through them. 

I n 1971 Scheuple in a n d B l a n k (16) stated, 
C u r r e n t e lectron-microscopic evidence shows that interce l lu lar regions i n 
S C are filled w i t h l i p i d - r i c h amorphous mater ia l (43, 45, 46). I n the d r y 
membrane the interce l lu lar dif fusion vo lume m a y be as large as 5 % a n d 
at least 1 % i n the f u l l y hydra ted tissue . . . this interce l lu lar vo lume is 
at least an order of magni tude larger than that est imated for the i n t r a -
appendagea l p a t h w a y a n d al lows the poss ib i l i ty of significant in terce l lu ­
l a r dif fusion. D i f fus ion between cells cannot be r u l e d out, b u t various 
data show that dif fusion cannot be p r i m a r i l y interce l lu lar . 
These authors cont inue b y po in t ing out that po lar i ty a n d molecular 
w e i g h t influence the route of penetrat ion. 

S u c h differences i n op in ion cont inue to exist. These differences 
c o u l d be resolved b y separate measurements of flux via the respective 
routes. W e r e m a i n unable to make such measurements. 

Intercellular Area and Penetration. T h e re lat ionship of S C a n d 
resistance to penetrat ion somewhat resembles that of asphalt t i le a n d 
protect ion of flooring. T h e tiles are imprev ious to water ; therefore, any 
water spi l lage that reaches the flooring must penetrate the joints between 
tiles. H o w e v e r , various organic solvents w i l l dissolve i n a n d diffuse 
t h r o u g h the t i le . W e can n o w d r a w some n e w conclusions because the 
areas of ce l lu lar tiles a n d joints have been measured. 

in area. Given 
μ perimeter and 

Such cornified cells as this 
one from a male abdomen 
are nearly 40 μ long and 
1000 μ 2 

this 125 , 
1 5 0 - 4 0 0 Â interspaces, 
the ratios of interspace to 
surface areas range from 
1:1000 to about 1:250. 

Journal of Investigative Dermatology 

Figure 6. Cell removed from the abdominal skin of a man by washing with a 
detergent solution shows average dimensions of 200 measured cells. Magnifica­

tion: xl018 (23). 
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3. M E R S H O N Barrier Surfaces of Skin 49 

A r o u g h estimate of the relat ive surface areas projected b y in ter ce l lu ­
lar space a n d b y ce l l membranes can be made f rom P l e w i g a n d M a r p l e s 
data on the length, w i d t h , a n d surface area of cells f rom a n u m b e r of 
sites (23). T h e y also show microphotographs of measured cells i n c l u d i n g 
a typ i ca l l y hexagonal ce l l f r om an a b d o m i n a l site. T h e l inear per imeter 
of this c e l l has been re lated to their values for average dimensions a n d 
areas of a b d o m i n a l c e l l surfaces ( F i g u r e 6 ) . C e l l u l a r interspaces are 
about 150 A w i d e i n most tissues but m a y reach 400 A between kerat in ized 
cells (35 ) . H a l f of the surface area for a 125-μ. per imeter of 150-A w i d t h 
is about 1.0 μ2, one-thousandth of the m e m b r a n e area (23). T h e corre­
sponding ratio for the 400-A w i d t h is 1:250. 

Scheuple in ( 1 ) c onc luded that dif fusion rates are h i g h but transport 
capacities are l i m i t e d i n hair a n d ducts because these structures occupy 
on ly one-thousandth of the total sk in surface area. T h e present data sug­
gest that interce l lu lar cement a n d desmosomes occupy 0.001-0.004 of the 
r e m a i n i n g area. A c c o r d i n g l y , penetrat ion through the interspaces w i l l be 
l i m i t e d b y their re lat ive ly smal l area for exposure. H o w e v e r , the inter­
space route c ou ld be significant for molecules that penetrate S C cells 
poor ly . A s w i t h asphalt t i le , properties of the solvent a n d composi t ion of 
the ce l lu lar t i le must be considered. 

Ultramicros copie Surfaces 

Keratin Structure. K e r a t i n is a nonspecific term a p p l i e d to various 
insoluble aggregations i n hair , n a i l , sk in , a n d mucosa. R o t h b e r g (33) 
says of sk in , ". . . w h a t has been ca l l ed a n d ana lyzed as kerat in i n the 
past is the total products of e p i d e r m a l metabo l i sm w h i c h are not re ­
turned to the metabol i c pools but are instead excreted w i t h the corni f ied 
e p i d e r m a l cel ls ." M u c h has been learned b y selective extraction a n d 
analysis of these complex products , but the quest ion often ar i ses—what 
was analyzed? Biologists have t r ied to determine kerat in composi t ion 
b y observ ing synthesis, assembly, a n d dif ferentiation of the composite 
parts. 

Products of Differentiation. T h e d is t inguish ing features of basal 
cells are their hemidesmosomal attachments to the basement membrane 
a n d their format ion of filaments at desmosomes ( F i g u r e 7 ) ; otherwise, 
these cells resemble other r eproduc ing cells (44). M i g r a t i o n away f r o m 
the basement m e m b r a n e is associated w i t h a spinous appearance of 
tonofilaments at desmosomes a n d early signs of membrane-coat ing gran ­
ules (32, 47). T h e granular ce l l layer is n a m e d for masses of i r regular 
keratohya l in that surround a n d infi ltrate spaces between tonofibrils (44). 
K e r a t o h y a l i n ( K H ) granules vary i n size, shape, a n d homogeneity i n 
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various tissues a n d species (48, 49). Dense homogeneous deposits are 
observed i n some K H granules (49). T h e rest of the K H consists of 
spher i ca l partic les 20 A (50) or 50-100 A i n diameter ( 51 ) . N u m e r o u s 
ribosomes surround (49) the 20 A macromolecu lar aggregates of amor­
phous s t ructura l prote in ( 5 0 ) . K H a n d endoplasmic r e t i c u l u m proteins 
that inf i ltrate the filaments p r o b a b l y constitute about hal f of the horny 
ce l l content (47). 

M a n y ep i the l ia l cells are connected b y tr ipart i te junct ional complexes 
( F i g u r e 7 ) that inc lude desmosomes, intermediate gap junctions of 20 A , 
a n d t ight junctions that unite oppos ing ce l l membranes into a penta -
l a m i n a r un i t (52, 53, 54). G a p junctions have l o w electr ical resistance 
a n d are suspected of p r o v i d i n g communica t i on between cells ( 55 ). W o r k 
w i t h auto lyzed cells suggests that gap junctions b i n d ribosomes a n d ca l -

DIFFERENTIATION & KERATINIZATION OF SKIN CELLS 
-dead cell being shed 

STRATUM CORNEUM 
interdigitated junction 

- keratin 
-amorphous intercellular cement 

STRATUM LUCIDUM LAYER 
^thickened cell membrane 
-membrane coating granule 
-tight junction 
-endoplasmic reticulum 

GRANULAR CELL LAYER 
. gap junction 
-keratohyalin & tonofibrils 

proteoglycan gel cell coat 
membrane coating granule 
nutrient pathway in cell coat 

SPINOUS CELL LAYER 
golgi apparatus 
endoplasmic reticulum 
mitochondrion 

desmosome 
tonofilaments 
junction of daughter cells 
post-mitotic nucleus 

BASAL CELL LAYER 
cell membrane 
ribosomes 
hemidesmosome 
basement membrane 
dermis with collagen fibers 

Figure 7. Schematic illustration of ultrastructural 
changes at successive stages of epithelial cell kera-

tinization. Adapted from Refs. 25 and 32. 
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3. M E R S H O N Barrier Surfaces of Skin 51 

Ultrastructure of Normal and Abnormal Skin 

Figure 8. These electron micrographs by Robert Scoggins show an intact 
membrane-coating granule (xl96,000) and another granule (xl05,000) within 

an invagination of the trilaminar cell membrane (44). 

c i u m ions after in jury or lysis to seal the ce l l membrane (56 ) . T i g h t 
junctions f o rm a continuous be l t that obliterates interce l lu lar space (52) 
a n d prevents dif fusion to or f r o m the ce l l surface, as demonstrated w i t h 
lanthanum (57 ) . Such seal ing occurs after cells lose substance d u r i n g 
lysis (47 ) . T h i s change a n d changes i n desmosomes of cells i n transit ion 
(44) suggest that the proteoglycan surface coat of the ce l l is lysed , pos­
s ib ly b y enzymes of membrane-coat ing granules. 

Extracellular Changes. M e m b r a n e - c o a t i n g granules ( F i g u r e 8 ) 
were n a m e d f o l l o w i n g observation of the extrusion of their contents into 
spaces between granular cells a n d S C (46 ) . These granules are also 
ca l l ed keratinosomes because they resemble lysosomes i n several ways 
(58, 59, 60). B o t h originate i n the G o l g i apparatus a n d contain a c i d 
phosphatase plus other hydrolases (59 ) . T h e y have s imi lar proteo lyt ic 
responses to ultravio let rad ia t i on (60). B o t h show enhanced sta in ing w i t h 
o smium z i n c iod ide ( O Z I ) (61). T h e stained mater ia l that lies between 
keratinosome lamel lae is associated w i t h sterols a n d other nonpolar l ip ids 
because extraction w i t h hexane prevents O Z I staining w i thout d i s rupt ing 
tissue patterns (61). T h e v is ib le lamel lae p robab ly contain chondro i t in 
sulfate Β or other proteoglycans, cholesterol -hexosamine compounds , a n d 
ordered phosphol ip ids l ike those i n m y e l i n structures (32, 59, 62). 

A s granular cells mature , their membranes fuse w i t h those of k e r a ­
tinosomes, w h i c h must extrude their lamel lar content through b o t h m e m ­
branes (32, 44, 61). T h i s process ( F i g u r e 8) m a y invo lve either selective 
lysis or opening of a pore i n the fused membranes ( 54 ) . Author i t ies 
suggest that the coat ing mater ia l becomes part of interce l lu lar cement 
w h i c h unites S C cells, seals the interspace, a n d becomes a diffusion bar ­
rier (32, 43, 46). M e a n w h i l e , the extracel lular portions of desmosomes 
become opaque, a n d t ight junctions are f o r m e d around the latera l c e l l 
margins (44, 57). T h i s sequence probab ly represents lysis of the outer­
most proteoglycan surface coats f o l l owed b y m i x i n g of the residues w i t h 
the membrane-coat ing materials (32, 47). 
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Ultrastructure of Normal and Abnormal Skin 

Figure 9. FL·kes of intercellular cement (arrows) can be seen attached to the 
membrane of a cell separating from oral mucosa of a mouse. Magnification: 

x26,400 (32). 

T h e modi f ied desmosomes a n d interce l lu lar cement of S C are m u c h 
more resistant to mechan i ca l a n d chemica l d i s rupt ion than their counter­
parts between l i v i n g cells ; yet they come apart on schedule for desqua­
m a t i o n (2, 26, 58, 62). T h e interce l lu lar mater ia l inc ludes resistant m e m ­
branous residues (46) a n d an amorphous substance that does not resist 
keratolytics (32). N o r m a l shedding is dependent on proper cholesterol 
metabo l i sm a n d m a y invo lve s low lysis of a cholesterol -hexosamine com­
p o u n d a n d chondro i t in sulfate Β (58, 62, 63). T h e persistence of m e m ­
branous bodies between S C cells (46) suggests that spec ia l ized lyso-
somes m a y be present to in i t iate desquamation. Desmosomal separation 
at the d is ta l membrane surface has been reported ( 64 ) and is observable 
( F i g u r e 5 ) i n membranes treated w i t h subt i l i s in (67). H o w e v e r , other 
pictures show dis integrat ion of the entire interce l lu lar disc (44). F lakes 
of interce l lu lar cement, absence of desmosomes, a n d convoluted shapes 
can be observed among desquamat ing S C cells ( F i g u r e 9 ). 

Membrane Thickening. C e l l envelopes are usual ly neglected i n 
discussions of sk in penetrat ion, a l though M a t o l t s y (65) wrote , "the c e l l 
membrane can be looked on as the specific protect ive element of each 
cornif ied ce l l , since i t is m u c h more resistant than the ep idermal kera t in . " 
H e also observed that loss of barr ier funct ion is m a x i m u m w h e n S C is 
treated w i t h reagents that affect membranes (66). 

T h e tough, re inforced ce l l membrane is the first organized barr ier 
surface presented to most i m p a c t i n g molecules. T h e nature of these corn i ­
fied ce l lu lar envelopes ( F i g u r e 5) has been c lar i f ied b y w o r k w i t h s u b t i l i ­
s in , one of the proteo lyt i c enzymes used i n l a u n d r y products (67). 
R u p t u r e of ce l l membranes opens them to lysis of their kerat in content, 
but the membranes resist subt i l i s in , t ryps in , pronase, prote in solvents, 
a n d kerato lyt ic agents (32, 67). T h i c k e n e d membranes also resist strong 
a l k a l i , r e m a i n i n g as 5 % of the o r i g ina l d r y we ight after the rest of the 
ce l l dissolves at p H 13 (2, 66). 
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3. M E R S H O N Barrier Surfaces of Skin 53 

C e l l membranes abrupt ly change f rom 70 to 150 or 200 A i n th i ck ­
ness short ly after discharge of the membrane-coat ing mater ia l into the 
extracel lular space i m m e d i a t e l y b e l o w S C (32, 43, 46). A m o r p h o u s 
keratinosome mater ia l m a y be deposited (32, 43), but most of the th i ck ­
en ing occurs i n the intrace l lu lar leaflet of the tr ipart i te membrane (58, 
61). T h i s increase is at tr ibuted to deposits of cyst ine-r ich K H particles 
a n d other cytop lasmic substances (32, 48, 68). A s imi lar s i tuat ion is 
observed i n auto lyzed cells w h e n c a l c i u m ions (p resumab ly released 
f r o m lysed proteog lycan) m o d i f y gap junctions (58 ) . T h e result is b i n d ­
i n g of ribosomes at these sites. L y s i s of interce l lu lar proteoglycan b y 
keratinosome enzymes m a y have a s imi lar effect. Such b i n d i n g of K H 
particles or the ribosomes that synthesize these cyst ine-r i ch a n d h is t id ine -
r i c h granules c o u l d l ead to deposit ion or synthesis of a chemical ly-resistant 
envelope layer (47, 48, 49). 

Cell Lysis. T rans i t i ona l cells have been descr ibed (31), bu t L a v k e r 
a n d M a t o l t s y (47) give the most expl i c i t descr ipt ion of the sudden 
change f r om l i ve cells to kerat in ized plates as fo l lows : 
. . . t ransformation is in i t iated b y the release of h y d r o l y t i c enzymes 
. . . A s lysozymes increase i n number , the nucleus, ribosomes, mi to ­
chondr ia , G o l g i apparatus, a n d mucous granules are gradua l ly degraded. 
M a r k e d changes occur i n permeab i l i t y of the p lasma m e m b r a n e as . . . 
l ysed ce l l components pass through a n d accumulate i n the interce l lu lar 
space. . . . F i l aments , K H granules, a n d the content of the endoplasmic 
r e t i c u l u m ( E R prote in ) are not lysed . . . f ilaments become d isp laced 
t o w a r d the ce l l per iphery . . . a n d K H granules disperse a n d mix w i t h 
the E R prote in i n the ce l l center. Subsequently , the K H - E R prote in 
complex infiltrates the filament network. . . . Loss of fluids through the 

granular cell lysed cell 

stratum lucidum cell 

transition cell stratum corneum cell 

Figure 10. Diagram shows sequence of changes in dis­
tribution of tonofilaments (T), keratohyalin (KH), lysosomes 
(L), and endoplasmic reticulum protein (ERF) that occur 

as the cell is cornified 
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54 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

SEQUENCE AND TIME COURSE OF KERATINIZATION 

Figure 11. The sequential formation of products 
during differentiation of epithelial cells. Adapted 

from Ref. 32. 

ce l l membrane leads to reduc t i on of ce l l v o l u m e a n d consol idat ion of the 
r e m a i n i n g ce l l content. 

M o s t of the filaments i n basal cells l ie perpend i cu lar to the sk in 
surface, b u t i n the stratum spinosum they gradua l ly shift into a p e r i ­
nuc lear ne twork (31, 64). T h e above concept is d i a g r a m m e d i n F i g u r e 
10. A s cells become flattened, the r a d i a l pattern of filaments about the 
nucleus (31, 34) is preserved; bu t the kerat in i zed fibers come to l i e 
p a r a l l e l w i t h the sk in surface, l ike spokes i n a b i cyc l e w h e e l (31, 64). 
Col lapse of the fibrous cage produces tension on desmosomes a n d de­
forms the ce l l envelope so that, " the deep interdigitat ions f o rmed between 

Table I. Amino Acid Residues 

Membrane 

Acid Significance Man (68) c Man (32) 

Pro l ine n o n - h e l i x d 13.7 12.9 
C y s t i n e (1/2) - S - S - * 4.9 7.5 
M e t h i o n i n e first on p e p t / 0 — 
Leuc ine ) \ basal cell 5.8 6.2 
Pheny la lan ine S ( label* 2.3 3.1 
H i s t i d i n e ) i granular 2.1 3.7 
G l y c i n e \ } cel l label* 14.1 8.7 

a F i b r o u s protein with 5 0 % α helix content (71). 
6 Prote in isolate of u n k n o w n function but distinctively high histidine content (49). 
0 N u m b e r s in parentheses refer to literature citatations. 
d A m o r p h o u s or non-helical protein . Prol ine is incompatible with α helix structure (32). 
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3. M E R S H O N Barrier Surfaces of Skin 55 

the cells u l t imate ly inter lock the outer part of the e p i t h e l i u m into a 
cohesive a n d protect ive S C " (47). E a c h corni f ied ce l l contains rough ly 
twice as m u c h fibrous prote in as a basal ce l l , bu t the vo lume is on ly 
about one-tenth as large (69). 

T h e sequence of appearance, re lat ive amounts, a n d final relat ionships 
of ce l l components that survive lysis are presented d iagrammat i ca l l y i n 
F i g u r e 11. T h e smallest filaments that have been isolated (35 A t h i c k ) 
have l o w sul fur content (32). T h e y th i cken to 60 -90 A w i t h add i t i on of 
su l fur - r i ch prote in ( demonstrated b y heavy m e t a l staining ) ( 32, 64 ) a n d 
h i s t id ine - r i ch prote in (demonstrated w i t h radioact ive labe l ing ) (49). 
F i v e to 10 of these th i ckened filaments aggregate to f o rm fibrils that aver­
age 250 A i n diameter (70). M e a n w h i l e , K H a n d E R prote in accumulate 
u n t i l the ce l l is lysed w h e n they are m i x e d a n d dispersed (47) to coat 
the 250-A fibrils (70). T h e coated fibrils are submerged i n a matr ix that 
includes nucleoproteins a n d nonfibrous proteins; these incorporate about 
10 times more sulfur than the fibrils (32). T h e insoluble fibrils a n d matr ix 
constitute about 6 5 % of the corni f ied ce l l (66); other components inc lude 
1 0 % soluble kerat in , 1 0 % d ia lyzab le substances (amino acids, etc . ) , 
7 - 9 % l ip ids , a n d about 5 % membrane prote in (65, 66). 

Chemical and Physical Composition of Keratin 

Amino Acid Composition. Va lues vary substantial ly w i t h differences 
of species, body locat ion, a n d technique of isolat ion, pur i f i cat ion , or 
analysis. H o w e v e r , d ist inct ive patterns are associated w i t h some m e m ­
brane a n d fibrous prote in isolates ( T a b l e 1 ). H i g h proport ions of p r o l i n e 
a n d cystine are consistent w i t h observed c h e m i c a l a n d mechan i ca l re ­
sistance of membranes ( 32, 68, 71 ). S i m i l a r l y , increased methionine a n d 

per 100 Residues in Epidermis 

α Protein" Keratohyalin Histidine-Richb 

Man (71) Rat (72) Rat (72) Rat (51) Rat (76) Cow (77) 

2.7 0.7 3.8 12.9 0 1.6 
1.0 0.5 1.6 9.2 trace 0.8 
1.2 0.8 1.0 — trace 0.5 
9.8 7.8 7.5 10.0 10.0 — 
4.3 2.7 2.9 3.9 0.4 1.0 
1.0 1.4 3.3 1.0 6.4 7.0 

18.5 20.2 10.6 9.9 13.6 13.9 
e A relatively large proportion of cystine suggests stabilization with disulfide bonds 

(32). 
f Methionine is the first amino acid of most peptide chains (73). 

0 T e n d e n c y of radiolabeled amino acid to be incorporated in basal or granular cells 
(74, 84). 
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56 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

l euc ine suggest active synthesis of pept ide chains i n basal cells ( 73, 74 ). 
A preponderance of g lyc ine is also associated w i t h fi lamentous prote in 
(72). 

H y d r o l y s i s w i t h peracet ic a c i d reveals a membrane composi t ion of 
about 2 / 3 prote in a n d 1 /3 l i p i d , p lus smal l amounts of carbohydrates 
(32). T h i s prote in incorporates near ly 1 3 % pro l ine , an amino a c i d that 
prevents n o r m a l hel ix format ion ( 68, 75 ). M e m b r a n e s also conta in about 
7 % % of hal f - cyst ine units ; this composi t ion m a y permi t substantial 
disul f ide b o n d i n g (68). T h e format ion of cross l inkages l i k e those i n 
insect cut ic le is postulated (32). A c ommon or ig in of membrane and 
K H proteins is suggested b y their s imi la r l y h i g h contents of pro l ine and 
hal f -cyst ine residues ( 7 5 ) . 

Studies of K H c lear ly indicate complexi ty that is only par t ia l l y re ­
so lved (49 ) . D i f f erent ia l s ta ining reveals smal l , dense, homogeneous 
partic les w i t h i n amorphous K H masses, usual ly associated w i t h tono-
fibrils ( 32, 48, 49 ). A m i n o a c i d analyses of supposed K H materials show 
at least three dist inct ive patterns ( see T a b l e I ). T h e amorphous mater ia l 
of T e z u k a a n d F r e e d b e r g (72) has m u c h less pro l ine a n d cyst ine than 
K H s tudied b y M a t o l t s y (51). O t h e r workers have associated h is t id ine 
w i t h K H i n granular cells (48, 49, 76). Tezuka 's h is t id ine values (72) 
f a l l between those of M a t o l t s y (51) a n d H o o b e r (76) a n d conce ivably 
represent an analysis of m i x e d components. Ugel ' s bov ine mater ia l is a 
nuc leoprote in that m a y be either a r ibosomal product or s t i l l another 
K H component (71, 77). 

Assembly of Polypeptides. At tempts to v isual ize the construct ion 
of kerat in are presented ( F igures 12, 13, a n d 14 ). T h e first fibrous pro ­
te in is seen as fine filaments i n ectodermal cells, but only thicker tonofi la-
ments are observed opposite f u l l y dif ferentiated desmosomes (28). T h e 
attachment of tonofilaments at desmosomes m a y be essential for n o r m a l 
kerat in izat ion (27). Author i t i es bel ieve that large molecules of pre -
kerat in are synthesized on polyr ibosomes a n d assembled into p o l y ­
pept ide chains (32, 69, 73). Ad jacent chains p r o b a b l y associate b y 
hydrogen b o n d i n g at pept ide l inkages to f o rm filaments (71, 78). P o l y ­
ribosomes are collections of ribosomes that are thought to read s imultane­
ously several different coded sequences of messenger r ibonuc le i c ac id 
( m R N A ) (73, 79). S u c h ribosomes m a y be b o u n d to fibers or m e m ­
branes w h i l e the m R N A is m o v i n g a n d the code is be ing read ( 73, 80 ). 

Polyr ibosomes m a y or m a y not be l o ca l i zed i n the desmosomal 
attachment plate , as represented i n F i g u r e 12. S u c h loca l izat ion is i n ­
ferred f r om the apparent embryo log i ca l a n d anatomica l o r ig in of filaments 
at desmosomes (25, 27, 28, 32). Some authors suggest that desmosomes 
are necessary to anchor filaments d u r i n g their synthesis a n d to orient 
fibrils w i t h i n each ce l l (27, 29). A l s o , there is evident economy i n f o r m -
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3. M E R S H O N Barrier Surfaces of Skin 57 

MECHANISTIC DIAGRAM OF POLYPEPTIDE ASSEMBLY 

starting end of mRNA for peptide assembly 

Soluble ribonucleic acid 
(sRNA) links messenger 
RNA (mRNA) with amino 
acid bound to ribosome. 

New amino acid-sRNA unit 
approaches mRNA codon. 

Peptide chains from 
/ / adjacent ribosomes form rope, 

hypothetical attachment to desmosome. 

Figure 12. Schematic concept of a polyribosome show­
ing stepwise growth of a polypeptide chain and assembly 
of protein strands. Soluble ribonucleic acid is also called 
transfer RNA (tRNA). Adapted from Refs. 73, 79, and 

80. 

in g filaments near amino ac id supplies at the m e m b r a n e surface. H o w ­
ever, the filaments p r o b a b l y increase i n diameter ( F i g u r e 13) b y aggre­
gation w i t h pre -kerat in molecules released f rom other ribosomes that 
are observed alongside fibrils (51 , 78 ) . 

Ribosomes synthesize pre -kerat in units about 1000 A long a n d 35 A 
thick (32). These aggregated pept ide chains ( F i g u r e 12) m u t u a l l y 
a l i gn lateral ly a n d l ong i tud ina l ly i n staggered ranks to make very l ong 
strands (32, 71). These filaments are anchored at the ir sites of o r ig in 
then become looped through other attachment plates (25, 26, 27). 

T h i s arrangement explains Brody ' s (31) observation that, " T o n o -
fibrils f o rm concentric rings a round the nucleus. T h e tonofibrils anasto­
mose w i t h i n these rings a n d f r om r i n g to r i n g , a n d also show connections 
w i t h the fibrous part of the desomosomes." 
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58 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Tonofilament Assembly. T h e avai lable in format ion suggests that 
kerat in is sequent ia l ly assembled a r o u n d p r i m a r y fibers that originate 
w i t h i n the attachment plates of desmosomes (27). T h e dense cores of 
5 0 - A filaments (stained w i t h u r a n y l acetate) represent such fibers (64, 
84). These cores a n d their surrounding fibrous prote in p r o b a b l y conta in 
about 5 0 % a he l ix (71). T h e y contain even less sulfur (32, 64) than 
the h i g h methionine (1.4 res idues /100 amino a c i d res idues ) , l o w cystine 
(1.1 res idues /100 amino a c i d residues) f ract ion obta ined b y B a d e n after 
p a r t i a l enzymat ic hydrolys is (82). Studies w i t h t r i t ia ted amino acids 
suggest that basa l cells preferent ia l ly incorporate methionine , leucine, 
a n d pheny la lan ine w i t h i n their elements (73, 74). I n F i g u r e 13A the 
p r i m a r y rope is identi f ied w i t h the 35 -A diameter of the smallest filaments 
that have been isolated (32). 

T h e second layer w i t h i n 50-A filaments can be v i sua l i zed as two 
coils of pept ide chains w o u n d concentr ica l ly about the p r i m a r y rope 
( F i g u r e 1 3 D ) , i n the concept of Swanbeck (70). A l ternate ly , the second 
layer may be p i c t u r e d as a single layer of six ropes f o rmed f r o m triads 
of po lypept ide chains ( F i g u r e 13A ). 

E l e c t r o n microscopists see the t h i r d layer as a moderate ly osmiophi l i c 
sheath that p r o b a b l y contains some cross l inked sul fur (64). T h e sheathed 
filaments look l ike tubes 70 A i n diameter ; their r a d i a l or ientation w i t h i n 
the p lane of S C cells p r o b a b l y accounts for the kerat in pattern observed 
b y B r o d y (31) w i t h the electron microscope (64, 81). Baden's (82) 

HYPOTHETICAL SEQUENCE OF TONOFILAMENT CONSTRUCTION 

RADIOACTIVE AMINO ACID UPTAKE IN SKIN 
[cornified layer 

granular layer 
. spinous layer 

^ basal layer 
phenylalanine,^ dermis glycine, | 
methionine, leucine histidine 

sulfur-rich protein 
(19 fibers in layer) 

primary rope-
3 fibers 

-second layer-
7 fibers 

histidine-rich coat 

Figure 13. A composite of three drawings: Model of tonofilament assembly 
(13A) based on the ribosome model (13B) (Ref. 79), the distribution of radio­
active amino acid uptake shown by silver grains (13C) (Ref. 74), and the cross 
section model (13D) Ref. (70). Second and fifth layers (dotted in 13D) are 
omitted from 13A. The triangles in 13D locate three possible layers of tri-

peptide chains. 
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3. M E R S H O N Barrier Surfaces of Skin 59 

HYPOTHETICAL CONCEPT OF HYGROSCOPIC SUBSTANCE 

endoplasmic reticulum ii 14B^ 
membrane during lysis / ' 

Phospholipids 
amino acids, 
and peptides 
recycle to 
living cells 

tonofibril 

14C 
BIMODAL PROTEIN CONCEPT OF COLACICCO 

É
j(& hydrophobic * helix of protein 

11111 pi ^ hydrophobic hydrocarbon chain 
i « # £ è * è è — h y d r o p h i l i c groups at water interface 

triglycerides 
membrane proteins 
cholesterol and esters 

Figure 14. Proposed structure and composition of hygroscopic elements within 
stratum corneum. A composite of three drawings: filaments aggregate to form 
tonofibrils of 250-A diameter (14A), adapted from Ref. 70; lysed lipids and pro­
teins form an 80-A coating (14B) around the tonofibrils, adapted from Refs. 47, 
96, and 97. The depicted relationship of bimoaal protein and lipids to form 

hydrophilic surfaces (14C)is adapted from Ref. 98. 

l o w methionine (0.3 res idue /100 amino a c i d res idues ) , moderate cystine 
(1.6 res idues /100 amino ac id residues) fractions may represent this t h i r d 
layer. 

A s cells move through the spinous layer, these m a t u r i n g filaments 
acquire a h i g h l y ordered fourth layer that appeared speckled to B r o d y 
(31) a n d increases their diameter u p to 90 A (44, 64). These filaments 
stain poor ly i n the granular layer (31) after they take u p rad io labe led 
hist id ine , g lyc ine , a n d arginine (49, 64, 84). T h e patterned differences i n 
staining suggest that regular ly spaced elements of this layer f o rm a sheath 
around the h e l i c a l proteins (31). T h i s h i s t id ine - r i ch layer is d is t inguished 
f r om u n d e r l y i n g prote in by results of a lkal ine hydrolys is of S C m a t e r i a l 
fixed w i t h g lutaraldehyde (83). 

Keratohyalin and Tonofibrils. T h e investment of tonofibrils w i t h a 
h is t id ine - r i ch prote in is f o l l owed b y their aggregation into bundles of 
filaments (64, 84). X - r a y di f fract ion studies a n d electron microscopy 
indicate that tonofilaments t end to associate i n bundles of 5 to 10 fila­
ments ( F i g u r e 14) , each w i t h a col lect ive diameter of about 250 A (70, 
81). These bundles correspond i n size to the tonofibrils of the l ight 
microscopist (81). 

T h e h i s t id ine - r i ch sheath seems to act as a p r i m i n g coat for d i s t r i b u ­
t ion of intensely osmiophi l i c globules (49, 64). T h i s osmiophi l i c matr ix 
or cement ing substance is p r o b a b l y su l fur - r i ch (64, 82) a n d has been 
observed as patchy deposits (49) that e m b e d the 100-A filaments w i t h i n 
250-A fibrils (64, 70). Var ious evidence suggests that this- o smiophi l i c 
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60 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

mater ia l is de r i ved f r om sul fur - a n d pro l ine - r i ch K H mater ia l such as the 
20 -A spheres descr ibed b y M a t o l t s y a n d associates (48, 49, 50, 51, 75, 83, 
84,85,86). 

These st icky spheres p r o b a b l y become the globules of chemica l ly 
resistant glue that spread over the h i s t id ine - r i ch p r i m i n g coat a n d b i n d 
the filaments into bundles (64, 70, 75). T h e y are also associated w i t h 
nuclear inc lusions , re inforcement of ce l l membranes , a n d dense homo­
geneous deposits ( D H D ) i n the per iphery of K H granules (49, 75, 76). 
T h e d is tr ibut ion of c y s t i n e - 3 H a n d D H D suggests that Matol tsy ' s (75) 
20 -A spheres are a c o m m o n source of prote in , r i c h i n cystine a n d pro l ine , 
for K H a n d membrane reinforcement (48, 49, 83). M a t o l t s y suggests 
that K H granules are w h o l l y composed of these spheres (51, 75). H o w ­
ever, i t is more l i k e l y that they on ly represent D H D w h i c h appear i n 
electron micrographs as m u c h the smaller of two K H components (49). 

C o m p l e t e d fibrils f o r m a network that progressively accumulates 
amorphous K H , especial ly w h e r e fibrils intersect (44, 75, 81). Extens ive 
h is tochemica l a n d rad io labe l ing studies indicate that K H granules are 
r i c h i n h is t id ine , g lyc ine , a n d arginine (74, 75, 76, 77, 84, 87). H o o b e r 
a n d Bernste in (76) separated one S C fract ion that contained 4 2 % of 
the avai lable h i s t i d i n e - 3 H a n d 2 0 % of the g l y c i n e - 3 H ; their other frac­
t ion contained 1 4 % of the h i s t i d i n e - 3 H a n d 1 7 % of the g l y c i n e - 3 H . If 
the b u l k of the labe led h is t id ine a n d g lyc ine are der ived f rom the large 
K H granules, the more resistant g lyc ine - r i ch (76) f ract ion m a y represent 
the smaller amount of h i s t id ine - r i ch prote in needed to sheathe the tono-
filaments. T h e basophi l i c K H of l i ght microscopy is p r o b a b l y h is t id ine -
r i c h mater ia l manufac tured on free ribosomes (49, 76, 86); i t m a y be 
the fract ion w i t h 4 2 % of the h i s t i d i n e - 3 H . 

A f t e r deposits of chemica l ly refractory layers encase major s tructural 
elements, the f u l l y di f ferentiated ce l l is ready for lysis a n d restructuring, 
as descr ibed b y L a v k e r a n d M a t o l t s y (47). T h e h i s t id ine - r i ch K H is 
p r o b a b l y associated w i t h r ibonuc lear (49, 77) a n d endoplasmic r e t i c u l u m 
proteins d u r i n g lysis (47). A n o t h e r consequence of lysis is f ormat ion of 
disul f ide crosslinks in cyst ine -r i ch pro te in ; these are f o rmed after con­
format ional changes or enzymat i c cleavages that expose s u l f h y d r y l groups 
(68, 71). C l e a v e d a n d st icky K H ( F i g u r e 13) is p robab ly crossl inked 
i n the stratum l u c i d u m ( F i g u r e 7) i n the final stage of kerat in izat ion (75). 

T h e onset of di f ferentiation a n d its subsequent contro l is a t t r ibuted 
to inh ib i t o ry feedback b y v a r y i n g concentrations of ce l lu lar products or 
e p i d e r m a l chalone (30, 88). H o w e v e r , the specific means for in i t ia t ing 
ce l l lysis of desmosomes a n d interce l lu lar cement to accompl i sh desqua­
m a t i o n is unexp la ined , a l though it is k n o w n that n o r m a l cholesterol 
metabo l i sm is r e q u i r e d for proper separation (2, 62). 
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3. M E R S H O N Barrier Surfaces of Skin 61 

H y g r o s c o p i c Substance. Perhaps the most d ist inct ive a n d v i t a l l y 
important surface proper ty of S C is its capac i ty to absorb u p to six t imes 
its o w n we ight i n water (16, 89, 90). At tempts have been made to 
associate this property w i t h prote in surfaces (20, 91), p r o t e i n - l i p i d inter ­
faces (38, 63, 66), or w i t h l ip ids alone (66, 92). Recent ly , investigators 
have emphas ized the joint importance of l ip ids a n d proteins, or proteo­
g ly can complexes, i n hygroscopic properties (16, 66, 92). 

Analys is of l ip ids f rom various sk in layers shows that most phospho­
l ip ids are degraded d u r i n g ce l l lysis w h i l e other l ip ids are reta ined for 
reassembly (93). N o r m a l S C contains l ip ids that constitute 2 - 9 % of 
the d r y we ight (66, 94). T h e composi t ion of S C l ip ids was invest igated 
b y W h e a t l e y a n d F l e s c h (62, 63). T h e y washed poo led S C specimens 
w i t h petro leum ether a n d water to remove sebum a n d re lated l ip ids a n d 
then extracted l ip ids compos ing 6 .4% of this d r y residue. A f t e r extract ion 
w i t h ch loro fo rm:methano l (2 :1 b y v o l u m e ) , they separated 0 . 3 % fatty 
acids, 0 .4% neutra l l ip ids a n d 2 .5% proteol ip ids . S u c h proteo l ip ids con­
ta in fatty acids, sterols, sterol esters, phosphatides , hydrocarbons , waxes, 
a n d tr ig lycer ides , together w i t h amino acids a n d hexosamines (94 ) . 
F l e s c h a n d E s o d a (95) extracted u p to 2 . 5 % of an amorphous substance 
that me l ted at 5 5 ° C ; they reported i t as a g lycopro teo l ip id complex that 
includes proteins, chol ine , phosphorus, a n d hexosamine. W h e a t l e y also 
f ou n d cholestero l -hexosamine compounds (62). 

Swanbeck a n d Thyresson (96) account for the locat ion of the de­
scr ibed l ip ids , prote in residues, a n d other products of lysis as constituents 
of an 80 A thick coat ing around the 250-A fibrils (93). T h e i r x-ray d i f ­
f ract ion studies suggest that this noncrystal l ine coat ing is r a d i a l l y o r i ­
ented w i t h molecules a l igned perpend i cu lar to the fibrils ( F i g u r e 14) . 
D i f f rac t i on of ether extracts of their tissue p r o d u c e d repeats at 34 A 
( p a i r e d cholesterol mo lecu les ) , 47 A (a t t r ibuted to pairs of t r i g lycer ides ) , 
a n d 123 A (un ident i f i ed ) . X - r a y di f fract ion studies b y W i l k e s et al. (97) 
conf irm the r a d i a l or ientat ion a n d the presence of three di f fract ing l ip ids 
i n h u m a n S C . G o l d s m i t h a n d B a d e n (71) also reported a ch loro ­
f o r m : methano l soluble mater ia l that is or iented perpend i cu lar to the 
fibrils. 

L a v k e r a n d M a t o l t s y (47) report that E R prote in is f o rmed i n large 
amounts i n granular cells a n d is set free d u r i n g lysis to m i x w i t h dispersed 
K H between fibrils. T h e d i s t r ibut ion of E R prote in a n d its resistance to 
lysis is such that i t m a y be an intr ins ic b i m o d a l prote in , as descr ibed b y 
Co lac i c co (98). H e c laims that membrane proteins have short sequences 
of h y d r o p h i l i c amino acids a n d long h y d r o p h o b i c chains of a hel ix . H e 
shows h o w such proteins associate w i t h l ip ids to create aqueous inter ­
faces ( F i g u r e 1 4 C ) . V a n d e h e u v e l (99) has created models that d e m o n ­
strate the large w a t e r - b i n d i n g capaci ty of l i p i d - p r o t e i n interfaces ( F i g -
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62 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

ure 15) of proteol ip ids . H e also observes that a m p h i p h i l i c solvents, such 
as ch loro form:methano l , are needed to solvate concurrent ly the coexisting 
po lar a n d nonpolar regions of pro teo l ip id molecules. Therefore , the 
complexes reported b y W h e a t l e y et al. (94) a n d the b i m o d a l proteins of 
Co lac i c co (98) fit the m o d e l proposed b y V a n d e h e u v e l (99) a n d can be 
expected to have hygroscopic properties. 

If S w a n b e c k s 80 -A layer is assumed to represent most of the hygro ­
scopic substance, its w a t e r - b i n d i n g capac i ty m a y be attr ibuted to con ­
centr ic h y d r o p h i l i c interfaces ( F i g u r e s 14B a n d 15) . A m y e l i n - l i k e pack­
i n g w i t h the subst i tut ion of b i m o d a l E R prote in for the phosphol ip ids of 

AMIDE GROUP. « Q s APOLAR RESIOUE. ^ " V HYOROXYL GROUP. 

ANIONIC, CATIONIC RESIDUES IN PROTEIN 

Q · ® ' Ο · A N , 0 N , c . CATIONIC, HYOROXYL-GROUPS IN UPIDS 

( ^ ^ ) » WATER MOLECULE. φ , Η - B O N D . @ » © . ^g) » INORG. IONS 

Figure 15. Potential sites for binding of water molecules at interfaces 
of hydrated protein (HP) and lipids (L). Adapted from Ref. 99. 

Vandeheuvel ' s m o d e l is l ike ly w i t h po lar l ip ids a l igned as surfactants at 
the water interface. T h e reported proteo l ip ids a n d g lycoproteo l ip ids m a y 
be E R prote in w i t h l ip ids incorporated into the h y d r o p h o b i c por t ion that 
contacts the h y d r o c a r b o n chains of other po lar l ip ids . L i p i d s m a y be 
c o m b i n e d w i t h the prote in d u r i n g lysis. 

The Hygroscopic Barrier 

Properties. B l a n k (90) s tudied callus ( th i ckened S C ) f rom h u m a n 
soles b y v a r y i n g re lat ive h u m i d i t y a n d measur ing the para l l e l changes i n 
tissue weight . These studies associated the w a t e r - b i n d i n g capac i ty of 
callus w i t h mater ia l that can be extracted i n water i f the tissue is first 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
3



3. M E R S H O N Barrier Surfaces of Skin 63 
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Relationship between water content 
of human foot callus and relative 
humidity of the environment at 23° C 

Relationship after extracting callus -
with pyridine, then with water 

0 10 20 30 40 50 60 70 80 90 100 
RELATIVE HUMIDITY <%) 

Figure 16. Demonstration of hygroscopic properties of 
cornified tissue and loss of such properties after extrac­
tion with pyridine and water. Adapted from Refs. 90 

and 91. 

damaged w i t h an organic solvent such as p y r i d i n e ( F i g u r e 16) ( 91 ) . 
Buettner (100) subjected S C to 24-hr extraction i n water a n d obta ined 
20 to 3 0 % of the dry we ight as a l ight-refract ive , st icky, very hygroscopic 
residue. 

B lank ' s w o r k has been extended and conf irmed b y Scheuple in (20) 
( F i g u r e 17) a n d others (38, 89, 101). T h e later w o r k shows that ch loro ­
f o r m : methano l mixtures very effectively remove hygroscopic substance 
f rom S C (38, 94, 101). E x t r a c t e d S C dries r a p i d l y as i f i t were paper 
(16, 89). B l a n k (91) observed that water is the only substance that 
softens S C . T h e hygroscopic substance is the apparent receptor for the 
p las t i c i z ing water . 

_ _ _ , DES0RPTI0N OF HYDRATED STRATUM CORNEUM 

TIME IN MINUTES 

Figure 17. Desorption curves show rapid evaporation of surface water 
followed by progressively slower losses with longer duration of hydration. 
The drawings in the upper right hand corner illustrate stages in desorp­

tion. Adapted from Ref. 89. 
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64 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Surfaces . Scheuplein 's three different levels of res idua l water ( asso­
c iated w i t h 0.5, 5, a n d 25 hrs o f h y d r a t i o n i n F i g u r e 17) can be re lated , 
i n terms of F i g u r e 14, to the postulated concentr ic water interfaces. T h e 
outermost interface p robab ly absorbs a n d desorbs water r a p i d l y , perhaps 
to h o l d most of the water that is absorbed w i t h i n 0.5 hr . S i m i l a r l y , the 
l ip id—fibr i l water interface m a y h o l d the increment absorbed between 
0.5 a n d 5 hrs. T h e least accessible sites m a y be located w i t h i n the fibrils. 
A n o t h e r possible explanat ion is that s w e l l i n g of the 80 A coat ing m a y 
expose n e w h y d r o p h i l i c surfaces of E R prote in a n d l i p i d micel les . These 
sites m a y take u p water between 5 a n d 25 hrs. 

A n alternate or complementary explanat ion for different levels of 
water retention is offered b y Scheuple in ( F i g u r e 18) . H e cites evidence 
of different structures a n d properties i n water b o u n d at prote in interfaces 
as compared w i t h free water (89). H i s concept is that of S C fibrils a n d 
l i p i d matr ix arranged to f o rm cap i l l a ry channels that have water b o n d e d 
complete ly , par t ia l l y , or ind i re c t l y to prote in surfaces d e p e n d i n g on their 
spac ing (20, 69). T h i s concept does not read i ly exp la in the revers ib i l i ty 
of water retent ion at ambient temperatures ( F i g u r e 15 ) , but i t m a y 
expla in the observations of other workers ( F i g u r e 18 ). B a d e n a n d G o l d ­
smi th have a s imi lar s tructura l concept (71). 

Scheuplein 's H O H : H O H bonds p r o b a b l y correspond to free water . 
B u l g i n (102) f o u n d that di f ferential t h e r m a l analysis ( D T A ) y i e l d e d 
the same 103 ° C peak for S C of m a n or rat a n d also for wet sand (38). 
W a l k l e y (103) correlates this peak w i t h frozen free water ( w h i c h yie lds 
latent heat w h i l e me l t ing d u r i n g di f ferential scanning ca lor imetry ). H i s 
data show that 3 0 % of S C is b o u n d water that remains after evidence 

Water Bond Concept JDJ1SL. 
of Scheuplein: 
There are bonds of 
3 different strengths 
in tissue; water 
to water bonds 
are the weakest 

ÔCÎ! 

Bu 
D 

ulgin ^ / 
.T.A.s < T 

1 0 3 ° C 
differential J 
thermal 
analysi: 

Stronger bonds have 
one end of each Τ ^ H 
molecule attached ^^Ç) 
to protein. hK 

The strongest bonds Q - H 
link two protein ^ H 
surfaces with H 2 0 o v J L C J ^ J L 

sis; 

114°C 

endothermic peaks 
for rat stratum 
corneum heated at 
a constant rate. 

1 3 5 ° C 

Walkley 
D . S . C . : 
differential 
scanning 
calorimetry. 

0° C 

Deflection for 
frozen water 
in guinea pig 
footpad with 
0 . 3 3 gm H2O 
per 1 gm dry; 
not seen with 
< 0 . 2 9 gm H2O 
per gm dry wt 

- 0 . 1 8 
gm 
H2O 
per 
gin 

Figure 18. Co-presentation of postulated bonding concept, data on endo­
thermic transitions observed during DTA of skin, and evidence that water .water 
bonds are absent in skin containing less than 0.29 g water per g dry tissue. 

Adapted from Refs. 20, 38, and 103. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
3



3. M E R S H O N Barrier Surfaces of Skin 65 

of me l t ing ice is gone. H e cites s imi lar findings b y H a n s e n a n d Y e l l i n 
(104), w h o used N M R and I R to differentiate two b o u n d water fractions 
that have about s ixfo ld differences of molecu lar mobi l i t ies . 

Bulg in ' s data show loss of D T A peaks at 114° a n d 135°C i f S C is 
heated for 2 hrs at 100°C or extracted w i t h ch loro fo rm:methano l (2 :1 ) 
(103). R e h y d r a t i o n restores the 114°C peak of the heated S C , but the 
135°C peak is i rrevers ib ly lost. T h e reverse is true for extracted S C ; 
rehydrat ion restores the 135 ° C peak but not the 114°C peak. These 
results suggest association of the 114°C peak w i t h water i n l i p i d - r i c h 
hygroscopic substance; heat ing w o u l d dr ive off the water w i t h o u t destroy­
i n g the l ip ids . H o w e v e r , the l ip ids w o u l d be removed b y the chloro ­
f o r m : methanol . T h e 135 ° C peak m a y be associated w i t h water b o u n d 
b y prote in surfaces w h i c h resist ch loro form:methano l yet are denatured 
b y heat. Perhaps dehydrated prote in surfaces become b o n d e d together 
thereby e l iminat ing h y d r o p h i l i c sites. 

A l l this evidence supports identi f icat ion of the free water i n S C w i t h 
H O H : H O H bonds, the 103 ° C D T A peak, a n d W a l k l e y s freezable water 
( F i g u r e 18) . These data also suggest corre lat ion of the hygroscopic 
substance, the 114°C peak, a n d the more mob i l e of H a n s e n a n d Yel l in ' s 
b o u n d water fractions. T h e i r less m o b i l e f ract ion probab ly relates to the 
135°C peak a n d to prote in-water bond ing . Perhaps only one of Scheup­
lein's hypothet i ca l pro te in :water bonds exists w h e n S C is dehydrated 
d u r i n g D T A . 

P e r m e a b i l i t y . A s a dif fusion barr ier , S C is most effective w h e n dry , 
less effective w h e n h y d r a t e d , a n d s t i l l less effective w h e n treated w i t h 
solvents such as d imethylsul fox ide ( D M S O ) (16, 92). T h e h y d r a t i n g 
effect of increased relat ive h u m i d i t y , occ lusion, or immers ion can be 
v i sua l i zed as separation of hygroscopic a n d prote in elements to create 
dif fusion channels conta in ing free water (20, 69, 71). O b v i o u s l y , water 
a n d its solutes should be more mobi le i n free-water channels than i n 
b o u n d water . T h e degree of h y d r a t i o n also can be inf luenced ind i rec t ly 
b y organic solvents that h o l d water ( g ly co l , D M S O ) (18) or that m o d i f y 
surfaces (surfactants) (16, 18). 

T h e ul trastructural evidence of a l ternat ing h y d r o p h i l i c a n d h y d r o ­
phob i c regions is supported b y measurements of organic solvent par t i t i on ­
i n g ( F i g u r e 19) i n S C (16, 69, 105). Results w i t h d i lute a lcohol ic so lu­
tions show increasing permeat ion b y straight -chain alcohols i n para l l e l 
w i t h increasing carbon n u m b e r a n d l i p o p h i l i a (105). T h i s says that these 
alcohols tend to move f rom water into the l i p o p h i l i c elements of S C . T h e 
l o w water so lub i l i ty of the h igher alcohols ( C 7 " 1 0 ) reduces their aqueous 
concentrations a n d their fluxes ( F i g u r e 19) . Decreas ing permeat ion is 
observed w i t h u n d i l u t e d alcohols, of w h i c h m e t h y l a l coho l is most l i k e l y 
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66 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

a n d d e c y l a l coho l is least l i k e l y to leave homologous molecues to enter 
S C (105). These results suggest that S C presents l i p o p h i l i c surfaces to 
l i p o p h i l i c solvents a n d h y d r o p h i l i c surfaces to water a n d its solutes (16). 
H o w e v e r , S C l i p o p h i l i a is shown to be less than that of the h igher alco­
hols (105). 

T h e par t i t i on ing data (16, 105) a n d e m p i r i c a l results w i t h various 
solvents (18,106) suggest that l i p o p h i l i c solvents f o r m diffusion channels 
a m o n g l i p o i d a l elements of kerat in i n the same w a y that water forms 
h y d r o p h i l i c channels ( 15,16,105). I n terms of F i g u r e 14, it appears that 
h y d r o p h o b i c substances can diffuse through Swanbeck 's 80 -A layer . T h i s 
v i e w is i n accord w i t h observed properties of solvents that fac i l i tate di f ­
fus ion of drugs. S u c h solvents are l o w i n surface tension, d ie lectr ic 
constant, a n d me l t ing po int ; they are extracted b y ether f rom water and 
m i x w i t h other organic solvents (106). Some solvents (cresols, amines) 
react destruct ive ly w i t h S C (101, 106), a n d others dissolve or spl i t off 
moieties of the hygroscopic substance, thereby l o w e r i n g barr ier resistance 
(63,95,101,105). 

E x a m p l e s . Interactions between solvents a n d S C are shown i n 
F i g u r e 20 (106). T h e r a p i d a n d effective transfer of non ion ized scopola­
m i n e f r om chloro form into S C suggests that ce l l membranes a n d the 80-A 
coatings are saturated w i t h the nonpolar solvent to become diffusion 
channels for the drug . B o t h the base a n d the salt of scopolamine are 
absorbed into S C m u c h jnore s l owly f r o m water or N , N - d i m e t h y l f o r m a m -
i d e than f r om chloro form. These po lar solvents are u n l i k e l y to dissolve 
i n the 80 -A layer or to f o rm diffusion channels for the l ip id - so lub le 
scopolamine base. 

PENETRATION OF ALCOHOLS AND 
AQUEOUS SOLUTIONS OF ALCOHOLS 

THROUGH SHEETS OF EPIDERMIS 
Shaded area indicates estimated excess 

permeation following alcohol damage„ 

pure alcohol -
alcohol in aqueous solution 

J ι ι ι ι ι 
2 4 6 8 

CARBON NUMBERS OF ALCOHOLS 
10 

Figure 19. Comparison of permeation rates for pure 
alcohols and aqueous alcoholic solutions. Dotted lines 
indicate more rapid permeation of higher alcohols from 
dilute aqueous solution than from pure alcohol. Adapted 

from Ref. 105. 
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3. M E R S H O N Barrier Surfaces of Skin 67 

SOLVENT: WATER 
< 200 

100 
scopolamine hydrobromide 

200 
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scopolamine base 
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scopolamine base 

Figure 20. Rehtive contributions of diverse solvents to 
penetration of skin by ionized and nonionized forms of a 
mydriatic drug measured as changes in pupil diameters 

(106) 

T h e drugs i n water or Ν,Ν-dimethylformamide appear to enter S C 
b y par t i t i on ing accord ing to their relative solubi l i t ies . T h e i on i zed salt 
is more soluble than the base i n water ; therefore, the base moves out of 
water a n d enters S C more read i ly than the salt does. N , N - D i m e t h y l -
f o rmamide is less po lar than water. It therefore dissolves the base more 
read i ly than water , a n d the base moves less read i ly out of the solvent 
or into S C . 

B l a n k measured 20- to 50-fold increases i n water permeab i l i ty of 
corni f ied tissue after he extracted hygroscopic substance into a mixture 
of 8 % ethy l a lcohol a n d 9 2 % ether (90 ) . V i n s o n et al. measured sl ight 
water losses f rom the skin of guinea pigs washed w i t h p y r i d i n e , larger 
losses w i t h tetrahydrofuran washing , a n d m a r k e d losses w i t h chloro ­
f o r m : methano l (2 :1 ) app l i cat ion (101). These barr ier losses appear to 
para l l e l the effectiveness of the solvents i n disso lv ing proteo l ip ids , w h i c h 
are resistant to most solvents (63, 95). Tissues conta in ing ep i the l ia l 
cells are the most c o m m o n sources of proteol ip ids ( 39 ) . 

T h e nature of solvent damage to S C is c lari f ied b y Buettner (100). 
H e removed 5 % of S C as amino acids, i n c l u d i n g hist id ine , d u r i n g 5 m i n 
of extraction i n water . A f ter 24 hrs of soaking a n d water extraction, he 
obta ined hygroscopic substance const i tut ing u p to 3 0 % of S C . H i s extrac­
t ion of the hygroscopic substance i n water d i d not affect x-ray di f fraction 
patterns of S C a l though its resistance to water vapor penetrat ion was 
drast i ca l ly reduced . Soaking S C i n ether or e thy l a l coho l d i d destroy 
x-ray di f fract ion patterns w i t h o u t affecting barr ier properties. It n o w 
appears that the amino acids d ia lyze read i ly f rom free water d i s t r ibuted 
between the coated fibrils. Replacement of the hygroscopic substance b y 
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free water p r o b a b l y explains the observed loss of vapor -barr ier resistance 
a n d the retent ion of spat ia l relat ionships after extraction w i t h water . 
L e a c h i n g of ether, or e t h y l alcohol -soluble l ip ids , p r o b a b l y results i n 
disorder of the 80 -A coat ing. Spat ia l dislocations of its elements a n d of 
the interposed fibrils shou ld destroy x-ray di f fract ion patterns. H o w e v e r , 
the residues w o u l d r e m a i n l i p o p h i l i c a n d resistant to water vapor . 

Summary 

Stratum corneum is composed of phys i ca l ly a n d chemica l ly trans­
f o r m e d cells that are l ocked into interd ig i tat ing sheets b y desmosomes a n d 
interce l lu lar cement. Re in for ced ce l l membranes constitute most of the 
exterior surface of sk in . Less than 1% of the surface is o c cup ied b y 
microscop ic spaces between membranes a n d b y the gross openings of 
sweat ducts a n d hair fol l ic les . These spaces a n d openings m a y admit 
various substances more read i ly than do the S C cells. T h e less permeable 
membranes of S C cells enclose a mixture of complex surface-active pro ­
teins a n d l ip ids that f o rm concentric h y d r o p h i l i c interfaces about the 
closely p i c k e d fibrous elements. These hygroscopic interfaces revers ib ly 
exchange water w i t h cells a n d ambient water sources; this water acts as 
a p last ic izer of the fibrous mass. These surfaces phys i ca l l y attract water 
w i t h the result that they re tard dif fusion of water a n d h y d r o p h i l i c sub­
stances. L i p o p h i l i c substances tend to dissolve i n a n d diffuse through 
the p r o t e o l i p i d - l i p i d combinat ions i n ce l l envelopes a n d hygroscopic 
coatings. T h e various dif fusion barriers are either products of c e l l differ­
ent iat ion or modif ications of n o r m a l structures that are transformed 
d u r i n g lysis of granular cells. 
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A Physicochemical Approach to the 
Characterization of Stratum Corneum 

RICHARD H. WILDNAUER, DAVID L. MILLER, and 
WILLIAM T. HUMPHRIES 

Department of Skin Biology, Johnson & Johnson Research, 
New Brunswick, N. J. 08903 

Stratum corneum is the principal diffusion barrier of the 
skin to molecules and is also a protective surface against 
mechanical insults; their function depends on morphologi­
cal and macromolecular organization of the membrane. 
Its physical behavior is a two-phase system of oriented, 
amorphous, and crystalline regions, principally fibrous pro­
teins associated with lipids. Thermally induced viscoelastic, 
dimensional, enthalpic, spectral, and diffusional changes 
occurring at 30°-50°C and 190°-220°C suggest transforma­
tions in both amorphous and crystalline regions, respectively. 
The magnitude and temperature of these transitions depend 
on moisture content, solvent exposure, chemical crosslinking, 
and degree of orientation. The fundamental and empirical 
parameters derived from the physical characterization meth­
ods discussed here aid in understanding the influence of 
physical and chemical factors on stratum corneum properties. 

S k i n , the most expansive h u m a n organ, envelops the entire surface of 
^ the body such that its ep i the l ium is continuous w i t h the ep i the l ia 
of the external orifices of the digestive, sweat, sebaceous, respiratory, a n d 
ur inogenic systems. A s a result of its anatomica l locat ion, the sk in func ­
tions as the p h y s i c a l interface between the b o d y tissues a n d the env iron­
ment. T h e phys io log i ca l functions of the sk in are protect ion, containment, 
a n d thermoregulat ion . 

T h e sk in is two discrete tissue layers, bo th po lymer i c but di f fer ing 
i n prote in composit ion, morphology , a n d thickness (1, 2) ( F i g u r e 1 ) . 
E p i d e r m i s , the outer layer, is ce l lu lar a n d is composed p r i m a r i l y of the 
intrace l lu lar fibrous prote in kerat in associated w i t h l ip ids . I n contrast, 
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4. wiLDNAUER E T A L . Characterization of Stratum Corneum 75 

"Comparative Anatomy of the Vertebrates" 

Figure 1. Diagramatic transverse section of full thickness human skin (2) 

the dermis , or inner layer is an order of magni tude thicker , p r i n c i p a l l y 
acel lular , a n d composed of extracel lular proteins such as col lagen a n d 
elastin complexed w i t h mucopolysaccharides . T h e dermis also contains 
the vascular system a n d nerve endings as w e l l as prote in-synthesiz ing 
cells. It is the p r i n c i p a l l oad-bear ing tissue of the skin . Phys i cochemica l 
character izat ion of the po lymer i c nature of dermis has been studied 
extensively a n d w i l l not be considered i n this w o r k (3, 4, 5). F e w sys­
tematic studies have been made to characterize thoroughly the epidermis 
i n terms of its funct ional ly re lated phys i ca l a n d c h e m i c a l properties 
(6-15). T h i s f o rm of character izat ion is the topic of this discussion. 

S t ratum corneum, the outermost layer of m a m m a l i a n epidermis , func ­
tions phys io log i ca l ly as the p r i n c i p a l dif fusion barr ier to molecules pene­
trat ing the sk in a n d as a protect ive phys i ca l barr ier to mechan i ca l insults 
at the skin surface. D a t a suggest that these functions are cr i t i ca l ly 
dependent on the specific morpho log i ca l a n d macromolecular organiza­
t i on of the membrane mosaic (16, 17, 18, 19, 20). T h u s , alterations of 
b i op h y s i c a l properties arise f r om environmenta l factors act ing d i rec t ly 
on the membrane or u p o n the kerat in izat ion process, a n d they affect 
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76 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

signif icantly b i o l og i ca l per formance (21). S i m i l a r l y , the smoothness a n d 
flexibility of s tratum corneum are important to cosmetic aspects. It is 
thus reasonable that certa in requirements of s tratum corneum strength 
a n d elastic ity are essential properties to m a i n t a i n a contiguous membrane 
a n d to permi t adequate phys io l og i ca l funct ion . 

P r a c t i c a l a n d fundamenta l in format ion come f rom studies of the 
p h y s i c a l a n d chemica l properties of isolated samples of stratum corneum. 
F i r s t , the gross manifestations of m a n y sk in disorders are altered p h y s i c a l 
properties of the corneum such as c rack ing , scal ing, roughness, inf lexi ­
b i l i t y , a n d increased permeabi l i ty . Studies can separate factors w h i c h 
influence kerat in izat ion f r om those w h i c h affect the membrane direct ly . 
Second, the q u a l i t y of s tratum corneum is an indicator of e p i d e r m a l func ­
t ion , since the stratum corneum is the final di f ferentiated product of 
epidermopoesis . T h e composi t ion a n d structural organizat ion of the 
kerat in i zed stratum corneum cells conta in the inscr ibed history of their 
b i o l og i ca l f ormat ion a n d are a potent ia l source of prac t i ca l c l i n i c a l infor ­
mat ion . Recogni t i on of the c l i n i c a l impl icat ions of p h y s i c a l a n d chemica l 
studies of s tratum corneum to dermatology was pioneered b y K l i g m a n 
(17). 

T h e p h y s i c a l properties affecting phys io log i ca l funct ion are p r i n ­
c i p a l l y de termined at the macromolecular leve l b y the three-d imensional 
network structure of component l ong-cha in po lymer i c molecules com-
plexed w i t h smal l molecules such as l ip ids a n d polysaccharides . These 
network structures are best character ized b y phys i cochemica l measure­
ments of isolated stratum corneum to establish a profile of parameters 
re lat ing structure a n d properties to functions. 

Charac te r i za t i on of the kerat in i zed cells b y c lassical h is to log ica l a n d 
b i o c h e m i c a l approaches has been diff icult because of the intractable 
nature of the tissue. Yet i t is precisely these properties of mechan i ca l 
strength, inso lub i l i ty , macromolecular character, a n d lack of metabol i c 
ac t iv i ty a long w i t h its ease of iso lat ion w h i c h makes stratum corneum 
amenable to analysis b y p h y s i c a l methods. T h e extreme complex i ty of 
composi t ion , molecular structure, a n d organizat ion of stratum corneum 
make interpretat ion of these macroscopic properties i n terms of molec ­
u lar structure a n d events dependent heav i ly on analogous studies of 
m o d e l synthetic po lymer systems a n d the more thoroughly character ized , 
kerat in - conta in ing woo l . 

Sample 'Preparation 

S t r a t u m corneum used i n these studies was isolated f r om h u m a n , 
n e w b o r n rat, cal lus , a n d guinea p i g foot p a d . T h e methods of i so lat ing 
the various tissues have been discussed elsewhere (10,11). E v e n though 
the various corneum tissues differ somewhat i n morpho logy a n d chem-
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 77 

"Epidermal Wound Healing" 

Figure 2. Dilute ΉaOH-swollen transverse section of mouse ear epidermis 
illustrating the morphological organization of the corneum (22) 

istry, p h y s i c a l character izat ion data obta ined on one tissue can often 
be extrapolated to the others. Signif icant differences i n p h y s i c a l or c h e m ­
i c a l behavior among the various corneum tissues s tudied w i l l be noted 
where they occur. Solvent-extracted samples were prepared b y immers ing 
d r y corneum samples i n the specif ied solvent for 90 m i n unless otherwise 
stated. Samples were not tested u n t i l at least 48 hrs f o l l o w i n g extraction 
to a l l o w for evaporat ion of res idua l solvent. Samples w e r e prestretched 
b y m o u n t i n g d r y strips of corneum i n a stretching device a n d submerg ing 
the entire apparatus i n water for 1 hr . T h e strips were then stretched b y 
m a n u a l adjustment of the device to the r e q u i r e d extension a n d a l l o w e d 
to d r y pr i o r to testing. H y d r a t i o n increased sample length b y 4 - 8 % , 
a n d this is taken into considerat ion w h e n ca l cu la t ing strain (18). 

T h e d r y we ight used to calculate the extent of sorbed water ( w t % ) 
is based on the sample we ight at 110°C i n an atmosphere of d r y air (less 
than 10 p p m H 2 0 ) . Des i c ca ted samples refer to corneum stored over 
c a l c i u m sulphate at room temperature a n d conta in ing approx imate ly 
5 w t % H o O . 

Morphology and Biology 

Stra tum corneum is a m u l t i c e l l u l a r membrane of acutely-f lattened, 
metabo l i ca l ly - inact ive cells stacked i n ver t i ca l co lumns (22). T h i s strat i ­
fied morpho log i ca l organizat ion is demonstrated i n a freshly f rozen trans­
verse section of epidermis ( F i g u r e 2) where the swe l l ing aids the 
visua l i zat ion . T h e morpho log i ca l architecture is such that the cells i n 
one c o l u m n interdig i tate w i t h those i n adjacent co lumns to f o rm a con-
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t iguous a n d coherent membrane . T h e compactness of this ce l lu lar ar ­
rangement is s h o w n i n a di f ferential interference m i c r o g r a p h ( F i g u r e 3 ). 
O n general b o d y areas, the m e m b r a n e is composed of 10-15 stacked cells 
a n d is about 10/x th i ck w h e n dry . C a l l u s areas of the hands a n d feet are 
a typ i ca l , be ing considerably thicker (~200μ) w i t h m u c h less regular 
stacking. I n m a n y of the scal ing diseases, a th i ckened corneum w i t h a 
poor ce l l -s tacking pattern is observed c l in i ca l l y (16). 

T h e stratum corneum is dynamic . T h e cells at the surface are con­
t i n u a l l y lost through desquamat ion ( interce l lu lar fracture of sma l l ce l l 
aggregates) a n d rep laced b y dif ferentiated e p i d e r m a l cells, m a i n t a i n i n g 
a reasonably constant n u m b e r of c e l l layers. S t ra tum corneum cells are 
the final di f ferentiated product of the kerat in izat ion process w h i c h is 
in i t ia ted b y mito t i c d iv is ions of cells located i n the germinat ive basal 
layer. F o l l o w i n g d iv i s i on , one of the daughter cells begins to differentiate 
a n d joins the stream of v iab le cells proceeding to the surface of the skin . 
D u r i n g this transit to the sk in surface, a n u m b e r of important b i o chemica l 
a n d b i ophys i ca l events occur w h i c h result i n the dense, acutely flattened 
co rneum cells (24, 25). I n the early stages of this transit f rom basal layer 
to the stratum corneum ( last ing 14 d a y s ) , the major metabo l i c act iv i ty 
is the synthesis of fibrous prote in . I n the upper layers of the epidermis , 
the cells g radua l ly dehydrate , lose metabol i c act iv i ty , a n d flatten along 
the p lane para l l e l to the sk in surface result ing i n a b i a x i a l or ientat ion of 

Figure 3. Interference micrograph of human stratum corneum surface (23) 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 79 

the fibrous proteins (26). T h e po lygona l ( p r i n c i p a l l y hexagonal ) shaped 
cells vary i n size w i t h b o d y locat ion rang ing f rom a d iameter of 34μ on 
the forehead a n d hands to 46> on the t h i g h ax i l la (27). T h e cells are 
general ly about 0.8/x th i ck w h e n dry . 

I n spite of the fact that stratum corneum cells are metabo l i ca l ly 
inert , changes i n kerat in structure a n d organizat ion occur as each ce l l 
transits through the stratum corneum pr i o r to desquamat ion (28). T h i s 
suggests some asymmetry i n phys i ca l a n d c h e m i c a l properties t h r o u g h 
the thickness of the corneum. O n e demonstrat ion of this is the swe l l ing 
of fresh frozen transverse sections of corneum i n d i lute a c i d or base. T h e 
most mature surface cells swe l l cons iderably more s lowly a n d to a lesser 
extent than the l ower layers of the corneum (18). S u c h asymmetry is of 
par t i cu lar importance i n s tudy ing the dif fusion a n d mechan i ca l properties 
of this membrane . 

Chemistry and Supramolecular Structure 

T h e deta i led chemistry of the s tratum corneum is c ompl i ca ted b y 
the membrane's composi t ion , format ion , a n d structure. Some gross chem­
i c a l characterizations have determined the p r i m a r y chemica l components 
of the tissue w h i c h are shown i n T a b l e I ( 29 ) . T h e tissue is p r i m a r i l y 
ce l lu lar w i t h approx imate ly 1 0 % extracel lular components w h i c h are 
l i p i d a n d mucopolysaccharides . T h e b u l k of the tissue is densely p a c k e d 
intrace l lu lar fibrous pro te in associated w i t h l ip ids , resu l t ing i n a d r y 
general b o d y corneum density of 1.35-1.40 g m / c m 3 as determined b y a 
gas d isplacement technique (30). 

Table I . Composition of Stratum Corneum (27) 

% of Stratum 
Tissue Component Chemical Composition Corneum 

C e l l membrane l i p i d , prote in 5 
Interce l lu lar l i p i d , prote in , a n d 

mucopolysaccharides 10 
Intrace l lu lar l i p i d , 2 0 % 

fibrous prote in , 7 0 % 
non-fibrous prote in , 1 0 % 85 

E l e c t r o n microscopic studies further substantiate the presence of 
h igh ly -o rdered macromolecu lar structures w i t h the corneum cells (24, 
31). T h e fibrous kerat in structure has been descr ibed as low-densi ty 
filaments, l o w i n sul fur but e m be dde d i n a dense su l fur - r i ch amorphous 
interfi lamentous matr ix . T h e kerat in fibrils organize into l ip id - covered 
bundles pre ferent ia l ly or iented i n the l o n g i t u d i n a l p lane of the acutely 
flattened ce l l (16). These filaments terminate at the per iphery of the ce l l 
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Biochimica et Biophysica Acta 

Figure 4. Wide angle x-ray diffrac­
tion patterns of newborn rat stratum 
corneum with beam normal and par­
allel (edge) to the corneum plane (13) N O R M A L EDGE 

adjacent to desmosomes, the spec ia l ized interce l lu lar attachment plaques 
(32). I n a d d i t i o n to the desmosomes, mucopolysaccharides f o rm the 
g r o u n d substance that fills the interce l lu lar spaces a n d aids i n interce l lu lar 
cohesion (33). 

A hypothet i ca l m o d e l for the molecu lar organizat ion of the fibril 
u n i t of kerat in w i t h l ip ids consists of prote in cy l inders , surrounded b y a 
l i p i d layer, w i t h the l i p i d chains arranged r a d i a l l y on the prote in cy l inder . 
Suppor t for this m o d e l comes f rom w i d e - a n d small -angle x-ray di f fract ion 
studies (13, 19, 34) as w e l l as smal l -angle l ight-scatter ing studies (35). 
T h e relat ive contr ibut ion of this complex to stratum corneum properties 
a n d functions is not w e l l understood. These l ip ids are present i n the 
lower ep idermal cells associated w i t h 1000g prec ipi tate of homogenized 
epidermis (36). These findings suggest an early association of l ip ids 
w i t h the pro te in filaments w h i c h m a y have a role i n determin ing their 
final organizat ion . Swanbeck has suggested on the basis of x-ray dif frac­
t i on studies that one of the defects i n the dermato log ica l condit ions of 
psoriasis a n d ichthyosis is re lated to the lack of proper l i p i d - p r o t e i n 
filament complex format ion (37). 

F i g u r e 4 shows the w i d e angle x-ray di f fract ion pattern for n e w b o r n 
rat s tratum corneum w i t h the beam n o r m a l a n d para l l e l to the p lane of 
the f lattened corneum ce l l . T h e pattern shows two sharp reflections 
of l i p i d o r ig in at 4.2 A a n d 3.7 A a n d two diffuse halos at 4.6 A a n d 
9.8 A attr ibutable to prote in . T h e intensity of the a z i m u t h a l reflections 
suggests that the l ip ids are associated w i t h the proteins w h i c h are or iented 
p a r a l l e l to the l o n g axis of the flattened ce l l . T h e reflections are not 
present i n samples w h i c h have been extracted w i t h c h l o r o f o r m - m e t h a n o l 
( 3 / 1 b y v o l u m e ) or after l ong exposure to ether. X - r a y di f fract ion pat ­
terns of corneum specimens at various temperatures demonstrate the 
thermal s tabi l i ty of these l i p i d components (13). T w o mel t temperatures 
are observed b y the disappearance of the 3.7-A spac ing at 40 ° C a n d the 
4.2-A one at about 70 ° C . U p o n coo l ing the heated n e w b o r n rat corneum 
samples to room temperature , bo th reflections reappear. T h e recrysta l l i za -
t i on process was not moisture-dependent . 

T h e r e also appears to be some var ia t i on i n the revers ib i l i ty of the 
melts, n u m b e r of reflections, a n d their intensity a m o n g the various types 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 81 

of corneum tissues. F o r example, h u m a n corneum exhib i ted reflections 
at 3.7,4.2, a n d 4.6 A , of w h i c h that at 3.7 A d i d not re turn w h e n the sample 
was heated a n d cooled back to r oom temperature. D i f f rac t i on patterns 
f r om psor iat ic scales a n d h u m a n cal lus exhibi t weak l i p i d reflections w h i l e 
h u m a n h a i r exhibits no l i p i d reflections (38). 

T h e 4.2-A spacings of other l i p id - conta in ing membrane structures 
are interpreted as the average intercha in separation i n direct ions per ­
pend i cu lar to the l ong axis of the hydrocarbon por t i on of the molecules 
(39). T h i s explains the independence of this spac ing f r o m the length 
of the cha in a n d the nature of the po lar group. 

Lipid Characterization. T h e l i p i d extracts of rat s tratum corneum 
recovered f r om solvents of v a r y i n g polarit ies have been character ized 
further b y di f ferential scanning ca lor imetry ( D S C ) a n d shown to d i sp lay 
two major me l t ing endotherms: 3 7 ° - 4 0 ° C a n d 5 8 ° - 6 2 ° C ( F i g u r e 5 ) . 
T h e fact that the melts of the intact corneum determined b y x-ray d i f ­
f ract ion are bo th somewhat h igher i n temperature than the D S C melts 
of the extract suggests a d d i t i o n a l specific interact ion of the l i p i d mole ­
cules w i t h membrane proteins. T h e extracts are qui te w a x y l ook ing a n d 
are composed of a complex mixture of esters of l ong -cha in , water -
inso luble alcohols a n d h igher fatty acids (40, 41). 

Ο 
x 
w 

(A) 

•(B) 

LU 
Ο 2 0 4 0 6 0 8 0 

T E M P E R A T U R E (°C ) 
100 120 

Figure 5. DSC analysis of ether extract from A: 
newborn rat stratum corneum and B: human hair 

(Ng atm). Data from Ref. 18. 
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T h e l i p i d extract f r o m w o o l or ha i r exhibits on ly one m e l t i n g endo-
therm at 3 5 ° - 4 0 ° C ( F i g u r e 5 ) a n d is composed of about 9 0 % esters of 
long-chain acids a n d alcohols w i t h 1 0 % free acids a n d alcohols. T h e 
a c i d f ract ion of this hydrolysate contains p r i n c i p a l l y b ranched cha in a n d 
h y d r o x y acids me l t ing at 4 0 ° - 4 5 ° C . T h e l ong -cha in alcohol ic f ract ion 
melts at 5 5 ° - 6 5 ° C (40). I R a n d D S C data of the extracts f r o m hair 
a n d corneum indicate that corneum contains considerably more free 
alcohols than w o o l or ha i r (42). 

Keratin Structure and Orientation. A c u t e flattening of the fibrous 
prote in- f i l led cells i n the final stages of kerat in izat ion establishes a 
b i a x i a l or ientat ion. A s w o u l d be expected, no birefr igence is observed 
n o r m a l to the plane of the corneum surface, b u t significant b ire fr igence 
is observed p a r a l l e l to the plane of the corneum surface ( I , 42). T h e 
x-ray di f fract ion pattern of this iso lated e p i d e r m a l prote in , w h e n h igh ly 
d r a w n , exhibits the c lassical a lpha pattern (7, 43). 

T h e w i d e angle x -ray di f fraction pattern of unde formed corneum 
exhibits diffuse halos at 4.6 A a n d 9.8 A c o m m o n to proteins ( F i g u r e 4 ). 
T h e lack of the 5.1-A reflection characterist ic of a lpha-kerat in structures 
i n unde fo rmed corneum suggests that the prote in is considerably less 
or iented a n d perhaps of a lower a l p h a content than woo l . T h i s is sup­
por ted b y the fact that the 5.1-A reflection begins to appear i n samples 
of corneum w h i c h were h y d r a t e d a n d stretched to 1 0 0 % or more ( F i g u r e 
6) a n d a l l o w e d to d r y i n the extended state. T h e increased orientation 
of the l i p i d reflections i n the stretched sample demonstrates further their 
association w i t h the or ient ing prote in fibrils. 

A d d i t i o n a l evidence for the presence of a lpha -he l i ca l fibrous prote in 
i n s tratum corneum is p r o v i d e d b y I R d i chro i sm studies (42). T h e 
transmission I R of n e w b o r n rat corneum ( F i g u r e 7 ) is diffuse because 
of a large var iety of s ide -chain bands, but i t is character ist ical ly prote in . 

Critical Reviews in Bioengineering 

Figure 6. Wide angle x-ray dif­
fraction pattern of newborn rat stra­
tum corneum stretched to various 
elongations while hydrated and al­
lowed to dry in extended state (nor­

mal to plane of membrane) (6) 
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4. wiLDNAUER E T A L . Characterization of Stratum Corneum 83 

' — 1 I I > < I I I 

4000 3500 3000 2500 1800 1600 1400 
FREQUENCY (CM"1 ) 

Figure 7. IR transmission spectrum of newborn rat stratum corneum (10μ 
thick). Data from Ref. 18. 

T h e or iented fibrous prote in i n samples extended to greater than 1 0 0 % 
strain is predominate ly i n the a lpha-he l i ca l f o rm evidenced b y the d i -
chro i sm of the amide I b a n d at 1658 c m " 1 a n d of the amide I I b a n d at 
1550" 1 c m rather than the beta configuration w h i c h w o u l d show d i chro i sm 
at 1640 a n d 1525 cm" 1 . I n prestretched samples v a r y i n g f r om 0 to 2 0 0 % , 
the amide I b a n d was most pronounced w h e n the po lymer stretch or ienta­
t ion was para l l e l to the e lectr ica l vector of the rad iat ion , but the amide I I 
b a n d was greatest w h e n the po lymer stretch or ientat ion was p e r p e n d i c u ­
lar to the electr ical vector. T h i s behavior has been shown for m o d e l 
po lypept ides i n the a l p h a form. E v e n i n h i g h l y stretched samples 
( ~ 2 0 0 % ) there was no shift i n absorpt ion bands characterist ic of the 
beta configuration ( 44 ) . T h e lack of any significant alpha-to-beta con­
version as a result of stretching h y d r a t e d samples to 2 0 0 % extension was 
also conf irmed b y w i d e angle x-ray di f fraction (6). 

Thermal Decomposition Studies. Recent ly thermogravimetr ic analy ­
sis ( T G A ) has been used to characterize b lock a n d r a n d o m copolymers of 
a lpha-amino acids a n d to determine some qual i tat ive in format ion about 
the c h e m i c a l composi t ion a n d crossl ink density of pro te in systems (45, 
46). T h e thermal degradat ion curves of b lock copolymers d isp lay d is ­
t inct degradat ion temperature ranges w h i l e the r a n d o m copolymers 
exh ib i ted a b r o a d degradat ion temperature reg ion w h i c h is between 
those of the two homopolymers . T h e t h e r m a l decomposi t ion curve for 
stratum corneum (n i trogen atmosphere) ( F i g u r e 8 ) suggests a r a n d o m 
copo lymer system. T h e m a x i m u m decomposi t ion temperature of 375°C 
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is m i d w a y between that of po ly ( L - v a l i n e ) at 405 ° C a n d p o l y ^ - p h e n y l ­
a lan ine ) at 355°C (45 ) . 

T h e r m a l decomposi t ion of proteins i n air has been shown to occur 
b y a n oxidat ive mechan ism i n two successive stages. T h e first reaches 
its m a x i m a l rate at about 320 ° C a n d results i n the p a r t i a l c leavage of 
pept ide bonds w i t h the format ion of pept ide fragments of l o w molecular 
w e i g h t (46, 47 ) . T h e second major decomposi t ion temperature depends 
on the degree of c h e m i c a l cross l inking i n the r e m a i n i n g fragments a n d 
varies f r om 500° to over 650°C for h i g h l y cross l inked fragments. 

T h e decomposit ion of s t ratum corneum i n air is considerably more 
complex than i n ni trogen ( F i g u r e 9 ) . A s expected for a cross l inked 
po lymer , about 5 0 % of the corneum prote in decomposed at 320°C , a n d 
the h i g h l y cross l inked fragments decomposed at 600°C. Several other 
peaks are re lated to the decomposi t ion of c h e m i c a l components such as 

200 4 0 0 6 0 0 
T E M P E R A T U R E (°C ) 

Figure 8. TGA of desiccated newborn rat stratum corneum in nitrogen (—5% 
water content, 50°C/min heating rate). Data from Ref. 18. 
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4. wiLDNAUER E T A L . Characterization of Stratum Corneum 85 

2 0 0 4 0 0 6 0 0 
T E M P E R A T U R E (°C) 

Figure 9. TGA of newborn rat stratum corneum in air (^5% water content, 
50°C/min heating rate). Data from Ref. 18. 

glycosaminoglycans w h i c h decompose i n the 240° to 270°C range ( 48 ) . 
I n the t h e r m a l degradat ion of w o o l , a m m o n i a is lost at about 180°C, a n d 
the su l fur -conta in ing amino acids decompose at 240°C (49, 50). N o 
attempt was made i n these studies to analyze the various decomposi t ion 
products . 

Sorption of Water in Newborn Rat Stratum Corneum. T h e phys ­
i c a l properties of po lymer i c materials are m a r k e d l y dependent on the 
interact ion of the cha in network w i t h l o w molecular we ight compounds 
( plast ic izers ). S i m i l a r l y , s tratum corneum interactions w i t h water s ig -
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86 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

nif icant ly m o d i f y its m e c h a n i c a l a n d dif fusion barr ier properties. M e a n ­
i n g f u l interpretat ion of the influence of water on p h y s i c a l properties 
requires quantitat ive character izat ion of bo th e q u i l i b r i u m a n d k inet i c 
aspects of the w a t e r - c o r n e u m system. T h e apparent e q u i l i b r i u m p r o p ­
erties of the system m a y be constructed f rom a sorpt ion i sotherm of 
regain data as a funct ion of re lat ive h u m i d i t y ( R H ) . T h e isotherm for 
n e w b o r n rat stratum corneum at 25 ° C is shown i n F i g u r e 10. F o r c o m ­
par ison the isotherms of some other prote in a n d protein-re lated p o l y m e r -
water systems are i n c l u d e d . A characterist ic s i g m o i d a l shape, ind i ca t ive 
of sorpt ion at specific sites at l o w relat ive humid i t i es f o l l o w e d b y m u l t i ­
layer b u i l d u p of water molecules at h igher humid i t i e s , is c o m m o n to a l l 
of the isotherms (51). 

Proteins sorb water molecules at l o w re lat ive humid i t i es through 
interactions at h y d r o p h i l i c sites associated w i t h the polar pept ide b o n d 
a n d various po lar side chains. A correlat ion of the polar amino ac id 
content a n d ab i l i ty to sorb water has been demonstrated for a series of 
soluble proteins b y B u l l (52). H o w e v e r , the influence of p r o t e i n - p r o t e i n 
interactions on the ava i l ab i l i t y of part i cu lar po lar groups complicates 
s imi lar relationships for inso luble proteins such as kerat in . 

T a b l e I I lists the po lar amino a c i d content of four p o l y a m i d e mate­
rials a long w i t h their corresponding water regains at 5 0 % R H . These 
data suggest that inso luble proteins w i t h po lar side chains b i n d more 
water than those w i t h o u t (53, 54). H o w e v e r , the w i d e range of water 

RELATIVE HUMIDITY (%>) 

Figure 10. Water vapor adsorption isotherms as a function of % RH for A, 
collagen; B, RSC; C, silk; D, nylon. Data from Refs. 18, 51, and 62. 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 87 

Table I I . Comparison of Water Content of Polyamides and 
Proteins with Polar Side Chain Content 

Substrate 

Polar Group 
X 10s 

moles Ref. 
g H20/g Dry 

Tissue at 50% RH Ref. 

S t r a t u m corneum 
Col lagen 

4.4 
4.0 
3.6 
0 

50 
51 
51 

0.15 
0.179 
0.074 
0.031 

26 
48 
48 
48 

S i l k 
N y l o n 

regains for quite s imi lar po lar amino ac id contents indicates that the 
other factors ment ioned above m a y be i n v o l v e d i n de termin ing the 
e q u i l i b r i u m water uptake. These factors relate to the p h y s i c a l aspects of 
the system such as backbone c h a i n flexibility a n d crossl ink density ( 55 ) . 

I n spite of the composite nature of the stratum corneum, its water 
sorpt ion isotherm is qua l i ta t ive ly ident i ca l to those of the more s imple 
prote in systems shown, suggesting that water interacts predominate ly 
w i t h the prote in components of the corneum. T h i s conclus ion is sup­
ported further b y the results of c h l o r o f o r m - m e t h a n o l ( 3 / 1 b y v o l u m e ) 
extraction w h i c h removed as m u c h as 2 5 % of the o r ig ina l d r y we ight 
( l ip ids a n d l o w molecular we ight water-soluble components ) but d i d not 
quant i tat ive ly alter the isotherm i n the l o w re lat ive humid i t i es (18). 
T h e app l i ca t i on of the Z i m m - L u n d b e r g cluster theory (56, 57) to the 
isotherm yields a d d i t i o n a l in format ion as to the state of the sorbed 
water i n the corneum. T h e tendency of water to cluster is expressed i n 
this theory b y the cluster funct ion C i G n : 

where φι is the vo lume fract ion of water i n the po lymer a n d a\ is the 
ac t iv i ty of the water . Va lues of C i G n greater than —1 ind icate the 
tendency of the water to prefer self association. F i g u r e 11 shows the 
dependency of the cluster funct ion on re lat ive h u m i d i t y for n e w b o r n 
rat stratum corneum at 25°C . A dramat i c increase i n c luster ing tendency 
of water occurs over the range 4 0 - 6 0 % R H . A s a consequence of this 
transit ion, water sorbed at l o w relat ive humidi t ies is p r o b a b l y associated 
at iso lated sites i n the corneum whereas at h i g h relat ive humid i t i es a 
cooperative effect i n the sorpt ion is observed. T h e presence of more 
h i g h l y c lustered water correlates h i g h l y w i t h a r a p i d decrease i n the ten­
sile modulus of the corneum w i t h increasing relat ive h u m i d i t y ( see F i g u r e 
18) . F r o m this correlat ion, water clusters are shown to be more efficient 
p la^t i c i z ing agents than the i n d i v i d u a l molecular species. O n the other 

C i G u = (1—Φι) (d In 0 i / d In m) - 1 
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88 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

-1 

0 20 40 60 80 100 

RELATIVE HUMIDITY %> 

Figure 11. Dependence of the water clus­
ter function, C1G11, on relative humidity 
(newborn rat stratum corneum, 25°C). Data 

from Ref. 57. 

h a n d , b o t h the c luster ing a n d the modulus effects m a y result f r o m water-
i n d u c e d alterat ion i n the conformation of the pro te in itself. 

Diffusion of Water Vapor in Newborn Rat Stratum Corneum. 
Measurement a n d interpretat ion of dif fusion i n heterogenous b io log i ca l 
systems such as the s tratum corneum are diff icult compared w i t h s imi lar 
measurements for wel l -de f ined synthetic po lymer systems, but studies of 
water dif fusion i n stratum corneum are essential to a better unders tand­
i n g of those factors w h i c h contribute to the barr ier funct ion of the 
corneum. W a t e r di f fusion measurements under bo th e q u i l i b r i u m and 
n o n - e q u i l i b r i u m condit ions are useful to probe the inf luence of tempera­
ture a n d other factors on stratum corneum macromolecu lar structure. 

T h e r m a l desorpt ion is a d y n a m i c ( n o n - e q u i l i b r i u m ) technique i n 
w h i c h a sample of h y d r a t e d corneum is heated at a constant rate i n a d r y 
atmosphere. T h e water desorpt ion rate is p lo t ted as a func t i on of t e m ­
perature. T h e general shape a n d temperature m a x i m a of the desorption 
rate vs. temperature curves ( F i g u r e 12) are characterist ic of the mate­
rial 's di f fusion a n d e q u i l i b r i u m sorpt ion behavior as w e l l as exper imental 
condit ions such as heat ing rate. I n a s imple desorpt ion process where 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 89 

there are no significant thermal ly i n d u c e d changes i n the membrane 
matr ix , there is a g r a d u a l increase i n the desorption rate w i t h tempera­
ture. T h e desorption rate reaches a m a x i m u m a n d begins to decrease 
w h e n the gradient of sorbed water i n the m e m b r a n e is reduced to the 
extent that i t overshadows the influence of the increase i n dif fusion 
coefficient w i t h temperature. I n more complex systems such as stratum 
corneum, heat ing produces s tructura l changes i n the matr ix w h i c h are 
reflected i n the shape of the resultant t h e r m a l desorpt ion curves. 

E x a m p l e s of the resul t ing plots of the desorpt ion rate vs. t empera ­
ture are shown i n F i g u r e 12. U n t r e a t e d corneum samples exhib i t one 
m a x i m u m at about 8 0 ° C whereas ether extract ion (90 m i n ) produces a 
second lower temperature m a x i m u m i n add i t i on to the h igher temperature 
peak. T h e l o w temperature peak perhaps indicates the presence of 
loosely b o u n d water w h i c h can diffuse out of the corneum more easi ly 
than the p r i m a r y sorbed water . T h e thermogram for the c h l o r o f o r m -
methanol -extracted corneum reveals a single, b r o a d peak ind icat ive of a 
more general solvent damage to the corneum matr ix . T h e t h e r m a l de-

LU 
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Figure 12. Thermal desorption of water from 
newborn rat stratum corneum. A: control new­
born rat, B: extracted 90 min with ether, C: 
formaldehyde crosslinked, D: extracted 90 min 
with chloroform-methanol (3:1); heating rate 

5° C J min. 
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90 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

sorpt ion curve for f o rmaldehyde cross l inked corneum also peaks at a 
l ower temperature than the control . T h i s effect is ascr ibed to the sample's 
r e d u c e d water -ho ld ing capac i ty c o up le d w i t h a h igher i n i t i a l desorpt ion 
rate. A t this ear ly stage of technique development , character izat ion of 
s tratum corneum b y t h e r m a l desorpt ion is useful on ly to survey q u a l i t a ­
t i ve ly the effect agents have on the t h e r m a l behavior of corneum. 

T h e more convent ional m e t h o d for s t u d y i n g the energetics of d i f ­
fus ion i n membranes is to per f o rm permeat ion experiments as a funct ion 
of e q u i l i b r i u m temperature. F i g u r e 13 i l lustrates the effect of t empera ­
ture on the apparent di f fusion coefficient ca lcu lated f r om the water vapor 
permeat ion time l a g establ ished b y steady-state permeat ion w i t h a 
75 to 0 % R H gradient across the membrane . T h e pr inc ip les of the t ime 
lag permeat ion m e t h o d are adequately discussed elsewhere ( 5 8 ) . T h e 
l ower curve corresponds to a sample w h i c h was not mechanica l ly sup­
por ted a n d was observed to de form into a hemispher i ca l shape. T h i s 
de format ion is the c o m b i n e d result of a s m a l l pressure difference across 
the membrane a n d a decrease i n modulus of s tratum corneum as the 
temperature is increased. T h e upper curve corresponds to a supported 
sample. Previous to the experiment , b o t h samples h a d ident i ca l thermal 
histories. Stresses ac company ing de format ion of the unsupported cor-

1 0 0 0 / Τ , °K"1 

Figure 13. Temperature dependence of apparent 
diffusion coefficient of water vapor in newborn rat 
stratum corneum, Oto 75% RH vapor gradient. Open 
circles, supported membrane; closed circles, unsup­
ported membrane. Thickness assumed constant for 

the purposes of calculation. 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 91 

Method 

T h e r m a l desorption 

Permeat i on lag t ime 

Steady state flux 
a n d sorpt ion values 

Table III. Diffusion Coefficients for Water in 
Newborn Rat Stratum Corneum 

Nominal 
Water Content, 

g H20/g 
Dry Tissue Conditions 

b u l k water 
vapor 
b u l k water a 

vapor 

b u l k water a 

vapor 

4.80 
0.35 
1.5 
0.35 

1.5 
0.35 

D , cm21 sec 

1.9 Χ ΙΟ" 1 1 

9.5 Χ ΙΟ" 1 2 

1.4 Χ ΙΟ" 1 0 

1 Χ ΙΟ" 1 1 

1.2 X 1 0 - 1 0 

2.1 X 1 0 - 1 1 

a 3 H - H 2 0 radio tracer method. 

n e u m greatly alter the dif fusion behavior . T h e de formed sample has a 
d i f fus ion coefficient an order of magni tude lower than that of the unde ­
formed sample at 50 °C . U p o n coo l ing the samples i n the dif fusion ce l l to 
r oom temperature, the dif fusion coefficients of neither the supported nor 
the unsupported samples re turn to the i n i t i a l l y observed magnitude . T h e r -
malsorpt ion hysteresis f rom accumulated stresses created as the sample 
cools i n the mechani ca l constraints of the dif fusion ce l l c o u l d account for 
the altered diffusion coefficients. T h e i rrevers ib le change i n the apparent 
di f fusion coefficient for the unsupported membrane is caused b y a l tera­
tions i n the corneum matr ix resul t ing f r om the deformation. T h e mean 
energy of act ivat ion for water di f fusion i n the supported membrane 
over the range s tudied is 18 k c a l / m o l e . T h i s agrees w e l l w i t h that 
reported for b u l k dif fusion of water i n h i g h l y swol len h u m a n corneum 
(59 ) . T a b l e I I I lists di f fusion coefficients ca l cu lated via three different 
methods : i n i t i a l desorption rate, permeat ion t ime lag , a n d steady-state 
flux c o m b i n e d w i t h e q u i l i b r i u m d is t r ibut ion values ca lcu lated f r om w e l l 
k n o w n formulas (58 ) . F o r each method , a comparison is m a d e between 
the dif fusion coefficient for water f r om vapor a n d that f rom b u l k l i q u i d . 
As observed b y others (15), the dif fusion coefficient of wet c o rneum 
is somewhat h igher than that of d r y corneum—i.e., the presence of large 
amounts of i m b i b e d water appears to p last ic ize the matrix . E x c e p t for the 
desorpt ion value , the results represent good agreement among the various 
methods explored a n d good agreement w i t h a previous ly reported value 
of 5 χ 10" 1 1 c m 2 / s e c for n e w b o r n rat corneum (60). T h e l o w va lue 
obta ined f r o m the desorpt ion of the wet corneum most l i k e l y results f r o m 
its h i g h l y swol len condi t ion . A s has a lready been shown, water tends 
to cluster i n this system at vapor pressures w e l l b e l o w saturation. B e ­
cause the c lustered water is not d issolved i n the matr ix , i t cannot c on ­
tr ibute to the d r i v i n g force of the dif fusion. C o r r e c t i n g for the cluster 
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92 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

effect w i l l effectively increase the magni tude of the dif fusion coefficient. 
T h e apparent depression of the dif fusion coefficient of vapors i n synthetic 
po lymer systems has been at t r ibuted to a s imi lar c luster ing effect (61). 

