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CHAPTER I 

INTRODUCTION 

1 . I  GENEE?AL 

Centur ies 'ago man already made use of the   p roper t ies   o f  
pro te ins  a t  i n t e r f a c e s .  The o ld   Egyp t i ansused   p ro t e ins   t o   s t ab i -  
l i z e  the i r   inks ,   and   our .   ances tors   in   the   count r ies   a long   the  
North Sea w e r e  ve ry   f ami l i a r   w i th   t he   beau t i fu l1  foams  on w e l l  
brewed beer. :Life  without  proteins  cannot  be  imagined  e.g.  
think  about  b,leeding  of wounds i f  f ibr inogen would not  be 
ava i lab le   to   p roduce  a p ro tec t ing   c lo t .  

I n   t h e  l as t  c e n t u r y   s c i e n t i s t s   s t a r t e d   t o   s t u d y   t h e  behav- 
iour   of   proteins  a t  i n t e r f a c e s .   I n  1 8 4 0  Ascherson'   noticed  that  
o i l   d r o p l e t s  suspended i n  albumin  solutions had a tough  skin 
o r   f i l m  formed  spontaneously  around them  and  he  suggested  such 
d r o p l e t s  as models f o r   l i v i n g  cells .  I n  1851 Melsens showed 
tha t   an   i n so lub le  coagulum of   p ro te in  w a s  formed when p r o t e i n  
so lu t ions  were shaken. From then  on up t o  now numerous s c i e n t i s t s  
s tud ied   the   adsorp t ion  and  behaviour  of  proteins a t  i n t e r f a c e s .  

2 

The  knowledge born  f rom  these  s tudies  i s  appl ied   in   food   indus t ry ,  
cosmetic  industry,   pharmaceutical   industry etc.  Recent ly ,   the  l a s t  
10-15 years ,   p ro te in   adsorp t ion   go t  a r ev iva l   o f   i n t e re s t   f rom 
the  s ide  of   bioengineers .  With the   increas ing   use   o f   p ros the t ic  
materials i n   t h e  body  and t h e  accompanying undesired  blood- 

c l o t t i n g  it i s  e s s e n t i a l   t o  know  how nonbiological   surfaces  w i l l  
i n t e r a c t w i t h b i o l o g i c a l m e d i a  . It  i s  believedbymanyinvestigators 
thatadsorptionofproteinsis t h e   i n i t i a l   e v e n t   t h a t h a p p e n s  when 

3 

blood i s  contacted  with  foreign  surfaces   and  that  a l l  subsequent 
events are determined a t  least i n   p a r t  by the   p rope r t i e s   o f   t he  
adsorbed   pro te in- layer .   In   par t icu lar  it has  been  found  that  
adsorp t ion   of   d i f fe ren t   p ro te ins   has  a d i f f e r e n t   e f f e c t  on 
p l a t e l e t   adhes ion4?  5 ,  which i n   i t s e l f  i s  b e l i e v e d   t o   b e  a pre- 
r e q u i s i t e   t o  thrombus  formation.  Adsorption  of  albumin  has  been 
shown t o   g i v e  a reduced   p la te le t   adhes ion ,   whi le   f ib r inogen  
great ly   enhances it , y g l o b u l i n   a c t i v a t e s   t h e ' s o   c a l l e d  release 
r e a c t i o n  . The s t a b i l i t y   o f   p r o t e i n   c o a t e d   c o l l o i d a l   p a r t i c l e s  

5 

6 
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got   a t tent ion  f rom  immunologis ts .   Dispersion of  y-globulin 

coated  polystyrene  latex  particles  have  been employed i n  
agglu t ina t ion   procedures   for   the   de tec t ion  of  "Rheumatoid 
Factor"  macroglobulins . 7 

Although a l o t  of work has  been  done  on  protein  adsorption 
and   the   p roper t ies  of t h e   p r o t e i n s  a t  i n t e r f a c e s ,   l i t e r a t u r e  
s t i l l  con ta ins  many artioles cont rad ic t ing   on  essat ia l  po in t s .  

A few  of   these  points  are: t h e   r e v e r s i b i l i t y  of t he   adso rp t ion ,  
the  conformation  of  the  @Qlecules a t  t h e   i n t e r f a c e ,   t h e   a d s o r p t i o n  
k ine t ics ,   the   p reference   in   adsorp t ion   f rom  mixtures   o f   p ro te ins  
etc. I n   t h i s   i n t r o d u c t i o n  w e   w i l l  g ive  a s h o r t  review of t h e  
e x i s t i n g   l i t e r a t u r e  on the  behaviour  of p r o t e i n s  a t  i n t e r f a c e s .  

W e  w i l l  conf ine   ourse lves   main ly   to   the   l i t e ra ture   about   a lbumin  
and  f ibrinogen. The behaviour   of   these  proteins  a t  air/water, 
o i l /water   and   so l id /water   in te r faces  w i l l  be discussed. 

r. 2 PROPERTIES OF THE PROTEINS 

I. 2 . 1  Albumin 

Albumin is. t h e  most  abundant-plasma  protein. Human and 

bovine  plasma  for   instance  contain  about  70  grams of p r o t e i n  
per   1 i t r . e -and   about   ha l f   o f   th i s  amount consists  of  albumin. 
Albumin is  no t   ve ry   spec i f i c   bu t  it has a lo t   o f   phys io log ic  

functions'  such as regulat ion  of   the  osmotic   pressure  and  the 
pH, transport  of  metal-ions  and  phospholipids etc. It i s  known 
for   about   one  century now. The easy way of p u r i f i c a t i o n ,   t h e  
re la t ive ly   h igh   homogenei ty ,   the   h igh   concent ra t ion   leve l   in  
blood,  the  osmotic  and  transport   functions  and  the  slow  denat-  
u r a t i o n  made it an   of ten   used  model pro te in   in   b iochemica l  
and  physico-chemical  research. The h igh   s tab i l i ty   o f   a lbumin  
permi ts   the   use  of c o n d i t i o n s   i n  which  most  plasma-proteins 
have   dena tured ,Owing  la rge ly   to   the   de l igent  work of Brown e t  a l  

t h e  amino acid  sequences  of  both  bovine  and human albumin are 
known .. 

9 

HSA cons i s t s   o f  8 amino ac ids  and  has a t h e o r e t i c a l  mol. 
weight of 66.248.  Higher  values are often  obtained  because it 

may conta3.n some dimers' or   because some phospholipids are 
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attached  to  the  molecules.   Although  albumin i s  r e l a t i v e l y   p u r e ,  
about 2 0  .gene t ic   var ian ts  are known and  the,  composition may vary 
upon i l l n e s s '  l. In  particular  with  commercially  available  albumin 

prepared  from  pooled  blood,  microheterogeneity w i l l  occur.  The 
secundary  and  tert iary.structure  of  the  albumin  moleculeare 
o n l y   p a r t l y  known and they  are pH-dependent.  Between pH = 4 . 3  

and 1 0 . 5  the  molecule  has i t s  "compact1'  shape12  and  contains 
about 6 0 %  a h e l i c e s  and @-s t ruc tu re  and 40% random c o i l  8,1Q it 
cons is t s   o f  3 p a r t s  of  about  equal s i z e  . Outs ide   t h i s  pH-region 

the  molecule swells due t o   i n t e r n a l   e l e c t r o s t a t i c   r e p u l s i o n  and 
t h e  a h e l i c e s  become pa r t i a l ly   un fo lded  

8 

1 0 , 1 2  

Measurements  of the   e lec t rophore t ic   mobi l i ty   a round pH = 4 

show t w o * d i s t i n c t   m o b i l i t i e s .  Upon fur ther   decrease  of  pH, one 
of   these   mobi l i t i es   d i sappears .   This  i s  c a l l e d   t h e  N - F (Normal - 
Fast)   t ransi t ion  of   the  a lbumin.  Upon t h i s   r e v e r s i b l e   t r a n s i t i o n  
a l o t  of   physical   parameters   change  such  as :   in t r insic   viscosi ty  
op t i ca l   ro t a t ion ,   e l ec t rophore t i c   mob i l i t y ,   pe rcen tage  of a h e l i x  
and t h e   s o l u b i l i t y  . Between pH = 7 and 9 there  should  be a l 0  

t r a n s i t i o n   t o o ,   t h e   n e u t r a l   t r a n s i t i o n ,   q u i t e  similar t o   t h e  
N - F t r ans i t i on ,   bu t   changes   a r e  much more gradual ly '  o then.  

From hydrodynamic  measurements it i s  known t h a t   t h e   o v e r a l l  
shape  of  the  molecule i s  a p r o l a t e   e l l i p s o i d .  The exac t   l engths  
of t h e  minor  and  major  axes are no t  known . They are 
assumed t o  be  about '  4 and 1 4  nm. Champagne measured  and 
ca lcu la ted   the   d imens ions   o f   the   e l l ipso ids   as  a funct ion  of  
pH. H e  a rgues   tha t"  a t  t h e   i s o e l e c t r i c   p o i n t   ( i . e . p . ) ,  when the  
molecule  contains  equal numbers of   pos i t ive  and negat ive  charges ,  
the  molecule  should  be  spherical .  A t  very  extreme  pH-values  the 
molecule may denature '  '.. 

8 , 1 0 , 1 3  

1 . 2 . 2  Fibrinogen 15, 16. 

Fibrinogen  has a much lower  concentration  in  plasma ( 2  - 
4 grams per  litre) than  albumin. I t  i s  one of t h e  least so luble  
of the  proteins   in   plasma.   .Fibr inogen  plays  an  important   role  
i n   t he   b lood-c lo t t i ng   p rocess ;   In  models  proposed for  the.mech- 
anism of blood  coagulation i t  is  ca l led   coagula t ion   Fac tor  .I. 
Under the  influence  of  thrombin smaller pept ides  are s p l i t t  from 

I 
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the   f ibr inogen  molecules ,   the   remaining  f ibr in  monomers do 
polymerize  spontaneousHy t o   f i b r i n  po1,ymer which  forms a c l o t t  
t ha t   s tops   t he   b l eed ing .  