Physical and Chemical Properties 

T h e r m a l B e h a v i o r . T h e most characterist ic parameter of an amor­
phous po lymer is the glass transit ion temperature (Tg). I n the glass 
transit ion reg ion , a viscoelastic transi t ion occurs as a result of the onset 
of motions of c h a i n segments i n the amorphous reg ion of the po lymer 
w h i c h transforms the mater ia l f rom a r i g i d state to a r u b b e r y one. T h e 
mechanism of de format ion response b y the mater ia l is dependent on Tg, 
a n d i t determines the d u c t i l i t y a n d brittleness of the po lymer . T h e usua l 
m e t h o d for de termin ing Tg is to measure the temperature at w h i c h the 
specific v o l u m e - t e m p e r a t u r e p lot shows an inflection i n d i c a t i n g an i n ­
creased t h e r m a l expansion coefficient. I n general , a l l p h y s i c a l properties 
of amorphous po lymers w h i c h are dependent on segmental re laxat ion 
rate such as viscous flow, mechan i ca l a n d die lectr ic re laxat ion, creep, 
a n d dif fusion show a major change on heat ing through the glass transi t ion 
region. S i m i l a r l y , Tg can be determined b y dif ferential scanning calo­
r i m e t r y ( D S C ) f r om the temperature at w h i c h there is a sudden change 
i n the specific heat of the sample. Tg depends also on the molecu lar 
we ight of the po lymer , on interna l strain, a n d to a lesser extent on 
heat ing rate. Q u e n c h e d , h i g h l y amhorphous po lymers general ly d i sp lay 
a more pronounced inf lect ion w h e n heated through the Tg reg ion (63). 

Ο 

u L i ι ι l l i ι ι — ΐ -
Ο 40 80 120 160 200 240 

TEMPERATURE ( ° C ) 

Figure 14. DSC scan of guinea pig footpad: A , desiccated control; B, hydrated 
in water 45 min; and C , high sensitivity of dry control (hermetically sealed 

Ν2 atm, 20°C/min heating rate). Data from Ref. 42. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
4



4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 93 

1 ! u_ 
- 4 0 0 4 0 8 0 

T E M P E R A T U R E ( ° C ) 
Figure 15. DSC scan of guinea pig footpad: A, 
control; B, rerun of rapidly cooled; C , rerun of 
slowly cooled; and D, rerun of C after 48 hrs N2 atm 
(samples of comparable weight, 20°C/min heating 

rate). Data from Ref. 42. 

A D S C scan of stratum corneum ( F i g u r e 14) indicates several 
thermal ly i n d u c e d transformations f r om 0° to 250°C. A s s tandard con­
dit ions , a l l samples were cooled to — 4 0 ° C a n d heated at 2 0 ° C / m i n i n 
a stream of d r y nitrogen. T o a v o i d the endothermic contr ibut ion of water 
evaporat ion, a l l samples were hermet i ca l ly sealed a n d w e i g h e d before 
a n d after the scan. T h e thermogram for desiccated corneum ( ^ 5 w t % 
H 2 0 ) exhibits an abrupt change i n specific heat at 48 ° C suggesting a 
glass transit ion. T h i s temperature region is general ly accepted for the 
T y of various nylons a n d other po lyamides (63, 64). 

T h i s 48 ° C transi t ion i n d r y corneum is anomolous i n that i t does not 
fit a l l the cr i ter ia usua l ly associated w i t h classical glass transitions. F o r 
example, once the sample has been heated through the T0 region, there 
is no corresponding specific heat change on cool ing. Immediate reheat­
ing after a s low coo l ing cyc le displays l i t t le or no glass transit ion ( F i g u r e 
15) . T h e transit ion appears at s l ight ly l ower temperatures on the second 
cyc le w h e n the sample is r a p i d l y quenched be low TtJ before reheat ing . 
I n this case, the specific heat change is considerably r educed f r o m that 
observed i n the first cycle , a n d a second glass appears at 92 °C . T h e 4 8 ° C 
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94 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

transi t ion does beg in to reappear for the s low-cooled samples after a few 
hours b u t at s l ight ly l ower temperatures. 

F i g u r e 16 demonstrates the effect on the glass transit ion of anneal ing 
stratum corneum at 7 5 ° C for 18 hrs. W h e n the sample is scanned 
i m m e d i a t e l y f o l l o w i n g s low coo l ing f r o m the anneal ing temperature , 
on ly the 9 2 ° C glass trans i t ion appears. A n n e a l e d samples a l l o w e d to 
rest i n a desiccator for 72 hrs exh ib i ted glass transitions at bo th 42° 
a n d 92 ° C . T h e l owered Tg general ly observed o n the second cycle m a y 
arise f r o m i n d u c e d in terna l stress on coo l ing through Tg. 

O n e possible interpretat ion of this anomolous glass transi t ion i n 
terms of molecu lar structure a n d react iv i ty is based on the suggestions 
f rom s impler p o l y a m i d e systems such as ny lon . It is general ly h e l d that 
this transi t ion originates w i t h the rupture of in tercha in hydrogen bonds 
b y the mot i on of l ong -cha in segments i n the amorphous regions. T h e 
unusua l aspects of the glass transi t ion is be l i eved i n part to be re lated to 
the u n i q u e structure of po lyamides w i t h a l ternat ing nonpolar cha in seg­
ments a n d strongly hydrogen -bond ing sites a long the po lymer c h a i n (65 ) . 
Since the hydrogen -bond ing sites occur only at intervals a long the c h a i n , 
steric factors h inder the f ormat ion of the network a n d may exp la in the 
t ime dependence of its re turn . T h i s explanat ion is further substantiated 
b y the fact that this transi t ion has been observed i n the 40° to 50 ° C 
reg ion for po lyamides i n w h i c h the n u m b e r of methylene groups between 

Figure 16. DSC scan of guinea pig footpad: A , control; B, annealed at 
75°C 18 hrs; and C, rerun of Β after 72 hrs N2 atm (samples of com­

parable weight). Data from Ref. 42. 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 95 

0 4 0 8 0 120 160 
ELONGATION (%>) 

Journal of Investigative Dermatology 

Figure 17. Force-extension curves at various RH levels 
for human stratum corneum (9) 

potent ia l hydrogen -bond ing sites on the po lymer backbone was v a r i e d 
f r o m 4 to 11 (63). H e n c e , the transit ion observed at 4 0 ° - 5 0 ° C i n the 
p o l y a m i d e structures appears to depend not on the flexibility of the 
network but on the existence a n d d i s rupt ion of hydrogen bonds at points 
throughout the amorphous regions of the po lymer . 

Since the p r i m a r y s tab i l i z ing forces i n the glass appear to be h y d r o ­
gen bonds, this transit ion is h i g h l y sensitive to the presence of water a n d 
other hydrogen -bond ing molecules i n the amorphous regions. W a t e r 
then acts as a plast ic izer of the amorphous prote in regions of co rneum 
as noted b y the re lat ionship between the extent of water f o u n d a n d the 
degree to w h i c h Tg is reduced . A l s o , there appear to be two amorphous 
regions w h i c h differ i n their accessibi l i ty b y water at ambient t empera ­
ture. T h e T g for the most accessible region shifts to —18° C at 4 0 % H 2 0 
w h i l e the less accessible is on ly l owered to approx imate ly 35 ° C (82). 
T h e T g of corneum at water contents less than 5 w t % is difficult to deter­
mine since the r e m a i n i n g water is t i ght ly h e l d b y p r i m a r y sorpt ion sites 
a n d technica l ly diff icult to remove wi thout i n t r o d u c i n g s tructura l a l tera­
tions. H e a t i n g the corneum above 100°C to remove this f ract ion of water 
results i n a Tg at 92 °C . 

It is not c lear whether this shift i n Tg to higher temperature is 
attr ibutable to the lower water content or to the anneal ing process. 
There is an abrupt decrease i n the magn i tude of the associated specific 
heat change at a sample water content of about 15 wt % . I n this water 
content range ( 15-20 w t % ) force-extension curves for s tratum corneum 
first beg in to d i sp lay a y i e l d phase ( F i g u r e 17) as w e l l as the in i t i a t i on 
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96 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

of a dramat i c d rop i n tensile modulus ( F i g u r e 18) . These data as w e l l 
as cluster calculations (57) strongly suggest that water sorbed at these 
water contents plast ic ize the amorphous regions associated w i t h the 
observed Tg. 

A n a d d i t i o na l major transit ion w h i c h is observed i n D S C scans of 
s tratum corneum is a double t endotherm w h i c h peaks at 194 ° C a n d 
210°C i n d r y samples a n d at 1 2 0 ° - 1 3 0 ° C i n w e t samples ( F i g u r e 14) . 
These transitions are also characterist ic of the more extensively invest i ­
gated kerat in -conta in ing w o o l (49, 65 ) . Po lyamides such as the various 
nylons also show m e l t i n g endotherms above 200 ° C (63 ) . 

B e l o w 200° C , the heat - induced changes i n d r y w o o l structure are 
confined to the amorphous parts of the prote in . A b o v e 200°C t w o me l t ­
i n g endotherms are present, a s m a l l one at 215 ° C f r o m the m e l t i n g of a 
l o w cross l inked fract ion of the hel ix a n d a major one at 235°C as a result 
of the m e l t i n g of the h igher cross l inked fract ion of the hel ix ( 49 ) . I n 
w o o l , the most d irect evidence for this interpretat ion of he l ix m e l t i n g 
is p r o v i d e d b y x-ray di f fract ion patterns at the various temperatures. 

2 0 6 0 1 0 0 
R E L A T I V E H U M I D I T Y (%») 

Figure 18. Tensile modulus as a function of 
RH for newborn rat stratum corneum. Data 

from Ref. 82. 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 97 
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Figure 19. IR transmission spectra for newborn 
rat stratum corneum at various temperatures: A, 
25°C; B, 125°C; C, 250°C. Data from Ref. 18. 

B o t h the 5.1-A spac ing characterist ic of the spacing of he l ix turns a n d 
the 9.8 A of the latera l he l i ca l spac ing decrease i n intensity at 210° a n d 
230°C (49 ) . T h e fiber also loses its b ire fr ingence i n this temperature 
range. These reflections are not present i n fibers w h i c h have been super-
contracted or otherwise rendered amorphous. S i m i l a r l y , the x-ray d i f ­
f ract ion pattern of w o o l heated to 130 ° C w h i l e immersed i n water shows 
the total disappearance of the a lpha-kerat in reflections a n d the appear­
ance of a d isordered beta pattern (66). W h e n either the dry or the wet 
fiber is heated above these m e l t i n g temperatures, the transformation 
is i rreversible . 

Inf luence of W a t e r . E v e n i n desiccated corneum there is a weak , 
b r o a d endotherm centering at about 1 2 0 ° - 1 3 0 ° C as w e l l as the h igher 
temperature doublet melts at 194°C a n d 210°C. B o t h melts appear to 
be somewhat lower i n temperature for corneum than for woo l , w h i c h 
is consistent w i t h the accepted h igher degree of or ientat ion a n d h e l i ­
ca l content of woo l . T h e 130 ° C transit ion has been reported i n other 
po lypept ide systems b y D S C , I R , a n d x-ray di f fract ion where i t was 
f ound to be h i g h l y moisture sensitive (67). It has been suggested that 
this endothermic process w h i c h occurs between 110° a n d 150 ° C i n a 
number of po lypept ide systems is a p a r t i a l conversion f r o m the a l p h a -
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98 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

h e l i c a l f o r m to a beta configuration. T h i s is supported b y the appearance 
of a 4.7-A spac ing a n d a shift i n the amide I a n d I I bands i n the I R 
spectra (68, 69). B o t h these changes are characterist ic of the conversion 
f r o m the in t racha in hydrogen-bonded a l p h a to the in tercha in hydrogen -
b o n d e d beta configuration. 

Transmiss ion I R of d r y corneum at various temperatures f r om 25° 
to 250°C are shown i n F i g u r e 19. F r o m about 120°C to 250°C there is 
a shift i n a m i d e I a n d I I bands f r om 1660 to 1640 c m " 1 a n d f rom 1550 
to 1520 cm" 1 , respectively, w h i c h is consistent w i t h an alpha-to-beta trans­
format ion (44 ) . T h i s transi t ion coincides w i t h the b r o a d b u t w e a k endo-
t h e r m at 120°C i n the D S C scans of d r y corneum ( F i g u r e 14) . 

T h e intensity of the 1 2 0 ° - 1 3 0 ° C endotherm increases as stratum 
corneum moisture content increases; there is a corresponding decrease 
i n the h i g h temperature melt ings at 194° a n d 210°C ( F i g u r e 2 0 ) . H i g h l y 
h y d r a t e d corneum displays the 1 2 0 ° - 1 3 0 ° C endotherm w h i l e b e l o w 15 
to 2 0 % water content, the transit ion is qu i te smal l . These D S C measure­
ments were per formed i n hermet i ca l ly sealed pans to avo id the endo-
thermic loss of water. T h e transit ion i n the presence of water is a 
cooperative one i n that water facil itates the magni tude of the observed 
transit ion. T h e heat change associated w i t h the 1 2 0 ° - 1 3 0 ° C transit ion 

Ο 2 0 4 0 6 0 8 0 100 
R E L A T I V E HUMIDITY (%>) 

Figure 20. Rehtive energy associated with DSC 120°C endotherm in newborn 
rat stratum corneum at various RH levels (hermetically sealed system). Data 

from Ref. 42. 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 99 

is a m a x i m u m at 9 8 % R H a n d is not increased further b y immers i on i n 
water . 

Influence of Nonpolar Solvent. T h e influence of various solvents 
on the phys i ca l a n d chemica l properties of corneum has been s tudied 
w i d e l y ( 70, 71 ) w i t h par t i cu lar interest i n the ir influence on water b i n d ­
ing . I n add i t i on to the extraction of l ip ids b y the nonpo lar solvents, the 
samples are subsequently more susceptible to further damage b y water . 
E x t r a c t e d samples have l owered w a t e r - b i n d i n g affinity a n d altered 
mechan i ca l behavior (9, 70 ) . L i p i d - s o l u b l e materials r emoved b y n o n -
polar solvents per form a protect ive role i n prevent ing the loss of water -
soluble components responsible for the water b i n d i n g at h i g h re lat ive 
humid i t i es . 

D S C scans of ether a n d c h l o r o f o r m - m e t h a n o l ( 3 / 1 b y v o l u m e ) 
extracted samples exhib i t broader a n d less deta i led m e l t i n g endotherms 
at 194° a n d 210°C than untreated samples. A n add i t i ona l difference is 
shown b y ch loro form-methanol -extracted samples w h e n quench cooled 
a n d rerun . I n reruns of contro l a n d ether-extracted samples, Tg is s t i l l 
rather sharp a l though reduced i n amount a n d temperature w h i l e the ch lo ­
ro form-methanol -extracted sample is qui te b road w i t h a second appar ­
ent glass at about 9 0 ° - 1 0 0 ° C (42 ) . E i t h e r the water-so luble mate­
rials act as plastic izers or their loss through solvent extraction causes 
structural changes i n the proteins w h i c h i n h i b i t r e f o rming of the o r ig ina l 
glass. It w i l l be shown later that d y n a m i c spectroscopy demonstrates a 
higher tensile modulus for ch loro form-methanol -extracted samples than 
the contro l suggesting a s tructura l reorganizat ion has occurred (14 ) . 

Influence of Orientation. I n d u c e d or ientat ion i n stratum corneum 
was achieved b y stretching h y d r a t e d samples to v a r y i n g degrees a n d 
a l l o w i n g them to d r y i n that elongated state. D S C scans of these or iented 
samples d i sp lay a n u m b e r of alterations i n the melt endotherms a n d glass 
transit ion w h i c h vary w i t h the extent of prestretching a n d m a y prov ide 
some insight into the molecular mechanisms responsible for elasticity. 

There is a gradua l reduct ion i n Tg w i t h some broadening a n d loss of 
def init ion of the h i g h temperature endotherms near 200°C as the amount 
of prestretch increases ( F i g u r e 21 ) . T h e or ientat ion p r o d u c e d b y l o w 
deformations appears to produce an in terna l stress i n the amorphous 
regions w h i c h acts as an external l oad to l ower the softening temperature 
(72). 

Secondary Transitions. I n add i t i on to the anomalous glass transit ion 
i n the 4 0 ° - 5 0 ° C reg ion because of the mot i on of large segments of the 
po lymer cha in , s tratum corneum l ike m a n y other po lymers displays 
smaller secondary transitions at lower temperatures. These arise gen­
era l ly f rom the mot ion of side chains or the smal l segments of the back­
bone. T h e tan δ behavior f r om d y n a m i c m e c h a n i c a l studies of d r y 
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100 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

stratum corneum indicate s m a l l peaks (14) at —10° a n d —60°C sug­
gesting secondary transitions. T h e tan δ for the d ie lec tr i c propert ies of 
n e w b o r n rat s tratum corneum also demonstrates a transit ion at —10° C 
w i t h an apparent act ivat ion energy of 7 k c a l / m o l e ( 6 ) . 

S i m i l a r re laxat ion phenomena are observed i n other p o l y a m i d e sys­
tems such as the pro te in co l lagen a n d the synthetic po lypept ide 5 0 / 5 0 

E L O N G A T I O N (%>) 

Figure 21. Glass transition temperature (from DSC) vs. elongation 
of prestretched guinea pig footpads (N2 aim). Data from Ref. 42. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
4



4. wiLDNAUER E T A L . Characterization of Stratum Corneum 101 

Amorphous oriented 

Journal of Polymer Science 

Figure 22. Diagramatic representation of the longitudinal shrinkage behavior 
of oriented fibers (77) 

L - g l u t a m i c a c i d - L - l e u c i n e . T h e d y n a m i c mechan i ca l spectra of these 
materials d i sp lay h i g h l y moisture-sensitive relaxations at —13° a n d be­
tween - 6 0 ° a n d - 9 0 ° C (73, 74). 

Spontaneous Dimensional Changes. O n e technique used to approx i ­
mate the degree of orientation i n opaque amorphous materials is to meas­
ure the amount of shrinkage or magni tude of retract ive force developed 
w h e n they are heated. W h e n an oriented amorphous plastic sheet is 
heated above Tg, it shrinks back to the approximate shape it h a d before 
or ientat ion. T h e r m o d y n a m i c a l l y this represents an attempt b y the o r i ­
ented polymers to atta in a state of m a x i m u m disorder ( e n t r o p y ) . If the 
film is h e l d at constant length, i t generates a retract ive force w h e n heated 
above Tg such that an increased retractive force means a greater degree of 
orientat ion i n the sample. I n the latter case, the retract ive force generated 
is also dependent on the modulus of the mater ia l (4, 72, 75, 76). 

T h e shrinkage behavior of a hypothet i ca l , or iented fiber composed of 
v a r y i n g proport ions of amorphous a n d crystal l ine phases is shown i n 
F i g u r e 22. Shr inkage first occurs i n the region of Tg. A m o d e l fiber 
consist ing of or iented amorphous regions a n d or iented crystal l ine regions 
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102 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

w o u l d undergo p a r t i a l shr inkage around Tg but w o u l d show no further 
shrinkage u n t i l the crystal l ine melt . A complete ly amorphous or iented 
system w o u l d on ly d i sp lay shrinkage at Tg (77). 

It is apparent f r o m F i g u r e 23 that the thermal ly i n d u c e d spontane­
ous contractions of stratum corneum are qu i te s imi lar to the hypothet i ca l 
m o d e l fiber composed of a two-phase system of or iented amorphous a n d 
crystal l ine phases. T h e i n i t i a l contract ion begins at 5 0 ° C as pred i c ted 
f r o m the D S C determinat ion of Tg. A s w o u l d be expected for a crysta l l ine 
melt , there is a r a p i d loss of modulus ( F i g u r e 2 4 ) , a large increase i n 
transverse thickness ( F i g u r e 2 5 ) , a n d an endothermic heat process 
a c c o m p a n y i n g the 196 ° C contract ion. S i m i l a r behavior is observed i n the 
α-keratin-containing h a i r (78). A n energy of act ivat ion of 110 k c a l / m o l e 
was ca lcu lated f r om the f requency dependence of d y n a m i c mechan i ca l 
spectra of corneum i n the 207 ° C region. T h i s h i g h act ivat ion energy is 
ind i cat ive of the mot i on of rather large segments of the p o l y m e r c h a i n 
a n d is consistent w i t h an alpha-to-beta transformation (14). 

A d d i t i o n a l evidence for this two-phase m o d e l for s tratum corneum 
can be demonstrated b y measur ing shrinkage as a funct ion of tension. 
T h e degree of shr inkage corresponds to disor ientat ion of the amorphous 
phase a n d the successive decrease i n shrinkage w i t h increased loads 
corresponds to an extension f r o m that d isor iented state (77 ) . A s w o u l d 
be pred i c ted for a s imple two-phase amorphous - c rys ta l l ine system above 
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Journal of Investigative Dermatology 

Figure 23. Thermally induced longitudinal shrinkage in dry newborn rat 
stratum corneum (He atm, 20° C/min heating rate) (10) 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 103 

VIBRON-DRY N2 STRATUM CORNEUM (HUMAN) 

TEMPERATURE °C 
Biochimica et Biophysica Acta 

Figure 24. Dynamic mechanical spectrum of dry human stratum corneum. 
Dashed line, control; solid line, chloroform-methanol extracted (N2 atm, 1°C/ 

min heating rate) (14). 

Tg, the force -extension curve constructed i n this manner for the first 
contract ion displays a rubber - l ike behavior at l o w strains as the amor­
phous regions become or iented (42). 

T h e magni tude of the two thermal ly i n d u c e d contractions is qui te 
u n i f o r m among samples of n e w b o r n rat corneum, but considerable v a r i a ­
t ion is encountered w i t h h u m a n corneum, par t i cu lar ly for the 196 ° C 
contract ion. T h e contract ion values for h u m a n corneum samples v a r i e d 
f rom 1 to 5 % but were qu i te consistent for any g iven subject. T h e 
increased magni tude for this contract ion i n some h u m a n specimens c o u l d 
indicate a higher degree of or ientat ion of the crystal l ine fibrous mater ia l 
(11). 

T h e degree of l o n g i t u d i n a l contract ion at 196 ° C a n d the tempera­
ture at w h i c h stratum corneum begins to mel t are inf luenced b y exposure 
to f ormaldehyde vapor (11). F o r m a l d e h y d e is h i g h l y reactive a n d ca ­
pable of f o r m i n g methylene bridges between a n d w i t h i n po lypept ide 
chains. T h e increased me l t ing temperature a n d increased degree of 
contract ion ( F i g u r e 26) caused b y the add i t i ona l crosslinks imposed on 
a n already or iented system agree w i t h the results pred i c ted b y F l o r y for 
crossl inked po lymer chains (76). 

F i g u r e 27 indicates the influence of c h o l o f o r m - m e t h a n o l ( 3 / 1 b y 
vo lume) or ether extraction on the magni tude of the 196°C contract ion 
as a funct ion of exposure t ime. C h l o r o f o r m - m e t h a n o l also appears to 
interact w i t h the amorphous regions as ind i ca ted b y the decrease i n the 
50 ° C contract ion. These findings are consistent w i t h their influence i n 
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104 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

the D S C studies where solvent exposure broadened bo th Tg a n d the melt ­
i n g endotherms at 190 ° C . 

I n d u c e d or ientat ion p r o d u c e d b y prestretching h y d r a t e d stratum 
corneum samples demonstrates a decrease i n the degree of the 50 ° C 
contract ion w i t h increas ing e longat ion ( 0 - 2 0 0 % ) . T h e amount of the 
196 ° C contract ion increases w i t h increasing e longation, showing the 
greatest effect at h i g h extensions ( > 1 0 0 % ) . These data suggest that 
e longation is accompl i shed b y decreasing the degree of orientation i n 
the amorphous regions a n d p r o d u c i n g increased or ientat ion i n the crysta l ­
l ine regions (72). T h e proposed mechanism agrees w i t h the increased 
d i chro i sm of the I R amide I a n d I I bands of prestretched samples 
( ~ 1 0 0 % extension ) discussed earl ier. 
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Figure 25. Thermally induced transverse swelling of dry newborn rat stra­
tum corneum (He atm) (10) 

T h e temperature dependence of the l o n g i t u d i n a l dimensions of 
h y d r a t e d strips of corneum are shown i n F i g u r e 28. U n t r e a t e d samples 
b e g i n to contract between 65° a n d 70 ° C a n d continue u n t i l about 85° to 
90°C . C h l o r o f o r m - m e t h a n o l ( 3 / 1 b y v o l u m e ) extracted samples dif fered 
i n that the samples b e g i n to contract at about 60 ° C a n d continue beyond 
90 ° C . W h e n a sl ight posit ive l o a d is a p p l i e d to the sample str ip , a n 
apparent decrease i n modulus is observed at 35 ° C regardless of solvent 
pretreatment. Solvents such as d i m e t h y l sulfoxide or strong acids w h i c h 
alter the stabi l i ty of the organized portions of the prote in l ower this 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 105 

0 2 0 4 0 6 0 
T I M E ( H R S ) 

Journal of Investigative Dermatology 

Figure 26. Increased shrinkage at 200°C with exposure 
to formaldehyde vapor in newborn rat stratum corneum 

(load 2.8 gm, He atm) (11) 

i n i t i a l contract ion temperature a n d are useful i n p r o b i n g the factors deter­
m i n i n g stratum corneum stabi l i ty . 

Isometric Contraction. O n e of the earliest observations of the ther­
m a l properties of e p i d e r m a l prote in was made b y R u d a l l w h e n he re ­
por ted that cow snout epidermis contracted i n water w h e n heated (79). 
T h i s thermal ly i n d u c e d contract ion was accompanied b y a change i n 
structure f rom a l p h a to cross-beta as exhib i ted i n x-ray di f fract ion pat -

TIME (HRS) 
15 

Journal of Investigative Dermatology 

Figure 27. Upper curve, effect of chloroform-meth­
anol and ether on 196°C longitudinal shrinkage in 
newborn rat stratum corneum. Lower curve, chloro­
form-methanol reduction of 50°C longitudinal shrink­

age (He atm) (11). 
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106 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

20 60 7 0 8 0 90 
T E M P E R A T U R E C O 

Figure 28. Thermally induced longitudinal dimensional changes in hydrated 
guinea pig footpad (samples run in water, l°C/min heating rate) chloroform-

methanol and control. Data from Ref. 42. 

terns. M o r e recently , B a d e n has used this isometric contract ion technique 
to characterize the influence of solvents, p H , salts, a n d diseases states on 
h y d r a t e d stratum corneum t h e r m a l s tabi l i ty (7, 8). U p o n heat ing 
samples of general b o d y sk in epidermis , an i n i t i a l decrease i n tension 
w i t h l i t t l e change occurs u n t i l about 8 2 ° - 8 5 ° C after w h i c h a major 
continuous rise i n tension appears ( F i g u r e 29 ) . P r i o r extraction of the 
tissue w i t h c h l o r o f o r m - m e t h a n o l ( 3 / 1 b y v o l u m e ) h a d no effect on the 
inflect ion temperature but resulted i n a flattening of the curve at about 
90 ° C . X - r a y di f fract ion showed a loss of the 5.15 A a lpha reflection a n d 
the deve lopment of a sharp reflection at 4 . 6 5 A (accentuated on the 
m e r i d i a n ) w h e n specimens were heated above 8 5 ° C regardless of 
whether or not a change i n tension was observed or app l i ed . T h e absence 
of this t rans i t ion i n the a b n o r m a l corneum of H a r l e q u i n Fetus was 
expla ined b y the fact that the x-ray di f fract ion pattern demonstrated that 
the cross-beta configuration was present i n its nat ive state. S i m i l a r l y , 
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4. w i L D N A U E R E T A L . Characterization of Stratum Corneum 107 

stratum corneum f r o m palms a n d soles dif fered f rom general b o d y e p i ­
dermis b y d i s p l a y i n g a continuous decrease to zero tension w i t h heat ing. 
P r i o r treatment w i t h hexane h a d no effect on the result , b u t treat ing 
w i t h c h l o r o f o r m - m e t h a n o l ( 3 / 1 b y vo lume) i n d u c e d behavior s imi lar to 
that of general body epidermis . 

Thermomechanical. W a t e r p r i n c i p a l l y acts as a plast ic izer to de­
crease c h a i n interactions, increase cha in m o b i l i t y , a n d soften stratum 
corneum. S i m i l a r l y , softening can be achieved b y i n t r o d u c i n g enough 
k inet i c energy into the corneum to cause increased segmental mot i on of 
the molecu lar chains a n d therefore decrease their interactions w i t h 
adjacent chains. 

A representative softening thermogram determined b y thermo­
mechan i ca l analysis ( T M A ) for d r y n e w b o r n rat corneum is shown i n 
F i g u r e 30. U p o n heat ing , there are transverse softenings of the tissue 
at 45 ° C a n d 155 ° C f o l l o w e d b y a substantial transverse swe l l ing above 
180°C (10). These transit ion temperatures are h i g h l y l oad dependent 
but are reproduc ib le w h e n done at constant l oad a n d heat ing rate. T h e 
45 ° C modulus decrease appears to be a combinat ion of both l i p i d m e l t i n g 
a n d Tg softening since it is not ent ire ly removed b y c h l o r o f o r m - m e t h a n o l 
extraction. T h e transverse swe l l ing above 100 ° C is the vo lume change 
associated w i t h m e l t i n g of the α-helical structure. T h e fundamenta l 

100 

£ 50 

70 80 90 100 

TEMPERATURE, C 
Journal of Investigative Dermatology 

Figure 29. Isometric contraction of human stratum corneum: A , 
chloroform-methanol extracted; B, control (7) 
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108 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

50 ICO !50 2 C 0 25C 

TEMPERATURE (°C) 
Journal of Investigative Dermatology 

Figure 30. Thermally induced transverse softening of newborn rat stratum 
corneum (He atm, 3 gm load, 20°C/min heating rate) (10) 

molecular events responsible for the softening w h i c h occurs at 155 ° C i n 
n e w b o r n rat corneum a n d 177 ° C i n h u m a n corneum have not been 
e luc idated . 

T a b l e I V shows a compar ison of various viscoelastic parameters for 
n e w b o r n rat a n d h u m a n stratum corneum determined b y T M A . T h e 
most significant differences relate to the 155 ° C softening a n d the degree 
of the expansion at 213 ° C . These two parameters appear to be the most 
sensitive a n d useful indicators for character iz ing n o r m a l , extracted, a n d 
diseased corneum. F o r example, exposure of corneum to fo rmaldehyde 
resulted i n l i t t le change i n the l o w temperature softening but caused a 
significant increase i n the 155°C softening temperature ( F i g u r e 31 ) . 
Psor iat i c corneum exhib i ted a softening at 192°C w h i c h is consistent 
w i t h the theory that i t is more h i g h l y cross l inked than n o r m a l corneum. 
It also exhibits a transverse expansion at 40 ° C w h i c h is reversible , sug­
gesting that it is associated w i t h T(J (42). S i m i l a r l y , guinea p i g footpad 
exhibits expansions at bo th 40° a n d 155°C. 

Mechanical Properties. T h e impor tant influence of sorbed water 
on the general mechan i ca l behavior of stratum corneum was first recog­
n i z e d b y B l a n k (SO) , a n d i t is best demonstrated b y force -e longat ion 
curves at various e q i u i l i b r a t i o n re lat ive humid i t i es ( F i g u r e 17) . W h e n 
dry , s tratum corneum is rather inextensible w i t h modulus values of 
po lymer i c glass, a n d i t is unable to funct ion proper ly phys io log ica l ly . 
H o w e v e r , as the membrane water content increases, p last i c i zat ion occurs 
( Τ9 l owered ) a n d corneum behaves mechanica l ly as a h i g h l y extensible, 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 109 

Table IV. Viscoelastic and Dimensional Transition Temperatures for 
Human and Newborn Rat Stratum Corneum Samples as Well as the 

Degree of the Dimensional Change 

Temperature, °C Displacement, % 

Transition Rat Human pa Rat Human 

L e n e t r a t i o n 45 53 .25 18 20 
Penetrat ion 155 177 .05 52 53 
E x p a n s i o n 213 229 .40 400 200 
C o n t r a c t i o n 50 60 .05 1 1 
C o n t r a c t i o n 196 200 .40 1 1-5 
Penetrat ion 285 290 .80 — — 

° Probabilities obtained from the t-test are shown for human vs. rat transition tempera­
tures. Further statistics on measurements in Refs. 10, 11, and 78. 

elastic mater ia l (9, 81, 82, 83, 84). T h i s p las t i c i z ing influence of sorbed 
water is demonstrated b y the significant drop i n elastic modulus as a 
funct ion of R H ( F i g u r e 18) where the observed thousandfo ld drop i n 
modulus is characterist ic of a glass transit ion (82). T h e r e is an apparent 
change i n the softening effectiveness of water sorbed above 6 0 % R H 
(15 -20 w t % ) , a n d it corresponds to the c luster ing of the sorbed water 
as discussed previously . S i m i l a r l y at this R H a n d water content, there 
is a change i n deformation behavior (appearance of a y i e l d phase) a n d 
an abrupt decrease i n magni tude of specific heat change at 4 0 ° - 5 0 ° C as 
discussed earlier. 

10 
TIME (HRS) 

15 

Journal of Investigative Dermatology 

Figure 31. Effect of time exposed to HCHO vapors on the 
155°C transverse softening in newborn rat stratum corneum 

(He atm) (11) 
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Figure 32. Effect of strain rate on the elastic 
modulus of newborn rat stratum corneum as a 
function of time in water. Data from Refs. 6, 85. 

T h e viscoelastic character of s tratum corneum is further demon­
strated b y the dependence of elastic modulus on strain rate ( F i g u r e 32 ). 
E v e n the d r y corneum ( ~ 10 w t % H 2 0 ) showed significant v isco­
elastic behavior over the n a r r o w range of strain rates s tudied . I n the case 
of h y d r a t e d membranes , there is also a change i n shape of the f o r c e -
elongation curve (6, 85). 

Stratum corneum b r e a k i n g strength decreases f our fo ld over the 
0 - 1 0 0 % R H range reach ing a m i n i m u m at approx imate ly 9 0 % R H 
w h i c h is not l owered further b y immers i on i n water . O f fundamenta l 
importance is the morpho log i ca l locat ion w i t h i n the stratum corneum 
where fa i lure occurs under a u n i a x i a l l oad . Scanning electron microscopy 
( S E M ) a n d convent ional analysis of f ractured samples indicate that the 
samples predominate ly fracture w i t h i n the interce l lu lar junctions rather 
t h a n in t race l lu lar ly ( 9 ) . 

F u r t h e r demonstrat ion of the influence of water on m e c h a n i c a l 
properties is shown i n F i g u r e 33 where the elastic modulus of stratum 
corneum is p lot ted as a funct ion of immers ion t ime i n water . T h e elastic 
modulus begins to decrease after about a 5 -min immers ion t ime corre-
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 111 

spond ing to a m e m b r a n e water content of 15 -20 w t % as de termined 
f rom water uptake studies (62). T h e f u l l decrease i n modulus is ach ieved 
at 5 0 - 6 0 - m i n immers ion t ime a n d a water content of about 4 0 - 5 0 w t % . 
A s s h o w n i n F i g u r e 10, this is also the water content ach ieved w h e n 
equ i l i b ra ted at 9 5 - 1 0 0 % R H . I n contrast, the b r e a k i n g strength i n 
u n i a x i a l test ing is r a p i d l y l owered ( 7 5 - 8 0 % ) d u r i n g the first 5 -10 m i n 
of immers i on t ime to a saturation value equivalent to that at 9 8 - 1 0 0 % 
R H (18). 

T h e influence of temperature at constant immers ion t ime (2 m i n ) 
shows a s imi lar p las t i c i z ing effect at l ower water content, suggesting a 
cooperative p las t i c i z ing effect of water a n d temperature. There is an 
abrupt decrease i n modulus between 30° a n d 4 0 ° C to that ach ieved for 
a f u l l y h y d r a t e d membrane (6, 85). A s imi lar softening was observed 
between 30° a n d 40 ° C for samples of corneum i n studies on the effect 
of temperature on l o n g i t u d i n a l dimensions of h y d r a t e d samples discussed 
earlier. Since this softening occurs i n bo th contro l a n d extracted samples, 
the softening appears to be p r i n c i p a l l y prote in re lated ( F i g u r e 34 ) . 

10» 
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Figure 33. Influence of water on elastic modulus 
of newborn rat stratum corneum. A, control; B, 
chloroform-methanol followed by water; C , water 
followed by chloroform-methanol. Data from Refs. 

6, 85. 
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112 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

IMMERSION TIME = 2 MIN 

TEMPERATURE CO 

Figure 34. Effect of temperature on the modulus 
of hydrated newborn rat stratum corneum. Data 

from Refs. 6, 85. 

Influence of Solvents. T h e stress-strain curves of untreated a n d 
ether-extracted corneum i n water show m a r k e d differences (81). U n ­
treated corneum, extended 5 % a n d re laxed, shows hysteresis s imi lar to 
that observed for other keratinaceous structures ( F i g u r e 35 ). T h e defor­
m a t i o n mechanism is complete ly reversible , a n d hydrogen-bond break­
d o w n a n d s low re format ion m a y be the major factors de termin ing the 
stress-strain relat ionships. W i t h ether-extracted samples, complete re ­
covery is observed f r o m 5 % extension but w i t h l i t t le or no hysteresis. 
T h e more r a p i d swe l l ing a n d lack of hysteresis of ether-extracted corneum 
i n water m a y be re lated to the b r e a k d o w n of hydrogen bonds n o r m a l l y 
sh ie lded f r om the effects of water b y the l i p i d - l i k e materials r emoved b y 
ether. 

E t h e r a n d c h l o r o f o r m - m e t h a n o l extraction have significant effects 
on the b r e a k i n g strength of stratum corneum. B o t h solvents increase the 
absolute value of the b r e a k i n g strength i n the presence of water vapor 
or w h e n immersed i n water (9 , 81). I n add i t i on , the b r e a k i n g strength 
for extracted samples has a l ower dependence o n R H than do untreated 
ones. These data suggest a solvent interact ion w i t h the interce l lu lar 
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4. w i L D N A U E R E T A L . Characterization of Stratum Corneum 113 

materials responsible for cohesion. E x t r a c t i o n of s tratum corneum b y 
c h l o r o f o r m - m e t h a n o l ( 3 / 1 b y v o l u m e ) produces significant alterations 
i n the influence of sorbed water on the tensile modulus (84). F i g u r e 36 
demonstrates that the tensile modulus at any g iven R H is a lways h igher 
for extracted than for untreated corneum. A l s o note that the r a p i d 
softening effect of water does not occur u n t i l about 90—95% R H as 
c o m p a r e d w i t h 6 0 - 6 5 % R H for untreated corneum. T h i s increased 
modulus for ch loro form-methanol -extracted samples is consistent w i t h 
the results of d y n a m i c m e c h a n i c a l studies (14). 

T h e morpho lo g i ca l locat ion of the fibrous prote in p r i n c i p a l l y re ­
sponsible for the de format ion a n d viscoelastic behavior is uncerta in . 
B o t h the ce l l m e m b r a n e a n d intrace l lu lar regions are composed of fibrous 
proteins w h i c h differ considerably i n amino a c i d composit ion. Since the 
a lpha-kerat in w i t h i n the cells shows few or ientat ion properties u n t i l 
h i g h elongations, i t has been suggested that the membrane proteins 
determine the viscoelastic behavior at l o w deformations (84). 

X - r a y di f fract ion a n d I R d i chro i sm studies suggest that the l ong -
range elastic ity of w o o l is re lated to a reversible molecular transformation 
of the a lpha-kerat in to an extended beta f o r m (66). N o c o n v i n c i n g 
evidence supports this mechanism i n stratum corneum viscoelastic ity . 
I n fact, the avai lable evidence suggests that the elastic behavior of 
corneum is p r i m a r i l y entropie i n or ig in . A t l o w deformations, the 
m e c h a n i c a l properties of h y d r a t e d stratum corneum is best descr ibed 
as the behavior of a l ight ly - cross l inked rubber . 

Several add i t i o na l observations suggest different mechanisms are 
responsible for the deformat ion a n d viscoelastic properties of stratum 
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114 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

corneum a n d woo l . T h e tensile modulus of w o o l is on ly s l ight ly l owered 
b y sorbed water as c o m p a r e d w i t h the dramat i c decrease observed i n 
corneum. S i m i l a r l y , i n w o o l the amount of extension w h e n y i e l d i n g 
occurs is almost independent of water content whereas i t is dramat i ca l l y 
different i n corneum ( F i g u r e 17) ( 9 ) . 

% relative humidity 

Journal of the Society of Cosmetic Chemists 

Figure 36. Elastic modulus of stratum corneum at various RH levels. A , 
solvent-exposed; B, control (84) 
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Figure 37. Permeability of water through stratum corneum in the presence 
of various concentrations of DMSO (86) 

Stress Relaxation. I n a stress-relaxat ion measurement, the spec imen 
is de formed b y a fixed strain a n d the stress r e q u i r e d to m a i n t a i n this 
de format ion is measured for a specific t ime. T h e degree of stress re laxa­
t ion is h i g h l y temperature-dependent i n the reg ion of Tg a n d very sensi­
t ive to interact ing solvents as w e l l as other factors w h i c h alter c h a i n 
mob i l i t y . Therefore , stress re laxat ion is useful i n de termin ing the in f lu ­
ence of solvents on the viscoelastic properties of corneum. 

P o l a r organic l iqu ids such as d imethy l f o rmamide ( D M F ) enhance 
the permeab i l i ty of molecules through the stratum corneum. F i g u r e 37 
is a p lot of water transmission rate through stratum corneum i n the 
presence of v a r y i n g d i m e t h y l sulfoxide ( D M S O ) - w a t e r concentrations 
(86 ) . T h e increased water permeab i l i t y at h i g h D M S O concentrations 
( > 8 0 % ) arises presumably f r om the s t ructura l alterations caused b y 
its a b i l i t y to interact w i t h po lar a n d ionic groups as w e l l as h y d r o p h o b i c 
regions w h i c h stabi l ize the structure. 
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116 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

T h e increased stress re laxat ion as a funct ion of D M S O concentrat ion 
above 8 0 % is ind i ca t ive of s t ructura l alterations resu l t ing i n more 
m o b i l i t y of side c h a i n segments ( F i g u r e 38) ( 18 ) . T h i s increased c h a i n 
m o b i l i t y w o u l d be expected to l ead to the observed increased permea­
b i l i t y b y increasing the apparent dif fusion constant. T h e considerable 
increase of the modulus of the corneum ( F i g u r e 39) w i t h increas ing 
D M S O concentrat ion suggests that the strong hydrogen bond - f o rming 
a b i l i t y of D M S O stabilizes the region invo lved i n these l o w deformations. 

Dynamic Mechanical (Low Strain Deformation). W h e n a cyc l i c 
strain of s m a l l ampl i tude is a p p l i e d to a strip of mater ia l , a c y c l i c stress 
w i l l be generated i n response b y the sample. If the mater ia l is i d e a l 
( H o o k i a n ) a n d stores a l l the i n p u t energy, the cy c l i c stress is i n phase 
w i t h the a p p l i e d cyc l i c strain. V iscous components cause a finite phase 
l a g or phase angle, δ, be tween the stress a n d strain . E ' represents the 
elastic, rea l , or storage modulus w h i l e E " is the viscous, imag inary , or 
loss modulus . T a n δ is e q u a l to the rat io E'/E" a n d is re lated to the 
mo lecu lar relaxations that occur i n the sample. Trans i t i on temperatures 
a n d associated act ivat ion energy can be determined (72) b y v a r y i n g the 
f requency of osc i l lat ion at a fixed temperature or the temperature at a 
fixed frequency. 

T h e d y n a m i c mechan i ca l spectra for h u m a n stratum corneum are 
shown i n F i g u r e 24. T h e r e is a drop i n modulus (Ε') s tart ing at 0 ° C 

100, . 

Figure 38. Effect of DMSO on the stress relaxation of newborn rat stratum 
corneum at 10% extension. Data from Ref. 18. 
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4. w i L D N A U E R E T A L . Characterization of Stratum Corneum 117 
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Figure 39. Effect of DMSO on the modulus of newborn rat stratum cor­
neum (force at 10% extension is plotted vs. DMSO concentration). Data 

from Ref. 18. 

accompanied b y l o n g i t u d i n a l contract ion of the sample. Relaxations 
also occur at 40 ° C associated w i t h l i p i d me l t ing a n d at 207 ° C associated 
w i t h the hel ix me l t ing . T h e temperature of the major modulus decrease 
at a l o w temperature is h i g h l y dependent on the sample history ( solvent 
extraction, coo l ing procedure , a n d heat ing rate) ( 14 ) . 

Swelling Characteristics. S t ra tum corneum has the ab i l i t y to i m b i b e 
m a n y times its o r i g ina l v o l u m e of l i q u i d w i t h o u t complete dispersion 
w h e n immersed i n certain solvents. Because of the rather dense entangle­
ment of fibrous prote in w i t h i n the ce l l a n d ce l l m e m b r a n e w h i c h cannot 
dissolve i n the surround ing solvent, s t ratum corneum is subject to 
osmotic act ion of the surrounding solvent. W h e n stratum corneum is 
p l a c e d i n a swe l l ing agent, l i q u i d is taken u p b y the tissue w i t h subse­
quent d isplacement of the matr ix . T h i s d isplacement of the component 
p o l y m e r i c chains b r i n g about elastic retract ive forces oppos ing further 
expansion of the network. H e n c e , at e q u i l i b r i u m the elastic retract ive 
forces of the network structure are i n balance w i t h the osmotic forces 
w h i c h tend to swe l l the tissue. T h e degree of s w e l l i n g is re lated to the 
affinity of the solvent for the tissue as w e l l as the magn i tude of the 
elastic retract ive forces s tab i l i z ing the network structure. 

T h e d imens iona l swe l l ing of s tratum corneum p r o d u c e d b y the 
sorpt ion of water or f o rmic a c i d is anisotropic a n d characterist ic of 
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h i g h l y or iented films. H i g h l y or iented materials show more s w e l l i n g 
perpend i cu lar to the d i rec t ion of or ientat ion than para l l e l to i t because 
of the lower cohesive forces between the or iented chains ( 8 7 ) . 

F i g u r e 40 shows b o t h l o n g i t u d i n a l a n d transverse swe l l ing data for 
h u m a n a n d n e w b o r n rat s tratum corneum i n f o rmic a c i d ( 90 w t % ). A s 
w o u l d be expected f r om the b i a x i a l or ientat ion of the fibrous proteins i n 
corneum, transverse s w e l l i n g is considerably greater than l o n g i t u d i n a l 
s w e l l i n g for b o t h tissues. T h e degree of l o n g i t u d i n a l swe l l ing is the same 
for b o t h samples. T h e magn i tude of transverse s w e l l i n g of n e w b o r n rat 
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Figure 40. Transverse and longitudinal swelling of stratum corneum 
induced by formic acid 90 wt % (solid lines are transverse swelling) (6) 
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4. W I L D N A U E R E T A L . Characterization of Stratum Corneum 119 

Figure 41. Influence of formaldehyde 
vapor exposure (crosslinking) on formic 
acid swelling of newborn rat corneum 
(sample thickness 12 μ). In decending 
order the curves represent formalde­
hyde exposure times of A, control; B, 
0.5 hrs; C, 1 hr; and D, 2 hrs. Data 

from Ref. 18. 

c o rneum is m u c h greater than h u m a n , perhaps because of a h igher effec­
t ive crossl ink density present i n h u m a n corneum. T h e swe l l ing behavior 
was not affected b y previous c h l o r o f o r m - m e t h a n o l extract ion (88 ) . 

O n e of the most w i d e l y used measurements of crossl ink density i n 
synthetic po lymers is based on e q u i l i b r i u m swe l l ing b y a good solvent 
(89, 90). A dramat i c example of the influence of cha in m o b i l i t y on the 
s w e l l i n g properties of stratum corneum is shown i n F i g u r e 41. T h e degree 
of transverse s w e l l i n g of s tratum corneum b y f ormic a c i d is a funct ion 
of the sample's previous exposure to f ormaldehyde vapors. T h e increased 
crossl ink density decreases the degree of c h a i n m o b i l i t y a n d hence the 
e q u i l i b r i u m swel l ing . H o w e v e r , the degree of l o n g i t u d i n a l swe l l ing was 
unchanged b y the increased crossl ink density. 

T h e degree of f o rmic a c i d swe l l ing of various corneum tissues sug­
gests a dist inct difference i n their apparent crossl ink densities (12). T h e 
temperatures i n T a b l e V are i n accord w i t h the s tructural data suggested 
b y the swe l l ing characteristics of the tissue i n f o rmic ac id . F o r example , 
n e w b o r n rat stratum corneum swells considerably more ( 1800% ) t h a n 
the others, suggesting increased cha in m o b i l i t y a n d fewer inter - a n d 
in t ra - cha in interactions a n d crosslinks oppos ing the swel l ing . S i m i l a r l y , 

Table V . Physicochemical Parameters for Various Keratin Samples 

Sample 
Formic Acid 
Uptake, wt % 

Softening 
T, °C * 

N e w b o r n rat 
H u m a n (adult) 
Psor iat i c 
N e w b o r n rat 

1800 
1100 

550 

155 
177 
192 

213 
229 
242 

(crosslinked) 
H a i r 

450 
220 

250 
242 

264 
256 
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its softening temperature a n d expansion temperature at 155 ° C a n d 
213 ° C , respect ively , are the lowest of the group r e q u i r i n g less k inet i c 
energy to alter the structure. T h e temperatures for psoriat ic transitions 
are s ignif icantly h igher than for contro l , again suggesting that its de­
creased extensibi l i ty is par t ia l l y a result of the decreased c h a i n m o b i l i t y 
( increased r i g i d i t y ) of its macromolecu lar components. A s pred ic ted , 
samples exposed to f o rmaldehyde have these transitions shifted to h igher 
temperatures than untreated samples. 

Summary 

Progress has been m a d e i n us ing po lymer character izat ion to under ­
stand better the s t ruc ture -proper ty relationships essential for proper 
funct ion of the stratum corneum as a b io l og i ca l interface. T h i s has been 
accompl i shed p r i m a r i l y through p h y s i c a l techniques a n d interpretations 
used i n p o l y m e r a n d mater ia l sciences for de termin ing fundamenta l a n d 
e m p i r i c a l parameters characterist ic of phys i ca l behavior . T h e p h y s i c a l 
behavior of s tratum corneum as a dif fusion a n d mechan i ca l barr ier 
can best be expla ined b y a two-phase system of or iented, amorphous, 
a n d or iented crystal l ine components, p r i n c i p a l l y proteins associated w i t h 
l ip ids . T h e components are h i g h l y sensitive to water a n d to temperature. 
B o t h water a n d temperature behave s i m i l a r l y i n their a b i l i t y to inf luence 
dif fusion a n d mechan i ca l properties of stratum corneum b y increas ing 
segmental c h a i n mot ion i n the amorphous regions. A s expected, m a n y of 
the p h y s i c a l properties of amorphous po lymers w h i c h are dependent on 
segmental re laxation rate such as viscous flow, mechan i ca l a n d die lectr ic 
re laxat ion, creep, a n d dif fusion, show a major change w h e n sufficient heat 
or water is a d d e d to a l l ow the r e q u i r e d segmental mot ion . 

T h e establ ishment of s imi lar p h y s i c a l a n d c h e m i c a l parameter p r o ­
files for n o r m a l , altered, a n d diseased corneum should prov ide f u n d a ­
menta l in format ion a n d produce c l in i ca l l y useful in format ion as w e l l . 
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5 
Water Vapor Sorption, Desorption, and 
Diffusion in Excised Skin: Part I. Technique 

A. F. EL-SHIMI, H. M. PRINCEN, and D. R. RISI 

Lever Brothers Research Center, 45 River Rd., Edgewater, N. J. 07020 

A gravimetric technique to study the sorption, desorption, 
and diffusion characteristics of water vapor in excised skin 
under dynamic conditions is described. The technique fea­
tures a continuously recording microbalance and a humidity­
-generating apparatus which provides a stream of air with 
any given relative humidity. The diffusion coefficient is 
determined from the kinetics of sorption and desorption. 
The technique can be used to study other polymeric films, 
fibers, and powders. 

It is general ly recognized that water plays an important role i n m a i n -
ta in ing sk in i n a heal thy state w i t h desirable mechan i ca l properties ( 1 ). 

This w o r k describes a technique for generating in format ion on the state 
of water i n the stratum corneum in vitro, w i t h par t i cu lar emphasis on 
the m o b i l i t y of water i n the corneum matr ix a n d the effect of s tratum 
corneum components on the characteristics of water diffusion. T h e 
characteristics of water diffusion i n the stratum corneum are der ived 
f rom sorption a n d desorpt ion kinetics b y us ing a grav imetr i c technique 
w h i c h al lows determinat ion of the amount of water vapor sorbed or 
desorbed cont inuously f rom an air stream of any g iven relat ive h u m i d i t y . 

N M R has p r o v i d e d the most useful in format ion on the state a n d 
m o b i l i t y of water i n keratins (2, 3, 4). It was shown (4 ) that the water 
associated w i t h the stratum corneum seems to exist i n two dist inct states: 
a b o u n d fract ion a n d a free fract ion. T h i s type of in format ion c o u l d be 
obta ined conveniently b y the n e w technique us ing desorpt ion kinetics 
under a w i d e range of exper imental condit ions. A l so , i t w o u l d be of 
interest to examine the effect of various agents, w h i c h are k n o w n to 
produce s tructural changes i n the corneum, on the ab i l i ty of the corneum 
to h o l d water a n d to retain i t under a var iety of condit ions. 
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Review of Techniques 

Before descr ib ing the details of the n e w technique, we sha l l present 
a concise rev iew of the most popu lar methods used to study water vapor 
sorpt ion a n d permeab i l i ty of the stratum corneum. 

P e r m e a b i l i t y of S k i n ( S t r a t u m C o r n e u m ) in vitro* T h e method 
most w i d e l y used to determine the rate of transfer of water vapor across 
the sk in corneum uses a spec ia l ly constructed capsule n o r m a l l y ca l led a 
s k i n diffusion chamber (5 , 6, 7 ) , w h i c h is a sl ight modi f icat ion of earl ier 
techniques used i n the packag ing industry (S ) for examining the pro ­
tect ive properties of coat ing films. T h e chamber is depic ted schematica l ly 
i n F i g u r e 1. It consists essentially of cup A w h i c h contains either water , 
a saturated salt solut ion, or a desiccant a n d a pronged r i n g (not shown) 
w h i c h holds the stratum corneum against the l i p of the cup w h e n c o m ­
pressed b y a l o ck ing nut. T h e chamber w i t h the sk in is p l a c e d i n a room, 
cabinet , or desiccator that has contro l led temperature a n d h u m i d i t y ; the 
loss or ga in i n we ight d u r i n g a g iven t ime is recorded. 

Ambient 

Atmosphere (R3) 

Lamina (R2) 

Locking Nut 

Air Space (R,) 

Humidifying Solution 
or Desiccant 

A 

Figure 1. Schematic of equipment for study of perme­
ability and diffusion in excised skin 

Measurements are usual ly made after stationary state conditions 
have been established, i.e. the rate of loss or gain i n we ight has become 
constant. A quanti tat ive estimate of the transport characteristics of the 
system m a y be m a d e on the basis of the w e l l k n o w n diffusion equations. 
T h e equations w h i c h f o rm the basis of the quant i tat ive s tudy of l inear 
diffusion processes a n d f rom w h i c h the definitions of diffusion a n d perme­
ab i l i t y are der ived are 
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5. E L - S H I M I E T A L . Water Vapor in Skin 127 

ac 
dt — (d —"\ dX \ dx) (2) 

ac c W 
a< ax 2 

(3) 

where F is the rate of transfer of diffusate i n the X d irect ion through an 
area A , C is the concentration of diffusate, a n d D is the diffusion coeffi­
cient. F o r the dif fusion of water vapor through the l a m i n a , C is the 
concentration of water absorbed b y or dissolved i n the l a mina . 

E q u a t i o n 1 applies to stationary states, a n d E q u a t i o n 2 to nonsta-
t ionary states of dif fusion. E q u a t i o n 2 can be der ived f r om E q u a t i o n 1 
by consider ing the rate of accumulat ion of diffusate at a g iven po int i n 
the m e d i u m ; i t reduces to E q u a t i o n 3 w h e n the diffusion coefficient is a 
constant ( 9 ) . If the latter condi t ion is satisfied, the dif fusion process is 
sa id to be idea l , or F i c k i a n , a n d Equat ions 1 a n d 3 represent F i ck ' s first 
a n d second laws of dif fusion respectively. 

W h e n the nature of the dif fusion process w i t h i n the l a m i n a is under 
consideration, i t is advisable to w o r k i n terms of the concentrations of 
water w i t h i n the l a m i n a , a n d the foregoing equations are the most appro ­
priate ( 9 ) . U s e of these equations requires knowledge of sorpt ion or 
solution data since the quantit ies w h i c h are k n o w n direct ly i n the exper i ­
menta l design are the vapor pressures or concentrations i n the m e d i a at 
the boundaries of the l amina . F o r prac t i ca l app l i cat ion of the exper i ­
menta l findings, however , knowledge of the rates of vapor transmission 
under g iven vapor pressure differences is requ ired . It is, therefore, con­
venient i n many cases to express the gradient i n terms of the vapor 
pressure at the boundaries of the l amina . 

T h e def ining equat ion for stationary states of dif fusion then becomes 

where I is the thickness a n d px a n d p2 are the vapor pressures at the 
boundaries of the l amina . P ' is usual ly termed the permeab i l i t y of the 
l a m i n a a n d F ( = P ' X I) the permeab i l i ty coefficient or specific permea­
b i l i t y of the mater ia l . 

Equat i ons 1 a n d 4 are equivalent only w h e n the dif fusion a n d sorp­
t ion processes are idea l , i.e. w h e n the dif fusion coefficient is a constant 
a n d w h e n H e n r y s l a w , w h i c h states that there is a l inear re lat ion between 
the external concentration or vapor pressure a n d the e q u i l i b r i u m concen­
tration i n the mater ia l , is obeyed (or, i n other words , w h e n the sorption 
isotherm is l i n e a r ) . In this case, E q u a t i o n 1 m a y be interpreted to give 

F = P' A (Pl - p2) = Ρ A (Pi ~ P 2 ) (4) 
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128 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

F = — D A (Ci - CO 
(Xi - Xi) 

(5) 

a n d , since (xi — x2) is necessarily negative, 

F = D A (Ci - CQ (6) 

H e n r y s l a w m a y be w r i t t e n as 

C = Sp (7) 

where C is the concentrat ion of water i n the l a m i n a w h e n the l a m i n a is 
i n e q u i l i b r i u m w i t h an ambient vapor pressure p, a n d S is termed the 
so lub i l i ty or sorpt ion coefficient. F r o m Equat i ons 4, 6, a n d 7, the permea­
b i l i t y a n d dif fusion coefficients are, therefore, re lated i n this case b y the 
equat ion 

w i t h proper regard to units . 
W h e n the dif fusion process is not idea l , the dif fusion coefficient 

ca l cu lated f r o m E q u a t i o n 6 for a stationary state process is the m e a n 
dif fusion coefficient corresponding to a part i cu lar concentrat ion differ­
ence. Methods of de termin ing the true diffusion coefficient per ta in ing to 
a part i cu lar concentration were reported b y C r a n k ( 9 ) . T h e permeab i l i t y 
coefficient ca l cu lated f rom E q u a t i o n 4 is also a mean va lue corresponding 
to a par t i cu lar vapor pressure difference i f the dif fusion process is not 
idea l . 

M a n y investigators have expressed their data i n terms of F , the rate 
of dif fusion, a n d have ca l l ed this quant i ty the permeab i l i ty of the mate­
r i a l . O ' N e i l l a n d G o d d a r d (7 ) f ound it more convenient to use the terms 
resistance a n d specific resistance. These are defined as the reciprocals of 
the permeab i l i t y a n d the specific permeab i l i t y respectively. T h e specific 
resistance is analogous to e lectr ical specific resistance i f the vapor pres­
sure difference a n d the rate of di f fusion are taken to be equivalent to 
potent ia l difference a n d current i n the e lectr i ca l case. Di f fus ion resis­
tances are add i t ive ( J O ) , a n d the effect of each component of a complex 
system, i n w h i c h the vapor diffuses through a n u m b e r of consecutive 
laminae separated b y layers of a ir , is at once apparent i f the resistances of 
the i n d i v i d u a l components are k n o w n . 

W i t h the exper imental apparatus ( F i g u r e 1 ) , the rate of di f fusion F 
can be measured. W h e n this va lue is subst ituted i n E q u a t i o n 4 together 
w i t h the vapor pressure p\ at the surface of H a n d the vapor pressure 

Ρ = DS (8) 
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5. E L - S H I M I E T A L . Water Vapor in Skin 129 

pf
2 i n the ambient a ir , the permeab i l i ty coefficient can be ca lculated . 

A l t h o u g h the method appears s imple and s tra ight forward , there are m a n y 
sources of error w h i c h are not obvious. These errors, a n d the attempts 
to e l iminate them, were rev i ewed b y N e w n s (10). T h e more important 
factors i n c l u d e the f o l l o w i n g : 

(a ) Intervening Spaces. T h e permeab i l i ty of the l a m i n a or the 
permeabi l i ty coefficient of the mater ia l cannot be determined prec ise ly 
because the vapor has to diffuse through the static layer of air inside the 
ce l l a n d the air at the outer surface of the l a m i n a . I n add i t i on to the vapor 
pressure drop across the l a m i n a , there w i l l be vapor pressure gradients 
inside a n d outside the ce l l . T h e escape of vapor f rom the ce l l is con ­
tro l led , therefore, not only b y the resistance of the l a m i n a R2 ( F i g u r e 1 ) , 
but also b y that of the a ir space w i t h i n the ce l l Ru a n d the resistance of 
the air outside the l a m i n a R 3 . T h e vapor pressures w h i c h can be obta ined 
w i t h some degree of certainty are p\ at the surface of H a n d γ/2 i n the 
ambient air , whereas the vapor pressure drop across the l a m i n a ( pi — p2 ) 
is not k n o w n . O n l y i f R2 is large compared w i t h Rx and R 3 w i l l the vapor 
pressures at the surfaces of the l a m i n a approach p\ a n d p ' 2 . In m a n y 
cases, because of the h i g h resistance of the l a m i n a or the reduct ion of Rx 

a n d R2 b y suitable modif ications of the apparatus, it is possible to use 
these values to calculate reasonably accurately the permeab i l i ty of the 
lamina . T h e method is f requent ly used to compare different materials 
w i thout ob ta in ing exact values for the permeab i l i ty coefficients. I n an 
attempt to keep R± constant for these measurements, the l eve l of Η ( F i g ­
ure 1) is usual ly adjusted to the same fixed value at the beg inn ing of 
each experiment. 

( b ) Type of Seal. T h i s factor is especial ly important w h e n the more 
resistant types of materials are be ing examined. T h e m a i n sources of 
error are leakage at the edges a n d inexact de l ineat ion of area. T w o m a i n 
types of seal have been used : those made w i t h some type of wax com­
p o u n d a n d mechanica l seals. T h e advantages of mechan i ca l seals are 
that the l a m i n a is easily c l a m p e d into pos i t ion a n d the exposed area is 
w e l l def ined; however , there is a poss ib i l i ty of leakage. 

( c ) Wetting of Lamina Surface. T h e l a m i n a m i g h t be wetted i n 
careless h a n d l i n g , and , w h e n water is used w i t h i n the ce l l , there is also 
a tendency for vapor to condense on the l a m i n a surface as a result of 
sudden sl ight decreases i n temperature. F o r this reason, experiments are 
usual ly per formed at 9 0 - 9 5 % relat ive h u m i d i t y ( R H ) on either face of 
the lamina . 

I n conclusion, i t seems that the p r i n c i p a l advantages of this method 
are that the apparatus a n d procedure are s imple , a n d the apparatus can 
be read i ly d u p l i c a t e d so that a number of measurements can be made 
simultaneously. A disadvantage is that the cells must be m o v e d d u r i n g 
the measurements w i t h the poss ib i l i ty of d i s turb ing the di f fusion process. 
Genera l ly , the method gives better results for materials w h i c h do not 
absorb m u c h water a n d w h i c h do not have l o w resistance. A l t h o u g h 
resistance of the stratum corneum m a y be considered h i g h , ca lculat ion 
of the dif fusion coefficient f r om permeab i l i ty data m a y be compl i ca ted 
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130 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 2. General view 

b y the presence of holes or cracks i n the corneum (e.g., holes result ing 
f rom ha i r shafts d u r i n g separation of the corneum f rom the epidermis ). 
T h e presence of such holes results i n higher D values. 

Moisture-Binding Capacity. S i n E q u a t i o n 8 must be evaluated 
separately f rom the sorpt ion isotherm i n order to calculate D. Such 
water sorption isotherms have been determined (5 , 11); they were re­
ferred to as mois ture -b ind ing capaci ty curves. T h e mois ture -b ind ing 
capacity of skin membranes was measured at several relative humid i t i es 
mainta ined by the use of saturated aqueous solutions of inorganic salts. 
T h e membranes were first d r i e d over D r i e r i t e ; then they were e q u i l i ­
brated successively at each R H i n a desiccator. T h e amount of water 
b o u n d b y the membranes was estimated gravimetr ica l ly . T h e necessity 
of r emov ing the sample for w e i g h i n g a n d thereby exposing the sk in to 
different ambient conditions may prec lude rea l e q u i l i b r i u m values. 

Details of the New Technique 

T h i s technique for s tudy ing diffusion characteristics of water vapor 
i n sk in is based on measurement of sorption a n d desorption kinetics . T h e 
technique features a humid i ty -generat ing apparatus to produce an air 
stream w i t h g iven R H , a sample chamber, a continuously record ing 
electrobalance ( C a h n R G ) , a n d a two-pen chart recorder. A t ime der iva ­
t ive computer ( C a h n ) connected to the balance i n series provides s i m u l ­
taneously the rate of we ight change corresponding to the we ight vs. t ime 
trace. A general v i e w of the equipment is presented i n F i g u r e 2. 

Experimental Equipment. H U M I D I T Y G E N E R A T I N G A P P A R A T U S . F i g ­
ure 3 shows the humid i ty -generat ing apparatus. Saturated air a n d dry 
air are m i x e d at predetermined ratios i n a gas mixer i n order to obtain 
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5. E L - S H I M I E T A L . Water Vapor in Skin 131 

the desired R H ( 0 - 1 0 0 % ). T h i s method of regulat ing the R H of an air 
stream was used previously (12, 13). T h e pressure of the d r y air f r o m 
a compressed air cy l inder is regulated b y a special , l o w pressure regu ­
lator ( M a t h e s o n m o d e l 70, de l ivery range: 0 .5-5 p s i ) , a n d the pressure 
of the air stream leav ing the regulator (3 ps i ) is further checked b y a 
mercury manometer. T h e air stream is then sp l i t : one branch passes 
through two d r y i n g columns ( A n a l a b s ) w h i l e the other is b u b b l e d via 
f r i t ted glass discs through the water i n a series of saturators. T h e two 
air streams enter the two tubes of the gas mixer (proport ioner ) ( M a t h e ­
son m o d e l 665 w i t h two 601 Rotameter tubes ca l ibrated to 1% accuracy) 
and are m i x e d i n the requ i red ratio i n the central m i x i n g tube. T w o trap 
bottles are i n c l u d e d i n the apparatus to safeguard against back-suct ion 
( shou ld the pressure drop suddenly ) a n d carry-over of water droplets 
f rom the last saturator. T h e flow rates i n the two mixer tubes were c a l i ­
brated by the suppl ier ; they are regulated b y two meter ing valves 
( M a t h e s o n N R S H i g h A c c u r a c y Valves 4172-1505). T h e va lve i n the 
wet l ine is s ituated before the saturators, a n d the pressure i n the last 
saturator is mainta ined very s l ight ly above atmospheric (3 m m H g ) . 
A n on-off sw i t ch i n the wet air l ine permits qu i ck isolation of the system. 
T h e h igh-prec is ion meter ing valves of the mixer are used for fine adjust­
ment of flow rate. A l l connections i n the two branches are made w i t h 
po lyethylene t u b i n g (0.25-in. o.d. ) and Swagelok coupl ings . T h e cou­
pl ings on the saturators are soldered through the l i d . 

W E I G H I N G A P P A R A T U S . T h e stream of air f rom the mixer enters a 
metal l i c brass chamber (d = 22 m m ) via po lyethylene t u b i n g w h i c h is 

Figure 3. Humidity-generating appa­
ratus 

I , Low pressure regulator; 2, mercury 
manometer; 3, trap; 4, saturator adapted 
for thermocouple leads; 5 and 6, satu­
rators; 7, trap; 8 and 9, drier columns; 
10y 11, and 12, valves; and 13, mixer 
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132 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 4. Sample chamber and Cahn 
electrobalance 

14, Antivibration base; 15, sample cham­
ber; 16, plexiglas enclosure; and 17, Cahn 

balance 

connected to the chamber through a quick-connect c oup l ing ( F i g u r e 4 ). 
It was f ound that the chamber diameter affects the kinetics of establ ishing 
a n e q u i l i b r i u m atmosphere i n the chamber (see b e l o w ) . T h e sample is 
h u n g on a w i r e connected to the t e rmina l of the C a h n balance. C a r e is 
taken so that the sample does not t ouch the wal ls of the chamber w h i c h 
is screwed onto a meta l col lar fixed to a meta l b lock supported on a 
t r i p o d a l frame. T h e posi t ion of the meta l b lock can be adjusted to ensure 
that the w i r e is centered i n the sample chamber . A s imi lar meta l b lock 

Figure 5. Recording equipment 
18, Control unit for Cahn balance; 19, 
time derivative computer; 20, recorder; 
21, thermos for thermocouple cold junc­
tion; and 22, time switch used in con­

junction with thermocouple 
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5. E L - S H I M I E T A L . Water Vapor in Skin 133 

w i t h a hole for the w i r e supports the electrobalance. T h e t r ipoda l frame 
rests on an ant iv ibrat ion base. A c y l i n d r i c a l Plexiglas frame between the 
chamber a n d the balance shields the sample w i r e f r om drafts. T h e 
Plexiglas f rame a n d the col lar are i n c l u d e d w i t h the sedimentat ion 
accessories supp l i ed w i t h the balance. D i r e c t connect ion of the chamber 
to the base of the balance produces apprec iable noise i n the output s ignal . 

R E C O R D I N G E Q U I P M E N T . T h e record ing equipment is p i c t u r e d i n 
F i g u r e 5. 

P r o c e d u r e as A p p l i e d to S k i n . H u m a n stratum corneum sheets were 
prepared b y the method of K l i g m a n a n d Christophers (14), a n d the 
isolated corneum was refr igerated. A smal l p iece of corneum w e i g h i n g 
3 - 5 m g was n o r m a l l y used. I n order to determine the i n i t i a l dry we ight , 
the sk in sample was h u n g on the w i re , the chamber was secured i n place , 
a n d d r y air was then passed into the sample chamber at the rate of 100 
m l / m i n for an average of 16 hrs. A i r at a g iven R H was then admi t ted 
to the chamber , a n d the kinetics of moisture sorption was fo l l owed . 
C h a n g i n g the R H of the air stream was s i m p l y effected b y changing the 
ratio of the volumes of the d r y a n d saturated air streams i n the gas 
proport ioner . S i m i l a r l y , desorption was invest igated b y passing d r y air 
or air of any g iven R H into the sample chamber where the sk in piece 
h a d been equi l ibrated . 

T h e correlat ion between the theoret ical a n d actual R H values of the 
air stream after m i x i n g were examined. Smi th (12) p r o v i d e d evidence 
that these values are very s imi lar . H e determined d irec t ly the e q u i l i b r i u m 
R H of salt solutions exposed to an air stream of v a r y i n g R H . T h e R H of 
the air stream at w h i c h there was no we ight loss or ga in b y the salt 
so lut ion was very close to the k n o w n e q u i l i b r i u m R H of the salt solution. 
F o r example, the determined e q u i l i b r i u m R H values for sod ium chlor ide 
a n d magnes ium chlor ide were , respectively, 74.4 a n d 3 1 . 5 % at 50 °C , 
w h i c h are i n excellent agreement w i t h the l i terature values of 74.7 a n d 
31 .4% at the same temperature. 

W e checked the h u m i d i t y of the air stream i n two ways . I n the first, 
the h u m i d i t y of the moist b r a n c h of the air stream was determined b y a 
dew-po int method . A f t e r l eav ing the saturators, the moist air b r a n c h 
was indeed saturated; this ensured that the propor t i on ing procedure gave 
the correct R H . I n the other approach, the water vapor isotherm of the 
same piece of stratum corneum was measured b y the d y n a m i c method 
and a modi f ied static method us ing a record ing microba lance a n d st irred 
salt solutions to generate the r e q u i r e d R H . T h e e q u i l i b r i u m sorpt ion 
values were almost the same for the two isotherms ( F i g u r e 6 ) ; therefore, 
the R H of the air stream was the same as ca lculated . Genera l ly , the flow 
rates and , therefore, the R H of the air stream remained stable for as l ong 
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Figure 6. Equilibrium water vapor sorption isotherms obtained 
on female stratum corneum (age 29) using salt solutions (•) and the 

dynamic method ( O ) at 23.3 ± 0.5°C 

as 24 hrs w i t h a m a x i m u m observed fluctuation of ± 2 % . Infrequent 
minor adjustment of the flow rates further reduced these fluctuations. 

Calculation of the Diffusion Coefficient from Sorption and 
Desorption Kinetics in a Plane Sheet 

T h e mathemat i ca l treatment of exper imental data to calculate the 
dif fusion coefficient of sorbate (diffusate) into sorbents was rev i ewed by 
C r a n k ( 9 ) . I t m a y be sufficient to i l lustrate the procedure used to c a l c u ­
late the diffusion coefficient for the s imple case where D is considered 
constant, i.e. i t does not v a r y w i t h the concentration of sorbate. M o r e 
deta i led analysis of the characteristics of D w i l l be discussed i n future 
reports. 

F o r the case of sorpt ion a n d desorption b y a p lane sheet of thickness 
I where Mt is the total amount of di f fusing substance w h i c h has entered 
the sheet at t ime t a n d Μ χ is the corresponding quant i ty after infinite 
t ime, i t can be shown (9 ) that the solut ion to E q u a t i o n 3 is g iven b y : 

(9) 
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5. E L - S H I M I E T A L . Water Vapor in Skin 135 

T h e uptake is considered a dif fusion process contro l led b y a constant D, 
a n d i t is assumed that the concentration at each surface of the membrane 
instananeously attains a constant e q u i l i b r i u m value. W i t h suitable inter ­
pretat ion of Mt a n d Μ χ , E q u a t i o n 9 also describes desorpt ion f r o m the 
same sheet w h i c h was in i t ia l ly condi t ioned to a u n i f o r m concentrat ion 
a n d whose surface concentrations are instantaneously brought to zero at 
t = 0. E q u a t i o n 9 is par t i cu lar ly useful for smal l times. Another f o rm of 
the solut ion, w h i c h is par t i cu lar ly useful for moderate a n d large times, is 
g iven b y : 

Mt 8 γ ι 1 Γ D(2m + l ) 2
 2 , Ί n n , 

= 1 " ? l l ( 2 m + D 2 e X P I Ρ T t \ ( 1 0 ) 

m = ο 

F r o m E q u a t i o n 10, the value of t/l2 for w h i c h Mt/M^ = % , conven­
ient ly wr i t t en as (t/l2)h is closely approx imated b y : 

( ? ) . » - - - * © 1 

w i t h the error be ing about 0 . 0 0 1 % . T h u s we find: 

D - « " g ! (12) 
(V^2) 1/2 

a n d so, i f the ha l f - t ime of a sorpt ion or desorption process is observed 
experimental ly , the va lue of the dif fusion coefficient, w h i c h is assumed 
to be constant, can be determined . If the dif fusion coefficient is not 
constant, then D represents an average value. 

Discussion 

T h e experimental approach for obta in ing sorption a n d desorption 
isotherms as w e l l as hysteresis effects is w e l l k n o w n a n d w i l l not be 
discussed further. H o w e v e r , dif fusion measurements w i l l be g iven a 
somewhat more deta i led treatment. 

Equat ions 9 a n d 10 assume instantaneous establishment of e q u i ­
l i b r i u m surface concentration as a result of sudden change i n the ambient 
environment i n the sample chamber . H o w e v e r , it was observed exper i ­
menta l ly f r om the t ime der ivat ive trace (dM/dt) that a finite response 
t ime is r e q u i r e d to establish n e w e q u i l i b r i u m conditions (see F i g u r e 7 ) . 
U n d e r i d e a l condit ions, the rate of sorption or desorption should , to a 
good approx imat ion , be represented b y C u r v e X . T h e ac tua l observed 
curve, C u r v e R, has a dist inct m a x i m u m . T h e posi t ion of the m a x i m u m 
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136 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 7. Schematic depiction of ideal (X) and ob­
served (R) sorption or desorption rates 

on the t ime axis a n d its he ight depend on factors that affect the rate of 
equ i l i b ra t i on i n the sample chamber , namely chamber size a n d air stream 
f low rate. 

T o demonstrate this effect, five c y l i n d r i c a l chambers were tested. 
T h e effective vo lume of four chambers var i ed b y a factor of about two 

TIME 

Figure 8. Schematic presentation of the observed 
sorption or desorption rate as a function of sample 

chamber size 
Chamber volume: A , 20-50 ml; and B, 400 ml 
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5. E L - S H i M i E T A L . Water Vapor in Skin 137 

( 20 -50 m l ) , whereas the fifth chamber h a d an effective vo lume of about 
400 m l . F i g u r e 8 depicts schematical ly the rate profi le obta ined w i t h the 
five chambers. These profiles represent experimental runs w i t h the same 
skin sample w h i c h was in i t ia l l y d r y a n d then subjected to air at 9 0 % R H 
flowing at 100 m l / m i n . Whereas the i n i t i a l sorption rate was not affected 
b y a re lat ive ly s m a l l change i n chamber size ( 20 -50 m l ) , the effect was 
very pronounced w i t h the larger chamber. W i t h the smaller chambers, 
there was a sharper peak after a re lat ive ly short t ime. T h e m a x i m u m is 
p r o b a b l y related to the gradua l m i x i n g of the air stream w i t h the chamber 
environment. Consequent ly , the smaller the chamber size, the faster the 
rate of equ i l ibrat ion . H o w e v e r , for obvious prac t i ca l reasons, the design 
of the sample chamber must take into account the use of a large enough 
sample to increase the prec is ion of the data. T h e m a x i m u m occurred 
after 1-2 m i n i n the smal l chamber . 

3 0 r 

REL. HUMIDITY (%) 

Figure 9. Equilibrium sorption isotherm of water vapor on female 
stratum corneum (age 68) at 23.3 ± 0 . 5 ° C 

T h e i n i t i a l dev iat ion of the observed rate f rom the idea l curve 
complicates ca lculat ion of D f r om the ha l f - t ime of sorpt ion or desorption 
since i t w o u l d be difficult to locate the start of the i d e a l dif fusion process. 
H o w e v e r , D values obta ined i n this manner should s t i l l prove useful i n 
assessing the effects of various treatments on the same substrate (e.g., 
sk in ) since the relative error attr ibutable to the i n i t i a l n o n - e q u i l i b r i u m 
condit ions i n the sample chamber w i l l be the same. W h e n D is ca lcu lated 
i n this w a y a n d the start of the dif fusion process is referenced to t = 0 
(i.e. the t ime r e q u i r e d to achieve 5 0 % uptake or loss is referenced to 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
5



138 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

f = 0 ) , the values of D p rov ide useful in format ion on the effect of 
detergents on excised skin . F o r example, k n o w n aggressive detergents 
p r o d u c d a m a r k e d increase i n D. 

I n order to obta in more accurate values of D, calculations are per ­
f o rmed us ing E q u a t i o n 10 w h i c h is useful at longer times w h e n the 
summat ion can be effectively rep laced b y its first term, thus: 

so that D is obta ined f rom the slope of the l inear port ion of the g r a p h of 
In (1 — Mi/M») vs. t ime (15 ) . T h e l inear port ion of the graph repre­
sents sorption or desorption data w h i c h are close to e q u i l i b r i u m ( for sk in , 
e q u i l i b r i u m sorpt ion a n d desorption values were attained after approx i ­
mate ly 5 -20 hrs, depending on the vapor pressure of water i n the air 
s t ream) , a n d hence i t can be safely assumed that the concentration of 
water vapor at the sample surface is i n e q u i l i b r i u m w i t h the surroundings. 

A sorption isotherm on excised h u m a n a b d o m i n a l stratum corneum 
( female , age 68) is presented i n F i g u r e 9. T h e data were obta ined on 
separate pieces of sk in w h i c h were in i t ia l l y d r i e d a n d then exposed to 
an air stream w i t h a g iven R H ; uptake was f o l l owed u n t i l e q u i l i b r i u m 
was reached. Va lues of D ca lculated f rom hal f - t ime data for each h u ­
m i d i t y interva l were 1.37-5.10 Χ 10" 1 0 c m 2 / s e c . Scheuple in a n d B l a n k 
(16) reported a value of 5 Χ 10" 1 0 c m 2 / s e c for h u m a n stratum corneum. 
T h e range of our values w o u l d indicate that D is concentration dependent. 
F u l l details w i l l be reported i n the future. 

Mater ia ls w i t h different geometric forms were also examined, e.g. 
hair fibers a n d powders . H o w e v e r , it was necessary to design appropriate 
holders for such samples w h i c h w o u l d a l l ow m a x i m u m exposure of sample 
surface to the air stream. A n attempt to use two smal l magnets to h o l d 
ha ir fibers was not very successful since some fibers f e l l out d u r i n g the 
sorpt ion process causing a sudden decrease i n weight . A c y l i n d r i c a l p a n 
(d iameter , 10 m m ; height, 25 m m ; weight , ~ 250 m g ) made of very fine 
stainless steel gauze gave the best results w i t h fibers a n d powders . One 
should take care that the fibers or powder i n the p a n have a l o w degree 
of compactness. 

A n interest ing feature of the sorption process was general ly observed 
at the higher humid i t i es ( 9 0 - 1 0 0 % ). S m a l l fluctuations (less than 5 % 
of total uptake ) appeared on the weight vs. t ime curve just as the sample 
seemed to attain the e q u i l i b r i u m uptake value. It was thought that this 
wTas attr ibutable to variations i n laboratory temperature that caused con­
densation. T o m i n i m i z e this effect, the apparatus was m o v e d to a constant 
temperature a n d h u m i d i t y room (22 .8°C, 5 5 % R H ) . A l t h o u g h tempera-

(13) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
5



5. E L - S H I M I E T A L . Water Vapor in Skin 139 

ture var ia t i on was s m a l l under the n e w condit ions, fluctuations i n the 
w e i g h t - t i m e curves persisted at h igher humidi t ies . A n attempt was made 
to measure the ac tua l temperature i n the sample chamber a n d the t e m ­
perature of water i n the saturaters via thermocouples referenced against 
ice, but no conclusive evidence on the effect of temperature c o u l d be 
obtained. A s imi lar effect was observed b y W a t t (17) d u r i n g sorption 
of water vapor i n w o o l under static condit ions, but no detai led explana­
t ion of the effect was g iven. I n order to resolve this p r o b l e m a n d to 
ascertain its significance, a n e w setup is be ing constructed w h i c h w i l l 
a l l ow m u c h more efficient thermostating. T h e whole unit , except for the 
balance, w i l l be p laced i n a water bath . 

Summary 

T h e m a i n advantages of the n e w technique are as fol lows. 
( a ) T h e sorption a n d desorption processes are f o l l owed cont inuously 

in situ w i thout d i s turb ing the system. 
( b ) U s e of a continuous gas flow ensures good m i x i n g of the air 

flowing i n the chamber , thus m i n i m i z i n g the effects of the stagnant layer 
around the test sample. I n static systems, the effect of the stagnant air 
layer is usual ly overcome b y w o r k i n g under v a c u u m . T h e n e w technique 
provides a more real ist ic d y n a m i c system for the study of sorption, 
desorption, and dif fusion of water i n excised skin . 

( c ) It is easy to change the vapor pressure of water vapor i n the 
air stream at w i l l w i thout d i s turb ing the system. T h i s eliminates i n c o n ­
venient use of inorganic salts. 
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6 
Wetting Characteristics of Keratin Substrates 

A. EL-SHIMI and E. D. GODDARD 

Lever Brothers Research Center, 45 River Road, Edgewater, N. J. 07020 

The wettability of living human skin, bovine hoof keratin, 
and various synthetic polymers has been examined using two 
liquids, water and methylene iodide, and Wu's empirical 
approach to obtain γsd and γsp. The sum of these parameters 
agreed with reported values of γc, the critical surface ten­
sion, based on Zisman plots. γc, values obtained using aque­
ous ethanol solutions were lower and showed little or no 
dependence on the type of solid surface. The results show 
that skin and keratin possess surfaces of low free energy 
comparable with that of polyethylene. Experimental values 
of contact angles at the hydrocarbon liquid/water/solid 
interface showed satisfactory agreement with the Wu equa­
tion for Teflon and poly(methyl methacrylate), but those ob­
served for nylon 11 and bovine hoof keratin (> 170°C in 
oil) were higher than predicted. 

A n important funct ion of a n i m a l sk in is to act as a barr ier to prevent 
water loss a n d entry of fore ign materials . I n m a n a n d other m a m ­

mals this barr ier property is conferred b y the outermost layer k n o w n as 
the stratum corneum. A l t h o u g h it is composed essentially of a f e w layers 
of cells w h i c h undergo extensive kerat in izat ion as they are forced u p ­
w a r d f rom the dermis layer, the barr ier properties of this stratum 
corneum layer far exceed those of kerat in . T h e efficiency of s tratum 
corneum as a barr ier depends on the presence i n i t of l i p o i d a l mater ia l . 
T h i s efficiency ( 1 ) is severely i m p a i r e d i f the stratum corneum is treated 
w i t h combinations of po lar , water misc ib le l i qu ids such as methano l a n d 
water immisc ib l e l i p o p h i l i c solvents such as hexane or chloroform. 

M u c h effort is expended cosmetical ly to improve the condi t ion of 
skin . T h i s general ly involves a p p l y i n g products to restore i m p a i r e d skin 
to normal . O u r invest igat ion examines the wet t ing characteristics of 
n o r m a l sk in . C l e a n sk in i n as natura l a state as possible was used. 
Aggressive solvent treatments were avo ided since such treatment w o u l d 
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remove a considerable por t ion of sk in l ip ids a n d influence the wet t ing 
properties. F o r comparison w e have invest igated the wet t ing of a kerat in 
substrate itself, namely bov ine hoof. S u c h a substrate has some s imi lar i ty 
to h u m a n hair a l though freshly c leaned h u m a n h a i r w i l l also i n t ime 
acquire a layer of l ip ids b y migrat i on of sebum constituents f r o m the 
scalp. T o a l l ow more complete evaluat ion of the properties of sk in a n d 
kerat in surfaces, the w e t t i n g behavior of several synthetic po lymers were 
studied . T h e experiments invo lve wet t ing a l l these materials i n a ir a n d 
submerged i n water . 

Experimental 

Substrates a n d M a t e r i a l s . F o r studies of contact angles on sk in , the 
area chosen shou ld be as smooth as possible a n d free f rom hair . F o l l o w ­
i n g earl ier pract i ce ( 2 ) , the area selected was the dorsa l side of the index 
finger w i t h the sk in rendered taut b y b e n d i n g of the finger. P r i o r to 
contact angle measurements, the female subjects washed their hands 
w i t h soap a n d r insed them under tap water . T h e exper imental surface 
was a l l owed to air d ry for 15 m i n ; the other areas were l i ght ly p a d d e d 
w i t h paper towels. T w o subjects were chosen f rom a large group as 
h a v i n g the smoothest sk in i n the finger dorsal region. Since the findings 
for both subjects were very close, the data for only one are reported . 

T h e alcohols used were d i s t i l l ed compounds, a n d the water was 
double d i s t i l l ed . A var iety of substrates was chosen w h i c h includes 
paraffin wax ( G u l f O i l C o r p . , m.p. 5 5 - 5 6 ° C ) ; Tef lon a n d n y l o n 11 
( D u P o n t ) ; po ly ( m e t h y l methacrylate ) ( P M M A ) ( R o h m a n d H a a s ) ; 
bov ine hoof kerat in ( B H K ) ; a n d h u m a n skin . B o v i n e hooves were obta ined 
fresh f rom the slaughter house. T h e h a r d kerat in was isolated b y first 
b o i l i n g the hooves i n water a n d then scraping the u n w a n t e d components 
w i t h a sharp kni fe . T h e d r i e d kerat in pieces thus obta ined were general ly 
i rregular i n shape, a n d i t was necessary to machine the kerat in hoofs into 
some desirable geometric p lanar surface. I n this work , p lanar discs 20 
m m i n diameter a n d not less than 5 m m thick were used. Discs th inner 
than 5 m m tended to de form a n d thus lose their p lanar geometry. T h e 
discs were po l i shed us ing emery paper of succeedingly finer grade u n t i l 
a h i g h l y reflecting surface was obtained. M i c r o s c o p i c examination showed 
no res idual debris on the surface. 

Tef lon, ny l on , a n d P M M A were supp l i ed i n sheet form. These solids 
were washed i n detergent solution, r insed thoroughly i n d i s t i l l ed water , 
a n d stored i n a v a c u u m oven at room temperature. Paraffin wax discs 
were obta ined b y d i p p i n g P M M A discs or glass slides i n molten wax , then 
remov ing a n d gently pressing the discs or slides onto w a r m a l u m i n u m 
f o i l p l a c e d on a p lanar , b lack granite dressing p late n o r m a l l y used for 
gage blocks. T h e resultant coat ing was flat a n d smooth. T h e surface of 
the synthetic polymers was careful ly protected a n d used for w e t t i n g 
studies i n v i r g i n f orm. 

F o r the o i l / w a t e r studies, discs of paraffin w a x a n d the other mate ­
rials were g lued to a glass r o d ca. 3 i n . i n length. T h e junct ion of the 
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6. E L - S H i M i A N D GODDARD Keratin Substrates 143 

glass r o d a n d the discs was coated w i t h paraffin wax to ensure no con ­
taminat ion of surrounding l i q u i d w i t h g lue ( E a s t m a n 910 adhes ive ) . 
F o r convenience Tef lon, ny lon , a n d P M M A were also s tud ied i n the 
f orm of c y l i n d r i c a l rods of ca. 1-in. d iameter at the base a n d 4 i n . long . 
T h e upper 3-in. por t ion was m a c h i n e d to a ^ % - i n . diameter a n d was 
used as a handle to fit i n a laboratory c lamp. It was secured i n a ver t i ca l 
pos i t ion b y c l a m p i n g onto a laboratory jack a n d the broader , l ower 
por t ion of the cyl inders was used for contact angle measurements. T h i s 
set-up provides a convenient w a y to move the so l id cy l inder ver t i ca l ly 
into the opt ica l c e l l w h i l e the d r o p p i n g assembly remains stationary. A 
smooth reflecting surface was obta ined b y po l i sh ing w i t h a suspension 
used for prec is ion opt i ca l equipment . Results obta ined showed agree­
ment between the disc a n d r o d forms of P M M A and Tef lon, but for n y l o n 
the r o d surface was ev ident ly scratched a n d was d iscarded. 

T h e hydrocarbon l iqu ids were very pure samples: C 7 - (spectral grade, 
Matheson , C o l e m a n , a n d B e l l ) , C 8 - , C i 0 - , C i 2 - , a n d Cie-n-alkanes ( H u m ­
phrey C h e m i c a l C o . ) , a n d cyclohexane (spectral grade, E a s t m a n ) . T h e 
absence of impur i t ies was conf irmed b y G L C . T h e m i n e r a l o i l ( D r a k e o l -
15 U . S . P . grade, Pennsy lvan ia Ref in ing C o . ) was further pur i f i ed b y treat­
i n g w i t h F l u o r o s i l . T h e methylene i od ide was a h i g h p u r i t y spec imen 
( F i s h e r Scientific C o . ) and was used as received. F o r the o i l / w a t e r 
studies, a l l the l i qu ids were equ i l ibrated w i t h double d i s t i l l ed water for 
24 hrs i n glass containers w i t h continuous agitation i n a rotat ing machine . 
A f t e r equ i l ibrat i on , the l i qu ids were left to stand for a f ew hours a n d 
separated us ing a separating funnel . T h e surface a n d inter fac ia l tensions 
of the systems invest igated were measured at room temperature us ing 
the W i l h e l m y plate method , a n d the results are shown i n T a b l e I. 

Technique. T h e set-up consisted of an opt i ca l bench w i t h two car­
riers. O n e carrier h e l d the support for the opt i ca l ce l l , the he ight of 
w h i c h cou ld be adjusted b y a vert i ca l ly movable mount ing shaft. T h e 
second carrier , support ing a l o w power microscope fitted w i t h a goniome­
ter scale, was capable of ver t i ca l and hor i zonta l movements. T h i s design 
facil itates microscope movement i n three dimensions a n d el iminates the 
need for adjust ing the needle posit ion w i t h respect to substrate and 
opt i ca l path . T h e l i q u i d drops were dispensed w i t h the he lp of an u l t r a 
prec is ion micrometer syringe ( M a n o s t a t ) fitted w i t h a stainless steel 
needle w h i c h was p laced i n an opt i ca l ce l l containing the so l id disc. T h e 
syringe was c l a m p e d on a v ibrat ion- free stand. I n a l l cases, the sessile 

Table I. Surface and Interfacial Tensions (dynes/cm) 
of Mutually Saturated Liquids 

T l (water) 71/water 7 w a t e r ( l ) 

c 7 20.4 50.2 72 
c 8 21.8 50.8 72 
Cio 23.9 51.2 72 
Cl2 25.4 51.5 72 
Ci6 27.5 52.3 72 

cyclohexane 25.5 50.2 72 
ft-hexanol 26.5 6.9 34.2 
m i n e r a l o i l 31 51.5 72 
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drop method was used for the measurements w h i c h used s tandard contact 
angle goniometer equipment . A d v a n c i n g ( 0 A ) a n d reced ing ( 0 R ) angles 
were measured w i t h the needle t ip i n the l i q u i d phase b y chang ing the 
vo lume of the drop u n t i l a movement of the contact l ine was observed. 
T h i s device al lows the measurement of the contact angle at bo th edges 
of the drop w i thout any disturbances of the drop configuration. M e a s u r e ­
ments were carr ied out at r oom temperature (25.5 ± 1.5°C) d u r i n g 
w i n t e r months w h e n the ambient h u m i d i t y was l o w (.— 3 0 % ) (2). 

F o r measurements on sk in , the subject h e l d her finger a round a 
rubber stopper to generate a s k i n surface as p lanar as possible. F o r 
measurements of contact angles on solids submerged i n water , since a l l 
the hydrocarbon l iqu ids invest igated were l ighter than water , the capt ive 
d r o p method was used. T h e substrate surface was normal ly l owered into 
the aqueous phase w i t h the he lp of the laboratory jack, a n d its distance 
f r om the t ip of the needle was contro l led b y observation through the 
microscope. A d v a n c i n g a n d reced ing angles were measured w i t h the 
needle t ip i n the o i l drop b y changing the vo lume of the drop . A l l 
measurements were again carr ied out at r oom temperature. L i q u i d drops 
were deposited on at least five different locations on the surface of a par ­
t i cu lar so l id as a check on the r e p r o d u c i b i l i t y of the measured contact 
angle. Agreement for the least reproduc ib le surface, hoof kerat in , was 
± 3 ° . F o r attenuated total reflectance ( A T R ) I R studies, a P e r k i n - E l m e r 
grat ing I R spectrophotometer was used w i t h a K R S - 5 plate. 

Theoretical 

T h e F o w k e s (4) equat ion for the inter fac ia l tension, y12, between 
two contact ing phases w h i c h interact b y dispersion forces only , has the 
f o r m 

712 = 7 i + 7 2 - 2 V 7 i d 7 2 d (1) 

where ji = surface tension of phase 1, y2 = surface tension of phase 2, 
yid, J2d = the respective dispersion force components of γι, y2. 

F o r the case where po lar force interactions are also invo lved , W u ( 5 ) 
has proposed, b y us ing rec iproca l mean expressions for bo th the d isper ­
sion a n d the po lar interactions, that the inter fac ia l tension yi2 between 
two contact ing phases be represented as 

4 7 / - 7 2 d 47i*> - 7 2 P / 9 x 
712 = 7 i + 72 jt—â χΓΤ—V W 

7 i + 7 2 d 7 i p + 7 2 p 

where γ / , y2
p = the respective po lar force components of γί9 y2. 

T h e Y o u n g equat ion for a s o l i d / l i q u i d system has the f o rm 

yi cos0 = js — Jsi (3) 

a n d combinat ion w i t h E q u a t i o n 2 yie lds 
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6. E L - S H I M I A N D GODDARD Keratin Substrates 145 

yi cos9 = - 7 , H d , d Η (4) 
7 s +yr ys

p+yip 

where s a n d Z, rep lac ing 1 a n d 2 respectively, denote so l id a n d l i q u i d . 
B y Zisman's (6) def init ion, yt = yc, the c r i t i c a l surface tension for 

wet t ing , w h e n cos0 = 1, and under these condit ions E q u a t i o n 4 becomes 

9 [y.d · yid , ys
p · yip~\ 

It is clear f rom E q u a t i o n 5 that i f yid = ys
d a n d yf = ys

p, then 

7 c = 7sd + 7sp 

w h i c h represents an expression for the total surface free energy of the 
so l id . 

I n the special case w h e n interact ion between so l id a n d l i q u i d at the 
po int of complete spreading is attr ibutable solely to dispersion forces, 
E q u a t i o n 5 becomes 

= y c = ^4_ιζ = y / ( 6 ) 

7 * + 7 Γ 

F o r the same condit ions, a s imi lar result emerges f r om the F o w k e s -
Y o u n g equat ion 

yi cos0 = - yi + 2 V ys
dyid (7) 

O n the basis of E q u a t i o n 4, the values of ys
d a n d ys

p for a so l id po lymer 
surface can be ca lculated f rom the contact angles on i t of two l i q u i d s , 
the surface tensions of w h i c h have been defined in terms of the respective 
contr ibut ion of dispersion a n d po lar force components ( 5 ) . I n this case, 
E q u a t i o n 4 is rearranged to two simultaneous equations, a n d solved for 
yd a n d γ / . 

I n the case of a so l id i n contact w i t h two ( m u t u a l l y saturated) 
l i qu ids , pre ferent ia l wet t ing can be pred i c ted on the basis of the contact 
angles of the i n d i v i d u a l l iqu ids on the g iven so l id i n air a n d app l i cat ion 
of Young's equation. F o r example, consider the case of an o i l (o ) a n d 
water (w) on a l o w energy substrate (s), such that w e have for the 
a i r / w a t e r / s u b s t r a t e system 

ys — ys 
cose „, (8) 

a n d for the a i r / o i l / s u b s t r a t e system 
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146 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

7 s — 7 s o = To C 0 s 9 o (9) 

a n d for the o i l / w a t e r / s u b s t r a t e system 

y8W — 7 s o = Ίow cosQow (10) 

where ys is the so l id surface tension a n d the other terms have their usual 
significance. 

Subst i tut ing Equat i ons 8 a n d 9 into E q u a t i o n 10, w e obta in the 
Barte l l -Osterhof (7 ) equat ion 

y ow c o s 9 o w > = y ο c o s 9 0 — yw cosGw (11) 

E q u a t i o n 11 al lows contact angle pred i c t i on i n systems conta in ing two 
i m m i s c i b l e l i qu ids a n d a so l id . Since Young's equat ion is on ly v a l i d i n 
cases where the contact angle is finite, E q u a t i o n 11 w o u l d not be expected 
to h o l d i n such cases where the contact angle θ equals zero i n a ir as is 
c ommonly observed for l o w energy solids a n d nonpolar l i qu ids ( 8 ) . 
H o w e v e r , E q u a t i o n 11 can be veri f ied us ing Tef lon substrates since a l l 
c ommon nonpolar l iqu ids exhib i t a finite contact angle on it . A less direct 
approach to pred ic t 0OM, i n l i q u i d / l i q u i d / s o l i d systems, where θ = 0 i n 
air for one of the l i qu ids , is to use an equat ion l i k e F o w k e s ' ( 4 ) for inter -
fac ia l tension. Thus w e w o u l d have for the s o l i d / w a t e r system, 

y.w = 7 s + yw ~ 2 V ys
d-yw

d (12) 

a n d for the s o l i d / o i l system, 

7 s 0 = 7 s + y ο - 2 V 7 s d - 7 o d (13) 

Subst i tut ing Equat i ons 12 a n d 13 into 10 gives 

y0w eos&ow = yw - 2 V ys
dyw

d - y0 + 2 V ~ t 7 t 7 (14) 

where the ys
d terms are the dispersion component of the surface tensions. 

y0
d is usual ly taken as equa l to y0 for nonpolar l i qu ids . 

E q u a t i o n 14 allows us to pred ic t 60w f rom ys
d a n d yw

d w h i c h has a 
va lue of ca. 22 e r g / c m 2 a c cord ing to F o w k e s (4). 

Corresponding ly , us ing the W u (5 ) expression w e w o u l d have 

y ow COS0 O W = y 4ys
d-yw

d 4ysp'ywp 

ys
d + yw

d y s
p + y w

p 

4 7 s d * y0
d , 4 γ , Ρ » yQ

p 

ys
d + y0

d y s
p + ya

p 

, · 7<r , ^ * 7 s " * τ ο / 1 P ; v 
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6. E L - S H i M i A N D G O D D A R D Keratin Substrates 147 

for the case where po lar force interact ion across the interface is also i n ­
vo lved . E q u a t i o n 15 al lows us to pred ic t contact angles i n the o i l / w a t e r / 
substrate system tak ing into account the po lar interactions as w e l l as the 
more universa l dispersion interactions. In format ion on the components 
of the so l id surface free energy is avai lable , a n d again i t is assumed that 
for a nonpolar l i q u i d y0

d = y0. 
Subst i tut ion of appropriate values i n Equat i ons 14 and 15 thus al lows 

us to pred ic t 0OW values based on two approaches. These values can then 
be compared w i t h exper imental data. 

T a b l e I I . M e a s u r e d C o n t a c t Ang les 

W a t e r M e t h y l e n e Iodide 

Θ Α , ° Θ Α , ° 

Paraff in wax 110 108 60 50 
Tef lon 112 106 85 75 
N y l o n 11 75 66 37 29 
P M M A 74 67 34 28 
B o v i n e hoof kera t in 90 65 44 25 
H u m a n s k i n 75 60 56 45 
N y l o n 66° 66 — 25 — 
P o l y ( v i n y l c h l o r i d e ) 0 83 — 40 — 
Polyethylene* 1 95 — 46 — 
P o l y (ethylene t e rephtha la te ) a 71 — 23 — 

« Réf. (9). 

Results and Discussion 

T h e results of contact angle measurements at the s o l i d / v a p o r inter ­
face are shown i n T a b l e I I for water a n d methylene iod ide on the surfaces 
we investigated. Agreement is very good w i t h measurements on the first 
four matrials b y D a n n ( 9 ) . T a b l e I I includes results on other polymers 
reported b y D a n n . T a b l e I I I contains the computed values, based on ΘΑ 

values for the above two l iqu ids , of ys
d, y/ a n d ys = (ys

d + ys
p) for the 

same surfaces a long w i t h l i terature values for yc obta ined by the Z i s m a n 
method of extrapolat ing a plot of yi vs. cosd to a cos0 value of uni ty . 
ys values obta ined b y W u ' s (5 ) equat ion are i n good agreement w i t h 
l i terature values of yc. 

F o r l o w energy surfaces, the dispersion force component is larger 
than the nondispers ion force component w h i c h , however , cannot be 
neglected or assumed to be nonexistent. A n exception is paraffin wax. 
T h e results of T a b l e I I I for paraffin confirm that y8

v is zero, consistent 
w i t h a surface composed complete ly of hydrocarbon entities w i t h no po lar 
components. B y this treatment, Tef lon turns out to have a smal l bu t 
definite po lar component of γ (10). 
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148 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Table III. Computed Values of y8 According to Equation 4 a 

T s T s 7 c (Ref.) 

Paraf f in wax 25.5 — 25.5 25. 5 (17) 
Tef l on 17.3 1.7 19.0 18. 5 (6) 
N y l o n 11 31.9 12.2 44.1 43 (9) 
P M M A 33.0 12.4 45.4 39 (6), 33-44 (16) 
B o v i n e H o o f K e r a t i n 32.8 5.6 38.4 39 
H u m a n s k i n , 23.1 15.1 38.2 — 
N y l o n 6 6 6 35.0 15.8 50.8 46 (9) 
P o l y ( v i n y l ch lo r ide ) 6 

P o l y e t h y l e n e 6 

32.4 8.5 40.9 39 (6) P o l y ( v i n y l ch lo r ide ) 6 

P o l y e t h y l e n e 6 34.2 3.4 37.6 31 (6), 36.2 (16) 
P o l y (ethylene 

(9), 50 (17) terephtha late ) 6 36.5 13.0 49.5 43 (9), 50 (17) 
a yid a n d yip values for water (22.1, 50) a n d methylene iodide (44.1, 6.7) were those 

used b y W u (δ) (units are d y n e / c m ) . 
b Ref . (9). 

T w o features emerge concerning bovine hoof kerat in . T h e first is its 
re lat ive ly h i g h contact angle w i t h the two l iqu ids . T h e second is the 
rather large d iscrepancy between the advanc ing a n d reced ing contact 
angles. K e r a t i n is c lear ly a solvatable mater ia l as discussed later. F o r 
this reason contact angles were recorded w i t h i n 1-3 m i n of p l a c i n g the 
drop . T h e h i g h values of the a d v a n c i n g contact angles, as w e l l as the 
re lat ive ly l o w value of y8 a n d ys

p, indicate kerat in to be a rather l o w 
free energy surface (3 ) of l o w po lar i ty . 

Va lues i n the l i terature for the contact angle of water on h u m a n 
s k i n f a l l into two groups: one ca. 6 0 ° - 7 0 ° (2 , 11) a n d the other > 100° 
(2, 8, 12). T h e former corresponds more to sk in i n a n o r m a l state a n d 
the latter to sk in that has been subjected to severe c leaning, general ly 
i n v o l v i n g exposure to a d e l i p i d i z i n g solvent. Severe c leaning m a y affect 
the structure of the outer layer of the sk in . Since our interest was i n the 

Table IV. Comparison of Predicted ®0w Values (degrees) 
in Oil /Water /Teflon System (ys

d — 17, y* = 1.7 
dynes/cm) with Experimental Data 

Equation Equation 
Experimental 

Equation 
u 15 (ΘΑ) (ΘΒ) 11 

c 7 0 29 42 32 25 
c 8 0 30 40 31 — 
Cio 14 33 41 32 — 
Cl2 14 35 40 33 — 
Ci6 19 37 38 34 — 

Cyclohexane 9 32 42 33 — 
M i n e r a l o i l 20 38 37 33 — 
n - H e x a n o l 0 0 48 40 38 
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6. E L - S H i M i A N D GODDARD Keratin Substrates 149 

n o r m a l state of the sk in , the sk in surface was prepared w i t h bar soap 
w r ashing f o l l owed b y thorough r ins ing under r u n n i n g tap water . 

T o check the results, a second procedure was used to e l iminate the 
poss ib i l i ty of l i m e soap deposits. I n this procedure , the hands were 
v igorously r u b b e d i n a 4 % nonion ic detergent ( N e o d o l 4 5 - 1 1 E O , She l l ) 
so lut ion i n d i s t i l l ed water f o l l owed b y extensive r ins ing w i t h d is t i l l ed 
water. T h i s second treatment gave contact angles w h i c h agreed w i t h i n 
exper imental error w i t h those obta ined b y the s o a p / t a p water rinse 
procedure. 

Table V . Comparison of Predicted ® o w Values (degrees) 
in O i l / W a t e r / P M M A System (γ* = 33, y8* = 12 

dynes/cm) with Experimental Data 

Experimental 

Equation 14 Equation 15 (ΘΑ) (ΘΕ) 

c 7 6 78 94 80 
c 8 9 77 92 75 
ClO 8 76 94 78 
Cl2 9 76 93 77 
Cj6 12 76 92 75 

Cyc lohexane 0 76 95 79 
M i n e r a l o i l 9 75 93 78 
n - H e x a n o l 0 180 47 35 

T h e data i n T a b l e I I I revea l that whereas the der ived ys va lue of 
h u m a n sk in is very close to that of hoof kerat in , its po lar component is 
re lat ive ly m u c h higher . T h i s reflects the presence of po lar l ip ids i n the 
stratum corneum layer. It is c lear, however , that bo th s k i n a n d kerat in 
present l o w free energy surfaces comparable i n wet t ing characteristics 
w i t h those of polyethylene. 

L i t e r a t u r e values of the c r i t i c a l surface tension of sk in range f r om 
26 to 27.5 d y n e s / c m (2 , 11, 12). I n a l l these cases, aqueous solutions of 
materials such as acetone (2 ,13) or propylene g lyco l (11) were used for 
the yc determinat ion to obta in an appropr iate range of l i q u i d surface 
tensions. D a n n ( 9 ) , however , has po inted out that yc values obta ined i n 
this w a y w i l l be less than the value obta ined w i t h l i qu ids , such as h y d r o ­
carbons, w h i c h do not possess a yp component. C o r r e c t i n g an exper i ­
menta l va lue of 27.5 d y n e s / c m for this effect, Rosenberg et al. (12) ob­
ta ined 37.0 d y n e s / c m for yc. A s suggested b y M u r p h y et al (13) i n the ir 
w o r k on w e t t i n g b y aqueous a l coho l solutions, the above effects are p r o b ­
ab ly l i n k e d to preferent ia l adsorpt ion of the solute onto the sol id . 

I n the w o r k on the wet t ing behavior of e t h a n o l / w a t e r mixtures on 
n y l o n 11, P M M A , bov ine hoof kerat in , a n d h u m a n sk in , w e f o u n d two 
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Table VI . Comparison of Predicted ®0tv Values in 
O i l / W a t e r / N y l o n System (γ* = 32, y* — 12 

dynes/cm) with Experimental Data 

Equation 14 Equation 15 Experimental Θ Α 

C 7 6 78 >170 
C 8 9 77 > 1 7 0 
Cio 8 76 > 1 7 0 
C12 9 76 > 1 7 0 
C M 12 76 > 1 7 0 

Cyclohexane 0 76 > 1 7 0 
M i n e r a l o i l 9 75 > 1 7 0 
n - H e x a n o l 0 180 115 

important results: the der ived yc (27 ± 0.5) is independent of the so l id 
surface, a n d it is considerably lower than that obta ined b y us ing nonpolar 
l i qu ids . These findings thus reinforce those of M u r p h y et al. (13) w h o 
also f ou n d that the der ived yc values were rather insensitive to the water 
soluble a lkano l used (10). T h e y expla in this b y the adsorption of the 
a lcohol molecules at the so l id surfaces w h i c h substantial ly affects their 
wet t ing properties (10, 13). C a r e is obviously needed w h e n us ing aque­
ous solutions as wet t ing l i qu ids to der ive values of the c r i t i ca l surface 
tension of wett ing . 

T u r n i n g n o w to the s o l i d / w a t e r / o i l measurements, w e compare the 
pred i c ted θ0ιν values accord ing to Equat i ons 14 a n d 15 w i t h exper imental 
values i n Tables I V - V I I for the substrates invest igated. I n the case of 
Tef lon, where i t is possible to test E q u a t i o n 11, values are g iven for 
heptane a n d n-hexanol . T h e dispersion and po lar components of the 
surface tension of water—n-hexanol, i.e. water saturated w i t h n-hexanol , 
a n d hexano l -water were obta ined b y measur ing the contact angle of 
l i q u i d drops on paraffin wax ( ys

d = 25.5 d y n e s / c m ), w h i c h served as a 

Table VII. Comparison of Predicted ® o w Values in 
Oil /Water/Bovine Hoof Keratin System (ys

d = 3.28, 
ys

p = 5.6 dynes/cm) with Experimental Data 

Equation 14 Equation 15 Experimental Θ Α 

C 7 6 54 > 1 7 0 
C 8 9 54 > 1 7 0 
Cio, 8 53 >170 
C 1 2 9 53 >170 
Cie 12 53 > 1 7 0 

Cyc lohexane 0 51 > 1 7 0 
M i n e r a l o i l 9 51 > 170 
n - H e x a n o l 0 136 >170 
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6. E L - S H i M i A N D GODDARD Keratin Substrates 151 

probe for dispersion interactions, a n d then a p p l y i n g the F o w k e s - Y o u n g 
equat ion 

. — (cose + 1)71 

v ^ = 2 ^ 
where ys

d is the surface energy of paraffin wax , a n d yid is the dispersion 
component of the l i q u i d surface tension. 

T h e values obta ined for n -hexano l -water were yt
d = 24.6 a n d yt

p = 
1.9 d y n e s / c m a n d for w a t e r - h e x a n o l , yt

d = 22 a n d yf = 12.4 d y n e s / c m . 
As regards the contact angle results obta ined w i t h n-hexanol , values of 
60W obta ined f rom Equat ions 14 a n d 15 and b y experiment show a w i d e 
dispar i ty . See Tables I V - V I I . F o r paraffin wax , both equations pred i c t 
zero contact angle for n-hexanol whereas the exper imental values are 
45° (ΘΑ) a n d 3 7 ° C (θ1{). As discussed earlier, adsorpt ion of alcohols at 
the s o l i d / l i q u i d interface m a y affect the wet t ing behavior of substrates. 
These effects are not accounted for b y the F o w k e s or W u treatment, a n d 
hence i t is not unexpected that these equations do not correlate w i t h 
exper imental θοηι values for hexano l /water . 

A l t h o u g h Equat i ons 14 a n d 15 are inadequate i n pred i c t ing contact 
angles of h e x a n o l / w a t e r systems, E q u a t i o n 11 based solely on the Y o u n g 
equat ion leads to m u c h better agreement i n the case w h e n i t was app l i ed , 
viz., for Tef lon. 

C o n s i d e r i n g the results w i t h nonpolar oils, w e find that bo th E q u a ­
tions 14 and 15 pred ic t zero contact angle of the hydrocarbon l iqu ids on 
paraffin wax i n water. T h i s was conf irmed experimental ly , w i t h evidence 
that the hydrocarbon l iqu ids h a d actual ly etched the paraffin wax surface. 
T h e results for the Tef lon surface are interesting i n that the exper imental 
values for θ0ιν are i n fair agreement w i t h W u ' s equat ion w h i c h , u n l i k e the 
F o w k e s equation, takes into account non-dispersion force interactions. 
T h e correlat ion w i t h θη is general ly better than w i t h ΘΑ· T h i s also holds 
for P M M A ( T a b l e V ) . As an example of the use of E q u a t i o n 11 to 
pred ic t θοχο for a hydrocarbon l i q u i d , the values for heptane on Tef lon 
are i n c l u d e d i n T a b l e I V . Agreement w i t h experiment was satisfactory, 
but w i t h the pred i c ted va lue again i n better agreement w i t h θκ. 

Tables V I a n d V I I show the results for n y l o n 11 a n d bovine hoof 
kerat in . I n both cases the pred i c ted values for θοιο accord ing to Equat ions 
14 a n d 15 vary m a r k e d l y w i t h the exper imental θου, values; note the dis ­
par i ty i n the pred i c ted 0 O W values accord ing to Equat ions 14 a n d 15. 
E x p e r i m e n t a l l y , the situation w i t h n y l o n 11 a n d hoof kerat in was c lear ly 
very different f r om the other po lymers as no contact between the h y d r o ­
carbon drop a n d substrate c ou ld be established. T h e observed discrep­
ancy between pred i c ted θονο values accord ing to bo th Equat ions 14 a n d 15 
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a n d exper imental values is very l i k e l y because of the tendency of n y l o n 
a n d kerat in w h e n submerged i n water to hydrate , g i v i n g rise to stable 
water films on the surface. T h e thickness of such aqueous films c o u l d 
conce ivably extend to a f e w molecular layers. These films w o u l d tend to 
increase the attraction between the aqueous phase a n d the so l id substrate 
at the expense of interact ion w i t h the hydrocarbon l i q u i d . It was thought 
that the film m a y be s low d r a i n i n g a n d that i f the drop were pressed 
against the substrate for a sufficient p e r i o d of t ime, i t w o u l d be possible 
to establish contact between the hydrocarbon l i q u i d a n d substrate. E v e n 
1 hr was insufficient to obta in a contact angle read ing , a n d the w h o l e drop 
detached intact upon recession a n d w i t h d r a w a l . 

W e have conducted some qual i tat ive experiments to ga in some more 
in format ion on the behavior of the hydrat ion films on n y l o n a n d kerat in 
w h e n discs of the materials are brought into a ir after be ing submerged 
for a p e r i o d of t ime under water. T h e i n i t i a l aqueous layer present 
exhibits m a r k e d instab i l i ty a n d recedes into discrete drops. T h e discs 
w i t h these aqueous drops were gently d r i e d either w i t h an ashless filter 
paper or b y b l o w i n g the fluorocarbon F-12 ( F a l c o n Safety Products ) 
across the surface for a f e w seconds. T h e discs appeared d r y after this 
treatment. W h e n water drops were p laced on the surface again , the sur­
faces were not wetted , a n d the aqueous drops exhib i ted a contact angle 
comparab le w i t h those obta ined on substrates d r i e d i n a v a c u u m for 
several days. It seemed inconce ivable that such gentle d r y i n g procedures 
of hydra ted surfaces c o u l d e l iminate a l l the associated surface water and 
render it h y d r o p h o b i c again. A T R I R spectroscopy revealed no water 
b a n d for ny lon , but kerat in d i d exhib i t a water b a n d at 3000-2800 cm" 1 . 
T h e latter c o u l d have been the result of squeezing water out of minute 
pores w h e n a p p l y i n g the pressure necessary to establish adequate contact 
between the substrate a n d the I R plate . 

T o examine the h y d r a t i o n of bov ine hoof kerat in further, specimens 
( s u p p l i e d b y J . C l i f f o r d , N . G . Pryce , a n d G . K . Rennie of U n i l e v e r 
Research, Por t Sunl ight , E n g l a n d ) were s tudied b y two other techniques, 
viz., pu lsed N M R on 6 -mm diameter a n d 6 -mm th ick B H K discs, a n d 
dif ferential scanning ca lor imetry ( D S C ) on B H K powder . T h e kerat in 
discs took u p 3 6 % of their we ight i n water i n 25 hrs. T h e uptake was 
l inear w i t h the square root of t ime, a n d the discs suffered less than a 5 % 
change i n l inear dimensions d u r i n g this process. A f t e r 5 hrs the uptake 
was — 1 4 % , a n d hal f of this water , i.e. ~ 7 % , h a d a relaxation t ime, T 2 , 
characterist ic of b o u n d water. D S C on kerat in p o w d e r exposed to water 
showed that an uptake of — 2 0 0 % water occurred i n 2 days, w i t h 3 6 % 
be ing b o u n d . T h i s p r o b a b l y represents the e q u i l i b r i u m value . These 
results conf irm the h i g h l y hydratab le nature of kerat in . W h i l e b o u n d 
water is not read i ly lost on exposure to laboratory atmosphere, i t is not 
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6. E L - S H i M i A N D GODDARD Keratin Substrates 153 

possible to make any deductions about water i n the surface layer w h i c h 
w o u l d contro l the w e t t i n g behavior of the specimens. F u r t h e r i n f o r m a ­
t ion is necessary to elucidate the condi t ion of the surface of kerat in after 
its r emova l f rom water . 

Studies of B l a k e a n d K i t c h e n e r (14) on the stabi l i ty of aqueous films 
on methy lated s i l i ca show that th i ck aqueous films are essentially meta -
stable a n d sensitive to env ironmenta l disturbances. I f the thickness is 
decreased to a c r i t i ca l value, the film becomes unstable a n d breaks into 
discrete drops i n e q u i l i b r i u m w i t h an adsorbed film, presumably mono-
molecular . W e have shown that n y l o n and bov ine hoof kerat in are essen­
t ia l l y h y d r o p h o b i c i n air . I t is possible that an analogous mechanism 
operates i n these cases, i.e., water films associated w i t h the surface are 
inherent ly unstable after emersion a n d are easily removed f rom the sur­
face even b y the m i l d w i p i n g procedure. Another possible mechanism 
(15) to expla in the h y d r o p h i l i c - h y d r o p h o b i c transit ion i n air of h y d r a t -
able l o w energy surfaces is re lated to the conformation of the po lymer i c 
surface molecules w h i c h might extend into aqueous phase i n the f o r m of 
loops. T h e configuration of these po lypept ide molecules w h e n total ly 
immersed i n water w o u l d thus differ f rom that w h e n i n air . I n other 
words , we postulate a degree of f lexibi l i ty of the molecules i n the surface 
region w h i c h can a i d their hydra t i on by format ion of n e w hydrogen 
bonds. T h e speed of restoration of hydrophob i c properties i n air e m p h a ­
sizes the reversible nature of any conf igurational changes. 

Another interest ing feature of n y l o n a n d hoof kerat in surfaces is 
observed w h e n these substrates are treated w i t h m i n e r a l o i l i n air ( where 
θ = 0 ) , then submerged i n water . T h e objective was to study the rate 
of o i l recession as a result of the hydra t i on process descr ibed above. I n 
the case of ny lon , 0R attained a m a x i m u m value of > 170° i n the course 
of a f ew hours as expected. H o w e v e r , hoof kerat in reta ined the o i l i n 
the f o rm of a wet t ing drop (BR ~ 3 0 ° ) for a l ong t ime (48 h r s ) ; this is 
about the same θ value obta ined on Tef lon. It seems that the dispersion 
interact ion forces between o i l a n d kerat in are strong enough that n o n -
dispersion interact ion between the kerat in a n d water is not sufficient to 
displace the o i l at least w i t h i n the t ime l i m i t of the experiment. T h e 
part i cu lar behavior observed is thus governed b y the history of exposure. 
T h i s m a y be a specific feature of natura l kerat in surfaces, i.e., surface 
molecules are able to adopt a n d retain a configuration compat ib le w i t h 
their immediate environment. 
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7 
Wetting Properties of Collagen and 
Gelatin Surfaces 

R. E. BAIER1 and W. A. ZISMAN 
U.S. Naval Research Laboratory, Washington, D.C. 20375 

Collagenous proteins dominate the organic matrix of con­
nective tissue and teeth, so their wetting properties are 
important for surgical and dental adhesives. Gelatin, a 
randomized collagen product, is used extensively in inter-
facial applications. Collagen maintains a bound layer of 
water under all practical conditions which prevents com­
plete spreading of low surface tension, organic liquids. 
Higher surface tension liquids wet collagen surfaces as they 
would simpler organic materials with critical surface ten­
sions of about 40 dynes/cm. Gelatin exhibits even stronger 
interfacial interactions with hydrogen-bonding liquids as a 
distinct class. The combination of a high critical surface 
tension and a separate contact angle pattern for hydrogen­
-bonding liquids provides evidence of accessible amide 
groups at the surfaces of polyamide materials. 

l though proteins are extraordinar i ly complex, h i g h molecu lar we ight 
po lymers , a c o m m o n feature is their p o l y a m i d e backbone cha in . T h e 

surface properties of specific proteins a n d the ir potent ia l range of inter -
fac ia l behavior are important commerc ia l ly a n d are also of b io l og i ca l 
interest. W o r k at the N a v a l Research L a b o r a t o r y d u r i n g the last 30 years 
has demonstrated the value of contact angle measurements i n assessing 
the surface characteristics of s impler po lymer films; therefore, this series 
of experiments was in i t ia ted i n order to lay a foundat ion for eventual 
re l iable interpretat ion of contact angle data for prote in surfaces. 

O u r earlier reports (1, 2) considered the nature of the contr ibut ion 
to wet t ing behavior of the c o m m o n po lyamide backbone chains. It was 

1Present address: Calspan Corp., P.O. Box 235, Buffalo, N.Y. 14221. 
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156 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

demonstrated that the simplest prote in analogue, po lyg lyc ine , was wet 
dif ferently b y hydrogen -bond ing a n d nonhydrogen-bonding l i qu ids (2). 
Invest igat ion of po lyamides of the n y l o n f a m i l y (2, 3) establ ished that 
such wet tab i l i ty differences reflect a spec ia l interact ion between h y d r o ­
gen-bonding l i qu ids a n d the surface-accessible amide l inks of the po lymer 
cha in . T h e diagnost ic value of this feature was explored w i t h the more 
complex po lypept ide p o l y ( m e t h y l g lutamate) ( P M G ) (1, 4); i t was dis­
covered that the accessibi l i ty of the hydrogen -bond ing p o l y a m i d e back­
bone at the surface of the so l id po lymer was a funct ion of the molecular 
configuration as w e l l as the chemica l const itut ion of the mater ia l . T h e 
p o l y a m i d e backbone was effectively masked f rom the interface b y the 
array of m e t h y l ester side chains thrust uppermost w h e n P M G was 
forced b y solvent changes into the extended cha in , beta conformation. 
W h e n P M G was cast into films w i t h a co i led a lpha he l i ca l structure or 
a r a n d o m tangle of chains, the contact angles s ignaled the ava i lab i l i t y 
of the p o l y a m i d e backbone to Η-bonding at the so l id -gas interface. 

These investigations were a ided substantial ly b y use of the m u l t i p l e 
attenuated interna l reflection ( M A I R ) spectroscopic technique to record 
surface specific, in f rared ( I R ) spectra i n order to determine structure 
a n d moni tor preparat ion a n d c leaning methods. 

I n this report , these concepts are a p p l i e d to rea l proteins: to co l ­
lagen, an important structural mater ia l i n tendons, bones, teeth, a n d sk in , 
a n d to gelat in , the denatured product of co l lagen that is so important 
industr ia l ly . These materials are complex because of their 18 different, 
component amino ac id side chains; i n add i t i on , they present exper imental 
difficulties because of their water s o l u b i l i t y — t h e y cannot be washed 
(e.g., w i t h an aqueous detergent) to assure surface cleanliness. F u r t h e r ­
more, they are often of u n k n o w n pur i ty . T h e y do have the c o m m o n 
p o l y a m i d e backbone, a n d it is possible to transform the molecu lar con­
figuration. T h e data are ind icat ive of the potent ia l u t i l i t y of contact angle 
measurements of important , natura l materials . N o c l a i m is made for 
adequate attention to the complex b iochemistry of these materials . 

O u r tentative conclusions are as fo l lows. Pur i f i ed col lagen prepara ­
tions present no evidence for the ava i lab i l i t y of Η-bonding po lyamide 
l inks at the surface of so l id films, but increasingly denatured (i.e. r a n ­
d o m i z e d ) gelatins do reflect the stronger interact ion of the po lymer w i t h 
the Η-bonding wet t ing l iqu ids . I n add i t i on , co l lagen a n d gelat in evidence 
anomalous, nonspreading behavior w i t h l o w surface tension, organic 
l i qu ids on their surfaces; this is a t tr ibuted to the presence of strongly 
adsorbed water at their surfaces. T h i s a t t r ibut ion is based on experiments 
w i t h water -swol len mater ia l a n d w i t h synthetic po lyacry lamide , a n d on 
w o r k (5, 6) on other intr ins i ca l ly h i g h surface energy materials l ike glass 
and- metals,. 
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7. B A i E R A N D zisMAN Collagen and Gelatin Surfaces 157 

Collagen and Gelatin 

W i l k i e summar ized the important inter fac ia l properties of gelat in 
( 7 ) , a n d Stenzel a n d co-workers prepared a s imi lar rev iew of the features 
of co l lagen w h i c h under l ie that protein's fundamenta l importance as a 
b iomater ia l (8,9). 

C o l l a g e n is the most abundant prote in i n animals . I n fact, one - th ird 
of a l l the prote in i n mammals is col lagen. Col lagen 's p h y s i c a l properties 
of inertness a n d strength enable i t to funct ion as a protect ive a n d sup­
por t ing structure i n sk in , tendon, a n d carti lage. C o l l a g e n is also the 
organic component of teeth a n d bone. 

C o l l a g e n , l ike a l l proteins, is made u p of α-amino acids connected i n 
pept ide sequence. T h e structure of co l lagen, as determined b y its x-ray 
di f fraction pattern, consists of three po lypept ide chains each of w h i c h has 
a he l i ca l structure. T h e three helices co i l a round one another i n a gradual , 
r ight -handed hel ix to f o rm molecular col lagen k n o w n as tropocol lagen. 
A tropocol lagen molecule is about 14 A i n diameter a n d 2800 A l ong w i t h 
a molecular we ight of about 300,000 (10). C o l l a g e n represents a par ­
t i cu lar aggregation state of constituent tropocol lagen molecules. N o n -
he l i ca l appendages determine the molecular interactions a n d immuno log i c 
properties of col lagen (11). 

T h e amino a c i d content of co l lagen is one- th ird g lyc ine , one- th ird 
cyc l i c , a n d one-fifth d ibas ic or d i carboxy l i c amino acids; a smal l propor ­
t ion of o l igosaccharide groups is also present. T h i s unusua l b l e n d no 
doubt accounts for the extraordinary phys i ca l properties of col lagen. T h e 
g lyc ine content is unusual ly h i g h , a n d that of the aromatic a n d sul fur-
containing amino acids is low. C o l l a g e n is unusua l among proteins i n 
h a v i n g a h i g h content of the amino acids pro l ine a n d hydroxypro l ine . I n 
fact, co l lagen has the highest concentration of pro l ine of any k n o w n 
prote in , a n d it is the only prote in w h i c h contains bo th hydroxypro l ine 
a n d hydroxyglyc ine . T h e compositions of various co l lagen a n d gelat in 
specimens are summar ized i n T a b l e I (12-33). 

C o l l a g e n is classified as a fibrous or scleroprotein. T h e fibrous struc­
ture of so l id col lagen can be d i v i d e d into very smal l fibrils w i t h a per io ­
d i c i ty of about 640 A depending on the degree of h y d r a t i o n (24). N a t i v e 
col lagen fiber is b u i l t u p b y a h i g h l y ordered process of l inear a n d lateral 
aggregation of the t h i n , h i g h l y elongated tropocol lagen molecules. T h r e e 
types of fibrous col lagen constitute the prote in components of connective 
tissue. C o l l a g e n is inso luble i n water , but 0 . 5 - 3 % of connective tissue 
col lagen is either neutra l salt so luble or a c i d soluble. T h e remainder , 
inso luble col lagen, can be almost complete ly so lub i l i zed b y treatment 
w i t h proteo lyt ic enzymes w i t h o u t destroying its native molecu lar struc­
ture (25). E a c h col lagen molecule contains three subunits or chains. 
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158 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Table I . Amino Acid Composition of Collagens and Gelatins ° 

Amino Acid Content, wt % 

A l a n i n e 5.9-11.6 
Arg in ine 4 . 6 - 9 . 3 
A s p a r t i c ac id 4.4 - 7.0 
C y s t i n e 0 - 0.1 
G l u t a m i c ac id 7.0-12.4 
G l y c i n e 20.2-33.5 
H i s t i d i n e 0 . 4 - 1 . 0 
H y d r o x y l y s i n e 0 . 4 - 2 . 7 
H y d r o x y p r o l i n e 9.3-15.7 
Isoleucine 1 . 1 - 1 . 9 
Leuc ine 2 . 3 - 4 . 0 
L y s i n e 2 . 5 - 5 . 6 
M e t h i o n i n e 0 . 4 - 1 . 0 
Pheny la lan ine 1 . 2 - 3 . 6 
Pro l ine 12.4-18.0 
Serine 2 . 9 - 4 . 2 
Threonine 1 . 5 - 2 . 4 
T r y p t o p h a n 0.0 
Tyros ine 0 . 1 - 1 . 1 
V a l i n e 2 . 0 - 3 . 3 

a F r o m References 12-23. 

N e w l y f o rmed col lagen extracted w i t h co ld , aqueous N a C l solutions 
consists of three equal -s ized chains (α-components) of two different 
compos i t ion types (a-1 a n d a-2) . T h e two chains of s imi lar composi t ion 
are the a-1 chains. T h e a-2 cha in differs f rom the a-1 i n a n u m b e r of 
amino acids, par t i cu lar ly hydroxypro l ine , pro l ine , lysine, a n d hist id ine 
(26). A s the co l lagen molecule matures, the α-chains crossl ink in t ramo-
lecu lar ly i n pairs ; this o lder prote in can be read i ly extracted w i t h ac id i c 
solutions s u c h as d i lu te acetate a n d citrate buffer, but not w i t h salt so lu­
tions. T h e cross l inked chains are ca l led β components; the crosslinks are 
p r o b a b l y covalent bonds (26) that arise b y condensation of the side 
chains of strategic l y s y l residues after enzymat i c ox idat ive deaminat ion . 
O l d e r collagen* also forms intermolecular bonds, but the nature of this 
crossl ink has not yet been determined (27). 

O n e of the most important a n d useful products der ived f r o m col lagen 
is gelat in. G e l a t i n is a col lect ive name cover ing a w i d e range of materials 
that are d is t inguished b y good c lar i ty a n d the ab i l i t y to f o rm tough gels 
at re lat ive ly l o w concentrations (18). G e l a t i n is der ived f r o m col lagen 
b y irrevers ib le h y d r o l y t i c procedures. T h e properties of a ge lat in sample 
depend on p H , electrolytes present, the co l lagen source, the m e t h o d of 
manufacture , a n d its thermal history, ag ing , a n d concentration. Pure , d r y 
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7. B A i E R A N D z i S M A N Collagen and Gelatin Surfaces 159 

commerc ia l ge lat in is tasteless, odorless, transparent, br i t t le , glasslike, 
a n d very faint y e l l o w to amber i n color. Yet gelat in is extremely hetero­
geneous—composed of many-s i zed polypept ides (18). Its molecular 
weight ranges f rom 15,000 to several h u n d r e d thousand, reflecting the 
degree of hydrolys is of the h igher molecu lar we ight co l lagen source 
mater ia l . Source co l lagen a n d product ge lat in differ l i t t le since ge lat in 
has the same amino a c i d composi t ion as the co l lagen f rom w h i c h i t was 
der ived . Differences among gelatins of diverse origins appear to be 
re lated to the degree of degradat ion of the parent col lagen. 

Crystal l i tes of co l lagenl ike structure m a y f o rm after the gelat ion of 
gelat in . W h e n ge lat in is d r i e d d o w n f rom a gel ( g e l - d r i e d ) , its w i d e 
angle x-ray di f fract ion pattern is s imi lar to that of co l lagen whereas, w h e n 
gelat in is d r i e d f r om a w a r m solut ion ( so l -dr i ed ) , there is no evidence 
of c rysta l l in i ty (24). A s a result , the tensile strength of ge l -dr ied layers 
is twice that of so l -dr ied layers. Fur thermore , the I R absorpt ion of ge l -
d r i e d layers is s imi lar to that of co l lagen (24). 

I n the process of p r o d u c i n g gelat in f rom col lagen, the co l lagen coils 
are spl i t apart bo th lateral ly a n d l ong i tud ina l l y into separate strands a n d 
groups of strands (21). T a n g l e d prote in strands are rave l l ed or sn ipped 
short, or are present as a diverse combinat i on of rave l l ed structures; 
ge lat in is therefore descr ibed as be ing r a n d o m l y co i led . T h e r e are two 
p r i n c i p a l methods for manufac tur ing gelat in. I n one, ge lat in is de r ived 
f r om an acid-processed col lagen stock, p r i m a r i l y p igsk in . I n the other, 
co l lagen stock ( such as calf, cattle , a n d water buffalo hides a n d d e m i n -
era l i zed bone ) is treated w i t h l ime. 

T h e l ime treatment method , used especial ly to manufacture photo­
graph i c gelat in , involves the f o l l o w i n g steps (24): ( a ) co l lagen stock is 
treated w i t h a l ime s lurry at 1 0 ° - 2 0 ° C for weeks or months; ( b ) the stock 
is washed a n d neutra l i zed w i t h a c i d ; a n d then ( c ) the gelat in is extracted 
w i t h w a r m water at neutra l or s l ight ly a c i d p H using successively h igher 
temperatures i n a series of cooks. T h e l ime keeps the p H at about 12 a n d 
hydrolyzes some of the pept ide bonds. It also hydrolyzes the side c h a i n 
amide groups of g lutamine a n d asparagine y i e l d i n g g lutamine a n d 
aspartic a c id residues (24). 

T h e ac id process of gelat in preparat ion is as fo l lows (21): ( a ) the 
hides, usual ly p i g , are washed w i t h water a n d soaked i n d i lute sul fur ic 
a c i d ( p H ~ 2 ; ( b ) they are washed free of a c i d a n d soluble proteins ; 
( c ) they are p l a c e d i n extraction kettles a n d h y d r o l y z e d w i t h successive 
portions of hot water at an ac id p H ; ( d ) the d i lute solut ion is filtered 
a n d evaporated; (e ) concentrated solutions are c h i l l e d to a gel ; a n d ( f ) 
the ge l is d r i e d w i t h filtered a n d condi t ioned air i n d r y i n g tunnels or i n 
continuous driers. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
7



160 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

T h e a c i d degradat ion method is m u c h faster than l ime treatment 
since the ac id -soaking requires on ly a f ew hours. There are, however , a 
n u m b e r of important p h y s i c a l differences between a c i d - a n d a lka l ine -
der ived gelatin. T h e react ive group sites vary i n number , p r o d u c i n g 
different properties (21). Important differences i n structure are ind i ca ted 
b y variations i n the isoelectric po int ( where the net charge of the gelat in 
is z e ro ) . I n the a c id process, amide groups of g lutamine a n d asparagine 
are not h y d r o l y z e d so the gelat in has fewer free carboxy l groups than 
l ime-processed ge lat in and , therefore, a h igher isoelectric po int (24). T h e 
isoelectric po int of a c id -produced gelat in is between p H 7.0 a n d 9.0 
whereas that of l ime-treated gelat in is between 4.7 a n d 5.1 (21). 

N o two gelat in preparations w i l l have the same properties unless the 
stock a n d method of preparat ion are ident i ca l . T h e ge l prepared f rom 
each successive extract is less r i g i d than the previous b a t c h ; the viscosity 
m a y increase or decrease f rom extract to extract depend ing on the stock 
used. 

E i g h t companies i n the U n i t e d States annual ly produce a total of 
approx imate ly 60 m i l l i o n pounds of gelatin. T h e photographic industry 
exploits almost every property of gelat in i n c l u d i n g its gelation, protect ive 
co l l o id , viscous flow, a n d film-forming functions as w e l l as the poor ly 
understood chemica l properties leading to sensit ization (28). T h e gelat in 
layer coats i n d i v i d u a l microscopic particles of si lver b romide a n d prevents 
their agg lut inat ion a n d flocculation; it also helps to regulate the size a n d 
g r o w t h of the si lver ha l ide particles (21). I n the paper industry , the 
tensile strength of th in gelat in films increases the burst ing strength of 
paper. Paper can accept i n k w i thout smudg ing because of gelatin's h y d r o -
p h i l i c nature a n d i n k can be removed f rom ledger paper w i t h a penkni fe 
because of gelatin's brittleness (28). I n the textile industry , the adhesive 
film-forming properties of gelat in strengthen w a r p fibers a n d prevent the 
shedding of minute filaments d u r i n g w e a v i n g . G e l a t i n glue forms a strong 
tacky gel on coo l ing since its po lar groups wet m a n y surfaces a n d its l ong 
c h a i n molecular structure provides a tough joint. 

Materials and Methods 

T h e p r i m a r y exper imental mater ia l was a sample of water-soluble 
co l lagen acid-extracted f r o m rat sk in (29) that was donated b y K a r l A . 
P i e z , N a t i o n a l Institute of Dent i s t ry . T h e o r ig ina l sample was a dry , pure 
wh i te , fibrous, cottonl ike mass that h a d been dehydrated b y freeze-drying. 
T h e co l lagen sample was u l tracentr i fugal ly homogeneous ( F i g u r e 1A ) ; i t 
sedimented w i t h a single, hypersharp peak a n d h a d a sedimentat ion co­
efficient of 2.82 χ 10" 1 3 . So lut ion of the sample i n water w a r m e r t h a n 
40 ° C l e d to the format ion of a m i l d l y denatured co l lagen form, descr ibed 
here as gelat in , w h i c h also sedimented w i t h a single peak ( F i g u r e I B ) . 
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7. B A I E R A N D Z I S M A N Collagen and Gelatin Surfaces 161 

Figure 1. Ultracentrifuge Schlieren photographs of sedimentation behavior of 
highly purified rat skin collagen and its mildly gelatinized product at corre­

sponding times 
Top, hypersharp sedimentation peak for 0.15% solution of rat skin collagen in water 
(sedimentation coefficient = 2.82 X 10~n); and bottom, broader sedimentation peak 
for 0.16% solution of rat skin collagen in water after heating to 40°C (sedimentation 

coefficient = 2.35 Χ 1013) 

T h e ge lat in peak was considerably broader, a n d the sedimentat ion coeffi­
c ient was lower—2.35 Χ 10" 1 3 . 

A second co l lagen sample was bovine Ach i l l e s tendon col lagen 
( S c h w a r t z M a n n , Inc . ) . T h i s mater ia l resisted solvation i n a l l s imple 
aqueous solutions a n d even i n strong acids, but it c o u l d be so lub i l i zed 
w i t h t ime b y dichloroacet ic a c i d ( D C A ) . T h u s , films f o rmed f rom this 
sample h a d to be cast f rom D C A . 

E x c e p t for a commerc ia l sample of K n o x gelat in, a l l ge lat in samples 
were obta ined f rom F i s h e r Scientif ic C o r p . : 1099, gelat in (pur i f i ed calf­
s k i n ) ; 1099-P, ge lat in ( p r a c t i c a l ) ; 5247, gelat in (pur i f i ed p i g s k i n ) ; G - 5 , 
whi te ge lat in (s i lver l a b e l ) ; a n d bacter io logical gelat in. 

A l l films prepared for contact angle studies were cast f rom an excess 
of d r y po lymer swol len a n d fluidized b y a smal l quant i ty of a d d e d l i q u i d 
(usual ly t r ip le -d i s t i l l ed water , the last two disti l lations be ing i n an a l l -
quartz apparatus ) . T h e p H of these weak gels at the in i t ia t i on of film 
format ion was a lways 5-6. A l l our surface films were ge l -dr ied rather 
than sol -dr ied. A l t h o u g h swe l l ing m a y not have reached e q u i l i b r i u m 
pr ior to film d r y i n g , the films were only about 1 m m th i ck a n d their 
surface properties, as determined b y contact angle measurements, were 
always reproduc ib le w i t h i n 5 ° . 

T h i n films of the col lagen a n d ge lat in samples were f o rmed on freshly 
flamed p l a t i n u m sheets b y the drop spreading method ( 1 ). A few grains 
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162 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Table II. Wettability of Purified Rat Skin Collagen 

Average Contact Angle," degrees 

Surface Water-
Tension Film Swollen Film 
at 20°C, Formed 20°C Formed 

dynes/cm at 20°C» Film0 at80°Cd 

72.8 92 90 90 
63.4 79 89 70 
58.2 81 85 65 
54.0 54 97 48 
50.8 48 68 48 
47.5 43 69 46 
44.6 35 58 38 
42.0 34 50 35 
38.7 30 33 29 
33.0 16 19 12 
27.7 0 11 0 
23.9 0 0 0 

Wetting Liquid 

W a t e r 
G l y c e r o l 
F o r m a m i d e 
T h i o d i g y l c o l 
M e t h y l e n e iodide 
s^ra-Tetrabromoethane 
1-Bromonaphthalene 
o-Dibromobenzene 
1 - M e t h y lnaphthalene 
D i c y c l o h e x y l 
n-Hexadecane 
n-Decane 

° Averages of at least 10 readings on at least two independently prepared films of 
each type. 

b Drop spread from distilled water on platinum sheet and air dried in grease free 
container at 20°C. 

c Drop-spread film swollen with distilled water. 
d Drop spread from distilled water at 80°C (i.e. gelatinized) and air dried at 80°C in 

greasefree container. 

of d ry po lymer are p laced i n the center of a freshly flamed but cool 
p l a t i n u m plate a n d an appropr iate solvent is transferred to this sample 
dropwise w i t h a freshly flamed, but cool p l a t i n u m wire . T h e solvent 
drops a n d their dissolved po lymer b u r d e n spread spontaneously over the 
h i g h energy meta l plate, and , after s low air d r y i n g i n a covered, grease-
free container, a specular ly smooth film is left over most of the flat plate 
surface a n d remnants of the so l id po lymer i n the plate center. T h i s tech­
n ique has the obvious benefits of s impl i c i t y a n d general app l i cab i l i t y , a n d 
it requires only smal l amounts of the sometimes scarce po lymer i c m a ­
ter ia l . I n add i t i on , the t h i n films equi l ibrate most q u i c k l y w i t h the room 
environment , various test humid i t i es , a n d swe l l ing l i qu ids such as water . 

M A I R spectroscopy at I R wavelengths was used to ident i fy the 
polymers , moni tor any i n d u c e d structural transformations after the various 
treatments, a n d ver i fy the freedom of the t h i n film f rom res idual t rapped 
solvent or adventit ious contaminants (1,2). A m o d e l 9 internal reflection 
accessory ( W i l k s Scientif ic C o r p . ) was used i n conjunct ion w i t h B e c k m a n 
IR-12 and I R - 7 a n d P e r k i n - E l m e r 21, 257, and 457 I R spectrometers to 
record reflection spectra of the immediate interface of the sample w h i c h 
was c l a m p e d against the m u l t i p l e internal reflection prisms made f rom 
the t h a l l i u m bromide salt K R S - 5 . 

S l o w l y advanc ing contact angles were determined w i t h pure refer­
ence l i qu ids p laced dropwise on each specimen surface (1, 2, 3); these 
l i qu ids i n c l u d e d hydrogen -bond ing a n d nonhydrogen-bonding compounds 
w i t h a w i d e range of surface tension a n d structural type. E a c h c i ted 
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7. B A i E R A N D ziSMAN Collagen and Gelatin Surfaces 163 

va lue for contact angle is the average va lue recorded reproduc ib ly w i t h i n 
the first 10 -20 sec after the drop was s lowly advanced over a fresh sur­
face region. W i t h water , f ormamide , a n d ethylene g lyco l , the contact 
angles sometimes changed r a p i d l y after this in terva l as the result of 
gradua l penetrat ion of the l i q u i d into the plast ic so l id . W i t h g lycero l , 
the contact angles also changed i n some experiments, bu t m u c h more 
s lowly . W i t h th iod ig lyco l , the contact angles were often constant for 
m a n y minutes before they also began to d i m i n i s h . T h e contact angles 
measured w i t h the nonhydrogen-bonding organic l i qu ids were general ly 
constant for m a n y minutes , a n d usual ly there was almost no hysteresis 
w h e n receding angles were measured. A l l data were recorded w i t h sam­
ples a n d l iqu ids equ i l ib ra ted i n a clean room mainta ined at 20 ° C a n d 
5 0 % relat ive h u m i d i t y unless specif ically stated otherwise. 

Results 

Average contact angle values for various h i g h l y pur i f i ed diagnost ic 
l i qu ids on films prepared f rom pur i f ied rat sk in co l lagen are presented 
i n T a b l e I I . Contac t angles were measured w i t h the films ( a ) drop spread 
f rom d is t i l l ed water on a p l a t i n u m sheet a n d air d r i e d to a specular ly 
smooth continuous film i n a greasefree container at a temperature that 
never exceeded 2 0 ° C ; ( b ) prepared as i n M e t h o d a but then reswol len 
w i t h d is t i l l ed water for at least 1 hr a n d measured w h i l e s t i l l complete ly 
water swol len i n e q u i l i b r i u m w i t h relat ive humid i t i es of 5 0 % a n d > 9 9 % 
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Figure 2. Plot of contact angle data for rat skin collagen films at 50% rehtive 
humidity and when completely water swollen 
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Figure 3. Plot of contact angle data for mildly gelatinized 
rat skin collagen 

( no significant differences were observed at these two humidi t ies ) ; a n d (c) 
drop spread f rom d is t i l l ed water at 80 ° C a n d air d r i e d at 80° C i n a grease-
free container. T h e data for the 20 ° C d r y a n d wet col lagen films are 
plot ted i n F i g u r e 2. T h e data for films ge lat in ized b y preparat ion method 
c, w h i c h invo lved heat ing the ge l above 40 °C , are p lo t ted i n F i g u r e 3; 
the data spread was more than for repl icate films of the native co l lagen 
preparat ion . T h e r e were significant differences among these three types 
of films formed f rom ident i ca l start ing mater ia l (see T a b l e I I a n d F igures 
2 a n d 3 ) . T h e apparent ly d r y co l lagen cast at l o w temperature h a d a 
c r i t i c a l surface tension of about 39 d y n e s / c m w h i c h decreased signi f i ­
cant ly to about 32 d y n e s / c m w h e n the film was total ly water swol len. 
I n contrast, w h e n the col lagen was m i l d l y randomized i n the hot water 
cast ing technique, a l l l i qu ids capable of react ing across the interface b y 
hydrogen b o n d format ion , i n add i t i on to the more universa l d ispersion 
force, d i d so react. D a t a for the Η-bonding l iqu ids f a l l on a separate 
c r i t i ca l surface tension l ine ind i ca t ing that the surface free energy sensed 
b y such l i qu ids was increased b y the randomiza t i on of the col lagen 
structure. I n a l l preparations, anomalous nonspreading of l o w surface 
tension, dispersion force only l i qu ids was noted; we interpret this anomaly 
—as compared w i t h a l l s impler polymers w e have examined so far—as 
ref lecting the presence of adsorbed a n d organized water on proteinaceous 
surfaces (see b e l o w ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
7



7. B A i E R A N D ziSMAN Collagen and Gelatin Surfaces 165 

W e suggested (2 ) that th i od ig lyco l a n d methylene i od ide be used as 
indicators of the ava i lab i l i ty of hydrogen b o n d f o rming groups at the 
so l id surface. I n the absence of hydrogen b o n d format ion across the 
interface, the h igher surface tension l i q u i d should produce the larger 
contact angle; consequently, equal i ty of the contact angle values w i t h 
th i od ig ly co l a n d methylene iod ide , or a reversal of their n o r m a l order, 
provides a q u i c k ind i ca t i on of hydrogen b o n d accessibi l i ty across a s o l i d -
l i q u i d interface. B o t h these l i qu ids have large enough molecu lar sizes a n d 
poor enough solvency powers to m i n i m i z e potent ia l complicat ions such 
as penetrat ion into the po lymer surface a n d solut ion of the po lymer i n 
the l i q u i d droplet . T h e contact angle values measured w i t h hydrogen-
b o n d i n g l iqu ids on the complete ly water -swol len specimens have been 
omit ted f rom the plot i n F i g u r e 2; a l l such data were n o n e q u i l i b r i u m 
measurements of angles a round 90° that resulted f rom a m a r k e d inter ­
act ion w i t h the swol len po lymer immediate ly after p lacement of certain 
droplets on the test spec imen surfaces. 

T y p i c a l I R reflectance spectra of films formed b y co ld water cast ing 
a n d b y hot water casting are presented i n F i g u r e 4. T h e on ly discernable 
difference between the native a n d the denatured or ge lat in ized samples 
was that the latter mater ia l was character ized b y s l ight ly broader ab­
sorpt ion bands ind icat ive of the presence of a w i d e r var ie ty of molecular 
cha in configurations. 

Contac t angles were measured w i t h the same series of wet t ing l i qu ids 
on the surfaces of D C A - s p r e a d films of the bovine Ach i l l e s tendon col lagen 
sample ( T a b l e I I I ) . T h e films were of three types: ( a ) those f o rmed 
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Figure 4. Internal reflection IR spectra of the 
surface zones of cold water cast rat skin col­
lagen films (top) and hot water cast (i.e., gela­
tinized) films from the same original sample 

(bottom) 
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Table III. Wettability of Bovine Achilles Tendon Collagen 

Average Contact Angle degrees 

Film 20°C 20°C 
Surface Formed Film Film 
Tension at 20°C after Heat 
at 20°C, from Water Denatured 

dynes/cm DCA" Wash" at 80°Cd 

72.8 87 79 56 
63.4 80 76 70 
58.2 72 70 60 
54.0 65 64 53 
50.8 60 51 51 
47.5 50 45 47 
44.6 41 37 40 
42.0 39 35 34 
38.7 33 33 30 
33.0 25 21 15 
27.7 14 11 0 
26.7 13 — — 25.9 10 — — 25.4 0 8 — 23.9 0 0 — 

Wetting Liquid 

W a t e r 
G l y c e r o l 
F o r m a m i d e 
T h i o d i g l y c o l 
M e t h y l e n e iodide 
syra-Tetrabromoethane 
1-Bromonaphthalene 
o-Dibromobenzene 
1 - M e t h y lnaphthalene 
D i c y c l o h e x y l 
n-Hexadecane 
n-Tetradecane 
n -Tr idecane 
n-Dodecane 
n-Decane 

a Averages of at least 10 readings on at least two independently prepared films of 
each type t o 

b Drop spread from dichloracetic acid on platinum sheet and air dried at 20°C in 
covered, greasefree container. 

c After extensive water wash and drying. 
d Heat denatured at 80°C in water and redried. 

at 20 ° C f rom D C A a n d air d r i e d for extended periods of t ime for solvent 
r emova l ; ( b ) those f o rmed l ike T y p e a, then washed w i t h d i s t i l l ed water 
( w h i c h d i d not so lubi l ize t h e m even though they h a d apparent ly been 
ac idi f ied) a n d again air d r i e d ; a n d ( c ) those w h i c h were heat denatured 
or ge lat in ized w h i l e water swol len b y conduct ing the water - swe l l ing a n d 
d r y i n g processes at 80 °C . These data conf irm the findings w i t h the 
better-character ized col lagen sample (see T a b l e I a n d F igures 1, 2 } 3, 
a n d 4 ) . These data par t i cu lar ly demonstrate the increased randomizat i on , 
as judged b y accessibi l i ty of hydrogen b o n d interactions across the inter ­
face, i n the heated sample. 

I R spectra were made of the t h i n films of the rat sk in a n d the bov ine 
A c h i l l e s tendon col lagen samples actual ly used for the contact angle 
measurements ( F i g u r e 5 ). T h e considerably greater b readth of the bands 
for the bov ine tendon sample belies the suggestion, w h i c h m i g h t have 
der ived f r o m F i g u r e 4, that s imple breadth of diagnostic prote in absorp­
t i on bands m i g h t be an independent ly re l iable ind i cator of the r a n ­
d o m i z a t i o n or hydrogen b o n d interact ion potent ia l of these prote in 
materials . 
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Figure 5. Internal reflection IR spectra of the surface zones of films of a highly 
purified rat skin collagen sample (top) ana a more heterogeneous collagen prep­

aration from bovine Achilles tendon collagen (bottom) 

T h e contact angles measured w i t h the series of pur i f i ed wet t ing 
l iqu ids on co ld water cast, t h i n films of gelatins of various der ivat ion are 
l isted i n T a b l e I V . T h e table has been arranged to p r o v i d e i n the se­
quence of the co lumns a sequence of materials w i t h progressively less 
apparent hydrogen b o n d capab i l i ty across their interfaces, a n d , concomi ­
tant ly , apparent ly lower degrees of randomizat i on f rom the native struc­
ture w h i c h masks such hydrogen-bond ing potent ial . I n F i g u r e 6 are 
plot ted the contact angle values for pur i f ied ca l f sk in ge lat in ; as w i t h 

Table IV. Wettability of Gelatin Films 

Average Contact Angle," degrees 

Surface 
Tension Bac-
at 20°C, terio-
dynes/ Calf­ Silver Pig­ logi- Prac­

Wetting Liquid cm skin Label Knox skin cal tical 

W a t e r 72.8 72 67 69 70 62 63 
G l y c e r o l 63.4 59 62 61 64 55 73 
F o r m a m i d e 58.2 51 49 47 60 44 54 
T h i o d i g l y c o l 54.0 37 42 43 42 47 62 
M e t h y l e n e iodide 50.8 41 44 45 42 45 49 
s2 /m-Tetrabromoethane 47.5 36 35 41 39 38 45 
1-Bromonaphthalene 44.6 24 30 34 33 34 38 
o-Dibromobenzene 42.0 22 28 30 29 25 32 
1 -Methy lnaphthalene 38.7 15 23 26 23 16 27 
D i c y c l o h e x y l 33.0 0 11 15 11 5 16 
n-Hexadecane 27.7 0 0 0 0 0 0 

α Averages of at least 10 readings on at least two independently prepared films of 
each type. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
7



168 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

SURFACE TENSION (y L V) IN DYNES/CM 
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Figure 6. Plot of contact angle data illustrating the duality of wetting behavior 
of a purified calfskin gelatin film when tested with hydrogen-bonding and non-

hydrogen-bonding liquids 

the r a n d o m i z e d pure co l lagen sample, there were separate c r i t i c a l surface 
tension intercepts for hydrogen -bond ing a n d nonhydrogen-bond ing l i q ­
u ids . I n F i g u r e 7 are the in terna l reflection I R spectra for these same six 
samples i n the ident i ca l f o rm that was prepared a n d used for the contact 
angle measurements; there was great d ivers i ty i n the I R absorpt ion pat ­
terns w h i c h reflect the molecular species a n d their conformations. There 
was no obvious correlat ion between par t i cu lar features of i n d i v i d u a l I R 
spectra a n d the w e t t i n g data. T h u s the contact angle data reflect the 
ac tua l outermost atomic const itut ion of the various samples m u c h more 
sensit ively than even this r emarkab ly surface sensitive spectral technique 
w h i c h characterizes no more than a m i c r o n or so of the sample surface 
phase. 

Interpretation and Discussion of Results 

T h e r e are three major compl icat ions i n contact angle studies of 
proteins a n d other water sensitive polymers. F i r s t , no s imple or safe 
method of guaranteeing the cleanliness or un i f o rmi ty of spec imen sur­
faces is ava i lab le ; the i n i t i a l p u r i t y of the sample must be re l i ed u p o n 
as the p r i m a r y cr i ter ion of surface uni formity . Second, there is a strong 
effect f r o m adsorbed water molecules w h i c h r e m a i n on the surface a n d 
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7. BAiER A N D ziSMAN Collagen and Gelatin Surfaces 169 

usual ly also w i t h i n the b u l k of h y d r o p h i l i c materials such as po lyamides . 
T h i r d , water sensitive materials m a y be r a p i d l y swol len or so lub i l i zed b y 
m a n y l iqu ids a p p l i e d to their surfaces whereas a more s imple wet t ing 
a n d spreading context is desired for a n u m b e r of b io log i ca l a n d / o r indus ­
t r i a l purposes. I n our previous work , such complicat ions were overcome 
i n other instances w h e n it w o u l d have been destructive to attempt to 
dehydrate t h i n film specimens completely . Dras t i c water remova l pro ­
cedures almost certa in ly induce other undesirable alterations i n the basic 
po lymer chemistry a n d structure. 

T h e diagnost ic cr i ter ia presented ( J , 2 ) as indicators of the accessi­
b i l i t y of hydrogen-bond ing sites at po lymer interfaces are appl i cab le even 
for h i g h l y water soluble po lyacry lamide . T h e p lot of contact angle data 
i n F i g u r e 8 includes values p u b l i s h e d earlier (20) a n d also the less repro­
duc ib l e data for water , g lycero l , a n d formamide—three more important 
hydrogen b o n d f o rming l i q u i d s — r e c o r d e d on these surfaces at the same 
t ime (21). O u r diagnostic cr i ter ion of a spl it i n the data plots for h y d r o ­
gen-bonding a n d nonhydrogen-bonding l iqu ids is met i n this instance, 
reflecting the m a r k e d degree of interact ion between the hydrogen -bond ing 
l iqu ids a n d the surface accessible amides w h i c h i n this po lymer are 
present i n the impossible-to-mask side chains. T h e contact angle va lue 

MICRONS 
2.5 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 
WAVENUMBER ( C M - 1 ) 

Figure 7. Internal reflection IR spectra revealing the variety of structures 
dominating the surface zones of six different gelatin preparations cast from 

hot water into thin, smooth films 
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obta ined w i t h the hydrogen-bond ing l i q u i d of largest molecu lar size, 
th i od ig lyco l , was bo th stable a n d reproduc ib le ; this suggests that its i n ­
a b i l i t y to penetrate the sample surface el iminates the complicat ions 
( scatter i n data of about 5 -10 degrees ) caused b y s imple penetrat ion of 
the smaller, hydrogen-bond ing molecules. 

There are three possible c r i t i ca l surface tension intercepts w h i c h 
m i g h t independent ly character ize water sensitive polymers , depend ing 
on the image forces a n d special interactions that can be mani fested across 
the l i q u i d - s o l i d interface. A n intercept above 40 d y n e s / c m is obta ined 
b y extrapolat ing data for hydrogen-bond ing l i q u i d s ; a va lue at about or 
s l ight ly be l ow 40 d y n e s / c m is obta ined b y extrapolat ing data for non -
interact ing organic l i qu ids , a n d a m u c h lower in te r cept—from a plot w i t h 
a m a r k e d l y different s lope—at about 30 d y n e s / c m is obta ined b y extra­
po la t ing data for dispersion force only l i qu ids w i t h very l o w surface 
tensions ( w h i c h g ive anomalous nonzero contact angle va lues ) . A s was 
demonstrated earl ier w i t h s impler po lyamides a n d here w i t h the c o l l a g e n -
gelat in transformation, the separate c r i t i ca l surface tension intercept for 
the hydrogen-bond ing l iqu ids is not observed w h e n the po lymer structure 
is such that amide groups w h i c h c o u l d enter into such special interactions 
are masked f rom the surface. W i t h exceptional ly water sensitive po ly ­
mers such as the proteins a n d po lyacry lamide , however , the apparent 
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Figure 8. Plot of contact angle data illustrating great disparity in the wetting 
of a polyacrylamide surface by liquids capable of sensing different surface 

chemical groupings 
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7. B A i E R A N D z i s M A N Collagen and Gelatin Surfaces 171 

lowest c r i t i c a l surface tension intercept for the l o w surface tension, or­
ganic l i qu ids remains constant even w h e n a large var iety of configurations 
is present, as i l lustrated w i t h our series of gelatins. W e attr ibute this 
apparent anomaly to the presence on a l l such surfaces of a strongly a d ­
sorbed a n d organized layer of water. 

T h e dif f iculty of swe l l ing a n d so lub i l i zat ion of the polymers b y cer­
ta in test l i qu ids arises i n any system where the l iqu ids a n d the polymers 
are potent ia l ly or k n o w n to be misc ib le . T h e effect of organic l i q u i d 
interactions w i t h polystyrene was noted m a n y years ago (22). I n the 
current experiments, w h e n hydrogen -bond ing l i qu ids were a p p l i e d to the 
various co l lagen a n d gelatin films, swe l l ing a n d par t ia l so lub i l i zat ion d i d 
occur not iceably i n some instances. Reproduc ib l e values c o u l d a lways 
be obta ined , however , b y advanc ing the interact ing droplets over fresh 
surface areas and record ing only the i n i t i a l advanc ing contact angles. 
W h e n drops w h i c h h a d been on the surface for a m i n u t e or more were 
care ful ly incremented , the droplet perimeter remained constant rather 
than advanc ing , a n d the apparent contact angle values increased to w e l l 
over 100° a n d remained at such anomalously h i g h values for m a n y m i n ­
utes. Retract ion of these incremented drops of interact ing l i qu ids f r om 
the prote in surface, for example b y s imply touch ing them w i t h a w i c k 
of filter paper , left b e h i n d an obvious ly l i q u i d - s w o l l e n region w h i c h was 
capped b y a surface-spread pro te in film w h i c h co l lapsed i n the shape of a 
truncated l i q u i d droplet of the o r ig ina l size. 

Because of these m a n y compl icat ions , it is most encouraging that the 
data der ived f r o m this study were remarkab ly order ly a n d that they 
agreed w i t h predict ions based on our studies of s impler m o d e l polymers 
(1, 2, 3). T h e f o l l o w i n g can be conc luded about the w e t t i n g properties 
of co l lagen a n d ge lat in : 

(a ) co l lagen maintains a tenaciously b o u n d layer of adsorbed mois ­
ture under the exper imental condit ions ( 5 0 % relat ive h u m i d i t y at 2 0 ° C ) , 
a n d i t is u n l i k e l y that this adsorbed aqueous component c o u l d be c om­
plete ly e l iminated wi thout destroying the po lymer ; 

( b ) co l lagen has an est imated c r i t i ca l surface tension of about 40 
d y n e s / c m , and , i n its nat ive fibrous structure, it does not expose accessible 
hydrogen-bonding , backbone amide groups at the so l id -gas interface; a n d 

( c ) ge lat in , a r a n d o m i z e d a n d destructured product of co l lagen, can 
be i n d u c e d b y s imple temperature increases, a n d i t can exhib i t m a r k e d 
changes i n surface interactions w i t h hydrogen-bond ing l i qu ids even 
though no large changes i n the I R spectra or other parameters of the 
b u l k po lymer are observed. 

T h e combinat ion of a h i g h c r i t i ca l surface tension intercept a n d a 
spl it i n the contact angle data for the hydrogen-bond ing a n d nonhydro -
gen-bonding l iqu ids is the best ind icator of the presence of accessible 
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amide groups at the surface of p o l y a m i d e materials , even w h e n such 
materials are as compl i ca ted as natura l fibrous proteins. T h e occurrence 
of anomalous nonzero contact angles for s imple organic l i qu ids w i t h 
very l o w surface tensions suggests the presence of a strongly adsorbed 
layer of water on such surfaces. D e p e n d i n g on the prac t i ca l use to be 
made of contact angle data , any or a l l of the three different c r i t i ca l sur­
face tension values m i g h t be the most important . It w o u l d be unwise to 
attempt to deduce indicators of the surface free energy of such b i o l og i ca l 
macromolecules b y r e l y i n g u p o n contact angles w i t h only one type of 
l i q u i d . A c o m m o n error of biologists a n d even some po lymer chemists 
is to p lace complete fa i th i n measurements of water contact angles alone. 

A l t h o u g h considerable add i t i ona l w o r k w i t h more m o d e l systems, a 
greater var ie ty of w e t t i n g l i qu ids , a n d proteins of the greatest possible 
p u r i t y a n d un i f o rmi ty is necessary, the order ly pattern of the data ob­
ta ined so far deserves attention. T h i s art ic le i l lustrates on ly the first 
successful app l i ca t i on of these methods to the prote in co l lagen a n d its 
var ious ly modi f ied structural forms i n c o m m o n gelat in preparations. C o l ­
lagen-der ived proteins constitute the b u l k of the organic mater ia l i n 
connect ive tissue a n d i n teeth, so the wet t ing a n d spreading of a var iety 
of l i qu ids on each of these materials is of great prac t i ca l importance . 
S u r g i c a l adhesives, for example, must efficiently wet a n d spread u p o n the 
prote in of cut tissue a n d f o rm strong bonds w i t h it . S i m i l a r l y , denta l 
adhesives, especial ly those for use w i t h i n the prepared tooth cavity , must 
wet the proteinaceous component ( coat ing that surface) w h i c h was de­
r i v e d f r om the col lagen-based dentine i f the restorative mater ia l is to 
make a firm, void- free bond . 

T h e p r e l i m i n a r y wet t ing studies reported here describe a n d delineate 
the types of spreading behavior w h i c h are to be expected w i t h l i q u i d 
compositions of various types. F u r t h e r , our w o r k demonstrates the prac ­
t i ca l u t i l i t y w h i c h i n d u c t i o n of modest conf igurational changes of proteins 
m i g h t have i n predispos ing a prote in -dominated surface to either favor 
or reject spontaneous w e t t i n g b y a g iven l i q u i d or class of l i qu ids . T h e 
potent ia l range of app l i cab i l i t y of these findings, after they are extended 
a n d conf irmed, is except ional ly large w h e n one recalls that the surface 
properties of proteins have a lready been i m p l i c a t e d i n the catalysis or 
contro l of most b i o chemica l events; i n the permselect iv i ty of b io log i ca l 
membranes ; i n the acceptabi l i ty of organ grafts a n d grafts of engineer ing 
or s tructural materials ; i n the irreversible damage occurr ing i n extra­
corporeal devices for b l o o d h a n d l i n g ; i n the acceptance of medicat ions , 
cosmetic agents, a n d other treatments b y the s k i n ; a n d i n the resistance 
of sk in surfaces to adverse penetrat ion b y contaminat ing agents. 
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7. B A I E R A N D Z I S M A N CoUagen and Gelatin Surfaces 173 

Summary and Conclusions 

Previous ly , w e examined the wet t ing properties of seven m o d e l po ly -
amides, i n c l u d i n g the polypept ides po ly ( m e t h y l g lutamate) a n d po ly -
( b e n z y l g lu tamate ) ; po lyg lyc ine ; nylons 66, 6, a n d 11; a n d po lyacry lamide . 
A l l were successfully character ized b y contact angle cr i ter ia as amide -
conta in ing materials . W h e n structural transitions were i n d u c e d i n these 
exper imental materials w h i c h alternately exposed hydrogen -bond ing 
amide groups to the surface a n d masked t h e m f r o m i t , the diagnost ic 
wet t ing cr i ter ia were va l idated . These m o d e l materials h a d the inherent 
advantage of be ing synthetic products of defined const i tut ion that c o u l d 
be freed f rom contaminat ion b y s imple techniques. W h e n the study was 
extended to the more compl i cated natura l prote in system of c o l l a g e n -
gelat in , i t was noted that anomalous contact angle values for these water 
sensitive specimens were i n a characteristic range of their o w n that d i d 
not interfere w i t h the contact angle diagnosis of accessible amide groups 
at the po lymer interface. T h e anomalous nonzero contact angles for l o w 
surface tension, organic l iqu ids are ind icat ive of the retention of a strongly 
b o u n d water layer on the prote in surfaces. Desp i te this adsorbed mois ­
ture, co l lagen demonstrates a surface composi t ion w i t h a c r i t i ca l surface 
tension of about 40 d y n e s / c m w h e n i n its nat ive f o rm, a n d a second, 
h igher c r i t i c a l surface tension intercept between 40 a n d 50 d y n e s / c m 
w i t h hydrogen -bond ing l iqu ids only w h e n r a n d o m i z e d to its gelat in form. 
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8 
Modification of Collagenous Surfaces by 
Grafting Polymeric Side Chains to 
Collagen and Soft and Hard Tissues 

G. M. BRAUER and D. J. TERMINI 

Dental Research Section, National Bureau of Standards, 
Washington, D. C. 20234 

Collagen, soft tissue, and bone can be modified at 37°C by 
allowing them to react with acrylic, methacrylic, or vinyl 
monomers using ceric ions, persulfate-bisulfite or comono-
mers forming donor-acceptor complexes as initiators. The 
polymeric methacrylate side chain is chemically attached 
to collagen; similar bonding may occur on reaction with 
other monomers. With rat skin, the reaction takes place 
mainly at the surface whereas a higher yield of more 
homogeneous product is formed on grafting onto collagen. 
Grafting onto bone is best accomplished with persulfate­
-bisulfite initiator. Modification of the collagenous surface 
is indicated by changes in wettability, decreased water sorp­
tion, and improved resistance to mold growth; e.g., hydro­
phobic, oleophobic surfaces are obtained with fluorinated 
monomers. The modified surfaces could be useful as ad­
hesion-promoting liners for restorative materials. 

Graf t ing of po lymer i c s ide chains offers an attractive technique for 
a l ter ing the properties , especial ly the surface characteristics of the 

substrate. M a n y studies have dealt w i t h graft ing onto cel lulosic (1, 2) 
a n d proteinaceous materials such as w o o l , si lk, a n d col lagen ( 3 ) . C o m ­
parat ive ly l i t t le in format ion has been reported regard ing the chemica l ly 
in i t ia ted graf t ing of monomers onto col lagen. G r a f t i n g onto collagenous 
surfaces, especial ly in vivo graf t ing onto soft a n d h a r d tissues to f o rm 
covalent bonds between the collagenous mater ia l a n d the p o l y m e r i c side 
cha in , is an effective means to obta in chemica l adhesion a n d to improve 
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the p h y s i c o - c h e m i c a l properties of the substrate. S u c h techniques, i f 
successful under c l i n i c a l condit ions, might find appl icat ions as soft tissue 
or bone cements i n surg ica l procedures or i n i m p r o v i n g adhesion of denta l 
restoratives to dent ina l surfaces. O t h e r characteristics that c o u l d pre ­
sumably be i m p r o v e d b y such treatments are greater resistance of teeth 
to caries, increased resistance of bone a n d sk in to funga l a n d bacter ia l 
diseases, a n d increased protect ion i n photochemica l reactions. F u r t h e r ­
more, graft ing procedures have ind i ca ted u p g r a d i n g certain properties 
of leather such as water penetrat ion a n d abrasion resistance (3-13). 

T h i s paper summarizes chemica l graft ing techniques explored i n this 
laboratory that have potent ia l b i o m e d i c a l appl i cat ion . These reactions, 
in i t ia ted b y eerie ions, persul fate -b isul f i te redox systems, or the presence 
of comonomers f o rming donor—acceptor complexes, were carr ied out i n 
a n aqueous environment under condit ions w h i c h , w i t h suitable modi f i ca ­
tions, might be tolerated in vivo. G r a f t i n g onto tissue surfaces b y means 
of i o n i z i n g rad ia t i on w i l l not be discussed since techniques for avo id ing 
undes irable side reactions have not yet been developed. 

Grafting onto Collagen 

D u r i n g the past f ew years, graft ing to col lagen us ing a variety of 
init iators has been reported. R a o a n d co-workers grafted m e t h y l metha -
crylate , acry loni tr i l e , a n d acry lamide to co l lagen us ing eerie a m m o n i u m 
nitrate ( C A N ) as in i t iator (4-9). Russ ian investigators treated co l ­
lagen p o w d e r w i t h ferrous a m m o n i u m sulfate a n d aqueous solutions or 
emulsions of various monomers a n d hydrogen peroxides usual ly at 6 0 ° -
80°C . B y this procedure they were able to graft acry loni tr i le (14), 
acry lamide (15), v i n y l acetate (16), methacry l i c a c id (17), m e t h y l a n d 
g l y c i d y l methacrylate (18, 19, 20), a n d phosphorus-containing po lymer 
(21, 22, 23, 24) side chains onto col lagen. Because of the elevated t e m ­
peratures used i n these reactions, denaturat ion of the co l lagen m a y occur. 
T h e same investigators used metavanadic a c i d (25), manganese p y r o ­
phosphate (26), ozonized col lagen (27, 28), a n d hydrogen peroxide (19, 
29, 30) to graft m e t h y l methacrylate onto col lagen. R e d u c i n g groups pres­
ent i n col lagen f o rm a redox system on leather p o w d e r (29). A c r y l o n i t r i l e 
can also be grafted onto col lagen w i t h potassium persulfate as in i t iator 
i n the presence of a ir , us ing te trakishydroxymethyl phosphon ium ch lor ide 
as oxygen scavenger (3). H o w e v e r , this method p r o v e d unsuitable w i t h 
other v i n y l monomers. G r a f t i n g e thy l a n d b u t y l acrylate onto chrome-
tanned sheepskins a n d kangaroo skins has been more successful us ing 
the potassium persulfate—sodium bisulfite redox system as in i t iator i n a 
carbon d iox ide atmosphere (10,11,12, 13). 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 177 

A graft copo lymer of co l lagen ( as w e l l as other proteinaceous mate ­
r ia ls ) w i t h m e t h y l methacrylate has been made b y po lymer i za t i on i n i t i ­
ated b y t r i -n -buty lborane (31 ) . K u d a b a a n d co-workers also modi f ied 
co l lagen b y treat ing i t w i t h ep i ch l o rohydr in (32, 33) or epoxy resins (34) 
w i t h B F 3 · E t 2 0 as catalyst. S u c h treatments c o u l d be va luab le for 
i m p r o v i n g certain properties of leather, but the exper imental condit ions 
prec lude their use for c l i n i c a l appl icat ions . 

U V - i n d u c e d graft ing onto col lagen is the most advantageous method 
for cover ing the substrate w i t h a po lymer i c surface coating. T h e l o w en­
ergy rad ia t i on does not degrade the col lagen to any apprec iab le extent. 
Genera l ly , a - U V sensitive dye or other photosensitizer is a d d e d to the 
react ion mixture to improve the y i e l d of the copo lymerizat ion . T h i s 
proceeds via a free r a d i c a l abstract ion of a hydrogen f o l l owed b y sub­
sequent po lymer cha in g r o w t h f rom the free r a d i c a l site on the substrate. 
T h e extent of graft ing depends on the concentrat ion of the sensitizer, its 
l ight absorpt ion characteristics, a n d the rad iant energy corresponding to 
the wave length at w h i c h the sensitizer absorbs l ight . A c t i v a t i o n energy 
of graft ing depends on the type of monomer used. Photosensitizers w h i c h 
have been used to graft m e t h y l methacrylate to col lagen inc lude ben ­
zene (35, 36), b e n z i l (36, 37), benzo in (38), benzophenone (37, 38, 39), 
eosin (37, 40), a n d iodoeosin (37, 41, 42). B e n z i l a n d iodoeosin, w h i c h 
absorb strongly a r o u n d 260 n m a n d 546 n m , are more effective than 
eosin a n d benzophenone. R ibo f lav in or fluorescein also can be used 
to graft acry lamide , Ν,Ν-dimethylacrylamide, N - v i n y l p y r r o l i d o n e , acry l i c 
ac id , a n d acry lon i t r i l e onto col lagen (43, 44). T h e quant i ty of grafted 
po lymer in t roduced into the substrate depends on the c h e m i c a l nature 
a n d concentrat ion of monomer, photosensitizer, a n d fibrous substrate. 
Some homopo lymer izat i on of monomer also takes place. I n the presence 
of oxygen, an i n d u c t i o n per i od occurs, but oxygen remova l retards the 
photopolymerizat ions . 

I n our studies w i t h col lagen, C A N was used as an in i t iator since 
free radicals are f o rmed on the side chains of the substrate, a n d thus 
a h i g h graft ing efficiency compared w i t h other redox systems can be ex­
pected. T h e format ion of homopo lymer is kept to a m i n i m u m a n d there 
is l i t t le degradat ion of the backbone substrate. Fur thermore , this system 
makes i t possible to conduct the react ion under re lat ively m i l d c ond i ­
tions at 37 °C . T h e i n i t i a l objective of this invest igat ion was to determine 
w h i c h acry l i c or v i n y l monomers conta in ing a var iety of func t i ona l groups 
w o u l d react w i t h the col lagen substrate to y i e l d a graft copo lymer (45). 
A second objective was to determine the o p t i m u m condit ions for graft ing 
onto soft a n d h a r d tissues. I n most of the experiments u s i n g co l lagen, rat 
sk in , or bone, the f o l l ow ing procedure was used : approx imate ly 1 g of 
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mater ia l was st irred for 1 h r i n 50 m l of a 2% aqueous d i o c t y l s od ium 
sulfosuccinate solut ion. O n e m l 0 . 0 5 M C A N i n I N H N 0 3 was a d d e d ; 
the mixture was deaerated w i t h n i trogen for 15 m i n a n d 2.25 m l of 
monomer was added . T h e react ion was cont inued i n an inert atmosphere 
at 37 °C . H o m o p o l y m e r was removed b y thorough extraction w i t h a 
suitable solvent. 

Eff ic ient r e m o v a l of oxygen is r e q u i r e d to obta in o p t i m u m yie lds . 
Exposure to swe l l ing agents such as 5 % aqueous z inc ch lor ide or potas­
s i u m thiocyanate pr ior to graft ing onto col lagen d i d not increase the y i e l d . 
H o w e v e r , the presence of a w e t t i n g agent proved beneficial . 

Results of graft ing various monomers onto p o w d e r e d steerhide c o l l a ­
gen are g iven i n T a b l e I. A s was establ ished i n the p r e l i m i n a r y ex­
periments , results depend on the p h y s i c a l state ( p o w d e r or film) a n d 
pretreatment of the spec imen, length of its storage i n water pr ior to the 
react ion, presence a n d concentrat ion of wet t ing agent, a n d concentrat ion 
a n d p u r i t y of the monomer. A considerable we ight increase ( 2 1 % ) was 
obta ined w h e n on ly co l lagen was a l l o w e d to react w i t h n i t r i c a c i d or 
C A N solut ion i n the presence of w e t t i n g agent. T h e anionic d i o c t y l so-

Table I . Grafting of Polymeric Side Chains to Collagenous Surfaces 
Reaction Times: 3 hours; Temperature: 37 °C 

Avg. Weight Increase,0 g/100 g substrate 

Monomer 
C o n t r o l (no m o n o m e r — C A N 6 ) 
C o n t r o l (methy l methacry late , 

no C A N ) 
A c r y l i c ac id 
Acry la tes 

e t h y l 
b u t y l 
b u t y l + 1 0 % acry l i c ac id 
isodecyl 
isodecyl ( C 0 2 atmosphere) 
2 -e thy lhexy l 
2 ,2 ,2-tr i f luoroethyl 
hexafluoroisopropyl 
1H,\H, 5 i / -oc ta f luoropenty 1 
pentadecafluorooctyl 
cyanoethy l 
Cel losolve 
2 % aq . ca l c ium 
2 % aq . zinc 

M e t h a c r y l i c ac id 

Initiator : Initiator : 

CAN K2S2Os-NaHSOz 

Col­ Rat- Rat-
lagen skin Bone skin Bone 

21 2 - 9 — — 9 

2 0.3 - 5 — - 1 
43 11 - 4 8 — - 5 2 

106 
110 

153 

134 
124 
120 
117 

129 
200 

11 

56 

24 
22 

9 
13 
16 
17 

130 
16 
4 

11 

- 1 0 — 
— 26 
— 40 

- 3 — 

- 5 — 

- 3 8 

4 
6 

6 
- 3 

9 

201(212) ' 
8 

48 (45 ) c 

78 
14 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 179 

T a b l e I . C o n t i n u e d 

Avg. Weight Increase," g/Ί00 g substrate 

Initiator : Initiator : 

CAN K2S20s-NaIIS03 

Col­ Rat- Rat-
Monomer lagen skin Bone skin Bone 

M e t h a c r y l a t e s 
m e t h y l 187 14 17 28 45 
m e t h y l (no wett ing agent) 51 — — — — 
e t h y l 182 — - 3 — 12 
i s obuty l 91 — - 1 — - 1 
l a u r y l 148 16 - 1 — 10 
2-chloroethyl 96 — — — — 
2,2,2-tri f luoroethyl 118 14 — — — 
hexafluoroisopropyl 134 11 — — — 
ΙΗ,ΙΗ, 5H-oc taf luoropenty 1 30 12 — — — 
h y d r o x y e t h y l 226 4 - 1 1 — 85(38) 
g l y c i d y l 239 20 61 — 138 
i - b u t y l a m i no e th y l 2 — — — — 
d imethy lami noethy 1 12 4 - 1 — - 3 
d i m e t h y l a m i n o e t h y l (ac id i ­

fied to p H 2.5) 34 4 — - 5 - 1 4 
E t h y l e n e d i m e t h a c r y l a t e -

m e t h y l methacry late — 24 — — — 
E t h y l e n e d imethacry late 104 23 - 1 0 - 4 142(16) 
1,3-Butylene d imethacry late 58 — — — — 
A c r y l o n i t r i l e 74 11 — — 49 
a -Chloroacry loni tr i le 77 — — — — 
V i n y l acetate 28 13 - 1 — - 5 
Styrene 33 15 - 1 0 — 37 
V iny l t o luene 25 — — — — 
Div iny lbenzene — 9 — — 63 
i V - V i n y l - 2 - p y r r o l i d o n e 27 — — — - 9 
4 - V i n y l p y r i d i n e 0 — — — — 
D i a l l y l phosphite 29 16 — — - 1 4 
T r i a l l y l phosphate 25 16 - 7 — — 
Butened io l 18 13 — — — 

α After extraction of homopolymer with appropriate solvent. 
6 Ceric a m m o n i u m nitrate. 
c React ion t ime: 15 m i n . 

d i u m sulfosuccinate wet t ing agent w h i c h is present i n a fa i r ly h i g h 
concentrat ion ( 2 % ) is strongly sorbed b y the pos i t ive ly charged co l lagen 
molecules i n the ac id i c react ion mixture . It is p robab ly inso lub i l i zed i n 
the presence of the n i t r i c a c i d electrolyte a n d thus is not removed b y 
w a s h i n g the substrate w i t h water . 

Increase i n we ight (after extraction of soluble homopo lymer ) i n 
excess of the increase i n we ight obta ined i n the absence of monomer was 
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used as the cr i ter ion for successful graft ing. Y i e l d (based on monomer 
a d d e d a n d assuming that the we ight increase after extraction results 
solely f rom graft p o l y m e r format ion) v a r i e d w i d e l y , but it was highest 
for acrylates a n d methacrylates. Y ie lds d i d not change greatly w i t h the 
h igher homologues. Y ie lds for these two homologous series were gen­
eral ly i n the 4 0 - 9 0 % range ( 9 0 - 2 3 9 % increase i n w e i g h t ) . M o n o m e r s 
conta in ing h y d r o x y l or g l y c i d y l groups such as h y d r o x y e t h y l or g l y c i d y l 
methacrylate were converted near ly quant i tat ive ly to the po lymer i c f o rm. 
W i t h acry l i c a n d methacry l i c ac id , the yields were considerably l ower 
than those obta ined w i t h their esters. W i t h monomers conta in ing basic 
groups, no apparent graf t ing took place. H o w e v e r , some graft ing occurred 
w h e n d i ( m e t h y l a m i n o e t h y l methacrylate ) hydroch lo r ide was a l l o w e d to 
react i n an ac id environment. F l u o r i n a t e d acrylates a n d methacrylates 
also grafted onto the co l lagen substrate, general ly w i t h good yie lds . 

Gra f t copo lymer izat ion w i t h monomers conta in ing 2-chloroethyl , 
hydroxye thy l , or g l y c i d y l groups leaves res idual potent ia l react ion centers 
for further chemica l modi f i cat ion of the product . G r a f t copolymers w i t h 
ethylene or butylène d imethacry late are probab ly cross l inked a n d should 
show reduced so lub i l i ty a n d increased chemica l resistance. 

M o s t v i n y l monomers other than those conta in ing acry l i c or metha ­
c ry l i c groups were not as r ead i l y grafted onto col lagen i n an aqueous e n v i ­
ronment. L i t t l e or no we ight increase compared w i t h the C A N b lank 
took p lace w i t h 4 -v iny lpyr id ine , v inyl to luene , t r i a l l y l phosphate, or b u -
tenedio l . G r a f t i n g conditions for these monomers are more suitable w h e n 
the react ion is conducted i n appropr iate non-aqueous solvents. 

T h e presence of po lymer on the col lagen was conf irmed f rom I R 
spectra obta ined after r emova l of soluble homopolymer . Appearance of 
noncol lagenous bands was most pronounced for col lagen treated w i t h 
the lower homologues of the acry l i c or methacry l i c esters. I n general , 
collagenous products that increased more than 2 5 % i n we ight h a d more 
d is t inct ive spectra possessing sharper peaks and add i t i ona l absorpt ion 
bands w h e n compared w i t h the o r i g ina l col lagen powder . F o r example, a l l 
esters (acrylates, methacrylates, acetate) gave the C = 0 stretching b a n d 
around 1740 c m - 1 a n d m a n y h a d another strong ester — C — Ο stretching 
b a n d between 1140 a n d 1160 cm" 1 . 

I n one series of experiments, co l lagen films (0.0013 c m a n d 0.005 c m 
t h i c k ) made f r o m col lagen fibrils of about 9 9 % p u r i t y were subst i tuted 
for the col lagen powders i n the standard graft ing experiment. A l t h o u g h 
i t was not possible to measure we ight increase i n the thinner film speci ­
mens, the I R spectra of the treated a n d solvent-extracted films ind i ca ted 
that po lymer was probab ly grafted onto the substrate. 

U n d e r the exper imental condit ions, surface graft ing occurs less 
than 30 m i n after add i t i on of the monomer. T h u s , after a 30 -min reac-
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 181 

t i on t ime, weight increased (after remova l of homopo lymers ) 1 0 0 % 
w h e n m e t h y l methacrylate a n d isodecy l acrylate were grafted onto co l ­
lagen powder . S i m i l a r l y , the increase i n weight on graft ing g l y c i d y l 
methacrylate onto 0.005-cm col lagen films demonstrated conclusively that 
measurable amounts of surface graft were f o rmed w i t h i n 30 mins. 

Spontaneous graf t ing under h i g h swe l l ing condit ions has been 
achieved w i t h the w o o l - e t h y l acrylate system w i t h o u t us ing any of the 
n o r m a l means of in i t i a t ing graft ing reactions (46). T h i s react ion is pre ­
sumed to be in i t ia ted b y the free r a d i c a l f ormat ion as a result of the 
strong anisotropic swe l l ing brought about i n i t i a l l y b y water. W i t h this 
mechanc—chemical technique , polystyrene a n d P M M A c o u l d be grafted 
to co l lagen (47) i n states that were not extracted b y b o i l i n g toluene, 
chloro form, or acetone. W h e n the react ion was conducted under ni trogen 
for re lat ive ly short periods, that is , u p to 24 hrs, graft ing d i d not take 
place. A more drastic swe l l ing react ion appears to be r e q u i r e d w h i c h 
w o u l d l i m i t the usefulness of this technique for m a n y appl icat ions . 

Grafting onto Soft Tissues 

Since m a n y monomers of v a r y i n g po lar i ty c o u l d be grafted onto c o l ­
lagen, i t is desirable to experiment w i t h graf t ing onto soft tissue. I f suc­
cessful, i t might be possible to v a r y w i d e l y a n d thus contro l surface 
properties of such a substrate. De fa t t ed rat skins were l y o p h i l i z e d a n d 
then grafted i n the presence of C A N (48). C o n t r o l runs ind i ca ted that 
add i t i on of wet t ing agent a n d C A N ini t iator or monomer results i n no 
apprec iab le increase i n w e i g h t of the treated rat sk in ( T a b l e I ) . 

A we ight increase after extraction of soluble homopo lymer was ob­
ta ined on react ion of the rat skins w i t h most monomers investigated 
( T a b l e I ) . Y i e l d of side cha in po lymer grafted onto the substrate was 
m u c h l ower for rat sk in than for col lagen w i t h most we ight increases 
be ing 1 5 - 2 5 % (average of two or more r u n s ) . T h e h i g h l y fluorinated 
pentadecaf luoroctyl acrylate y i e l d e d b y far the largest amount of insoluble 
po lymer ( 1 3 0 % we ight increase) . O n the other hand , monomers conta in­
i n g h y d r o x y l or ethoxy groups d i d not f o rm any apprec iab le amount of 
graft po lymer w i t h rat sk in despite the fact that these monomers gave 
near ly quant i tat ive y ie lds of po lymer w i t h steerhide col lagen. W i t h mono­
mers conta in ing basic groups, only a smal l we ight increase was observed 
even w h e n these monomers were a l l o w e d to react after complete neutra l i ­
zat ion of the basic groups. A p p a r e n t graft ing took place not only w i t h 
acrylate or methacrylate monomers but also w i t h other v i n y l monomers 
such as v i n y l acetate a n d styrene. Reac t i on of d i a l l y l phosphite or t r i a l l y l 
phosphate w i t h sk in p r o d u c e d modi f ied surfaces conta in ing phosphite 
or phosphate groups. A l l f luor inated acrylates a n d methacrylates c o u l d 
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be grafted onto the rat sk in substrate. Treatment of rat sk in w i t h ethylene 
d imethacry late also resulted i n an increase i n weight . N o apprec iable 
change i n y i e l d occurred w h e n carbon d iox ide was substituted for n i trogen 
to deaerate the react ion mixture . 

R e d u c i n g the react ion t ime be l ow 3 hrs decreased the amount of 
po lymer f o rmed on rat sk in . H o w e v e r , w i t h a react ion t ime as l o w as 
20 m i n , significant we ight increases were recorded w i t h such diverse 
monomers as m e t h y l methacrylate , i sodecy l acrylate , a n d g l y c i d y l metha ­
crylate. H e n c e , re lat ive ly short react ion times m a y be sufficient to m o d i f y 
signif icantly chemica l a n d b io l og i ca l characteristics of soft tissue surfaces. 

A s m a y be expected for po lymer i za t i on reactions of this type, the 
use of rat skins as substrates decreased the reproduc ib i l i t y of the po lymer 
y i e l d . T h e coefficients of var ia t ion for the we ight increases averaged 
2 8 % a n d were above 5 0 % for a f ew monomers, general ly w h e n the y i e l d 
of po lymer f o rmed was low. T h e lower graft po lymer y i e l d obta ined 
w i t h rat sk in compared w i t h steerhide co l lagen m a y be at tr ibuted to ( a ) 
the different chemica l composi t ion ( such as kerat in ) of the ep idermis , a n d 
( b ) the coherent nature of the rat s k i n p r o v i d i n g a m u c h smaller surface 
area than the co l lagen powder . T h u s , the n u m b e r of sites accessible 
for graft ing is greatly reduced . F u r t h e r m o r e , wet t ing agent, in i t iator , 
a n d monomer diffuse on ly s l owly into the inter ior of the substrate. W i t h 
the th icker rat sk in specimens, e q u i l i b r i u m condit ions may not be reached 
readi ly . W i t h rat sk in , the graft ing takes place m a i n l y at the surface, 
whereas a more homogenous product is f o rmed b y graft ing throughout 
the co l lagen powder . 

Persul fate -b isu l f i te - in i t ia ted graft po lymer i za t i on was accompl ished 
( T a b l e I ) us ing the procedure of Fea i rhe l l e r et al. (11). L y o p h i l i z e d 
rat skins w e r e soaked i n 100 m l of a 0 .4% aqueous solut ion of an o c ty l -
p h e n y l ether of po lyethylene g l y c o l conta in ing 9 -10 ethylene oxide 
groups. A f t e r 1 hr , 0.4 g potassium persulfate a n d 0.135 g sod ium 
bisulf ite were added , a n d C 0 2 was passed through the solut ion before 
5 m l of monomer were added . 

acceptor monomer (A) -+- L e w i s A c i d ( Z n C l 2 ) ^ ^ adduct ( A — Z n C l 2 ) 

(methacrylate , + 
maleic anhydride) donor monomer 

(styrene) 

w Z n C l 2 + [donor-acceptor] x < 

usual ly 1:1 
a l ternat ing copolymer 

[donor acceptor · Z n C l 2 ] 

complex 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 183 

Yie lds w i t h m e t h y l methacrylate were somewhat larger than those 
obta ined i n the comparable C A N - i n i t i a t e d po lymer izat ion . E v e n greater 
increases i n we ight were obta ined w i t h b u t y l acrylate, especial ly on 
add i t i on of 1 0 % acry l i c a c id bo th for 3-hr a n d 20 -min react ion times. 

Electron-acceptor monomers such as acrylates, methacrylates , a n d 
acry lon i t r i l e become stronger acceptors on complex ing w i t h L e w i s acids 
such as meta l hal ides. Interact ion of this complex w i t h a strong electron-
donor monomer, e.g., styrene, leads to the format ion of a charge-transfer 
( donor—acceptor ) complex. T h i s complex undergoes spontaneous or 
rad i ca l - in i t ia ted po lymer izat i on , propagat ing as a monomer ic u n i t to 
y i e l d equimolar a l ternat ing copolymers, irrespective of the i n i t i a l mono­
mer composi t ion (49, 50, 51, 52). A rad i ca l in i t iator such as C A N causes 
a compet ing rad i ca l - in i t ia ted homopo lymer iza t i on of the charge-transfer 
complex concurrent ly w i t h the spontaneous react ion. 

D o n o r - a c c e p t o r po lymer izat i on takes place on react ing rat sk in w i t h 
equ imolar amounts of methacrylate (or i sodecy lacry late ) , z i n c chlor ide , 
a n d styrene even for as short a per i od as 20 mins. W i t h a large excess of 
z i n c chlor ide , po lymer format ion on col lagen takes place w i t h the male i c 
anhydr ide - s tyrene comonomer system. I n the reactions where d o n o r -
acceptor po lymer i za t i on occurred , y ie lds were of the same order as those 
obta ined solely w i t h C A N init iator . 

T h u s the graft ing react ion onto soft tissues is h i g h l y versati le . It takes 
place w i t h m a n y monomers a n d different in i t iator systems such as C A N , 
persul fate-b isul f i te , a n d donor -acceptor monomers. A l t h o u g h the po ly ­
mer izat ion is i n h i b i t e d b y oxygen a n d thus air , i t is conducted read i ly 
i n a ni trogen or carbon d iox ide atmosphere. 

Grafting onto Hard Tissue 

Bone. Monomers were also grafted onto bone. P o w d e r e d bone m a r ­
r o w was p u l v e r i z e d i n a W i l e y m i l l i n the presence of dry ice a n d was 
subjected to the standard graf t ing procedure us ing C A N as in i t iator (53). 
Signif icant weight increases of the substrate, before extraction of homo­
polymer , rang ing u p to 8 0 % (average for two or more runs ) were ob­
ta ined w i t h a few selected monomers. H o w e v e r , a considerable amount 
of the a d d e d po lymer was removed as homopo lymer on solvent extrac­
t ion. Consistent graft ing was ev idenced only w i t h m e t h y l methacrylate , 
g l y c i d y l methacrylate , a n d 2,2,3-trif luoroethyl acrylate ( T a b l e I ) . 

M u c h more successful was the react ion of various monomers w i t h 
bone, us ing the persul fate -b isul f i te redox system as in i t iator i n a carbon 
dioxide atmosphere. O v e r 10 acrylate a n d methacrylate a n d a few v i n y l 
monomers po lymer i zed on the substrate, some i n nearly quant i tat ive 
y i e l d . React ion times of 15 m i n were sufficient for graft ing. T h e amount 
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184 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 1. IR absorption spectra ( KBr pellets): Curve 1, bone; Curve 2, bone to 
which glycidyl methacrylate had been grafted after extraction of the product 

with acetone 

of soluble homopo lymer was quite large for some products . H o w e v e r , 
we ight increases of over 1 3 8 % were obta ined (after extraction) i n the 
react ion w i t h cyanoethy l acrylate, g l y c i d y l methacrylate , a n d ethylene 
d imethacrylate . Since the chains obta ined on po lymer i za t i on w i t h the 
latter two monomers are l i k e l y to be h i g h l y crossl inked, homopo lymer 
extract ion is less efficient, a n d i t becomes increasingly diff icult to ascer-
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 185 

ta in i f covalent b o n d i n g to h a r d tissue occurred. Nevertheless , the surface 
properties of the resul t ing products were modi f ied . 

A n interest ing react ion is that of c a l c i u m or z inc acrylate w i t h bone. 
T h e resul t ing products after acetone a n d water extraction h a d a 4 0 % 
a n d 7 6 % increase i n weight , respectively. A potent ia l graft of this c a l ­
c ium-conta in ing monomer onto h i g h l y m i n e r a l i z e d bone or dent in m a y 
incorporate c a l c i u m i n defective tissues a n d thereby improve bone hea l ing . 
M o n o m e r s w h i c h c o u l d not be grafted onto bone were those conta in ing 
basic or ac id i c side groups. T h e large loss i n we ight on react ion of bone 
w i t h acry l i c on methacry l i c a c i d is ind i cat ive of d isso lut ion of the bone 
under the exper imental condit ions. 

I R spectra of the products ind i ca ted the presence of po lymer i zed 
mater ia l on the bone ( F i g u r e 1 ) . T h u s , for the g l y c i d y l methacrylate 
copolymer in i t ia ted w i t h C A N , I R spectra showed the oxirane r i n g of the 
g l y c i d y l group (899 c m " 1 a n d 843 cm" 1 ) as w e l l as the C = 0 stretching 
b a n d at 1730 cm" 1 , a C — Ο stretching b a n d at 1270 c m " 1 , a n d an absorp­
t i on b a n d at 747 c m " 1 w h i c h is characterist ic of the methacrylate group. 

D e n t i n . P r e l i m i n a r y studies have been conducted to determine the 
feas ib i l i ty of graft ing onto dent in (53). W i t h C A N as in i t iator , some m o d i ­
fication of dent in occurred on treatment w i t h m e t h y l methacrylate . W i t h 
other monomers, no increase i n we ight was f ound . Since dent in is the 
most h i g h l y m i n e r a l i z e d collagenous substrate that has been s tudied , its 
lack of react iv i ty towards graft ing is expected. 

T h u s , the relat ive ease of graft ing monomers onto water - inso luble 
collagenous substrates us ing C A N as in i t iator decreases i n the f o l l ow ing 
order : 

p o w d e r e d col lagen > co l lagen film > ep idermal rat sk in , 
bone > p o w d e r e d dent in 

A p p a r e n t graft ing to dent in a n d other proteinaceous materials has 
been reported through po lymer i za t i on of m e t h y l methacry late w i t h t r i - n -
buty lborane (31, 54, 55, 56, 57). T h e mechanism on the top of p. 186 
has been suggested. 

Complexes of t r ibuty lborane w i t h a m m o n i a or p r i m a r y a n d sec­
ondary amino groups are more stable i n air a n d m a y also be used. T h e y 
are easi ly act ivated b y isocyanates a n d a c i d chlorides. B o n d format ion 
of the borane-cured resin to dent in is enhanced b y moisture , a n d b o n d 
strength is reta ined fa i r ly w e l l after water immers ion . C o m m e r c i a l denta l 
restoratives conta in ing borane init iators have become avai lable . C o m ­
pared w i t h other restorative filling materials , they showed i m p r o v e d 
adhesion to dent in (58, 59, 60, 61). B o n d i n g is on ly to the dent ina l 
co l lagen whereas any retention to enamel is of a mechan i ca l nature. 
Therefore , cavi ty preparations us ing convent ional undercuts to retain 
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186 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

R 3 B - ^ R 2 B O O R 2 R 3 ' B > 2 R , . + R 2 B O B R ,
2 + o t h e r products . 

R ' . + — N H — C H — C — N H — C H — C > — N H — C — C — N H — C H — Ο ­
Ι II I II I II I II 

C H 3 0 R ' 0 C H 3 0 R " 0 

m e t h v l methacry late 
( M M A ) 

J ( M M A ) n 

— N H — C C — N H — C H — Ο ­
Ι II I II 

C H 3 0 R " 0 

the denta l restorations must be used. Fur thermore , certa in pretreatments 
a n d c leansing processes of the cavity , as w e l l as a p p l y i n g too viscous a 
l i q u i d , d i m i n i s h adhesion. 

Changes in Properties of Modified Surfaces 

Surface behavior of so l id materials a n d b io l og i ca l tissues depends 
almost solely on the nature a n d the p a c k i n g density of the outermost 
or exposed atoms a n d func t i ona l groups. E v e n a un imolecu lar layer 
grafted to act ive sites m a y signif icantly change such properties as water 
sorpt ion, wet tab i l i ty , a n d c r i t i c a l surface tension, thus affecting the ease 
of adhesion to the surface. T h e re lat ive ly short react ion times f o u n d to 
y i e l d substant ial we ight increases i n the various substrates shou ld be 
sufficient to mod i fy greatly the phys i ca l , chemica l , a n d b io log i ca l char­
acteristics of the treated surfaces. 

Table II. Water Sorption of Graft Copolymers 

Water Sorption at 50% Relative Humidity, 
g/100g substrate 

Monomer Collagen a Ratskina Bone 

Substrate 19.2 16.8 8.1 
C o n t r o l (no m o n o m e r — C A N ) 11.6 7.1 — 
C o n t r o l (methy l methacrv late , 

no C A N ) 17.4 8.0 — 
A c r y l i c ac id 9.4 8.9 7.9 
Acry la tes 

e t h y l 4.6 12.1 7.4 
b u t y l 4.4 — 6.9 
isodecyl 4.7 9.4 7.5 
2 -e thy lhexy l 3.8 9.4 6.3 
2,2,2-tr i f luoroethyl 3.8 7.4 — 
hexafluoroisopropyl 4.3 — — 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 187 

T a b l e I I . C o n t i n u e d 

Water Sorption at 50% Relative Humidity, 
g/100g substrate 

Monomer Collagen0, Ratskin0 Bone0 

A c r y l a t e s (continued) 
1H, 1H ,5#-octaf luoropentyl 4.1 8.6 — 
pentadecaf luorooctyl — 3.1 — 
cyanoethy l 4.2 7.4 2.8 
Cel losolve 5.5 12.5 7.0 
2 % a q . ca l c ium 14.2 — 9.1 

M e t h a c r y l i c ac id 10.8 14.0 9.2 
M e t h a c r y l a t e s 

m e t h y l 5.8 7.9 6.0 
m e t h y l (no wet t ing agent) 8.7 — — 
e t h y l 4.4 — — 
i s o b u t y l 6.1 — — 
l a u r y l 4.2 8.7 6.7 
2-chloroethyl 5.4 — — 
2,2,2-tr i f luoroethyl 4.3 7.5 — 
hexafluoroisopropyl 6.0 8.0 — 
\H,\H, 5#-octaf luoropenty 1 7.8 7.8 — 
h y d r o x y e t h y l 7.4 10.4 4.3 
g l y c i d y l 4.4 — 3.0 
2-butylaminoethyl 18.4 — — 
d i m e t h y l a m i n o e t h y l 15.9 — 7.9 
d imetb^ laminoe thy l 

(acidified to p H 2.5) 8.1 8.6 — 
E t h y l e n e d imethacry late 6.9 9.7 4.5 
1,3-Butylene d imethacry late 9.0 — — 
A c r y l o n i t r i l e 9.3 7.2 5.5 
a -Chloroacry lon i t r i l e 5.3 — — 
V i n y l acetate 7.7 8.5 — 
Styrene 7.8 7.4 5.7 
V iny l t o luene 9.4 — — 
Div iny lbenzene — 7.2 3.8 
A^-Vinyl -2 -pyrro l idone 7.2 8.5 — 
4 - V i n y l p y r i d i n e 16.4 — — 
D i a l l y l phosphite 8.3 7.4 — 
T r i a l l y l phosphate 10.1 7.2 — 
B u t e n e d i o l 9.3 9.8 — 

a Init iator : Ceric a m m o n i u m nitrate. 
6 Init iator : Potass ium persulfate-sodium bisulfite. 

T h e appearance of the products of the react ion of co l lagen a n d 
various monomers often var i ed considerably f r o m the o r ig ina l col lagen 
p o w d e r (45, 48). W i t h some monomers, the graft copo lymer consisted 
of powders w h i l e w i t h others mats or films were formed. T h e modi f i ca ­
t i on of surface properties c o u l d often be detected b y v i s u a l inspect ion. 
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188 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

T h u s w i t h i sodecyl , 2 -ethylhexyl acrylate , or l a u r y l methacrylate , rubbery 
mats were formed. S i m i l a r l y , rat skins treated w i t h i sodecyl or penta -
decaf luorooctyl acrylate possessed a very tacky, rubbery surface di f fer ing 
s ignif icantly f r o m the o r ig ina l substrate. 

W a t e r sorpt ion of co l lagen powder , w h i c h at 5 0 % re lat ive h u m i d i t y 
was 19.2 g H 2 O / 1 0 0 g co l lagen, was always l owered on treatment of the 
co l lagen ( T a b l e I I ) . T h i s even a p p l i e d for products conta in ing h y d r o -
p h i l i c groups i n the side cha in . Inspect ion of Tables I a n d I I indicates 
that water sorpt ion depends not only on the presence of h y d r o p h i l i c 
groups i n the side chains but also to a very m a r k e d extent on the amount 
of copo lymer incorporated i n the product . L o w e s t water uptake of about 
4 % was obta ined for products conta in ing fluorinated acrylates or the 
h igher molecu lar we ight esters of acry l i c or methacry l i c ac id . 

W a t e r sorpt ion at 5 0 % relat ive h u m i d i t y changed f rom 17 g H 2 0 / 
100 g substrate for untreated rat sk in to 7 -10 g H 2 O / 1 0 0 g substrate 
for the treated specimen. T h e only exception was the pentadecafluoro-
oc ty l acrylate-modi f ied rat sk in w h i c h h a d by far the largest we ight 
increase a n d a greatly reduced water uptake ( 3 % ). It is not surpr is ing 
that water sorpt ion, w h i c h is p redominant ly a funct ion of the water 
absorpt ion throughout the specimen, is not altered as m u c h for the rat 
skins as for co l lagen powder . T h e h i g h yields for graft ing onto co l lagen 
ind icate that the react ion takes place throughout the specimen. E v e n 
consider ing the reduced amount of co l lagen present per un i t we ight of 
sk in substrate, the m u c h lower we ight increase on graf t ing onto sk in is 
apparent ly caused b y restr ict ion of the graft process to the exterior surface. 

T h e wet t ing behavior of the collagenous surface is also changed 
greatly on react ing w i t h most monomers. C o l l a g e n is wet ted b y water 
s lowly ( F i g u r e 2 ) . H o w e v e r , the react ion product of co l lagen w i t h 
acry l i c a n d methacry l i c a c i d was h y d r o p h i l i c a n d gave a zero contact 
angle w i t h i n 15 secs. A major i ty of the materials , such as those con­
ta in ing grafts of fluorinated acrylates or methacrylates or the h igher 
acrylate or methacry late homologues, became complete ly h y d r o p h o b i c 
( F i g u r e 2 ) . E x a c t contact angles were difficult to determine because 
of the porous a n d uneven surface of the specimens. T h e col lagen—lauryl 
methacrylate a n d co l lagen -2 -e thy lhexy l acrylate substrates h a d a pprox i ­
mate contact angles of 85° whereas those of the fluorinated acrylates 
a n d methacrylates h a d contact angle values over 90° . O n in t roduct i on 
of sufficient fluorine content, the graft po lymers also became o i l repel lent. 
A f ter r e m o v a l of drops of water a n d o i l that contained dyes, the mats 
showed no s ign of stains ( F i g u r e 2 ) , thus establ ishing not on ly the water 
a n d o i l repe l lency of the materials but also their stain resistance. 

Water - repe l l ent rat sk in surfaces were also obta ined w i t h fluorinated 
acrylates or methacrylates whereas po lar groups i n the side cha in i m -
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 189 

Figure 2. Water and oil repellency of graft polymers: left, acrylic acid-
collagen; center, collagen; Hght, hexafluoroisopropyl methacrylate-collagen mat. 
Top and center, spreading of water and oil drops placed respectively on left 
and right of each mat; bottom, mats after blotting off drops with filter paper. 

parted h y d r o p h i l i c characteristics. O i l repel lency was incorporated i n 
the subdermal surface on po lymer i za t i on w i t h h i g h l y fluorinated mono ­
mers, but efforts to obta in o leophobic e p i d e r m a l surfaces were unsuc­
cessful. T h i s different behavior of the sk in t o w a r d non-po lar l i q u i d s 
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results f rom the keratinous nature of the ep idermal surface a n d its r o u g h 
texture even after r emova l of hair . Genera l ly , modi f i cat ion of we t t ing 
characteristics was more easily accompl ished w i t h co l lagen p o w d e r than 
w i t h rat sk in . 

U n d e r m o l d - g r o w i n g condit ions, g r o w t h was observed on the or ig ina l 
rat sk in substrate, but not on skins treated w i t h a var iety of monomers. 
A l t h o u g h no deta i led myco l og i ca l studies have been undertaken, these 
results agree w i t h the resistance to m i c r o b i a l a n d funga l attack reported 
for graft products of other natura l ly o c curr ing materials . Some growth 
took place at the edges where the rat skins h a d been cut after treatment, 
ind i ca t ing that graft ing occurred predominant ly at the surfaces. 

M o d i f i c a t i o n of bone brings about some decrease i n its water sorption 
behavior . T h e decrease i n sorption at 5 0 % relat ive h u m i d i t y was less 
pronounced than that f o u n d for co l lagen or rat sk in . H o w e v e r , w h e n 
h i g h yields of po lymer were f o rmed on the substrate such as i n the reac­
t i on of bone w i t h cyanoethy l acrylate, h y d r o x y e t h y l a n d g l y c i d y l metha ­
crylate , ethylene, d imethacry late , or d iv iny lbenzene , water sorption at 
5 0 % relat ive h u m i d i t y was reduced to 3.0-4.5 g H 2 0 / g bone. 

G r a f t i n g was considered successful i f the we ight increase after ex­
tract ion of soluble homopo lymer was greater than the weight increase 
i n the absence of monomer. It is recognized that some homopolymer , 
especial ly homopo lymer of the b i func t i ona l methacrylates that crossl ink 
d u r i n g the react ion, is not removed f rom the substrate b y this treatment. 
A separate, d ist inct interpenetrat ing po lymer network entwined w i t h 
macromolecules of the col lagen substrate may be f o rmed i n the react ion. 
R e m o v a l of such a phase b y solvent extraction m a y not be possible. E v e n 
i f the substrate a n d po lymer chains are not covalently bonded , the sur­
face properties of the resul t ing product should differ f rom those of the 
o r i g ina l substrate. S u c h modi f i cat ion m a y be used advantageously to 
develop products w i t h i m p r o v e d properties. 

Characterization of Graft Copolymers 

A number of studies to determine the mechanisms of graft ing onto 
co l lagen in i t ia ted b y C A N , i n c l u d i n g character izat ion of the react ion 
products , have been reported (5 , 8, 9, 53, 62). C e r i c a m m o n i u m nitrate 
forms an effective redox system w i t h alcohols, aldehydes, amines, a n d 
thiols. A l coho ls f o rm a ceric ion—alcohol complex, a n d the dissociat ion 
of this complex is the rate -determining step (63): 

C e I V + RCH 2OH<=±ceric i on -a l coho l c o m p l e x - > C e I I I + H + + R C H O H 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 191 

C o l l a g e n contains a lcohol i c groups i n the hydroxypro l ine , serine, threo­
nine , a n d hydroxy lysine moieties. F r e e radicals are p robab ly formed 
at such sites w h i c h , i n the presence of a v i n y l monomer, serve to in i t iate 
grafted side chains. Since the free radicals are f o rmed on the side chains 
of the substrate, a h i g h graft ing efficiency a n d a m i n i m u m amount of 
homopo lymer format ion compared w i t h other redox systems can be 
expected. 

T o determine the probable locat ion where graft ing is in i t ia ted b y 
C A N on the col lagen molecule , the rate of po lymer i za t i on of m e t h y l 
methacrylate i n the presence of amino acids f ound i n co l lagen was s tudied 
(62). Po lymer format ion (homo- a n d graft po lymer iza t i on ) took place 
i n the presence of a l l amino acids s tudied w i t h the exception of tyrosine 
a n d methionine . T h e relative yields after the 3-hr react ion p e r i o d were 
of the f o l l ow ing order : tyrosine, methion ine < contro l < pro l ine < 
g lyc ine , alanine, hydroxy lys ine < g lutamic a c id , threonine < n - b u t y l -
amine < aspartic a c i d < < serine, hydroxypro l ine , 1-butanol. These re ­
sults indicate that the phenol i c h y d r o x y l group, a n d possibly the sulfide 
group, act as inhib i tors . E v e n i n the absence of the carboxy l i c a c id 
group, such as i n buty lamine , po lymer i za t i on takes place ; that is, the 
amino group is sufficient to take part w i t h C A N i n the redox in i t ia t ion . 
H i g h e s t y ie lds , however , are obta ined i n the presence of a lcohol i c groups 
such as i n η-butyl a lcohol . 

Po lymer i za t i on of m e t h y l methacrylate in i t ia ted b y C A N i n the 
presence of po lyg lyc ine , po lyhydroxypro l ine , a n d polyserine was also 
studied. Somewhat lower y i e l d of po lymer was f ormed i n the presence 
of po lyg lyc ine . H o w e v e r , the poor r e p r o d u c i b i l i t y of the results d i d not 
a l l ow a statistically supported conclusion. 

These studies do not prove conclusively the exact site of graft f o rma­
t ion on the col lagen molecule . A preferred site for in i t ia t ing graft ing 
appears to be the serine residue. H o w e v e r , other amino acids h a v i n g 
accessible h y d r o x y l a n d / o r amino groups m a y also act as graft ing sites. 

Several lines of evidence have been sought to establish unequ ivoca l l y 
the format ion of a t rue graft copo lymer as opposed to an int imate mixture 
conta in ing no p r i m a r y bonds between co l lagen a n d the a d d e d po lymer . 
Desp i te the large n u m b e r of apparent graft products , f ormat ion of a true 
graft has been establ ished only for the c o l l a g e n - m e t h y l methacrylate a n d 
co l l agen -ac ry lamide copolymer. Indicat ions that these products are true 
grafts are p r o v i d e d b y the appearance on electron microscop ic examina­
t ion , swe l l ing behavior a n d the solut ion properties of the po lymer i c 
product , the I R spectra, a n d presence of amino a c i d end groups i n the 
po lymer c h a i n isolated b y a c i d a n d enzymat ic hydrolys is f rom the col lagen 
substrate. 
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E l e c t r o n microscopy of co l lagen a n d u l t ra th in sections of goat sk in 
grafted w i t h P M M A , P M A , a n d P B A d i d not have cross striations w h e n 
the produc t contained a large amount of a d d e d po lymer ( 9 ) . These 
observations indicate that the p o l y m e r f o rmed on the col lagen has pene­
trated into the fibrils, resul t ing i n the m a s k i n g of the cross striations, a n d 
that the po lymer m a y be b o u n d chemica l l y to the col lagen molecules. 

T h e general behavior of e q u i l i b r i u m swe l l ing of c o l l a g e n - m e t h y l 
methacrylate a n d c o l l a g e n - m e t h y l acrylate copolymers i n a series of 
solvents c ompr i s ing ch lor inated hydrocarbons , ketones, a n d esters as 
w e l l as the change of intr ins i c viscosity of these copolymers i n d i ch loro -
benzene on a d d i t i o n of benzene, provides evidence that indeed a col lagen 
graft copo lymer has been f o r m e d ( 8 ) . 

F u r t h e r m o r e , soluble co l lagen grafted w i t h p o l y a c r y l a m i d e f o rmed 
fibrils on heat ing to 37 ° C at neutra l p H , but u n l i k e the nat ive col lagen, 
these fibrils d i d not redissolve on coo l ing to 2 ° C ( 8 ) . These results 
ind i cate that the redispersion property of soluble co l lagen is i m p a i r e d , 
p r o b a b l y b y attachment of the p o l y a c r y l a m i d e side chains to the col lagen 
molecule . 

T u r b i d i m e t r i c t itrations of col lagen, P M M A , a mixture of the two , 
a n d graft copo lymer of these two components dissolved i n d ichloroacet ic 
a c i d a n d prec ip i ta ted w i t h d i i s o p r o p y l ether, show r a p i d discontinuous 
prec ip i ta t ion of the p h y s i c a l mix ture of the co l lagen a n d P M M A frac­
tions ( 8 ) . I n the case of the co l lagen graft copolymer , the t i trat ion curve 
is more or less continuous a n d no w e l l - m a r k e d inf lect ion was observed. 
T h e so lub i l i ty of the co l lagen graft copo lymer is intermediate between 
those of the corresponding polymers , a behavior w h i c h is s imi lar to the 
so lub i l i ty characteristics d i sp layed b y other graft copolymers. 

O n hydrolys is of the c o l l a g e n - m e t h y l methacrylate graft copolymer , 
the water - inso luble component of the hydro lyzate h a d so lub i l i ty charac­
teristics s imi lar to P M M A a n d a viscosity average molecu lar we ight of 
1,400,000 ( 62). I t gave a posit ive n i n h y d r i n test for prote in w h i c h was 
not obta ined f r o m a residue after enzymat i c digest ion of a p h y s i c a l m i x ­
ture of P M M A a n d col lagen ( 8 ) . I n the P M M A isolated b y a c i d h y d r o l y ­
sis, the characterist ic amide I R absorpt ion bands were not seen p r o m i ­
nently . H o w e v e r on enzymat i c hydrolys is of the grafted substrate, the 
absorpt ion bands for the amide group are very obvious (9). T h i s should 
be expected since proteo lyt ic enzymes give rise to longer fragments 
attached to the grafted po lymer . 

Grafts isolated b y peps in a n d t ryps in digest ion h a d stronger amide 
absorpt ion bands than after pronase digestion. Pronase, because of its 
b r o a d specif icity, is capable of h y d r o l y z i n g the col lagen trunks more 
extensively than the other t w o enzymes. T h u s , the grafts isolated b y 
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8. B R A U E R A N D T E R M I N I Modification of Collagenous Surfaces 193 

peps in a n d t ryps in have longer fragments of the co l lagen t runk attached 
to the ends of grafted po lymer chains. T h e n i trogen contents i n the d i f ­
ferent isolated grafts were i n the f o l l o w i n g order : peps in > t ryps in > 
pronase > ac id hydro lys is . T h e fa i lure of the grafts iso lated b y a c i d 
hydrolys is to show the characterist ic amide bands should b e attr ibuted 
to the fact that the molecu lar w e i g h t of P M M A branches w e r e too h i g h 
a n d the attached amino a c i d residues were too f e w to be detected b y I R . 

D i n i t r o p h e n y l a t i o n of the amino end groups of the isolated grafts 
conf irmed the presence of amino a c i d residues i n the water - inso luble 
hydro lyzate . Spectrophotometr ic analysis of the d in i t ropheny la ted h y -
drolyzates dissolved i n e thy l acetate indicates that, depend ing on the 
condit ions used i n the o r i g i n a l graft po lymer i za t i on , the m e t h o d of 
hydrolys is of the copo lymer ( a c i d or e n z y m a t i c ) , a n d the molecular 
we ight of the isolated grafts, the number of d in i t ropheny la ted amino 
a c i d e n d groups v a r i e d f r om trace amount to one per P M M A side c h a i n 
(8,62). 
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9 
Gelatin Charges and Their Effect on the 
Growth of Silver Bromide 

J. I. COHEN, W. L. GARDNER, and A. H. HERZ 

Research Laboratories, Eastman Kodak Co., Rochester, N. Y. 14650 

The ionic charge balance of gelatins adsorbed to polyethyl­
ene, glass, and AgBr surfaces was determined as a function 
of gelatin hydrolysis, ionic strength, and pH by streaming 
current and electrophoretic measurements. The pH-depend-
ent charge profiles did not vary with the measurement tech­
nique or adsorption substrate, and they yielded isoelectric 
points ranging in pH from 3.9 for a phthalated gelatin to 
10.6 for a lysylated gelatin. Although the turbidimetrically 
determined growth rates of AgBr peptized by a lime­
-processed bone gelatin were also pH dependent, the gelatin 
charge did not appear to be the determining factor. Rather, 
at low Br- concentration, the pH dependence was attributed 
to the amine moieties of the gelatin. At higher Br- concen­
tration, the rate acceleration at low pH seemed to be inde­
pendent of the gelatin. 

" D e c a u s e gelat in is an important component of s i lver -hal ide-based pho -
tographic systems, its p h y s i c a l a n d chemica l properties have been 

s tudied b y photographic scientists i n considerable de ta i l ( 1 ). T h e present 
s tudy does not invo lve the p h y s i c a l or sensitometric behavior of this 
pro te in ; instead, considerat ion is g iven to some methods for eva luat ing 
the p H - d e p e n d e n t d i s t r ibut ion of i on ic charges of various gelat in types 
a n d the effect of these charges on r i p e n i n g processes of A g B r . 

Charge Déterminations 

T h e isoelectric po int ( I E P ) , a characterist ic property of proteins, is 
def ined as the p H where the electrokinetic potent ia l is zero or that p H 
w h e r e no migra t i on occurs i n an electric field (2, 3,4). F o r gelatins the 
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9. C O H E N E T A L . Gelatin Charges 199 

I E P also signifies other phys i ca l characteristics such as the p H of m i n i ­
m u m swel l ing , osmotic pressure, viscosity, etc. ( 5 ) . I n these studies 
several techniques were used to show the variations i n the I E P as a 
funct ion of ge lat in type a n d its derivatives as w e l l as the I E P dependence 
on hydrolys is a n d i on i c strength. 

Experimental. T h e gelat in solutions were prepared as 0.75-1.0 w t % 
i n d i s t i l l ed water . T h e samples were made f r o m the d r y stock da i l y b y 
heat ing the gelatin—water mixture to 40 ° C for complete dissolut ion a n d 
then coo l ing to 24 ± 1 ° C for the I E P determinations. 

Measurements were carr ied out us ing three methods : (a ) A Zeta 
meter (Zeta M e t e r , Inc. , N e w Y o r k ) was used for determining electro-
phoret i c mobi l i t ies . T h e gelat in was first coated on glass beads or A g B r 
grains, a n d the m o b i l i t y of these particles was measured as a funct ion of 
p H accord ing to establ ished procedures (6). 

( b ) A streaming current detector ( S C D ) (Waters Associates, 
F r a m i n g h a m , Mass . ) was used to measure the alternat ing current f low 
resul t ing f r om the rec iprocat ing movement of the piston. T h e streaming 
current originates f rom the shearing of the doub le layer associated w i t h 
charged particles or films adsorbed to the po lyethylene wal l s of the sam­
ple container a n d is detected across two p l a t i n u m electrodes p laced at 
opposite ends of the sample cavity . T h e solut ion p H was cont inuously 
moni tored i n the S C D cup w i t h a min ia ture p H combinat i on electrode 
( S a r g e n t - W e l c h ) . T h e exper imental error of the I E P is ~ ± 0 . 2 p H unit . 
F o r a more complete descr ipt ion of the S C D , introductory articles b y 
the developers of the instrument are ava i lab le {7,8). 

( c ) U s i n g the technique of Janus, K e n c h i n g t o n , a n d W a r d ( 9 ) , iso­
electric points were also determined b y passing gelat in solutions through 
a mixed -bed , ion-exchange res in a n d measur ing the resultant p H . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
9



200 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

-3.0 h 

o 
Q. 

ω 
0) 
ο c/) H 

8 12 

Time (hrs.) 

Figure 2. Change in isoelectric point vs. time of alkaline hy­
drolysis (pH 10.4 at 24° ± ΓC) of 0.75% solution of indicated 

gelatin 

Resul ts a n d Discuss ion . T h e p H - c h a r g e profiles of two types of 
ge lat in at constant temperature are shown i n F i g u r e 1. T h e electrophoretic 
m o b i l i t y data for bone ge lat in adsorbed on A g B r a n d on glass beads can 
be represented b y a single curve. T h i s observation agrees w i t h the general 
conclus ion that adsorbed gelat in , independent of the substrate compos i ­
t ion , determines the e lectrokinet ic behavior (10). T h e electrokinetic 
results for p i g gelat in show a s imi lar independence of substrate. Stream­
ing-current data for p i g gelat in on polyethylene substrate are also p lo t ted 
on F i g u r e 1. T h e same I E P was observed for p i g ge lat in regardless of the 
technique or substrate used. T a b l e I lists the p H of the I E P for several 
ge lat in types. A c y l a t i o n w i l l change gelat in properties (11), a n d the I E P 
of these derivatives ranged f r om p H = 3.9 for a phtha la ted gelat in ( 12) 
to 10.6 for a lysylated ge lat in (13). G o o d agreement was observed be­
tween the e lectrokinet ica l ly determined I E P and those obta ined b y meas­
u r i n g the p H of gelat in solutions after treatment w i t h mixed -bed i o n -
exchange resins (9). H o w e v e r , s treaming current determinations were 
convenient for measur ing changes i n I E P as a funct ion of hydrolysis t ime 
a n d i o n i c strength. 
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9. C O H E N E T A L . Gelatin Charges 201 

T h e I E P of ac id-treated p i g ge lat in (8.9) r a p i d l y decreased i n a l k a ­
l ine so lut ion ( F i g u r e 2) whereas no such change was observed for the 
l i m e d bone gelat in (4.8) under the same condit ions. T h i s I E P decrease 
was p r o b a b l y caused b y base hydrolys is of the ac id -der ived gelatin. S u c h 
hydrolys is (14,15) involves deaminat ion of the amide groups to ionizable 
carboxy l groups w i t h evo lut ion of amines, thus shi f t ing the I E P to a l ower 
p H . T h e stabi l i ty of the l i m e d bone ge lat in is a t tr ibuted to the presence 
of fewer hydro lyzab le amide groups w h i c h are prevalent i n ac id-treated 
gelatins ( J ) . 

I n contrast to the effect of a lka l ine hydrolys is of p i g gelat in, enzy­
mat i c hydrolys is ( H T Proteo lyt i c T a k a m i n e ) of a 1% bone ge lat in so lu­
t i on d i d not alter the I E P . T h e viscosity of the enzyme-treated gelat in 
was also observed w i t h t ime at 2 5 ° C us ing an O s t w a l d viscometer ( F i g ­
ure 3 ) . Since the viscosity of gelat in may be re lated to its molecu lar 
we ight (14, 15), the observed decrease suggested the r a p i d b r e a k i n g of 
the ge lat in macromolecule into smaller fragments but w i t h o u t chang ing 
the I E P . T h i s tentative conclusion assumes there is no selective adsorp­
t ion of gelat in fragments to the instrument surfaces d u r i n g the streaming 

2.8i 1 1 1 1 1 1 1 

I I I ! I I 
w ' w 0 2 0 4 0 6 0 8 0 100 120 140 

Time (min.) 

Figure 3. Viscosity vs. time for 1% limed bone gelatin solution treated at 
24° ± 1°C with 0.032% HT Proteolytic Takamine enzyme 
The solid circles indicate measured isoelectric points of pH 4.8 
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202 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Table I. p H of Isoelectric Point, 2 4 ° ± 1 °C 

Electrophoretic Streaming Ion 
Gelatin Type Mobility Current Exchange 

P o l y l y s y l 10.6 — — 
P i g 9.1 8.9 8.8 
Bone 5.0 4.8 4.8-5.0 
P h t h a l y l 3.9 4.1 4.1 

current determinations. T h i s qual i f i cat ion applies to a l l e lectrokinetic 
measurements i n c l u d i n g the electrophoresis data i n T a b l e I. 

Var iat ions i n i on ic strength are reported to exert a p a r t i c u l a r l y large 
effect on the I E P of ac id-treated gelatins (14,16). T h e bone ge lat in was 
insensit ive to changes of i on ic strength ( a d d i t i o n of K N 0 3 ) a n d exhib i ted 
a decrease i n I E P of 0.4 p H un i t i n 0 . 1 M K N 0 3 . H o w e v e r , under ident i ca l 
condit ions the p i g s k i n ge lat in gave I E P decreases of 3 p H units a n d no 
longer exh ib i ted the w e a k l y pos i t ive p lateau shown i n F i g u r e 1. I n v i e w 
of the ind i ca ted l a b i l i t y of this ge lat in towards hydrolys is , this react ion 
m a y be promoted b y inert electrolytes w h i c h w o u l d screen the f e w ion ic 
charges associated w i t h this gelat in i n the approximate p H range of 5.5-9 
( F i g u r e 1 ) . H o w e v e r , an irrevers ib le , sa l t -promoted react ion was r u l e d 
out w h e n , after salt r e m o v a l b y dialysis , the i n i t i a l I E P of the gelat in 
was again observed ( T a b l e I I ) . 

Table II. Effect of Salt on the Isoelectric Point at 24° ± 1°C 

Original After 
Gelatin Type Sample 0.1M KNOz Dialysis 

B o n e 4.9 4.5 4.9 
P i g 8.7 5.9 8.7 

M a n y of the studies of i on i c strength dependence of gelatins attr ibute 
the decrease i n I E P to specif ic- ion adsorpt ion (14). M o r e recent data of 
D o n n e l l y et al. (16) showed the I E P to be l inear ly dependent on the 
square root of i on ic strength. T h e y suggested that the b i n d i n g of ions is 
re lated to the interact ion of the total i on ic atmosphere w i t h sites of proton 
b i n d i n g i n the prote in molecule rather than to a semistoichiometric b i n d ­
i n g . D o n n e l l y et al. (16) chose the square root funct ion on the basis of 
the effect of i on ic strength o n dissociat ion accord ing to the H e n d e r s o n -
Hasse lbach equat ion a n d D e b y e - H i i c k e l var ia t i on i n act iv i ty coefficients. 
T h e authors also po inted out that the straight lines m a y be mere artifacts. 
T h e i r data for d i a l y z e d , ac id-treated gelat in gave a slope of —13.7 
( I E P / λ / μ ) over the ionic -strength range of zero to 0.14 ( N a C l ) . H o r -
m a n n a n d A n a n t h a n a r a y a n a n (17), us ing h igher N a C l concentrations of 
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9. C O H E N E T A L . Gelatin Charges 203 

0 . 1 - 0 . 6 M , also f o u n d a l inear decrease but w i t h the m u c h smal ler slope 
of —2.5 ( I E P / V / A ) . T O ver i fy these differences, the I E P of de ion ized 
p igsk in ge lat in was determined over the concentrat ion 0 - 0 . 7 9 M K N 0 3 . 

K N 0 3 was chosen rather than N a C l because of the app l i ca t i on to A g B r 
dispersions w h i c h f requent ly conta in KNO3 as a byproduct . T h e data 
( F i g u r e 4 ) show two dist inct slopes w i t h a break po int at approx imate ly 
0 .35\/μ, almost ident i ca l w i t h the c o m b i n e d data of D o n n e l l y et al. (16) 
a n d H o r m a n n a n d A n a n t h a n a r a y a n a n (17). N o explanat ion is offered 
for this behavior . A s imi lar test for bone gelat in gave a l inear decrease 
i n I E P f r om 4.8 to 4.0 w i t h ionic strength chang ing f r o m ca. 0.0001/A to 
1μ ( K N 0 3 ) . B o t h bone a n d p i g s k i n gelatins extrapolated to 1 M KNO3 

gave the same I E P of 4.0. 

pH Dependence of AgBr Grain Growth 

A l t h o u g h the influence of gelat in charge on the crystal habit , size, 
a n d dispersity of A g B r can be evaluated at fixed p H b y v a r y i n g the gelat in 
type, i n this invest igat ion w e used a single type of ge lat in a n d v a r i e d the 
charge b y changing the p H of the solution. T h e gelat in used was a 
de-ashed, l ime-processed bone w i t h I E P at p H 4.8. 

A n important funct ion of gelat in is to peptize A g B r . A schematic 
d r a w i n g of the w e l l k n o w n , double- jet technique (18,19, 20) is presented 

9.0 

ο ο . 
ο 

ο 
Q) 
CD 
Ο CO 

7.0 

5.0 

3.0 

I 1 1 « 

_ 

\ slope - -10.3 
-

— * s ^ ^ 

slope = -1.8 
""V" •—·—• 

\ 
\ 

\ 
1 1 1 1 

0.0 0 .2 0.4 0.6 0.8 

y i o n i c strength (KN0 3 ) 
1.0 

Figure 4. Isoelectric point of deionized pigskin gelatin in KNOs solution at 
24° ± 1°C 
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204 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Gelatin, NaBr 
H 2 0 

( a ) 

AgN0 3 

+ 
NaBr 

ο ο ο ο 
ο ο ο 

ο ο ο ο 

Nucleation 

οοοο οοο οοοο 
Growth 

(b) 

Figure 5. Schematic representation of double-jet precipitation of AgBr-
gelatin dispersion 

(a) addition of reactants, (b) nucleation and growth stages of AgBr formation 

i n F i g u r e 5. T h e gelat in is contained i n the prec ip i ta t ion kettle a long 
w i t h a fixed concentrat ion of N a B r . T h e importance of the bromide i on 
concentrat ion, [ B r " ] , is w e l l establ ished (18, 19, 20, 21). F i g u r e 6 pro ­
vides a summary i n the f o r m of electron micrographs of A g B r mic ro -
crystals : regular cubes are obta ined at [ B r ] " < 1 0 " 3 M , octahedra between 
1 0 " 2 M a n d 1 0 " 3 M a n d a var iety of hexagonal a n d tr iangular tablets at 
concentrations above 1 0 " 2 M . Some A g B r tablets m a y exhib i t unusua l ly 
h i g h g rowth rates i n certa in directions u n l i k e the regular cubes a n d 
octahedra w h i c h grow at the same rate i n a l l directions (22). 

Results of some double- jet prec ipi tat ions ( F i g u r e 7) w h i c h l e d to 
the present invest igat ion show that at a g iven p B r ( —log aBr-) b o t h the 
morpho logy a n d size of the A g B r grains are inf luenced b y p H . F r o m 
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9. C O H E N E T A L . Gelatin Charges 

Cubes Octahedra 

205 

Tablets 

pBr >3 2-3 <2 

Figure 6. Electron micrographs (preshadowed carbon replicas) showing the 
morphologies of AgBr crystals obtained from double-jet precipitation in bone 

gelatin at the indicated bromide concentration 

other work , the morpho logy differences m a y be at tr ibuted to changes i n 
pept izer charge (23). A t p B r 3.3 r i p e n i n g ac t iv i ty increased monoton ica l ly 
w i t h p H w h i l e at p B r 2 r i p e n i n g act ion was at a m i n i m u m at p H 6. 

Turbidimetric Methods. E s t a b l i s h e d t u r b i d i m e t r i c methods ( 24-29 ) 
were used to measure the r i p e n i n g rates of fine-grain A g B r - g e l a t i n d is ­
persions ( F i g u r e 8 ) . T h e dispers ion was prepared b y contro l led p A g 
( p B r ^ - 3 at 3 5 ° C ) , double- jet , constant-flow-rate add i t i o n of 0.1-0.2 

pH2.5 pH6.0 pHIO 

2,1 (nucleation) 
pBr and 

2,8 (growth) 

( a m ' x I O * ) — 271 9 3 137 Grain r 

pBr 3^3 

S F ^ 3 ^ ) - 26 69 193 

Figure 7. Electron micrographs of AgBr-gehtin dispersions prepared at 70° C 
in double-jet precipitations under the conditions indicated 
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206 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Direct 0.1/zm Preshadowed carbon replica O.i^im 

Figure 8. Electron micrographs of 0.03 μm AgBr-gelatin dispersion used 
for turbidimetric studies 

mole of A g N 0 3 a n d N a B r into 1 1. of 1 or 1.5% de-ashed, l ime-processed 
bone gelatin. T h i s dispersion was stored at p H 6, p B r 3, 2 3 . 3 m M A g B r , 
0.12 or 0 .36% gelat in at ^ 5 ° C wi thout significant change i n t u r b i d i t y 
for at least six weeks. F o r each k inet i c experiment, the dispersion was 
d i l u t e d 1:3 a n d the p H a n d p A g were adjusted potent iometr ica l ly at 
25 °C . T u r b i d i t i e s were moni tored w i t h a B e c k m a n m o d e l Β or D K 2 A i n 
a 1-cm ce l l jacketed to m a i n t a i n temperature. 

T h e basis of the l ight-scatter method is shown i n F i g u r e 9. T h e 
absorbance ( A ) or specular opt i ca l density is propor t iona l through the 
t u r b i d i t y ( τ ) to the molar i ty ( M ) a n d average vo lume ( V ) of the scat­
ter ing part ic les ; μΏ is the index of refract ion of the m e d i u m ; m is the 
index of refract ion rat io of the particles to the surrounding m e d i u m . 
F i g u r e 9b shows a trace of absorbance (at a g iven wave length , λ, gen­
eral ly 436 n m i n the present w o r k ) vs. t ime. A r i p e n i n g rate was ca l cu ­
lated f rom the slope. Rate measurements were reproduc ib le to ca. 1 0 % . 

L i t e r a t u r e R e v i e w . M a n y previous investigations have been con­
cerned w i t h the occurrence i n gelatins of specific microcomponents that 
m i g h t affect s i lver ha l ide r i p e n i n g (30). Some of the more recently p u b ­
l i shed data specif ical ly relate to p H effects on si lver ha l ide gra in growth. 
U s i n g turb id imetr i c methods, Jones (31 ) observed that at the equivalence 
po int of A g B r , r i p e n i n g rates were faster at h i g h p H bo th for an a c i d - and 
a l ime-treated gelat in . I n each case, r i p e n i n g appeared to cease at a p H 
ca. 2 units be l ow the I E P . H i r a t a (32) f ound that rate acceleration gen­
eral ly occurred at l o w p H for A g B r / B r " pept i zed b y an inact ive ge lat in ; 
e lectron microscopy revealed a preference for A g B r tablets w h e n nuc lea -
t ion was carr ied out at l o w p H . A m m a n n - B r a s s (33) showed that for 
A g C l / C l " systems a n d several types of l ime-processed bone gelatins 
r i p e n i n g rates were faster at h i g h a n d / o r l ow p H depend ing on the gela-
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9. C O H E N E T A L . Gelatin Charges 207 

Figure 9. Use of Rayleigh scatter to measure growth rates of 
fine-grain AgBr dispersions 

(a) ahsorhance vs. wavelength for 1-cm path of 7.8mM AgBr in 0.12% 
gelatin solution at room temperature, (b) ahsorhance at a fixed wave­

length (e.g. 436 nm) for a growing AgBr dispersion 
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I. Ostwald Ripening 

ο ο ο ο ο ο ο ο 

2. Coalescence Ripening 

Ο Ο - C O 

3. Formation of Tabular Grains 

Ο 

Figure 10. Schematic representation of three 
possible mechanisms for AgBr grain growth 

t i n . T h e p H dependence c o u l d be generated b y a d d i n g nuc l e i c -a c id -
g r o w t h restrainer to an inert gelat in w h i c h alone showed l i t t le or no p H 
dependence of gra in growth . S i m i l a r studies were carr ied out b y O h y a m a 
(34, 35) a n d b y Irie a n d Ish ida (36). K l e i n , M o i s a r , a n d Roche (37) 
observed that the rate of r i p e n i n g of A g B r i n an inert bone gelat in i n ­
creased monotonica l ly w i t h p H at p B r ~ 2 ( that is, for A g B r w i t h a d ­
sorbed B r " (38)) a n d decreased w i t h increasing p H at p A g ~ 3 . C o n ­
trary to the interpretations of A m m a n n - B r a s s (33) a n d O h y a m a (34, 35), 
the latter workers a t t r ibuted the observed p H dependence to electrostatic 
interactions between the pept izer a n d the si lver ha l ide surface. 

F i g u r e 10 summarizes schematical ly the three g rowth mechanisms 
that have been cons idered : ( a ) Ostwald ripening, i n w h i c h large par ­
ticles grow at the expense of smaller ones. Factors w h i c h lead to increases 
i n A g B r so lub i l i ty are expected to favor this process (39,40); ( b ) Coales­
cence ripening, i n w h i c h two or more partic les coagulate a n d g r o w as a 
single unit . S u c h processes are general ly un impor tant i n the presence of 
sufficient quantit ies of good peptizers such as ge lat in ; ( c ) Formation of 
tabular grains, w h i c h m a y l ead to accelerated g r o w t h rates (22). 

Resul ts a n d Discuss ion . F i g u r e 11 shows the dependence of t u r b i d i -
metr i ca l l y de termined r i p e n i n g rates on p H at three B r " levels. These 
data show the same trends as the prec ip i ta t ion results of F i g u r e 7 despite 
the fact that the latter were carr i ed out at somewhat var iab le ionic 
strength, whereas these r i p e n i n g rates were measured at constant ionic 
strength ( 0 . 1 8 M ) . Therefore , the r a t e - p H profi le at the highest [Br" ] 
can not be at tr ibuted to increas ing ionic strength. 
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9. C O H E N E T A L . Gelatin Charges 209 

T h e monotonie increase i n rates w i t h p H at l o w [ B r - ] suggested 
r i p e n i n g act ion b y amines. Indeed, the p H dependence of A g + b i n d i n g 
(41) b y l ime-processed ca l fskin gelat in ( F i g u r e 12) bears a s t r ik ing re ­
semblance to the r a t e - p H profile at p B r 3.3 ( F i g u r e 11) . F u r t h e r m o r e , 
amino a c i d analysis (42) of the gelat in indicates that there is sufficient 
amine of the arginine , lysine, a n d hist id ine types to account for the ob­
served r i p e n i n g rates—at least for the corresponding l ow-molecu lar -
weight , u n b o u n d amines ( cf. F i g u r e 12 ). A d d i t i o n a l support for r i p e n i n g 
act ion b y amines was obtained b y measur ing the r i p e n i n g rate as a func ­
t ion of gelat in concentration. A s F i g u r e 13 shows, the rate increased 
monotonica l ly w i t h gelat in concentration at p H 2, 6, a n d 10. T h e effects 
p robab ly do not arise, as K l e i n a n d M o i s a r have suggested ( 3 7 ) , f r om 
gelat in charge since saturation coverage occurs at or s l ight ly b e l o w the 
lowest l eve l p lo t ted (11). 

Figure 11. Turbidimetric ripening rates vs. pH at the in­
dicated bromide concentration; all rates measured at 48°C 

0.18M ionic strength, 7.8mM AgBr, 0.12% gelatin 
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210 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

A study of the effects of gelat in phtha lat ion on r i p e n i n g rate also 
suggests r i p e n i n g act ion b y amines. T a b l e I I I shows the rate decreased 
monotonica l ly w i t h increas ing phtha lat ion , i.e., as the amines of the 
gelat in were converted to the very w e a k l y basic , w e a k l y A g + - c o m p l e x i n g 
amides. T h e fact that the rate decreased only s l ight ly w i t h 3 % gelat in 
phtha lat i on ( c o m p a r e d w i t h 5 or 5 .9%) suggests that phtha lat ion oc­
curred first w i t h the more basic amines ( e.g., arginine a n d lysine ) w h i c h 
at p H 6 shou ld be protonated and inact ive i n the nonphtha lated gelatin. 
T h e I E P data further suggest that ge lat in charge (37) has l itt le bear ing 
on these results. 

T h e specific source of r i p e n i n g act ion b y gelat in appears to be i n t i ­
mate ly t i ed u p w i t h the gelat in itself. T h u s , pro longed dialysis or w a s h i n g 
fa i l ed to decrease the r i p e n i n g rate at p H 2, 6, or 10 b y more than ~ 1 0 % . 
N e i t h e r of these procedures should have resulted i n significant loss of the 
non-ge l l ing component of bone gelat in (42,43). O t h e r experiments ver i fy 
that rates at h i g h p H do not arise f r o m gelat in degradat ion (i.e., to give 
l ow-molecu lar -we ight amines) (14,15), since preheat ing the ge lat in alone 
under a l l b u t the most extreme condit ions of temperature a n d p H (e.g. 
7 0 ° C , p H 12, 0 . 1 8 M N a N 0 3 , 1-2 hrs ) fa i l ed to affect the r i p e n i n g rate 
at p H 10. 

xlO" 

CD 

Ε 
2 
C D 

CD 
< 
CO CD 

1 1 1 - " Ϊ ! 1 1 1 1 1 
Arginine 

(0,46) 

-
Lysine (0.253) 

/ y 
Histidine (0.033) Methionine 

(0.042) 

ι ι ι ι I ι ι I 
7 8 

PH 
10 II 12 

Figure 12. Dependence on pH of Ag* binding by lime-processed calfskin 
gelatin. Curve from Ref. 41. 

Numbers in parentheses are values for mmoles amino acid/gram bone gelatin. Data 
from Ref. 42. 
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Figures 13. Turbidimetric growth rates vs. gelatin concentration 
at the indicated pH 

All rates measured at 48°C, pBr 3.3, Ο.ΙβΜ ΝαΝΟβ, 7.8mM AgBr 
(1200 g gelatin/mol AgBr corresponds to <—Ί% gelatin by tot) 

T h e gelat in itself, b y v i r tue of its amine funct iona l groups, is appar ­
ently responsible for the observed dependence of r i p e n i n g rate on p H at 
l o w [Br~ ] . 

T o pursue further the nature of the rate increases at l o w p H a n d 
h i g h [ B r - ] ( F i g u r e 11) , the temperature dependence of r i p e n i n g at p B r 
1 was measured as a funct ion of p H ( F i g u r e 14 ). T h e A r r h e n i u s plots of 
F i g u r e 14b indicate the same act ivat ion energy, E a , w i t h i n exper imen­
ta l error, at a l l p H values f r om 2 to 10. T a b l e I V lists E a for A g B r 
r i p e n i n g under a var iety of exper imental conditions i n c l u d i n g those of the 

Table III. Effect of Gelatin Phthalation on A g B r Ripening Rates 
(48 °C , pBr 3.3, p H 6, 0.18M N a N 0 3 ) 

Control Gelatin 1 Gelatin 2 Gelatin 3 

R a t e ( m i n - 1 Χ 10 3) 26 17 8 7 
C P A ( % ) · 0 3.01 4.98 5.86 
I E P ( ρ Η ) δ 4.80 4.30 4.14 4.10 

a % combined phthalic anhydride (47)· 
b Measured with the Waters streaming current detector (cf. text). 
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01 ι ι ι I 
3.1 3.2 3.3 3.4 xlO"3 

T"1 (°K) 

Figure 14. Dependence of AgBr growth rate at pBr 1 
on temperature 

(a) rate vs. pH at indicated temperature, (b) correspond­
ing Arrhenius plots 

present study. These data prov ide no further insight into the o r ig in 
of the r i p e n i n g processes at l o w p H a n d h i g h B r " levels. 

O n e of the earliest suggestions for the rate acceleration at l o w p H 
was that the gelat in m i g h t be func t i on ing as a cat ionic surfactant to i n -
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Table IV. Activation Energies for A g B r Ripening (kcal/mole) 

pBrla pBr3.3 (+0.Î8M NaNOs)a pBr2a 

(pH2-10) (pH2) (pH6) (pHIO) (pH6,10) 

26 21 29 26 25 
ATTJ d 

Ethylene0 

pBr3.3 (sols)b NHZ
C Diamine KBrc (cubes) (pet.) 

24 25 13 8 66 8 
a T h i s work ( ± ~ 1 0 - 1 5 % ) . 
h Ref. 25. 
c Ref. 29. 
d Ref. 44. 

crease the [ B r ] w i t h i n the diffuse double layer (45 ) . A l t h o u g h this 
mechanism might be favored at l o w [ B r ] , at least for l ower -molecu lar -
we ight surfactants such as N - d o d e c y l p y r i d i n i u m ion , the s i tuat ion cou ld 
differ i n the case of gelat in as surfactant. There are at least two other 
objections to this mechan ism: (a ) l ike the results at lower [ B r ] ( F i g u r e 
13) , the r i p e n i n g rates at p B r 1 also increased w i t h ge lat in concentration 
w e l l b e y o n d saturation coverage; ( b ) A g B r sols prepared a n d r ipened 
i n the absence of any pept izer also showed rate enhancements at l o w p H 
a n d h i g h [Br" ] ( T a b l e V ). C o m p a r e d w i t h ge lat in dispersions, the A g B r 
sols were larger, more polydisperse, a n d less w e l l defined ( F i g u r e 15) a n d 
h a d lower , less precise r i p e n i n g rates ( T a b l e V ) ; nevertheless, i t is tenta­
t ive ly conc luded that rate acceleration at l o w p H a n d h i g h [ B r ] is inde ­
pendent of gelat in. Exper iments w i t h nonionic po lymers m a y support this 
conclusion under more favorable exper imental condit ions. 

O n e r i p e n i n g mechanism favored at h i g h [ B r ] is re lated to the 
format ion of tabular grains w i t h their unusual ly h i g h growth rates (22). 
F i g u r e 16, i n fact, suggests that at least the s ingly t w i n n e d var iety of 

Table V . Ripening Rates" of AgBr Sols at pBr2 
(43 °C , 3 X 10" 4M A g B r ± gelatin) 

pH 

Gelatin, % 3 6 10 

0 4.0 2.3 2.0 
0.004 4.0 2.9 3.2 

pH 

3.8 6 10 

0 3.6 2.3 2.3 
0.12 5.7 5.1 5.4 

° Measured turbidimetrical ly at 350 n m ; units are m i n - 1 Χ 10 3 ; uncertainty ± ~ 1 0 % . 
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Gelatin Dispersion Sol 
0,1 μΠ) 

Figure 15. Direct electron micrographs of AgBr dispersions 
used in turbidimetric studies 

(a) (b) 

pH =6, then pH = 2.5 pH = 2.5 

Figure 16. Electron micrographs of AgBr gelatin dispersions grown at 70° C, 
pBr 2.8, pH 2.5 

(a) nucleation at pBr 2.1, pH 6; (b) nucleation at pBr 2.1, pH 2.5 
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such crystals m a y be favored at l o w p H . H i r a t a prev ious ly observed a 
preference for such flat crystals at l o w p H (32 ) . T w o lines of evidence, 
however , argue against the invo lvement of tabular gra in g r o w t h : (a ) 
electron micrographs of A g B r - g e l a t i n dispersions r i p e n e d at p B r 1 showed 
no more tabular l ike grains at p H 3 than 6; ( b ) recrysta l l i zat ion at p B r 
1.2 of i n i t i a l l y wel l -de f ined cub i c grains showed enhanced act iv i ty 
( r o u n d i n g ) at l o w as w e l l as h i g h p H despite the obvious absence of 
any t w i n planes ( F i g u r e 17 ). 

E . P . P r z y b y l o w i c z of these laboratories suggested a possible p H -
dependent format ion of the soluble complexes A g B r w ~ ( n _ 1 ) ( n > 1 ) . I f 
such complexes were sufficiently basic , l o w e r i n g the p H to the v i c i n i t y 
of the p K a of the conjugate a c i d might increase A g B r so lub i l i ty a n d 
thereby the r i p e n i n g rate. H o w e v e r , so lub i l i ty measurements ( w i t h 
radioact ive tracer) b y R. Chapas a n d D . Shiao of these laboratories 
fa i l ed to show any significant changes i n β2 or β3 [ s tabi l i ty constants for 
A g B r , r ( n - 1 ) f ormat ion] i n the p H range 5-1.7. 

A l t h o u g h r i p e n i n g rates of A g B r gelat in dispersions are p H depend­
ent, the charge of the gelat in is p r o b a b l y not the de termin ing factor (37 ) . 
A t l o w B r " concentrations, the p H dependence is at tr ibuted to the amine 
moieties of the ge lat in ; at h igher B r " levels, the rate acceleration at l o w p H 
appears to be independent of gelat in . 

Figure 17. Electron micrographs of AgBr gelatin dispersions re crystallized at 
70°C and pBr 1.2 at the indicated pH 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

00
9



216 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Addendum. A l t h o u g h changes i n configuration of adsorbed gelatin 
m a y account for the p H dependence of fixation t ime observed b y K r a g h 
a n d Peacock (46) such conf igurational changes alone cannot account for 
the p H profi le of r i p e n i n g rates, the dependence of r i p e n i n g rate on gela­
t i n concentration, or the effects of gelat in phthalat ion . 
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Adsorption of Blood Proteins onto 
Polymer Surfaces 

SUNG WAN KIM and RANDY G. LEE 

Department of Applied Pharmaceutical Sciences and Division of Materials 
Science and Engineering, University of Utah, Salt Lake City, Utah 84112 

Adsorption of albumin, γ-globulin, and fibrinogen from 
single solutions onto several hydrophobic polymers was 
studied using internal reflection IR spectroscopy. The ad­
sorption isotherms have a Langmuir-type form. The calcu­
lated rate and amount of protein adsorbed was dependent 
on the polymer substrate and the flow rate of the solution. 
Competitive adsorption experiments were also investigated 
to determine the specific adsorption of each 125I-labelled 
protein from a mixture of proteins. Platelet adhesion to 
these proteinated surfaces is discussed in relation to a model 
previously proposed. 

^ l t h o u g h the adsorpt ion of polymers onto so l id surfaces has been thor-
ough ly s tud ied ( J ) , re lat ive ly f ew studies can be f ound i n the l i t e ra ­

ture on the adsorpt ion of proteins onto p o l y m e r surfaces. I n 1905, 
Landste iner a n d U h l i z (2) discussed the interact ion of serum proteins 
w i t h synthetic surfaces. B l i t z a n d Steiner (3) showed that a l b u m i n a d ­
sorption onto so l id surfaces increased w i t h increasing a l b u m i n concentra­
t i on a n d that adsorpt ion was nearly irreversible . H i t c h c o c k reported (4) 
that adsorpt ion of egg a l b u m i n onto co l l od ion membranes f o l l owed a 
L a n g m u i r i sotherm w i t h m a x i m u m adsorpt ion o c c u r r i n g near the isoelec­
t r i c point . L a t e r , K e m p a n d R i d e a l (5 ) reported that prote in adsorpt ion 
onto solids conforms w i t h L a n g m u i r adsorption. 

There is good evidence that proteins adsorbed f r om solutions onto 
some so l id surfaces f o r m films i n w h i c h the molecules r e m a i n p r e d o m i ­
nant ly i n the compact configuration, are unor iented at the interface (6, 
7 ) , or m a y not u n f o l d at l i q u i d / s o l i d interfaces ( 8 ) . Pro te in adsorpt ion 
onto synthetic po lymer surfaces is important because of its possible 

218 
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10. K I M A N D L E E Polymer Surfaces 219 

invo lvement i n the i n i t i a l stages of the interact ion of b l o o d w i t h i m ­
plantable po lymer i c materials . B a i e r a n d D u t t o n (9 ) showed that 
proteins were r a p i d l y adsorbed f rom b lood after exposure; they con­
tended that the prote in layer transmits the par t i cu lar characteristics of a 
g iven surface to the b lood . E l l i p s o m e t r y has proved to be a h i g h l y 
sensitive technique for s tudy ing the kinetics of prote in adsorpt ion onto 
sol id surfaces exposed to b l o o d p lasma. V r o m a n a n d A d a m s have 
used a record ing el l ipsometer to moni tor the adsorbed amount a n d rate 
of prote in adsorpt ion at a s o l i d - p l a s m a interface (10). Recent ly , S m i t h 
el al. (11) measured the amount of adsorbed prote in vs. t ime on meta l 
a n d polyethylene surfaces b y e l l ipsometr ic techniques. E l e c t r o n micros ­
copy (12) has been used to count d i rec t ly i n d i v i d u a l fibrinogen molecules 
adsorbed onto m i c a surfaces. B o t h methods are diff icult to a p p l y to 
po lymer substrates because proteins a n d polymers have s imi lar refractive 
indexes, a n d m a n y po lymer surfaces are too r ough for accurate measure­
ment. H o f f m a n a n d his group (13) have been s tudy ing adsorption onto 
h y d r o g e l substrates b y us ing r a d i o l a b e l e d proteins. H y d r o p h o b i c p o l y ­
mers such as po lypropy lene a n d po ly ( d i m e t h y l s i loxane) adsorb greater 
amounts of prote in than do grafted surfaces of p o l y ( h y d r o x y e t h y l m e t h ­
acrylate) ge l (14). 

Studies of adsorpt ion of a l b u m i n , γ-globulin, a n d fibrinogen onto sev­
eral po lymer membranes i n c l u d i n g cat ion exchangers have been carr ied out 
b y D i l l m a n a n d M i l l e r (15), a n d two types of adsorpt ion were charac­
ter ized . O n e is re lat ive ly h y d r o p h i l i c , exothermic, a n d easily reversible 
w i t h a heat of adsorpt ion of ca. —10 k c a l / m o l e . T h e other is apparent ly 
t ight ly b o u n d , hydrophob i c , a n d endothermic w i t h heats of adsorpt ion 
rang ing f rom 5 to 20 k c a l / m o l e . 

M a t t s o n a n d S m i t h (16) observed that the adsorpt ion depends on 
the surface charge a n d that negative charges enhance pro te in adsorpt ion 
at the so l id - so lu t i on interface. I R interna l reflection spectroelectrochem-
istry was a p p l i e d for this experiment. A theoret ical approach has been 
attempted b y L e v i n e (17), w h o explored the thermodynamics of adsorbed 
prote in films i n terms of surface charge a n d surface energy. T h e confor­
mat ion of adsorbed proteins was measured b y the I R b o u n d fract ion 
method , a n d the results ind i ca ted that the interna l b o n d i n g of these 
g lobular proteins is sufficient to prevent changes i n the structure w h i l e 
adsorbed, even at l o w surface populat ions (18). 

W e obta ined adsorpt ion k inet i c data a n d isotherm curves b y deter­
m i n i n g the amount of prote in adsorbed onto polymers b y in terna l reflection 
I R spectroscopy w h i c h gave good r e p r o d u c i b i l i t y (19). T h e adsorpt ion 
character was consistent w i t h the L a n g m u i r adsorpt ion type a n d adsorp­
t ion vs. t ime curves showed the expected p lateau usual ly f o u n d i n macro -
molecu lar adsorption. A compet i t ive adsorpt ion study is be ing carr ied 
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out us ing rad io labe l l ed proteins; the surface composi t ion of each adsorbed 
prote in a n d its respective e q u i l i b r i u m t ime ( w h i c h are s ignif icantly d i f ­
ferent f r om the adsorpt ion times obta ined for single prote in solutions) 
on various po lymer surfaces have been obta ined f rom this experiment 
(20). 

Several investigators have f o und that foreign surfaces, w h e n exposed 
to b lood , adsorb p lasma proteins (21, 22). P late let adhesion to this 
prote inated surface is the first observable event i n thrombosis on the 
fore ign surface. I f w e consider the prote inated surface as an acceptor 
i n a platelet adhesion mechanism (-23), the significance of the nature 
a n d composit ion of adsorbed prote in is its role i n platelet adhesion (24). 

Experimental 

Proteins used i n this study are a l b u m i n (bov ine , crystal l ine , N u t r i -
t r i t i ona l B i o c h e m i c a l C o . ) , γ-globulin (bov ine , F r a c t i o n I I , N u t r i t i o n a l 
B i o c h e m i c a l C o . ) , p r o t h r o m b i n (bov ine , F r a c t i o n III -2 , N u t r i t i o n a l B i o ­
chemica l C o . ) , 1 2 5 I - y - g l o b u l i n a n d 1 2 5 I - f i b r inogen ( N e w E n g l a n d N u c l e a r 
C o . ) , a n d 1 2 5 I - a l b u m i n ( S q u i b b C o . ) . 

Substrate materials i n c l u d e d p o l y ( d i m e t h y l siloxane ) ( S R ) (Si last ic 
R u b b e r , m e d i c a l grade, D o w C o r n i n g ) , fluorinated e thy l ene /propy lene 
copo lymer ( F E P ) (Te f lon F E P , D u p o n t ) , a n d a segmented c o p o l y e t h e r -
u r e t h a n e - u r e a ( P E U U ) based on po ly (propy lene g l y c o l ) , methylene b is -
4-phenylisocyanate, a n d ethylenediamine . T h i s P E U U was p r o v i d e d b y 
D . J . L y m a n . 

Static Kinetic Adsorption. T h i s study was carr ied out i n 60 m g % 
solutions w h i c h h a d been degassed b y aspirat ion before the prote in was 

5h 

BULK CONCENTRATION (MG%) 

Figure 1. Adsorption isotherm of albumin onto polymer 
surfaces 
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5 h 

TIME (MIN.) 

Figure 2. Adsorption of albumin from a 60 mg % solution 
onto polymer surface 

in troduced . F o l l o w i n g adsorpt ion (1 hr for the isotherm samples ) , 
po lymer samples were c l a m p e d into des igned cells where they were 
r insed at a flow rate of 10 m l / s e c for 1 m i n . T h i s procedure was necessary 
to remove a l l excess c l i n g i n g solution. T h e y were then air d r i e d i n a dust-
free hood . F l o w adsorpt ion was conducted the same w a y except that the 
prote in so lut ion was passed across the sample i n the ce l l b y a prev ious ly 
ca l ibrated rol ler p u m p . T h e amount of prote in adsorbed onto the po lymer 
surfaces was determined b y interna l reflection spectroscopy ( 1RS ) us ing 
a P e r k i n - E l m e r 521 G r a t i n g I R spectrometer a n d a W i l k s 1RS attachment 
w i t h g e r m a n i u m crystals ( 1 X 20 X 50 m m ). 

A net adsorpt ion value ( corrected for any 1RS p r i s m contaminat ion ) 
w h i c h c o u l d be re lated to ca l ibrat i on curves for surface concentrat ion 
was obta ined f rom the ratio of the amide I ( C = 0 stretching) b a n d at 
1640 c m " 1 to a standard b a n d for each substrate po lymer . T h e standard 
bands used were the C H 3 b e n d i n g v ibra t i on at 1400 c m " 1 for po ly ( d i ­
m e t h y l si loxane) a n d the C F 2 scissoring deformat ion at 1450 c m " 1 for 
fluorinated e thy lene /propy lene copolymer. Because of the amide I b a n d 
i n polyurethanes, a 4 X expanded abscissa was used; for the other two 
polymers , the 1 χ scale was sufficient. 

Competitive Adsorption. F o r these studies mixtures of a l b u m i n , 
γ-globulin, a n d fibrinogen at a phys io log i ca l concentrat ion rat io ( w i t h 
one of the proteins labe l l ed w i t h 1 2 5 I ) were s tud ied to determine the 
surface composi t ion of each adsorbed prote in a n d their respective e q u i ­
l i b r i u m times on selected po lymer surfaces. T h e solution consisted of 
50 m g of a l b u m i n , 30 m g of γ-globulin, a n d 15 m g of fibrinogen i n 200 m l 
of phosphate-buffered saline ( p H 7.4). A n adsorpt ion ce l l w i t h a w a s h i n g 
compartment was used i n this experiment ( 25 ) . T h i s design avoids an 
air—water interface, controls the w a s h i n g t ime to remove excess c l ing ing 
solut ion, is convenient i n m a n i p u l a t i o n , a n d al lows one to obta in k inet i c 
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TIME (MIN.) 

Figure 3. Adsorption of y-globulin from a 60 mg % solu­
tion onto polymer surfaces 

adsorpt ion data . A N u c l e a r C h i c a g o 2-channel l i q u i d sc int i l la t ion 
spectrometer was used to determine rad ioac t iv i ty on po lymer surfaces. 

Results 

Adsorption of Single Protein System. O n e m i n u t e of r ins ing (at a 
f low rate of 10 m l / s e c ) was sufficient to reach a constant surface con-

10 30 50 70 

TIME (MIN.) 

Figure 4. Adsorption of prothrombin from a 60 mg % 
solution onto polymer surfaces 
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10. κίΜ A N D L E E Polymer Surfaces 223 

Table I. Protein Adsorption onto Various Polymer Surfaces 

Isotherm 
Plateau Plateau Plateau Rate 

Surface: Bulk Cone, Time, Concentration, Constant, 
Protein mg % min yjg/cm2 miw1 

S R : 
a l b u m i n 12 25 1.0 0.13 
7 -g lobul in 25 30 1.3 0.15 
p r o t h r o m b i n 15 10 2.3 0.67 

F E P : 
a l b u m i n 30 60 0.55 0.044 
7-g lobul in 30 60 0.80 0.083 
p r o t h r o m b i n 30 25 0.85 0.19 

P E U U : 
a l b u m i n 15 25 4.5 0.11 
7 -g lobul in 15 30 4.7 0.23 
p r o t h r o m b i n 15 10 4.7 0.38 

centration value except for F E P where 2 m i n were needed (19). Static 
prote in adsorpt ion isotherms were determined for P E U U a n d for the 
two contro l surfaces, S R a n d F E P . T h e results w i t h a l b u m i n are shown 
i n F i g u r e 1. T h e amount of adsorbed prote in at saturation is cons id ­
erably higher on the P E U U surface than on the other surfaces. T h e 
adsorpt ion isotherms were veri f ied as near ly L a n g m u i r types (19). T h e 
experiments determin ing prote in adsorpt ion kinetics were carr ied out 
under static condit ions, a n d the kinet ic adsorpt ion curves are shown i n 
Figures 2, 3, and 4. P la teau concentrations, p lateau times, a n d rates of 
adsorpt ion ca lcu lated f rom the first order react ion equat ion are g iven i n 
T a b l e I. F E P has a m u c h longer p lateau t ime a n d lower surface concen­
trat ion w i t h a l b u m i n than does P E U U w i t h S R intermediate . 

TIME (MIN.) 

Figure 5. Albumin adsorption onto PEUU at various flow rates 
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TIME (MIN.) 

Figure 6. Albumin adsorption onto SR at various flow rates 

Simi lar experiments were also conducted under v a r y i n g flow cond i ­
tions. T h e a l b u m i n adsorptions onto S R a n d P E U U under flow condit ions 
are shown i n F igures 5 a n d 6, respectively. T h e p lateau concentrat ion 
depends on the flow rate w h e n S R is the substrate, but not w i t h P E U U as 
substrate. Scann ing electron micrographs showed that S R surfaces are 
very rough , a n d those of P E U U are the smoothest of the three. F E P , 
intermediate i n surface roughness, was intermediate i n dependence of 
plateau concentrat ion on flow. 

A rough surface can prov ide a greater surface area and thus more 
anchor ing sites for the greater numbers of prote in molecules i n the 
v i c i n i t y w i t h the increased flow rate. T h e plateau concentrations a n d 
p lateau times under flow condit ions for a l l proteins are tabulated i n 
Réf. 19. T h e adsorbed prote in amounts, p lateau times, a n d adsorpt ion 
rates depend on the po lymer surface, a n d l i m i t i n g factors might be the 
ab i l i ty of hydrogen b o n d i n g a n d h y d r o p h o b i c interact ion between a d -
sorbate a n d adsorbent, water s tructur ing at the interface, a n d the con-
figurational entropy of the proteins at the adsorbed sites. A n overa l l 
theory is diff icult to formulate since any of these m u l t i p l e factors can 
exp la in the data. I n general , the higher rates a n d amounts of proteins 
adsorbed onto P E U U are at tr ibuted to hydrogen b o n d formation w h i c h 
is not avai lab le on F E P . 

T h e prote in b i n d i n g to substrate via hydrogen b o n d i n g or via h y d r o ­
p h o b i c b o n d i n g has been discussed b y V r o m a n (26, 27). I n his study 
on the effect of prote in adsorpt ion on the wet tab i l i t y of a surface, he 
noted that adsorpt ion decreased the wet tab i l i ty of glass but increased 
the wet tab i l i t y of L u c i t e . T h i s difference i n the behavior is dependent 
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Figure 7. Competitive adsorption of plasma proteins onto FEP 

on the capabi l i ty of the prote in to f o rm hydrogen bonds or h ydro ph o b i c 
bonds at a surface. W e f ound (28) that a prote in adsorbed onto a 
hyd r ophob i c po lymer surface m a y expose its more h y d r o p h i l i c sites i f 
the h y d r o p h o b i c b o n d i n g occurs between the pro te in a n d the surface. 

Α ­

Τ Ι Μ Ε (MIN.) 

Figure 8. Competitive adsorption of plasma proteins onto SR 
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Figure 9. Competitive adsorption of plasma proteins onto PEUU 

T h e contact angle of water on untreated F E P was 103°; on a lbuminated 
F E P the angle was 81° . T h e P E U U water contact angle was 55° , a n d 
i t was not changed after coat ing w i t h a l b u m i n , ind i ca t ing hydrogen 
b o n d i n g between P E U U a n d a l b u m i n . 

A d s o r p t i o n of P r o t e i n M i x t u r e s . T h e adsorpt ion of each prote in i n 
single systems h a d a different pattern f rom that i n the mixture system 
(20). Pro te in adsorpt ion onto the F E P surface h a d signif icantly different 
p lateau times. T h e p lateau t ime of a l b u m i n adsorpt ion was de layed i n the 
mixture system al though γ-globulin a n d fibrinogen were adsorbed m u c h 
faster i n the mixture system than i n the single system. T h e P E U U a n d S R 
showed s imi lar a l b u m i n adsorpt ion times w i t h the single system a n d w i t h 
each prote in i n the mixture except for the larger amount adsorbed onto 
the P E U U . T h e adsorpt ion of each prote in s ingly onto P E U U , S R , a n d 
F E P was s tudied b y us ing 1 2 5 I - l a b e l l e d proteins. F igures 7, 8, a n d 9 
show the adsorpt ion of proteins onto P E U U , S R , a n d F E P f rom the 
mixture solution. 

F i b r i n o g e n general ly reaches the surface p lateau concentrat ion faster 
than the other proteins w h i c h agrees w i t h Vroman 's results (29). H o w ­
ever, its adsorpt ion onto F E P was m u c h faster than onto P E U U or SR . 
B o t h fibrinogen a n d γ-globulin i n the mixture system were adsorbed very 
r a p i d l y onto F E P , perhaps because of the negative charge on the F E P 
surface a n d a un ique role of a l b u m i n as a d ispers ing agent. P E U U a n d 
S R adsorpt ion patterns are s imi lar except that P E U U adsorbs more 
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10. K I M A N D L E E Polymer Surfaces 227 

a l b u m i n at a faster rate. F o r the mixture solut ion, w e used the three pro ­
teins w h i c h are the most abundant i n b lood . W e determined the c o m ­
petit ive adsorpt ion kinetics . T h e adsorption pattern w o u l d l ike ly change 
upon a d d i n g proteins. A technique that measures s imultaneously the a d ­
sorption of each prote in f rom p lasma or who le b l ood w o u l d a i d b l o o d -
foreign surface interact ion studies. 

Discussion 

B l o o d compat ib i l i ty w i t h foreign surfaces has been discussed i n terms 
of a n u m b e r of surface-dependent parameters (30 ) . Surface h y d r o p h i -
l i c i ty , hydrophob i c i ty , charge, c r i t i ca l surface tension, inter fac ia l free 
energy, a n d surface roughness have a l l beeen in t roduced as contro l l ing 
factors. Unfor tunate ly , no experiment or theory has exp la ined exactly 
the mechanism of b l ood c lo t t ing on foreign surfaces; consequently t r i a l -
ând-error approaches are be ing used to develop non-thrombogenic 
surfaces. 

Several investigators (9, 21, 22) have f ound that fore ign surfaces, 
w h e n exposed to b lood , adsorb p lasma proteins. Since platelet adhesion 
to the surface is the first observable event occurr ing i n c lot t ing on fore ign 
surfaces, a n d since platelets are k n o w n to part i c ipate i n hemostasis a n d 
coagulat ion, the ind i ca t i on is that platelet adhesion onto the p lasma pro ­
tein-coated surface plays a major role i n the in vivo i n i t i a t i on of thrombus 
format ion on fore ign surfaces. 

P a c k h a m et al. ( 31 ) demonstrated that an a lbumin-coated surface 
showed l i t t le platelet adhesion, but on the contrary, fibrinogen- or 
γ-globulin-coated surfaces showed more platelets adher ing . F i b r i n o g e n is 
k n o w n to be important for platelet adhesion to glass (32). W e proposed 
(23, 24) that platelet adhesion to foreign surfaces is med ia ted b y f o r m a ­
t i on of enzyme-substrate complex bridges between platelet g lycosy l 
transferases a n d incomplete heterosaccharides present i n surface-adsorbed 
glycoproteins. T h e number a n d stabi l i ty of these complexes w o u l d de­
termine the strength and durat i on of adhesion. T o test this mode l , an 
in vitro series of experiments assayed two g lycosy l transferases us ing 
adsorbed p lasma proteins as acceptors. Sugar nucleotides c o u l d be trans­
ferred onto adsorbed γ-globulin a n d fibrinogen but not onto adsorbed 
a l b u m i n . In vivo experiments quant i tated platelets adher ing to Si last ic 
R u b b e r t u b i n g coated w i t h proteins a n d subjected to treatment to remove 
different carbohydrate residues. These data , plus those of other workers , 
support the concept that the prote in adsorpt ion occurr ing w h e n p o l y m e r 
contacts b l ood controls the platelet adhesion a n d further thrombus 
format ion . 
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O u r studies (19) i n d i c a t e d that proteins were read i l y adsorbed f r om 
aqueous solut ion onto h y d r o p h o b i c po lymer surfaces w i t h L a n g m u i r 
type adsorpt ion a n d that the rate of adsorpt ion t o w a r d a p lateau surface 
concentrat ion depends on the po lymer nature. I n the study of compet i ­
t ive adsorpt ion f r om a prote in mixture solution (20), fibrinogen a n d 
γ-globulin adsorb onto F E P very r a p i d l y compared w i t h P E U U a n d SR. 
Therefore , the F E P surface i n contact w i t h b l ood has more acceptor 
sites for platelet adhesion than does the P E U U or S R surface. 

I n this sense, a non-thrombogenic po lymer cou ld be obta ined i f w e 
c o u l d contro l the b l o o d prote in adsorpt ion so as to give predominant ly 
a l b u m i n adsorpt ion w i t h a h i g h adsorpt ion rate a n d h i g h surface p lateau 
concentrat ion or to desorb adsorbed proteins f rom the surface, i.e., a 
surface w i t h m i n i m a l or probab ly zero prote in adsorption. F o r example, 
the anticoagulant hepar in (33) a n d hydrogels (34) are k n o w n to reduce 
signif icantly the extent of adsorpt ion of b l o o d proteins onto foreign 
surfaces. 
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Bovine Plasma Protein Adsorption onto 
Radiation-Grafted Hydrogels Based on 
Hydroxyethyl Methacrylate and N-Vinyl-
pyrrolidone 

T. A. HORBETT and A. S. HOFFMAN 

Department of Chemical Engineering and Center for Bioengineering, 
University of Washington, Seattle, Wash. 98195 

Fibrinogen, γ-globulin, and albumin adsorption onto water­
-swollen synthetic polymers (hydrogels) were studied. These 
hydrogels were based on hydroxyethyl methacrylate (HEMA) 
and N-vinylpyrrolidone (NVP) and were radiation grafted 
onto silicone rubber. Adsorption from water, physiologic 
buffered saline, and blood plasma were studied. The intrin­
sically low protein adsorption onto poly(HEMA) can be 
overshadowed by adsorption due to low levels of ionic 
impurities. Fibrinogen adsorption isotherms at concentra­
tions up to physiologic levels show maximum adsorptions 
between ca. 0.2 and 0.8 μg/cm2 for the surfaces examined 
with adsorption onto poly(HEMA) being the least. These 
levels are five- to tenfold higher than those observed for 
fibrinogen adsorption from plasma. Albumin—fibrinogen and 
γ-globulin-fibrinogen competition experiments only partially 
explain the depression of plasma fibrinogen adsorption. 

Τ Tydroge l s are a class of synthetic po lymers of diverse chemica l nature 
A A d i s t inguished f rom other po lymers b y the capaci ty to i m b i b e r e l a ­
t ive ly large amounts of water i n their structure. T h e water content of 
these materials varies f rom about 30 to 90 w t % depend ing on bo th the 
c h e m i c a l nature a n d p h y s i c a l structure of the po lymer . M a n y n a t u r a l 
or b iocompat ib le po lymers are also h i g h l y hydrated , e.g. 30 -50 w t % 
water is b o u n d b y g lobular proteins ( 1 ). P a r t l y for this reason, hydrogels 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 231 

have potent ia l usefulness as biomater ials capable of m i n i m i z i n g the 
unfavorable reactions often i n d u c e d b y foreign materials i n contact w i t h 
b l o o d or tissue (2). H o w e v e r , pro te in adsorpt ion onto materials i n con ­
tact w i t h b l o o d q u i c k l y modifies their in ter fac ia l properties , a n d i t is be­
l i eved to be one of the p r i m a r y events l ead ing to thrombus format ion at 
the b l o o d / m a t e r i a l interface (3, 4). T h u s , pro te in adsorpt ion onto the 
hydrogels under development i n this laboratory has been one of the 
p r i m a r y areas of s tudy i n the assessment of this n e w class of potent ia l 
b iomaterials . 

H y drog e l s i n aqueous m e d i a are mechan i ca l l y weak a n d , for b io ­
m e d i c a l appl icat ions , they f requent ly require b o n d i n g to stronger sub­
strate materials . A var iety of techniques have been deve loped for this 
purpose i n c l u d i n g electron b e a m rad iat ion - in i t ia ted graft po lymer i za t i on 
( 5 ) , d i p coat ing on sutures (6), act ive vapor or p lasma in i t ia ted graft ing 
onto arter ia l prostheses (7,8,9), a n d gamma-ray rad iat ion - in i t ia ted graft 
po lymer iza t i on onto several types of surfaces (JO, 11, 12, 13). 

T h e hydrogels s tud ied here were made b y rad ia t i on graf t ing H E M A 
or N V P onto si l icone rubber ( S i l a s t i c ) . T h e si l icone r u b b e r backbone of 
these grafted hydrogels overcomes the intr ins i c mechan i ca l weakness of 
the hydrated p o l y ( H E M A ) a n d p o l y ( N V P ) hydrogels (11, 12, 13). T h e 
resultant po ly ( H E M A ) / S i l a s t i c a n d po ly ( N V P ) / S i l a s t i c grafts re ta in 
about 30 -60 w t % water , respectively, i n contrast to the u n d e r l y i n g 
si l icone rubber w h i c h adsorbs less than 1% water (13). These materials 
have shown considerable b l o o d compat ib i l i ty i n tests w i t h the in vivo 
vena cava r i n g test (14). 

Prote in adsorpt ion onto potent ia l b iomaterials has been s tudied i n the 
past us ing two basic approaches, each w i t h its l imitat ions . A d s o r p t i o n 
f rom whole , f l owing b l ood c lear ly represents the most re levant s i tuat ion 
since good b l ood - compat ib i l i t y is an important characterist ic for b i o ­
materials . Studies of this type have been reported (15). It is extremely 
diff icult to assess such studies, however , because the effects of b l o o d 
f low rate, b l o o d ce l l adhesion, degree of act ivat ion of the coagulat ion 
system, a n d specific prote in adsorbed are not read i l y evaluated. T h u s 
the studies have large ly been l i m i t e d to showing that any mater ia l i n 
contact w i t h b l o o d becomes coated w i t h prote in i n a very short t ime. 
Vroman 's group has developed some potential ly useful techniques b y 
using specific antisera to ident i fy i n d i v i d u a l proteins adsorbed f r om 
p lasma onto ox id i zed meta l surfaces (16, 17, 18, 19, 20). Ano ther basic 
approach involves measur ing the adsorpt ion of a single pur i f i ed prote in 
onto the mater ia l f r o m water or buffer (21, 22). 

I n our studies, a p a r t i a l synthesis of these approaches has been 
attempted , on the premise that only a clear understanding of pro te in 
adsorpt ion onto hydrogels f r om s imple buffered saline c o u l d l ead to an 
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232 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

interpretat ion of a par t i cu lar protein's adsorpt ion behavior f r o m b l o o d or 
p lasma. T h u s , pro te in adsorpt ion onto hydrogels f r o m water , f r o m buff­
ered saline, f r om prote in mixtures , a n d f r om p l a s m a have been studied . 
T h e large n u m b e r of experiments necessary i n such a mult i - faceted ap ­
proach cannot be presented here i n their entirety. Instead, several key 
experiments representative of each fact of this research are presented to 
p rov ide an overv iew of these studies a n d to po int out some c r i t i c a l aspects 
of measur ing pro te in adsorpt ion onto hydrogels . 

M o n o m e r p u r i t y has a large effect on prote in adsorpt ion onto h y d r o -
gels. T h e intr ins i ca l ly l o w prote in adsorption onto p o l y ( H E M A ) h y d r o -
gels can be overshadowed b y adsorpt ion caused b y these impur i t ies . H o w ­
ever, rad ia t i on graft ing of po ly ( H E M A ) onto a h y d r o p h o b i c support does 
not affect the adsorpt ion of fibrinogen i n comparison w i t h ungraf ted 
p o l y ( H E M A ) . P r o t e i n adsorpt ion isotherms for fibrinogen onto po ly -
( H E M A ) / S i l a s t i c , po ly ( N V P ) / S i l a s t i c , a n d Si last ic alone at concentra­
tions u p to phys io log i ca l levels show a basic s imi lar i ty i n shape, but the 
m a x i m u m adsorpt ion levels v a r y b y a factor of four, w i t h fibrinogen 
adsorpt ion onto po ly ( H E M A ) / S i l a s t i c b e i n g the least. These m a x i m u m 
levels differ f r o m those observed for fibrinogen adsorpt ion f r o m p lasma 
onto these same materials . T h e different adsorpt ion behavior observed i n 
buffer a n d p lasma are not ent irely exp la ined b y compet i t i on curves per ­
f o rmed w i t h a l b u m i n - f i b r i n o g e n or γ-globulin-fibrinogen mixtures. These 
results emphasize the importance of as yet u n k n o w n p lasma factors i n 
m o d i f y i n g fibrinogen adsorpt ion onto some of these surfaces. 

Materials and Methods 

M a t e r i a l s . M e d i c a l grade non-re inforced s i l icone r u b b e r sheeting, 
Si last ic b r a n d , was obta ined f rom D o w C o r n i n g . H E M A monomer was 
obta ined f r o m B o r d e n C h e m i c a l C o . c o m m e r c i a l qua l i ty , a n d f r om 
H y d r o n Laborator ies , Inc. , h i g h l y pur i f i ed . M e t h a c r y l i c a c i d ( M A A c ) , 
N V P , a n d ethyleneglyco l d imethacry late ( E G D M A ) were purchased 
f r om B o r d e n C h e m i c a l C o . F i b r i n o g e n ( 9 0 % clottable , b o v i n e ) , Pentex 
b r a n d , was purchased f r om M i l e s Laborator ies , K a n k a k e e , 111. A l b u m i n 
(crysta l l ine , bov ine ) a n d γ-globulin ( f ract ion I I , bov ine ) were obta ined 
f rom N u t r i t i o n a l B iochemica l s C o r p . N - 2 - h y d r o x y e t h y l piperazine-IV ' -2-
ethanesulfonic a c i d ( H E P E S ) , A grade, a n d lactoperoxidase, l y o p h i l i z e d 
Β grade, were purchased f r om C a l b i o c h e m , San D i e g o . P l a s m a , c i trated , 
platelet poor, was prepared f r om freshly d r a w n bov ine b lood . Reagent 
grade n i n h y d r i n a n d m e t h y l Cel loso lve (peroxide free) were obtained 
f r o m Pierce C h e m i c a l s C o . Reagent grade S n C l 2 · 2 H 2 0 , acetic a c id , and 
H 2 0 2 were products of M a l l i n c k r o d t C h e m i c a l W o r k s , St. L o u i s . Reagent 
c i t r i c a n d bor i c acids were purchased f r om M e r c k & C o . , R a h w a y , N . J . 
N a 1 2 5 I was obta ined f r o m I C N C h e m i c a l a n d Radio isotope D i v i s i o n , 
I rv ine , C a l i f , a n d f r o m N e w E n g l a n d N u c l e a r , Boston , Mass . G-25 
Sephadex was purchased f r om P h a r m a c i a C h e m i c a l Co . , P iscataway , N . J . 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 233 

I C I was a gift of D . Lagunof f . S o d i u m azide was a product of J . T . B a k e r 
C h e m i c a l C o . A l l other compounds were reagent grade or the purest 
avai lab le commerc ia l ly . 

Film Preparation. H e m a a n d N V P were radiat ion-graf ted onto 
Si last ic to make p o l y ( H E M A ) / S i l a s t i c a n d p o l y ( N V P ) / S i l a s t i c hydrogels 
as prev ious ly descr ibed (13). 

1 2 5 I Fibrogen. T w o methods were used to prepare 1 2 5 I - l a b e l e d 
fibrinogen. I n bo th methods, un incorporated i od ide was r e m o v e d i m m e ­
diate ly after the react ion b y ge l filtration o n a G-25 Sephadex c o l u m n pre -
equ i l i b ra ted i n 0 . 0 1 M H E P E S , 0 .147M N a C l , 0 .02% azide , p H 7.4. T h e 
first m e t h o d uses catalysis b y lactoperoxidase a n d is based on studies 
b y M a r c h a l o n i s ( 2 3 ) , a n d the second method uses i od ine monochlor ide 
( I C I ) a n d is based on w o r k b y H e l m k a m p et al. (24). 

Protein Adsorption. F i l m s were kept submerged i n buffer i n i n d i ­
v i d u a l bottles. Concentrated pro te in solution i n the same buffer ( a n d at 
the same temperature a n d p H ) was a d d e d w i t h a p ipette to avo id expos­
i n g the films to the a i r / w a t e r interface. T h e solutions w e r e m i x e d b y 
s w i r l i n g the films. I n studies at 37 ° C , the solutions were kept i n a water 
bath regulated to ± 1 ° C . 

A f t e r equ i l ibrat i on , the films were first r insed q u i c k l y b y a d i l u t i o n 
a n d displacement technique w h i c h insures that the films are not exposed 
to the pro te in s o l u t i o n / a i r interface. T h e d i l u t i o n - d i s p l a c e m e n t rinse 
was done b y r u n n i n g solvent t h r o u g h the equ i l i b ra t i on bott le at about 
400 m l / m i n for approx imate ly 1 m i n us ing a two-hole rubber stopper 
fitted w i t h two glass tubes, one for entrance a n d one for exit of buffer. 

Fibrinogen Adsorption from Plasma. F i l m s were submerged i n 2 m l 
of 0 . 0 1 M H E P E S , 0 .147M N a C l , 0 .02% azide , p H 7.4. E i g h t m l of 
c i trated p lasma ( p H 7.6) conta in ing 1 2 5 I - f i b r inogen was added , a n d the 
solutions were m i x e d b y s w i r l i n g the films. 

Fibrinogen—Albumin and Fibrinogen—γ-Globulin Competition E x ­
periments. F i b r i n o g e n solutions conta in ing 1 2 5 I - f i b r inogen were m i x e d 
w i t h a l b u m i n or γ-globulin solutions a n d buffer to g ive a final fibrinogen 
concentration of 0.02 m g / m l a n d final a l b u m i n or γ-globulin concentra­
tions of between 0 a n d 20 m g / m l . F i l m s were submerged i n 5 m l of 
buffer, a n d 5 m l of the desired pro te in solut ion was added . 

Ninhydrin Assay for Adsorbed Proteins. Measurements were made 
b y a co lor imetr ic procedure based on the react ion of n i n h y d r i n w i t h 
amino acids (25 ) . T h e films were h y d r o l y z e d i n 5 m l of 2.5N N a O H for 
2 hrs i n capped plast ic tubes i n a b o i l i n g water bath . T h e n 1.5 m l of 
g lac ia l acetic a c i d was a d d e d a n d m i x e d ; next 1 m l of n i n h y d r i n reagent 
was a d d e d a n d mixed . [ T h e reagent was three times more concentrated 
i n n i n h y d r i n , S n C l 2 , a n d citrate than prescr ibed b y M o o r e a n d Ste in ( 2 5 ) ] . 
T h e tubes were capped a n d b o i l e d 20 mins more. T h e solution was 
c lari f ied b y centr i fugat ion, a n d the absorbance read immedia te ly at 570 
n m on a B e c k m a n D B spectrophotometer. I f necessary, the sample was 
d i l u t e d w i t h 50 -50 2 -propano l -water . C a l i b r a t i o n curves (absorbance 
vs. /Ag of prote in ) were constructed i n the 0 - 3 0 a n d 0-100 μg range w i t h 
k n o w n amounts of each type of prote in subjected to this same analysis 
procedure. 
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F i l m a n d reagent b lank determinations were a lways made a n d used 
to correct the data appropr iate ly . T h e assay was l inear throughout the 
range encountered here. 

Other Methods. Pro te in concentrations were ca lcu lated f r om the 
280 n m absorbance measured w i t h a B e c k m a n D B spectrophotometer. 
T h e p H of the prote in solut ion was adjusted as necessary w i t h a R a d i o m e ­
ter G K 2 3 0 3 c p H electrode a n d an O r i o n m o d e l 401 Ionalyzer . 1 2 5 I was 
measured w i t h a pulse-height , analyzer-counter m o d u l a r system consist­
i n g of models 40-12B, 49-25, 33-10, 30-19, 29-1, a n d 10-8 manufac tured 
b y R a d i a t i o n Instrument Deve l opment L a b . , Des Plaines , 111. 

Results and Discussion 

The Effect of Monomer Purity on Protein Adsorption onto Poly-
( H E M A ) . T h e importance of re lat ive ly minor contaminat ion of the 
monomers used i n f o r m u l a t i n g hydrogels to be used i n b i o m e d i c a l a p p l i ­
cations has not been recognized w i d e l y as yet, a l though B r u c k has re ­
ferred to this p r o b l e m i n connect ion w i t h the soft contact lens (26). 
Pro te in adsorpt ion studies per formed w i t h hydrogels m a d e w i t h mono­
mers of t y p i c a l c ommerc ia l q u a l i t y i l lustrate this potent ia l p rob l em. 

Table I. γ -Globulin Adsorption onto Poly (HEMA) /S i las t ic " 

Material 

E x p e r i m e n t A (commercial grade H E M A ) 
untreated Si last ic 
p o l y ( H E M A ) / S i l a s t i c ( 6 % graft) 
p o l y ( H E M A ) / S i l a s t i c ( 2 8 % graft) 

E x p e r i m e n t Β (commercial grade H E M A ) 
untreated Si last ic 
untreated Si last ic 

p o l y ( H E M A ) / S i l a s t i c ( 1 8 % graft) 
p o l y ( H E M A ) / S i l a s t i c ( 1 8 % graft) 

E x p e r i m e n t C (purified H E M A ) d 

p o l y ( H E M A ) / S i l a s t i c ( 3 3 % graft) 
p o l y ( H E M A ) / S i l a s t i c ( 3 3 % graft) 

Protein 
Solvent 

H 2 0 
H 2 0 
H 2 0 

H 2 0 
buffered 

sa l ine 6 

H 2 0 
buf fered c 

saline 

H 2 0 
buffered 

sa l ine 6 

Amount 
Adsorbed 
^g/cm2) 

0.8 
12.7 
22.9 

0.8 
0.8 

12.6 
1.9 

1.54 
0.11 

a A l l adsorption experiments were done in 0.5 m g / m l 7 -g lobulin solutions at r o o m 
temperature for at least 40 hrs, followed b y at least 6 hrs of rinsing in the equil ibration 
solvent. Adsorbed protein was determined using the n i n h y d r i n assay. 

b Buffered saline: 0.01M H E P E S , 0.147M N a C l , p H 7.4. 
c Buffered saline: 0.05M Imidazole, 0.112M N a C l , p H 7.4. 
d H y d r o n H E M A is the purified H E M A referred to. 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 235 

T a b l e I summarizes these early studies i n the f o r m of three key exper i ­
ments. 

T h e very first measurements of prote in adsorpt ion onto these h y d r o -
gels revealed m a r k e d l y greater adsorpt ion onto these materials than onto 
the untreated Si last ic a n d they showed that prote in adsorpt ion increased 
as the amount of p o l y ( H E M A ) grafted onto the Silastic increased (exper i ­
ment A , T a b l e I ) . These results were surpr is ing because the apparent 
strong interact ion of p o l y ( H E M A ) w i t h proteins ev idenced b y such 
greatly enhanced adsorpt ion d i d not agree w i t h the expected l o w free 
energy at the h y d r o g e l - s o l u t i o n interface. 

T h e prote in h a d been dissolved i n d i s t i l l ed water i n these i n i t i a l 
adsorpt ion studies i n order to compare the results w i t h the extensive data 
of B r a s h a n d L y m a n (21 ) on prote in adsorpt ion f r om water onto a var ie ty 
of m a t e r i a l s — i n c l u d i n g Silastic , the s tandard used i n these studies. T h e 
re lat ive ly close agreement of our data w i t h those of B r a s h a n d L y m a n 
(21) on γ-globulin a n d fibrinogen adsorpt ion f rom water onto Si last ic 
supported the v a l i d i t y of the adsorpt ion a n d assay procedures used here. 
T h e m a x i m u m adsorpt ion levels observed i n bo th studies for p lasma 
prote in adsorpt ion onto Si last ic (0 .8-1.8 / xg / cm 2 ) are cons iderably h igher 
than the levels corresponding to monolayer format ion on a flat, smooth 
surface ( ca l cu lated to be about 0.2 / * g / c m 2 for these pro te ins ) . T h i s 
result suggested that mult i layers of prote in were be ing formed. Since 
proteins are often less stable i n pure d i s t i l l ed water than i n solutions of 
phys io log ic ionic strength a n d p H , mul t i l ayer adsorpt ion cou ld occur 
f rom denaturat ion of the proteins. Exper iments were begun us ing a 
solvent more closely re lated to the phys io log i ca l s i tuat ion w i t h respect 
to i on ic strength a n d p H . 

E x p e r i m e n t B , T a b l e I shows that adsorpt ion onto Si last ic was l i t t le 
affected b y buffered saline, but a dramat i c decrease i n adsorpt ion onto 
po ly ( H E M A ) / S i l a s t i c occurred . T h i s large effect of i on ic strength sug­
gested the presence of i on ic impur i t ies i n the H E M A monomer used to 
make the po ly ( H E M A ) a n d stressed the potent ia l b i o l og i ca l importance 
of any type of contaminat ion of the monomer. 

For tunate ly , h i g h l y pur i f i ed H E M A became avai lable ( f r om H y d r o 
M e d Sciences) about this t ime, a n d other monomers were r e a d i l y pur i f i ed 
b y v a c u u m dist i l lat ion . T h e po ly ( H E M A ) hydrogels m a d e w i t h the p u r i ­
fied H E M A showed far lower prote in adsorpt ion f rom either water or 
buffered saline than hydrogels made w i t h the commerc ia l l y avai lable 
H E M A as experiment C , T a b l e I shows. These results emphasize the 
b io l og i ca l importance of h y d r o g e l composi t ion i n part i cu lar a n d b i o -
mater ia l composi t ion a n d p u r i t y i n general . 

A c ommon contaminant i n c ommerc ia l H E M A is M A A c , e.g., i t was 
present at about the 2 % leve l i n the unpur i f i ed H E M A used i n the i n i t i a l 
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experiments discussed above. T h e ava i lab i l i ty of the h i g h l y pur i f i ed 
H E M A (0 .02% M A A c leve l ) a l l o w e d us to investigate the effect of 
M A A c levels i n the range usua l ly encountered i n the use of unpur i f i ed 
H E M A b y s i m p l y a d d i n g k n o w n amounts of M A A c to the pure H E M A . 
T h e amount of prote in adsorpt ion onto the resultant M A A o - H E M A / 
Si lastic hydrogels is shown i n F igures 1 a n d 2 a n d T a b l e I I . 

Adsorption 
(pg/cm ) 

50 H 

0 1 2 3 4 

%MAAc in HEMA 

Figure 1. The effect of MAAc on protein adsorption onto poly(HEMA)/ 
Silastic at low ionic strength. The solvent was 0.005M HEPES, pH 7.4. 

Protein concentration was 0.5 mg/ml. See Table II for other details. 

T h e expected effect of the M A A c is shown most c lear ly b y the 
measurements of prote in adsorpt ion at l o w ionic strength ( 0 . 0 0 5 M 
H E P E S ) l isted i n T a b l e I I a n d i l lustrated i n F i g u r e 1 since i t is clear 
f r om these that the prote in w i t h the most posit ive charge, i.e., γ-globulin, 
is adsorbed most strongly b y the negat ively charged M A A c groups. T h e 
isoelectric p H ' s of γ-globulin, fibrinogen, a n d a l b u m i n are ca. 6.8, 5.5, 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 237 

Adsorption (yg/cm2) 

i.<H 
Ï-GLOBULIN 

0 . 5 - i 

l .oH 

0.5 ' 

FIBRINOGEN 

l.OH 

0.5-i 

ALBUMIN 

% MAAc in HEMA 

Figure 2. The effect of MAAc on protein adsorp­
tion onto poly(HEMA)/Silastic at physiological ionic 
strength. The solvent was 0.01M HEPES, 0.147M 
NaCl, pH 7.4. Protein concentration was 0.5 mg/ml. 

See Table II for other details. 
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Table II. Effect of M A A c on Protein Adsorption onto 
Poly (HEMA) /Si last ic Hydrogels α 

MAAc in Amount 
Monomer Adsorbed, 

Protein Solvent, pH 74 Mixture, % μα/'cm2 

7 - G l o b u l i n . 0 0 5 M H E P E S 0.02 1.1 
1.5 45 
3.0 47 

. O l A f H E P E S , 0.02 0.18 
0 . 1 4 7 i l f N a C l 1.5 0.54 

3.0 0.43 

F ibr inogen . 0 0 5 M H E P E S 0.02 0.08 
1.5 3.7 
3.0 5.6 

. 0 1 M H E P E S , .02 0.25 
0 . 1 4 7 M N a C l 1.5 0.55 

3.0 0.40 

A l b u m i n . 0 0 5 M H E P E S 0.02 0.02 
1.5 0.68 
3.0 0.68 

. 0 1 M H E P E S , 0.02 0.39 
0 . 1 4 7 M N a C l 1.5 0.28 

3.0 0.28 
α T h e listed amount of methacryl ic acid was contained in the H E M A monomer used 

to form the poly ( H E M A ) / S i l a s t i c hydrogels, which had 2 0 % grafted poly ( H E M A ) . 
These hydrogels were equilibrated for 45 hrs at 3 7 ° C in 0 . 5 m g / m l protein solutions in 
the listed solvents and then rinsed i n the equilibration solvent, using décantation a n d 
di lution and 15 m i n of stirring. N i n h y d r i n assays were then used to determine absorbed 
protein. 

a n d 4.8, respect ively , so that at the p H of the adsorpt ion experiments 
(7 .4 ) , the amount of adsorpt ion of each prote in w o u l d be expected to 
decrease i n the same order, as F i g u r e 1 shows. 

T h e l o w i on i c strength data also show that re lat ive ly smal l amounts 
of M A A c are necessary to cause great increases i n γ-globulin adsorpt ion, 
e.g., an increase of almost fiftyfold between 0.02 a n d 1.5% M A A c . T h i s 
finding confirms calculations w h i c h ind i cate that M A A c content i n this 
range cou ld reasonably exp la in the amount of γ-globulin adsorpt ion f r o m 
water observed for hydrogels made w i t h unpur i f i ed H E M A . 

T h e data i n F i g u r e 1 for γ-globulin indicate that l i t t le further i n ­
crease i n adsorpt ion is caused b y M A A c levels past 1.5% w h i c h at first 
was p u z z l i n g H o w e v e r , the effective p r o t e i n - b i n d i n g capacities of i on 
exchangers is far b e l o w their theoret ical capacities because of steric 
h indrance of the b u l k y pro te in molecules. F o r example , the n u m b e r of 
t i tratable groups i n C M - S e p h a d e x C-50 indicates a capacity of 310 g 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 239 

h e m o g l o b i n / g ge l whereas the ac tua l capac i ty is 9 g / g (27). T h u s , the 
leve l ing off of pro te in adsorpt ion past 1.5% M A A c content is unders tand­
able i f the 1.5% M A A c h y d r o g e l is complete ly covered b y pro te in so that 
add i t i ona l M A A c groups w o u l d be inaccessible to prote in . 

I n the presence of phys io log ic concentrations of salt, a l l pro te in 
adsorpt ion onto these M A A c - H E M A hydrogels is sma l l ( F i g u r e 2 ) , so 
that i t is clear that this type of h y d r o g e l behaves as a t y p i c a l i o n exchange 
resin i n its interactions w i t h proteins. I n this regard , a l though the three 
proteins s tud ied here do not show m u c h difference i n adsorpt ion f r o m 
solutions at phys io log i ca l ion ic strength, m a n y proteins do adsorb read i l y 
onto i on exchangers at this i on i c strength. Lactoperoxidase , for example , 
b inds to carboxymethylce l lu lose at 0 . 2 5 M N a C l a n d p H 7.0 (28). T h u s , 
pre ferent ia l adsorpt ion of certa in proteins can be expected w h e n M A A c -
H E M A hydrogels are exposed to the in vivo-like environment . T h e 
adsorpt ion of γ-globulin on to such hydrogels is large at l o w ion i c strength, 
a n d i t is probable that these results reflect a potent ia l for s imi lar behavior 
towards more pos i t ive ly charged proteins even at phys io l og i ca l i on ic 
strength. S u c h potent ia l for adsorpt ion b y hydrogels m a d e w i t h i m p u r e 
H E M A m a y w e l l have undesirable effects w h e n the materials are used 
as biomaterials i n contact w i t h b l o o d or tissue. 

Adsorption onto Ungrafted Poly (HEMA) 

T h e l o w prote in adsorpt ion observed for po ly ( H E M A ) / S i l a s t i c 
hydrogels made w i t h pur i f i ed H E M A ca l led for a more sensitive assay 
for adsorbed proteins. T h e n i n h y d r i n assay or ig ina l ly used is p l a g u e d 
b y b lank leve l variations w h e n used to measure l o w levels of pro te in 
adsorption. T h e use of 1 2 5 I - r a d i o l a b e l e d proteins solved this p r o b l e m a n d 
i n a d d i t i o n opened u p a large n e w area of study because the technique 
is non-destruct ive, specific, a n d flexible, especial ly w i t h regard to pro te in 
mixtures. H o w e v e r , an add i t i ona l more fundamenta l p r o b l e m also be ­
came evident w i t h the observation of l o w leve l prote in adsorpt ion for the 
grafted po ly ( H E M A ) / S i l a s t i c hydrogels made w i t h pur i f i ed H E M A , viz: 
the possible presence of ungraf ted patches of Silastic. E v e n sl ight expo­
sure of the u n d e r l y i n g Si last ic m i g h t be responsible for the observed 
adsorpt ion rather than the p o l y ( H E M A ) itself. T h e grafted hydrogels 
appear macroscopica l ly a n d microscop ica l ly u n i f o r m i n their coverage 
of the u n d e r l y i n g Si lastic , a n d the pore size of po ly ( H E M A ) hydrogels 
is supposedly far too smal l for a prote in to be able to enter the gel matr ix 
(29). T h u s i t seemed u n l i k e l y that the adsorpt ion onto p o l y ( H E M A ) / 
Si last ic was per turbed b y the u n d e r l y i n g Silastic . Nonetheless, this was 
an important quest ion central to a l l adsorpt ion studies w i t h grafted 
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240 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

075H 

Ο Heterogeneous polyHEMA 
• Homogeneous polyHEMA 
Δ poly HEMA/Silastic 

Amount 
Adsorbed 
(ug/cm2) 

Q50H 

025-1 

0 
0 5 10 15 20 

TIME (Hours) 
25 30 35 40 45 

Figure 3. Fibrinogen adsorption onto ungrafted poly(HEMA). The poly-
(HEMA) sheets [and grafted poly(HEMA)/Silastic'] were equilibrated at 37°C 
in 1 mg/ml fibrinogen solution in 0.01M HEPES, 0.147M NaCl, 0.02% azide, 
pH 7.4 for the time depicted and then rinsed 60 sec with buffer at room tem­

perature by the dilution displacement technique (see Methods). 

p o l y ( H E M A ) hydrogels , so some fibrinogen adsorpt ion studies w i t h 
pure p o l y ( H E M A ) sheets were per formed. 

T h e p o l y ( H E M A ) sheets were prepared b y B . Ratner us ing a special 
technique he developed. T h e H E M A solutions were p o u r e d between 
glass plates, a n d po lymer izat i on was chemica l ly in i t ia ted . T h e chemica l 
a n d p h y s i c a l properties of this mater ia l are very s imi lar to those of 
radiat ion-graf ted p o l y ( H E M A ) insofar as prote in adsorpt ion is con­
cerned. Heterogeneous or homogeneous po ly ( H E M A ) films were made 
b y po lymer i za t i on i n solvents i n w h i c h the po ly ( H E M A ) is insoluble 
or soluble, respect ively ; the result is a w h i t e opaque mater ia l i n the 
first case a n d a transparent mater ia l i n the second case. T h e resu l t ing 
films were washed free of excess monomer a n d then soaked i n the buffer 
to be used i n the fibrinogen adsorpt ion experiment for 10 days at 37 ° C 
p r i o r to the ac tua l experiment. 

T h e t ime course of fibrinogen adsorpt ion onto the two types of p o l y -
( H E M A ) is dep ic ted i n F i g u r e 3 w h i c h also inc ludes representative 
points for p o l y ( H E M A ) grafted onto Silastic . T h e s low rise to the final 
adsorpt ion l eve l seen for bo th types of p o l y ( H E M A ) is very s imi lar to the 
kinetics observed for grafted po ly ( H E M A ) , as is the actual amount of 
adsorption. T h e sl ight d i spar i ty between the po ly ( H E M A ) types is 
p r o b a b l y re lated to the more open a n d thus rougher surface of the 
heterogeneous p o l y ( H E M A ). 

T h e po ly ( H E M A ) films used i n this study were m u c h th icker (0.1 
c m ) than those of grafted p o l y ( H E M A ) (about 0.001 c m ) . A s s u m i n g 
equivalent porosities w i t h respect to proteins for bo th cast a n d grafted 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 241 

p o l y ( H E M A ) , the thicker , cast p o l y ( H E M A ) should entrap more p r o ­
te in than the grafted p o l y ( H E M A ) , i f this porosity is sufficient to a l l o w 
fibrinogen to enter the ge l structure at a l l . T h e very close agreement i n 
prote in adsorpt ion onto ungrafted a n d grafted po ly ( H E M A ) strongly 
suggests that fibrinogen does not enter the ge l structure a n d that adsorp­
t ion onto po ly ( H E M A ) / S i l a s t i c occurs on the po ly ( H E M A ) surface a n d 
so cannot be substantial ly inf luenced b y the u n d e r l y i n g Silastic . 

1.0-
Amount Adsorbed 

(jug/cm^ ) 

0.0 H . , , , , r 
0 1 2 3 4 5 6 

GRAFT (mg/cm2) 

Figure 4. Fibrinogen adsorption onto radiation-grafted poly(HEMA)/ 
Silastic: Effect of graft level. Films grafted to the degree depicted 
were equilibrated at 37° C for 20 hrs in 1 mg/ml fibrinogen solution in 
0.01 M HEPES, 0.147M NaCl, 0.02% azide, pH 7.4 and then rinsed 
by dilution displacement and extensive soaking with buffer at room 

temperature. 

A n o t h e r ind i ca t i on of f u l l coverage of the substrate b y p o l y ( H E M A ) 
on grafted po ly ( H E M A ) / S i l a s t i c films is shown i n F i g u r e 4. F i b r i n o g e n 
adsorpt ion onto the most h i g h l y grafted films (5.8 m g / c m 2 ) is the same as 
onto films h a v i n g on ly about one-fifth the graft, bu t grafted film m u c h 
be l ow this po int (1 m g / c m 2 ) shows increased adsorpt ion characterist ic 
of the u n d e r l y i n g Silastic . T h u s , f u l l coverage of the Silastic appears to 
occur at about 1 m g / c m 2 of graft so that the h i g h l y grafted films ( ^ 5 -6 
m g / c m 2 ) used i n most prote in adsorpt ion studies can be assumed to 
possess a p u r e l y p o l y ( H E M A ) interface. 

These results indicate h o w m u c h graft is necessary to convert the 
interface f r om Silastic to p o l y ( H E M A ) . T h i s provides a guide l ine for 
other studies w i t h surfaces w h i c h are more diff icult to graft to the h i g h 
levels obtainable w i t h Silastic . O n l y about 1 m g / c m 2 of p o l y ( H E M A ) 
graft m i g h t be necessary to effect increased b i o compat ib i l i t y of a mater ia l . 
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242 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Adsorption Isotherms at 'Physiologic Protein Concentrations 

M o s t previous studies of p lasma prote in adsorpt ion at the s o l i d -
solution interface have been restr icted to prote in concentrat ion ranges 
far be l ow those actual ly exist ing i n p lasma (21, 30). Pro te in adsorpt ion 
data obta ined at prote in concentrations rang ing f rom 1/100 to 1/10 the 
physio log ic levels w h i c h are t y p i c a l of such studies are not necessarily 
representative of the prote in adsorpt ion behavior at phys io log i ca l con­
centrations. Several u n i q u e properties of prote in solutions do not become 
quant i tat ive ly significant u n t i l the h igher pro te in concentrations t y p i c a l 
of the phys io log i c m i l i e u are reached. F o r example , p r o t e i n - p r o t e i n 
interactions m a y influence mul t i l ayer format ion at h igher concentrations; 
osmotic pressure effects at h i g h prote in concentrations may be especial ly 
important w i t h water-porous but prote in -exc lud ing materials such as 
hydrogels ; a n d the approach to the natura l so lub i l i ty l i m i t of the prote in 
at phys io log ic concentrations may favor increased par t i t i on ing of the 
pro te in at the interface. I n add i t i on , i n interpret ing adsorpt ion f rom 
p lasma, experiments at h i g h concentrations of prote in are v i t a l . 

3.0 

2.5 
Amount Adsorbed 

(̂ ig/cm2) 
2.0 

1.5 

1.0 

05 

0-1 , 1 , . ί . 1 

0 5 10 15 20 25 30 35 
Albumin Concentration (mg/ml) 

Figure 5. Albumin adsorption isotherms on Silastic before and after 
fat removal from the albumin. Films were equilibrated at 37 °C for 20 
hrs at the depicted albumin concentration in 0.01 M HEPES, 0.147M 
NaCl, 0.02% azide, pH 7.4 and then rinsed with buffer at room tem­
perature by the dilution displacement technique. Fraction V albumin 
(NBC #2106) was used untreated or defatted with charcoal (see Table HI 

and text). 

Ο Fraction V Albumin 
• Defatted Fraction V Albumin 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 243 

Table III. Fatty Acid Content and Apparent Adsorption onto 
Silastic of Various Albumin Preparations α 

Fatty Acid 
Content* 

moles/mole 
Apparent Adsorption at 

Albumin Preparation albumin 9.6 mg/ml S^mg/ml 

F r a c t i o n V ( N B C #2706) 4.08 0.93 1.76 
De fa t ted fract ion V — 0.83 0.93 

( N B C # 2 1 0 6 ) c 

C r y s t a l l i n e a l b u m i n 0.67 1.63 2.40 
(Pentex lot 24) 

De fa t t ed crysta l l ine a l b u m i n 
(Pentex lot 2 4 ) d 

0.05 0.96 1.3 De fa t t ed crysta l l ine a l b u m i n 
(Pentex lot 2 4 ) d 

C r y s t a l l i n e a l b u m i n 0.59 0.84 0.99 
( N B C lot X ) 

p H 3 treated crystal l ine a l b u m i n 0.65 0.81 1.07 
( N B C lot X ) 

De fa t ted crystal l ine a l b u m i n - 0 . 0 1 0.84 1.17 
( N B C lot X ) c 

a Adsorpt ion (in M g /cm 2 ) was measured after 20 hrs at 3 7 ° C in 0 . 0 1 M H E P E S , 
0 .147M N a C l , 0 .02% azide, p H 7.4. 

6 These determinations were made b y the C h e n method (31). 
c D a r c o M charcoal was used to defat. 
d N o r i t A charcoal was used to defat. 

H o w e v e r , several problems m a y be encountered i n us ing these 
higher prote in concentration solutions. M o s t of the difficulties arise f r o m 
the instab i l i ty or i m p u r i t y of the prote in preparat ion . E v e n w h e n the 
impuri t ies are re lat ive ly sma l l fractions of the total prote in , they w i l l 
beg in to adsorb w h e n the total prote in concentrat ion is h i g h enough to 
raise the concentrat ion of the i m p u r i t y to a significant level . 

T h i s appears to be the case for a l b u m i n , p robab ly because of the 
fatty a c i d content of this prote in . M a r k e d l y different adsorption iso­
therms were observed for different a l b u m i n preparations, a n d some 
isotherms d i d not appear to reach a p lateau adsorpt ion l eve l even at 
phys io log i ca l a l b u m i n concentrations (see upper curve i n F i g u r e 5 ) . 
R e m o v a l of the fatty a c i d b y the a c i d charcoa l method of C h e n (31) 
appears to normal i ze the appearance of the isotherm (see the l ower 
curve i n F i g u r e 5 ) . Since the fatty a c id content of various a l b u m i n 
preparations varies marked ly , the variat ions i n apparent adsorpt ion 
behavior of different a l b u m i n preparations appears to be attr ibutable to 
this cause (see T a b l e I I I ) . 

I n the case of fibrinogen, the s low t ime course of adsorpt ion onto 
p o l y ( H E M A ) / S i l a s t i c and Si last ic make attempts at obta in ing true 
e q u i l i b r i u m adsorpt ion isotherms diff icult because the fibrinogen so lu­
tions w i l l undergo s low fiber format ion unless protected f r o m bacter ia l 
degradat ion. A l so , storage of such solutions is a p r o b l e m since fibrinogen 
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244 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

• Silastic 
Δ polyNVP/Silastic 
Ο poly HEM A/Silastic 

Δ 

Fibrinogen Concentration (mg/ml) 

Figure 6. Fibrinogen adsorption isotherms on Silastic, poly(NVP)/Silastic, 
and poly(HEMA)/Sihstic. Untreated Silastic and Silastic grafted with poly-
(NVP) (2.7 mg/cm2) or poly(HEMA) (5.8 mg/cm2) were equilibrated at 37°C 
for 20 hrs in fibrinogen solution of the depicted concentration in 0.01M HEPES, 
0.147M NaCl, 0.02% azide, pH 7.4 and then rinsed by dilution displacement 

and extensive soaking with buffer at room temperature. 

solutions apparent ly have a m i n i m u m stabi l i ty at 4 ° C , the t y p i c a l re ­
fr igerator storage temperature. F i b r i n o g e n solutions f o rm a cryopre-
cipitate at about 4 ° C a n d this mater ia l is very l iab le to proteo lyt i c attack. 
A smal l amount of bacter ioc ide incorporated i n the buffer a n d the use of 
freshly made (or stored frozen) fibrinogen solutions obviates these 
difficulties a n d enables co l lec t ing the data reported. 

A d s o r p t i o n isotherms for Si last ic , po ly ( N V P ) / S i l a s t i c , a n d p o l y -
( H E M A ) / S i l a s t i c obta ined after 20 hrs of adsorpt ion are shown i n 
F i g u r e 6. T h e films were r insed q u i c k l y ( see Methods ) and then soaked 
for about 20 hrs to complete desorption. T h e shape of the isotherms does 
not appear to be signif icantly affected b y the extensive r inse a l though 
i n i t i a l adsorpt ion levels are greater than the final levels i n F i g u r e 6, as 
T a b l e I V shows. T h e standard error i n the desorpt ion is m u c h smaller 
than the difference i n average desorpt ion among the three surfaces 
examined (see T a b l e I V ) . T h u s , despite the large range i n fibrinogen 
concentrations used, the desorption is a re lat ive ly constant f ract ion of 
the amount adsorbed, b u t this average desorpt ion differs for the three 
surfaces studied . These differences are p r o b a b l y re lated to differences 
i n the ways i n w h i c h fibrinogen interacts w i t h each surface. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
1



11. H O R B E T T A N D H O F F M A N Adsorption onto Hydro gels 245 

C o m p a r i s o n of the adsorpt ion isotherm curves shows that the general 
shape of the isotherm is s imi lar for a l l three materials . T h i s indicates 
that the strength of fibrinogen interact ion w i t h these surfaces is s imi lar 
i n a l l cases since the s imi lar i ty i n the shape of the curves means that 
the pro te in concentration r e q u i r e d to dr ive the adsorpt ion to complet ion 
( as measured b y the concentration r e q u i r e d to achieve the h a l f - m a x i m a l 
leve l of adsorpt ion) is approx imate ly the same for the three materials . 
H o w e v e r , the saturation l eve l of adsorpt ion varies b y about a factor of 
four i n the order po ly ( H E M A ) / S i l a s t i c < Si last ic < p o l y ( N V P ) / S i l a s t i c . 
T h i s large a difference m a y be enough to affect the in vivo thrombo-
genic i ty of these materials. T h e apparent ly enhanced adsorpt ion onto 
po ly ( N V P ) / S i l a s t i c re lat ive to Si last ic occurs because the o r i g i n a l area of 
the film is used to calculate the data i n this report. T h e rad ia t i on graft ing 
process causes the films to swe l l signif icantly. T h e m a x i m u m adsorpt ion 
levels onto po ly ( N V P ) / S i l a s t i c , Si last ic , a n d po ly ( H E M A ) / S i l a s t i c based 
on the swol len areas are 0.77, 0.62, a n d 0.23 / xg / cm 2 , respect ively , i n c o m ­
par ison w i t h the values of 1.08, 0.62, a n d 0.32 i n F i g u r e 6. 

T h e adsorpt ion isotherms i n F i g u r e 6 also reveal that p o l y ( N V P ) / 
Si lastic is m u c h more s imi lar to Silastic than po ly ( H E M A ) / S i l a s t i c i n 
its interactions w i t h fibrinogen. T h i s unexpected divergence i n the p r o p ­
erties of the two hydrogels is caused b y certain u n i q u e properties of the 
po ly ( N V P ) / S i l a s t i c hydrogels . A l t h o u g h the p o l y ( N V P ) / S i l a s t i c graft 
retains about 60 w t % water compared w i t h about 3 0 % for the po ly -
( H E M A ) graft, the surface of the p o l y ( N V P ) / S i l a s t i c films does not 
appear wet as a result of the re lat ive ly h i g h contact angle of water drop ­
lets adher ing to the film. I n contrast there is an absence of drop f o rma­
t ion on the wettable po ly ( H E M A ) / S i l a s t i c graft surface. B a s e d on this 
a n d several other types of observations (see Refs. 11 a n d 13), the po ly -
( N V P ) graft is thought to be i n t e r m i n g l e d w i t h the po ly ( d imethy ls i l ox -
ane) chains of the si l icone rubber matr ix w h i l e the p o l y ( H E M A ) graft 
rests above a n d is separate f r om the u n d e r l y i n g si l icone r u b b e r matr ix . 

Table IV. Desorption of Fibrinogen from Silastic, Poly (NVP)/Si lastic , 
and Poly ( H E M A ) /Silastic" 

a F i l m s were equilibrated with 0.01-3.3 m g / m l fibrinogen solution at 37°C for 20 hrs, 
rinsed b y dilution displacement for 60 sec, then soaked for at least 20 hrs. 

b T h e amount of fibrinogen remaining after the 20+ hrs soak div ided b y the amount 
present after the 60 sec rinse, times 100, gave the percent remaining, this was sub­
tracted from 100 to give the percent desorption for each film. Desorpt ion from a series 
of films exposed to various fibrinogen concentrations was measured, a n d the average 
and standard deviation of this series are listed. 

Material % Desorpiionb 

Silastic 
P o l y ( N V P ) / S i l a s t i c 
P o l y ( H E M A ) / S i l a s t i c 

13 ± 4 
22 =fc 8 
38 ± 7 
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246 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Table V . Fibrinogen Adsorption 

Adsorption from Buffer* μς/οηι2 

Material InitiaV Final9 

Silast ic ̂  
P o l y ( H E M A ) / S i l a s t i c * 
P o l y ( N V P ) / S i l a s t i c > ' 

0.78 
0.50 
1.50 

0.65 
0.30 
1.00 

" B u f f e r solution contained 0 . 0 1 M H E P E S , 0 .147M N a C l , 0 .02% sodium azide, 
p H 7.4. P l a s m a ( p H = 7.6) was obtained from citrated bovine blood b y centrifugation 
at 5 ° C and was stored frozen. A l l adsorption experiments were done at 3 7 ° C while 
rinsing was done at room temperature with buffer. 

b T h e saturation or plateau level adsorptions observed in 20-hr adsorption isotherm 
experiments are listed. T h e adsorption observed at the three highest fibrogen concen­
trations used in the adsorption isotherm (2.1, 2.7, and 3.3 m g / m l ) were averaged to 
obtain the listed value. 

c T h e final or equi l ibrium adsorption levels in time course experiments are listed. 
F o r Silastic, adsorption values obtained after 1 to 25 hrs were averaged to obtain the 
listed value. F o r poly ( H E M A ) / S i l a s t i c and poly ( N V P ) / S i l a s t i c , adsorption after 
8 to 45 hrs were averaged to obtain the listed value. 

Fibrinogen Adsorption from Plasma 

T h e use of hydrogel -coated materials i n contact w i t h b l o o d involves 
exposure to a complex mixture of proteins i n the p lasma. T h u s , a l though 
i t was shown that adsorpt ion of proteins onto p o l y ( H E M A ) f r o m buffer 
is in tr ins i ca l ly l ow, albeit not absent, the quest ion r e m a i n e d as to the 
performance of these materials i n contact w i t h b lood . F o r a var ie ty of 
reasons, i n c l u d i n g interference f rom ce l l adhesion a n d c lot t ing , i t is 
extremely diff icult to measure adsorpt ion of p lasma proteins f r o m b lood , 
so prote in adsorpt ion f r om c i trated bovine p lasma was per formed instead. 
T h i s approach seems suitable since a l l of the components most l i k e l y to 
affect the adsorpt ion of one pro te in—namely , the other prote ins—are 
present, a n d compet i t ion for adsorptive sites can occur. I n this respect 
w e f o l l ow Vroman 's p ioneer ing studies (16, 17, 18, 19, 20). Instead of 
us ing the antisera techniques of Vroman ' s group, however , h i g h specific 
act iv i ty rad io labe led fibrinogen was a d d e d to the p lasma i n smal l amounts 
to l abe l the p lasma fibrinogen poo l w i t h o u t significant per turbat ion of 
the total concentration of this or other p lasma proteins. T h i s approach 
provides a means for quant i tat ive measurement of adsorpt ion of this 
specific prote in i n the presence of compet i t ion f r om a l l other proteins. 
T h i s technique requires measurement of the total fibrinogen content i n 
the p lasma i n order to ca lculate the p lasma fibrinogen specific act iv i ty , 
but this is r ead i l y done b y establ ished enzymat i c technique (32). 

F i b r i n o g e n adsorpt ion f r om citrated b l o o d p lasma onto Si last ic , po ly -
( H E M A ) / S i l a s t i c a n d po ly ( N V P ) / S i l a s t i c have been measured twice 
w i t h two separate p lasma preparations made f rom the b l o o d of separate 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 247 

f r o m Buf f e r a n d P l a s m a 0 

Adsorption from Plasma,0 μς/cm2 

Experiment A d Experiment Be 

InitiaV 

0.063 
0.23 

Final9 

0.058 
0.052 

InitiaV 

0.11 
0.24 
0.43 

Final9 

0.098 
0.16 
0.20 

d T h e final fibrinogen concentration in this experiment was 1.50 m g / m l . T h e citrated 
plasma h a d been made 1.5 years prior to its use in this experiment a n d h a d been stored 
frozen in polyethylene bottles. 

e T h e final fibrinogen concentration in this experiment was 2.50 m g / m l . T h e citrated 
plasma had been made 1 week prior to its use in this experiment a n d h a d been stored 
frozen in polyethylene bottles. 

f Init ial adsorption was measured after a 1-min di lution displacement rinse. 
0 After the brief di lution displacement rinse, the films were soaked i n buffer for at 

least 20 hrs prior to re-counting to determine the listed final adsorption. 
h 10-mil thick medical grade silicone rubber sheets were obtained from D o w C o r n i n g . 

* 10-mil Silastic + 20 H E M A , 40 M e O H , 40 H 2 0 0 2 5 m r a ( | 5.8 m g / c m 2 , 3 1 % H 2 0 . 

' 10-mil Silastic + 20 N V P , 60 M e O H , 20 H 2 0 0 2 5 m m o ; 3.0 m g / c m 2 , 6 1 % H 2 0 . 

animals . C o m p a r i s o n of the results f r om the two p lasma pools is c o m p l i ­
cated b y the difference i n fibrinogen concentrations because of rout ine 
var iat ion i n fibrinogen levels between animals . T h u s , the first exper i ­
ments were done at 1.50 fibrinogen/ml w h i l e the second experiments 
were done at 2.50 m g fibrinogen/ml. B o t h these concentrations are h i g h 

Β • I WEEK OLD PLASMA; 2.50mg/ml FIBRINOGEN IN EQUILIBRATION 
A Ο 1.5 YEAR OLD PLASMA, 1.50 mg/ml FIBRINOGEN IN EQUILIBRATION 

Amount Adsorbed 
(yg/cm2) 

0.75 

050 Η 

0.25 

Time (Hours) 

Figure 7. Plasma fibrinogen adsorption onto poly(H EM A)/Silastic. Poly-
(HEMA)-grafted Silastic (ca. 5 mg/cm2) films were equilibrated in a plasma 
solution (containing 125I-fibrinogen) at 37°C for the time depicted and then 
rinsed briefly by the dilution displacement technique with 0.01M HEPES, 

0.147M NaCl, pH 7.4, and then counted. 
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248 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Ο 

Figure 8. Fibrinogen-albumin competition adsorption onto Silastic, poly(NVP)/ 
Silastic, and poly(H EM A)/Silastic. Untreated Silastic and films grafted with 
poly(NVP) (2.7 mg/cm2) or poly(HEMA) (5.8 mg/cm2) were equilibrated in 
solutions containing 0.01 mg fibrinogen/ml plus the concentration of albumin 
corresponding to the albumin/fibrinogen ratio depicted. The solvent was 
0.01U HEPES, 0.147M NaCl, 0.02% azide, pH 7.4. Equilibration was carried 
out at 37°C for 20 hrs and was ended by dilution displacement rinse with 
buffer. The films were further rinsed by soaking for at least 20 hrs prior to 

counting to determine the fibrinogen on the film. 

enough to cause m a x i m a l adsorpt ion i f the adsorpt ion were done f rom 
buffer, so one might expect l i t t le difference i n results between the two 
sets of experiments. F i g u r e 7 shows this to be the case. T h e final adsorp­
t ion onto p o l y ( H E M A ) / S i l a s t i c f r o m the two p lasma pools is v i r t u a l l y 
ident i ca l , b u t the final l eve l is reached more q u i c k l y i n exper iment B . 
T h e increased rate of adsorpt ion i n this experiment is at tr ibuted to the 
h igher fibrinogen concentrat ion i n this p lasma. 

T a b l e V shows that the amount of adsorpt ion onto Si last ic f rom 
p lasma is s ignif icantly depressed b e l o w its saturation va lue measured i n 
buffer presumably because of compet i t ion f r om other components of the 
p lasma. T h e difference i n adsorpt ion f r o m the two p lasma pools m a y 
result f rom the increased fibrinogen concentrat ion i n one p o o l w h i c h 
w o u l d a l l ow more effective compet i t ion for adsorpt ion onto Si last ic a n d 
result i n enhanced adsorpt ion. Since the adsorpt ion of fibrinogen onto 
p o l y ( H E M A ) / S i l a s t i c f r o m p lasma is not so greatly depressed relat ive 
to adsorpt ion f r om buffer (see T a b l e V ) , an increase i n p lasma fibrinogen 
concentrat ion m i g h t not have so large an effect on adsorpt ion onto p o l y -
( H E M A ) / S i l a s t i c as i t apparent ly does on adsorpt ion onto Si last ic itself. 
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11. H O R B E T T A N D H O F F M A N Adsorption onto Hydrogels 249 

I n any case, i t is clear that the m a i n findings i n the two p l a s m a exper i ­
ments are the same: fibrinogen adsorpt ion onto Si last ic f rom p lasma is 
less than onto po ly ( H E M A ) / S i l a s t i c , w h i c h is the reverse of the s i tuation 
for adsorpt ion f r om buffer, as T a b l e V shows. These results thus l ead to 
the conc lus ion that other p lasma constituents are very effective compet i ­
tors for fibrinogen adsorpt ion onto Si last ic w h i l e adsorpt ion of fibrinogen 
onto p o l y ( H E M A ) / S i l a s t i c f r o m p lasma a n d buffer is quant i tat ive ly a n d 
qua l i ta t ive ly m u c h more s imi lar . 

Competition Adsorption of Albumin and y-Globulin against Fibrinogen 

T h e reduced adsorpt ion of fibrinogen f r om p lasma onto Si last ic a n d 
p o l y ( H E M A ) / S i l a s t i c c ompared w i t h that f r om pure buffered saline so lu­
tions c o u l d be caused b y compet i t ion f rom other proteins for the adsorp­
t ion sites. A l b u m i n a n d γ-globulin are both present i n p lasma i n re lat ive ly 
h i g h concentrations (about 45 a n d 10 m g / m l , respectively, c ompared 
w i t h ca. 3 m g / m l for fibrinogen), so either m i g h t compete effectively 
w i t h fibrinogen for adsorpt ion. T o test this, mixtures of 1 2 5 I - f i b r inogen 

Δ 

y Globulin/Fibrinogen 

Figure 9. Fibrinogen-γ-globulin competition adsorption onto Silastic, poly-
(NVP)/Silastic, and poly(HEMA)/Silastic. Untreated Silastic and films grafted 
with poly(NVP) (2.7 mg/cm2) or poly(HEMA) (5.8 mg/cm2) were equilibrated 
in solutions containing 0.01 mg fibrinogen/ml plus the concentration of γ-glob­
ulin corresponding to the y-globulin/fibrinogen ratio depicted. The solvent was 
0.01M HEPES, 0.147M NaCl, 0.02% azide, pH 7.4. Equilibration was carried 
out at 37°C for 20 hrs and was ended by a dilution displacement rinse with 
buffer. The films were further rinsed by soaking for at least 20 hrs prior to 

counting to determine the fibrinogen on the film. 
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250 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

a n d a l b u m i n or γ-globulin were made i n various ratios a n d then a l l o w e d 
to equi l ibrate w i t h the film. I n this way , fibrinogen adsorpt ion ( as 1 2 5 I ) 
c ou ld be determined i n the presence of the other proteins. T h e results 
are presented i n F igures 8 a n d 9. T h e lower scales i n the figures are 
moles of p r o t e i n / m o l e of fibrinogen to a l l ow compar ison of the relat ive 
strength of compet i t ion of the proteins considered. T h e ha l f -po int for 
m a x i m u m fibrinogen adsorpt ion is reached at about 20 moles y - g l o b u l i n / 
mo le fibrinogen, b u t i t occurs at about 50 moles a l b u m i n / m o l e fibrinogen. 
R o u g h l y speaking, a l b u m i n is several f o ld less effective a competitor than 
γ-globulin is against fibrinogen for adsorpt ion sites onto Si lastic , po ly -
( H E M A ) / S i l a s t i c , or po ly ( N V P ) / S i l a s t i c ; bo th are adsorbed m u c h more 
w e a k l y than fibrinogen. 

T h e a l b u m i n a n d γ-globulin vs. fibrinogen experiments suggest that 
compet i t ion f rom these proteins m a y be a quant i tat ive ly dominant factor 
i n m o d i f y i n g surface adsorpt ion of fibrinogen f rom p lasma at n o r m a l 
concentrations of these proteins. T h e a l b u m i n / f i b r i n o g e n a n d γ ^ ΐ ο ο υ ΐ ί η / 
fibrinogen molar concentration ratios i n p lasma are approximate ly 100 
a n d 6, respectively. T h e compet i t ion experiments showed that about 
6 0 % a n d 3 0 % reductions i n p lasma fibrinogen adsorpt ion w o u l d be 
expected at these ratios of a l b u m i n a n d γ-globulin, respectively. T h e 
9 0 % reduct ion i n fibrinogen adsorpt ion expected f rom the c o m b i n e d 
competit ive effect of these two proteins is apparent ly reflected i n the 
r o u g h l y 9 0 % reduct ion i n fibrinogen adsorpt ion onto Silastic f r om p lasma 
i n comparison w i t h its adsorpt ion f rom buffer (see T a b l e V ) . H o w e v e r , 
neither prote in competed so dif ferently to Si last ic a n d p o l y ( H E M A ) / 
Si last ic as to account for the very different behavior of these surfaces 
t o w a r d fibrinogen i n p lasma a n d i n buffer. T h u s , the p lasma fibrinogen 
experiments as w e l l as the a l b u m i n a n d γ-globulin compet i t ion exper i ­
ments indicate the importance of as yet u n k n o w n factors i n signif icantly 
m o d i f y i n g fibrinogen adsorpt ion onto surfaces, a finding that agrees w i t h 
the observations of modi f icat ion of adsorbed fibrinogen b y p lasma factors 
i n Croman 's group (16,17, 18, 19, 20). L i p i d or l i p o - p r o t e i n interactions 
w i t h surfaces seem a l i k e l y area for research on this p r o b l e m especial ly 
since strong l i p i d interactions are expected w i t h si l icone rubber (33, 
34,35). 

C o m p e t i t i o n studies b y L e e et al. (30) complement those reported 
here. A d s o r p t i o n rates a n d m a x i m u m adsorpt ion levels were compared 
i n s ingle prote in solutions a n d a mixture of a l b u m i n , γ-globulins a n d 
fibrinogen but on ly one concentration rat io was used i n the mixture ( 0.25 
m g a l b u m i n / m l , 0.15 m g γ-globul in/ml , a n d 0.075 m g fibrinogen/ml). 
F i b r i n o g e n adsorpt ion onto Si last ic f rom the mixture was observed to be 
6 7 % of that for the fibrinogen adsorpt ion f rom a pure fibrinogen so lu­
t ion . U s i n g F igures 8 a n d 9 to pred ic t the amount of pure fibrinogen 
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11. HORBETT AND H O F F M A N Adsorption onto Hydrogels 251 

adsorpt ion onto Si lastic expected i n the mixture used b y L e e et al. (30) 
gives a figure of 6 0 % w h i c h is acceptable cons ider ing the different p r o ­
tein concentrations a n d buffers used i n the two studies. 

L e e et al. (30) observed effects attr ibutable to the mater ia l on i n i t i a l 
rates of adsorpt ion i n the mixture compared w i t h single prote in solutions. 
H o w e v e r , the final composit ion of the adsorbed prote in f r om the mixture 
was v i r t u a l l y the same on a l l three surfaces examined ( f luorinated 
e thy l ene /propy lene copo lymer ; segmented copo lye ther -ure thane -urea ; 
a n d Si last ic ) . I n the studies reported here no significant difference i n the 
compet i t ion curves of these same proteins has been observed for the 
three materials s tudied so far ( p o l y ( H E M A ) / S i l a s t i c , po ly ( N V P ) / S i l a s ­
t ic , a n d Silastic ). T h i s is interpreted to mean that there are n o significant 
compos i t ional differences among the prote in layers adsorbed onto these 
surfaces f rom a mixture . T h u s , for five chemica l ly rather diverse materials 
w h i c h represent a range of hydrophob i c a n d h y d r o p h i l i c inter fac ia l p r o p ­
erties, the composit ion of the prote in layer adsorbed f r om a mixture of the 
three dominant p lasma proteins appears to be very s imi lar . Specific, 
preferent ia l adsorpt ion of certain of the p lasma proteins is supported b y 
bo th studies since i n neither case was the adsorbed prote in layer d i rec t ly 
reflective of the composi t ion of the prote in mixture used i n adsorption. 
F i b r i n o g e n is greatly pre ferred b y a l l surfaces studied . H o w e v e r , this 
pre ferent ia l adsorpt ion does not appear to depend signif icantly on the type 
of mater ia l since the compet i t ion curves reported here a n d the final c om­
posi t ion of the adsorbed layer i n the study of L e e et al. (30) w e r e the 
same for each mater ia l tested. Properties specific to the proteins rather 
than to the surfaces seem to be the cause for the preferent ia l adsorpt ion 
of certain proteins b y these materials . T h e s imi lar i ty of these materials 
i n regard to prote in adsorpt ion is an interesting para l l e l to the very s imi lar 
degree of platelet adhesion observed for another equal ly diverse group of 
materials b y F r i e d m a n et al. (36). O n the other h a n d , the per formance 
of the materials s tudied here a n d b y L e e et al. (30) i n the vena cava r i n g 
test (14,37) is very different. Since the b l ood compat ib i l i t y of these mate­
rials is be l i eved to be determined b y the composi t ion of the adsorbed 
prote in layer (3, 38), these results raise several important questions. 

A s imple explanation for the s imi lar adsorpt ion characteristics of 
materials w i t h divergent chemica l a n d thrombogenic properties is that 
the tests used to d is t inguish the interactions of these materials w i t h 
proteins are too s imple and l i m i t e d i n scope. O n l y three of the large 
number of p lasma proteins were invo lved i n the two studies discussed. 
I n the w o r k reported here, differences have been noted i n the prote in 
adsorpt ion occurr ing f rom buffer, f rom s imple prote in mixtures, a n d 
f rom plasma. T h e p lasma results par t i cu lar ly stress the large gap i n our 
knowledge concerning other p lasma factors w h i c h influence adsorpt ion 
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252 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

of proteins since fibrinogen adsorpt ion f r o m p lasma onto Si last ic was de­
pressed ( re lat ive to adsorpt ion f r o m buffer) to a m u c h greater degree 
t h a n that onto p o l y ( H E M A ) / S i l a s t i c . T h e importance of other p lasma 
factors i n fibrinogen adsorpt ion is also c lear ly revealed b y the r a p i d 
modi f i cat ion of the ant igenic i ty of adsorbed fibrinogen b y exposure to 
p l a s m a (16 ) . S t i l l further compl icat ions m a y occur i n prote in adsorpt ion 
f r o m flowing, w h o l e b lood , the ac tua l condit ions under w h i c h the b l o o d 
compat ib i l i t y differences among materials are c l in i ca l l y important . D i f ­
ferences i n e q u i l i b r i u m prote in adsorpt ion onto different surfaces m a y 
be evident only under those complex but real ist ic c ircumstances. 

T h e different b l o o d compat ib i l i t ies of the materials s tudied here a n d 
b y L e e et al. (30) i n the in vivo G o t t r i n g test (14, 37), despite the s i m i ­
lar composi t ion of the adsorbed prote in layer, has other explanations. 
L i t t l e is k n o w n about the conf igurat ional state of the proteins on the 
materials s tud ied here a n d b y L e e et al. (30), so it is possible that d i f ­
ferences i n the degree of denaturat ion of the proteins on the different 
surfaces is a more important determinant of thrombogenic i ty t h a n s imple 
composi t ion . A l s o , on ly e q u i l i b r i u m adsorpt ion results have been dis ­
cussed, a n d i t is quite possible that the composi t ion of the adsorbed 
prote in layer d u r i n g the first f ew minutes is the c r u c i a l thrombogenic 
determinant (3). F i n a l l y , pro te in adsorpt ion as such is not a thrombo ­
genic event; i t is the interact ion of the prote in coated s o l i d / b l o o d inter ­
face w i t h other components of the b l o o d w h i c h m a y generate thrombosis 
on the surface. T h u s , a l though the amount of pro te in adsorbed, the c o m ­
posi t ion of this layer as a funct ion of t ime, and the conf iguration of the 
adsorbed proteins p r o b a b l y are a l l important parameters i n de termin ing 
the thrombogenic i ty of a mater ia l i n contact w i t h b lood , these factors are 
on ly contr ibutory to the m u c h more compl i ca ted overa l l interact ion of 
the interface w i t h b l o o d components w h i c h eventual ly m a y cause 
thrombosis . T h e relevance of prote in adsorpt ion measurements under 
the s imple condit ions so far s tudied to the overa l l interact ion remains to 
be established. 
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Fibrinogen, Globulins, Albumin and 
Plasma at Interfaces 

L. VROMAN, A. L. ADAMS, M. KLINGS, and G. FISCHER 
Veterans Administration Hospital, Brooklyn, New York 

Changes in plasma protein films preadsorbed and then 
exposed to plasma or deposited by plasma itself, onto vari­
ous surfaces were studied using ellipsometry and other 
techniques to observe film thickness, antigenicity, and ac­
tivity of adsorbates. Plasma deposited matter onto 7s 
gamma-globulins; if intact clotting factor XII was present 
in film or plasma, some removal followed from oxidized 
silicon substrate. Fibrinogen films were partially re­
moved and, as did globulin to some extent, lost their anti­
genicity on exposure to intact plasma even if lacking factor 
XII. Antigenicity was maintained if the substrate had been 
non-wettable. Albumin was not adsorbed out of plasma 
though it competed well against purified proteins. Glass 
preexposed to proteins adsorbed factor XII out of plasma. 

At an air interface, water arranges itself like a hydrophobic film ( 1 ) ; 
even in very dry air, a metallic surface will obtain such a low energy 

coat of water (2, 3). Coiled protein molecules also adhere to relatively 
simple, non-yielding surface (4) to display complex surface properties. 
Onto a hydrophobic solid they adhere with hydrophilic residues exposed 
to the aqueous phase while on a hydrophilic one their apolar residues 
will be exposed (5). However, the forces involved in adhesion to a 
simple surface such as Lucite may be far from simple (6). On more 
complex surfaces such as gels and cell membranes (7) and in multilayer 
adsorption (8), reaction rates will be incomputable. If only 14 residue 
segments of any protein molecule are involved in adsorption (9), the 
distortion needed to accomplish such adhesion must have varied and 
indirect effects (10 11, 12, 13, 14) rendering the adhering shape some­
times more, rather than less, antigenic (15,16) or changing its enzymatic 
activity which is especially sensitive to orientation (17). Neither a hard 
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256 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

surface such as g e r m a n i u m (18) nor a h y d r o p h o b i c one (19) need 
destroy the g lobular shape of the adsorbed prote in molecule . T h u s the 
ant igenic i ty of adsorbed antigen can be reta ined sufficiently for use i n 
immunoassays ( 20, 21) o n a var ie ty of h a r d , h i g h energy, materials a n d 
w i t h a variety of techniques such as a l l o w i n g water to condense on glass 
(22), e l l ipsometry on s i l i con crystals (23), or interference color pattern 
format ion on anod ized tanta lum (24). 

Effects of Adsorption on Plasmatic Clotting Factors 

I n b l o o d c lott ing, where ac t iv i ty rather than ant igenic i ty is i m p o r ­
tant, bo th the adsorbent a n d the adsorbate influence events. V a r i o u s 
proteo lyt ic enzymes become active i n c lo t t ing i f a l l o w e d to f o rm c om­
plexes w i t h the proper p h o s p h o l i p i d micel les (25). It is the arrangement 
of p h o s p h o l i p i d molecules that induces the r i ght pairs of proteinaceous 
c lott ing factors, I X w i t h V I I I a n d then X w i t h V , to combine forces at 
the interface. H e r e the enzymes (factors I X a n d X ) are h e l d at po lar 
groups w h i l e their cofactors ( V I I I a n d V ) are h e l d at apolar ones i n the 
mice l l e (26). Perhaps the i n i t i a t i n g factors X I I a n d X I of this c h a i n can 
interact at any interface that initiates c lot t ing (27), a l though pur i f i ed 
factor X I I , once act ivated, activates pur i f i ed factor X I w i thout f o r m i n g 
a funct iona l complex w i t h i t (28). H o w e v e r , under more phys io log i ca l 
condit ions things m a y be different. C o l l a g e n fa i l ed to cover itself w i t h 
c lo t -promot ing mater ia l w h e n exposed to p lasma that l a cked either factor 
X I I or factor X I ; i n add i t i on , the co l lagen molecule needed its negat ive ly 
charged groups as w e l l as its he l i ca l structure to activate the factors 
X I I a n d X I (29). 

Ramifications of Factor XII Activation 

A c t i v a t i o n of factor X I I leads to complex events (30) connect ing 
several areas of physio logy . Interfaces acc identa l ly in t roduced are some­
times ignored . F o r example, the surface of bacter ia m a y activate factor 
X I I (31) a n d thus be responsible for the finding that i m m u n e complex 
activates factor X I I d irect ly . There is the lack of strict specificity i n the 
actions of several enzymes. F o r example, factor X I I is needed for the 
conversion of p r e k a l l i k r e i n (perhaps ident i ca l w i t h F l e t cher factor ) to 
k a l l i k r e i n b y glass (32). T h e n conversion of k in inogen to k i n i n b y k a l l i -
k r e i n fo l lows; but several precursors m a y activate themselves as w e l l as 
others (33). 

T h e p a i n - p r o d u c i n g factor f o rmed b y d i l u t i n g p lasma m a y be i d e n t i ­
ca l w i t h act ivated factor X I I ( X l l a ) a n d splits into p r e k a l l i k r e i n act ivator 
w i t h factor X I I act iv i ty a n d some fragments (34). C o l l a g e n gains k i n i n -
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12. V R O M A N E T A L . Protein Interfaces 257 

generating ( k a l l i k r e i n - l i k e ) ac t iv i ty u p o n exposure to p lasma. M o s t 
significant however is that m a x i m a l ac t iv i ty is ga ined on shortest exposure 
(15 sec) to p lasma (35 ) . Yet , i n most laboratories the r e m o v a l of k i n i n o -
genase f rom p lasma b y quartz (36) or b y C e l i t e (37) is carr ied out 
w i thout consider ing that short rather than l ong exposure can be most 
effective. O n some surfaces n o r m a l p lasma deposits fibrinogen i n two 
seconds a n d converts it (renders i t unable any longer to attract matter 
out of ant i -human fibrinogen sera) w i t h i n twenty seconds i f the p lasma 
is intact ( h a d not been exposed to surface that activates factor X I I ) . 
F a c t o r X I I seems to have no role i n this convert ing act iv i ty , but on ly 
i n the presence of intact factor X I I d i d p lasma remove some of the 
converted matter (39). 

A n t i b o d y / a n t i g e n complex itself m a y not adsorb a n d activate factor 
X I I (31), b u t its format ion leads to act ivat ion of complement factor C 6 

w h i c h i n t u r n m a y activate c lo t t ing (40, 41). H e r e too, some products 
appear poor ly soluble a n d m a y offer p h y s i c a l interfaces rather than 
chemica l act iv i ty . 

F o r m a t i o n of the proteo lyt i c p lasma enzyme, p lasmin , out of its 
precursor, p lasminogen, by a d d i n g k a o l i n or chloro form to p lasma 
requires factor X I I (42) as w e l l as at least one cofactor. C h l o r o f o r m 
m a y w e l l create an insoluble prote in film at the p l a s m a / c h l o r o f o r m 
interface, again interposing more p h y s i c a l events. A t least one H a g e m a n 
factor cof actor has been pur i f i ed (43). I t is removed f r om p lasma b y 
act ivat ing powders such as glass a n d is perhaps responsible for the 
lysine esterase ac t iv i ty present i n unact ivated p lasma (44). T h u s , par ­
t i cular amounts of certain interfaces m a y s imultaneously a d d a n d remove 
enzyme activit ies. 

Relationships between Adsorption of "Plasma Proteins and 
Adhesion of Platelets 

Activation of Clotting and Adhesion of Platelets. It has been re­
por ted (45) that a l l uncharged h y d r o p h o b i c surfaces adsorb the same 
proteins f rom p lasma i n the same undestruct ive wa y , but the adsorbed 
proteins are yet unidenti f ied . 

A n experiment i n w h i c h a test tube first receives hemog lob in a n d 
then b l o o d has l e d to the proper conclusion that hemog lob in inhib i ts 
surface act ivat ion of c lot t ing (46), b u t a w i d e range of other par t ia l ly 
pos i t ive ly charged substances w i l l compete just as successfully for the 
negat ive ly charged act ivat ing sites on a so l id (47)—especially i f g iven 
a chance to get there before factor X I I does. B l o o d p lasma contains some 
components able to attach themselves to pos i t ive sites on col lagen, w h i c h 
then becomes unable to aggregate platelets (48). N o t on ly the po lar i ty 
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258 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

of surface groups (49) but also their ab i l i t y to act specif ically as a sub­
strate for a platelet enzyme must be essential i n b i n d i n g platelet surface to 
non-platelet surface (50). There fore the process w o u l d be affected b y 
specific rather than b y general properties of activators a n d inhib i tors . 
F o r example , on ly a specific group of l ipoproteins , perhaps b y m a s k i n g 
certa in sites on platelets, enhances their aggregation (51); certa in basic 
po lymers promote aggregation a n d the release of platelet m a t e r i a l but 
do require adenosine diphosphate ( A D P ) speci f ical ly (52 ) . It seems 
l i k e l y that a l l surface-related propert ies of platelets : adhesion, aggrega­
t ion , release ( 5 3 ) , a n d clot retract ion (54) have their o w n requirements . 
W h e r e adhesion or aggregation of platelets is f o l l owed b y release of 
c l o t t ing factor mater ia l , new pathways m a y lead to in i t ia t i on of c lot t ing 
w h i l e bypass ing factors X I I a n d X I (55, 56, 57). W i t h the v i e w to l i n k 
c lo t t ing a n d platelets w i t h thrombosis , efforts have been made to show 
that act ivat ion of factor X I I leads to platelet adhesion in vivo, but e v i ­
dence is s t i l l insufficient (58). A l so , other factors m a y precede factor X I I 
i n such a c h a i n ; F l e t c h e r factor deficiency is corrected in vitro b y ac t i ­
vated factor X I I (59), a n d perhaps this factor precedes factor X I I at 
the interface. Therefore , d iagrams of c lo t t ing m a y appear complete 
(60), bu t there is always>room at the top. E l sewhere , even a c o m m o n 
enzyme m a y penetrate the system; for example, t ryps in can activate 
factor XI (61). 

Adsorption of Other Proteins, and Adhesion vs. Aggregation of 
Platelets. W e have been interested i n proteins that p lasma m a y deposit 
a long w i t h factor X I I ( a n d perhaps F le t cher factor a n d factor X I ) on 
various surfaces. F i b r i n o g e n seems to p l a y a pecu l iar role (38, 39, 62-83). 
O n t o a glass- l ike suface, n o r m a l intact p lasma deposits factor X I I a n d 
fibrinogen w i t h i n a f ew seconds at a rate that seems independent of the 
partner protein's presence i n solut ion (62). Does either of these cause 
platelet adhesion in vitro or thrombosis in vivo? T h e properties of a 
surface that determine its thrombogenic i ty in vivo m a y not be re lated to its 
ab i l i t y to make platelets adhere in vitro. T o f o r m a thrombus, platelets 
must adhere to platelets (63). M u c h w o r k has been done to find a 
specific pro te in that w o u l d act as a glue on either the platelet or the 
so l id surface. Patients l a c k i n g fibrinogen congenital ly (64) or perhaps 
as a result of streptokinase injections (65) have platelets w i t h poor a d ­
hesion to glass, b u t these experiments fa i l ed to determine whether the 
glue prote in must be located on platelet or so l id . It m a y become active 
or adhesive under the inf luence of d istort ing forces at the interface (19, 
66). T h e distortions that proteins other than fibrinogen m a y undergo 
at the site of a w o u n d appear insufficient to cause platelet adhesion a n d 
aggregat ion: the b l eed ing t ime of af ibr inogenemia patients is pro longed 
a n d corrected b y in fus ion of fibrinogen (67). 
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12. V R O M A N E T A L . Protein Interfaces 259 

It has been suggested that cat ionic proteins—i.e., fibrinogen, factor 
X I I , a n d gamma-g lobu l ins—can a l l restore the aggregating ab i l i ty of 
washed platelets a n d do so b y r e d u c i n g the net negative charge on the 
platelet membrane (68). T h a t platelets w i l l also adhere to negat ively 
charged surfaces, such as those coated w i t h hepar in , is expla ined b y 
assuming that the hepar in i zed surface first adsorbs a prote in f rom the 
p lasma (69). Others have suggested it is fibrinogen especial ly w h i c h is 
needed for platelet aggregation (70, 71) bu t f ound that at least i n a 
solution conta in ing gelat in glass coated w i t h globul ins rather than w i t h 
fibrinogen caused platelets not only to adhere but then to release seroto­
n i n (72). Polystyrene i n two configurations appeared to adsorb more 
g l obu l in a n d hence cause more platelet aggregation i n one configuration 
than i n the other (73). S i m i l a r efforts to see i f conformation changes i n 
more natura l substrates, such as col lagen, fibrin, a n d fibrin-coated co l lagen 
(74) have significant consequences and have been unsuccessful. 

Adsorption of Proteins out of Plasma; Relationship of Their Fate 
to Adhesion of Platelets. Platelets suspended i n serum, the l i q u i d i n 
b l o o d left after c lo t t ing and therefore l a ck ing fibrinogen, or i n the p lasma 
of a patient suffering f rom af ibrinogenemia adhered on ly to glass that 
h a d adsorbed fibrinogen on it . T h e fibrinogen film c o u l d be deposited 
either b y exposure of the glass to fibrinogen solution, or to n o r m a l p lasma 
d u r i n g exposure of less than about 5 sec (75). L o n g e r exposure, causing 
the p lasma to convert the adsorbed fibrinogen, left a film to w h i c h p late ­
lets w o u l d no longer adhere. I n a range of 0.5 to 10 m g % (a n o r m a l 
value be ing about 300 m g % ), increased concentrat ion of fibrinogen i n 
p lasma was reflected b y increased numbers of platelets per u n i t surface 
area of glass f ou nd to adhere (76). Platelets adhered more on co l lagen 
i n presence of l o w concentrations of fibrinogen than of other proteins 
tested (77), though a l b u m i n at phys io log i ca l concentrations (about 10 
times those of fibrinogen) was also effective. W h i l e A D P was f o u n d 
necessary for fibrinogen to cause platelet aggregation, i t was not needed 
for adhesion (78). T h i s is evidence that a difference exists between 
platelet-to-platelet a n d platelet-to-sol id adhesion. 

C o u l d platelet surface fibrinogen f o rm dimers w i t h fibrinogen 
adsorbed elsewhere? Platelets do adsorb fibrinogen; bo th in vivo a n d 
in vitro. T h e less dense ones adsorb most (79), b u t the ir ab i l i t y to 
adsorb injected fibrinogen in vivo at a l l w o u l d suggest a r a p i d t u r n ­
over on the platelet membrane. A l so , the amounts of fibrinogen 
that w i l l a i d aggregation p r o v o k e d b y other means are very smal l (77, 
80). F u r t h e r studies are r e q u i r e d to assemble these facts into a coherent 
theory. C e r t a i n platelets under certain condit ions w i l l adhere to fibrino-
gen-coated surfaces w i thout releasing their aggregating mater ia l , w h i l e 
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260 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

on gamma-g lobul in -coated surfaces release, a n d then aggregation w i l l 
f o l l o w (81). Platelet fibrinogen be ing somewhat different f rom p lasma 
fibrinogen (82) a n d occurr ing most ly i n platelet granules (83) m a y 
behave u n l i k e the fibrinogen w e w o r k w i t h or m a y not be avai lab le to 
react at a l l . G a m m a - g l o b u l i n s adsorbed onto latex (84) or glass (72) 
caused platelet aggregation, b u t on glass this was true only i f the platelets 
were suspended i n an unphys io l og i ca l m e d i u m . I n the ir o w n p lasma, 
they adhered , though wi thout aggregating, to fibrinogen-coated surfaces. 

Since a l l of these proteins are avai lab le to the platelets i n their native 
m e d i u m ( the p lasma ) itself, such a pro te in ( as w e l l as any specific p late ­
let enzyme substrate) w o u l d have to change considerably to become a 
glue. Perhaps the n o r m a l l y d isso lved molecules s i m p l y become abnor­
m a l l y concentrated, or iented, or p a c k e d at the so l id interface, or they 
undergo a change i n conformation forc ing them to expose something 
attractive. F o r example , as c lo t t ing fo l lows surface act ivat ion of factor 
X I I , so a cha in of reactions can f o l l ow the format ion of a complex be­
tween antigen ( such as a fore ign prote in ) a n d ant ibody. Platelets 
adhere to a surface that has been exposed to such i m m u n e reactions (85) 
once complement component C 3 h a d jo ined. W h e n complement c om­
ponent C 6 also jo ined, the platelets lysed (86). O n the other h a n d , no 
complement was needed for gamma-g lobul ins on latex to make platelets 
release their nucleotides (87); the g lobul ins h a d mere ly to be i n the 
adsorbed state. W h e t h e r or not the complement components themselves 
are st icky, i t has seemed that only those surfaces able to activate the 
c h a i n of complement reactions can cause platelets to aggregate a n d 
release matter (88, 89). 

T h e platelet enzymes i n v o l v e d (90), the complex i ty of their inter ­
actions a n d of others (91), a n d their relat ionships, bo th phys io log i ca l ly 
a n d perhaps phi logenet i ca l ly , w i t h the reactions of certain w h i t e b l o o d 
cells (90, 92) he lp us to see platelets as l i v i n g partic les . T h e i r aggrega­
t i on is used as a quant i tat ive a i d i n immunoassay (93) i n a technique 
that m a y w e l l be app l i cab le to quant i tat ion of heat aggregatable g a m m a ­
globul ins (94) a n d of specific i m m u n o g l o b u l i n G (95 ) . 

The Search for Surfaces to Which Platelets Will Not Adhere 

I t is desirable to find a s imple surface property that w i l l i n d u c e an 
equa l ly s imple a n d hence pred ic tab le behavior of p lasma a n d its proteins 
a n d then of b l o o d a n d its platelets. A r e s imple guidel ines for b u i l d i n g 
non-thrombogenic materials avai lab le or even possible? W e t t a b i l i t y 
(96), flow (97, 98, 99,100), a n d the effects of a i r / l i q u i d interfaces (101 ) 
a l l seem to be re lat ive ly s imple , p h y s i c a l factors w i t h a clear effect on 
platelet adhesion. P h y s i c a l , h y d r o p h o b i c bond ing , e.g., a force imposed 
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12. V R O M A N E T A L . Protein Interfaces 261 

b y the complexit ies of water , m a y be i n v o l v e d i n platelet aggregat ion 
(102) as w e l l as i n adhesion. C h a r g e distr ibut ions on the platelet surface 
are p r o b a b l y also r e q u i r e d (103) a n d m a y w e l l be so specific that they 
act rather l i k e chemica l ly acute a n d d i s c r iminat ing sense organs w i t h the 
ab i l i ty to receive a sharp image of their na tura l w o r l d a n d of its abi l i t ies 
to change. F o r platelets not to adhere, aggregate, a n d cause thrombosis , 
a non-thrombogenic surface m a y have to react as w e l l as look n a t u r a l 
(104). H e p a r i n has been thought a n a t u r a l ant i thrombot i c surface con­
stituent, bu t o n a surface this ant icoagulant m a y cause more rather than 
less adsorpt ion of proteins a n d act ivat ion of factor X I I (105), depend ing 
on the substrate car ry ing the h e p a r i n (106). 

A l b u m i n . T h i s prote in m a y f o rm a more non-thrombogenic surface 
than does hepar in . It is the most abundant p lasma prote in . A l b u m i n s 
have been s tudied extensively i n surface chemistry laboratories. B o v i n e 
serum was f o u n d to be adsorbed most strongly onto h y d r o p h o b i c surfaces 
(107) a n d i n t u r n b inds aromatic compounds most ly b y h y d r o p h o b i c 
b o n d i n g (108). U n d e r a var ie ty of condit ions, platelets do not adhere 
to a lbumin-coated glass (72, 75), but the h y d r o p h o b i c nature per se of 
the a l b u m i n film fac ing the platelets m a y not be responsible. A l b u m i n 
f o rming a protect ive coat ing on platelets i n certa in experiments (109) 
m a y do so b y us ing h y d r o p h o b i c b o n d i n g precisely to adhere to the 
platelet membrane . C o n s i d e r i n g the h i g h concentrat ion of a l b u m i n i n 
p lasma, a n d the h i g h ava i lab i l i t y of its hydrophob i c , though perhaps 
often occup ied , sites, our observation that p lasma never deposited 
a l b u m i n even onto h y d r o p h o b i c surfaces (23, 38, 110, 111, 112, 
113, 114), is surpr is ing . 

Present Efforts to Unravel Interactions Among Plasma 
and Its Proteins at an Interface 

It is clear that : a ) p lasma deposits several proteins onto one mater ia l ; 
b ) i t then affects each deposited prote in dif ferently; c ) neither compet i ­
t ion among these proteins for a surface nor their subsequent fate i n the 
p l a s m a / s o l i d interface is s imply phys i ca l . T o separate these over lapp ing 
events, each pur i f i ed prote in type was pre-adsorbed s ing ly onto a very 
s imple surface a n d then exposed to p lasma. T h e results were recorded 
i n terms of thickness a n d ant igenic i ty . T h e sequences were p u t together 
to m o d e l the behavior of who le p lasma meet ing this s imple surface. O n e 
such surface was that of an acid-treated s i l i con crysta l slice. I t also 
served to answer questions such as: does a l b u m i n compete as poor ly 
against separate proteins as i t does i n w h o l e p lasma? D o h i g h l y charged 
molecules such as hepar in affect the fate of pre -adsorbed prote in films? 
A s i n the past (22, 23, 24, 38, 75, 106, 111, 112, 113, 114), our methods 
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262 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

in c lude e l l ipsometry , anod i zed tanta lum interference color observation, 
water vapor condensation pattern a n d Coomassie B l u e studies, adhesion 
of platelets, a n d the ab i l i ty of p lasma deposits to correct the c lo t t ing of 
factor X I I deficient p lasma. T h e latter two methods m a y give a measure 
of the significance of a deposit to platelets a n d c lot t ing under our exper i ­
m e n t a l condit ions. 

A l t h o u g h the data show a re lat ionship between the ab i l i ty of a sur­
face to adsorb fibrinogen out of p lasma, the plasma's i n a b i l i t y to convert 
this fibrinogen, a n d the tendency of platelets to adhere, i t does not con ­
firm that adsorpt ion of fibrinogen must precede adhesion of platelets to 
a l l k inds of surface, or that surfaces w h i c h adsorb fibrinogen under these 
condit ions w i l l be b a d biomaterials in vivo as heart valves, b l o o d vessels, 
or canulae, or ex vivo as art i f i c ia l k i d n e y membranes—even though the 
latter are most l i k e l y to be i m p e d e d b y any adsorbate. 

D a t a presented here represent most ly single observations further 
supported i n subsequent modif ications of each experiment. Because 
e l l ipsometry recordings are t ime consuming , a number of variables , such 
as p H a n d composi t ion of buffer solut ion, have been kept constant. 

Experimental 

M a t e r i a l s . T h e materials used i n these experiments are l is ted w i t h 
their source a n d preparatory details. 

S i l i c on crysta l slices, η-type, ox id ized ( S i O ) , are used as descr ibed 
(23 ) . A n o d i z e d tanta lum sputtered glass ( T a O ) was obta ined f rom 
M i l l i s Research, M i l l i s , Mass . Buffer ( V S ) , isotonic V e r o n a l so lut ion was 
adjusted to p H 7.4 a n d d i l u t e d 1:4 w i t h 0 .85% N a C l . 15 m l were used 
per el l ipsometer cuvet. A l b u m i n , h u m a n , crysta l l ine , 1 0 0 % ( M a n n R e ­
search L a b s . , N e w York , Ν. Y . ) , was prepared i n solut ion of 2 m g / m l V S . 
0.2 m l were used per experiment. F i b r i n o g e n , h u m a n , l y o p h i l i z e d , p las -
minogen-free, prote in 9 6 % clottable conta in ing 0 .4% sod ium citrate and 
0 .9% N a C l ( f rom A l a n J . Johnson : N e w Y o r k U n i v e r s i t y ) was prepared 
as 3 m g / m l V S . 0.4 m l was used per experiment unless otherwise i n d i ­
cated. F r a c t i o n I ( f ibr inogen) , h u m a n ( M a n n Research L a b s . ) was pre­
pared i n so lut ion of 3 m g / m l V S a n d 4 m l was a d d e d per experiment. 7s 
gamma-g lobul ins , h u m a n , chromatographica l ly isolated 1 0 0 % ( M a n n 
Research L a b s . ) i n concentrat ion of 8 m g / m l V S ; 0.2 m l was a d d e d per 
experiment. F r a c t i o n I I I - I , h u m a n ( H y l a n d - d i v . of T r a v e n o l , C a l i f . ) i n 
concentrat ion of 3 m g / m l V S ; 0.2 m l was a d d e d per experiment. , 

E p s i l o n - A m i n o - n - C a p r o i c A c i d ( E A C A ) , C P . , homogeneous ( M a n n 
Research L a b s . ) i n concentrat ion of 0 . 1 M ; 0.4 m l per experiment was 
added . P lasminogen, h u m a n , pur i f i ed ( M a n n Research L a b s . ) i n concen­
trat ion of 1 m g / m l V S (15 R P M I u n i t s / m g ) ; 0.4 m l was a d d e d per 
experiment. A p p r o x i m a t e l y 4 4 - 4 5 uni t amounts (d isso lved i n V S ) of 
Streptokinase ( S K ) , 100,000 Christensen u n i t s / v i a l . 0.1 m g = 400 units 
( L e d e r l e Laborator ies ) was used per experiment. T r y p s i n Inh ib i tor , 
Soybean ( S B T I ) , chromatographic ( component V I , salt free, l y o p h . ) , 
10,000 B A E E units of i n h i b i t i o n per m g ( M a n n Research L a b s . ) , was 
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12. V R O M A N ET A L . Protein Interfaces 263 

prepared as 2 m g / m l V S . P l a t e l i n ( G e n e r a l Diagnost ics D i v . of W a r n e r -
C h i l c o t t , M o r r i s P la ins , N . J . ) was used as d i rec ted b y the manufacturer . 

Stock so lut ion of Coomassie B r i l l i a n t B l u e R ( S i g m a C h e m i c a l C o . , 
St. L o u i s ) was prepared b y d isso lv ing 2.5 m g i n 50 v o l % methano l a n d 
10 v o l % acetic a c i d q.s. to 100 cc. F o r s ta ining , the stock was d i l u t e d 
20-fold w i t h a so lut ion of 40 v o l % methanol , 5 v o l % acetic a c i d , a n d 
2.5 v o l % glycero l . H e p a r i n , N a , 100,000 internat ional u n i t s / g m ( K & K 
L a b s . , N e w York , Ν. Y . ) i n concentrat ion of 14 m g / m l V S ; 0.1 m l was 
a d d e d per experiment. 

Pro tamine (Sa lmine sulfate) ( P S ) ( G e n e r a l B iochemica ls , C h a g r i n 
F a l l s , O h i o ) i n concentrat ion of 2 m g / m l V S ; 0.4 m l was a d d e d per 
experiment. 

N o r m a l intact p lasma, col lected i n 0.1 vo l . A C D , rendered platelet -
poor b y centr i fugat ion, a n d stored i n polystyrene tubes ( F a l c o n Plastics 
D i v . , Bec ton , D i c k i n s o n , & C o . , O x n a r d , C a l i f . ) at —40°C was used w i t h i n 
4 hrs after t h a w i n g . 

A c t i v a t e d p lasma was prepared b y exposing n o r m a l intact p lasma to 
60 m g Speedex ( G r e a t Lakes C a r b o n C o r p . , L o s Ange les ) per m l p lasma 
for 10 m i n , centr i fug ing , a n d co l lect ing the supernatant. F a c t o r X I I -
deficient p lasma was col lected i n a 3 % sod ium citrate f rom a pat ient w i t h 
severe factor X I I deficiency. 

N o r m a l serum was poo led f r om n o r m a l donors, stored for several 
hours at 3 7 ° C , a n d frozen i n glass tubes. R a b b i t antisera to the f o l l ow ing 
h u m a n proteins : F r o m H y l a n d , antisera to a l b u m i n ( l i s t #071 -107 ) , 
fibrinogen ( l ist #071 -108 ) , h u m a n fract ion I I I - I ( l i s t #071 -103 ) , 
β-lipoproteins ( l i s t #071 -113 ) , h u m a n serum ( l i s t # 0 7 1 - 1 2 1 ) , F a b 
(071-258) , F c (071-259). F r o m M a n n Research L a b s . , antisera to 7s 
gamma-globul ins (cat. # 2 3 1 ) a n d tota l gamma-globul ins (cat. # 8 0 9 0 ) . 
F r o m Hoechst , W o o d b u r y , Ν. Y . : ant iserum to p r e - a l b u m i n (code 
# 8 5 0 6 ) . 

Techniques. E l l i p s o m e t r y was carr ied out as fo l lows : an S i O crystal 
slice covered w i t h test mater ia l is p l a c e d i n 15 m l V S w h i c h is st irred b y 
ver t i ca l mot ion a n d kept at 37 °C . Readings are taken, a n d the re cord ing 
was started. Of ten , 0.1 m l n o r m a l intact p lasma is a d d e d to the V S , a n d 
the mixture is rep laced b y fresh V S twice , after 2 m i n , a n d i n other series 
after 45 m i n . Readings are repeated, a n d the differences between first 
( b lank ) a n d second readings of m i n i m u m l ight t ransmit t ing positions of 
the analyzer ( for the el l ipsometer w i t h quarter wave p late p l a c e d after 
reflecting surface) or po lar izer ( for the el l ipsometer w i t h quarter wave 
plate p l a c e d before reflecting surface) is reported. 0.1 m l of ant i -human 
fibrinogen, ant i -human 7s gamma-globul ins or ant i -human a l b u m i n serum 
is added , f o l l owed 45 m i n later b y rep lac ing cuvet contents w i t h 
fresh V S , a n d readings are taken. V a r i o u s sequences of the antisera a d d i ­
tions were used since w e f ou n d ant igenic i ty of a prote in film m a y be 
destroyed b y exposing i t to a non-match ing ant iserum. T h e final a n t i ­
serum was one against total h u m a n serum. 

T a O interference colors are observed on a 1 X 3- or 2 X 3- inch T a O 
slide covered w i t h test mater ia l . Some V S is d r o p p e d on the sl ide a n d 
some n o r m a l intact p lasma is p laced into this drop . A f t e r 10 m i n , another 
drop of V S is p laced elsewhere on the sl ide a n d permit ted to r u n into the 
V S - p l a s m a mixture . A s soon as the drops flow together, the entire sl ide 
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264 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Table I. Behavior of Normal Intact Plasma at 7s 

Normal Intact Plasma 

Top Bottom 

Exp. time time 
No. Globulin min meas. min meas. EACA SK 

1 2.30 10 0.97 — — — — 
2 2.85 15 1.18 — — — — 
3 2.91 20 1.10 — — — — 
4 2.93 10 1.60 180 - 1 . 8 6 — — 
5 2.81 10 2.28 210 - 1 . 9 3 — — 
6 2.25 20 0.87* 40 - 1 . 0 2 — — 
7 2.04 — 1.21* 150 - 0 . 7 3 — — 
8 2.48 25 1.44 c — — — — 
9 2.23 60 1.67 c 120 - 0 . 3 9 — — 

10 3.09 10 1.13 220 - 1 . 2 4 — — 
11 2.33 45 0 .38 d — — — 0.15 
12 2.39 10 1.24 20 - 0 . 0 9 e - 0 . 5 4 — 
13 2.94 20 1.36 140 - 1 . 0 8 — — 
14 2.46 20 1.43' 180 - 0 . 8 9 — — 
15 1.83 2 0.26 — — — — 

α Plasma premixed 1:1 with SK . 
6 Plasma premixed 1:2 with E A C A . 
c Plasma premixed 1:1 with PS (1 mg/ml VS). 

30 60 90 
MINUTES 

Figure 1. Tracing of ellipsometer recording, starting when 0.1 ml 
normal intact plasma had been added to the 15 ml buffer containing 
a slice of oxidized silicon on which 7s gamma-globulins had been 

adsorbed. 
Curve shows adsorption of about 60 A , followed by desorption. Between 
R and R, curve was reversed by reversing analyzer deviation from minimal 

light transmitting position. 
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12. V R O M A N E T A L . Protein Interfaces 265 

G a m m a - G l o b u l i n - C o a t e d O x i d i z e d S i l i con Surfaces 

Normal Intact Plasma 

Top Bottom 
Antiserum To 

time time Glob- Fr. Fibrino- Plas-
min meas. min meas. SK ulin llli gen minogen 

— 3.92 
— 2.81 

- 0 . 2 9 — 

10 0.50 840 - 0 . 6 6 — 1.31 
10 1.01 35 - 0 . 0 9 - 1 . 6 6 — 
10 0.62 840 - 0 . 8 4 
12 1.04 100 - 0 . 0 7 - 0 . 0 7 — 
10 0.25 60 - 0 . 4 1 

0.21 
d Plasma premixed with antiplasminogen. 
e Cuvet contents changed 10 min after the start of removal. 

/ Plasma premixed 1:1 with soybean trypsin inhibitor (2 mg/ml VS). 

is r insed w i t h more V S a n d then w i t h d i s t i l l ed water after w h i c h i t is 
a l l owed to d r i p dry . T h e sl ide thus consists of 2 areas, one area where 
p lasma only res ided a f ew seconds or less a n d another where i t res ided 
for 10 m i n . O n bo th areas, drops of various antisera are p laced , r insed 
off w i t h V S , a n d then w i t h water after 1 or 2 m i n . O n bare T a O surfaces, 
the interference colors of natura l , ver t i ca l ly ( n o r m a l ) reflected l ight are: 
bronze for the untreated surface, r edd i sh p u r p l e for surface exposed to 
p lasma or prote in , a n d deep vio let for sites where m a t c h i n g antisera h a d 
resided. O n T a O surfaces pretreated w i t h a b i omater ia l w h i c h itself 
causes a shift i n color, a shift t o w a r d b lue w i l l be noted i n subsequent 
deposits. 

Glass surfaces were used i n the same manner as were T a O surfaces. 
These surfaces were observed for a n t i g e n / a n t i b o d y react ion sites either 
b y vapor pattern technique or b y staining. W a t e r vapor pattern al lows 
detect ion of wettable react ion sites, as reported (22 ) . 

F o r sta ining, slides are covered w i t h Coomassie B r i l l i a n t B l u e R 
solut ion w h i l e w e t a n d r insed w i t h water 5 m i n later. D r i e d surfaces 
were p laced face d o w n on y e l l o w paper for observation. 

Results and Discussion 

E l l i p s o m e t r y D a t a . M o s t experiments were carr ied out i n 15 m l of 
V S at 3 7 ° C on S i O surfaces. Va lues i n the tables usual ly represent single 
experiments; exceptions are noted. I n a l l tables values are g iven i n chron ­
o log ica l sequence of addit ives f r o m left to r ight . T h e readings represent 
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266 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Table II. Behavior of Factor XII Deficient and of Activated 

Normal Intact 
Plasma XII-Deficient Plasma 

Top Top Bottom 

Exp. Glob­ time time time 
No. ulin min meas. min meas. min meas. 

1 2.83 10 0.84 10 0.06 220 - 0 . 8 1 
2 2.90 5 1.12 — — — — 
3 2.60 — — 10 1.38 120 - 0 . 1 7 
4 2.36 — — 10 1.42* 110 - 2 . 8 0 

— — — 10 2.39 6 110 - 0 . 1 5 
5 2.34 — — — — — — 
6 2.93 — — — — — — 

° Streptokinase (44-45 u) added to the plasma without rinsing after the curve 
leveled off. 

(44-45 u) 

a peak or e q u i l i b r i u m point . W h e n recordings showed a down-slope, 
suggesting desorption, the po lar izer or analyzer ( d e p e n d i n g o n the e l l i p ­
someter used) was t u r n e d b e y o n d its m i n i m u m l i ght t ransmit t ing pos i ­
t ion to a po int where the recorder p e n h a d been immediate ly before. 
T h e angle of the element was noted a l l o w i n g add i t i ona l checks of op t i ca l 
thickness change as w e l l as reversal of the curve i f true desorption was 
t a k i n g place . Curves are not reversed b y this m a n i p u l a t i o n but continue 
to drop i f an air b u b b l e or an increase i n t u r b i d i t y of the so lut ion were 
the cause. 

Types of antisera were a d d e d i n different sequences f o l l o w i n g other­
wise ident i ca l experiments, e.g. i n T a b l e V I , E x p . N o . 1, anti - f ibrinogen 
preceded ant i -g l obu l in serum, a n d i n E x p . N o . 2 the sequence was re­
versed. O n the basis of previous cal ibrations w i t h step-coated surfaces 
(110), the entries expressed i n degrees can be m u l t i p l i e d b y about 30 to 
obta in thickness i n angstroms for a refractive index of about 1.60. 

B E H A V I O R O F P L A S M A A T 7s G A M M A - G L O B U L I N - C O A T E D O X I D I Z E D S I L I ­
C O N . F i l m s of 7s gamma-globul ins were prepared i n the el l ipsometer cuvet 
w h i l e recording , b y add i t i on of 0.4 m l of 8 m g g l o b u l i n per m l V S to the 
15 m l V S i n the cuvet conta in ing the S i O slice. A f t e r 90 m i n the solut ion 
was rep laced three times b y fresh V S , a n d readings were done w h e n the 
temperature ( 3 7 ° C ) h a d come to e q u i l i b r i u m . F i l m s were about 2° to 3° 
th i ck (see Tables I - I V ) . O n t o these, 0.1 m l n o r m a l intact p lasma depos­
i t e d about 1° to 2° of matter w i t h i n about 10 m i n after i t h a d been 
a d d e d to the V S ( T a b l e I , E x p . N o . 1 -7 ) , a n d then removed near ly a l l 
a n d sometimes more than i t h a d deposited ( E x p . N o . 4 - 7 ) . A t rac ing of 
an ac tua l r e cord ing is shown ( F i g u r e 1 ) . Another add i t i on of p lasma 
recreated to some degree this adsorpt ion a n d desorpt ion sequence ( E x p . 
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12. V R O M A N E T A L . Protein Interfaces 267 

P l a s m a at 7s G a m m a - G l o b u l i n - C o a t e d O x i d i z e d S i l i con Surfaces 

Normal Activated Plasma Normal Intact Plasma 

Τον Bottom Τον Bottom Anti-7s 
Gamma-

time time time time Glob-
min meas. min meas. min meas. min meas. ulin 

10 0.61 180 - 0 . 9 4 — — — — — 
— — — — 10 0.44 840 - 1 . 9 3 — 
— — — — — — — — 0.27 
— — — — — 0.00 — — — 
120 1.42 — 0.00 — — — — — 

10 1.57 120 - 0 . 2 5 15 0.44 120 - 0 . 7 7 1.97 
b Plasma premixed 1:1 with SK. 

Figure 2. Tracing of ellipsometer recording; uneventful sections omitted. To 
buffer containing oxidized silicon slice on which 7s gamma-globulins had been 
adsorbed, 0.1 ml of normal activated plasma was added at A, causing adsorption. 
After 135 min, removal still being minimal, cuvet contents were replaced twice by 
fresh buffer, and at B, 0.1 ml intact plasma was added, resulting in removal. R: 

reversal (see Figure 1). 

N o . 1 0 - 1 4 ) . N e i t h e r streptokinase nor 2 A C A appeared to affect this 
event (exp. no. 6 a n d 7 ) ; therefore, i t seems neither act ivat ion nor 
i n h i b i t i o n of p l a s m i n inf luenced this desorption. P l a s m i n per se m a y not 
be i n v o l v e d i n i t at a l l . Pro tamine sulfate d i d i n h i b i t i t ( E x p . N o . 9; also, 
see b e l o w a n d T a b l e I V ). 

F a c t o r XII -de f i c ient p lasma, l i k e n o r m a l p lasma, d i d deposit matter 
onto the gamma-g l obu l in films but was unable to remoVe it ( T a b l e I I , 
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268 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Table III. Behavior of Variously Anticoagulated Plasmas at 

Normal Intact Plasma 

Citrated 

Top Bottom 

Exp. time time 
No. Globulin min meas. min meas. 

1 2.75 1.63 — - 0 . 9 8 
2 2.94 20 1.36 240 - 1 . 0 8 
3 3.09 10 1.13 220 - 1 . 2 4 
4 2.81 — — — — 
δ 3.12 — — — — 
6 26.3 — — — — 

E x p . N o . 3 ) . H o w e v e r , i t d i d remove matter left b y n o r m a l p lasma on 
br ie f contact w i t h a g l o b u l i n film ( T a b l e I I , E x p . N o . 1 ) . I n this aspect, 
n o r m a l act ivated p lasma behaved l ike factor X I I deficient p l a s m a ( E x p . 
N o . 5 a n d 6 vs. E x p . N o . 2 ) (see F i g u r e 2 ) . Streptokinase p r e m i x e d w i t h 
factor ΧΙΙ-deficient p lasma caused i t to remove a very large amount of 
matter after depos i t ing some ( E x p . N o . 4 ) , p robab ly b y ac t ivat ing plas­
minogen i n the p lasma. T h e ant igenic i ty of the u n d e r l y i n g g l o b u l i n was 
destroyed b y this act iv i ty ( compare E x p . N o . 4 a n d 6 ) . 

T h u s i t appears that something intact is needed either w h i l e p lasma is 
f o r m i n g its deposit or later w h i l e the deposit is exposed to p lasma, to 
a l l ow remova l other than b y p lasminogen act ivat ion . T h e i n a b i l i t y 
of act ivated p lasma to remove its o w n deposit on the g l o b u l i n films 
suggests that proteo lyt i c ac t iv i ty , created b y the act ivat ion, was not the 
desorbing agent. It also suggests that a cofactor of factor X I I m a y have 
been removed b y act ivat ion a n d is at least co-responsible for the desorbing 
ac t iv i ty of intact p lasma (42). 

Table IV. Effects of Protamine Sulfate and of Heparin 

Exp. 
No. Globulin PS Heparin Globulin 

1 2.77 0.07 — — 
2 2.34 0.14 — — 
3 2.65 0.04 — 0.76 
4 2.41 0.14 — 0.66 
5 2.43 0.21 — 0.91 
6 2.85 0.10 - 0 . 2 5 0.54 
7 2.68 0.06 0.02 0.25 
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7s Gamma-Globulin-Coated Oxidized Silicon Surfaces 

Normal Intact Plasma 

Heparinized 

Top Bottom 

time 
min meas. 

time 
min meas. 

EDTA 

Top 

time 
min meas. 

Bottom 

time 
min meas. 

10 1.72 240 1.18 — 
— 2-10 
— 10 

0.32 
0.44 

120 - 0 . 1 7 
60 - 0 . 7 7 

N e i t h e r the presence of h e p a r i n nor that of E D T A i n solut ion i n ­
h i b i t e d desorption b y intact p lasma ( T a b l e I I I ) . O n the other h a n d , 
w h e n a pre formed g l o b u l i n film was first exposed to protamine sulfate, 
though this exposure affected film thickness very l i t t le ( T a b l e I V ) , nor ­
m a l intact p lasma c o u l d no longer remove matter but on ly deposit i t 
( T a b l e I V , E x p . N o . 2 ) . 

T h e matter deposited b y n o r m a l p lasma onto g l o b u l i n films that h a d 
( T a b l e I V , E x p . N o . 1 ) or h a d not been pre-exposed to protamine sulfate 
(not l isted) d i d not adsorb matter out of ant i -human fibrinogen serum 
a n d therefore was probab ly not fibrinogen. 

W h e n exposure of a g l o b u l i n film to protamine sulfate was f o l l owed 
by renewed exposure to g l obu l in , more of the latter was deposited after 
w h i c h n o r m a l intact p lasma w o u l d deposit more matter but remove l i t t le 
( T a b l e I V , E x p . N o . 4 a n d 5 ) . If, however , exposure of the g l o b u l i n film 
to protamine sulfate was f o l l owed b y exposure to h e p a r i n ( E x p . N o . 6 a n d 
7) again causing m i n i m a l changes i n film thickness, the resul t ing surface 

on 7s Gamma Globulin and its Interaction with Plasma 

Normal Intact Plasma 

Top Bottom Antiserum to 

time min meas. time min meas. Fibrinogen Globulin 

2 0.15 — — 0.20 2.30 
10 1.84 180 - 0 . 0 9 — — 

10 1.64 90 - 0 . 2 3 — — 
10 1.83 180 - 0 . 2 9 — — 
10 1.28 130 - 1 . 4 9 — — 
10 1.56 840 - 1 . 3 4 — — 
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2 7 0 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

w o u l d adsorb only l i t t le add i t i ona l g l obu l in . I n contrast, n o r m a l p lasma 
was n o w able to deposit a n d then to remove large amounts of matter , 
suggesting that the inh ib i t o ry act ion of the protamine sulfate on this 
ac t iv i ty h a d been neutra l i zed b y h e p a r i n at the interface. I n most exper i ­
ments successive addit ives do not meet i n so lut ion; after each a d d e d 
ant iserum cuvet contents were rep laced b y fresh V S once, a n d after each 
of the other addit ives , at least twice . 

Table V . Effects of Substrate and of Drying on Conversion of 
Pre-adsorbed Fibrinogen and on Desorption by Plasma 

Fibrinogen 

Wettable Slide 
Exp. 
No. Dry 

Si l i con slide 
1 1 . 6 4 
2 1 . 6 0 
3 — 
4 — 
5 — 
6 — 
7 — 
8 — 

Oxid ized t a n t a l u m slide 

Wet 

1 . 9 9 
1 . 8 3 

9 
1 0 
1 1 
1 2 
1 3 
1 4 
1 5 
1 6 

1 . 6 2 
1 . 7 7 

1 . 4 6 
1 . 4 7 

Nonwettable Slide 

Dry 

2 . 9 8 
2 . 1 8 

1 . 6 7 
1 . 6 0 

Wet 

1 . 8 0 
2 . 8 5 

1 . 7 4 
1 . 7 6 

Normal 
Intact 

Plasma 

0 . 2 9 

0 . 0 4 

- 0 . 4 3 

- 0 . 0 4 

- 0 . 4 5 

- 0 . 5 3 

- 0 . 6 4 

- 0 . 9 0 

AF 

2 . 7 0 
2 . 2 9 
3 . 3 6 
0 . 1 7 
3 . 5 6 
2 . 0 9 
3 . 4 7 
3 . 8 9 

1 . 4 0 
1 . 3 4 
1 . 5 8 
0 . 5 6 
1 . 4 0 
1 . 7 6 
1 . 4 8 
1 . 1 9 

B E H A V I O R O F P L A S M A A T F I B R I N O G E N - C O A T E D O X I D I Z E D A N D U N O X I -
D I Z E D S I L I C O N . I n a large n u m b e r of experiments ( 2 2 , 2 3 , 2 4 , 3 8 , 3 9 ) fibrin­
ogen preadsorbed onto S i O , as w e l l as fibrinogen deposited b y p lasma 
itself is affected b y intact a n d factor -XII -def ic ient p lasma i n such a w a y 
that its ab i l i t y to combine w i t h anti - f ibr inogen is lost. T h i s conversion is 
s lower on non-wettable surfaces a n d also on either wettable or n o n ­
wettab le anod i zed tanta lum surfaces. I n presence of intact factor X I I , 
it is f o l l owed b y some desorption. T o obta in some impress ion of the 
effects that conformation changes imposed on the adsorbed fibrinogen 
c o u l d have on the ab i l i ty of p lasma to convert a n d desorb i t , the f o l l o w i n g 
experiments were done. A solut ion of 3 m g fibrinogen per m l V S was 
a p p l i e d d i rec t ly to d r y surfaces of the f o l l o w i n g : unox id i zed , nonwettable 
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12. V R O M A N E T A L . Protein Interfaces 271 

s i l i con (23,112); ox id i zed , wettable s i l i con ; anod ized tantalum-sputtered 
glass ( T a O ) ; a n d the same r u b b e d w i t h ferr ic stéarate ( T a N ) to render 
i t nonwettable . A study to be p u b l i s h e d elsewhere suggests that a fibrino­
gen solution, or even p lasma itself, forms a fibrinogen film at the l i q u i d / a i r 
interface w h i c h , w h e n carr ied b y a drop r o l l i n g over a h y d r o p h o b i c sur­
face, is transferred at the a i r / s o l i d / l i q u i d interface i n a f o r m that cannot 
be converted b y intact p lasma. I n the present series, after 1 m i n . of 
exposure to the fibrinogen solut ion, the slides a n d slices were r insed w i t h 
V S a n d either p laced i n to the 15 m l V S i n the el l ipsometer or first rinsed 
w i t h water, air d r i e d , a n d then p laced i n V S i n the el l ipsometer. A f t e r 
readings were per formed on the s i l i con set, 0.1 m l n o r m a l intact p lasma 
was a d d e d ; 45 m i n later the cuvet contents were rep laced b y fresh V S 
a n d readings were repeated. T h e anod ized tantalum-sputtered slides, 
a l l o w i n g slower or less conversion of preadsorbed fibrinogen, were ex­
posed to 0.2 m l rather than to 0.1 m l p lasma for 90 m i n rather than for 
45 m i n . I n a l l of these tests, 0.1 m l of ant i -human fibrinogen serum was 
a d d e d next, a n d readings were per formed 45 m i n later. T h e results on 
s i l i con substrates as l is ted ( T a b l e V ) are averages of 2 tests for each 
experiment, w h i l e those on anod ized tanta lum substrates represent single 
experiments. T h e data indicate that d r i e d fibrinogen was not converted 
w e l l on any surface ( E x p . N o . 2, 6, 10, a n d 14 ) , a n d less conversion took 
p lace o n nonwettable than on wettable surfaces ( compare E x p . N o . 4 a n d 
8 w i t h E x p . N o . 12 a n d 16) , perhaps because of the air interfaces a l l o w e d 
d u r i n g deposit ion. Convers i on on wettable anod ized tanta lum was less 
than on ox id i zed s i l i con , even though remova l was greater ( C o l u m n 5 ) i n 
this pro longed exposure to p lasma, than i t was on S i O . These data fit the 
qual i tat ive observations of interference colors resul t ing f r om exposure of 
fibrinogen adsorbed onto T a O slides and exposed w h i l e wet w i t h V S to 
u n d i l u t e d c i trated or hepar in i zed p lasma. F ibr inogen-coated areas that 
h a d been exposed to p lasma are paler ( th inner ) but turn p u r p l e w h e n 
exposed to anti - f ibrinogen sera as do the areas not exposed to p lasma. 
T h u s , the data obta ined on T a O indicate that remova l of the adsorbed 
film b y p lasma need not be preceded b y conversion. T h e poss ib i l i ty 
remained that fibrinogen itself c o u l d be var iab ly antigenic depend ing on 
the wet tab i l i ty of its substrate a n d on its o w n state of d r y i n g . H o w e v e r , 
i n a series of six tests ( not l is ted ), no significant differences were caused 
b y these variables , fibrinogen films a l l causing a deposit of about 2 . 7 ° -
3.5° b y anti - f ibrinogen serum. 

T H E B E H A V I O R O F P L A S M A T O W A R D S I T S O W N D E P O S I T S O F F I B R I N O G E N 

A N D 7s G A M M A - G L O B U L I N S . T h e various fates of preadsorbed fibrinogen 
on exposure to p lasma and of fibrinogen a n d 7s gamma-globul ins de­
posited b y p lasma itself depended on the state of act ivat ion i n the p lasma. 
B o t h anti - f ibr inogen a n d anti-7s g a m m a - g l o b u l i n sera deposited m u c h 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
2



272 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Table VI . Effects of Activation of the Ability of Plasma to Convert 

Intact Plasma Activated Plasma 

Exp. 90 45 90 45 
No. Fibrinogen sec min sec min 

1 — 1.61 — — — 
2 — 1.53 — — — 
3 — — 1.61 — — 
4 — 1.54 — — — 
5 — 1.32 — — — 
6 — 1.34 — — — 
7 — — — 1.37 — 
8 — — — — 2.61 
9 — — — — 2.40 

10 2.19 — - 0 . 5 6 — — 
11 2.28 — — — - 0 . 1 4 
12 1.83 — — — 0 . 0 1 b 

13 1.77 — — — 0.26 
14 — 1.38 — — 0.49 
1 5 c — — 0.38 1.72 — 

° A n t i s e r u m to fibrinogen added after antiserum to globulin. 
6 14 m i n exposure, instead of 45 m i n . 

matter onto films left b y n o r m a l intact p lasma i n IV2 m i n of contact w i t h 
ox id i zed s i l i con ( T a b l e V I , E x p . N o . 1 a n d 2) but not onto films left b y 
the p lasma after 45 m i n of contact ( E x p . N o . 3 ) . T h i s conversion was 
obta ined w i t h 0.1 m l intact p lasma be ing a d d e d to the 15 m l V S . A n 
earl ier s tudy (39) showed that p lasma converts its o w n fibrinogen deposit 
w i t h i n 30 sec i f u n d i l u t e d , even at r oom temperature. 

I n a p r e l i m i n a r y set of single experiments, w e f o u n d no c lear e v i ­
dence of or ientat ion i n the g l o b u l i n films left b y p lasma on IV2 m i n of 
contact w i t h S i O . Reac t i v i ty w i t h antisera to g l o b u l i n fragments was 
s l ight a n d un i f o rm. Convers i on of g lobul ins d i d not appear as complete 
as that of fibrinogen. A g a i n w e cou ld show that act ivated p lasma ( E x p . 
N o . 8 a n d 9) was less able to convert fibrinogen, b u t the fibrinogen 
deposited b y intact p lasma c o u l d be converted b y act ivated p lasma ( E x p . 
N o . 14) a n d vice versa ( E x p . N o . 15) . Convers i on of preadsorbed fibrino­
gen o n S i O b y intact p lasma ( E x p . N o . 10) was a lways less complete t h a n 
that of the fibrinogen deposited b y p lasma itself ( E x p . N o . 3 ) , though 
i n b o t h situations the r e m a i n i n g film adsorbs m u c h less than the 2 .7 ° -3 ° 
adsorbed out of ant i - f ibr inogen serum b y fibrinogen films that h a d not 
been exposed to intact p lasma. 

T H E B E H A V I O R O F A L B U M I N I N P L A S M A A T T H E O X I D I Z E D S I L I C O N S U R ­

F A C E . A chance for a l b u m i n to be adsorbed out of p lasma, not yet encoun­
tered o n any of the materials tested, c o u l d be p r o v i d e d b y r e m o v i n g fibrin­
ogen a n d some globul ins f rom compet i t ion . Some n o r m a l intact p lasma was 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
2



12. V R O M A N E T A L . Protein Interfaces 273 

Fibrinogen and 7s Gamma-Globulins at the Oxidized Silicon Surface 

Antiserum To 

Fab Fc IgG Human 
Frag. Frag. H&Lch Fibrinogen Globulin Serum 

0.41 — — 
— 0.93 — 
— — 0.80 

1.25 1.50 — 
0 .80 a 1.28 — 
0.12 0.32 

— 

0.95* 1.40 
— 

0.40 0.64 — 
0.42* 0.42 — 
0.73 0.76 1.13 
2.81 — — 
2.01 1.96 1.92 
1.90 2.59 2.06 
0.27 0.54 — 
0.04 — — 

* Activated plasma was added before intact plasma. 

heated to 56 °C , a l l owed to cool to r oom temperature (about 2 5 ° C ) after 
1 hr , a n d centr i fuged to remove the prec ip i tated fibrinogen. P lasma thus 
treated d i d not deposit detectable fibrinogen onto ox id i zed s i l i con ( T a b l e 
V I I , E x p . N o . 1) but d i d deposit some globul ins w h i c h on pro longed 
exposure perhaps d i d undergo some conversion ( compare E x p . N o . 1 a n d 
3 ) . Some other, single experiments suggest that fibrinogen preadsorbed 
out of its solution ( E x p . N o . 4 a n d 5) or out of n o r m a l p lasma ( E x p . N o . 6) 
was at least par t ia l l y converted b y heated p lasma. T h e a b i l i t y of heated 
p lasma to deposit a l b u m i n ( T a b l e V I I I ) onto S i O was enhanced a n d 

Table VII. Effects of Heating on Intact Plasma 

Intact Plasma 

Unheated Heateda Antiserum to 

Exp. Fibrino­ 90 45 90 45 Fibrino­ Glob­
No. gen sec min sec min gen ulin 

1 — — — 1.26 — 0.32 1.05 
2 — — — 1.31 — - 0 . 0 2 1.19* 
3 — — — — 2.40 0.00 0.58 
4 2.19 — - 0 . 5 6 — — 0.73 0.76 
5 2.38 — — — - 0 . 0 4 0.94 0.73 
6 — 0.86 — — 1.21 0.02 0.48 

° Plasma maintained at 56°C for 1 hr and centrifuged. 
6 Antiserum to globulin added before antiserum to fibrinogen. 
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274 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Table VIII. Effects of Heating on Subsequent Behavior of 
Plasma Albumin on Oxidized Silicon 

Exp. 
No. 

Intact Activated Antiserum to 

90 sec 

H e a t e d P l a s m a 

45 min 90 sec 45 min Albumin Globulin 

1 1.73 — — — 2.65 1.12 
2 1.61 — — — 2.82* 1.34 
3 — 2.56 — — 2.54 1.07 
4 — 2.77 — — 2.03* 0.77 
5 — — 1.41 — 3.20 — 
6 — — 1.40 — — 1.32 
7 — — — 1.99 2.74 — 
8 — — — 1.99 — 1.18 

Unheated p lasma 
9 1.46 — — — 0.54 — 

10 — 1.60 — — 0.11 — 
° A n t i s e r u m to a l b u m i n added after antiserum to globulin. 

remained so even w i t h a d d i t i o n of fibrinogen to the heated p lasma. I n 9 
tests, one vo lume of n o r m a l act ivated or n o r m a l intact p lasma was d i l u t e d 
w i t h an e q u a l vo lume of V S , kept at 65 ° C for 2 hrs, a n d centr i fuged. T o 
one vo lume of the supernatant, an equa l vo lume of 3 m g / m l V S fibrinogen 

Table IX. Competition between 

Exp. 
% wt/wt in Soin 

Film 
Antiserum To: 

Exp. 
No. Albumin Fibrinogen Meas. Fibrinogen Albumin 

1 100» — 1.09 0.16 3.41 
2 100 — 0.69 0.66 1.39 
3 100 — 0.94 0.77" 3.85 
4 98.2 1.8 1.15 0.52 3.32 
5 93.0 7.0 1.13 1.41 2.65 
6 93.0 7.0 1.49 0.93 " 2.10 
7 92.8 7.2 0.83 1.69 2.26 
8 88.9 11.1 0.89 1.73 2.55 
9 80.0 20.0 1.00 1.59 1.74 

10 80.0 20.0 1.08 0 .94 6 0.78 
11 57.1 42.9 1.07 2.15 1.86 
12 57.1 42.9 1.43 1.26 6 0.51 
13 40.0 60.0 1.53 2.23" 0.26 
14 25.0 75.0 1.94 3.16 1.35 
15 10.0 90.0 2.05 3.28 0.77 
16 — 100 1.71 3.18 0.29 
17 — 100 1.67 1.51 6 - 0 . 1 7 

α In this case only, 40 m g a l b u m i n per m l V S was used. 
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12. V R O M A N E T A L . Protein Interfaces 275 

was a d d e d a n d then 0.1 m l of this mixture to the 15 m l V S at 37 ° C i n the 
el l ipsometer. Measurements , f o l l owed b y exposure to antisera, were 
carr ied out as descr ibed. T h e y showed that the films deposited b y the 
mixtures of fibrinogen a n d heated p lasma were 1.30°-2.27° th i ck , a d ­
sorbed 0.14°-1.35° (averag ing 0 .61°) out of anti - f ibr inogen serum, a n d 
then 1.27°-2.75° (averaging 2 .12°) out of a n t i - a l b u m i n serum. 

H u m a n serum, another mixture that lacks the compet ing fibrinogen, 
deposited films under the same exper imental condit ions. T h e films were 
less able to adsorb matter out of a n t i - a l b u m i n serum t h a n was heated 
p lasma; neither heated nor unheated serum showed clear ab i l i ty to 
convert fibrinogen (data not l i s t ed ) . 

C O M P E T I T I O N B E T W E E N P R O T E I N S . C o m p e t i t i o n between 7s g a m m a ­

globul ins a n d fibrinogen, a l b u m i n a n d fibrinogen, a n d a l b u m i n a n d 7s 
gamma-g lobul ins for the S i O surface was observed b y p l a c i n g 0.4 m l of a 
mixture into the 15 m l V S of the el l ipsometer at 37 ° C a l l o w i n g adsorpt ion 
for 90 m i n , r ep lac ing the solut ion 3 times w i t h fresh V S , a n d exposing 
to successive antisera as usual , each for 45 m i n . 60 tests were made ; i n 
many , the sequence of add i t i on of antisera was reversed. O n e set of data 
is g iven here as an example ( T a b l e I X ) . G r a p h s are presented ( F ig ur es 
3 a n d 4 ) i n w h i c h the percent of matter adsorbed out of the first a n t i ­
serum a d d e d per total amount adsorbed out of b o t h antisera, is p lo t ted 
against relat ive concentrat ion, w t / w t , of the two constituents i n solution. 

Albumin and Fibrinogen 

1 Antiserum, 

Total 
% of Total Sera 

Antisera Fibrinogen Albumin 

3.57 4.5 95.5 
2.05 30.7 69.3 
4.62 16.7" 83.3 
3.84 13.5 86.5 
4.06 34.7 65.3 
3.03 30 .7 b 69.3 
3.95 42.8 57.2 
4.28 40.4 59.6 
3.33 47.7 52.3 
1.72 54.6» 45.4 
4.01 53.6 46.4 
1.77 71.9" 28.1 
2.49 89.2» 10.8 
4.51 70.0 30.0 
4.05 89.0 11.0 
3.47 91.6 8.4 
1.34 100 b 0.0 

6 Antiserum to fibrinogen added after antiserum to albumin. 
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276 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

I 0 0 r 

Figure 3. Amount (degrees, ellipsom­
eter readings) adsorbed out of anti-
albumin serum, in % of total adsorbed 
out of it and out of anti-7s gamma­
globulin serum (curve G) or anti-fibrin­
ogen serum (curve F), plotted against 
% of albumin (wt/wt) in 7s gamma­
globulin (curve G) or fibrinogen solu­
tion (curve F). Intercept of curve G 
with Y axis shows some matter was 
adsorbed out of anti-albumin serum 

onto albumin-free globulin film. 

< 

% ALBUMIN 

Exposure of a prote in film to one ant iserum m a y i n h i b i t adsorpt ion out 
of a second one. T h e first, non -match ing ant iserum m a y mere ly fill u p 
holes i n the prote in film, but events are p r o b a b l y more complex. F o r 
example , onto a thick a l b u m i n film adsorbed out of a concentrated so lu­
t i on ( T a b l e I X , E x p . N o . 1 ) , ant i - f ibr inogen serum deposited less matter 
than onto a th inner film ( L i n e 2 ). H o w e v e r , i t also deposited matter w h e n 
f o l l o w i n g rather than preced ing a n t i - a l b u m i n serum ( E x p . N o . 3 ) . W h e n 
fibrinogen was actual ly present i n solution, m u c h more anti - f ibrinogen is 
deposited on the first rather than the second, add i t i on of ant iserum ( c om­
pare E x p . N o . 9 a n d 10, 11 a n d 12, 16 a n d 17) , as i f the a n t i - a l b u m i n 
serum converted the h u m a n fibrinogen that h a d been deposited. C o m p e ­
t i t i on m a y best be expressed b y the w t / w t propor t ion between the two 
contestants that results i n a film w h i c h adsorbs a film out of one ant iserum 
that is ha l f as th ick as is the total film formed b y both antisera. T h u s 
(see T a b l e I X , E x p . N o . 9 a n d 10) , under our exper imental condit ions , 
a l b u m i n w o u l d have to be four times as concentrated i n a solut ion as 
fibrinogen to have an equa l chance of adsorpt ion. S i m i l a r l y , 6 0 % of 

Figure 4. Amount of anti-fibrinogen 
serum deposit (% of total adsorbed out 
of two antisera) plotted against wt % 
fibrinogen in solution with second pro­
tein. The latter was either 7s gamma­
globulin (curve G) or albumin (curve 

A). 
The intercept of curve A with the Y axis 
at about 20, indicates that after a certain 
amount of anti-fibrinogen serum matter 
had been deposited onto a film consisting 
entirely of albumin, anti-albumin serum 
deposited about 4 times more than had 

anti-fibrinogen serum. 

I 00 ί­

α: ω 
Li. 

< 
3* 

% FIBRINOGEN 
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12. V R O M A N E T A L . Protein Interfaces 277 

an a l b u m i n / 7 s gamma-g lobu l in mixture must be a l b u m i n to obta in a 
film that adsorbed equa l amounts of matter f r om a n t i - a l b u m i n a n d ant i -
7s gamma-g lobu l in serum. Since films deposited b y solutions conta in ing 
1 0 0 % of a constituent (films f o rmed wi thout compet i t ion) a l l adsorbed 
about 3° to 4° of the m a t c h i n g ant iserum, the potency of antisera or the 
molecular dimensions of their ant ibody var i ed too l i t t le to d is turb these 
crude calculations. A l b u m i n , o c curr ing i n n o r m a l p lasma i n a concen­
trat ion that should a l l o w good compet i t ion against the c o m b i n e d con ­
centrations of a l l g lobul ins a n d fibrinogen, d i d not seem able to attach 
itself at various surfaces w h e n fac ing them i n its natura l m i l i e u . T h a t 
i t d i d compete w e l l i n heated p lasma to w h i c h fibrinogen h a d been re­
turned suggests that heat ing not on ly removes more than fibrinogen f r om 
the p lasma but alters interrelationships among the p lasma proteins of 
w h i c h w e are not yet aware. 

Observation of Anodized Tantalum Interference Colors. T h o u g h 
most of our observations of op t i ca l changes caused b y prote in adsorption 
a n d interact ion on these surfaces were qual i tat ive , e l l ipsometr ic measure­
ments done i n p a r a l l e l support our conclusions. F r o m two tanta lum 
sputtered glass slides of 1 X 5 % i n . , w e have prepared a gauge of th i ck ­
ness b y anod iz ing them i n steps of 0.5 V over a range of 15 -55 5 V i n 
0 .01% H N 0 3 a n d then adsorb ing a prote in ( f ibr inogen) over a l ong i -
t u n d i n a l ha l f ( at r ight angles to the steps ). T h i s runner caused on each 
step a color shift corresponding to further anodizat ion of 0.5 V the color 
of each step w h e n protein-coated became l ike the color of uncoated area 
of the next step. I n the f o l l o w i n g descript ive report , w e shal l s imply 
c a l l the color shift f r o m a b a c k g r o u n d bronze to pale beet r e d to deep 
p u r p l e to v io let to deep a n d then pale sky b lue an increase i n thickness. 
A f ew experiments are selected w h i c h i l lustrate their use, a d d to, or 
deviate m a r k e d l y f r o m our e l l ipsometry data. Slides w i l l be re ferred to 
as T a W (wet tab le ) a n d T a N [ T a W slides po l i shed w i t h K i m w i p e s 
( K i m b e r l y - C l a r k C o r p . , N e e n a h , W i s e . ) ] after exposure to ferr ic 
stéarate i n petro leum ether) (non-wet tab le ) . A i r / l i q u i d / s o l i d inter ­
faces were avoided. A section of a T a W slide was wet ted w i t h V S , 
a n d a drop of p lasma was p l a c e d on the wet area w h i l e the sl ide 
was kept s l ight ly t i l t ed to prevent spreading. T w e l v e m i n later (the 
sl ide n o w be ing kept hor izonta l ly under a pe t r i d i sh w i t h moist cot­
ton) V S was p laced on the bare d r y area of the s l ide a n d a l l o w e d to 
conflue w i t h the p l a s m a - V S mixture . Immediate ly a f terward the entire 
sl ide was r insed w i t h V S , then w i t h water , a n d then air dr i ed . N o w , 
drops of anti-7s g a m m a - g l o b u l i n serum a n d of anti - f ibr inogen serum 
were p l a c e d a n d spread careful ly over parts of the areas where the 
p lasma h a d res ided for 12 m i n a n d where it h a d mere ly passed w h i l e 
be ing washed away. T w o m i n later the entire sl ide was r insed again 
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278 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

w i t h V S a n d water a n d a i r dr i ed . T h e results (see F i g u r e 5 ) showed 
that on ly where the p lasma h a d res ided quite brief ly d i d the antisera 
deposit a considerable amount of matter. A trace of film h a d also been 
deposi ted b y the ant i - g l obu l in serum where the p lasma h a d res ided for 
12 m i n . T h i s single observation impl ies that p lasma, i f intact , deposits 
fibrinogen a n d g lobul ins onto the T a W surface w i t h i n seconds a n d con­
verts fibrinogen complete ly , a n d the g l o b u l i n deposits par t ia l l y on longer 
exposure. 

Figure 5. Anodized tantalum-sputtered glass slide on which normal 
intact plasma had resided for 12 min (more or less vertical zone from 
1 to ') and where it had resided for a few seconds (area s, from ' to right 

end of field). 
After rinse and air drying, slide was covered over one horizontal area with 
anti-fibrinogen serum (f), over another with anti-7s gamma-globulin serum. 
Both were rinsed off 2 min later (see text). Note area of g on one is clearly 
visible, indicating the plasma had not fully converted its own globulin deposit 

in 12 min. 

Fibrinogen Films. F i l m s of fibrinogen preadsorbed onto T a W a n d 
either kept w e t w i t h V S or r insed a n d d r i e d as descr ibed w e r e par t ia l l y 
r emoved b y drops of n o r m a l intact p lasma even i f the fibrinogen i n so lu­
t i on h a d been pre -mixed w i t h 8 parts of 7s gamma-globul ins to 3 parts 
fibrinogen b y weight . W h e n antisera were a p p l i e d next, as descr ibed, 
anti-7s gamma-g l obu l in serum st i l l deposited matter w h i l e the a n t i -
fibrinogen serum was unable to do so. Therefore , either the p lasma h a d 
removed fibrinogen selectively out of the m i x e d fibrinogen/globulin 
film, i t h a d converted the fibrinogen selectively, or perhaps i t even h a d 
removed some of bo th prote in types a n d rep laced some of the fibrinogen 
w i t h g lobul ins . These results were obta ined b y exposing the preadsorbed 
films to near ly u n d i l u t e d intact p lasma for as l ong as V2-I h r to obta in 
a signif icant degree of conversion. O n a T a N sl ide, conversion was slower 
than on T a W slides. 
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12. V R O M A N E T A L . Protein Interfaces 279 

O n e ant i -human fibrinogen serum ( S c h w a r z - M a n n ) out of several 
tested deposited large amounts of matter onto fibrinogen films (not on 
other surfaces) , b u t on exposure to a vigorous flow of V S or a fight 
b r u s h i n g w i t h detergent, this ant iserum deposit c o u l d be r emoved a long 
w i t h some of the u n d e r l y i n g fibrinogen w h i l e elsewhere the thickness of 
film r e m a i n e d unaffected. Therefore , the f o l l o w i n g experiment was carr i ed 
out. A T a W slide was a l l o w e d to adsorb fibrinogen over one area w h i c h 
was next r insed w i t h V S , then w i t h water , a n d t i l t e d so that the u p p e r -
fibrinogen-coated area c o u l d d r i p dry , w h i l e the bot tom one s t i l l wet 
w i t h water was r insed w i t h V S again. T h e bot tom layer a n d the uncoated 
V S - w e t t e d area ad jo in ing i t were then covered w i t h a suspension of 
platelets i n serum. T e n m i n later the s l ide was r insed w i t h V S , w i t h 
f o rmal in , a n d after 2 m i n again w i t h water , then air d r i ed . A drop of 
the S c h w a r z - M a n n ant iserum was p l a c e d where a bare T a W area, one 
area covered w i t h fibrinogen, a n d one covered w i t h fibrinogen a n d p late ­
lets as w e l l (no platelets h a d adhered to bare T a W ) a l l met. T w o m i n 
later the sl ide was r insed w i t h V S a n d w i t h water a n d air d r i ed . T h e 
ant iserum h a d deposited a heavy film only where fibrinogen h a d been 
adsorbed on the T a W , whether or not the fibrinogen h a d been exposed 
to platelets; but where the ant iserum h a d res ided on adher ing platelets, 
the latter h a d been removed , l eav ing spots that appeared thinner than 
d i d the fibrinogen film elsewhere i f observed under a microscope w i t h a 
ver t i ca l i l luminator . T h i s experiment suggests that the fibrinogen was 
st i l l present under the adher ing platelets a n d avai lable to the ant iserum 
w h i c h c o u l d detach i t a long w i t h its platelets under the proper flow of V S . 

G l o b u l i n s F i l m s . F i l m s of 7s gamma-globul ins on T a W c o u l d be 
shown to adsorb matter out of n o r m a l intact p lasma, but the subsequent 
desorpt ion observed i n the e l l ipsometer on s i l i con oxide, c o u l d not be 
shown to occur on T a W . I n another experiment, a T a W sl ide was first ex­
posed to 8 m g 7s gamma-g lobu l in per m l V S , r insed w i t h V S , a n d then 
exposed to n o r m a l intact p lasma. A f t e r 20 m i n , w h e n i n other experiments 
the p lasma h a d been shown to deposit no add i t i ona l matter , the sl ide was 
r insed w i t h V S a n d water a n d air dr i ed . D r o p s of antisera were p laced on 
the d r y surface as descr ibed. N o reactions were seen w i t h antisera against 
h u m a n a l b u m i n , ant i t ryps in , chymotryps in , a lpha -2N-g lycopro te in , C ' 5 , 
transferr in, hemopexin , a lpha -2HS-g lycopro te in , a n d a l p h a - l - l i p o p r o t e i n . 
There was a s l ight react ion w i t h ant i -a lpha 1 beta-g lycoprote in serum. 
T h e ant iserum against h u m a n serum p r e m i x e d w i t h an e q u a l vo lume of 
7s gamma-g l obu l in so lut ion also deposited some matter. O u r fa i lure thus 
far to ident i fy the prote in left after pro longed exposure of either an 
ox id i zed s i l i con crystal or a T a W surface to p lasma is g iven a d d e d s ig ­
nificance b y the f o l l o w i n g experiment. Ant i se ra ( H y l a n d ) were p r o d u c e d 
b y in ject ing rabbits w i t h eluates f r om Speedex ( D i c a l i t e f rom Grea t L a k e s 
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280 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

C a r b o n C o r p . ) that h a d been exposed to n o r m a l intact p lasma for various 
times. O n a T a W sl ide that h a d been exposed to n o r m a l intact p lasma 
for seconds or for m a n y minutes , these antisera w o u l d s t i l l deposit a 
significant amount of matter , conf irming para l l e l data obta ined b y e l l i p -
sometry o n ox id i zed s i l i con. I n other words , the u n k n o w n proteins a d ­
sorbed onto Speedex were to some degree ident i ca l to those left after 
conversion on T a W surfaces. 

Coomassie Brilliant Blue R Staining. Other than b y its s impl i c i ty , 
a n d its a p p l i c a b i l i t y to glass as w e l l as to plast ic surfaces, results of 
Coomassie B l u e sta ining were not surpr is ing . D e p o s i t i o n a n d conversion 
of fibrinogen a n d g l o b u l i n b y intact p lasma on glass, conversion of pre -
adsorbed fibrinogen b y p lasma i n 30 m i n , a n d conversion of 7s g a m m a ­
globul ins b y intact p lasma i n 1 hr , a l l seemed to p a r a l l e l the behavior of 
p lasma on o x i d i z e d s i l i con. T h e technique cou ld also be a p p l i e d to certain 
polyurethanes and , probab ly , to various art i f i c ia l k i d n e y membrane 
materials . 

Water Vapor Condensation Patterns 

T h e wet tab i l i t y of sites where presumably ant ibody h a d been de­
posited on an antigenic film a l l o w e d r a p i d identi f icat ion on proteins 
adsorbed on surfaces such as u n o x i d i z e d meta l or on others that were 
unfit for interference color or Coomassie B l u e observation. Since a l l data 
conf irmed those obta ined b y other means they w i l l not be l isted. Some 
details are of interest. W h e r e v e r water drops condensed a n d were 
a l l owed to evaporate, a dot of matter presumably transported b y the 
m o v i n g a i r / w a t e r b o u n d a r y was deposited i n the center of each drop 
d u r i n g evaporation. W i t h reexposure to air saturated w i t h water , con ­
densation w o u l d start on each dot a n d result i n a pattern ident i ca l to the 
first one. Coomassie B l u e staining, or exposure to meta l oxide suspen­
sions (110), w o u l d show a re t i cu lum of prote in concentrated between 
the water drop sites. 

Factor XII Activity and Plasma Proteins at One Interface 

T h i r t e e n glass test tubes were wet ted w i t h V S ; prote in solutions as 
descr ibed were poured into 12 of them, three each rece iv ing the same 
solution. A l l were empt i ed after 10 m i n and , a long w i t h a b lank glass 
tube, were r insed eight times w i t h V S . T h e b lank tube a n d one tube of 
each set rece ived no further surface treatment, w h i l e two tubes of each 
set rece ived 0.5 m l n o r m a l intact p lasma. Contact i n a l l of these surface 
treatments was promoted b y gentle rotat ion. A f ter 10 m i n the tubes con­
ta in ing p lasma were d r a i n e d a n d r insed eight times w i t h V S . One - tenth 
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12. V R O M A N E T A L . Protein Interfaces 281 

m l P la te l in suspension a n d 0.2 m l factor X I I deficient p lasma were p l a c e d 
into each tube, a n d 0.2 m l 0 .032M c a l c i u m chlor ide was a d d e d ; c l o t t ing 
times were measured at 25 °C . T h e f o l l ow ing proteins were used : 
fibrinogen, a l b u m i n , a n d 7s gamma-g l obu l in ( lot R2606 a n d lot Y3167 ) . 
Results can be s u m m a r i z e d as fo l lows. C l o t t i n g times among tubes 
coated w i t h proteins on ly : 570 sec ( g l o b u l i n lot R2606, a n d fibrinogen 
coat ings ) , 450 sec ( g l o b u l i n lot Y 3 1 6 7 ) , a n d 630 sec ( a l b u m i n coat ing ) . 
C l o t t i n g times i n a l l tubes that h a d subsequently been exposed to n o r m a l 
p lasma were approx imate ly 90 sec. T h e c lot t ing t ime i n the b lank tube 
was 790 sec. W e must conclude that factor X I I competed successfully 
w i t h a l b u m i n , fibrinogen, a n d globul ins . I n m a n y other experiments, a 
film deposited b y the n o r m a l p lasma on glass w o u l d also b r i n g the 
c lo t t ing t ime of factor X I I deficient p lasma d o w n to about 90 sec. Suc ­
cessful compet i t ion , however , need not i m p l y replacement. There m a y 
be sites on glass less easily o c cup ied b y other p lasma proteins than 
factor X I I . W e h a d f ound earl ier (62) that the presence of fibrinogen 
on glass neither he lped nor h i n d e r e d the very r a p i d adsorpt ion of factor 
X I I act iv i ty . W h e t h e r this act iv i ty is actual ly factor X I I or a produc t of 
subsequent interact ion w i t h a n d act ivat ion of factor X I was not yet 
determined . 

The Significance to Blood Platelets 

C e r t a i n p lasma proteins preadsorbed on glass m a y interact w i t h 
other constituents i n the p lasma a n d thus become adhesive to platelets. 
I n several series of experiments (113) , n o r m a l platelets washed twice i n 
saline a n d suspended i n serum or i n p lasma that h a d been freed of 
fibrinogen b y heat ing a n d centr i fugat ion adhered to a film of fibrinogen 
on glass i f the film h a d been exposed brief ly to intact p lasma but not i f 
the exposure was 10 m i n or longer. O n l y f ew platelets w o u l d adhere 
to films of a l b u m i n or of g l obu l in lot R2606 whether or not these films 
h a d first been exposed for either 5 sec or 10 m i n to n o r m a l intact p lasma. 
Q u i t e recently another lot of 7s gamma-g lobul ins f rom the same m a n u ­
facturer as the first ( lo t Y3167) f o rmed a film on glass that caused p late ­
lets to adhere a n d to expand. B o t h this lot a n d another recent one, 
instead of f o rming a clear so lut ion i n V S , y i e l d e d an opalescent one a n d 
m a y be compared w i t h the heat-aggregated preparations that affect 
platelets pro foundly . 

I n recent, u n p u b l i s h e d experiments, the prote in that platelets were 
suspended i n appeared to determine to w h i c h film of prote in they w o u l d 
adhere. F o r example, platelets suspended i n a l b u m i n m a y adhere less to 
fibrinogen than to gamma-g l obu l in films on glass or anod ized tanta lum, 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
2



282 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

b u t w h e n suspended i n af ibrinogenemic or other fibrinogen-low plasmas 
or serum they adhere most to fibrinogen. 

Platelets at a ir interfaces m a y adhere to a film of prote in f o rmed b y 
the p lasma. T h i s film appears to conta in fibrinogen i n a state that w i l l 
not a l l ow the p lasma to convert i t (114); thus, more platelets m a y adhere 
to this unconvertable fibrinogen than elsewhere. O n a h y d r o p h o b i c so l id , 
an advanc ing drop of b l o o d w o u l d transfer bo th the prote in film a n d the 
platelets on i t ; hence the great loss of platelets f o u n d at h y d r o p h o b i c 
surfaces i n presence of an air interface (101). 

Conclusions 

T h e term conversion indicates some w a y i n w h i c h some u n k n o w n , 
intact factors i n c i t rated or hepar in i zed p lasma (or even who le intact 
nat ive b l ood ) can destroy the ant igenic i ty of a prote in film i f adsorbed 
on certain substrates. T h o u g h conversion occurs under qui te art i f ic ia l , 
extracorporeal condit ions, i t is yet another response of b l o o d w h e n i t 
meets a large enough interface. A large change w i t h i n a short t ime on 
a sufficiently large amount of b l o o d can synchronize reactions among 
enough molecules to e n d u p w i t h a v is ib le a n d therefore measurable 
c lot t ing t ime. T h e same* k i n d of art i fact is needed to observe i m m u n e 
reactions, act ivat ion of fibrinolysis, a n d other events that are possible 
reactions w h i c h occur i n the b o d y as the result of minute causes as the 
rupture of a single b l o o d ce l l or thesl ight b r u i s i n g of a cap i l lary . It is 
reasonable for molecular reactions to occur normal ly on a molecular (or 
2-molecule) scale even though their c o m b i n e d effects on the b o d y is 
t r i v i a l . 

W i t h the above i n m i n d , the present data can be interpreted as 
fo l lows. 

W h e n a b l ood - sur face interface forms that resembles ox id i zed s i l i ­
con, the passing p lasma w i l l deposit fibrinogen on i t a n d w i t h i n 30 sec 
transform i t so a platelet passing b y w i l l not stick. I f intact factor X I I 
is present, some w i l l be adsorbed a n d i t or its dissolved mates or cofactor 
molecule w i l l cause some remova l of the film. Convers ion need not 
preceed this removal . Some 7s gamma-g lobu l in molecules w i l l have 
adhered a long w i t h fibrinogen ones a n d w i l l also be somewhat converted 
b y the p lasma. I n add i t i on , the p lasma w i l l deposit some matter on them 
a n d then remove i t again i f either the deposit or the p lasma itself c on ­
tains intact factor X I I . N o platelet w i l l adhere to this g l obu l in film or 
to the matter p lasma deposits on it . 

W h e r e a surface forms i n the b l o o d that resembles anod ized tanta­
l u m more than ox id i zed s i l i con , fibrinogen w i l l also be deposited, a n d 
some of it , i f the p lasma remains intact , w i l l be removed . H o w e v e r , 
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conversion w i l l not take place a n d a platelet m a y adhere. O n the m o l e c u ­
lar scale, the surface of the adher ing platelet itself w i l l suddenly change 
its mosaic w i t h patches of molecules fac ing the b l o o d p lasma that h a d 
never done so before. 

N o surface was f ound on w h i c h p lasma w o u l d deposit a l b u m i n pref ­
erential ly , even though a l b u m i n is its most abundant component. T h e 
present study of heated p lasma to w h i c h fibrinogen h a d then been a d d e d 
a n d of the behavior of a l b u m i n i n presence of another pro te in suggests 
that i n n o r m a l p lasma there is something more t h a n the sum of compet ing 
proteins that keeps a l b u m i n f rom b e i n g adsorbed. 

T h e methods used are appl i cab le to some problems. I n air , a s i l i con 
crystal s l ice covered w i t h 400 to 800 A of oxide gave quite sensitive 
changes i n po lar izer a n d analyzer readings u p o n adsorpt ion of prote in 
a n d ant iserum w h i c h , u p o n computat ion , y i e l d e d ( for example) an ant i ­
b o d y thickness of 57 A a n d a refract ive index of 1.4771. C o m p u t a t i o n of 
imag inary data for prote in films i n this range on s i l i con that h a d been 
ox id i zed i n v a r y i n g degrees ( but as i f observed i n buffer ) y i e l d e d values 
that w h e n p lot ted for two refract ive indexes of prote in , demonstrated 
that these two cou ld not be dis t inguished w e l l . Yet , overa l l sensitivity to 
opt i ca l thickness change, a product of bo th thickness a n d refract ive index, 
r emained great. A s a consequence, no dist inct ion can be made between 
an adsorbed film deve lop ing bare spots a n d one becoming thinner overal l . 
Other methods are needed to determine i f conversion involves distort ion 
or d isplacement of antigenic molecules. T h e p r o b l e m m a y require a 
different v i ewpo in t rather than a n e w technique. 
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Surface Chemistry of Dental Integuments 

RONALD P. QUINTANA 

Department of Medicinal Chemistry, College of Pharmacy, University of 
Tennessee Center for the Health Sciences, Memphis, Tenn. 38163 

The acquired pellicle, a proteinaceous film adsorbed onto 
tooth surfaces, plays a significant role in the development of 
dental plaque which is a prime etiologic factor in dental 
caries and in periodontal disease. The chemical nature and 
function of pellicle in plaque genesis are reviewed along 
with the interactivities contributing to the integrity of 
plaque. Among antiplaque agents under current investiga­
tion is chlorhexidine, 1,1'-hexamethylenebis[5-(p-chloro­
phenyl)biguanide]. The relevance of surface chemistry to 
the compound's efficacy is summarized. 

^ recently p u b l i s h e d monograph ( 1 ) dealt w i t h the relevance of sur-
face chemistry a n d physics i n the contro l of dental -deposi t -mediated 

diseases, w i t h the characteristics a n d nature of denta l deposits, w i t h 
the ir pred i l ec t i on for pathogenesis, w i t h demographic a n d prevalence 
patterns of disorders associated w i t h denta l integuments, a n d w i t h con-

ORAL ENVIRONMENT 

Miaoflora 
DENTAL PLAQUE 

M a t r i x 

ACQUIRED PELLICLE 

////TOOTH SURFACE ' / / / / / / 
/ / / / / / ^ M E L ) / / / / / / / / / 

Figure 1. Schematic representation of dental 
integuments 
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13. Q U I N T A N A Dental Integuments 291 

vent ional prophy lac t i c practices. T h i s paper summarizes the chemistry 
of denta l integuments, i n c l u d i n g pert inent n e w findings. 

W h i l e there has been considerable confusion i n regard to n o m e n ­
c lature of denta l integuments, F i g u r e 1 delineates the terms a c q u i r e d 
pe l l i c le a n d dental p laque as they are used i n this chapter. T h e a c q u i r e d 
pe l l i c le is a structureless, colorless, translucent, almost inv is ib le film, 
0.05—1μ th ick , w h i c h forms r a p i d l y a n d spontaneously on c lean tooth 
surfaces a n d adheres there rather tenaciously; i t has a sal ivary or ig in a n d 
a pro te in nature. Its format ion is independent of bacter ia . W h i l e i t m a y 
be removed b y abrasives or b y scal ing, i t reforms q u i c k l y (2 , 3, 4, 5, 6). 
D e n t a l p laque , on the other h a n d , constitutes " a soft amorphous granular 
deposit w h i c h accumulates on the surfaces of teeth" (3 ) (see F i g u r e 2 ) . 
W h e n mature , i t comprises " a m y r i a d of microorganisms embedded i n a 
re lat ive ly inso luble matr ix that is large ly of m i c r o b i a l o r i g in , b u t is at 
least par t ia l l y of sa l ivary or ig in . It contains l i t t le food debris a n d only a 
f ew ep i the l ia l ce l ls " ( 2 ) . 

A Β 

Figure 2. Dental plaque on human teeth: A , unstained dentition; B, the same 
teeth stained with solution disclosing the presence of plaque (dark areas on 

tooth surfaces) 

M a n y factors affect the development of p laque on a tooth, i n c l u d i n g 
( a ) the locat ion of the tooth i n the m o u t h , ( b ) the anatomy of the tooth 
a n d that of surround ing tissues, ( c ) the nature of the tooth surface, 
( d ) the presence of nutrients f r om the diet , sal iva , a n d g i n g i v a l fluid, 
( e ) the t ime of exposure of the tooth i n the o ra l environment , etc. ( 7 ) . 
W h i l e p laque forms on almost any smooth enamel surface where abrasion 
is m i n i m a l , i t seems to accumulate more r ead i l y i n in terprox imal areas 
adjacent to g i n g i v a l margins , i n enamel defects, a n d at other sites w h i c h 
are not self -cleansing. Its adherence to the u n d e r l y i n g surface is r e l a ­
t ive ly strong. R i n s i n g or spray ing w i t h water w i l l not remove i t c o m -
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pletely , but mechan i ca l c leansing such as toothbrushing w i t h dentifrices 
(2, 3 ) can. 

Formation of Acquired "Pellicle 

Pe l l i c l e is be l i eved to result f rom selective adsorpt ion of sa l ivary 
proteins a n d glycoproteins onto the hydroxyapat i te crystallites com­
p r i s i n g the enamel surface. P u r e hydroxyapat i te has the composi t ion 
C a 1 0 ( P O 4 ) 6 ( O H ) 2 (see Ref . 8 for details of its crystal structure a n d 
propert ies ) . W h i l e m a n y details of the composit ion of pe l l i c le require 
further invest igat ion, a s ia l i c -ac id -conta in ing g lycoprote in i n h u m a n 
sal iva appears to have a h i g h affinity for hydroxyapat i te , even i n c om­
pet i t ion w i t h other glycoproteins (9 ) (cf. Ref. 5 ) . Moreover , R o l l a 
a n d Sonju reported sul fated glycoproteins to be present i n pe l l i c le 
f o rmed on teeth in vivo; ev idence was already avai lable for the occur­
rence of such compounds i n sal iva a n d for their affinity for h y d r o x y a p a ­
tite ( J O ) . C o n s i d e r i n g the prominent adsorpt ion characteristics of ac id i c 
proteins or glycoproteins, an important factor i n the adsorpt ion process 
m a y be the affinity between c a l c i u m of hydroxyapat i te a n d negat ively 
charged carboxylate (or sulfate) groups of sal iva glycoproteins (9, 11). 

Analyses for the carbohydrate components of pe l l i c le g lycoprote in 
have revealed the presence of sial ic a c id , fucose, glucose, galactose, 
mannose, N-acety lg lucosamine , a n d N-acetylgalactos amine (2, 4). S ia l i c 
a c i d a n d fucose typ i ca l l y occur i n t e rmina l positions of the o l igosaccha­
r ide cha in , whereas N-acety lg lucosamine or N-acetylgalactosamine moie ­
ties l i n k the saccharide segment to the prote in core (2). Schrager a n d 
Oates ' studies on the p r i n c i p a l g lycoprote in f rom h u m a n m i x e d sal iva 
have ind i ca ted the latter to possess " a basic homogeneous composi t ion 
a n d structure but [to be] polydisperse w i t h respect to react ive end groups 
[sulfate; s ial ic ac id ] a n d charge" (12). It was also noted that qual i tat ive 
a n d quant i tat ive differences exist among carbohydrate components of 
the p r i n c i p a l sal ivary g lycoprote in a n d those der ived f r om plasma. G a l a c -
tosamine was f ound i n the sal ivary g lycoprote in but not i n p lasma glyco­
proteins ; conversely, mannose was absent i n sal ivary but present i n p lasma 
glycoproteins. T h u s pe l l i c le glycoproteins comprise bo th sal ivary a n d 
p lasma types. 

T h e amino a c i d composi t ion of the prote in port ion of a 2-hour pe l l i c l e 
a cqu i red in vivo on h u m a n teeth was the subject of a c ommunica t i on b y 
Sonju a n d R o l l a (13). T h e i r data ( T a b l e I ) are significant because, 
u n l i k e previous studies i n w h i c h pe l l i c le films were obta ined b y a c i d 
deminera l i zat ion of tooth enamel , their pe l l i c le preparat ion was removed 
b y care fu l scal ing only. N o significant differences were observed i n find­
ings for various teeth, an observation that supports selective adsorpt ion 
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13. Q U I N T A N A Dental Integuments 293 

of the sal ivary proteins. S m a l l amounts of g lucosamine a n d galactosamine, 
ind i cat ive of glycoproteins, were also detected; no d i a m i n o p i m e l i c a c i d 
or m u r a m i c a c id was f ound , however , po in t ing to the absence of bac ­
ter ia l contaminat ion. Sonju a n d R o l l a further observed that the amount of 
pe l l i c le deposited on h u m a n teeth cont inued to increase for 1.5 hrs a n d 
then leve led off. T h i s is consistent w i t h pr i o r findings of others that the 
film adjacent to the enamel surface h a d a m a x i m u m thickness of about 
1μ even after several days. 

« F r o m Ref. 13. 
h Average values. 

U s i n g contact angle measurements, Ba ie r determined the c r i t i c a l 
surface tension of the spontaneously acqu i red films deposited on a c lean 
inorganic so l id p l a c e d i n h u m a n mouths for periods of 30 sec, 2 m i n , a n d 
15 m i n (14) (see T a b l e I I ) . Concurrent determinat ion of m u l t i p l e atten­
uated interna l reflection I R spectra of the adsorbed films p r o v i d e d e v i ­
dence for the presence of prote in mater ia l . W h i l e the spectra revealed 

Table II. Data From Contact Angle Experiments on Surface Film 
Adsorbed onto Clean Solid Placed in the Mouth α 

Exposure in Critical Surface Slope,6 

Mouth, min Tension,* dynes/cm cm/dyne 

Table I. Amino Acid Composition of 2 -Hour Pellicle" 

Amino Acid Content* moles/100 moles 

A s p 7.3 
T h r 3.7 
Ser 9.6 
G l u 12.8 
P r o 2.2 
G l y 17.0 
A l a 7.3 
V a l 4.1 
C y s 0.9 
He 2.9 
L e u 6.1 
T y r 1.6 
Phe 2.9 
O r n 6.4 
L y s 7.0 
H i s 4.1 
A r g 4.1 

0.5 
2 

15 

33.3 
34.3 
36.1 

- 0 . 0 1 4 
- 0 . 0 1 2 
- 0 . 0 0 8 

« F r o m Ref. 14. 
h D e t e r m i n e d from Zisman plots (14)· 
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no major changes i n composi t ion , the progressive surface-chemical 
changes—i.e., increase i n c r i t i c a l surface tension, decrease i n slope of 
the Z i s m a n p lo t s—were interpreted to mean that the configuration rather 
than the composi t ion of the film components was changing . Since the 
observed changes reflected a t rend towards general ly greater surface free 
energies, i t was suggested " that denta l integuments become more a n d 
more a ' comfortable ' substrate for attachment, adhesion, a n d co lonizat ion 
b y ora l bacter ia as t ime lapses." 

Ba ie r also conducted p r e l i m i n a r y contact-angle studies on h u m a n 
teeth in situ (14). H e de termined values of c r i t i ca l surface tension to be 
approx imate ly 32 d y n e s / c m for teeth w h i c h h a d been recent ly c leaned 
w i t h toothpaste. A s imi lar va lue was obta ined for teeth not as recently 
c leaned. T a k i n g other factors into consideration, a surface energy of 
30 to 40 e r g s / c m 2 represents the na tura l s ituation. T h e exact values are 
contingent u p o n i n d i v i d u a l eat ing a n d o ra l hygiene practices. 

Development of Dental Plaque 

Subsequent to the deposi t ion of pe l l i c le , p redominant ly cocco ida l 
bacter ia appear a n d prol i ferate . T h e y originate, apparent ly , f r om enamel 
defects, f r om adjacent o ra l tissues, a n d f r o m the sal iva (2, 15). I n this 
connect ion, scanning electron microscope studies (16) suggest that g i n g i ­
v a l fluid is important for tooth-surface co lonizat ion. B a c t e r i a l a c c u m u l a ­
tions occurred on a c leaned tooth w i t h i n five minutes w h e n fluid was 
read i l y avai lable ( f r om severely in f lamed g ingivae) whereas, i n other 
instances, microorganisms were evident after a f e w hours, " s m a l l colonies 
of organisms [be ing] r ead i l y observed after 24 hours of continuous 
exposure to the ora l env ironment . " 

M o r e specif ical ly, streptococci are among the first organisms to 
co lonize on the tooth surface. I n the ora l cav i ty of m a n , Streptococcus 
mutans is par t i cu lar ly important since some correlations between caries 
act iv i ty a n d the presence of this organism i n p laque have been made (17). 

A s noted b y G i b b o n s a n d Sp ine l l , two modes of adhesion occur i n 
the development of denta l p l a q u e : ( a ) adhesion of the microorganisms 
to the tooth surface (or to the a c q u i r e d pe l l i c l e ) a n d ( b ) adhesion of 
the m i c r o b i a l cells to one another (18). O n e of the most d i s t inguish ing 
characteristics of S. mutans is the ab i l i ty to produce extracel lular p o l y ­
saccharides f r om sucrose, a n d avai lable data suggest that these c o m ­
pounds p l a y a signif icant ro le i n p laque genesis. T h e mechanism requires 
e luc idat ion , but one explanat ion proposes that the ab i l i t y of h igh -mo le cu ­
lar -we ight dextrans to tr igger agg lut inat ion of S. mutans is invo lved (19). 
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Since l ow-molecu lar -we ight dextrans do not promote aggregation, the 
process requires molecules of dimensions so as to effect b i n d i n g of more 
than one streptococcal c e l l per molecule of dextran. T h e nature of the 
receptor sites on the surface of the microorganisms is not clear, but they 
m a y be associated w i t h dextransucrase, the enzyme responsible for dex­
tran synthesis. It is present as a cell -associated f o rm a n d is k n o w n to have 
a h i g h affinity for dextrans (19). L i l j e m a r k a n d Schauer's finding that 
treatment of o ra l streptococci w i t h proteo lyt i c enzymes reduced the 
microorganisms ' adherence to sal iva-coated or dextran-coated hydroxy ­
apatite supports pro te in invo lvement on the bac ter ia l ce l l surface i n the 
reactive site b i n d i n g the bacter ia to hydroxyapat i te (20). T h e i r exper i ­
ments also demonstrated that microorganisms not subjected to any 
pretreatment adhered considerably better to sal iva-coated a n d to dextran-
coated hydroxyapat i te than to uncoated hydroxyapat i te . 

A c c o r d i n g to R o l l a , i on ic bonds are important i n the associations 
between bacter ia l polysaccharides a n d prote in-coated tooth surfaces (21). 
T h i s was based on in vitro experiments on the affinity of dextran for 
hydroxyapat i te p o w d e r coated w i t h sal ivary g lycoprote in ; specif ically, 
adsorpt ion of dextran was i n h i b i t e d b y 0 . 5 M . P r i o r treatment of the coated 
hydroxyapat i te w i t h neuraminidase also r educed adsorpt ion of dextran. 
Neuramin idase w o u l d be expected to reduce the negative charge of the 
prote in coat b y r emov ing i on i zed sial ic a c id moieties. O f course, r educed 
adsorpt ion of dextran cou ld result f rom conformat ional changes i n d u c e d 
i n the pe l l i c le prote in b y the neuraminidase treatment, as was apparent ly 
effected b y 4M or 8 M urea, i n other experiments. 

W h i l e important , dextran-mediated adhesion is not the only factor 
invo lved i n denta l p laque format ion . I n fact, most types of p laque bac ­
teria neither elaborate dextran nor are agglut inated b y i t . T h u s , i n 
exp lor ing other modes of interbacter ia l adhesion i n the evo lv ing p laque , 
G i b b o n s a n d S p i n e l l have obtained evidence suggesting a ro le for sal ivary 
proteins (18). T h e sal ivary polymers they s tudied interacted w i t h the 
microorganisms ' surfaces w h i l e effecting aggregation. T h e composi t ion 
of the compounds a n d the mechanism of their interactions were thought 
to be " v i t a l for an understanding of p laque f ormat ion . " 

T h u s , i n p laque , bo th carbohydrate and prote in mater ia l contr ibute 
to the matr ix . W h i l e the origins of these components have been ind i ca ted , 
other hypotheses were advanced to exp la in incorporat ion of sa l ivary 
proteins i n p laque (18). F o r example, L e a c h has proposed that p laque 
proteins arise as a result of the act ion of glycosidases (e.g., n e u r a m i n i ­
dase) on sa l ivary glycoproteins ( 5 ) . D a t a of Br iscoe et al. suggest, h o w ­
ever, that neuraminidase does not mod i fy adsorpt ion behavior of sal ivary 
proteins (22). 
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Surface-Chemical Aspects of Chlorhexidine in Plaque Control 

D e n t a l p laque constitutes a p r i m a r y etiologic factor i n both dental 
caries a n d i n per iodonta l diseases; a n d since these condit ions are among 
the most prevalent affecting m a n k i n d (23), one c o u l d not overestimate 
the value of t r u l y effective p laque-contro l agents (24, 25, 26). A m o n g 
compounds under current invest igat ion for c l i n i c a l use is the b i sb iguanide 
chlorhexid ine (Structure I ) , l J ' - h e x a m e t h y l e n e b i s C S - p - i c h l o r o p h e n y l ) -
b iguan ide ] (e.g., 24, 27-37). It is n o r m a l l y used as a digluconate , 
diacetate, or d ihydroch lo r ide salt. 

N H N H N H N H 

C I - \ 0 / ¥ ' C ^ N / C X N — ° Η ^ Η 2 Ο Η 2 Ο Η 2 Ο Η 2 C H r - N ^ C v N ^ C x N y Q V c i 
^ ' Η Η Η Η Η Η ^ ' 

I 

C h l o r h e x i d i n e has a broad spectrum of a n t i m i c r o b i a l act ion w h i c h , 
undoubted ly , is associated w i t h its ant ip laque effects. T h e mechanism 
has been s tudied extensively b y H u g o a n d L o n g w o r t h w h o report that 
ch lorhexid ine behaves s imi la r l y to cationic ant ibacter ia l agents such as 
surface-active quaternary a m m o n i u m compounds (38, 39, 40; cf. 41). 
T h e p r i m a r y act ion involves adsorpt ion of the c o m p o u n d onto the c e l l 
surface, the reactive sites be ing anionic . T h i s is f o l l owed b y a d isrupt ive 
effect on the cytoplasmic membrane , changes i n permeab i l i ty of the 
latter, a n d leakage of intrace l lu lar components. H i g h concentrations of 
chlorhexid ine , however , m a y i n h i b i t leakage b y i n h i b i t i n g autolyt ic 
enzymes, b y f o r m i n g a sealing layer (or layers) on the ce l l surface, b y 
congeal ing the cytoplasmic membrane , or b y prec ip i ta t ing intrace l lu lar 
components (proteins, nuc le i c a c i d ) . 

Other studies have shown appropr iate concentrations of ch lorhex i ­
d ine to i n h i b i t adenosine triphosphatase of Streptococcus faecalis m e m ­
brane. E l e c t r o n micrographs have shown a so-cal led b l i s ter ing of bac ter ia l 
ce l l wal ls (42) b y chlorhexid ine . T h i s was at tr ibuted to " ce l lu lar extru­
sion or to the accumulat ion of d r u g aggregates on the ce l l surface" (43). 

I n add i t i on to a n t i m i c r o b i a l act iv i ty , c ont inu ing invest igat ion reveals 
other important modes of ant ip laque efficacy. F o r example : 

( a ) C h l o r h e x i d i n e adsorbs onto tooth surfaces, pe l l i c l e a n d p laque , 
a n d provides an a n t i m i c r o b i a l m i l i e u for a per i od of t ime through gradua l 
release of the c o m p o u n d (28). 

( b ) T h e agent m a y also affect adherence of o ra l streptococci to 
teeth, as K o r n m a n et al. have f o u n d that ch lorhexid ine s ignif icantly re ­
d u c e d affinity of dextran-encapsulated S. mutans for protein-coated h y ­
droxyapat i te (44). T h e c o m p o u n d m a y react w i t h anionic functions of 
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13. Q U I N T A N A Dental Integuments 297 

the prote in , b l o c k i n g sites of attachment n o r m a l l y avai lable to the dextran-
encapsulated bacter ia . C h l o r h e x i d i n e , adsorbed onto tooth surfaces, m a y 
act as a sur face -modi fy ing agent (24). 

( c ) I n v i e w of the importance of sa l ivary glycoproteins i n p laque -
development , the co incidence (45) of ch lorhexid ine concentrations pre ­
c ip i ta t ing sa l ivary glycoproteins a n d those effecting c l i n i c a l efficacy is 
significant. T h e p H - d e p e n d e n c e of c h l o r h e x i d i n e - p r o t e i n interact ion 
suggests the importance of the net negative charge of the proteins. 

( d ) I n add i t i on to chlorhexidine 's efficacy i n prevent ing a c c u m u l a ­
tions of p laque a n d calculus , the c o m p o u n d has capabi l i t ies of affecting 
a l ready f o rmed p laque on teeth (24). I n this connect ion, T a n z e r et al. 
noted p a r t i a l d i s rupt ion of in vitro p laque preparations w h e n these were 
treated w i t h chlorhexid ine (46). 

A deta i led study of chlorhexidine 's sur face -chemical characteristics 
was undertaken i n our laboratories. T h i s i n c l u d e d w o r k w i t h a series of 
careful ly selected analogs compr i s ing segments of the parent molecule 
(Structure I I ; R = n-hexyl , η-propyl, or H ) or extensions of these (S t ruc ­
ture I I ; R = n-octy l or n -dodecy l ) . 

II 

T h e g r a d u a l changes i n the c h e m i c a l structure a n d p h y s i c a l properties of 
the congeners fac i l i tated identi f icat ion of molecular functions a n d / o r 
phys i cochemica l characteristics associated w i t h chlorhexidine 's surface-
active behavior . W h i l e the s tudy explored p r i n c i p a l l y interactions be­
tween the évaluant entities a n d monomolecu lar films p r o v i d i n g carboxy l , 
h y d r o x y l , and amide groups at the m o n o l a y e r / w a t e r interface, the c om­
pounds ' comparat ive effects at a i r / w a t e r , n -hexane /water , a n d h y d r o x y -
a p a t i t e / w a t e r interfaces were also invest igated (47, 48, 49). 

T h e w o r k w i t h monolayer systems (stearic a c id , stearyl a lcohol , 
N-oc tadecy lacetamide) revealed the importance of interactions between 
d i cat ion ic ch lorhex id ine molecules a n d anionic carboxylate groups i n 
effecting substant ial increases i n the surface pressure of the films, and , i n 
the instance of the ch lorhex id ine analogs, also po inted to the significance 
of a sufficiently lengthy 5 N - a l k y l substituent (Structure I I , R = n-hexyl ) 
i n effecting film penetrat ion. L a c k i n g the structure of a c lassical surfac­
tant, ch lorhexid ine , w i t h its a l ternat ing h y d r o p h o b i c a n d h y d r o p h i l i c 
moieties, has been designated as a specific surface-active agent, some 
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298 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

specific g r o u p ( s ) be ing responsible for its accumulat i on at interfaces 
( 50 ) . T h e comparat ive evaluat ion of the effect of ch lorhexid ine a n d the 
del ineated congeners on surface a n d inter fac ia l tension a n d on adsorpt ion 
onto hydroxyapat i te suggested that the hexamethylene cha in is a major 
contr ibutor to the surface ac t iv i ty of chlorhexid ine . Deta i l s of studies on 
the compounds ' ant ip laque efficacy in vitro (51) w i l l be reported else­
where . 
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Demonstration of the Involvement of 
Adsorbed Proteins in Cell Adhesion and 
Cell Growth on Solid Surfaces 

R. E. BAIER and L. WEISS 

Department of Biophysics, Roswell Park Memorial Institute, Buffalo, Ν. Y. 

Experiments with solids immersed in cell culture media, 
with and without living cells present, convincingly demon­
strate the absolute condition that protein-dominated films 
accumulate at the solid-liquid boundaries prior to cell ad­
hesion. The reality and speed of this spontaneous, adsorptive 
event are documented by using infrared-transmitting, mul­
tiple internal reflection plates as the immersed solid with 
care to prevent film transfer from gas—liquid interfaces. 

*"phis brief report highlights the involvement of adsorbed ( conditioning ) 
films of proteins in the behavior of cells at solid surfaces, particularly 

during routine experiments designed to investigate the cell adhesion, cell 
migration, cell growth, or cell aggregation process. Adsorbable macro-
molecules, used in supplements to otherwise well-defined culture media, 
affect such experiments greatly. 

All our methods have been reported (1,2,3). The cells were derived 
from Ehrlich-Lettre, hyperdiploid ascites tumors (EAT) kept in culture 
at the Roswell Park Memorial Institute. For details of the culture method, 
cultured cells, and culture media, see Refs. 4 and 5. 

Typical Results 

A n I R spectrum of freshly prepared R P M I 1630 ce l l cu l ture m e d i u m 
supplemented w i t h 5 % calf serum, the m e d i u m used rout ine ly to culture 
v iab le cells, is presented i n F i g u r e 1. F i g u r e 1 is an I R spectrum of 
centr i fugal ly concentrated a n d washed E A T cells w h i c h were c u l t u r e d 
i n this m e d i u m . T h e I R spectrum of the salt-free residue f r o m the 
supernatant l i q u i d obta ined after centr i fug ing the cells constitutes F i g u r e 
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14. B A I E R A N D WEISS Adsorbed Proteins 301 

FREQUENCY (CM') 
3600 3200 ?300 2400 2000 1800 1600 1400 1200 1000 

Figure 1. IR spectrum of freshly prepared RPMI 1630 cell culture medium 
(+ 5% calf serum supplement) with no cells present 

3. C e l l lines usual ly cannot be successfully propagated i n various syn­
thet ic m e d i a w i t h o u t supplementa l ( a n d , unfortunately , poor ly char ­
acter ized) serum components. T h i s requirement for supplementa l p ro ­
te in materials p robab ly reflects—at least i n i t i a l l y — t h e need for adsorbable 
proteinaceous constituents w h i c h w i l l spontaneously accumulate at a n d 
favorably mod i fy ( for ce l l adhesion a n d propagat ion) the surfaces 
of the culture containers. There was essentially no spontaneous film 
adsorpt ion f rom freshly prepared R P M I 1630 cul ture m e d i u m w i t h o u t 

FREQUENCY (CM') 
2000 1800 

Figure 2. IR spectrum of centrifugally concentrated and washed cells 
which had been cultured in RPMI 1630 medium (+ 5% calf serum 

supplement) 
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302 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

a d d e d calf serum d u r i n g a 10-min immers ion of an interna l reflection 
p r i s m w i t h w h i c h even monolayer amounts of organic contaminat ion can 
be detected, a n d there were no significant absorpt ion bands i n the I R 
spectrum ( F i g u r e 4 ) . B y contrast, an organic film was spontaneously 
adsorbed onto another p r i s m d u r i n g a 10-min i m m e r s i o n i n a freshly pre ­
p a r e d ce l l cu l ture m e d i u m w i t h a 5% cal f serum supplement ( F i g u r e 5 ) . 
T h i s spontaneously adsorbed film was dominated b y a g lycoprote in com-

FREQUENCY (CM) 
2000 1800 1400 1200 1000 

Figure 4. IR spectrum demonstrating essential absence of spontaneous 
film adsorption from freshly prepared RPMI 1630 cell culture medium 
(without added calf serum) during 10-min immersion with no cells present 
Technique: MA1R, sensitive to even a monolayer of organic contamination 
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14. B A I E R A N D WEISS Adsorbed Proteins 303 

ponent. O n c e adsorbed, i t was complete ly inso luble i n water a n d i n saline 
m e d i a ; thus adsorpt ion h a d denatured the film sufficiently so that its 
or ig ina l so lubi l i ty characteristics h a d been lost. W a t e r or sal ine extract ion 
usual ly removes g lycoprote in or proteoglycan films w h i c h are not strongly 
b o u n d to the s o l i d - l i q u i d b o u n d a r y ( 3 ) . S i m i l a r l y a film was spontane­
ously adsorbed d u r i n g a 10-min p r i s m immers ion i n used (often con­
s idered exhausted) cul ture m e d i u m i n w h i c h cells h a d been propagated 
for some t ime ( F i g u r e 6 ) ; g lycoprote in adsorpt ion, even f r om the ex­
hausted m e d i u m , was r a p i d a n d irreversible . 

4000 

100 

FREQUENCY (CM ') 
3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 

Figure 5. IR spectrum of film spontaneously adsorbed during 10-min 
immersion in freshly prepared cell culture medium (RPMI 1630 + 5% 

calf serum supplement) with no cells present 

T h e presence of these spontaneously adsorbed (i.e. adsorbed d u r i n g 
m i n i m u m exposure t imes ) , t h i n films on po lymer i c substrates such as 
polystyrene cul ture dishes a n d glass plates usual ly cannot be demon­
strated b y other spectroscopic methods. F o r example, the modi f ied i n ­
ternal reflection spectroscopic technique , i n w h i c h an aux i l iary salt p r i s m 
(usua l ly the mal leable salt K R S - 5 ) is pressed against the demonstrably 
( b y other techniques) protein-coated substrates, a lways fai ls ; this tech­
n ique is not sensitive enough for the near monolayer ranges r e q u i r e d for 
this demonstrat ion. T h e r e q u i r e d sensit ivity is achieved on ly w h e n a d ­
sorpt ion occurs d irect ly on the face of a clean, or th in film-coated, in terna l 
reflection element. 

A current goal is to establish long term b i o compat ib i l i t y of engineer­
i n g a n d structural materials , especial ly for prosthetic devices, b y pro ­
m o t i n g the r a p i d attachment a n d pro l i ferat ion of l i v i n g cells compat ib le 
w i t h the site of u l t imate implantat i on . F i n e fabr i c meshes are of great 
ut i l i ty i n this appl i cat ion . T h e great sensit ivity ( a n d s i m p l i c i t y ) of 
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304 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 7. IR spectrum of cell culture on 5-μ thick, polypropylene-based, 
microfabric substrate 

m o n i t o r i n g ce l l adhesive events w i t h i n a micro fabr i c layer b y interna l 
ref lection spectroscopic methods (1,2,3) is i l lustrated b y F igures 7 a n d 8. 
F i g u r e 7 is the I R spectrum after 2 hrs of ce l l cu l ture w i t h i n a 5-μ thick, 
po lypropy lene fiber, mi c ro fabr i c substrate ( a p p l i e d to a g e r m a n i u m i n ­
terna l reflection p r i s m at U n i o n C a r b i d e C o r p . through the courtesy of 
Joseph B y c k ) . L i g h t microscopy revealed that the large prote in spectral 
bands resulted f r o m extensive ce l lu lar coverage; thus, even d u r i n g this 
t ime, c e l l attachment a n d g r o w t h (as ind i ca ted b y the abundance of 
ce l lu lar mater ia l ) were excellent. T h e cells were extremely resistant to 

I ' FREQUENCY (CM1) 
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 

100 100 1 i ! ; J ! ! • ! i ι i < 1 1 ; • • ; : ! i : 
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Figure 6. IR spectrum of film spontaneously adsorbed during 10-min 
immersion in used culture medium (RPMI 1630) in which cell growth had 

occurred after removal of cells by centrifugation 
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14. B A I E R A N D WEISS Adsorbed Proteins 305 

detachment even b y lengthy a n d vigorous r i n s i n g i n saline m e d i a a n d 
water . B y contrast, i n experiments to culture the same ce l l l ine on bare 
g e r m a n i u m prisms, there was l i t t l e permanent ce l l attachment i n two 
hours. Desp i t e apparent success i n us ing m a n y micro fabr ics to promote 
ce l l attachment a n d ce l l g rowth , our experiments also demonstrated some 
worr isome features of this mater ia l . F o r example , s imple soaking i n d is ­
t i l l e d water seriously leached res idua l micro fabr i c contaminants f rom the 
po lypropy lene mesh ( F i g u r e 8 ) ; de pe nd ing o n their compos i t ion , such 
components leached into a del icate ce l l cu l ture m e d i u m m i g h t seriously 
interfere w i t h attachment or propagat ion of less v iab le c e l l l ines. 

Figure 8. IR spectra illustrating severe leaching of microfabric con­
taminants 

L o w e r trace, 5-μ thick polypropylene-based microfabric as prepared; and upper 
trace, same fabric after soaking in distilled water 

Discussion 

O n l y the methods used i n this study ( J , 2, 3) can detect a n d f o l l ow 
the i n i t i a l events at the b o u n d a r y between a so l id substrate a n d the 
b io l og i ca l m i l i e u . T h i s extraordinary sensit ivity derives f r o m the ab i l i ty 
to moni tor events f rom w i t h i n the substrate itself b y m a k i n g the substrate 
capable of support ing m u l t i p l e attenuated in te rna l reflection ( M A I R ) at 
a var iety of useful spectroscopic wavelengths. I n other studies, i t was 
conc luded that adsorbed prote in on so l id substrates is of essentially nat ive 
(i.e. so lut ion or vo lume phase) conf iguration a n d present i n significant 
thickness (6). Those studies used a different version of the in terna l 
reflection spectroscopic method w h e r e i n a p r i s m element was forceful ly 
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306 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

pressed against a plast ic or f o i l surface w h i c h h a d accumulated , after very 
l ong immers ion periods, e q u i l i b r i u m amounts of adsorbed prote in . F u r ­
ther, those studies were general ly conducted i n the absence of the 
n o r m a l l y at taching cells w h i c h w o u l d have modi f ied the process of film 
b u i l d u p before i t reached e q u i l i b r i u m . S u c h studies detected on ly the 
nature of the prote in adsorbed onto other layers of prote in a lready at the 
s o l i d - s o l u t i o n interface. T h e p r i m a r y , inter fac ia l ly l o ca l i zed layers can­
not be detected b y methods other than those used here. There is l i t t le 
re levance to speculat ion about the effect of these secondary prote in 
layers w h i c h are p r o b a b l y not even present w h e n cells first arr ive a n d 
attach to so l id surfaces. 

Figure 9. Phase contrast micrographs of live cells adherent to glass 
Culture medium, RPMI 1640; left, with no added protein; and right, with 20% fetal 

calf serum supplement 

W o r k is just n o w beg inn ing on the effect of substrate chemistry on 
prote in adsorpt ion f rom supplemented culture m e d i a a n d on the sec­
ondary effect of these layers on ce l l adhesion processes (7). I n p r e l imina r y 
work , we determined that a m a r k e d dif ferentiation i n ce l l morpho logy 
reflects the presence of adsorbed proteinaceous components at a subs t ra te -
solut ion interface. F o r example , w h e n l i v i n g cells settle to c lean glass 
surfaces i n the absence of supplementa l prote in , the cells r emain r o u n d e d 
a n d poor ly adhesive, a n d they are unable to develop good ce l l monolayer 
coverage of the surface (see F i g u r e 9 ) . O n the other h a n d , the presence 
of supplementa l prote in i n the m e d i u m induces greater ce l l adhesion; 
increased adhesion is apparent ly med ia ted b y extensive morpho log i ca l 
changes i n the ce l l ( m a n y elongated f o rms ) , a n d eventual ly the cells 
complete ly cover the so l id surface. 
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Glycoprotein Adsorption in Intrauterine 
Foreign Bodies 

R. E. BAIER 

Department of Biophysics, State University of New York at Buffalo, 
Buffalo, New York 

J. LIPPES 

Department of Gynecology-Obstetrics, State University of New York at Buffalo, 
Buffalo, New York 

Surface chemical evaluation of plastic and metal intrauterine 
devices removed after years of trouble-free use revealed the 
presence of a similar glycoproteinaceous coating in all cases. 
Spontaneous adsorption of such coatings probably precedes 
the mobilization of macrophages to the devices location and 
triggers the antifertility effect noted. Further research re­
quired on the isolation of the spontaneously accumulated 
glycoprotein and the relationship of this process to the 
original surface properties of the devices is outlined. 

Intrauterine foreign bodies are effective in regulating fertility, and it is 
expected that they will become increasingly important in worldwide 

population control (I, 2). This investigation inquired into the potential 
modifications of the true surfaces of such intrauterine foreign bodies. 
These surface modifications may be responsible for initiation of secondary 
biological effects, and they may provide a general explanation of foreign 
body efficacy in fertility regulation. Intrauterine devices (IUDs) in 
humans mobilize macrophages to the endometrium. These cells may 
secrete substances which prevent fertilization of nidation, or they may 
prevent pregnancy by a combination of physiologic effects. 

It has been suggested that a nonspecific foreign body reaction is the 
unifying principle in the mechanism of intrauterine foreign body action. 
In primates, the mechanism of action remains unknown; a number of sub­
sequent biological changes which have been described are secondary 

308 
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15. BAIER AND LIPPES Intrauterine Foreign Bodies 309 

phenomena resul t ing over the longer term f r o m the i n i t i a l fore ign b o d y 
reaction ( 3 ) . 

A recent rev iew (4) considers a foreign b o d y react ion i n d u c e d i n 
soft tissues b y the presence of art i f i c ia l implants to be a chronic in f lam­
matory response; i t was noted speci f ical ly that denaturat ion of proteins 
at the surface of the i m p l a n t e d mater ia l m a y evoke an i m m u n o l o g i c 
response. T h i s poss ib i l i ty has a lready been examined exper imental ly w i t h 
respect to materials i n contact w i t h b lood . Stern a n d co-workers (5 ) 
reasoned as fo l lows : 

If autologous prote in were adsorbed a n d denatured b y materials i m ­
p lanted i n a major route of b l o o d flow, they m i g h t present a constant 
antigenic st imulus w i t h development of antibodies to the adsorbed prote in 
coat or to smal l amounts of desorbed, denatured prote in released into the 
c i rcu lat ion . C e r t a i n materials might be considered to have undes i rab ly 
intense i m m u n o g e n i c properties to the extent that alterat ion of the surface 
stereochemistry d u r i n g adsorpt ion m i g h t expose greater numbers of 
ant igenic sites i n autologous proteins . . . 

O u r experiments, begun i n 1968, have demonstrated the real i ty of 
such adsorpt ion on the surfaces of intrauterine contraceptives; qua l i ta t ive 
analyses were made of the spontaneously deposited mater ia l . A l t h o u g h 
evidence for prote in denaturat ion a n d ant ibody response was not sought 
i n this study, w e do speculate on the importance of such a mechanism i n 
fer t i l i ty regulat ion . 

Methods and Materials 

T h e intrauter ine foreign bodies examined i n this s tudy were mostly 
low-densi ty po lyethylene i n the double- loop configuration k n o w n as the 
L i p p e s loop D . T h e y were selected after vo luntary r e m o v a l f rom the 
wearers for the expressed purpose of a l l o w i n g a p l a n n e d pregnancy , or 
for personal convenience, after h a v i n g served for as l ong as five years as 
effective regulators of fert i l i ty . A l l the devices were obta ined f r om the nor ­
m a l c l i n i c a l supply , a n d they were bo th inserted a n d removed accord ing 
to s tandard gyneco log ica l office pract ice w i t h no special h a n d l i n g at either 
insert ion or w i t h d r a w a l . R e m o v e d rings a n d loops were a l l o w e d to air 
d r y a n d were then stored i n smal l paper or gauze wrapp ings u n t i l selection 
for invest igat ion. A t that t ime, the i n d i v i d u a l devices were used d i rec t ly 
as substrates for contact angle measurements accord ing to the Z i s m a n 
method ( 6 ) , or for film a n d part ic le extraction for spectroscopic analysis. 
It was quite easy to scrape or flake off some of the d r i e d , clear coat ing 
w h i c h was usual ly complete ly free of r e d b l o o d cells i n the regions 
sampled (or over the who le dev i ce ) . T h e scrapings were ana lyzed 
d irec t ly i n s tandard x-ray di f fract ion equipment or b y I R spectroscopy 
(7 ) after they were spread i n a drop of d i s t i l l ed water over the surface 
of an internal reflection p r i s m . A l l I R spectra reproduced i n this report 
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310 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

Figure 1. Intrauterine foreign bodies 
Left: Lippes loop D prior to insertion; center: Hall Stone ring device 
removed from uterus after 5 yrs of trouble-free use; and right: Lippes 

loop D removed from uterus after 5 yrs of trouble-free use 

were o r ig ina l l y recorded on P e r k i n - E l m e r models 21 a n d 700 dua l -beam 
spectrophotometers. 

Results 

F i g u r e 1 is a photograph of a L i p p e s loop pr ior to insert ion, a 
stainless-steel H a l l Stone r i n g as i t appeared after r e m o v a l f rom a wearer 
w h o h a d used i t f rom 1964 through 1969 w i t h no apparent complaints , 
a n d a L i p p e s loop vo luntar i l y removed f rom another patient for the p u r ­
pose of a p l a n n e d pregnancy after five years of use. 

I n T a b l e I are l is ted the s lowly advanc ing contact angles of a var iety 
of h i g h l y pur i f ied , diagnostic we t t ing l i qu ids a p p l i e d d i rec t ly to the sur­
faces of the u n i m p l a n t e d loop, the loop removed after five trouble-free 
years i n the intrauter ine cavity , a n d the spontaneously spread films of 
d is t i l l ed -water extracts of the surface coatings f r om the stainless-steel 
spr ing device a n d the r emoved loop. I n plots of the contact angle data 
i n the s tandard Z i s m a n format (6) ( F i g u r e 2 ) , these data are extrapolated 
to c r i t i c a l surface tension values at the cosine-contact-angle-equals-one 
axis. I t is clear (cf. T a b l e I a n d F i g u r e 2) that, w h e n judged i n the dry 
state as necessitated b y contact angle techniques, the wet t ing properties 
of the unused a n d the w o r n L i p p e s loops were considerably d iss imi lar , 
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15. B A I E R A N D L I P P E S Intrauterine Foreign Bodies 311 

w h i c h emphasizes the difference i n true inter fac ia l chemistry. F u r t h e r ­
more , the d is t i l l ed -water -spread coatings f r o m the b io log i ca l ly exposed, 
p last ic a n d stainless-steel fore ign bodies were d ist inguishable , b u t they 
were not sufficiently d iss imi lar to suggest any great or fundamenta l d i f ­
ferences i n the chemistry of the coat ing mater ia l . 

I n F i g u r e 3 are the I R spectra of the e q u i l i b r i u m surface deposits 
on the plast ic L i p p e s loop a n d on the meta l spr ing device after five years 
in utero. It is remarkable h o w s imi lar these spectra are consider ing the 
difference i n the I U D materials a n d that they h a d been exposed to the 
b i o l og i ca l m i l i e u of different w o m e n w h o l i v e d i n different parts of the 
country a n d h a d different habits of personal hygiene, sexual act iv i ty , a n d 
diet. E a c h spectrum can be most d i rec t ly interpreted as representing a 
substantial ly pure or conf igurational ly monodisperse g lycoprote in on the 
basis of the major spectral bands present. O u r identi f icat ion of the 
mater ia l as a true g lycoprote in is supported b y the observation that, 
u p o n extensive r ins ing or l eaching of the film i n d is t i l l ed water or saline 
solutions, the re lat ive ratios of the I R absorpt ion bands that t yp i f y the 
po lyamide backbone a n d the saccharide or carbohydrate groupings c ou ld 

Table I. Contact Angles of Wetting Liquids on Surfaces of 
Unused and Used IUDs 

Slowly Advancing Contact Angles, 
degrees 

Wetting Liquids 

Lippes 
Loop 
after 

Liquid 

Im- Coating 
Surface Lippes planta- Coating from 
Tension, Loopa tion from Steel 
dynes/cm as Im- 1963- Lippes Spring 
at20°C planted 1968b Loopc IUDC 

W a t e r 
G l y c e r o l 
F o r m a m i d e 
T h i o d i g l y c o l 
M e t h y l e n e iodide 
Sym-tetrabromoethane 
1-Bromonaphthalene 
0- Dibromobenzene 
1- M e t h y l n a p h t h a l e n e 
D i c y c l o h e x y l 
n-Hexadecane 
n-Decane 

72.8 99 68 80 75 
63.4 88 65 67 71 
58.2 84 36 62 69 
54.0 70 46 54 51 
50.8 46 67 51 44 
47.5 36 63 46 45 
44.6 27 54 38 38 
42.0 19 44 34 31 
38.7 12 41 28 25 
33.0 0 19 22 0 
27.7 0 13 12 0 
23.9 0 0 7 0 

a Low density polyethylene. 
6 Coated with adsorbed film. 
c Spread in distilled H 2 0 on germanium prism. 
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312 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

SURFACE TENSION DYNES/CM SURFACE TENSION DYNES/CM 

Figure 2. Plots of contact angle data 
Top left: unused Lippes loop D; top right: Lippes loop D after 5 yrs of intrauterine 
service; and bottom: glycoproteinaceous coatings extracted with distilled water from 
plastic (left) and steel (right) intrauterine foreign bodies that were in place 5 yrs. 

Points with small symbols were not included in straight-line fit. 

not be changed. I n par t i cu lar , the o l igosaccharide contr ibut ion c o u l d not 
be e l iminated b y di f ferential extract ion into aqueous solvents as does 
h a p p e n w i t h pure polysaccharides a n d proteoglycans. M i c r o s c o p i c i n ­
spect ion of the surfaces of these devices revealed no evidence of erythro­
cyte accumulat ion . Rather , on ly a d r i e d amorphous mass, t y p i c a l of 
s i m p l y d r i e d , adsorbed films of prote in [even as spontaneously adsorbed 
f r om b l o o d on intravascular prosthetic devices ( 8 ) ] was f ound . X - r a y 
di f fract ion studies of scrapings f rom these a n d s i m i l a r l y s tudied i n t r a ­
uterine fore ign bodies showed evidence of an add i t i ona l component 
w h i c h must have been present i n only m ino r proport ions on the basis of 
the I R spectra; i t was tentatively identi f ied as cholesterol stéarate. 

I n F i g u r e 4 are presented other t y p i c a l I R spectra that characterize 
the e q u i l i b r i u m surface deposits on intrauter ine fore ign bodies of different 
materials a n d configurations w i t h different periods of intrauter ine expo­
sure. T i m e of exposure v a r i e d f r om 4.5 yrs ( the upper le f t -hand spectrum 
of the coat ing on a stainless-steel r i n g ) to on ly 1.5 yrs (the l ower r ight -
h a n d spectrum of the coat ing on a L i p p e s l o o p ) ; a l l exposures occurred 
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15. B A I E R A N D L I P P E S Intrauterine Foreign Bodies 313 

between 1964 a n d 1969. It is clear f rom perusa l of these 12 add i t i ona l 
spectra that—independent of the wearer of the I U D , its composi t ion a n d 
configuration, a n d the p e r i o d of intrauter ine res idence—al l surface coat­
ings are essentially the same, i.e. p redominant ly glycoproteins. W e con­
c lude that the i n i t i a l a n d sometimes permanent modi f i cat ion of nonphys io -
log ic materials p laced w i t h i n the uterine cav i ty is p r o v i d e d b y spontane­
ously adsorbed layers of proteinaceous mater ia l w h i c h m a y be i n v o l v e d 
i n inter fer ing w i t h reproduct ion . 

Discussion 

Mechanism of Fertility Regulation. I U D s are successful means of 
contracept ion; they are p a r t i c u l a r l y suitable for large-scale use w h e n 
mot ivat ion is m i n i m u m a n d continuous survei l lance of the popu la t i on is 
difficult. F o r most couples, the use of an I U D i n f a m i l y p l a n n i n g is 
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Figure 3. Internal reflection IR spectra characterizing the equilibrium surface 
layers coating plastic (top) and steel (bottom) intrauterine foreign bodies, each 

after 5 yrs in utero 
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Figure 4. Internal reflection IR spectra illustrating the similarity of the coat­
ing acquired in utero on the surfaces of various intrauterine foreign bodies that 

were in place for various lengths of time 
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considered effective, safe, a n d acceptable. Its use is dissociated f r om the 
t ime a n d circumstances of sexual activit ies, a desirable qua l i ty w h i c h 
characterizes few contraceptive methods. I n reflection of the fact that 
intrauter ine foreign bodies are economical a n d that only paramed i ca l 
skills are r e q u i r e d for programs of mass app l i cat ion , the number of w o m e n 
i n the w o r l d current ly wear ing a modern version of the intrauterine 
contraceptive device has increased to more than six m i l l i o n ( J ) . O r a l 
contraceptive pi l ls a n d intrauter ine foreign bodies are the most effective 
contraceptives current ly avai lable . A l t h o u g h ora l contraceptives are more 
effective i n prevent ing pregnancies, I U D s have a h igher cont inuat ion rate 
( 9 ) . 

W h a t is the mechanism b y w h i c h inert or re lat ive ly inert fore ign 
bodies exert their ant i fert i l i ty funct ion? O n e possible explanat ion is the 
induc t i on of a m i l d ant ibody -re jec t i on response to the presence of an 
i n d w e l l i n g , reasonably large surface-area, fore ign pro te in—the configura-
t ional ly distorted glycoproteinaceous layer that is spontaneously acqu i red 
b y the I U D immediate ly after insertion f rom uterine secretions. 

W e speculate that altered glycoproteins f o rming at the surface of an 
I U D i n h i b i t reproduct ion b y evoking an inf lammatory response to the 
long-term, i n d w e l l i n g nonphysio log ic mater ia l ( otherwise inert enough to 
m i n i m i z e p a i n , b leed ing , abort ive , a n d other compl i ca t i ons ) . T h i s re ­
sponse includes mob i l i za t i on of macrophages w h i c h m a y be sensitized to 
sperm antigens. It is possible that macrophages so sensit ized m a y even 
reach the oviduct . Suppor t ing this speculat ion are the observations i n 
humans that uterine fore ign bodies do cause inf i l trat ion of the endo­
m e t r i u m b y macrophages (10) whereas i n rats leukocytes are f ound i n 
the endometr ium (11). I n 5 0 % of w o m e n , foreign particles ( I n d i a i n k ) 
p laced i n the uterus can be f ound i n the ov iduct (12). A l t h o u g h i t has 
not been demonstrated that capacitat ion of h u m a n sperm is necessary for 
h u m a n fert i l i zat ion , adherence of sperm to the zona p e l l u c i d a of the o v u m 
is general ly species specific (13). C o u l d alteration of uter ine or ov iduc ta l 
proteins interfere w i t h sperm adherence to the zona pe l luc ida? T h i s 
might be caused b y r emova l or add i t i on of modi f ied , adsorbable g lyco­
proteins. O n the basis of observations i n rabbits , earlier workers suggested 
that i n h i b i t i o n of sperm capacitat ion m i g h t possibly be an ant i fert i l i ty 
effect of I U D s (14). 

It is not k n o w n whether the predominant effect i n the h u m a n female 
is interference w i t h sperm physio logy , f er t i l i zat ion , o v u m transport, or 
n idat ion . Greater quantit ies of the g lycoprote in w h i c h accumulates on 
a l l I U D surfaces should be isolated for use i n studies to determine spe­
ci f ical ly w h i c h reproduct ive processes are inh ib i t ed . 

Some alternative theories seem less probable . T u b a l patency tests 
have established that I U D s do not cause mechani ca l obstruct ion or spasm 
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316 A P P L I E D CHEMISTRY AT PROTEIN INTERFACES 

of the tubes (IS). Premature expuls ion of the o v u m is not the mechanism 
of the ant i fer t i l i ty act ion of intrauter ine fore ign bodies i n most m a m m a l i a n 
species a n d certa in ly not i n pr imates (16). T h e inc idence of uterine 
carc inoma is not altered i n h u m a n recipients of intrauter ine fore ign bodies 
(17,18). 

Surface Properties of IUDs. M o s t I U D s current ly i n use cause only 
m i n i m u m changes i n the uter ine endometr ium (19). Excess ive menstrual 
b leed ing , intermenstrual spott ing, a n d b l e e d i n g between menstrual p e r i ­
ods have been noted as sources of annoyance, a n d they constitute a major 
reason for r emova l of I U D s . S u c h b l eed ing is p robab ly secondary to loca l 
hyperemia , edema, pressure necrosis, a n d sometimes endometrit is (20). 
A f t e r I U D s are inserted into the uterus, some patients c o m p l a i n of p a i n 
a n d l o w backache , but p a i n is a minor reason for d i scont inuing i n t r a ­
uterine contraception. 

It was reported that the degree of adverse react ion differs w i t h the 
type a n d quant i ty of mater ia l i n the I U D (-21), a n d this subject should 
concern specialists i n the surface chemistry of b i o l og i ca l systems. It is 
important to ascertain whether their surface properties p l a y any signif i ­
cant role i n I U D acceptabi l i ty or efficacy because there have been numer ­
ous observations that specific materials are better accepted i n a var iety 
of b i o l og i ca l environments than are most other materials (22). It m a y 
be stated tentatively that yes, surface properties are significant since very 
h i g h surface-energy meta l devices irr i tate the uterus more than only 
re lat ive ly h i g h surface-free-energy p o l y ( v i n y l ch lor ide ) a n d n y l o n . T h e 
most inert , lower surface-free-energy polyethylenes apparent ly i rr i tate 
the least, approach ing the passivity of na tura l rubber , but none of these 
materials equals the non - i r r i ta t ing performance of m e d i c a l grade si l icone 
r u b b e r w h i c h has a c r i t i ca l surface tension i n the b iocompat ib le range of 
earl ier c r i ter ia (8, 22). W h e n unexpected pregnancies d i d occur i n 
wearers of I U D s , spontaneous abort ion occurred more frequent ly w h e n 
meta l devices were present than w h e n the devices were of other mater ia l . 

T h e chal lenge remains to ident i fy more precisely the specific surface 
chemica l arrays on a foreign mater ia l w h i c h , w h e n it is inserted into the 
uterine cavity , m i g h t tr igger reactions that produce these adverse effects 
as w e l l as i n h i b i t reproduct ive activities (23). 

Effect of Adsorbed Protein on New IUDs. A new, promis ing i m ­
provement i n contraceptive technology involves the instal lat ion of i n t r a ­
uterine fore ign bodies l oaded w i t h certain steroids ( 24 ) w h i c h can diffuse 
through the w a l l of these devices i n microquant i t ies at s low a n d constant 
rates. A l so , the add i t i on of copper to the I U D surface greatly improves 
contraceptive effectiveness (25, 26). Since these devices introduce n e w 
materials to the intrauter ine environment , they create the need for more 
deta i led unders tanding of the effect of that enviroment on the surface 
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properties of the devices a n d vice versa. F o r example, dif fusion rates 
through m e d i c a l grade si l icone rubber were 8 -10 times h igher w h e n 
h u m a n p lasma surrounded the capsules rather than n o r m a l saline so lu­
t ion (27, 28). 

O u r w o r k suggests that I U D effects m a y be med ia ted through a 
rather specific layer of adsorbed proteinaceous mater ia l . W i t h the large-
scale in troduct ion of steroid-dispensing subcutaneous a n d / o r intrauter ine 
devices on the hor i zon , it is of c r i t i ca l importance to evaluate as w e l l the 
effect of adsorbed prote in on the meter ing of such potent b i o l og i ca l agents 
to the remainder of the body. T h e glycoproteins w h i c h adhere to copper 
I U D s have not been analyzed . T h i s is p lanned for the near future. I f the 
presence of adsorbed glycoproteinaceous films on the I U D surface de­
celerates or accelerates the rate of permeat ion of steroids or copper ions 
into the uter ine environment , the incidences of pregnancy a n d side effects 
as w e l l as serious compl icat ions m a y be increased or decreased. O n l y 
further invest igat ion w i l l prov ide this in format ion . 
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Marine Conditioning Films 

GEORGE I. LOEB and REX A. NEIHOF 

Naval Research Laboratory, Washington, D.C. 

Changes on the surfaces of well-defined solids exposed to 
sea water from diverse sources have been observed by 
microelectrophoresis, ellipsometry, and contact angle meas­
urements. These observations indicate that an adsorbed film 
forms rapidly on a variety of surfaces. Other experiments 
with artificial and photo-oxidized sea waters show that the 
film is organic. It lowers the surface energy of platinum 
and imparts a moderately negative electrical charge to most 
surfaces. Dissolved polymeric materials of biological origin 
have properties required for this interaction. Fluorescence 
measurements give a direct indication of some participation 
by humic substances in film formation. Adsorption of dis­
solved organic materials thus constitutes a very early step 
in fouling, a step that may affect the sequence of events 
leading to macrofouling. 

"iyj"arine organisms select their habitats on the basis of m a n y factors 
( I ) . A m o n g these, the nature of the surface of the mater ia l on 

w h i c h an organism settles or through w h i c h it burrows has a p r o ­
nounced effect. T h e surfaces of materials immersed i n sea water may be 
altered b y p r i m a r y films descr ibed b y H e n r i c i ( 2 ) , Z o B e l l a n d A l l e n ( 3 ) , 
a n d others. T h e p r i m a r y film consists of a c ommuni ty of microorganisms, 
their s l imy exudate a n d components adsorbed f rom the water . M a n y 
researchers report that p r e l i m i n a r y exposure of culture vessels to sea 
water , w h i c h al lows the format ion of a p r i m a r y film, favors the subse­
quent g r o w t h of mar ine organisms i n them. M o s t studies of immersed 
surfaces have not d is t inguished between the effects of adsorpt ion of 
dissolved substances f rom the natura l water a n d co lonizat ion b y m i c r o ­
organisms. H o w e v e r , membrane- f i l tered sea water does not render c lean 
sand attractive to certain b u r r o w i n g mar ine worms w i t h o u t rep lac ing 
the residue left on the filter (4). 

319 
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320 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

A d s o r p t i o n of d issolved mater ia l w i t h o u t simultaneous adsorpt ion 
of microorganisms is sufficient to change the su i tab i l i ty of a surface for 
subsequent b i o l og i ca l settlement. T h i s is recognized b y m a n y organ 
tissue culturists w h o cond i t i on culture vessels i n serum ( 5 ) . M a r i n e 
biologists also have exposed surfaces to cell-free extracts of adul t bar ­
nacles to enhance sett l ing of larvae (6); extracts of different a lga l species 
adsorbed on immersed surfaces render the surfaces selectively attractive 
to the species of Spirobis n o r m a l l y f ound on that part i cu lar type of algae 
(7, 8 ) . Quanti t ies of mater ia l equivalent to those f o u n d i n adsorbed 
films are sufficient to m o d i f y the attractiveness of surfaces for attaching 
organisms. 

These cases are clear evidence that extracts of species closely a l l i ed 
to the l i fe cycle of an attaching organism m a y have pronounced effects 
on its attachment; mechanisms based on molecu lar recognit ion s imi lar to 
enzyme-substrate or a n t i g e n - a n t i b o d y complementar i ty m a y be e n v i ­
sioned. H o w e v e r , it is conceivable that dissolved components i n the sea 
m a y alter surface properties of immersed surfaces i n more general ways 
that w o u l d affect attachment a n d co lonizat ion . T h u s , adhesion of orga­
nisms to a surface might be inf luenced b y h y d r o p h i l i c or h y d r o p h o b i c 
characteristics of the surface, the surface charge a n d charge density, and 
the c h e m i c a l funct iona l groups avai lable for react ion. Z i s m a n ( 9 ) a n d 
Ba ier , Shafr in , a n d Z i s m a n (JO) have r e v i e w e d the surface chemistry 
a n d physics of b i o l og i ca l adhesion emphas iz ing wet t ing phenomena ; 
M a r s h a l l , Stout, a n d M i t c h e l l ( I I ) have presented arguments a n d e v i ­
dence that emphasize the possible importance of e lectr ical charge a n d 
d ipo le interactions i n attract ing mar ine bacter ia to surfaces i n the re­
versible phase of their interact ion. These properties of surfaces m a y be 
drast ica l ly a l tered b y adsorpt ion of d issolved substances f rom the sur­
r o u n d i n g m e d i u m (12, 13). 

W e have invest igated the adsorpt ion of so luble components f r om 
sea water a n d its effects on the wet tab i l i ty a n d charge characteristics of 
several w e l l character ized so l id surfaces i n order to determine whether 
changes do indeed occur f rom this cause a n d whether their magni tude 
is l i k e l y to be sufficient to affect s ignif icantly later processes on the 
surface. W e have ca l l ed this adsorpt ion molecu lar f ou l ing (14). 

Experimental 

Water Samples and Their Treatment. Samples of sea water f rom a 
var iety of sources were used. C o l l e c t i o n methods evo lved w i t h exper i ­
ence. T h e most satisfactory method uses a v a c u u m chamber into w h i c h 
a Tef lon bott le is p laced . A Tef lon tube d i p p i n g into the sea draws the 
water sample into the chamber a n d bottle . E a r l i e r samples were taken 
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16. L O E B A N D N E I H O F Marine Conditioning Films 321 

b y a we l l - r insed polyethylene bucket , or b y suct ion through we l l - r insed 
polyethylene or po lypropy lene tubes a n d stored i n polyethylene or po ly ­
propy lene bottles that were r insed w i t h sea water at the t ime of the 
col lect ion. 

Glass a n d Tef lon ware was ac id -c leaned a n d r insed ; Tef lon ware was 
subsequently steamed. Other plast ic ware was detergent-washed, r insed 
w i t h water f o l l owed b y methanol , a n d exhaustively r insed w i t h d i s t i l l ed 
water (15, 16 ) . 

Sea water samples were col lected f r om (a ) Chesapeake B a y at the 
Patuxent N a v a l A i r Station at h i g h t ide w i t h sa l in i ty of the samples 
v a r y i n g between 9% 0 a n d 16%<? a n d p H between 7.9 a n d 8.2; ( b ) the 
A t l a n t i c O c e a n about 30 k m east of O c e a n C i t y , M d . , sa l in i ty 31% c , p H 
8.2; ( c ) the C a r i b b e a n Sea off C o c o Solo, P a n a m a C a n a l Zone, sal inity 
32.8% c ; a n d ( d ) the G u l f of M e x i c o , 350 k m W N W of K e y West , F l a . , 
sa l in i ty 35.4% c , p H 8.1. T h e part iculate mater ia l f ound i n natura l sea 
water samples was concentrated a n d separated f r o m the b u l k of the water 
sample b y centr i fugat ion at 18,000 g. 

A r t i f i c i a l sea water made u p accord ing to the f o rmulat ion of L y m a n 
a n d F l e m i n g (17) but conta in ing only the seven major ions a n d ca l l ed 
seven-ion sea water was used as a contro l after d i l u t i o n to m a t c h the 
sal inity of the sample of interest for a part i cu lar experiment. D i sso lved 
organic matter was removed w h e n r e q u i r e d f r om natura l a n d seven-ion sea 
waters b y U V i r rad ia t i on accord ing to a modi f icat ion (14, 16) of the 
photo-oxidat ion procedure of A r m s t r o n g et al. (18). D i s so lved organic 
carbon analyses were per formed accord ing to M e n z e l a n d Vaccaro (19 ). 

Measurements. T h e f o l l o w i n g parameters were used to characterize 
the surfaces invest igated: e lectr ica l surface charge b y microe lectropho­
resis; wet tab i l i ty b y contact angle measurements; a n d kinet ics of adsorbed 
film format ion b y e l l ipsometry. Deta i l s of the microelectrophoresis pro ­
cedures are g iven b y N e i h o f a n d L o e b (14,16), a n d contact angle meas­
urements are descr ibed b y Z i s m a n (20). E l l i p s o m e t r y , descr ibed b y 
R o t h e n (21), involves the analysis of the e l l i p t i c a l po lar i zat ion of a beam 
of po la r i zed l ight after reflection f rom the surface of interest. T h e data 
yie lds the thickness of a film i f the refractive index is k n o w n . I n favorable 
cases, thickness a n d refractive index m a y bo th be evaluated (22, 23). 
T e c h n i c a l difficulties have de layed our app l i cat ion of this technique to 
surfaces other than p l a t i n u m . Measurements were made us ing a R u d o l p h 
Research instrument w i t h a H e - N e laser source w i t h a 70° angle of 
inc idence at 20°C . 

Fluorescence analyses of water samples were made w i t h a P e r k i n -
E l m e r M P F 2 A spectrophoto-f luorimeter us ing 1-cm cells. Settings were 
fast scan, 10 n m bandpass, a n d sensit ivity 4. E x c i t a t i o n wave length for 
h u m i c a c i d type spectra was 330 n m . A n analysis for amino groups was 
made us ing the fluorescamine reagent as descr ibed b y U d e n f r i e n d et al. 
(24) except that a more consistent response was obta ined i n our ins t ru ­
ment b y read ing the fluorescence emission at 480 n m rather than 475 n m ; 
excitation was at 390 n m . Reagent blanks i n a l l cases were obta ined b y 
subst i tut ing photo -ox id ized sea water for the sample. M i c r o s c o p i c 
examinat ion of the water samples at various times r u l e d out the possi ­
b i l i t y that significant bacter ia l g rowth took p lace d u r i n g the exper imental 
procedures. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
6
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^ 10 HR. 20HR. 
5 I O O O I — τ — ι — ι — ι — ι — τ — r — T — ι — ι — r — τ — ι — r 

IMMERSION TIME (MINUTES) 

Figure 1. Formation of an adsorbed film from Chesa­
peake Bay water on polished platinum as followed by 
ellipsometry. Calculated thicknesses of a film with dif­
ferent assumed values of refractive index (n) are plotted 

against immersion time. 

Test Surfaces. E lec t rophoret i c technique requires particles smal l 
enough to r e m a i n i n suspension i n the sea water samples; the size range 
used here was 0.5-5 /*rh. T h e partic les used were a strongly pos i t ive ly 
charged quaternary a m m o n i u m i o n exchange resin ( D o w e x 2 1 K ) , p o w ­
dered Pyrex glass, p o w d e r e d dextran gel (Sephadex G-25 , P h a r m a c i a ) , 
a ch lor inated wax (Ch lorex , D o v e r C h e m . C o . ) , g e r m a n i u m powder , a n d 
quartz powder . Deta i l s of preparat ive a n d c leaning procedures used 
have been descr ibed prev ious ly (15, 16). 

P l a t i n u m plates w i t h 1 c m 2 area per side were meta l lographica l ly 
po l i shed to a mir ror finish, r insed w i t h d i s t i l l ed water , and flamed just 
before exposure to sea water for either e l l ipsometr ic or contact angle 
measurements. T h e p l a t i n u m plates were wet ted w i t h photo -ox id ized 
sea water before immers ing into exper imental sea water , so that passage 
of the surface through the a i r - s e a water interface w o u l d not cause any 
film present there to be transferred to the plate. F o r the same reason 
plates removed f r om the exper imental sea water were immediate ly i m ­
mersed w h i l e s t i l l v i s i b l y wet i n photo -ox id ized sea water a n d then r insed. 

A d s o r p t i o n on plates used for contact angle measurements was 
a l l o w e d to proceed f rom a vo lume of about 40 m l for one week at 
3 ° - 4 ° C . T h e plates were then r insed three times w i t h photo -ox id ized 
sea water a n d five times w i t h t r ip le d i s t i l l ed water to remove res idua l 
salts before d r y i n g . 

Results 

Do Adsorbed Films Form on Immersed Surfaces? T o answer this 
quest ion, c lean surfaces were immersed i n centr i fuged sea water f rom a 
n u m b e r of sources a n d examined b y several techniques. T h e surfaces of 
natura l part iculate matter were also investigated. 
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16. L O E B A N D N E I H O F Marine Conditioning Films 323 

E l l i p s o m e t r y i n p r i n c i p l e yields bo th the refractive index a n d th i ck ­
ness of transparent films (21 ) but large errors m a y arise i n bo th determi ­
nations. A c c e p t i n g the uncerta inty of the refractive index of the film, 
we m a y s t i l l f o l l ow the kinetics of film format ion on a reflective surface 
w i t h the proviso that the ca lcu lated value of film thickness w i l l require 
a correct ion factor w h e n the true film refract ive index is determined. 
T h i s procedure was f o l l owed here. A l l measurements were made on 
p l a t i n u m surfaces d u r i n g continuous submersion i n sea water ; details of 
the procedure w i l l be presented elsewhere. F i g u r e 1 shows the results 
of a t y p i c a l experiment i n w h i c h a p l a t i n u m plate of 2 c m 2 area is i m ­
mersed i n 80 m l of Chesapeake B a y water. T h e curves show thickness 
of film against t ime ; a different value of refractive index for the film was 
assumed for each curve. A l t h o u g h precise values cannot be g iven, i t is 
apparent that a film forms very r a p i d l y d u r i n g the first f ew minutes , 
continues to g row at an apprec iable rate for a per i od of hours, a n d is 
s t i l l b u i l d i n g somewhat after 20 hrs. Reasonable values of assumed re­
fract ive index l ead to film thicknesses s imi lar to those f o u n d on adsorption 
of k n o w n macromolecules (23). 

F u r t h e r evidence of film format ion has been deve loped b y study of 
the wet tab i l i ty of po l i shed p l a t i n u m plates after immers ion for one week 
at 3 ° C i n Chesapeake B a y a n d A t l a n t i c sea waters f o l l owed b y r ins ing 
w i t h d i s t i l l ed water a n d d r y i n g . T h e contact angle of a l i q u i d on a 
surface becomes smaller w i t h increasing tendency of the l i q u i d to spread 
on the surface. T h e contact angles of pure water a n d methylene i od ide 
on these samples are 27° a n d 28° for A t l a n t i c water , a n d 45° a n d 33° 
for B a y water ( T a b l e I ) . W h e n compared w i t h values of less than 10° 
for either l i q u i d on c lean p l a t i n u m , or p l a t i n u m w h i c h has been r insed 
i n organic m e d i a a n d dr i ed , the presence of a film is apparent. 

Surfaces other than p l a t i n u m have been examined b y microe lectro ­
phoresis. T h e electrophoretic mobi l i t ies (at 2 5 ° C ) of careful ly c leaned 

Table I . Contact Angles for Film Samples 

Contact Angle with 

Sample Methylene Iodide, ° Water, 

C l e a n P t < 1 0 0 
P t after Immers ion i n 

A t l a n t i c water 28 27 
B a y water 33 45 

K n o w n Sample of : 
N y l o n 2 30 49 
po ly (methyl glutamate) 30 49 
polyethylene 52 94 
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Figure 2. Electrophoretic mobilities of particles in seven-ion 
(left) and natural sea water (right). Tie lines connect values 

for the same kind of particle. Data from Ref. 15. 

so l id partic les of a w i d e range of surface charge densities after immers ion 
i n an art i f i c ia l inorganic salt so lut ion ( seven-ion sea water ) a n d i n n a t u r a l 
sea water are shown i n F i g u r e 2. T h e particles exhib i t a range of m o b i l i ­
ties i n seven-ion sea water , bo th posi t ive a n d negative, but after immers i on 
i n natura l sea water the mobi l i t ies f a l l i n a m u c h more restr icted, m o d ­
erately negative range, i n d i c a t i n g that the surfaces have become more 
near ly a l ike . T h e coefficient of var ia t i on for measurments on a given type 
of part i c le is 5 - 1 0 % of the mean mob i l i ty . 

T h e part iculate mater ia l f o und i n n a t u r a l waters was also observed 
to have a net negative charge w h e n examined b y microelectrophoresis . 
T h i s was true of a l l partic les s tudied i n a l l na tura l sea waters ; the histo­
g ram for particles f r om A t l a n t i c water ( F i g u r e 3 A ) i l lustrates the range 
of mobi l i t ies observed. W h e n the sal inity is l owered to 1% of the i n i t i a l 
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16. L O E B A N D N E I H O F Marine Conditioning Films 325 

value, the m e a n m o b i l i t y increases, a n d more dev iat ion f rom the m e a n 
m o b i l i t y seems to be evident ( F i g u r e 3 B ). Analys i s shows, however , that 
the coefficient of var iat ion remains about the same for bo th salinities at 
33 ± 4 % . T h e increase i n m o b i l i t y of a g iven s ign as ion ic strength is 
decreased, as observed here, is t y p i c a l of co l l o ida l systems a n d can be 
expla ined i n terms of an expanding ionic double layer outside the surface 
of shear surrounding the part ic le (25). F i g u r e 4 shows the m e a n m o b i l i ­
ties of particles f r om A t l a n t i c sea water as a funct ion of sal inity a n d of 
partic les f rom C a r i b b e a n a n d Chesapeake B a y immersed i n their super-
natants. T h e C a r i b b e a n part i cu late sample is not i n good agreement 
w i t h the A t l a n t i c partic les ( perhaps because of changes d u r i n g the longer 
transit t ime to the laboratory or because of significant inherent differences 
i n the nature of the samples ) , bu t partic les f r o m the B a y do agree w e l l 
w i t h the curve for the A t l a n t i c sample. T h e natura l partic les were i d e n t i ­
fied b y microscopic examinat ion as m a i n l y bacter ia , smal l algae, a n d 
detritus. 

CO 
Lu 

d 8 

L, 4 
ο 
<z 2 
ill m 

Ζ 
I I I 1 1 1 1 1 1 1 1 1 1 1 1 1 

. π π I I , , 
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Figure 3. Distribution of 40 particles from the Atlantic sample 
measured (A) in Atfontic sea water, salinity 31.5%c and (B) in di­
luted Atlantic sea water, salinity 0.32%c. Arrows designate mean 

values (15). 
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- 2 . 5 

- 2 . O h 

Figure 4. Variation of electrophoretic mobilities of natural particles 
with salinity of the medium. Standard deviations are indicated. Data 

from Ref. 15. 
Ο , Diluted Atlantic sea water; # , Caribbean sea water; 

Δ , Chesapeake Bay water 

T h e s imi lar i ty of charge of a l l the natura l part iculates is consistent 
w i t h the postulate that a film of electronegative mater ia l forms on par ­
ticles i n the sea but w o u l d also be consistent w i t h an inherent ly negat ive ly 
charged part iculate populat ion . H o w e v e r , the negative mobi l i t ies ex­
h i b i t e d by in t roduced test partic les , especial ly those pos i t ive ly charged 
i n art i f i c ia l sea water , favor the film hypothesis. 

T h e coefficient of var ia t ion of e lectrophoretic mobi l i t ies i n the case 
of natura l partic les ( 3 3 % ) was greater than that f o u n d for immersed 
test particles a l l of a single k i n d i n natura l water ( < 1 0 % ). H o w e v e r , 
the range of mobi l i t ies spanned b y the entire popu la t i on of m a n y k inds 
of test particles i n natura l water is quite s imi lar to that f ound w i t h the 
natura l particles shown i n F i g u r e 3. 

T h i s convergence of mobi l i t ies is reminiscent of ear ly w o r k rev i ewed 
b y A b r a m s o n et al. (25) i n w h i c h particles of different materials a n d 
w i d e l y divergent e lectrophoretic mobi l i t ies were shown to exhibi t s imi lar 
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16. L O E B A N D N E I H O F Marine Conditioning Films 327 

mobi l i t ies after equ i l ibrat i on w i t h prote in solutions. M o r e recently B u l l 
(12) s tud ied the electrophoretic behavior of glass a n d of cat ion a n d 
anion exchange resins before a n d after they were a l l o w e d to interact w i t h 
prote in solutions. A l t h o u g h the mobi l i t ies of the different partic les i n 
s imple salt solutions var i ed w i d e l y f rom h i g h l y posit ive to h i g h l y nega­
tive, exposure to prote in solutions caused the mobi l i t ies of a l l of the 
partic les to approach each other. T h i s behavior may be exp la ined b y a 
layer of adsorbed macromolecules coat ing the surface w h i c h then d o m i ­
nates the e lectrokinet ic properties. W e may be dea l ing w i t h this phe ­
nomenon here. It is possible of course that the various surfaces m a y be 
react ing w i t h different components i n the sea water or to different extents 
w i t h v a r y i n g surface coverage. 

T h e mobi l i t ies of the c leaned partic les i n seven-ion water are con ­
sistent w i t h their k n o w n chemica l compositions. T h e ionogenic materials , 
glass, a n d anion exchange resin have negative a n d posit ive charges, re ­
spectively, reflecting the nature of the p r i n c i p a l i on i zed groups on their 
surface. These oppositely charged materials should not adsorb materials 
of the same charge i f the mechanism of adsorpt ion is p r i m a r i l y electro­
static. H o w e v e r , bo th these substances become more negative i n sea 
water, i m p l y i n g that the negative charge is a result of at least par t ly 
non-electrostatic mechanisms and that some negatively charged mater ia l 
is more surface active than any of posit ive charge w h i c h may be present. 
T h e interactions of nonionogenic surfaces are expected to invo lve the 
weaker van der W a a l s forces, hydrogen bonds, or d ipo le interactions, 
a n d h y d r o p h o b i c forces as discussed prev ious ly (15 ) . 

Is the Film Organic? T h e discussion so far has c lear ly shown that 
immersed surfaces are modi f ied b y sea water but establishes very l i tt le 
about the nature of the film. T o establish whether the changes observed 
arise f rom organic mater ia l i n sea water , a contro l sea water free of 
organic matter is necessary. A r t i f i c i a l sea water is not entirely satisfactory 
for this purpose because traces of surface active organic matter are k n o w n 
to be present i n even the best reagent grade salts (26, 27). It is also 
conceivable that differences i n mino r inorganic constituents of art i f ic ial 
as compared w i t h natura l sea water might be sufficient to cause differ­
ences on immersed surfaces. A n attractive alternative to art i f ic ia l sea 
water lies i n the use of the U V photo-oxidat ion procedure of A r m s t r o n g 
et al. (18) w h i c h el iminates most of the dissolved organic matter i n sea 
water w i thout apparent change i n inorganic composit ion. W e have used 
this i r rad ia t i on technique to treat both natura l waters a n d art i f ic ia l sea 
water so that the influences of dissolved organic materials on the measure­
ments can be more exp l i c i t ly determined. 

If an el l ipsometer read ing is made on a p l a t i n u m surface immersed 
i n t r ip le -d i s t i l l ed water a n d the water is rep laced by photo -ox id ized sea 
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Figure 5. Electrophoretic mobilities of model particles in untreated and photo-
oxidized sea water from Cheasapeake Bay (top) and Gulf of Mexico (bottom) 

and in photo-oxidized, seven-ion water of comparable salinities. 
seven-ion water 

• 
natural sea water 

germanium 
quartz 
anion exchange resin 

water , a smal l instantaneous change i n read ing occurs w h i c h is propor ­
t iona l to sa l in i ty w i t h i n the error. H o w e v e r , no further change w i t h t ime 
occurs, a n d rever t ing to d i s t i l l ed water again brings the r ead ing back to 
its o r ig ina l value. T h i s is true for bo th the art i f i c ia l a n d natura l photo -
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ox id i zed sea waters. I f the photo -ox id ized sea water is rep laced b y centr i -
fuged natura l sea water of the same sal inity , there is no instantaneous 
shift, bu t a progressive change is observed resul t ing i n the data w h i c h 
were discussed above and shown i n F i g u r e 1. T h u s the e l l ipsometr ic 
results give no evidence of a stable film formation i n photo -ox id ized seven-
i on water or i n photo -ox id ized Chesapeake B a y or A t l a n t i c sea waters, b u t 
such a film does appear to f o rm i n untreated na tura l sea waters. 

E lec trophoret i c analysis of a number of different k inds of test p a r ­
ticles, rang ing f r om h i g h l y pos i t ive to h i g h l y negative w h e n i n art i f i c ia l 
seven-ion sea water , reta ined their characterist ic mobi l i t ies i n photo -
ox id i zed sea water , as shown i n F i g u r e 5, C u r v e s A . T h e abscissa indicates 
the vo lume of sea water to w h i c h a batch of partic les ( in i t ia l ly 3 X 1 0 7 / m l ) 
were exposed i n increments after the first treatment. These partic les were 
then treated w i t h centr i fuged but not photo -ox id ized natura l waters w i t h 
the results shown i n Curves Β of F i g u r e 5. F i n a l l y , another por t i on of 
c lean partic les was in t roduced d i rec t ly into centr i fuged natura l water 
w i t h the result shown i n Curves C of F i g u r e 5. 

N o significant difference was f ound between photo -ox id ized , art i f ic ial 
seven-ion sea water a n d natura l photo -ox id ized sea water of the same 
sal inity . W h e n exposed to the centr i fuged natura l waters, either d irect ly 
f rom photo -ox id ized water or as c lean d r y particles, the mobi l i t ies f a l l i n a 
more restr icted range s imi lar to that f o u n d w i t h natura l l y o c curr ing 
partic les. T h u s , w e again find that the difference between film-forming 
a n d non- f i lm- forming water lies i n the organic mater ia l decomposed b y 
i r rad ia t i on , a n d the seven-ion sea water is sufficiently characterist ic of the 
inorganic components of na tura l sea water to y i e l d s imi lar mobi l i t ies 
w h e n organics are removed . 

A s before, the observed m o b i l i t y of a par t i c l e i n photo -ox id ized 
waters is consistent w i t h its composit ion. T h e anion exchange resin is 
posit ive a n d the quartz negative since they bear quaternary a m m o n i u m 
groups a n d s i lanol groups, respectively. G e r m a n i u m is s l ight ly negative 
i n l ow-sa l in i ty , photo -ox id ized B a y water w h i c h is consistent w i t h i o n i z a ­
t ion of surface germanic a c id groups, but its m o b i l i t y is re lat ive ly l o w 
a n d is reduced to zero i n the h igher sal inity photo -ox id ized G u l f water . 
T h e h igher mobi l i t ies i n B a y water can be at tr ibuted to the lower sal ini ty , 
as discussed i n connect ion w i t h natura l part iculates . 

T h e r e is a very significant difference i n the vo lume of G u l f water 
r e q u i r e d to b r i n g about a constant m o b i l i t y of anion exchange resin as 
compared w i t h B a y water : 250 m l as compared w i t h 25 m l i n B a y water . 
T h e volumes are inversely correlated w i t h dissolved organic matter 
content: 0.75 m g carbon /1 for G u l f water compared to 2.3 m g carbon /1 
for B a y water. I n add i t i on , the resin even i n B a y water does not qui te 
reach its constant value w h e n treated w i t h on ly 5 m l whereas b o t h other 
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types of particles reach their constant values i n either water sample w i t h 
5 m l contact. Greater volumes are r e q u i r e d for the resin equ i l i b ra t i on 
because of its porosity a n d h igher density of i on exchange groups com­
p a r e d w i t h the smooth non-porous quartz a n d germanium. T h e fa i lure 
of i on exchange resin mobi l i t ies to approach the mobi l i t ies of quartz and 
germanium as closely i n G u l f as i n B a y water may be because of i n c o m ­
plete coverage i n the lower organic content water , but other causes, such 
as differences i n the nature of the dissolved organic matter i n the waters, 
cannot be r u l e d out. 

Propert ies of the F i l m . There are m a n y possible organic substances 
w h i c h m a y l ead to electronegative films on adsorpt ion ; i t is possible that 
no single class of substances is f u l l y responsible. A n u m b e r of exper i ­
menta l approaches have been made, a n d a l though our p i c ture is s t i l l 
somewhat unclear , several features are n o w recognizable . 

M O L E C U L A R S I Z E O F T H E F I L M F O R M I N G M A T E R I A L . U s i n g a dialysis 
membrane nomina l l y of pore size corresponding to a prote in molecu lar 
we ight of 12000 daltons, A t l a n t i c sea water was d i a l y z e d against seven-ion 
sea water a n d seven-ion sea water against A t l a n t i c sea water . T h e results 
of measurement of e lectrophoretic m o b i l i t y of i on exchange resin e q u i l i ­
b rated w i t h each sample indicate that bo th the reta ined f ract ion i n 
dialysis a n d the fract ion passed b y the membrane are i m p l i c a t e d i n the 
charge modi f i cat ion of the immersed particles (15 ) . F u r t h e r w o r k along 
these lines is i n progress. 

A d s o r b e d films of po lymers are normal ly tenaciously reta ined on 
surfaces, even after extensive r ins ing w i t h solvent because the large 
number of regions on each po lymer molecule w h i c h m a y b i n d coopera­
t ive ly drast ica l ly reduces the probab i l i t y that a l l of the regions w i l l 
desorb s imultaneously (28). Assessments of the dif f iculty of r e m o v i n g 
adsorbed constituents were m a d e by w a s h i n g particles prev ious ly e q u i l i ­
brated w i t h centr i fuged sea water i n photo -ox id ized sea water . A f ter 
w a s h i n g i n eight 25 -ml portions over a day, the m o b i l i t y of the i on ex­
change resin was unchanged , a n d the mobi l i t ies of quartz a n d g e r m a n i u m 
remained m u c h closer to the values obta ined i n natura l waters than to 
those i n photo -ox id ized waters. A strong retention, characteristic of the 
m u l t i p l e cooperative b i n d i n g regions f o u n d i n macromolecules , is thus 
ind i cated . 

W E T T A B I L I T Y . A comparison of contact angles for methylene i od ide 
a n d pure water on natura l films w i t h the contact angles of the same 
l iqu ids on k n o w n materials is shown i n T a b l e I. B y the contact angle 
cr i ter ion , the natura l films obvious ly resemble the two polar ( bu t n o n -
i o n i c ) p o l y a m i d e materials m u c h more closely than the h i g h energy 
p l a t i n u m or the non-polar polyethylene. There is a par t i cu lar ly close 
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s imi lar i ty between the film f rom B a y water a n d the p o l y a m i d e surfaces. 
T h e A t l a n t i c films y i e l d substantial ly lower contact angles w i t h water ; 
the smal l l o w e r i n g of the methylene i od ide angle f rom that of B a y water 
m a y be equivoca l . T h i s combinat ion of contact angles indicates a larger 
po lar or d ipo le contr ibut ion to the surface energy of the A t l a n t i c films 
than of the B a y water films w h i l e dispersion contributions are s imi lar . 

A D S O R P T I O N O F F L U O R E S C E N T C O M P O N E N T S O F S E A W A T E R . F u r t h e r 
invest igat ion concerning the nature of the film substance has also been 
undertaken us ing fluorescence spectroscopy. T h i s technique is quite 
sensitive a n d is appl i cab le to aqueous solutions as w e l l as to adsorbed 
films i n contact w i t h aqueous m e d i a (29). O n e m a y observe the intr ins ic 
fluorescence of a mater ia l of interest and , i n add i t i on , reagents a n d pro -

FLUORESCENCE SPECTRA OF SEAWATER 
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Figure 6. Fluorescence spectra of sea waters. 

Left side: intrinsic fluorescence of waters excited at 330 nm. 
Right side: fluorescence of water after treatment with fluo-
rescamine regent, excited at 390 nm. Peaks at 372 nm and 
450 nm in the left and right sets of curves, respectively, are 

from Raman emission. 
CB, Chesapeake Bay water; OC, Atlantic sea water; G, Gulf 
of Mexico sea water; UV, photo-oxidized sea water; HA, 

photo-oxidized sea water extract of humic acid. 
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Table II. Change in Fluorescence of Sea Water with 
Adsorption on Cabosil at 40 /xg/ml 

Fluorescence before 
Contact with Cabosila 

Sea Water Sample 420 nm 

Chesapeake B a y 100 
A t l a n t i c 39 
G u l f of M e x i c o 15 

Amine 
Signal 

100 
91 
41 

Change (%) 
after Contact 

Amine 
Signal 420 nm 

- 6 % ± 1 - 2 % ± 2 
- 7 % ± 0 . 5 - 1 0 % ± 2 
- 4 % ± 2 + 4 % ± 2 

° Normalized so that 100 is intensity of Bay water sample. 

cedures have been deve loped w h i c h y i e l d fluorescent signals w h e n spe­
cific funct iona l groups are present. T h e procedure deve loped b y U d e n -
f r i end et al. (24) involves fluorescamine, a n d it permits detect ion of 
amino groups. 

T h e intr ins i c b l u e fluorescence of sea water has been k n o w n for m a n y 
years (30, 31) a n d has been detected a n d reported f r om m a n y areas (32, 
33). O u r fluorescence spectra are presented i n F i g u r e 6. As shown, the 
fluorescence spectrum of water f r om the Chesapeake B a y is very s i m i ­
lar to that of a sample of h u m i c a c i d ( C a l b i o c h e m C o r p . ) extract i n 
photo -ox id ized B a y water . B o t h the h u m i c a c i d extract a n d the sea water 
sample show a l inear decrease i n fluorescence intensity w i t h concentrat ion 
as the solutions are d i l u t e d w i t h photo -ox id ized sea water . W h e n assayed 
w i t h the fluorescamine reagent the fluorescent intensity of the amine -
generated s ignal is also l inear i n concentrat ion w i t h b o t h the h u m i c ac id , 
sample extract, a n d the sea water . T o determine whether the h u m i c a c id , 
or other amine-conta in ing substance m a y be adsorbed to an immersed 
surface, f u m e d s i l i ca partic les ( C a b o s i l , grade M 5 , C a b o t C o r p . ) were 
in t roduced to the extent of 40 m g / m l i n samples of A t l a n t i c , G u l f of 
M e x i c o , a n d Chesapeake B a y sea waters. T h e p H change resul t ing f r om 
this was compensated for b y a d d i n g 1 M N a O H . T h e slurries were 
a l l o w e d to stand overnight at 3 0 ° C then centr i fuged, a n d the fluorescent 
signals were attr ibutable to the h u m i c ac id-type spectrum ( intensi ty at 
4 2 0 n m under excitat ion at 3 3 6 n m ) . T h e amine reagent spectrum (cor­
rected for the reagent b l a n k response of photo -ox id ized water sample ) 
were compared . T h e results are shown i n T a b l e I I . ( A l l na tura l waters 
after photo -ox idat ion y i e l d only the spectrum of d i s t i l l ed w a t e r ) . 

I n a l l cases, the f ract ional decrement of the fluorescent h u m i c a c i d -
type s ignal at 420 n m is at least as great, w i t h i n the error, as the change i n 
amine signal . T h u s , since the amine s ignal intensity a n d the intr ins i c 
fluorescence of the h u m i c a c i d extract at 420 n m are bo th l inear i n con ­
centration, there w o u l d not be a quant i tat ive ly comparable loss f r om the 
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supernatant of non-humic , amine-conta in ing mater ia l ( such as l y s y l 
residues of a prote in cha in or amino sugar -conta in ing carbohydrates) 
adsorb ing pre ferent ia l ly w i t h respect to the h u m i c f ract ion i n sea water . 
S m a l l amounts of other amino-conta in ing dissolved substances m i g h t 
become preferent ia l ly adsorbed w i t h o u t signif icantly dep le t ing the amino 
s ignal i n the supernatant, however , a n d acetylated amino sugars w o u l d 
not be detected b y this procedure . 

H u m i c materials are the product of a complex a n d i l l understood 
sequence of reactions i n v o l v i n g b i o l og i ca l compounds excreted f r o m 
l i v i n g organisms or der ived f r om decomposi t ion of organisms after death. 
These decomposi t ion products are then acted on b y microorganisms, 
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Figure 7. Scheme for synthesis of humic substances (34) 
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affected b y env ironmenta l factors, a n d transformed into the h u m i c a n d 
f u l v i c acids. A general scheme b y F l a i g (34) is presented as F i g u r e 7. 

T h e nitrogen content of h u m i c acids is between 1 % a n d 5 % a n d of 
this approx imate ly 5 0 % is i n heterocyc l ic moieties. T h e r e m a i n i n g por ­
t ion , after a c id hydro lys is , is d i s t r ibuted among amino sugars, a m m o n i a 
ni trogen, a n d α-amino ni trogen, w i t h u p to 5 % of the total n i trogen 
descr ibed as or ig inat ing i n pept ide l inkages (35 ) . T h e manner i n w h i c h 
amino acids are incorporated into the humus structure is not clear. 
Insofar as they are present, the humus substances are re lated to proteins 
to some extent, a n d they thus meet the requirements for inc lus ion i n this 
discussion. 

A l t h o u g h the complex character of h u m i c substances makes analysis 
of their structure difficult, a n d their character izat ion is incomplete , there 
is general agreement that they contain caroboxyl groups a n d are anionic 
a n d that their f ormat ion is associated w i t h b lue fluorescence (31). T h e 
significance of the fluorescence is not clear. K a l l e (31), on the basis of 
his o w n w o r k a n d that of Jer lov i n the B a l t i c area, has conc luded that 
since the rat io of fluorescence to opt i ca l density of sea water increases as 
sal in i ty increases, oceanic water contains organic mater ia l of a more 
fluorescent nature than terrestrial waters. R a s h i d a n d K i n g (36) a n d 
R a s h i d a n d P r a k a s h (37) also have f o u n d differences between mar ine 
a n d terrestrial humus . Karabeshev a n d Zangal is (38) made measure­
ments i n the B a l t i c area a n d conc luded that a l l their data c ou ld be 
n o r m a l i z e d so as to y i e l d a s tandard luminescence curve, a n d direct 
proport ional i ty between the fluorescent intensity a n d opt i ca l density was 
f ound . 

O u r data ind icate a clear difference i n the organic content of A t l a n t i c 
and Chesapeake B a y sea waters. T h e ratio of intr ins i c humus fluorescence 
at 420 n m to the amine-generated fluorescence w i t h fluorescamine is qui te 
different i n the two samples. T h e different contact angles p r o d u c e d b y 
films adsorbed f r om these two samples are ind icat ive of different mate­
rials adsorbed. T h e data shown i n T a b l e I I indicate that the rat io of 
deplet ion of humus fluorescence to deplet ion of amine s ignal is apparent ly 
h igher i n B a y water than i n A t l a n t i c waters and , a l though somewhat 
equivoca l , a difference i n react ion of the dissolved organics w i t h surfaces 
is i m p l i e d . 
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Hydrophobic Side Chain Interactions in 
Synthetic Polypeptides and Proteins at the 
Air-Water Interface 

B. R. MALCOLM 

Department of Molecular Biology, University of Edinburgh, 
Edinburgh, Great Britain, EH9 3JR 

The shapes of the pressure-area isotherms of monolayers 
of synthetic polypeptides in the α-helical conformation de­
pend on the nature of the side chain interactions. Poly(γ-n­
-decyl-L-glutamate), poly(L-leucine), poly(L-norleucine), and 
poly(L-methionine) show differences related to side chain 
flexibility and dipolar interactions. Comparison of the iso­
therms of monolayers of the enantiomorphic and racemic 
forms of polymers [poly(alanine), poly(γ-benzyl-glutamate), 
poly(β-benzyl-aspartate), poly(є-benzyloxycarbonyllysine)] 
similarly show features related to side chain properties. The 
results support the view that when a monolayer consists of 
α-helices, the shape of the isotherm depends on the differ­
ence between the energies of interaction of parallel and 
antiparallel molecules. These conclusions are discussed in 
relation to proteins. 

'"phe classical methods of surface chemistry led to the important con-
A elusion that the hydrophobic side chains of globular proteins were 

predominantly in the interior of the molecule (I). Crystallographic 
studies have now fully confirmed this view and given a detailed picture. 
They show that in many cases internal pockets in protein molecules are 
filled with non-polar side chains in close contact with one another while 
polar, and more particularly ionizable side chains, are distributed on the 
surface. However, many non-polar side chains are found on the surface, 
and important ionizable side chains such as histidines may be buried, 
e.g., as part of the active center of an enzyme (2). But the methods of 
surface chemistry do not give a reliable and detailed picture of the state 
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17. M A L C O L M Air-Water Interface 339 

of a prote in at an interface; the conformations proposed are speculative 
a n d l i m i t e d b y the avai lable knowledge of prote in conformations. N o 
method for the study of an inter fac ia l structure exists that is comparable 
i n power w i t h x-ray crystal lography for s tudy ing prote in crystals. 

T h e loss of so lub i l i ty of a prote in at an interface a n d the observed 
area per residue suggested that the molecule un fo lded a n d adopted the 
β conformation. T h i s structure w i t h intermolecular hydrogen bonds 
adequate ly accounted for the area observed a n d is s t i l l postulated b y 
some workers ( 3 ) . Cheesman a n d Dav ies (4) suggested other extended 
conformations w i t h the or ientat ion of the side chains largely determined 
b y their hydrophob i c or po lar character. T h e i r proposals, m a i n l y based 
on early w o r k on synthetic po lypept ides , do not conform to present 
stereochemical cr i ter ia nor do they take account of the poss ib i l i ty that 
the α -he l ix or re lated he l i ca l conformations might be present. 

T h e complex i ty a n d d ivers i ty of structures i n the nat ive proteins 
e luded any attempt to produce some s imple conformation that accounted 
for their inter fac ia l properties. T h e study of synthetic po lypept ides w i t h 
non-polar side chains has p r o v i d e d good evidence to support the v i e w 
that the α -he l ix can be stable at the a i r - w a t e r interface ( 5 ) , a n d it is 
therefore possible that the inter fac ia l denaturat ion of proteins is m a i n l y 
a loss of the tert iary structure (6, 7, 8 ) . Since for a t y p i c a l prote in an 
α -he l ix takes u p about the same area per residue as the β conformation, 
it can be accommodated as easily. Moreover , l ike the β conformation but 
un l ike a more r a n d o m l y co i led structure, i t is l inear a n d therefore com­
pat ib le w i t h a p lane surface w i t h o u t loss of conf igurational entropy ( 5 ). 
I n this respect a p lane surface m a y favor an ordered over a more r a n d o m 
structure. T h e loss of so lub i l i ty of the spread prote in can then be at­
t r ibuted to intermolecular association between h y d r o p h o b i c side chains 
exposed as a result of the act ion of the interface on the po lar exterior 
of the molecules. 

O n e of the few methods b y w h i c h these ideas can be tested is I R 
spectroscopic examinat ion of proteins at or removed f rom interfaces since 
the frequencies of the amide bands are sensitive to the conformations 
present. S u c h experiments show that i n general the β conformation is not 
predominant , a n d the proport ions of the various conformations that m i g h t 
be present are very s imi lar to those of the nat ive molecule (7, 9 ) , a l ­
though i n β-lactoglobulin the amount of the β conformation depends on 
the surface pressure ( J O ) . 

Synthet ic polypept ides are va luab le i n understanding more f u l l y 
bo th the properties of structures such as the α -he l ix at interfaces a n d the 
part p l a y e d b y different types of hydrophob i c side chains. W h i l e i n some 
respects they are u n l i k e any natura l prote in , their relative s impl i c i ty 
enables us to h igh l ight features of proteins that w o u l d otherwise be 
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diff icult to isolate a n d study i n deta i l ; exper imental a n d theoret ical tech­
niques can be a p p l i e d more readi ly , a n d the results can be interpreted 
more precisely than for any prote in . M o re o ver they are avai lable w i t h 
a considerable d ivers i ty of side chains so that patterns of behavior i n 
re lated polymers can be seen. 

W h e n α-helices f o rm i n synthetic po lypept ides at the a i r - w a t e r inter­
face, their r i g i d rod - l ike nature promotes s ide-by-side association of the 
molecules into h i g h l y ordered arrays or micel les , just as l i q u i d crystal l ine 
structures f o r m i n so lut ion at sufficiently h i g h concentration ( I I ) . W h e n 
such a monolayer is compressed on a L a n g m u i r t rough , the pressure rises 
w h e n the surface area has reached a va lue expected for c lose-packed 
α-helices. A t a pressure w h i c h appears a characterist ic for the po lymer , a 
transit ion is observed w h i c h is either an almost flat p la teau i n the p r e s s u r e -
area curve or s i m p l y an inflexion, first noted b y C r i s p ( 1 3 ) , i f the side 
c h a i n is short (12). A n inf lexion also occurs i f the side chain is inflexible. 
N o r m a l l y the pressure rises aga in as the area is decreased, a n d i n some 
instances further transitions are observed (14). 

A s imple theory has been proposed to account for this behavior 
(15,16) . I t is supposed that at the p lateau, the monolayer collapses under 
the act ion of the inter fac ia l forces a n d the surface pressure ( W ) , so that 

yiv — jpv - y pi - W = Ο (1) 

where yiv, ypv, a n d ypi are the surface free energies of the l i q u i d - v a p o r , 
p o l y m e r - v a p o r , a n d p o l y m e r - l i q u i d interfaces, respectively. T h i s equa­
t i on is s imi lar to the equat ion for the spreading of one l i q u i d on another 
i f W is regarded as a negative spreading coefficient. I f the angle of contact 
( θ ) for water is measured on b u l k specimens separately, the re lat ion can 

yPv = y pi + y i v cos0 (2) 

be used i n conjunction w i t h E q u a t i o n 1 to calculate values for γρν a n d ypt. 
T h e values obta ined appear consistent ( 5 ) . ypi increases w i t h increasing 
hydrophob i c i ty , a n d where data is avai lable , ypv appears close to the 
c r i t i ca l surface tension for the po lymer . A t least to a first approx imat ion 
the theory gives a correct p h y s i c a l interpretat ion of the nature of the 
transit ion. It does not expla in w h y the transit ion shows only as an i n ­
flexion a n d not a p lateau, i f the side c h a i n is short or inflexible. T h e 
probab le arrangement of the molecules offers a s imple explanat ion ( 5 ) . 
It is very l ike ly that w h e n the monolayer is f ormed, the molecules a l ign 
next to each other r a n d o m l y para l l e l and ant ipara l le l . T h i s is supported 
b y x-ray analysis where avai lable for the so l id state, w h e n no strong 
forces sufficient to promote a more regular arrangement of the molecules 
exist. It is probable that the same situation prevai ls commonly i n mono-
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17. M A L C O L M Air-Water Interface 341 

layers. T h u s , w h e n side chains are short or inflexible, the energies of 
interact ion between para l l e l a n d between ant ipara l l e l molecules w i l l be 
different, a n d the monolayer w i l l behave essentially as i f it were a mixture 
of two components. I f the side chains are long a n d flexible, their inter­
actions w i t h those o n adjacent molecules w i l l be essentially independent 
of the d irect ion of the backbone a n d of the same energy so that the 
p lateau is flat. 

T o test the basic idea, some experiments are possible. W h e n the 
side chains are l ong a n d flexible, there w i l l be l i t t le difference between 
the energy of interact ion between one molecule a n d another either of the 
same type or of the opposite enant iomorphic form, irrespective of 
the backbone directions. F o r example the properties of p o l y ( c - b e n z y l o x y -
carbony l -L - lys ine ) can be compared w i t h a 1:1 mixture w i t h the D- lys ine 
enant iomorph. W h e n side chains are short a n d inflexible, as i n p o l y ( L -
a l a n i n e ) , significant differences should exist between its monolayer prop ­
erties a n d that of a 1:1 racemic mixture , i n this case of po ly ( L - a l a n i n e ) 
a n d p o l y ( D - a l a n i n e ) . 

A n instruct ive experiment is to look at three polymers w i t h rather 
s imi lar side chains : p o l y ( L - l e u c i n e ) , p o l y ( L - n o r l e u c i n e ) , a n d p o l y ( L -
methion ine ) to compare the ir surface properties. F i n a l l y as an example 
of extreme side cha in flexibility w e consider p o l y ( y - n - d e c y l - L - g l u t a m a t e ) , 
w h i c h w h i l e quite un l ike any prote in (more l ike fat b a c o n ) , its surface 
properties are of some interest a n d perhaps he lp us to understand the 
properties of more prote in- l ike molecules. 

T h e exper imental strategy is to look at not only the monolayer 
properties, record ing surface area, pressure, a n d potent ia l but to also 
study the structure of the f u l l y co l lapsed monolayer us ing po lar i zed I R 
spectroscopy a n d electron dif fraction. Such indirect methods can give 
va luable in format ion of the conformation of the monolayer b y corre­
lat ing the results w i t h experiments us ing isotope exchange a n d b y d irect ly 
re lat ing the monolayer properties to changes i n the I R spectra (5 , 17). 
I R spectroscopy is par t i cu lar ly useful w h e n the crysta l l in i ty of a speci ­
m e n for study b y electron di f fraction is l o w — f o r example, i n proteins. 
E l e c t r o n di f fract ion, besides g iv ing deta i led conformational in format ion , 
has the advantage that it requires only sufficient mater ia l for v i e w i n g 
i n the electron microscope. T h e or ientat ion of the molecules as removed 
f rom the water surface can be deduced ( i n favorable cases) , a n d inter­
molecular side c h a i n interactions are revealed more c learly than b y x-ray 
dif fraction. Th i s last feature, first noted exp l i c i t ly b y V a i n s h t e i n and 
Tatar inova ( I S ) , is va luable i n interpret ing the properties of po lymer 
mixtures i n re lat ion to their monolayer properties. 

These p o w e r f u l indirect methods are par t i cu lar ly suitable as an a i d 
i n s tudy ing surface chemistry of h i g h molecular weight polypept ides as 
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Figure 1. Surface pressure (P) and surface potential (V) vs. area for a mono-
hyer of poly(y-n-decyl-iu-glutamate) on distilled water, pH 5.7, 20° C 

opposed to molecules of l o w molecular we ight such as l ip ids . Because 
of hysteresis effects, the conformation of these polymers is f requent ly an 
expression of the ir past history a n d manner of preparat ion. C o r r e l a t i n g 
the in format ion w i t h the monolayer properties a n d the extensive k n o w l ­
edge n o w avai lab le o n the factors that determine the conformation of 
these molecules i n the so l id state a n d i n solut ion enables the monolayer 
conformation to be determined w i t h reasonable certainty. 

Experimental Methods 

E x c e p t where otherwise stated a l l polymers were spread at 20 ° C 
f rom solut ion i n chloro form conta in ing 1 0 % dichloracet ic a c id , on the 
surface of water i n a L a n g m u i r t rough made of polytetraf luorethylene 
( P T F E ). Compress ion of the monolayer was a continuous 0.25 A 2 / r e s i -
d u e / m i n (barr ier speed, 2 m m / m i n ) . Surface potentials were measured 
rout ine ly w i t h an a m e r i c i u m 241 a ir i o n i z i n g electrode connected to a 
V i b r o n Elec t rometer m o d e l 33B2 ( E l e c t r o n i c Instruments L t d . ) a n d a 
recorder. Surface pressures were measured cont inuously w i t h a flexure 
device ( 19 ) consisting essentially of a w a x e d phosphor bronze strip % i n . 
w i d e , 0.003 i n . th ick w i t h its l ower edge i n the interface. T h e deflection of 
the str ip was recorded w i t h an op t i ca l automatic f o l l o w i n g device con ­
nected to a recorder. 

Studies of the Fully Collapsed Monolayer. C o l l a p s e d monolayers of 
a l l po lymers were examined b y I R spectroscopy a n d i n most cases b y 
electron di f fract ion us ing a P h i l l i p s E M 3 0 0 electron microscope set for 
selected area dif fraction. V i e w i n g of the specimens i n the microscope 
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17. M A L C O L M Air-Water Interface 343 

was kept to the absolute m i n i m u m necessary to select a u n i f o r m area 
(to m i n i m i z e rad ia t i on damage) a n d the di f fract ion pattern f r om an area 
40/A i n diameter was recorded w i t h a w o r k i n g voltage of 80 k V . T h e ex­
posure t ime was usua l ly 64 sec us ing I l f o rd plates type E M 4 . I n other 
respects the exper imental procedures f o l l owed those i n earl ier w o r k 
(12, 14, 17). 

Polymers . P o l y ( L - l e u c i n e ) a n d poly( / ? -benzyl -D-aspartate) were 
k i n d l y p r o v i d e d b y Ε. M . B r a d b u r y , Por tsmouth Po lytechnic . P o l y ( L -
a l a n i n e ) , p o l y ( D - a l a n i n e ) , a n d p o l y ( L - m e t h i o n i n e ) , M W 40,000, were 
obta ined f rom S igma C h e m i c a l C o . A further sample of p o l y ( L - m e t h i o -
n i n e ) , M W 36,000, ( V a n Slyke method ) was obta ined f r om M a n n R e ­
search L a b s . P o l y ( ^ - b e n z y l - L - a s p a r t a t e ) , M W 210,000, p o l y ( e - b e n z y l -
o x y c a r b o n y l - L - l y s i n e ), M W 400,000, po ly ( c -benzyloxycarbonyl -D- lys ine ) , 
M W 900,000, p o l y ( y - n - d e c y l - L - g l u t a m a t e ) , M W 860,000, a n d p o l y ( y -
benzy l -D-g lu tamate ) , M W 235,000, were a l l obta ined f rom P i l o t Chemica l s . 
T h e remain ing polymers were the same as those used prev ious ly (12, 14). 

Experimental Results and Discussion 

P o l y ( y - w - d e c y l - L - g l u t a m a t e ) . Mono layers of this po lymer were 
spread f rom solution i n chloro form i n w h i c h it is freely soluble. T h e 
surface pressure-area isotherm ( F i g u r e 1) has several notable features. 
I n contrast to most po lymers prev ious ly s tudied , there is very l i t t le t a i l 
at l o w pressures, a n d there is an almost l inear rise to the commencement 
of the p lateau just be low 30 A 2 / r e s i d u e . There is very l i t t le ind i ca t i on 
of hysteresis, shown b y a smal l h u m p at the b e g i n n i n g of the p lateau 
w i t h certain other polymers , a n d the p lateau extends almost complete ly 
leve l d o w n to 12.5 A 2 . T h e pressure then rises, a n d final col lapse occurs 
at a pressure w e l l be l ow that of most other polymers. 

W h i l e co l lapsed films of this po lymer can be l i f t ed off the surface 
on electron microscope grids, v i e w e d under the l ight microscope they 
are seen to break under the act ion of surface forces w i t h i n a few minutes. 
E l e c t r o n di f fraction observations are ev ident ly not feasible, but good 
po lar i zed I R spectra are obtainable ( F i g u r e 2 ) . T h e para l l e l d i chro i sm 
of the A m i d e A b a n d (3300 cm" 1 ) a n d the A m i d e I b a n d (1660 c m - 1 ) , 
a n d the perpendicu lar d i chro i sm of the A m i d e I I b a n d (1555 cm" 1 ) is 
strong evidence that the co l lapsed monolayer is i n the α-helical conforma­
t ion w i t h the molecules a l igned on the water surface more or less para l l e l 
to the barr ier . There is not sufficient d i chro i sm i n the bands associated 
w i t h the n -decy l side cha in for it to be orientated predominant ly either 
para l l e l or perpendicu lar to the backbone. Since the side chains are very 
flexible it is probable that d u r i n g col lapse of the monolayer the side 
chains f o ld to f o rm a more compact non-d ichro ic structure. 

C O N T A C T A N G L E O B S E R V A T I O N S . T h i n films of po lymer were made 
b y spreading a so lut ion i n chloro form on a microscope slide a n d a l l o w i n g 
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WAVE No. C M " 1 

Figure 2. Polarized IR absorption spectrum of a collapsed monolayer of 
polyiy-n-decyl-iu-glutamate) air dried on a silver chloride plate. 

Broken line, electric hector parallel to the barrier used to collapse the monolayer; 
full line, electric vector perpendicular. 

the solvent to evaporate. T h e meniscus at the p o l y m e r - w a t e r interface 
was then observed us ing the d i p p i n g plate technique. A value of about 
100° was obta ined for the angle of contact ( 2 0 ° C ) p r o v i d e d the surface 
h a d not been immersed . I f the plate was l owered into the water a n d 
raised again , an angle as l o w as 60° c o u l d be observed. T h e p late c o u l d 
then be rotated to 100° where a flat meniscus c o u l d again be obtained. 
W i t h i n these l imits the meniscus never appeared far f rom flat so that 
precise determinat ion of the l imits was not possible. A t 5 ° C the range 
over w h i c h a flat or near ly flat meniscus c ou ld be observed was 70° to 
103°, a n d ra is ing the temperature to 32 ° C gave a range about 100° to 45° . 

D I S C U S S I O N . T h e general behavior of the monolayer is very s imi lar 
to monolayers of p o l y ( y - m e t h y l - L - g l u t a m a t e ) a n d p o l y ( y - e t h y l - L - g l u t a -
mate) (12, 14) for w h i c h there is strong evidence of the existence of the 
α -he l ix i n the monolayer state ( 5 ) . B u t w h i l e the observed area per 
residue i n this instance cannot be c ompared w i t h that expected f r o m di f ­
f ract ion studies, i t is possible to extrapolate f r om p o l y ( y - e t h y l - L - g l u t a -
mate ) w h i c h has an area of 19.6 A 2 / r e s i d u e , i f the side chains between 
molecules are assumed to stick out at r ight angles a n d interpenetrate 
as far. T h e molecules w i l l then be separated b y an add i t i ona l eight 
methylene groups or approx imate ly 10 A . W i t h an ax ia l increment of 
1.5 A per residue for an α -he l i x , the area w i l l be 19.6 + 15 = 34.6 A 2 / 
residue w h i c h agrees w e l l w i t h the observed area of 34.5 ± 0.5 A 2 / res i ­
due. A n a d d i t i o n a l feature of s imi lar i ty between these polymers is the 
behavior of the surface potent ia l ( F i g u r e 1 ) . T h e correspondence i n 
shape of the surface po tent ia l -area curve w i t h the pressure-area isotherm 
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17. M A L C O L M Air-Water Interface 345 

a n d w i t h s imi lar behavior i n the other glutamate esters suggests a s imi lar 
explanat ion for its or ig in . A n isolated α -he l ix has no net d ipo le moment 
perpendicu lar to its axis, a n d it has therefore been proposed that the 
potent ia l arises m a i n l y f rom interact ion of water dipoles w i t h the pept ide 
group a n d side c h a i n dipoles (16 ) . H o w e v e r the potent ia l at the start 
of the transit ion at 29.5 A 2 / r e s i d u e is approximate ly 500 m V compared 
w i t h 540 m V at 17.5 A 2 / r e s i d u e for p o l y ( y - m e t h y l - L - g l u t a m a t e ) a n d 635 
m V at 18 A 2 / r e s i d u e for p o l y ( y - e t h y l - L - g l u t a m a t e ) . Therefore cons id ­
ered i n re lat ion to the n u m b e r of residues per un i t area, the potent ia l 
observed i n p o l y ( y - n - d e c y l - L - g l u t a m a t e ) is s ignif icantly higher . T h i s re ­
sult is unexpected but consistent w i t h the unexp la ined observation that 
the surface potent ia l of the e thy l ester is h igher than the m e t h y l ester. It 
suggests that the hydrocarbon side groups are also p romot ing some type 
of interact ion w i t h the water that gives rise to a d ipo le w i t h a component 
perpendicu lar to the interface. 

W h i l e this po lymer has not so far been as f u l l y invest igated as some, 
it fits into the general pattern (5 ) a n d appears to have the α -he l i ca l con­
format ion i n the monolayer state. B u t normal ly the pressure rises at about 
hal f the monolayer area, a n d it has been suggested that over the length 
of the p lateau to this point molecules are be ing forced out of the surface 
f o rming a second layer (12, 14). I n some instances there is also clear 
evidence for the formation of further layers at h igher pressures (19). 
Shuler a n d Z i s m a n however d i d not find an add i t i ona l rise at about ha l f 
the monolayer area i n monolayers of po ly ( γ -methyl-L-glutamate ) i n the 
presence of cap i l lary waves or any change i n the wave d a m p i n g coeffi­
cient (20). W h i l e accept ing the v i e w that the monolayer consisted of 
α-helices, they conc luded that i n earlier experiments ( 14, 21) a. true e q u i ­
l i b r i u m was not reached a n d that their results d i d not support the v i e w 
that a b imolecu lar layer f ormed at the onset of the plateau. 

B u t apart f rom the need to prov ide a satisfactory explanat ion for 
the observed decrease i n area, the case for an order ly format ion of a 
second layer of molecules rests on the f o l l o w i n g considerations ( 5 ) : 

T h e i m p l i c i t order i n the monolayer ar is ing f rom the side b y side 
p a c k i n g of r i g i d α-hel ices ; 

T h e flatness of the p lateau w h e n the side chains are flexible. T h i s 
contrasts w i t h the type of col lapse envisaged b y Y i n a n d W u (22) i n a 
flexible po lymer where the isotherm b e y o n d the po int of col lapse has i n 
general either a posit ive or negative slope; 

T h e observation of further transitions i n some cases associated w i t h 
the consecutive format ion of u p to five layers of molecules. These occur 
at h igher pressures than the transit ion ind icat ive of the format ion of the 
second layer of molecules i n a reg ion where E q u a t i o n 1 is not app l i cab le 
a n d where hysteresis effects are evident. T h e u n d e r l y i n g molecular 
process is nevertheless c learly of a s imi lar nature ; 
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F u l l y co l lapsed films normal ly show a l ignment of the molecules and , 
i n some cases, three d imens iona l structures w i t h preferred orientation 
w i t h respect to the water surface; 

T h e surface potent ia l remains almost constant over the transit ion, 
consistent w i t h non-polar molecules f o rming a second layer. 

I n the case of the po lymer considered here, w h i c h has almost f lu id 
side chains, the behavior is close to s imple theory w i t h the p lateau ex­
t end ing to smaller areas u n t i l the pressure u l t imate ly rises a n d the film 
becomes unstable a n d collapses. S i m i l a r l y at l o w pressures, assuming 
the molecules f o rm condensed ordered micel les , the absence of a m a r k e d 
t a i l to the pressure -area curve can be understood as ar is ing f rom the very 
easy p last ic de format ion of the micel les to fit together w h e n compression 
starts. T h e monolayer properties of this po lymer approximate w e l l the 
i d e a l case of s imple theory, p r i m a r i l y as a consequence of the f lexibi l i ty 
of the side chains. 

T h e curious behavior of the contact angle is c lear ly re lated to the 
flexible nature of the side chains. It is probab le that an angle of contact 
a round 100° is a consequence of the n -decy l s ide groups be ing fo lded 
over the backbone so that the surface properties are s imi lar to p o l y ( e thy l ­
ene ) . T h e l ower angle of about 60° p r o b a b l y arises f rom the side chains 
i n the interface seeking to spread over the surface of the water . It m a y 
be that two stable states for the side chains are possible depend ing on the 
or ientat ion of the po lymer i n the l i q u i d . F u r t h e r studies w o u l d be of 
interest. Hysteresis effects i n contact angle observations have been re­
por ted previous ly i n po lypept ides (12), a n d a s imi lar though m u c h less 
m a r k e d behavior may be responsible. T h e observations recorded here 
are c lear ly re lated to a n d their interpretat ion consistent w i t h the behavior 
of the monolayer . 

Poly ( L - leucine ), Poly ( L - norleucine ) , and Poly ( L - methionine ) . 
M O N O L A Y E R P R O P E R T I E S . F o r so lub i l i ty reasons i t was necessary to spread 
p o l y ( L - l e u c i n e ) f rom chloro form conta in ing 2 0 % trif luoracetic ac id . T h i s 
solvent causes drops of l i q u i d to creep u p the outside of the pipet , a n d 
the observed area per residue of 16 A 2 m a y be s l ight ly l ow. U s e of a 
glass p ipet treated w i t h a si l icone m i n i m i z e d the prob lem. B o t h speci ­
mens of p o l y ( L - m e t h i o n i n e ) behaved i n a s imi lar manner. P o l y ( L - n o r -
leuc ine ) has been invest igated previous ly (12,16). T h e results presented 
here are i n general agreement, but the w o r k has been repeated under the 
same exper imental condit ions as for the other polymers to enable a 
precise comparison ( F i g u r e 3 ) . 

W h i l e the surface potent ia l behaves i n a very s imi lar manner on 
compression of a l l the monolayers a n d the values recorded are close, 
there are qui te m a r k e d differences i n the surface pressure-area curves. 
A feature of a l l three a n d also of a l l the other polymers i n this study is a 
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17. M A L C O L M Air-Water Interface 347 

progressive but regular departure f rom smoothness of the curves above 
the p lateau or transit ion. T h i s is not an instrumental artefact nor is it 
easily detectable w i t h po int -by -po int record ing , but its precise f o rm 
u n d o u b t e d l y depends on the exper imental condit ions. 

S T R U C T U R E O F T H E C O L L A P S E D M O N O L A Y E R S . I R spectra of specimens 
prepared f rom air d r i e d co l lapsed monolayers were t y p i c a l of specimens 
i n the α-helical conformation w i t h no ind i ca t i on of any β conformation. 
E l e c t r o n di f fract ion patterns gave a s imi lar result. T h e patterns for po ly -
( L - l e u c i n e ) a n d p o l y ( L - n o r l e u c i n e ) are s imi lar to p o l y ( L - n o r v a l i n e ) (12) 
w i t h l o w crysta l l in i ty . A strong equator ia l reflection at 10.94 ± 0.10 A is 
observed i n p o l y ( L - l e u c i n e ) . I f w e assume as prev ious ly (5 ) that this 
is the 100 reflection f rom a hexagonal ce l l , the ca lcu lated area per residue 
i n the monolayer is 17.3 A 2 , assuming the molecular separation is the same 
as i n the co l lapsed film. T h i s figure is i n agreement w i t h the observed 
area of 16 A 2 i n v i e w of the difficulties encountered i n spreading the 
monolayer . 

T h e di f fract ion pattern of p o l y ( L - m e t h i o n i n e ) , F i g u r e 4a, is m u c h 
more crystal l ine than that of the other t w o polymers a n d i n several 
respects resembles that of co l lapsed monolayers of p o l y ( y - m e t h y l - L -
glutamate ). T h e correspondence is shown c lear ly b y the rec iproca l latt ice 
diagrams ( F i g u r e 5 ) . F o r an extended account of the basic theory see 
Stokes (23) a n d E l l i o t t (24). 

AREA X 2/RESIDUE 

Figure 3. Surface pressure (P) and surface potential (V) vs. area for (a) polyfa-
leucine), (b) polyfa-methione), (c) polyfa-norleucine) on distilled water 
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Figure 4. Electron diffraction patterns from collapsed monohyers. (a) Polyfa-
methionine). The outermost reflection at 1.49 A is not visible on this photo­
graph; the sharp meridional reflection is 006. (b) 1:1 poly ̂ -alanine) + polyfo-

alanine). 
In (b) because of folding in the latter stages of formation of the specimen, the arcs are 
extended. The outermost reflection is at 1.489 A. Note the sharpness of the meridional 
arc at 5.36 A and also the strength of the equatorial 100 reflection close to the center 

in comparison with that in (a). The lines mark the direction of the meridian. 

I n the case of h i g h voltage electron di f fract ion, as opposed to x-ray 
di f fract ion, the observed distances on the photograph are d i rec t ly pro ­
por t i ona l to the reciprocals of the perpendicu lar distances between the 
latt ice planes responsible for the reflections. T h e reflections m a r k e d on a 
rec iproca l lattice d iagram correspond d irect ly to the di f fraction photo­
graph . N o t a l l points on the rec iproca l lattice are associated w i t h re­
flections; a regular α -he l ix w i t h 18 residues i n five turns ( 1 8 / 5 he l ix ) 
shou ld produce no m e r i d i o n a l reflection of lower order than 00,18 cor­
responding to the 1.5 A residue repeat distance a long the molecular axis. 
T h e presence of an 006 reflection i n p o l y ( L - m e t h i o n i n e ) indicates distor­
t ion of the side chains ar is ing f rom the hexagonal p a c k i n g of the molecules 
i n the lattice. T h i s gives rise to a s ixfold per iod ic i ty a n d has been observed 
before i n p o l y ( y - m e t h y l - L - g l u t a m a t e ) (18, 24). 

T h e close correspondence i n size between the hexagonal un i t cells 
of p o l y ( y - m e t h y l - L - g l u t a m a t e ) a n d p o l y ( L - m e t h i o n i n e ) impl ies a s i m i ­
l a r i ty i n the intensity expected i n the observed strong reflections. I n 
par t i cu lar those on the fifth layer l ine associated w i t h the p i t c h of the 
hel ix ( or on the corresponding layer l ine of a h igher order hel ix ) indexed 
as 105 a n d 115 are normal ly very strong (18, 24) i n p o l y ( y - m e t h y l - L -
g lutamate ) . B u t the 105 reflection is m u c h weaker than the 115 reflection 
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17. M A L C O L M Air-Water Interface 349 

i n monolayer specimens of either po lymer . T h e corresponding 100 equa­
tor ia l reflection, almost absent i n p o l y ( y - m e t h y l - L - g l u t a m a t e ) , is observed 
i n p o l y ( L - m e t h i o n i n e ) but it is not so intense as i n a fiber specimen. T h e 
weakness of the 100 a n d 105 reflections f rom col lapsed monolayers p rob ­
ab ly arises because the (100) planes develop predominant ly a n d prefer­
ent ia l ly para l l e l to the surface. W h e n mounted w i t h the spec imen 
perpendicu lar to the beam, these planes are unable to reflect ( 5 ) . I n 
contrast, i n b u l k fiber specimens, some of the planes are correct ly o r i ­
ented. T h e 100 planes are the most closely p a c k e d a n d their format ion 
para l l e l to the surface w o u l d be expected since this promotes m a x i m u m 
hy d r op hob i c b o n d i n g ( 5 ) . 

A further very m a r k e d feature of the dif fraction photographs is a 
streak a long the fifth layer l ine (as opposed to a crystal l ine a r c ) , s imi lar 
to that observed i n p o l y ( L - a l a n i n e ) (25) a n d shown there to be a con­
sequence of r a n d o m p a r a l l e l - a n t i p a r a l l e l p a c k i n g of the molecules i n the 
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Figure 5. Reciprocal lattice rotation diagrams are for (left) poly(L-methionine) 
and (right) poly(y-methyl-L-glutamate) from collapsed monolayers using elec­
tron diffraction. The reciprocals of the spacings d, (A) correspond to their 
positions on the diffraction photographs [compare the diagram for poly(\,-

methionine) with the top right hand quadrant of Figure 6a~\. 
Full circles denote observed reflections, open circles absent reflections that would be 
observed if all orientations about the fiber axis were present (fiber type orientation). 
While the 100 reflection is observed in polyfa-methionine), it is weaker than would 
be expected if the orientation were fiber type, and it appears that the (100) planes 
develop preferentially parallel to the surface and (110) planes perpendicular (5). The 
diagram for poly(y-methyl-L-glutamate) is constructed from earlier data (12) with a 
very similar unit cell; a = 11.8 A, c = 27.0 A, compared with a = 11.46 A, c = 
26.8 A for poly(L-methionine). The cell size and the positions of the reflections are 
consistent with the presence of an α-helix containing 18 residues in five turns. The 
hatched areas denote the position of layer line streaks. The meridional 00,18 reflec­

tions at about 1.5 A are not shown. 
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crystal . A s imi lar interpretat ion is reasonable i n the polymers considered 
here, a n d i t shows c lear ly that the interactions between molecules are not 
sufficiently strong for them to segregate into a more order ly structure. 
T h i s is further ind irect support for the assumption of a r a n d o m p a r a l l e l -
ant ipara l l e l p a c k i n g i n the monolayer state. 

F r o m the electron di f fraction observations the ca lculated area per 
residue i n a monolayer of p o l y ( L - m e t h i o n i n e ) is 17.2 A 2 ; the area observed 
is 16.5 ± 0.5 A 2 . 

C O N T A C T A N G L E M E A S U R E M E N T S . T h e angle of contact of 93° for 
p o l y ( L - n o r l e u c i n e ) has been reported previously . Problems of prepar ing 
u n i f o r m adherent films of p o l y ( L - m e t h i o n i n e ) a n d hysteresis effects com­
b i n e d to make measurements of θ very imprecise ; it is est imated at 55° ± 
10°. N o measurements at a l l were possible w i t h p o l y ( L - l e u c i n e ) for 
s imi lar reasons. 

D I S C U S S I O N . C o n s i d e r i n g first the pa i r of polymers p o l y ( L - n o r l e u c i n e ) 
a n d po ly ( L - l e u c i n e ), the m a r k e d differences i n the pressure -area iso­
therms ( F i g u r e 3 ) contrast w i t h the closeness i n const itut ion. T h e results 
are good support for the v i e w that the more flexible s ide cha in of p o l y ( L -

nor leuc ine) w i l l cause the energy of interact ion of adjacent molecules 
to be less sensitive to their relat ive direct ions, compared w i t h p o l y ( L -

leucine ) , so that the p lateau is flatter. 
C o m p a r i n g p o l y ( L - n o r l e u c i n e ) w i t h p o l y ( L - m e t h i o n i n e ) i t is u n ­

l ike ly that the flexibility of the side c h a i n is greatly different i n the two 
cases. T h e crystal structures of the amino acids are very s imi lar , w i t h 
the side chains f o rming double layers w i t h the t e rmina l groups opposed 
(26, 27). I n the monolayer state however , the geometry of the α-helix 
is such that the side chains of adjacent helices can interpenetrate to f o rm 
good h y d r o p h o b i c contacts. I f the side chains were opposed, as i n the 
amino a c i d crystals, the areas per residue w o u l d be m u c h h igher than 
are observed. M o r e o v e r there is d irect evidence for side c h a i n over lap 
i n the co l lapsed films of p o l y ( L - m e t h i o n i n e ) f rom the electron di f fract ion 
observations. I n this s i tuation the d ipo lar nature of the sulfide group is 
p robab ly important [ d i m e t h y l sulfide has a d ipo le moment of 1.45 D 
(28)1 and sufficient to cause the energy of interact ion of para l l e l and 
ant ipara l le l molecules to differ, thereby causing the p lateau to depart 
f rom flatness. I n the absence of a d ipo le , as i n p o l y ( L - n o r l e u c i n e ) , no 
energy difference might be expected, a n d the p lateau is flat. 

F r o m E q u a t i o n s 1 a n d 2 the ca lcu lated values of ypï for p o l y ( L -

methionine ) a n d p o l y ( L - n o r l e u c i n e ) are 8.5 erg c m " 2 ( tak ing W = 14 
dyne cm" 1 ) a n d 28. erg c m " 2 ( 5 ) , respectively. T h e relat ive magnitudes 
of these figures m a y be compared w i t h measurements of the h y d r o p h o -
b i c i t y of methionine a n d leuc ine side chains (re lat ive to g lyc ine ) f rom 
so lub i l i ty measurements b y N o z a k i a n d T a n f o r d (29) w h o find energies 
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17. M A L C O L M Air-Water Interface 351 

of 1300 a n d 2600 c a l / m o l e , respectively. T h e i r measurements are str ict ly 
the free energies of transfer of the side chains f rom ethanol to water . 
U s i n g the assumption (16) that one t h i r d of the side chains on a he l ix 
interact w i t h the u n d e r l y i n g water , the figures for ypi can be converted 
to mo lar energies. T h e values so obta ined are 635 c a l / m o l e a n d 2780 
c a l / m o l e for p o l y ( L - m e t h i o n i n e ) a n d p o l y ( L - n o r l e u c i n e ) , respectively, 
tak ing monolayer areas f rom the spacings ca lcu lated f rom the electron 
di f fract ion data ( though the observed surface areas do not s ignif icantly 
d i f fer ) . N o w c lear ly the accuracy of the monolayer data is not h i g h , par ­
t i cu lar ly on account of the difficulties experienced w i t h the contact angle 
measurements for po ly ( L - m e t h i o n i n e ) where a h igher value of θ w o u l d 
give better agreement. M o r e o v e r the free energies obta ined b y N o z a k i 
a n d T a n f o r d are obta ined i n a somewhat different system; the agreement 
is therefore perhaps as good as should be expected. 

T h e va lue obta ined for γρν for po ly ( L - m e t h i o n i n e ) , 50 erg c m " 2 , is 
s ignif icantly h igher than the corresponding value of 34 erg c m " 2 for 
p o l y ( L - n o r l e u c i n e ) . Since for a sufficiently hydrophob i c po lymer ypv 

is closely re lated to the w o r k of cohesion, this w o u l d contr ibute to the 
m a r k e d l y higher crysta l l in i ty of po ly ( L - m e t h i o n i n e ) . 

T h e s imi lar i ty of the surface potent ia l of po ly ( L - m e t h i o n i n e ) to that 
of the other two polymers is surpr is ing . W i t h the latter, interact ion of 
water dipoles w i t h the pept ide groups is p robab ly m a i n l y responsible 
(16), a n d l i tt le difference between the two might be expected. B u t w i t h 
p o l y ( L - m e t h i o n i n e ) add i t i ona l components of the potent ia l might arise 
f r om departure f rom he l i ca l symmetry of the side cha in dipoles , so g i v i n g 
rise to a net, t h o u g h smal l , d ipo le moment perpendicu lar to the surface 
a n d also f rom side cha in d i p o l e - w a t e r interactions. T h i s is the type of 
s i tuation envisaged i n po ly ( γ -methy l -L -g lutamate ) for example (16), a n d 
it must be conc luded that i n this instance the net effect is slight. 

Monolayers of Racemic Mixtures: Poly (alanine), Poly (γ -benzyl 
Glutamate), Poly (β -benzyl Aspartate), Poly(Benzyloxycarbonyl L y ­
sine). E X P E R I M E N T A L R E S U L T S . T h e pressure-area a n d surface potent ia l 
results for the two enant iomorphic forms of a g iven po lymer were v i r ­
tua l ly ident i ca l except for po ly ( b e n z y l aspartate) where the p lateau of 
po ly ( / ? -benzy l -D-aspar ta te ) was about 2 d y n e s / c m h igher than that of the 
L enant iomorph ( F i g u r e 6 ) . T h i s m a y result f r om the incomplete b e n -
zy la t i on of the D-aspar ta te . 

E l e c t r o n dif fraction patterns have been obta ined f rom col lapsed 
monolayers of po ly ( a lanine ) a n d po ly (γ -benzyl g lu tamate ) . T h e enan­
t i omorph i c forms of the other two polymers give patterns w i t h very poor 
crysta l l in i ty , a n d their racemic mixtures have not therefore yet been 
investigated. T h e p r i n c i p a l features of the dif fraction pattern of p o l y -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
7



352 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

15 2 0 
AREA Â 2 / RESIDUE 

Figure 6. Surface pressure (P) and surface potential (V) vs. area for mono­
layers on distilled water, pH 5.6-5.7. (a) poly-alanine, (b) poly(e-benzyloxy-

carbonyl lysine), (c) poly(y-benzyl-glutamate), (d) poly(β-benzyl-aspartate). 
In general the curves for the two enantiomorphic forms are virtually identical and 
one curve only, L, is shown; the exception is (d) where both are shown. The curves 
of the 1:1 mixtures from the same solutions spread under identical conditions are 

denoted by D + L . 

( a lan ine ) ( F i g u r e 4 b ) are s imi lar to those of p o l y ( L - a l a n i n e ) (12) w i t h 
a strong equator ia l reflection at 7.40 ± 0.02 A . There is however a 
m e r i d i o n a l reflection at 1.489 db 0.002 A [ compared w i t h 1.495 A i n p o l y -
( L - a l a n i n e ) ] a n d a strong sharp reflection at 5.36 ± 0.02 A [not ev ident 
i n p o l y ( L - a l a n i n e ) ] w h i c h appears to be on the m e r i d i a n . Otherwise 
the pattern is rather diffuse. 

T h e dif fraction pattern of po ly (γ -benzyl g lutamate) is very diffuse, 
the only sharp reflection be ing at 5.26 A on or close to the m e r i d i a n . A 
reflection at about 1.50 A on the m e r i d i a n is observed, but i n other 
respects the dif fraction pattern shows none of the de ta i l f ound i n the 
x-ray di f fraction patterns of p o l y (γ-benzyl g lutamate) fibers (30) (where 
i t shou ld be noted the specimens h a d been heated to promote c rys ta l ­
l i n i t y ) . P o l a r i z e d I R spectra were obta ined f rom col lapsed monolayers 
w h i c h showed them to be i n the α - h e l i c a l conformation i n a l l cases. 
Po ly (β -benzyl aspartate) p r o v e d par t i cu lar ly interesting i n that the spec­
t r u m of the co l lapsed monolayer was s imi lar to that of po ly ( / 3 -benzy l -L -
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1 7 . M A L C O L M Air-Water Interface 353 

aspartate) i n the le f t -handed he l i ca l conformation but w i t h a smal l 
amount of the r ight -handed f o rm also present. T h i s is i n contrast to the 
spectrum of po ly ( / ? -benzy l -L -aspar ta te ) w h e n prepared f r om co l lapsed 
monolayers where the spectrum is c learly that of the r i ght -handed α-helix 
(17). 

D I S C U S S I O N . T h e shape of the transi t ion i n the pressure -area curve 
of p o l y ( L - a l a n i n e ) can be accounted for as a consequence of the differ­
ence i n the energy of interact ion between p a r a l l e l a n d between a n t i -
para l l e l arrays i n the monolayer . Ca l cu la t i ons b y P a r r y a n d S u z u k i (31) 
show that a smal l difference i n the energies is to be expected, ca. 1.0 
k c a l / m o l e residue. A t the a i r - w a t e r interface the energy is p r o b a b l y less 
on account of the presence of intervening water molecules. A ca lcu lat ion 
of the shape of the transit ion w o u l d c lear ly need to take into considerat ion 
the various r a n d o m arrangements w i t h respect to c h a i n d irect ion i n the 
monolayer a n d their interactions as molecules f o rmed a second layer. 
P a r r y a n d S u z u k i find that w h e n various assemblies, bo th p a r a l l e l a n d 
ant ipara l le l , of more than two molecules are considered, the energy d i f ­
ference per molecule lies w i t h i n the l imits of the two molecule case. A 
s imi lar s i tuation is probab le i n consider ing the range of energies i n the 
molecules invo lved i n the transit ion. T h e observed rise i n the pressure i n 
the case of p o l y ( L - a l a n i n e ) is not less than about 5 dyne - cm" 1 w h i c h at 
the monolayer area of about 1 4 A 2 / r e s i d u e corresponds to an energy of 
about 1 0 0 calories. T h e energy difference for a pa i r of isolated molecules 
is p r o b a b l y h igher for the reasons g iven , a n d therefore this figure is not 
inconsistent w i t h the ca lcu lated va lue of about 1.0 k c a l w h i c h itself m a y 
be subject to considerable error. 

F u r t h e r support for this general explanat ion comes f rom the m a r k e d l y 
raised transit ion i n the racemic mixture . M o d e l b u i l d i n g shows that mole ­
cules of p o l y ( L - a l a n i n e ) pack w e l l together (25), bu t the p a c k i n g of the 
racemic mixture is m u c h less satisfactory. T h i s is reflected i n the fact 
that i f fibers are prepared f rom the racemic mixture , the two components 
segregate, a n d x-ray studies show no evidence of a true mixture (32). 
T h i s shows that under conditions used n o r m a l l y to prepare fibers the 
interact ion of the racemic molecules is weaker than between molecules 
of the same enant iomorphic form. I n the monolayer state, segregation of 
the two forms is not able to take place since the process of spreading the 
molecules is not one favorable to equ i l ibrat i on of the system. T h e mole ­
cules are constrained to pack i n the monolayer w i t h o u t be ing able to 
move over each other to find a more satisfactory partner. T h i s is evident 
also f rom the pressure -area curve, for i f the molecules were able to 
segregate, it w o u l d be s imi lar to that of either component. N o w i f the 
molecules i n the mixture attract each other less strongly than those of 
the same type, ypv w i l l be less, a n d consequently more w o r k w i l l have 
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to be done on the monolayer to promote the transit ion, i.e., W w i l l be 
higher w h i c h is observed. 

Support for this general p i c ture comes f rom the electron di f fract ion 
observations on the co l lapsed monolayer . I f the sharp reflection at 5.36 A 
is a true m e r i d i o n a l reflection (better or ientation is necessary to be cer­
t a i n ) , i t can be indexed as 005 and the 1.489 A m e r i d i o n a l reflection as 
00,18 for a hexagonal ce l l w i t h c = 26.8 A . A n 005 reflection w o u l d not 
be p r o d u c e d b y a perfect hel ix , but i t can p r o b a b l y be accounted for 
assuming a distorted α -he l ix , the distortions be ing caused b y the unsatis­
factory p a c k i n g of the two forms. T h e reduced ax ia l increment per 
residue, 1.489 A compared w i t h 1.495 A i n the enant iomorphic f o rm, 
shows that the p a c k i n g causes the hel ix to shorten s l ight ly . 

C o m p a r e d w i t h the enant iomorphic f o rm, racemic p o l y (γ-benzyl 
g lutamate) has a transit ion at a s l ight ly l ower pressure i n contrast to the 
s i tuat ion above. B u t i n this case, bo th i n the so l id a n d l i q u i d crystal l ine 
states, the racemic p o l y m e r produces m i x e d crystals ( 3 3 ) , and f o l l o w i n g 
f r om the l ine of argument used for po ly ( a l a n i n e ) , a l ower transit ion is 
therefore expected. T h e difference i n he ight i n this instance is m u c h 
less, a n d p r o b a b l y a consequence of the longer a n d more flexible s ide 
chains. I n fact i n ana lyz ing the structures of the racemic f o rm, Squire 
a n d E l l i o t t (33) suppose that a g iven molecule w i l l have sufficient flexi­
b i l i t y of the side c h a i n to pack equa l l y w e l l irrespective of the d i rec t ion 
of the backbone. I f this were str ict ly true, a n d on the basis of the ideas 
put f o r w a r d here, the transit ion i n the enant iomorphic po lymer should 
be perfect ly flat w h i c h is not so. A n add i t i ona l factor i n c ompar ing the 
monolayer properties w i t h ordered m i x e d crystals is to note that the 
di f fract ion pattern of the co l lapsed racemic monolayer has m u c h l ower 
crystal l in i ty . T h i s suggests that again the monolayer is not organized i n 
such a manner that d u r i n g collapse the m a x i m u m intermolecular inter ­
act ion ( w h i c h w o u l d lower the transit ion further ) is possible. 

C o m p a r i n g the pressure -area curves of po ly ( / ? -benzy l -L-aspartate ) 
w i t h p o l y ^ - b e n z y l - L - g l u t a m a t e ) (F igures 6c a n d 6 d ) , the difference i n 
height of the transitions has a lready been accounted for as ar is ing essen­
t ia l l y f rom the add i t i ona l methylene group i n the glutamate po lymer 
causing ypî to be h igher (16). B u t the flatter p lateau of the aspartate 
p o l y m e r cannot be accounted for on the basis that i n a l l cases the energy 
of interact ion of para l l e l a n d ant ipara l le l molecules w i l l be more near ly 
equa l the more flexible the side chain . Since this v i e w is essentially an 
a i d to qual i tat ive reasoning, a n d perhaps par t i cu lar ly where strongly 
interact ing b e n z y l groups are concerned, an add i t i ona l methylene group 
i n the cha in m a y promote some specific b e n z y l interact ion w h i c h is sensi­
t ive to the cha in direct ion. S u c h explanat ion is reasonable w h e n it is 
noted that fibers of the α - h e l i c a l f o rm of po ly ( / ? -benzyl -L-aspartate ) (34) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ch

01
7



17. M A L C O L M Air-Water Interface 355 

show m u c h lower crysta l l in i ty than p o l y ( γ - b e n z y l - L - g l u t a m a t e ) ( 30 ) . I n 
the former case the side chains m a y w e l l interact less precisely so the 
energy m a y not be at a l l sensitive to the cha in d irect ion . Indeed i f 
specimens are heated to promote crysta l l in i ty , the side chains then 
interpenetrate a n d interact w i t h sufficient strength to change the struc­
ture f r om the α -he l ix to the ω-he l ix (34). S ince this involves d istort ion 
of the amide group f rom p lanar i ty , i t is c lear ly a strong interact ion. T h e 
p a c k i n g of the b e n z y l groups i n the monolayer state of po ly ( γ - b e n z y l - L -
g lutamate) m i g h t resemble that of the ω f o rm of the b e n z y l aspartate 
w h i c h does not appear to be its monolayer conformation. F o r these reasons 
s imple comparisons between the two polymers consider ing only side 
cha in flexibility are p r o b a b l y un f ru i t fu l . 

C o n s i d e r i n g n o w the very m a r k e d difference between the p r e s s u r e -
area curve of po ly - ( β -benzy l -L -aspar ta te ) a n d the racemic mixture ( F i g ­
ure 6 d ) , it is p robab ly true to say i n the l ight of the above discussion that 
some part i cu lar favorable interact ion occurs between the b e n z y l groups 
i n the racemic mixture . T h e m a r k e d decrease i n the area per residue of 
2 A 2 a n d the almost complete disappearance of the p lateau suggest that 
the spread po lymer is on ly just stable i n the monolayer state a n d that the 
transit ion proceeds almost spontaneously, i.e. W is close to zero. I f there 
is a strong interact ion between the two enant iomorphic forms m a r k e d l y 
greater than between molecules of the same k i n d , i t is to be expected 
that i n the monolayer the transit ion w i l l appear as an inflection rather 
than a flat p lateau. T h e conformation of the monolayer is as yet uncerta in . 
I n the so l id state a n d i n solution, pory ( /3 -benzy l -L-aspartate ) normal ly is 
left rather than r ight -handed α-hel ix . B u t i n the monolayer state the r ight 
h a n d e d hel ix appears to be present, and this is p robab ly a consequence 
of the polar water molecules weaken ing the side c h a i n - b a c k b o n e inter ­
actions that otherwise cause the hel ix to be left h a n d e d (17). T h e obser­
vat ion i n the present w o r k that the co l lapsed d r i e d monolayer of the 
racemic mixture has a spectrum ind i cat ive of the le f t -handed α -he l ix 
for L residues m a y s i m p l y be a consequence of a conformational change 
w h e n the po lymer is removed f rom the water surface since the r ight 
handed hel ix of the L - a s p a r t a t e is then unstable a n d can be converted 
to the left handed form b y swe l l ing i t w i t h d ichloracet ic a c i d vapor 
(35 ) . T h e s imi lar i ty of the magni tude of the surface potent ia l of the 
mixture and the enant iomorphic f o rm gives no ind i ca t i on that the mono­
layer conformations are different. A change i n he l ix sense w o u l d alter the 
or ientat ion of the side cha in ester groups w i t h respect to the backbone , 
and this i n turn w o u l d mod i fy side c h a i n - w a t e r interactions so that the 
resul t ing surface potent ia l c o u l d be different. 

F i n a l l y the behavior of racemic po ly (€ -benzy loxycarbony l lys ine) i n 
the monolayer state is par t i cu lar ly s t ra ight forward ; the area per residue 
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a n d the height a n d shape of the p lateau is not s ignif icantly different f r o m 
that of the enant iomorph. C l e a r l y the four methylene groups close to the 
backbone confer sufficient f lexibi l i ty on the side chains for the backbone 
to have l i t t le effect. A t pressures above the p lateau, the inflections i n d i c a ­
t ive of the f ormat ion of further layers of molecules (14) become less 
pronounced . T h i s is a region of almost perfect plast ic deformation, a n d 
i t must be conc luded that these further transitions are except ional ly 
sensitive to the molecular structure. T h i s po lymer is s imi lar to p o l y ( y -
m e t h y l g lutamate) where again the racemic mixture has a pressure -area 
isotherm w i t h a flat p lateau at the same height as the enant iomorphic 
f o rm ( 5 ) . 

General Observations 

T h i s w o r k is essentially an extension of the ideas first put f o r w a r d 
b y C r i s p w h o not on ly noted the correspondence between the shape of 
the transit ion a n d the length of the side cha in (13) but also deve loped 
the two d imens iona l phase ru le (36). T h i s rule has been app l i ed q u a l i ­
tat ive ly a n d w i t h caut ion to these polymers to account for the shape of 
the transit ion. T h e only add i t i ona l idea invo lved is the rea l izat ion that 
an organized po lymer monolayer of po lar molecules m a y behave as i f it 
consisted of two components i f the energies of interact ion of p a r a l l e l a n d 
ant ipara l le l molecules are signif icantly different. I n add i t i on w h e n con­
s ider ing mixtures of two enant iomorphic forms, the monolayer behaves 
as i f i t consisted of on ly one component w h e n the energies of interact ion 
between the molecules ( i n this case i n v o l v i n g four types of contact) are 
the same. I n those polymers that show on ly an inflection rather than a 
flat p lateau i n the pressure -area isotherm, a s imi lar inflection at a h igher 
or l ower pressure i n the racemic mixture occurs depend ing on whether 
the two forms attract each other less or more strongly than molecules of 
the same type. 

C l e a r l y these ideas can be extended to mixtures of more d iss imi lar 
molecules. F o r example, it is possible to see differences between the 
pressure-area curves of p o l y ( L - a l a n i n e ) m i x e d w i t h p o l y ( D - a - a m i n o - n -
b u t y r i c ac id ) a n d the corresponding mixture conta in ing p o l y ( D - a l a n i n e ) . 
W i t h such mixtures there are six different types of molecular contact 
i n v o l v e d , and the interpretat ion is therefore inev i tab ly more complex. 

T h i s w o r k provides more evidence that at least i n some cases the 
col lapse of the monolayer represents qui te a remarkable molecu lar re ­
arrangement. T h e dif fraction pattern of po ly ( L - m e t h i o n i n e ) shows that 
not on ly do the molecules collapse i n a crystal l ine array but there remains 
a measure of preferred or ientat ion of the crystals w i t h respect to the 
water surface. T h i s has been observed prev ious ly w i t h p o l y ( y - m e t h y l - L -
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g lutamate ) , a n d i t might be observable w i t h sufficient care i n other 
polymers . It fits i n w i t h the interpretat ion of the add i t i ona l transitions i n 
po ly (e -benzyloxycarbonyl -L - lys ine) w h i c h evident ly arise f rom the con­
secutive format ion of several layers of molecules one at a t ime. I n c om­
p a r i n g the crystal l in i ty of the dif fraction pictures f rom col lapsed mono­
layers w i t h those of specimens prepared as fibers, i t should be rea l i zed 
that the fiber specimens have usual ly been heated to promote m a x i m u m 
crysta l l in i ty , as w e l l as be ing stretched i n some w a y to orientate the 
molecules. T h a t w e l l orientated a n d crystal l ine specimens can be pre ­
pared s imply b y co l laps ing a monolayer a n d a l l o w i n g it to d r y at r o o m 
temperature is p robab ly a reflection of the h i g h l y ordered i n i t i a l state of 
the monolayer that promotes the free movement of molecules, b o t h at 
the i n i t i a l transit ion and d u r i n g further compression, as the co l lapsed 
film increases i n thickness. H o w far the specimens b u i l d u p as a mo le cu ­
lar process before gross f o ld ing of the monolayer takes p lace is not k n o w n , 
but i n the instances referred to here i t seems that a n u m b e r of layers 
must f o rm before f o ld ing starts. 

T h e sl ight irregularit ies observed i n the pressure -area curves above 
the transit ion pressure are an interesting general feature. T h e y become 
progressively more m a r k e d as the pressure rises a n d are only c lear ly 
evident w i t h continuous automatic record ing of the pressure. Par t i cu lar ly 
where the transit ion is not a wel l -def ined flat p lateau, they are a good 
ind i ca t i on of the onset of the transit ion. T h e y p r o b a b l y arise f r om v a r y i n g 
rates of collapse w i t h i n the film. It shou ld be rea l i zed that w i t h these 
h i g h molecular we ight polymers hysteresis effects are common. It is pos­
sible, for example, to observe relaxation effects i f compression of the 
film is stopped (5, 20). Irregularit ies m i g h t be seen once the pressure 
to produce the transit ion has been exceeded where s imple theory sug­
gests the film should be unstable. B u t this does not prec lude exper imental 
observations above the transit ion pressure be ing used to interpret the 
rea l behavior of the system, as i n p o l y (e - b e n z y l o x y c a r b o n y l -L - l y s i n e ) , 
p r o v i d e d e q u i l i b r i u m is not i m p l i e d i n any theoret ical interpretat ion. 

Conclusion 

T h e work descr ibed here strengthens the idea that w h e n the α-helix 
is present in a po lypept ide monolayer , the transit ion i n the pressure -area 
curve arises f rom the collapse of the monolayer under the act ion of 
surface forces a n d that at least i n some cases this is i n the nature of a 
phase transit ion a n d proceeds i n an order ly manner. T h e transit ion is i n 
fact rather analogous to the development of the tert iary structure i n a 
prote in under the act ion of hydrophob i c forces. W e can therefore n o w 
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have add i t i ona l confidence i n the use of these methods to obta in inter -
fac ia l energies a n d to ga in ins ight into the role of h y d r o p h o b i c forces 
i n proteins bo th i n maintenance of the tert iary structure of the nat ive 
molecule a n d i n unders tanding h o w this is modi f ied b y the presence of 
an interface. Indeed the methods are some of the f ew ways b y w h i c h 
an exper imental attack can be made i n this area. Better data , par t i cu lar ly 
of measurements of the contact angles, is desirable as w e l l as a more 
rigorous discussion of the theoret ical impl icat ions . 

Inc identa l to this w o r k is more evidence that the α-helix exists at 
the a i r - w a t e r interface. W h i l e some have appeared re luctant to accept 
this v i ew , no good theoret ical reason exists w h y i t should not be stable. 
W h e r e the nature of the side c h a i n m i g h t provoke other conformations 
[as i n p o l y ( L - v a l i n e ) ] or the molecular we ight is l o w or monolayers are 
spread f rom poor solvents misc ib le w i t h water , other conformations are 
detectable, a n d the monolayer properties are s ignif icantly different ( 5 ) . 

T h e propor t i on of α-helix i n nat ive proteins is var iable a n d some­
times not very great. It is a mistake to over emphasize its role i n inter -
f a c ia l structures, but where i t is present its r a d i a l d i s t r ibut ion of side 
chains means that its or ientat ion i n the interface w i l l be governed b y its 
over -a l l hydrophob i c i ty . T h e presence of h y d r o p h o b i c groups d i rec ted 
into the water is then possible as w e l l as others contr ibut ing to cohesion 
between adjacent molecules as i n the monolayers considered here. Those 
d i rec ted into the water m a y funct ion as sites for the b i n d i n g of other 
molecules i n the aqueous phase. T h i s is also a poss ib i l i ty for the β con ­
format ion but not for extended c h a i n conformations where under pressure 
the h y d r o p h o b i c side chains are d irected a w a y f rom the surface a n d the 
h y d r o p h i l i c ones into the water . W h i l e this latter m o d e l has been 
accepted b y surface chemists ( 3 7 ) , the conformation appears u n l i k e l y 
bo th f rom a b io log i ca l a n d a stereochemical standpoint. Indeed except 
where there is a regular a l ternat ion of hydrophob i c a n d h y d r o p h i l i c side 
chains, the conformation is p r o b a b l y not one acceptable w i t h i n the usua l 
c r i ter ia for po lypept ide structures ( 5 ) . 

Po lymers of the natura l ly o c curr ing amino acids alanine, leucine, a n d 
methionine a l l show interactions w h i c h depend on the relat ive directions 
of the backbones. I n contrast, p o l y ( L - n o r l e u c i n e ) shows less specific 
interactions; c lear ly for the h y d r o p h o b i c regions of proteins to funct ion 
i n a precise manner the n a t u r a l amino acids are most suitable. 

N O T E A D D E D I N P R O O F . A l t e rnat ive explanations have recently been 
p u t f o r w a r d to account for the height a n d shape of the transit ion i n certa in 
synthetic po lypept ide monolayers (38). These do no however account 
for m a n y of the results here presented or for the general pattern of 
behavior observed i n monolayers w h e n the α-helical conformation is 
present ( 5 ) . 
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Bubble Scavenging and the Water-to-Air 
Transfer of Organic Material in the Sea 

DUNCAN C. BLANCHARD 

Atmospheric Sciences Research Center, State University of New York, 
Albany, N.Y. 12222 

Surface-active organic material (SAOM) in the sea tends to 
concentrate at the surface. It is brought there by diffusion, 
by Langmuir circulations, and by the surfaces of air bubbles 
rising through the water. These bubbles, produced primarily 
by breaking waves, not only carry SAOM to the surface 
but upon breaking eject it into the air. This process may 
account for the airborne droplets of sea water in the marine 
atmosphere which have SAOM concentrations several thou­
sand times that found in the sea. The SAOM on the droplets 
has given marine meteorologists a tracer which enables them 
to understand better the role of these droplets in rain 
formation. 

Although adsorptive bubble separation has been used commercially 
^ for more than half a century [principally in froth flotation to sepa­

rate minerals from ores ( 1 ) ], oceanographers and marine meteorologists 
have only become aware of the importance of natural sea bubble processes 
in the past 20 years. Marine biologists consider the bubbles as a pos­
sible mechanism to convert dissolved organic material to particulate 
organic material (2); meteorologists consider the role of the bubbles 
both in the production of a sea-salt aerosol and the ejection of organic 
material into the atmosphere (3, 4). 

Organic Material in the Sea 

Composition of Sea Water. Sea water constitutes about 98% of all 
the water on the face of the earth and contains all of the naturally 
occurring elements known. It is about 96.5% water and 3.5% salt, most 
of which is in dissolved form. The salt content, or the salinity of sea 
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18. B L A N C H A R D Bubble Scavenging 361 

water , is defined as the total amount of so l id mater ia l i n grams conta ined 
i n 1 k g of sea water w h e n a l l the carbonate has been converted to oxide , 
b romine a n d iodine have been rep laced b y chlor ine , a n d a l l organic 
matter has been complete ly ox id ized ( 5 ) . D e p e n d i n g on locat ion, the 
sa l in i ty w i l l be about 32-38%< ( thousand p a r t s / m i l l i o n ) , 35%c be ing the 
average. 

A l t h o u g h the sal inity m a y vary b y 1 0 % f rom the average, i on ic ratios 
r e m a i n constant w i t h i n narrow l imits for a l l oceanic wTaters. T h i s con­
stancy is such that oceanographers can phys i ca l ly describe sea water b y 
s i m p l y g i v i n g its temperature, pressure, a n d sal inity . A s shown i n T a b l e I , 
99 .95% of the sal in i ty of sea water is contr ibuted b y eight ions a n d 
the largely undissociated bor i c a c id . T w o salts, N a C l a n d M g S 0 4 , ac­
count for 9 7 % of the sal inity of sea water. A s H o m e states i t ( 6 ) , 

. . r ough ly speaking, sea water is an aqueous 0 . 5 M N a C l solut ion, 0 . 0 5 M 
i n M g S 0 4 , a n d conta in ing a p i n c h or trace of just about everyth ing 
imag inab le . " 

Concentration and Forms of Organic Material. Concentrat ions of 
organic mater ia l i n sea water are orders of magni tude less than the 
sal ini ty , but the variations a round the mean are at least an order of 
magni tude more. A l t h o u g h sal inity does not v a r y b y more than 1 0 % 
f rom 35%c, the organic content of sea water is only on the order of 1 part 
per m i l l i o n (about 1 m g / 1 ) , a n d variat ions of w e l l over 1 0 0 % are c o m­
mon . These variat ions i n a smal l yet important constituent have m a d e 
studies diff icult a n d tedious. O n l y w i t h i n the past 10 years have deta i led 
studies been made on the d i s t r ibut ion of organic mater ia l i n the sea. 
Before that re l iable instrumentat ion to determine organic concentrations, 
m u c h of w h i c h is based on the oxidat ion of the organic mater ia l a n d the 

Table I . Major Salt Constituents of Sea water a (115) 

Component Concentration, %c % of Total Salt 

c i - 18.980 55.04 
Na+ 10.543 30.61 
S 0 4

2 -
M g 2 + 

2.465 7.68 S 0 4
2 -

M g 2 + 1.272 3.69 
C a 2 + 0.400 1.16 
K + 0.380 1.10 
H C 0 3 - b 0.140 0.41 
B r ~ c 0.065 0.19 
H 3 B O 3 0.024 0.07 

T o t a l 34.455 99.95 
a Values in g per k g (%o) based on chlorinity of 1 9 % 0 . 
6 Varies to give equivalent C 0 3

2 ~ depending on p H . Value given is essentially true 
for p H 7.50 at 2 0 ° C . 

c Corresponds to a salinity of 34 .325% 0 -
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362 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

various means of detect ing the resultant carbon d iox ide ( 7 ) , h a d not been 
developed. 

O r g a n i c mater ia l exists i n one or more forms (d isso lved, p lankton ic , 
etc. ) at a l l depths i n the sea, b u t its mass concentrat ion is greatest i n the 
euphot ic zone w h i c h is the upper 100 m of the sea w h e r e photosynthesis 
can occur. T h i s region is where most of the bubbles are p r o d u c e d a n d 
where they interact w i t h the organic mater ia l . I n this euphotic zone, 
organic mater ia l is f o und i n five different forms. M o r e than 9 8 % of 
the mass of organics is n o n - l i v i n g i n either dissolved or part iculate f o rm, 
w i t h the former about 100 times the latter (8, 9). P h y t o p l a n k t o n , zoo-
p lankton , a n d fish constitute less than 2 % of the organic mater ia l i n 
the sea. 

Phytoplankton. T h e cycle of organic mater ia l begins w i t h the p h y ­
top lankton , un i ce l lu lar a n d co lon ia l p lant cells that range i n size f r om 
about 1 fx to 1 m m . O r g a n i c mater ia l is p roduced i n the cells, p r i m a r i l y 
b y photosynthesis a n d the u t i l i za t i on of inorganic nutrients. T h e most 
important nutrients a n d their respective concentrations are: soluble i n ­
organic phosphates (0 .1-3.5 /xg atoms /1 ) , nitrates ( 0 . 1 -43 ) , a n d the n i ­
trites (0 .1 -3 .5 ) . T h e concentrat ion of phytop lankton cells is h i g h l y 
var iab le and , depend ing on the t ime of year a n d locat ion, m a y vary f rom 
less than 10 3 to more than 10 8 cel ls /1 . T h e n u m b e r of species m a y range 
f rom less than 10 to greater than 250 (10). T h e annua l net organic carbon 
produc t i on b y phytop lat ikton for a l l the oceans has been estimated at 
about 2 Χ 1 0 1 0 metr ic tons ( I I ) . T h e we ight of the organic mater ia l 
w o u l d be twice this value since it is customary to m u l t i p l y b y two to 
convert the we ight of organic carbon to that of organic mater ia l . A s 
shown i n T a b l e I I , most of the mater ia l is p roduced on the open ocean, 
a l though the produc t i on rate per un i t c o l u m n of water ( c a r b o n / m 2 / y r ) 
can be h igher i n the coastal zone a n d i n u p w e l l i n g areas. 

Zooplankton and Fish. A por t ion of the organic carbon p r o d u c e d 
b y the phytop lankton is used b y the zooplankton. T h e zoop lankton con­
stitute an amaz ing ly diverse group of animals that differ w i d e l y i n size, 
shape, a n d concentration. T h e i r size ranges f rom less than a mi l l imeter 
to more than a meter. T h e numbers of zoop lankton i n the euphotic zone 
of the Sargasso Sea, for example, are of the order of 2 0 0 - 4 0 0 / m 3 , con­
st i tut ing a mass of 2 -4 m g / m 3 (12) or about 0.002-0.004 p p m . T h i s is 
far less than the concentrat ion of the n o n - l i v i n g dissolved a n d part iculate 
organic mater ia l . F i s h constitute only 0 .002% of the total amount of or­
ganic mater ia l i n the euphot ic zone a n d for our purposes can be neglected. 

Dissolved and Particulate Material. It was earl ier be l ieved that 
the dissolved a n d part iculate organic mater ia l was p r o d u c e d p r i m a r i l y b y 
the death a n d b r e a k d o w n of the phytop lankton a n d zooplankton. It is 
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18. B L A N C H A R D Bubble Scavenging 363 

n o w clear that the sequence of events is more compl i cated . There is no 
doubt that b o t h dissolved a n d part i cu late organic mater ia l exists at a l l 
depths of the sea. A l t h o u g h its concentrat ion is less than that i n the 
euphot ic zone, the dissolved organic mater ia l can be f o u n d un i f o rmly 
d i s t r ibuted at depths greater than 2 0 0 m (8, 13,14, 15). T h i s un i f o rmi ty 
i n the ver t i ca l is not f o u n d i n the hor i zonta l d i rec t ion , i n d i c a t i n g that 
the organic mater ia l varies w i t h water mass. T h e organic mater ia l i n the 
deep waters represents f rom 30 to 150 times the average annua l p r o d u c ­
t i on of organic mater ia l i n the sea (16). Since most of the n e w l y p r o ­
d u c e d organic mater ia l i n the euphot ic zone is r a p i d l y used or decom­
posed, l eav ing only perhaps 1 % as a contr ibut ion to the d isso lved 
organics i n the deep waters, it is possible that most of the deep-water 
mater ia l ". . . m a y represent the gradua l accumulat ion of several hundreds 
or thousands of years . . . " ( 9 ) . T h e long-term surv iva l of organic mater ia l 
i n the deep waters m a y occur because the bacter ia , w h i c h break d o w n 
the organic mater ia l i n the euphot ic zone, cannot do so as easily i n the 
deep water (17). 

T h e produc t i on of d issolved mater ia l i n the euphot i c zone occurs not 
only after the death of phytop lankton organisms but also b y the dif fusion 
of organic molecules f rom the organisms d u r i n g n o r m a l growth (18, 19, 
20, 21 ). " A l m o s t every phytop lankton organism s tud ied has been shown 
to diffuse smal l organic molecules into its m e d i u m , a n d almost any organic 
molecule of b io log i ca l interest has been shown to be g iven off b y some 
organisms" (22). Zoop lankton release enough amino acids i n one m o n t h 
to equa l the amount i n solut ion (18), a n d the rate of release of dissolved 
mater ia l b y g r o w i n g phytop lankton is 1 0 - 3 0 % of that b e i n g fixed b y 
photosynthesis (19, 21). 

T h e composi t ion of the dissolved organic mater ia l has been the sub­
ject of numerous papers (23). Jeffrey (24) f ound that l ip ids ( ch loro form 
extractable organic compounds ) make u p 1 0 - 2 0 % of the dissolved or­
ganic mater ia l i n semi- tropica l waters a n d suggested i t m a y be f r om 40 
to 5 5 % i n A n t a r c t i c waters. P r o b a b l y the b u l k of the dissolved organic 
mater ia l is composed of proteins a n d prote in -der ived metabolites ( 25, 26 ). 
T h e free amino acids, fatty acids, sugars, a n d phenols represent less than 
1 0 % of the organic mater ia l i n sea water. T h e identi f icat ion of i n d i v i d u a l 
proteins a n d peptides has proved difficult, a n d data have been p u b l i s h e d 
only o n the amino ac id spectrum of the proteinaceous mater ia l (25). A 
major i ty of the amino acids occur as compounds w i t h mo lecu lar weights 
between 400 a n d 10,000 (25). 

Concentration of Organic Material at the Surface of the Sea 

A l t h o u g h B e n j a m i n F r a n k l i n (27) was the first to show that the 
slicks commonly observed on the surface of the sea were composed of 
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t h i n layers or monolayers of surface-active organic mater ia l , i t h a d been 
w e l l k n o w n that these slicks were p r o d u c e d b y b i o l og i ca l ac t iv i ty i n the 
sea. E u r o p e a n fishermen of the 18th century located schools of fish b y 
first l ook ing for h i g h concentrations of slicks on the surface of the sea 
(-28). T h e scientific c o m m u n i t y d i d not give serious attention to the 
correlat ion of slicks to organisms w i t h i n the sea (29, 30) u n t i l 250 years 
later. 

Surface-Active Material and Surface Pressure. I f a s l ick or any 
surface-active film is to spread a n d increase i n area it must exert a h o r i ­
zonta l surface pressure. T h e re lat ion between surface pressure a n d sur­
face tension is ( bo th measured i n d y n e s / c m ) : 

Pi = 7 w — 7 f 

where yw = surface tension of the water , yf = surface tension of the film, 
P f = the surface pressure exerted b y the film. A postive surface pressure 
means that the surface tension of the film is less than that of the water , 
a n d i f the surface pressure increases for any reason, the surface tension 
of the film must decrease. O n a c lean, quiet , unconf ined body of water a 
film can spread u n t i l it becomes a monolayer under zero surface pressure, 
at w h i c h po int yw equals yf. N a t u r e se ldom provides such idea l c o n d i ­
tions, a n d a l l surface-active mater ia l on natura l bodies of water do not 
spread to f o rm uncompressed monolayers. B o t h the water a n d the air 
are usual ly i n mot i on a n d prov ide hor i zonta l surface stresses w h i c h 
produce surface pressure i n the films. 

Surface-active organic mater ia l undoubted ly exists on the surface of 
near ly a l l fresh water bodies, as was f ound on a l l those s tudied i n E n g l a n d 
(31) . T h e surface pressures produced b y this mater ia l were f rom 1 to 
greater than 30 d y n e s / c m . B y appearance, the films were assumed to be 
composed of na tura l prote in compounds. W h e n the w inds were suffi­
c ient ly strong a surface stress was generated w h i c h drove the films d o w n ­
w i n d to the lee side of the lake w h e r e they col lapsed. M i c r o s c o p i c 
examinat ion of this prote in mater ia l revealed m a n y smal l organisms 
i m b e d d e d i n the mater ia l , presumably there to eat it . Indeed , Cheesman 
(32) reports that a snai l uses his foot as a min iature L a n g m u i r t rough 
a n d is able to compress a n d collapse surface-active films to obta in c lumps 
of organic mater ia l that are easily eaten. 

V i s i b l e slicks are often seen w i t h i n 100 k m of l and . Poss ib ly these 
are caused b y man-made po l lu t i on ( o i l f r om ships, sewage, etc.) a n d / o r 
b y seaweeds a n d h igher p lankton concentrations near the continent 
( T a b l e I I ) . O n the open sea, slicks are less c o m m o n (30). T h i s does not 
mean that organic mater ia l is absent f rom the surface but s i m p l y that 
the surface-active molecules are not present i n sufficient quant i ty to pro -
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18. B L A N C H A R D Bubble Scavenging 365 

duce a surface pressure that w i l l cause d a m p i n g of cap i l lary waves (33) 
w h i c h smooth the sea a n d expose the s l i ck - l ike or glassy appearance of a 
monolayer under pressure. 

Sea Surface Composition. S a m p l i n g of the upper 150 μΐη (34) of 
bo th the A t l a n t i c a n d the Paci f ic a n d i n b o t h s l ick-covered a n d non-s l ick 
areas has revealed surface-active materials (35, 36). T h e greatest q u a n ­
tities were f o u n d i n the b i o l og i ca l l y - r i ch areas, but even the inact ive 
waters contained some mater ia l . T h e p r i m a r y surface-active, ch loro form-
soluble organic components were free fatty acids, fatty esters, fatty 
alcohols, a n d hydrocarbons. A l t h o u g h these species were bo th i n a n d 
out of s l ick areas a n d i n samples taken a few meters beneath the surface, 
there were indicat ions that a h i g h propor t ion of the h igher molecular 
we ight a n d less water-soluble fatty acids a n d alcohols were i n the s l ick 
areas. B o t h Garre t t (35) a n d Jarvis et al. (36) suggest that the surface 
pressure i n the s l ick areas forces the more water-soluble a n d less surface-
active species f rom the surface into the u n d e r l y i n g water . 

T h e micro layer at the surface of the sea was f o u n d b y H a r v e y (37) 
to contain bacter ia , dinoflagellates, a n d other p l a n k t o n i n m u c h h igher 
concentrations than i n the water beneath. O t h e r workers have f o u n d 
bo th organic a n d inorganic ni trogen a n d phosphorus concentrated i n the 
surface micro layer (38), bacter ia enr ichment ( 3 9 ) , enrichments of D D T 
of u p to 10 5 t imes over that of sub-surface water (40), a n d enrichments 
of heavy metals i n the surface films of perhaps 10 4 (41). A l t h o u g h the 
heavy meta l a n d D D T enr ichment was f ound w i t h i n 50 k m of the U . S . 
Eas tern Shore, i t il lustrates h o w mater ia l injected or p r o d u c e d i n the m a i n 
b o d y of the sea can become concentrated at the surface. It is possible 
that some of this surface concentration, especial ly near l a n d , is fa l lout 
of mater ia l f rom the atmosphere. 

T h e cycle of surface-active mater ia l i n the sea is shown schematical ly 
i n F i g u r e 1. M a n - m a d e sources are unimportant . T h e a n n u a l i n p u t of 

Table II. Division of the Ocean into Provinces According to Their 
Level of Primary Organic Production a 

Mean 
productivity Total 

Province 

Percentage 
of 

Ocean Area (km2) 

(grams of productivity 
carbon/ (109 tons of 
m2/yr) carbon/yr) 

Open ocean 
C o a s t a l zone 6 

U p w e l l i n g areas 

90 
9.9 
0.1 

326 Χ 10 6 

36 Χ 10 6 

3.6 Χ 10 5 

50 16.3 
100 3.6 
300 0.1 

T o t a l 20.0 
a D a t a from Ref. 11. 
6 Includes offshore areas of high product iv i ty . 
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BIOLOGICAL FEEDING 

BIOLOGICAL 
SOURCES 

PRODUCTION 

MAN-MADE 
SOURCES 

WIND GENERATED 
AEROSOL 

I 
BURSTING BUBBLES 

I 
EVAPORATION 

J SEA SURFACE- MONOLAYERS |" 

t 
UPWELLING 

1 
DISSOLUTION DIFFUSION -»-WAVE 

CONVECTION ACTION 
BUBBLES i 

DECOMPOSITION THROUGH 
PHOTOCATALYZED OXIDATION 

ADSORBED ON PARTICULATE 
MATTER 

DISSOLVED 

Figure 1. Cycle of surface-active material in the sea. From Garrett (114) 
with permission of the author. 

o i l into the seas b y m a n ( r iver discharges, spil ls f rom ships, etc.) p lus 
the atmospheric fa l lout of petro leum products is several orders of m a g ­
n i tude less than the organic mater ia l p r o d u c e d annual ly i n the euphot ic 
zone ( 42, 43 ) . E v e n were i t to concentrate ent ire ly at the surface i t w o u l d 
produce a film only 58 A thick , about twice the thickness of a monolayer 
(42). I n a day or two, such a film w o u l d be removed f rom the sea b y 
bacter io log ica l degradat ion, m i x e d d o w n w a r d into the sea a n d d i l u t e d , 
or transported into the atmosphere. 

Langmuir Circulations. M o s t of the organic mater ia l i n a surface 
monolayer reaches the surface b y molecu lar di f fusion, a ided greatly b y 
turbulence or organized convective motions (33). These organized mo­
tions, ca l led L a n g m u i r c irculat ions , appear to be very important i n the 
m i x i n g of water i n the upper f ew tens of meters i n the sea. F i r s t noted 
b y L a n g m u i r on the sea, but s tudied i n deta i l on a fresh-water lake (44), 
they are water motions i n the f orm of alternate left a n d r ight h e l i c a l 
vortexes ( F i g u r e 2 ) that have their axes approx imate ly para l l e l to the 
d irec t i on of the w i n d . These vortexes produce alternate lines of con ­
vergence a n d divergence on the surface w h i c h are also l i n e d u p w i t h 
the w i n d . O r g a n i c - r i c h water is carr ied to the surface i n regions of u p -
w e l l i n g (surface divergence) where molecu lar di f fusion enables the 
surface-active molecules to reach the a i r - w a t e r interface. T h i s surface 
water plus the molecules is carr i ed into the region of convergence where 
the water sinks l eav ing an ac cumulat i on of surface-active mater ia l w h i c h 
is compressed into the v is ib le surface sl icks or w i n d r o w s that are a l i gned 
w i t h the w i n d (2, 45, 46). These l ong lines of compressed surface-active 
films are 2 0 - 5 0 m apart on the sea (47), and , a l though not proved , the 
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18. B L A N C H A R D Bubble Scavenging 367 

L a n g m u i r c irculat ions that produce the lines are thought to extend that 
deep into the sea. T h e l i t t le -understood c o up l ing between the sea a n d 
the air can produce c irculat ions that transport organic mater ia l to the 
surface a n d compress i t into v i s ib le slicks that f o rm lines para l l e l to 
the w i n d . A deta i l ed rev iew of the dynamics of L a n g m u i r c irculat ions 
can be f o u n d i n a paper b y F a l l e r (48). 

Formation and Concentration of A i r Bubbles in the Sea. A i r b u b ­
bles i n the sea, the final mechanism l isted i n F i g u r e 2, a i d i n transport ing 
organic mater ia l a n d m a y convert dissolved organic mater ia l to part iculate 
organic mater ia l . F o r years i t h a d been thought that the zooplankton , 
most of w h i c h are filter feeders a n d especial ly adapted for feeding on 
part iculate organic mater ia l , f ed p r i m a r i l y o n phytop lankton a n d the par ­
t iculate mater ia l f o rmed f rom dead phytop lankton . There was no k n o w n 
mechanism b y w h i c h the zoop lankton c o u l d ut i l i ze the vast store of 
d issolved organic matter i n the sea u n t i l 1963 w h e n bubbles were reported 
to prov ide such a mechanism (2). 

B u b b l e s m a y be p r o d u c e d b y several mechanisms, among them b io ­
log i ca l , water temperature changes, prec ip i tat ion , a n d whitecaps . A s a 
result of the inverse re lat ion between temperature a n d the so lubi l i ty of 
air i n water , immense quantit ies of air are g iven off b y the sea d u r i n g 
periods of w a r m i n g . F o r example, d u r i n g M a r c h through October i n the 
G u l f of M a i n e , about 3 Χ 10 5 c m 3 of oxygen leave each square meter of 

WINDROWS OR SLICKS AT 

Figure 2. Production of slicks by Langmuir circulations in the surface waters 
of the sea 
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368 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

the surface of the sea (49). I f this were i n the f orm of air bubbles of 50 
μτη d iameter , the rather staggering n u m b e r of 2.5 Χ 10 7 b u b b l e s / m 2 / s e c 
w o u l d reach the surface of the sea! T h i s is not observed. M o s t of this 
air crosses the interface b y gaseous dif fusion. T h e air supersaturation 
needed for b u b b l e format ion i n the sea probab ly occurs on ly under special 
situations not significant on the g loba l scale ( 3 ) . 

Prec ip i ta t i on both i n the f o rm of r a i n a n d snow can produce bubbles 
on the sea (3). Bubb les f rom moderate r a i n intensities have diameters 
of less than 200 μτη, a n d those p r o d u c e d b y snow are less than 100 μΐη. 
H o w e v e r , since these bubbles are p r o d u c e d only i n the upper f ew cent i ­
meters of the sea a n d only d u r i n g the prec ip i tat ion , they do not con­
stitute the major source of bubbles i n the sea. T h e prec ip i ta t ion of the 
cont inental aerosol into the sea has been suggested as a source of bubbles 
( 5 0 ) , but since this aerosol is composed of particles p r i m a r i l y less than 
100 μτη d iameter , a n d since water drops of 100 μτη d iameter produce no 
bubbles w h e n they f a l l into the sea ( 3 ) , i t is u n l i k e l y that the cont inental 
aerosol produces a significant quant i ty of bubbles . 

T h e major source of bubbles is the whitecaps or b r e a k i n g waves (3) 
w h i c h f orm whenever the w i n d speed exceeds 3 -4 m / s e c (51, 52). W h e n 
a w a v e breaks large quantit ies of entrapped air are carr ied into the sea. 
T h i s a ir produces bubbles that range i n size f rom less than 100 μχη to 
several mi l l imeters diameter ( 3 ) . T h e bubble -s ize d i s t r ibut ion is heav i ly 
we ighted t o w a r d the smal l end , v a r y i n g inversely w i t h the D 4 or the D 5 

power of d iameter D. Because of this strong inverse re lat ionship , a m a ­
jor i ty of the bubbles are less than 200 μπι d iameter. A b o u t 1 0 8 / m 3 have 
been f ound i n the upper meter of the sea a f ew seconds after a wh i te cap 
has f ormed (3). T h e only direct measurements of bubble -s ize d i s t r i b u ­
t i on i n the sea were done i n waters near the shore a n d i n whitecaps that 
were re lat ive ly smal l b y open-ocean standards. 

T h e areal d i s t r ibut ion of bubbles p r o b a b l y increases i n direct p ro ­
por t ion to the whi tecap coverage, a n d above the c r i t i c a l w i n d speed of 
3 -4 m / s e c the latter is a funct ion of the w i n d s p e e d (51, 52, 53). K n o w ­
i n g this funct ion , the c l imat i c w inds can be integrated over any g iven 
area of the sea to obta in the average coverage of whitecaps . T h i s has 
been done (51) a n d is about 3 .5% over the w o r l d ocean. A s s u m i n g 
this percent a n d that the upper meter of the sea d i rec t ly beneath the 
whi tecap area contains b u b b l e densities of about 1 0 8 / m 3 , b u b b l e densities 
of at least 3.5 X l 0 4 / m 3 c o u l d be ma inta ined throughout the entire 
euphot ic zone i f m i x i n g processes c o u l d operate sufficiently fast. H o w ­
ever, this does not happen . M o s t of the bubbles p r o d u c e d b y b reak ing 
waves u n d o u b t e d l y rise to the surface w i t h i n 3 0 - 6 0 sees ( bubbles of 100 
a n d 200 μτη d iameter have rise speeds of 0.5 a n d 1.5 c m / s e c , respect ive ly ) . 
H o w e v e r , through turbulence a n d the d o w n w e l l i n g i n the convergent 
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18. B L A N C H A R D Bubble Scavenging 369 

regions of the L a n g m u i r c irculat ions where d o w n w a r d speeds of 3 -6 
c m / s e c (2) have been observed a n d the pos i t ive ly buoyant Sargassum 
are h e l d beneath the surface (54), smal l a i r bubbles c o u l d easily be 
carr ied m a n y meters beneath the surface of the sea. N o data on the 
ver t i ca l gradient of bubbles i n the sea are avai lable to conf irm this. 

Bubbles and the Formation of Particulate Organic Material. W i t h 
such h i g h concentrations of bubbles i n the surface layers of the sea, 
interactions between the bubbles a n d the dissolved organic mater ia l are 
significant. A l t h o u g h bubble -organic interact ion has been discussed 
(3, 56) a n d m u c h basic w o r k existed on the adsorpt ion of organic m a ­
ter ia l at a i r - w a t e r interfaces (55) as w e l l as the long pract ice of us ing 
b u b b l e separation techniques ( I ) , i t was not u n t i l 1962 that deta i led 
data were obtained. I n that year B a y l o r et al. (57) f ound that inorganic 
phosphate ( P 0 4 ) , one of the nutrients necessary for the g rowth of the 
phytop lankton , became attached to a ir bubbles i n sea water a n d was 
transported to the surface. B y co l lect ing the spray f r om the burst ing 
bubbles they were able to remove over 9 9 % of the P 0 4 f r o m the water . 
W h e n the experiment was repeated i n art i f i c ia l sea water (no organic 
mater ia l ) or i n P 0 4 - t a g g e d d i s t i l l ed water (about 1 ^.g A / 1 ) , no P 0 4 was 
removed b y b u b b l i n g . T h i s ind i ca ted that some of the dissolved organic 
mater ia l i n natura l sea water was r e q u i r e d for P 0 4 r emova l . Perhaps 
surface-active anion binders became attached to the P 0 4 a n d to the b u b ­
ble, bo th materials then be ing carr ied to the surface a n d ejected into the 
atmosphere. Measurements made i n the upper ten meters of the ver t i ca l 
P 0 4 gradient at sea showed that the gradient increased w i t h w i n d speed 
i n a manner suggesting the associated increase i n b u b b l e p roduc t i on was 
responsible for P 0 4 transport to the surface. I n the f o l l o w i n g year Sutcliffe 
et al. (2) reported that the b u b b l e spray was not on ly r i c h i n P 0 4 but also 
i n an unident i f ied surface-active mater ia l . 

These workers (2, 57) also f o und a great dea l of part i cu late organic 
mater ia l i n the spray. T h i s part iculate mater ia l was v i sua l ly ind i s t ingu ish ­
able f rom some of the particulates f ound i n the sea. T h e part ic le sizes 
were not reported but p robab ly ranged f rom about a m i c r o n to a f ew tens 
of microns i n diameter. T h e i r organic nature was ind i ca ted b y their 
so lub i l i ty i n cyc lopentane a n d the fluorescence of the resul t ing solution. 
O r g a n i c mater ia l f o und i n sea water (58) behaves i n a s imi lar manner. 
B r i n e shr imp were f o u n d to thr ive on the particles (59). T h e produc t i on 
of the particles b y b u b b l i n g act ion was veri f ied b y car ry ing out the 
b u b b l i n g i n water w h i c h h a d been passed through filters of 0.45 μΐη pore 
size. T h e mechanisms of part ic le produc t i on is not clear. T h e surface-
active, o r g a n i c - P 0 4 films m a y be carr ied to the surface b y the bubbles 
a n d compressed there beyond the collapse pressure to f o rm co l l o ida l 
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370 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

micel lae or l ong fibers w h i c h cou ld coalesce to generate the organic par ­
ticles. T h e b u b b l e spray is then generated f rom this mater ia l . L a t e r w o r k 
suggests U V rad ia t i on m a y also be i n v o l v e d i n the film-to-particle con­
version (60 ) . 

I f organic particles are generated f r o m the collapse of surface films, 
then part iculate organic mater ia l should be f ound concentrated beneath 
the s l ick areas (convergent zones) of the L a n g m u i r c irculat ions. L i g h t 
scattering evidence i n these regions (2) appears to conf irm this. H o w ­
ever, no attempt was made to estimate the percent increase i n partic les 
here as opposed to adjacent non-sl ick covered areas of the sea. These 
findings have been reproduced (61). 

Part i c le p roduc t i on b y b u b b l i n g is conf irmed (62, 63) a l though one 
worker (17) suggested the importance of bacter ia i n the process. Menze l ' s 
(64) w o r k i n 1966, us ing w h a t appeared to be adequate controls, c o u l d 
not find any organic part ic le produc t i on b y b u b b l i n g . A more recent 
study appear ing i n 1969 ( 65) analyzes pr i o r w o r k a n d concludes that 
earl ier disagreements arose i n part f rom differences i n the size of filters 
used a n d further that the presence of partic les inhib i ts part ic le produc t i on 
b y b u b b l i n g . A d d i t i o n a l partic les w i l l f o rm only i f the steady-state con­
centration is removed. N o explanat ion for the part ic le i n h i b i t i o n exists. 

Particulate Organic Material from Bubbles Going into Solution. 
A l t h o u g h w o r k on this subject has ceased, early papers (2, 57) suggest 
that some of the smal l bubbles p r o d u c e d b y b reak ing waves m i g h t go 
into solut ion complete ly before reaching the surface, thus releasing ab­
sorbed organic mater ia l i n the form of c o l l o ida l micel les w h i c h , u p o n 
aggregation, c o u l d form particles of a size usable b y the filter-feeding 
zooplankton. There is no doubt that smal l bubbles i n sea water , espe­
c ia l l y those less than 100 μτη d iameter , go into so lut ion rather q u i c k l y , 
even i n water that is 1 0 0 % saturated w i t h air . I n proper ly designed 
laboratory experiments this can be observed w i t h the u n a i d e d eye. T h e 
reason is that a l l bubbles have an interna l pressure that is h igher than 
that i n the water just outside the b u b b l e b y 2y/R where γ is the surface 
tension a n d R the bubb le radius . Because of this surface curvature effect 
w h i c h increases as bubb le size decreases, a l l bubbles eventual ly go into 
solut ion even i n air -saturated water. Bubb les smaller than 300 μτη d i ­
ameter w i l l be forced into solution even i n water that is u p to 1 0 2 % 
saturated, a n d bubbles less than 20 μπι w i l l dissolve i n water that is u p 
to 1 1 5 % saturated (3). T h i s pressure effect p r o d u c e d a r a p i d rate of 
decrease a n d subsequent disappearance of the smal l bubbles p r o d u c e d 
w h e n raindrops a n d snowflakes f e l l into sea water (3). 

It is l i k e l y that a significant por t ion of the bubbles p r o d u c e d b y 
break ing waves go into so lut ion before they reach the surface. P r o b a b l y 
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18. B L A N C H A R D Bubble Scavenging 371 

at least 2 0 % of the bubbles beneath a b r e a k i n g wave are less than 100 
/mi . Bubb les of 100 μτη a n d 50 μτη at a depth of 1 m i n sea water 1 0 0 % 
saturated w i t h a ir w i l l go into solut ion i n 250 a n d 100 sec, respect ively ( 3 ) . 
Since these bubbles rise at speeds of only 0.5 a n d 0.13 cm/sec , the smaller 
ones w i l l never reach the surface. Since b u b b l e r i s ing speed decreases 
w i t h size, ca l cu lat ion w o u l d no doubt show that the 100 μτη bubbles 
w o u l d also go into solution. I n add i t i on , bubbles larger than 200 μτη 
w h i c h are carr ied several meters beneath the sea b y mechanisms already 
discussed or are caught i n L a n g m u i r c i r cu lat ion cells (2 , 66) w o u l d most 
l ike ly go into solution. 

E v i d e n c e suggests that the adsorpt ion of organic mater ia l onto the 
surface of a b u b b l e r i s ing through sea water occurs at such a rate as to 
reach a steady-state value w i t h i n 20 to 40 sec. F o r c e - a r e a isotherms for 
numerous samples of natura l surface-active mater ia l f ound on the sea 
ind i ca ted that just at the point that a detectable film pressure was noted, 
the film area was of the order of 0.2 m 2 / m g (36). A s s u m i n g that a 100 
μπι b u b b l e attains this coverage, the vo lume of organic mater ia l i n the 
film is about 40 μτη3. If this mater ia l were compressed as the b u b b l e 
went into solut ion, i t c o u l d produce a part ic le 4 μτη i n diameter. W h e t h e r 
the part i c le is p r o d u c e d or not depends on two factors. F i r s t , as the 
mater ia l is compressed b y the d isso lv ing bubb le , the surface tension de­
creases, thus l o w e r i n g the interna l pressure. Secondly , m a n y of the shorter 
cha in , less strongly adsorbed surface-active molecules w i l l be d i sp laced 
f r om the bubb le surface as it goes into solution (35, 36). Nevertheless , 
the size d i s t r ibut ion of part i cu late mater ia l at a depth of 1 m i n the sea 
peaks i n the d iameter range 3 -8 μΐη w h e n whitecaps ( a n d therefore 
bubb les ) were observed (61). 

A n order-o f -magnitude ca l cu lat ion of the flux of bubbles enter ing 
the sea a n d disso lv ing gives 7 χ 10 5 b u b b l e s / m 2 / m i n . T h e average t ime 
of a whi tecap is about 1 m i n ; some 3 .5% of the sea is covered w i t h 
whitecaps , a n d about 2 0 % of the 10 8 bubbles per cub ic meter go into 
solution. I n detai led studies G o r d o n (67, 68) has f ound part ic le concen­
trations of f rom 3 Χ 10 7 to 2.5 X 1 0 8 / m 3 i n the surface waters of the 
N o r t h A t l a n t i c . A major i ty of the particles were 20 μτη or less. 

A complete summary of the work done on the perp lex ing p r o b l e m of 
the or ig in of part iculate mater ia l i n the sea can be f ound i n Ri ley 's rev iew 
(69). H i s rev iew of the w o r k on the b u b b l i n g makes i t clear that mecha ­
nisms other than b u b b l i n g can produce part iculate mater ia l . F o r example, 
particles appear to develop more or less spontaneously b y aggregation of 
smaller entities (70) a n d by the adsorpt ion of dissolved organic mater ia l 
onto c a l c i u m carbonate partic les (71). 
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372 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Figure 3. (a) Composite view of high-speed motion pictures illustrating some 
of the stages in the formation of jet and jet drops upon the collapse of a 1.7 mm 
diameter bubble. The time interval between top and bottom frames is about 
2.3 msec. The angle of view is horizontal through a glass wall. The surface 
irregularities are due to a meniscus, (b) Oblique view of the jet from a 1 mm 

diameter bubble. 

The Water-to-Air Transfer of Organic Material 

T h e surface of the sea m a y rise a n d f a l l as waves pass, a n d cap i l lary 
waves i n d u c e d b y w i n d gusts can cover the surface; but u n t i l there is 
some p h y s i c a l d i s rupt i on of the surface there is no k n o w n w a y i n w h i c h 
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18. B L A N C H A R D Bubble Scavenging 373 

particles or drops of any k i n d can be ejected into the atmosphere. Sur ­
face d i s rupt i on m a y occur i n several ways ( r a i n , snow, etc.) b u t the 
major w a y appears to be break ing waves or whitecaps . W h e n whitecaps 
form, a n d even pr ior to their format ion , fine spray drops are mechanica l ly 
torn f rom wave crests b y the w i n d . It is u n l i k e l y that these drops con­
stitute the major mechanism of drop ejection f rom the sea (72). T h e y 
are m u c h larger than those commonly f o und i n the mar ine atmosphere, 
a n d they undoubted ly f a l l back to the sea before t rave l l ing m a n y meters. 
T h e major mechanism appears to be the b reak ing at the surface of air 
bubbles p r o d u c e d b y the whitecaps . 

Dynamics of Bubble Breaking. W h e n an air b u b b l e breaks the 
b u b b l e cav i ty q u i c k l y collapses p r o d u c i n g a jet of water w h i c h is ejected 
u p w a r d at very h i g h speed. T o satisfy m o m e n t u m conservation, a d o w n ­
w a r d - m o v i n g jet (usua l ly not v i s ib l e ) is also p r o d u c e d (73). T h e jet 
becomes unstable after r i s ing a distance of about one b u b b l e diameter 
a n d breaks u p into one to five drops, depend ing on b u b b l e size, w h i c h con­
t inue on u p w a r d . These drops are ca l l ed the jet drops. T h e bubble—jet-
drop mechanism was first proposed i n 1937 (74) to account for the 
sea-salt aerosol f o u n d i n mar ine atmospheres ( 7 5 ) , but it was not u n t i l 
1953 that a h i g h speed camera was used to confirm the details of this 
mechanism (76). F i g u r e 3 i l lustrates the format ion of the jet a n d the 
jet drops. 

F o r a g iven b u b b l e size the ejection height a n d size of the drops is 
r emarkab ly constant, not v a r y i n g b y more than a f ew percent. A s shown 
i n F i g u r e 4, c o m p i l e d w i t h data f rom several sources (3, 51, 77, 78), the 
ejection height of the top jet drop f rom bubbles break ing i n sea water 
increases w i t h b u b b l e size, r each ing a m a x i m u m of about 18 c m for a 
2 m m b u b b l e a n d then decreasing to near zero for bubbles larger than 
about 6 m m . T h e difference between the sea water curve a n d the one 
for d i s t i l l ed water for bubbles i n excess of 1 m m is not significant. A p ­
parent ly it is re lated to differences i n delay times w h e n a b u b b l e reaches 
the surface a n d breaks (51 ) . A l t h o u g h the re lat ion between b u b b l e a n d 
jet drop diameter is w e l l - k n o w n (51), a good rule of t h u m b is that the 
jet drop diameter is one-tenth that of the bubb le . T h e top drop ejection 
height , at least for bubbles of less than 2 m m , is about 100 times the 
b u b b l e diameter. F o r large bubbles there is on ly one drop ejected f r om 
the jet w h i l e for smaller bubbles several drops appear. T h e jet drop 
phenomenon extends d o w n to the very smallest bubbles ; the product i on 
of jet drops as smal l as 2 μτη d iameter have been observed f rom bubbles 
smaller than 50 μπι (79). T h e data of F i g u r e 4 do not h o l d for a b u b b l e 
coated w i t h surface-active organic mater ia l . 

T h e energy source for the ejection of the jet drops can be understood 
f rom ca l cu lat ing the speeds of ejection r e q u i r e d to atta in the observed 
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BUBBLE DIAMETER (mm) 

Figure 4. Jet drop ejection height as a function of bubble diameter, water 
temperature and salinity 

ejection heights ( 51 ) . These calculat ions, w h i c h took into account the 
h i g h d r a g forces associated w i t h large Reynold 's numbers , showed that 
the ejection speeds increased w i t h decreasing b u b b l e size a n d were extra­
o r d i n a r i l y h igh . F o r example, the top jet d r o p f r om a 2 m m b u b b l e rises 
about 18 c m after be ing ejected f rom the b u b b l e w i t h a speed of 350 
c m / s e c w h i l e the jet drop f r om a 70 μτη b u b b l e i n water at 4 ° C rises 
only 0.17 c m a n d has an i n i t i a l speed of 8 Χ 10 3 cm /sec . W i t h o u t the 
f r i c t i ona l drag of the air , the latter drop w o u l d rise to a height of 335 m , 
about 2 χ 10 5 t imes higher than is observed. 

T h e k inet i c energy of the jet drops is ca lcu lated f rom the ejection 
speeds a n d is propor t iona l to the square of the b u b b l e diameter. T h e 
source of the k inet i c energy is not the gravi tat ional potent ia l energy, 
w h i c h is an order of magni tude less than the drop k inet i c energy, nor 
is i t the potent ia l energy of the s l ight ly compressed gas w i t h i n a b u b b l e 
at rest. T h e on ly source of energy that can account for the jet drop 
k inet i c energy is the surface free energy of the bubb le . T h i s varies w i t h 
the square of the b u b b l e size, as does the kinet ic energy, a n d i n magn i tude 
is f r om five to 10 times the k inet i c energy (51 ) . W h e n an air b u b b l e 
breaks, some of the surface free energy is d iss ipated i n c i rcu lar cap i l lary 
waves that move o u t w a r d hor izonta l ly f r om the bubb le . T h e rest is i n a 
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18. B L A N C H A R D Bubble Scavenging 375 

w a v e that moves d o w n along the surface of the bubb le . I t is this energy 
that produces the jet a n d jet drops. A deta i led analysis of these waves has 
been m a d e b y M c l n t y r e (73 ) . A sketch that shows b o t h these waves (80) 
is g iven i n F i g u r e 5. T h i s sketch, based i n part on the h igh-speed movies 
shown i n F i g u r e 3, shows 10 t ime sequences of the profiles of a co l laps ing 
bubb le . Sequence 1 shows the b u b b l e just after the b u b b l e film ( that t h i n 
film of water w h i c h separates the air i n the b u b b l e f rom that above ) has 
broken , a n d sequence 10 shows the jet f u l l y f o rmed a n d ready to break 
into drops. 

Jet drops are not the on ly drops p r o d u c e d b y a burs t ing bubb le . 
T h e r e are film drops also. F i l m drops are p r o d u c e d f rom the b u b b l e film 
d u r i n g the t ime in te rva l f rom b r e a k i n g to t ime Sequence 2 i n F i g u r e 5. 
T h e y are m u c h smaller than jet drops. M o s t are less than a micrometer 
but some are as large as 20 or 30 ^ m . U n l i k e jet drops, whose numbers 
vary between one a n d five a n d decrease w i t h b u b b l e size, the n u m b e r of 
film drops per b u b b l e increases r a p i d l y w i t h size (51,81). Bubb les of less 
than 0.3 m m do not appear to produce any film drops at a l l , bu t a 2 m m 
b u b b l e produces a m a x i m u m of about 100, a n d a 6 m m b u b b l e a m a x i ­
m u m of about 1000. F o r bubbles break ing i n d i v i d u a l l y , the presence of a 
surface-active mater ia l at the b u l k a i r - w a t e r interface decreases the film 
drop product i on (51, 82). H o w e v e r , i f the b u b b l e concentrations are 
h i g h enough to produce c luster ing at the surface, the presence of the 
mater ia l causes u p to a threefo ld increase i n film drop produc t i on (83). 

Simple Experiments on Sea-to-Air Organic Transfer. B o t h jet a n d 
film drops, m i x e d u p w a r d into the atmosphere b y turbulence , account 

Figure 5. Ten stages in the time sequence of collapse of a 1.7 mm diameter 
bubble. Profiles are —1 /6000 sec apart. Data from Ref. 80. 
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for the d i s t r ibut i on of sea-salt n u c l e i (also ca l l ed sea-salt partic les , the 
sea salt left w h e n water evaporates f r om drops of sea water ) that is f ound 
i n the lowest 2 to 3 k m of the mar ine atmosphere (75 ) . T h e rate of i n ­
ject ion of these drops into the atmosphere is of the order of 1 0 1 0 metr i c 
tons of sea salt per year (51). T h e concentrat ion of surface-active organic 
mater ia l on these drops is cons iderably higher than that i n the sea, i n d i ­
cat ing that the b u b b l e or the mechanism of b u b b l e break ing is capable 
of concentrat ing organic mater ia l . 

B y b u b b l i n g air through sea water surface-active mater ia l can be 
s t r ipped f rom the surface a n d carr ied into the atmosphere b y jet a n d film 
drops (2, 51, 83). T o study jet drops i n this process, bubbles of k n o w n 
size were a l l o w e d to break, one at a t ime, beneath an organic dup lex film 
( ca l l ed ind icator o i l b y L a n g m u i r a n d Schaefer (84) because the film was 
th i ck enough to give interference colors a n d thus indicate its presence) , 
a n d the film carr ied b y the top jet drop w h e n i t f e l l into a c lean water 
surface (51) was observed. T h i s experiment, i l lustrated i n F i g u r e 6, 
showed that the jet drop f r om bubbles larger than 1 m m carr i ed some 
of the duplex film w h i l e the drops f r om smaller bubbles d i d not. These 
films were under zero pressure so a hypothesis was f o rmulated that re lated 
film trave l d o w n the insides of the b u b b l e to the speed at w h i c h jet drops 
formed. Inasmuch as organic films on the sea can be under pressure, the 
experiments were repeated w i t h an oleic a c i d film under pressure. E x p e r i ­
m e n t a l difficulties obscured the interpretat ion of this experiment, but the 
surface pressure seemed responsible for more organic mater ia l on the jet 
drops. L i t t l e is k n o w n of the manner i n w h i c h jet drops accompl i sh the 
sea-to-air organic transfer. Present techniques can detect organic mater ia l 
i n extremely smal l samples a n d permi t a var ia t ion of the F i g u r e 6 exper i ­
ment i n a rotat ing tank (85) w i t h a device w h i c h can generate more than 
1000 bubbles per m i n of any desired size. 

N o reported experiments detect surface-active organic mater ia l on 
film drops, but several report an enr ichment of various elements i n the 
film drops (86, 87, 88). N e w research i n this area has been presented 
(89). 

Adsorption of Organic Material on Bubbles Rising through the Sea. 
A l t h o u g h some of the organic mater ia l on jet a n d film drops originates 
i n monolayers on the surface of the sea, most of the mater ia l carr ied into 
the a ir is adsorbed on the surface of the b u b b l e w h i l e it is r i s ing through 
the water. A d s o r p t i o n of d issolved surface-active organic mater ia l (1,90, 
91) a n d part iculate mater ia l (85, 92, 93, 94) to a b u b b l e surface is w e l l 
k n o w n but not i n sea-to-air transfer of organic mater ia l . F i g u r e 7 shows 
the process that takes p lace on the surface of every a ir b u b b l e r i s ing 
t h r o u g h the sea (90). M o l e c u l e s of dissolved organic mater ia l diffuse 
to the surface of the bubbles where the d o w n w a r d drag of the water 
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BREEZE 

FROM FAN 
e 

MICROSCOPE TO 
MEASURE FILM 
DIAMETER 

FILM FROM DROP ON 
CLEAN, DISTILLED 
WATER SURFACE 

AIR 
BUBBLE DISTILLED WATER 

SURFACE 

Figure 6. A method of detection of the removal of surface-active films by 
jet drops 

sweeps them around to the lower or downstream surface. T h u s a co m­
pressed monolayer w i l l b u i l d u p o n the bot tom of the b u b b l e , the amount 
of compression depend ing i n part on b u b b l e rise speed, the t ime it is i n 
the water , a n d the concentrat ion of dissolved organic mater ia l . 

A s the concentrat ion of surface-active mater ia l on a r i s ing b u b b l e 
increases w i t h t ime, the surface tension a n d thus the surface free energy 
decreases. S ince the latter is the source of energy for jet drop ejection, 
the ejection heights of the drops decrease w i t h increasing b u b b l e age. 
T h i s is observed bo th w i t h bubbles r i s ing through aqueous suspensions 
of bacter ia (85) a n d through samples of lake, r iver , a n d sea water . T h e 
decrease i n ejection height is general ly para l l e led b y a decrease i n drop 
size. A n example of the ejection height decrease for bubbles i n sea water 
co l lected i n L o n g Is land Sound (95) is shown i n F i g u r e 8. Note the r a p i d 
decrease i n the top jet drop ejection height d u r i n g the first 20 sec of b u b b l e 
ag ing a n d l i tt le change after that t ime. T h e second jet drop shows l i t t le 
effect of the b u b b l e aging. N o data are reported on the t ime rate of i n ­
crease i n surface-active organic mater ia l on the b u b b l e or on the top jet 
drop. T h e probable magni tude is suggested b y the fact that the numbers 
of bacter ia attached to a r i s ing b u b b l e can increase 10 3 t imes ( a n d in 
some cases 10 4 ) d u r i n g the first 20 sec of b u b b l e l i fe ( 85 ) . 

T h e steady adsorpt ion of dissolved organic mater ia l onto a r i s ing 
bubb le , w i t h the resu l t ing increase i n surface pressure, should progres­
s ively force the more water soluble a n d less surface-active species out of 
the b u b b l e surface (35 ) . T h u s , for a g iven s ized bubb le , the propor t ion 
of various species varies w i t h b u b b l e age. T h i s is reflected i n the com-
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Figure 7. Adsorption of dissolved sur­
face-active material onto the surface of 
an air bubble rising through sea water. 
(A) The upstream region; (B) rough 
dividing line between compressed and 
non-compressed monolayer; (C) com­
pressed monolayer; (D) bubble wake. 

ν t Data from Ref. 90. 

pos i t ion of the mater ia l carr ied b y the jet drops. N o t only is the total 
amount of organic mater ia l carr ied b y a jet drop increased w i t h b u b b l e 
age but so is the relat ive composit ion. T h e complex i ty of the nature 
a n d amount of surface-active organic mater ia l transferred f rom sea to air 
a n d the interactions between adsorbed organic mater ia l on bubbles a n d 
the dynamics of jet drop ejection has not been invest igated adequately . 
T h e re lat ion between drop ejection height a n d b u b b l e diameter shown 
i n F i g u r e 4, obta ined for bubbles less than 1 sec o ld , cannot be a p p l i e d 
to the oceans or to any natura l bodies of water where b u b b l e ages of more 
than 20 sec are common. I n such case the behavior shown i n F i g u r e 8 is 
p r o b a b l y more t y p i c a l though perhaps exaggerated. These data were 
obta ined w i t h L o n g Is land S o u n d water w h i c h m a y have h a d a h igher 
dissolved organic content t h a n water on the open sea. 

Amount of Organic Material Ejected into the Atmosphere. A r o u g h 
estimate can be made of bo th the enr ichment of organic mater ia l on jet 
drops a n d film drops a n d of the total amount of surface-active organic 
mater ia l ejected f rom sea to a ir per year. Analys i s of collections of sea-
salt particles a n d sea water drops i n the atmosphere near H a w a i i (4, 96) 
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18. B L A N C H A R D Bubble Scavenging 379 

showed that the amount of surface-active mater ia l on the aerosol was 
about 5 0 % that of the sea salt. O t h e r w o r k (97) i n the same area sug­
gested i t was closer to 1 0 % , but a probab le error i n the calculations made 
i t too l o w b y a factor of two (98). T h u s , the we ight of surface-active 
organic mater ia l on the marine sea-salt aerosol is f rom 20 to 5 0 % that 
of the sea salt, const i tut ing an enrichment of 7000-17,000 times w h a t is 
f ound i n the sea since sea water is 3 .5% sea salt a n d contains about 1 p p m 
organic mater ia l . T h e enrichment is attr ibutable to the b u b b l e mecha ­
nisms just discussed. 

Barger a n d Garre t t (97) have shown that the organic mater ia l f o u n d 
on the aerosol d i d indeed come f rom the sea w i t h the jet a n d film drops 
a n d not f r om any cont inental source. T h e y f ound that the aerosol con­
ta ined a mixture of surface-active compounds a n d nonpolar hydrocarbons , 
a n d specif ical ly identi f ied five fatty acids ( C 1 4 - C i 8 ) to be i n the same 
relat ive proport ions as have been f o u n d i n sea surface slicks. F u r t h e r , 
the film pressure vs. area curves for the surface-active mater ia l on the 
aerosol were of the l i qu id - expanded type, qui te s imi lar i n shape to those 
reported for sea surface samples (36). 

T h e total amount of surface-active mater ia l ejected into the atmos­
phere per year is 20 to 5 0 % of the estimated 1 0 1 0 metr i c tons of sea salt 

• TOP DROP 
ο SECOND DROP 

LU 

20 40 60 80 
BUBBLE AGE(SEC) 

100 120 

Figure 8. Decrease in ejection height of jet drops as a 
function of bubble age. After Lee (95) with permission 

of the author. 
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thought to be invo lved i n the a n n u a l cyc le (51 ) . T h i s amounts to 2 to 
5 Χ 10 9 tons. Poss ib ly i t is more than this since the organics-to-salt rat io 
i n the atmosphere near H a w a i i is l ike ly to be less than that for the w o r l d 
ocean average. B i o l o g i c a l p r o d u c t i v i t y is l o w i n H a w a i i a n waters. P r o b ­
a b l y most of this mater ia l returns d i rec t ly to the sea since only about 1 0 % 
of the part iculate mater ia l ejected f r om the sea falls out on the cont i ­
nents (99). 

I n terms of the total p roduc t iv i ty of the oceans ( T a b l e II ) the amount 
of a irborne surface-active mater ia l is on ly 5 to 1 2 % of 2 Χ 1 0 1 0 tons of 
carbon per year (about 4 Χ 1 0 1 0 tons of organic m a t e r i a l ) . 

T h e water-to -air transfer of organic mater ia l b y bubbles occurs not 
on ly i n the sea b u t also i n bodies of fresh water. B a i e r (100), i n a study 
of o i l films p r o d u c e d on L a k e C h a u t a u q u a , N e w York , b y h u m a n act iv i ty , 
c onc luded that natura l b u b b l e mechanisms were largely responsible for 
c leaning the lake surface b y ejecting the films into the atmosphere. If 
future w o r k confirms this finding, bubbles m a y be a mechanism for 
convert ing water po l lu t i on to a ir po l lu t i on (101). 

Other Methods for Organic Removal from the Surface of the Sea. 
Three other mechanisms are shown i n F i g u r e 2 for the remova l of organic 
mater ia l f rom the surface of the sea. T h e first is b i o l og i ca l consumption . 
H i g h concentrations of zoop lankton a n d bacter ia (39) are f o u n d i n the 
surface micro layer of the sea ind i ca t ing the use of the film as food. H o w 
significant this is for film remova l is not k n o w n . T h e second mechanism, 
photochemica l ox idat ion b y U V i r rad ia t i on , acts on chemica l ly -unsatu-
rated components of the surface films to break them into smaller , more 
soluble fragments w h i c h are easily d isp laced f rom the surface (102). It 
has also been suggested that U V i r rad ia t i on can be the first step i n a 
series of reactions w i t h l i p i d films to produce part i cu late mater ia l (60). 
T h e t h i r d mechanism, the break ing u p of the surface film a n d m i x i n g 
back into the sea b y turbulence and L a n g m u i r c irculat ions , is l i t t le under ­
stood. T h e re lat ive significance of these mechanisms is not k n o w n except 
that i t varies w i t h w i n d , temperature lapse rates bo th i n a n d above the 
sea, a n d b io log i ca l ac t iv i ty i n the sea. 

Organics from the Sea and the Formation of Rain 

A t a g iven c l oud depth , r a i n forms more easily i n clouds over the sea 
than i n c louds over the continent (103). T h e reason lies i n the differences 
i n the aerosol d istr ibutions between the mar ine a n d cont inental atmos­
pheres (104). A l t h o u g h aerosol particles less than 0.1 μχη i n diameter 
m a y not come f rom the sea, a significant por t ion of those greater than 
0.1 μτη and essentially a l l larger than 1 μπ\ originate at the surface of the 
sea (3, 51, 75,105). Part ic les c oming f r om the sea carry organic mater ia l 
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18. B L A N C H A R D Bubble Scavenging 381 

w h i c h can influence ra in - f o rming a n d other weather mechanisms i n the 
atmosphere over the sea. 

Organic Films and Evaporation. O n e such mechanism is the rate 
of evaporat ion of surface-active film-coated water drops i n the atmos­
phere. It is often suggested that the films can signif icantly re tard the 
evaporat ion, but it has been po inted out (97) that this is based on labo­
ratory w o r k where monomolecu lar films of h i g h l y ad l ineated , straight-
cha in molecules were used. Some of the surface-active mater ia l f o u n d 
on the sea a n d i n the atmosphere contains permanent ly bent ( chemica l ly 
unsaturated) hydrocarbon sections w h i c h prevents close p a c k i n g i n c om­
pressed films. F i l m s conta in ing these molecules have holes a n d are thus 
unable to prevent evaporat ion (106). T h e v a l i d i t y of this idea has been 
shown conv inc ing ly i n experiments where the droplets i n water fogs were 
coated w i t h various surface-active materials . C e t y l a lcohol , composed 
of l inear molecules, apprec iab ly retarded the evaporat ion of the fog w h i l e 
o ley l a lcohol , composed of non- l inear molecules, d i d not (107). T h u s , 
the surface-active mater ia l on jet a n d film drops have l i t t le effect on drop 
evaporation. E v a p o r a t i o n leaves a h i g h ratio of organic mater ia l to 
sea salt. 

Organic Surface-Active Material and the Formation of Rain. O r ­
ganic - laden drops f r om the sea prov ide a clue to the mechanism for the 
format ion of mar ine ra in . R a i n forms i n mar ine clouds w h e n a sufficient 
n u m b e r of giant ( those larger than 1 μχη ) sea-salt partic les are carr ied into 
clouds w h i c h have the proper updrafts a n d ver t i ca l thickness. P r e s u m a b l y 
the giant particles prov ide the n u c l e i for the format ion of ra indrops , the 
raindrops f o rming b y a coalescence process as the n u c l e i f a l l d o w n 
through the c l oud of smaller c l o u d drops (108, 109). Recent ly , evidence 
has been presented w h i c h suggests that i t is not the giant salt partic les 
that prov ide the n u c l e i for r a i n formation, but the so-cal led large sea-salt 
partic les , those i n the range 0 .1-1 μτη (110). 

T h e evidence for this mechanism is p r o v i d e d b y the surface-active 
organic mater ia l on the sea-salt particles. T h e iodine-to-chlor ine rat io 
of the sea-salt partic les is 100-1000 times that of sea water a n d varies 
inversely w i t h part ic le size (111, 112). A s the particles rise f rom the sea 
as jet or film drops, a fract ionat ion process occurs as they are ejected into 
the atmosphere resul t ing i n a relat ive increase i n iodine. T h i s i od ine is 
organica l ly b o u n d i n surface-active mater ia l a n d is thus ejected into the 
atmosphere w i t h the organic mater ia l (96). F r o m a knowledge of the con­
centrat ion of iod ine i n organic mater ia l i n the sea a n d the amount of 
organic mater ia l on the airborne salt partic les , one can deduce iodine-to -
chlor ine ratios i n the range ac tua l ly observed (96). 

T h e inverse dependence of these ratios w i t h part ic le size is also 
consistent w i t h the organic film hypothesis. Since the iod ine is b o u n d 
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i n the film w h i c h is on the surface of the drop , i t varies d i rec t ly w i t h 
surface area, R2. T h e chlor ine i n the drop itself varies w i t h R 3 . There ­
fore, the iodine-to -chlor ine rat io should v a r y as R " 1 w h i c h is about w h a t 
is observed (112). A l t h o u g h i t seems l i k e l y that these ratios are caused 
b y o rgan i ca l l y -bound iod ine i n surface films, an alternative hypothesis 
has been presented w h i c h suggests that the iodine is not on the aerosol 
w h e n i t leaves the sea but diffuses to i t i n the form of gaseous i od ine from 
the atmosphere (113). 

T h e inverse re lat ion between part ic le size a n d I / C l p r o v i d e d a tracer 
b y w h i c h the role of the sea-sal^ particles i n the ra in - f o rming process can 
be studied. C o m p a r i s o n of the I / C l ratios i n the sea-salt particles i n 
mar ine air to those i n ra indrops f rom clouds f o rmed i n this air ind i ca ted 
that on ly the smal l end of the sea-salt part ic le spectrum plays any role 
i n the r a i n format ion (110). 
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of the polymer 156 

to collagen soft and hard tissues, 
grafting polymeric side . . . . 175 

polyamide backbone 155 
C h e m i c a l aspects of chlorhexidine 

in plaque control, surface- . . 296 
Charge determinations 198 
Charge of gelatin, p H - 200 
C h a r g e of natural particulates . . . . 326 
C h e m i c a l characteristics, chlorhexi-

dine's surface - 297 
C h e m i c a l properties of substrates, 

physico- 175 
Chemistry 

of dental integuments, surface . . 290 
at protein interfaces, appl ied . . 1 

Chlorhexidine 
in plaque control, sur face -chem­

ical aspects of 296 
- p r o t e i n interaction 297 
surface—chemical characteristics 297 

Chlor ine ratio of the sea salt par ­
ticles iodine-to- 381 

Cholesterol stéarate 6 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
5 

| d
oi

: 1
0.

10
21

/b
a-

19
75

-0
14

5.
ix

00
1



I N D E X 391 

Circulations, L a n g m u i r 366 
C l i n i c a l medicine, collagen in . . . . 29 
Clott ing 

and adhesion of platelets, activa­
tion of 257 

factors 
effects of adsorption on 

plasmitic 256 
effect of collagen on 28 
proteinaceous 256 

Coagulation factors 11 
Coalescence r ipening 208 
Coated oxidized and unoxidized 

sil icon, behavior of plasma at 
C o c c o i d a l bacteria 294 

fibrinogen- 270 
Collagenase 30 
Col lagen 75, 156 

- b a s e d substitutes for natural 
b lood vessels 5 

in cl inical medicine 29 
on clotting factors, effect of . . . 28 
enzyme-solubil ized 31 
film 31 
and gelatin 157 

surfaces, wetting properties of 155 
wetting properties of 171 

graft copolymer of 177 
grafting to 175 
ozonized 176 
physical properties of 157 
reconstituted 27 
soft and hard tissues, grafting 

polymeric side chains to . . 175 
surfaces in biomedical 

applications 26 
types of fibrous 158 
U V - i n d u c e d grafting to 177 
wettability of 162 

Collagenous 
substrates, biomedical ly 

important 5 
surfaces, grafting of polymeric 

side chains to 178 
surfaces, modification of 175 

Col lapsed monolayers, structure 
of the 347 

Competit ion experiments 250 
Competi t ion between proteins . . . 275 
Competit ive adsorption 221 
Complex , ant ibody /ant igen 257 
Composit ion, sea surface 365 
Coomassie B l u e 262 
Copolymers 

of collagen, graft 177 
characterization of graft 190 
water sorption of graft 186 

C o r n e u m , sorption of water in 
stratum 85 

C o r n e u m , stratum 41 
Condensation patterns, water vapor 280 
Condit ioning films, marine 319 

Concentration of air bubbles in the 
sea, formation a n d 367 

Consumption , biological 380 
Contact angle 3, 321, 323, 330 

measurements 350 
with wetting liquids 165 

at the solid / v a p o r interface . . 147 
Contraceptive pills, oral 315 
Contraction, isometric 105 
Crit ica l surface tension 145, 310 

contact angle to derive 3 
Crystals, protein 339 
Curvature effect, surface 370 
C y p r i d s , barnacle 18 

D 

D e b y e - H i i c k e l variation 202 
Decomposit ion studies on α-amino 

acids, thermal 83 
Denaturation of proteins 309 
D e n t a l 

adhesion 16 
integuments, surface chemistry of 290 
plaque 291 

bacterial adhesion in early . . 17 
development of 294 

D e n t i n , grafting to 185 
Dependence of A g B r grain growth, 

p H 203 
Dermis 75 
Desmosomes 45 
Desorption 

and diffusion in excised skin, 
water vapor sorption, 125 

kinetics in a plane sheet, ca lcula ­
tion of the diffusion coeffi­
cient from sorption and . . . 134 

kinetics, sorption a n d 130 
Desquamation 78 
Detection of amino groups 332 
Detergents on excised skin, effect of 138 
Determinations, charge 198 
Differential 

adhesion of red b lood cells . . . . 10 
scanning calorimetry 81 
thermal analysis 65 

Diffraction, electron 341, 351 
Diffusion, biphasic . 43 
Diffusion coefficient from sorption 

and desorption kinetics in a 
plane sheet, calculation of the 134 

Dimensional transition temperatures 
for stratum corneum, visco-
elastic a n d 109 

Dimensional phase rule, two- . . . . 356 
Discs, adhesion of mussel byssus . . 18 
Dispersion forces 144 
Dissolved and particulate material 362 
Distribution of bubbles , areal . . . 368 
Distribution, bubble-size 368 
Drops 

ejection height and size of . . . . 373 
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392 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

D r o p s (Continued) 
film 375 
jet 373 

Ε 

Ehrlich-Lettré hyperdip lo id ascites 
tumors ( E A T ) 300 

Ejected , amount of organic material 378 
Eject ion , energy source for 372 
Eject ion height a n d size of drops . . 373 
Elast in 75 
Electr ica l asymmetry, degree of . . 3 
E l e c t r o n diffraction 351 
Electrokinetic properties across 

adsorbed protein 13 
Electrolyte , nitric a c i d 179 
Electron-acceptor monomers 183 
Electron diffraction 341 
Electrophoretic mobilities 323 

of natural particles 326 
El l ipsometric techniques 2 
El l ipsometry 219, 321 
E n e r g y source for ejection 373 
E n d o p l a s m i c reticulum 45 
E n t r o p y of the proteins, figurational 224 
E p i d e r m i s 74 
E p o x y 11 
Environment , maritime 21 
Enzyme-so lubi l i zed collagen 31 
Enzyme-substrate complex bridges 227 
E q u a t i o n , F o w k e s - Y o u n g 145 
E q u a t i o n , H e n d e r s o n - H a s s e l b a c h . . 202 
Evaporat ion , organic films a n d . . 381 
Excised 

h u m a n abdominal stratum cor-
n e u m , sorption isotherm on 138 

skin, effect of detergents on . . 138 
skin, water vapor sorption, d e -

sorption, and diffusion in . . 125 
Extracellular polymeric material , 

fibrillar extracellular 17 

F 

Factor X I I activation, ramifications 
of 256 

Factor XI I activity a n d plasma p r o ­
teins at one interface 280 

F a c t o r ( s ) 
coagulation 11 
effects of adsorption on plasmatic 

clotting 256 
effect of collagen on clotting . . . 28 
Fletcher 256 
proteinaceous clotting 256 

Ferti l i ty regulation, mechanism of 313 
Fi br i l lar extracellular polymeric 

material 17 
F i b r i n 6 
F i b r i n o g e n 236 

adsorbed onto m i c a surfaces . . . 219 
adsorption 232 

F i b r i n o g e n adsorption (Continued) 
from plasma 246 
behavior of plasma towards its 

own deposits of 271 
coated oxidized a n d unoxidized 

silicon, behavior of plasma 
at 270 

concentration, plasma 248 
films 278 
globulins, a l b u m i n , and plasma 

at interfaces 255 
1251 249 

F i b r i n , interaggregate 11 
Fibrous collagen, types of 158 
Figurational entropy of the proteins 224 
F i l m ( s ) 

adsorbed 19 
collagen 31 
drops 375 
and evaporation, organic 381 
fibrinogen 278 
formation, kinetics of adsorbed 321 
forming material , molecular size 

of the 330 
Η-bonding polyamide links at the 

surface of solid 156 
at g a s / l i q u i d interfaces, protein 2 
globulin 279 
on immersed surfaces, adsorbed 322 
marine conditioning 319 
stability of aqueous 153 
wettability of gelatin 167 

F i s h , zooplankton and 362 
Fletcher factor 256 
F l u i d , gingival 294 
Fluorescamine 332 
Fluorescence 

analyses of water samples 321 
components of sea water, 

adsorption of 331 
of sea water 332 

Forces , dispersion 144 
F o r e i g n bodies, glycoprotein a d ­

sorption in intrauterine 308 
F o u l i n g , marine 2, 18 
F o w k e s - Y o u n g equation 145 
Fractionation process 381 
F r i c t i o n , wear, and lubrication in 

joints, surface physicochemical 
properties of 10 

G 

Galactosamine 292 
G a s / l i q u i d interfaces 20 

protein films at 2 
Gelat in 

charges and their effect on the 
growth of silver bromide . . 198 

collagen a n d 157 
films, wettability of 167 
p H - c h a r g e of 200 
preparation, ac id process of . . . 159 
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I N D E X 
393 

Gelat in (Continued) 
surfaces, wetting properties of 

collagen a n d 155 
wetting properties of collagen and 171 

G e l , viscosity a n d 160 
Generating apparatus, humidi ty . . 130 
G e r m a n i u m prisms 305 
G i n g i v a l fluid 294 
Glass transition temperature . . . . 94 
G l o b u l i n 

adsorption to poly ( H E M A ) . . . 234 
a l b u m i n , and plasma at inter­

faces fibrinogen, 255 
films 279 

7 - G l o b u l i n 236 
to hydrogels, adsorption of . . . 239 

Glycoprotein (s) 1,311 
adsorption in intrauterine foreign 

bodies 308 
salivary 297 
surface-adsorbed 227 

Glycosylated hydroxylysine residues 28 
G l y c o s y l transferases, platelet . . . . 227 
Graft copolymers 

characterization of 190 
of collagen 177 
water sorption of 186 

Grafted poly ( H E M A ), radiation . . 240 
Graft ing 

to bone 183 
to collagen 175 

U V - i n d u c e d 177 
to dentin 185 
of polymeric side chains to 

collagenous surfaces 178 
polymeric side chains to collagen 

soft and hard tissues 175 
to soft tissues 181 

Graft polymerization, radiation-
initiated 231 

Grafts, textile 14 
G r a i n growth, p H dependence 

of A g B r 203 
Grains , formation of tabular 208 
Granules , membrane-coating . . . . 51 
G r o w t h of silver bromide , gelatin 

charges and their effect on the 198 
G r o w t h on solid surfaces, involve­

ment of adsorbed proteins in 
cell adhesion and cell 300 

H 
H a r d tissues, grafting polymeric 

side chains to collagen soft and 175 
Hasselbach equation, H e n d e r s o n - 202 
Η-bonding polyamide links at the 

surface of solid films 156 
H e a l i n g , w o u n d 16 
H e a t i n g on intact plasma, effects of 273 
He ig ht and size of drops, ejection 373 
( H E M A ) 

adsorption to ungrafted poly - . . 239 
g lobul in adsorption to poly - . . 234 

( H E M A ) (Continued) 
hydroxyethyl methacrylate . . . . 230 
protein adsorption to po ly - . . . . 234 
radiation-grafted po ly - 240 

H e n d e r s o n - H a s s e l b a c h equation . . 202 
Henry ' s law 127 
H e p a r i n , anticoagulant 228 
H i g h molecular weight polymers 155 
Histamine 42 
Hoof , bovine 142 
H i i c k e l vairation, D e b y e - 202 
H u m i c materials 333 

synthesis of 333 
H u m a n skin, wettability of l iv ing 141 
H u m i d i t y generating apparatus . . 130 
Hydrogels , protein adsorption to the 231 
H y d r o g e n - b o n d i n g l iquids and the 

surface-accessible amide links 
of the polymer chain , differ­
ences between 156 

H y d r o g e n - b o n d i n g l iquids , wetta­
bil ity b y 5 

H y d r o p h i l i c - h y d r o p h o b i c transition 153 
H y d r o p h o b i c 

properties, restoration of 153 
side chain interaction in synthetic 

polypeptides 338 
solid 255 
transition, h y d r o p h i l i c - 153 

Hydrogels , adsorption of 7 -g lobul in 
to 239 

H y d r o g e l solution interface 235 
H y d r o x y e t h y l methacrylate 

( H E M A ) 230 
Hygroscopic barriers 63 
H y p e r d i p l o i d ascites tumors ( E A T ) , 

Ehrlich-Lettré 300 

I 

Ichthyosis 80 
I E P and alkaline solution 201 
( I E P ) , isoelectric point 198 
Inorganic phosphate ( PO4 ) 369 
Interactions in synthetic po lypep­

tides, hydrophobic side chain 338 
Interface, air-water 339 
Interface, proteins at the air-water 338 
Immersion, prism 303 
Imino acids 27 
Immunoassay 260 
Immunologic response 309 
Index, h i g h intrinsic refractive . . . 2 
Intrauterine 

devices 16 
effect of adsorbed protein on 

new 316 
surface properties of 316 

foreign bodies . 308 
glycoprotein adsorption in . . . 308 

Intact plasma, effects of heating on 273 
Integuments, surface chemistry of 

dental 290 
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394 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Interactions, l ipo-protein 250 
Intercellular penetration of stratum 

corneum 48 
Intercepts w h i c h characterize water 

sensitive polymers, surface ten­
sion 170 

Interface ( s ) 
air 255 

/ l i q u i d 260 
appl ied chemistry at protein . . . 1 
b l o o d / m a t e r i a l interface 231 
contact angle measurements at 

the s o l i d / v a p o r 147 
factor XI I activity and plasma 

proteins at one 280 
fibrinogen, globulins, a l b u m i n , 

a n d plasma at 255 
gas / l i q u i d 20 
hydrogel-solution 235 
l i q u i d / s o l i d 218 
p lasma/so l id 261 
protein films at g a s / l i q u i d . . . . 2 

/ l i p i d 61 
solid-solution 306 

Interfacial tensions of mutual ly sat­
urated l iquids , surface and . . 143 

Interaggregate fibrin 11 
Internal reflection, multiple 

attenuated 305 
Interviewing spaces 129 
Intrinsic refractive index, h i g h . . 2 
Iodine-to-chlorine ration of the sea 

salt particles 381 
1 2 5 I - r a d i o l a b l e d proteins, use of . . 239 
Irradiation, organic matter removed 

b y U V 321 
IR spectra 166 

polarized 343 
Isoelectric point ( I E P ) 198 

effect of salt on the . . . 202 
Isometric contraction 105 
Isotherm(s) 

adsorption 223 
on excised h u m a n abdominal 

stratum corneum, sorption 138 
at physiologic protein concentra­

tions, adsorption 242 

J 
Jet drops 373 
Joints, surface physicochemical 

properties of friction, wear and 
lubrication 10 

Κ 
Kall ikrein 256 
Keratin 74, 142 

amino acid composition of 55 
assembly of polypeptides in . . . 56 
physicochemical parameters for 119 
structure 39 

and orientation 82 

Keratin (Continued) 
substrates, wetting characteristics 

of 141 
tonofilament assembly of 58 

Keratinization process 78 
Keratohyalin 59 
Kinetics 

of adsorbed film formation . . . . 321 
in a plane sheet, calculation of 

the diffusion coefficient from 
sorption and desorption . . 134 

of protein adsorption 219 
sorption and desorption 130 

K i n i n 256 

L 

Lactoperoxidase 239 
L a m i n a surface, wetting of 129 
L a m i n a , permeability of the 129 
L a n g m u i r 

adsorption 219 
circulations 366 
trough 340 

Light-scatter method 206 
L i p i d s 80 
L i p i d interfaces, protein- 61 
L i p o - p r o t e i n interactions 250 
L i p p e s loop 312 
L i p i d ( s ) 

interfaces, a i r / 260 
interfaces, p o l y m e r - 340 
interfaces, protein films at gas/ 2 
/ l i q u i d / s o l i d systems 146 
contact angles with wetting . . . . 165 
- s o l i d interfaces 218 
and the surface-accessible amide 

links of the polymer chain , 
differences between h y d r o ­
gen-bonding 156 

surface and interfacial tensions 
of mutually saturated . . . . 143 

wettability b y hydrogen b o n d i n g 5 
L u b r i c a t i o n in joints, surface p h y s i ­

cochemical properties of fr ic ­
tion, wear, a n d lubrication . . 10 

M 

M a r i n e 
conditioning films 319 
fouling 2 ,18 

Mari t ime environment 21 
Material ( s ) 

and biological tissues, surface 
behavior of solid 186 

on bubbles , adsorption of organic 376 
bubbles and the formation of 

particulate organic 369 
dissolved and particulate 362 
ejected, amount of organic . . . . 378 
h u m i c 333 
interface, b l o o d / 231 
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I N D E X 395 

Material (Continued) 
molecular size of the film forming 330 
monolayers of surface-active 

organic 364 
organic 361 

Matrix , silicone rubber 245 
Measurements, contact angle . . . . 309 
Measurements at the so l id /vapor 

interface, contact angle 147 
M e c h a n i c a l properties of stratum 

corneum 108 
M e c h a n i s m of fertility regulation . . 313 
M e c h a n i s m , platelet adhesion . . . . 220 
M e d i c i n e , collagen in clinical . . . . 29 
Membrane-coat ing granules 51 
Membranes , moisture-binding 

capacity of skin 130 
M e m b r a n e thickening, cell 52 
M i c a surfaces, fibrinogen adsorbed 

onto 219 
Micel les , phosphol ipid 256 
Microelectrophoresis 321, 323 
Mixtures, adsorption of protein . . 226 
Mixtures, monolayers of racemic . . 351 
M o d e l for stratum corneum, 

two-phase 102 
Modif ication of collagenous surfaces 175 
Moisture -b inding capacity of skin 

membranes 130 
Molecular size of the film forming 

material 330 
Molecular weight polymers, h i g h . . 155 
M o n o l a y e r ( s ) 

properties 346 
of racemic mixtures 351 
structure of the collapsed 347 
of surface-active organic 364 

Monomers , electron-acceptor 183 
Mult ip le attenuated internal 

reflection 305 
Mussel byssus discs, adhesion of . . 18 

Ν 

Natural particles, electrophoretic 
mobilities of 326 

Natural particulates, charge of . . . 326 
Nitr ic acid electrolyte 179 
( N V P ) , N-vinyl pyrrolidone 230 

Ο 

Organic 
films a n d evaporation 381 
material 361 

on bubbles , adsorption of . . . 376 
bubbles and the formation of 

particulate 369 
ejected, amount of 378 
monolayers of surface-active . . 364 
in the sea, b u b b l e scavenging 

and the water-to-air trans­
fer of 360 

Organic (Continued) 
water-to-air transfer of 372 

matter removed b y U V 
irradiation 321 

transfer, simple experiments on 
sea-to-air 375 

O r a l contraceptive pills 315 
O s m i u m zinc iodide staining 51 
Ostwald r ipening 208 
Oxidized and unoxidized silicon, 

behavior of plasma at fibrino-
gen-coated 270 

O z o n i z e d collagen 176 

Ρ 
Particle ( s ) 

electrophoretic mobilities of 
natural 326 

iodine-to-chlorine ratio of the sea 
salt 381 

production by b u b b l i n g 370 
Particulate ( s ) 

charge of natural 326 
material, dissolved a n d 362 
organic material, bubbles and the 

formation of 369 
Patterns, water vapor condensation 280 
Pellicle, acquired 291 
Pellicle, formation of acquired . . . . 292 
Penetration of stratum corneum, 

intercellular 48 
Peptide chains 27 
Permeability 

of the lamina 129 
of the skin (stratum corneum) 126 

Permeation time lag 91 
Phagocytosis 15 
Phase rule, two-dimensional 356 
p H - c h a r g e of gelatin 200 
p H dependence of A g B r grain 

growth 203 
Phosphate ( P 0 4 ) , inorganic 369 
Phosphol ipid micelles 256 
Photo-oxidation, U V 327 
Photo-oxidized sea water 329 
Physical analysis of stratum 

corneum 76 
Physical properties of collagen . . . 157 
Physicochemical 

analytical techniques, surface . . 1 
approach to the stratum corneum 74 
parameters for keratin 119 
properties of friction, wear, and 

lubrication i n joints, surface 10 
properties of substrates 175 

Physiologic protein concentrations, 
adsorption isotherms at 242 

Phytoplankton 362 
Pills, oral contraceptive 315 
Plaque 

bacterial adhesion in early dental 17 
control, surface—chemical aspects 

of chlorhexidine in 296 
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396 A P P L I E D C H E M I S T R Y A T P R O T E I N I N T E R F A C E S 

Plaque (Continued) 
dental 291 
development of dental 294 

Plasma 
adsorption of proteins out of . . 259 
towards its o w n deposits of 

fibrinogen, behavior of . . . . 271 
fibrinogen adsorption from . . . . 246 
at fibrinogen-coated oxidized and 

unoxidized silicon behavior 
of 270 

fibrinogen concentration 248 
glycoproteins 292 
effects of heating on intact . . . . 272 
at interfaces, fibrinogen, g lobu­

lins, a l b u m i n , a n d 255 
at the oxidized silicon surface, 

behavior of a l b u m i n in . . . . 272 
pools 248 
proteins at one interface, Factor 

X I I activity a n d 280 
- s o l i d interface 261 

Plasmatic clotting factors, effects 
of adsorption on 256 

Plasminogen activation 268 
Platelet(s) 

activation of clotting and 
adhesion of 257 

wi l l not adhere, surfaces to w h i c h 260 
adhesion 262 

mechanism 220 
vs. aggregation of 258 

gly cosy ltransf erases 227 
surface-related properties of . . . 258 

Plots, Z isman 294 
Polarity, monomers of varying . . . 181 
Polarized IR spectra 343 
Pools, plasma 248 
Polyamide backbone chains 155 
Polyamide links at the surface of 

solid films, H - b o n d i n g 156 
Poly(a -cyanoacrylates) 8 
Polyglycine 5 
P o l y ( L - a l a n i n e ) 341 
Poly ( L - l e u c i n e ) 341 
P o l y ( 7 - m e t h y l glutamate) 4 
P o l y ( L - n o r l e u c i n e ) 341 
P o l y ( L - m e t h i o n i n e ) 341 
Polymer ( s ) 

chain , differences between h y d r o ­
gen-bonding l iquids a n d the 
surfaces-accessible amide 
links of the 156 

high molecular weight 155 
- l i q u i d interfaces 340 
non-thrombogenic 228 
surfaces, adsorption of b l o o d 

proteins onto 218 
surface tension intercepts w h i c h 

characterize water sensitive 170 
swelling and solubilization of the 171 

Polymeric material , fibrillar 
extracellular 17 

Polymeric side chains to collagen 
soft and hard tissues 175 

Polymerization, C A N - i n i t i a t e d 182 
Polymerization, radiation-initiated 

graft 231 
Polypeptides, hydrophobic side 

chain in synthetic 338 
Polypeptides in keratin, assembly of 56 
Preferential wetting 145 
Prekallikrein 256 
Pressure, surface 364 
Prism immersion 303 
Prisms, germanium 305 
Process, fractionation 381 
Production b y b u b b l i n g , particle . . 370 
Proline 27 
Properties 

of collagen a n d gelatin surfaces, 
wetting 155 

of collagen, physical 157 
of I U D ' s surface 316 
monolayer 346 
of platelets, surface-related . . . . 258 
restoration of hydrophobic . . . . 153 
of substrates, physico-chemical 175 

Protein ( s ) 
as acceptors 227 
adsorption 

to the hydrogels 231 
kinetics of 219 
to poly ( H E M A ) 234 

at the air -water interface 336 
cationic 259 
in cell adhesion and cell growth 

on solid surfaces, involve ­
ment of adsorbed 300 

-coated substrates 303 
competition between 275 
concentrations, adsorption iso­

therms physiologic 242 
crystals 339 
denaturation of 309 
-dominated substrates 8 
electrokinetic properties across 

adsorbed protein 13 
figurational entropy of the . . . . 224 
films at g a s - l i q u i d interfaces . . 2 
interaction, ch lorhexidine - . . . . 297 
interactions, l ipo - 250 
at one interface, factor X I I 

activity and plasma 280 
interfaces, appl ied chemistry at 1 
- l i p i d interfaces 61 
use of 1 2 5 I - r a d i o l a b e l e d 239 
mixture, adsorption of 226 
on new I U D s , effect of adsorbed 316 
out of plasma, adsorption of . . . 259 
onto polymer surfaces, adsorption 

of b lood 218 
- p r o t e i n interactions 242 
selective adsorption of salivary 292 
solution boundaries, s o l i d / . . . . 20 
as substrates 1 
surface 220 
system, adsorption of single . . . 222 
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I N D E X 397 

Proteinaceous clotting factors . . . . 256 
Psoriasis 45, 80 
P-specifîc antigens 28 
Pyrrolidone ( N V P ) , N - v i n y l . . . . 230 

R 

Racemic mixtures, monolayers of . . 351 
Radiation-grafted poly ( H E M A ) . . 240 
Radiation-initiated graft 

polymerization 231 
R a i n , formation of 380 
Rates of adsorption 223 
Reconstituted collagen 27 
R e d b lood cells, differential 

adhesion of 10 
Refractive index, h i g h intrinsic . . 2 
Regulation, mechanism of fertility 313 
Rejection response, a n t i b o d y - . . . 315 
Relaxation of stratum corneum, 

stress- 115 
Response immunologic 309 
Residues, carbohydrate 227 
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Wettabi l i ty 8, 321, 323, 330 

of collagen 162 
of gelatin films 167 
by hydrogen-bonding l iquids . . . 5 
of l iv ing h u m a n skin 141 

Wett ing 
agent, anionic dioctyl sodium 

sulfosuccinate 178 
characteristics of keratin 

substrates 141 
of lamina surface 129 
l iquids, contact angles with . . . . 165 
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