The pr imary  s t ructure   of   about   one  third  (500)   of   the  
1500 fragments i n  which   f ib r inogen   can   be   sp l i t t  2s known. It  

i s  expec ted15  tha t   wi th in  a f e w  years   the   to ta .1   p r imary   s t rcu ture  
i s  e luc ida ted .   F ib r inogen   cons i s t s   o f , abou t  2900'  amino a c i d s  
and  contains  about 33% a-he l ices .  About t h e   t e r t i a r y  and 
qua te rna ry   s t ruc tu re   t he re  i s  not   very much agreement.  Generally 

it i s  assumed tha t   the   molecule   cons is t s   o f  two i d e n t i c a l   p a r t s  
which  each  contain  three  chains.  They are he ld   toge ther   wi th  

S=S bonds, Each  of the  chains  has a molecular  weight  of  about 

50 .000 .  A very w e l l  known model i s  the   t h ree   nodu la r  model of 
H a l l  and   S lay ter17 .   Perhaps   the   bes t   s tudy   on  the shape  of 
f ibr inogen  has   been  carr ied  out  by Lederer  and Bachmann' r 2  o e 
They concluded  that   the   s~hape  of  a fibrinogen  molecule  should 
be   cy l inde r l ike   w i th  minor  and  major  dimensions  of 9 and 45 nm. 
The overa l l   shape  of the  f ibr inogen  molecule  i s  of  course pH 
dependant.  About  18  genetic  variants of the  molecule are known. 

Fibr inogen  and  f ibr in  as foam  and b i o p l a s t  are app l i ed .du r -  

i ng   ope ra t ions  as blood-clot t ing  agents .  I t  can  be Lmplanted 
without  danger  and it i s  broken down wi th in  a few  weeks  by t h e  

body 

TABLE I 

Some phys.ica1  parameters  and  contstants of HSA and 

Concentration  in  plasma (kg.m 
Molecular  weight 
Minor and  Major  axes (m) 
I s o e l e c t r i c   p o i n t  (PH u n i t s )  
D i f f u s i o n   c o e f f i c ' e n t  i n  
H,O, 293 K ( m 2 , s - i )  
I t t r i n s i c   v i s c o s i t y  (m3 .kg-') 
Percentage  a-helix 
Percentage  B-structure 
H a l f  l i fe  t i m e  i n   v i v o  
Extinction  co"f f i c i e n t  a t  
280 m (kg.m-') 

HSA 

-3) 35 - 40 
66.248 (calc) 

4 and 1 4  

4.5 - 5.0 

6.1 * 10-l' 
4.2 1 0 - ~  

48 
15 

19 days 

0.53 

HFb 

HFb 
2 - 4.5 
340 .O00 

9 arid  45 
5.5 

1.5-2.0 * 10-l1 
25 * 1 0 - ~  

33 
- 

6 - 8 hours 

1.55 
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I. 3 AIR/WATER INTERFACES 

1.3.1 Spread  protein  layers .  

Almost a l l  s t u d i e s  of p r o t e i n s   a t   t h e  air/water i n t e r f a c e  
contain  measurements  of  the  surface  pressure T (rnN.m-') of   the 
p ro te in   f i lms .  The f i lms  can  be  obtained by spreading  on  an 
aqueous  phase  containing no p ro te in  or by adsorption  from a bulk 
aqueous  phase  containing  protein.  Neurath  and Bullz1 made t h e  same 
d i s t i n c t i o n   i n   a n   e x t e n s i v e  review on   t he   su r f ace   ac t iv i ty  of 
proteins .   Other   important   ear ly   reviews are from  Langmuir  and 
Schaeffer  and Bull . These  authors  already  found  evidence 
to  conclude  that   spread  monolayers of p r o t e i n s   a r e   i r r e v e r s i b l y  
adsorbed a t  t h e  air/water i n t e r f a c e , a   s i t u a t i o n   f o r  which  Gibbs' 

adsorpt ion  equat ion  cannot   be  appl ied.  

2 2  2 3  

2 4  
Muramatzu , u s i n g   T r u r n i t ' s  method  of spreading,  found 

2 5  

a complete  unfolding  of  bovine serum albumin (BSA) molecules a t  
t h e  A/W i n t e r f a c e .  H e  could   ca lcu la te  a molecular  weight  of 65000 

- + 5000 for   these  molecules  by e x t r a p o l a t i o n   o f   t h e   ~ A v s  K curve 
t o  T is  zero (A = sur face  area f o r  a f ixed  amount of spread 
p r o t e i n ) .   T h i s   i n d i c a t e s   t h a t  a t  extremely low  T-values t h e  
surface  f i lm  can  be  descr ibed by t h e  two dimensional  ideal  gas 
l a w ,  TA = nRT. 

CoZZapse of m o n o l a y e r s  

Many authors  22, ,24 ,26-30 f i n d  a l i n e a r   r e l a t i o n  between T 

and A a t  albumin  surface  pressures  of 5-20 mN.m-'. Above t h i s  
pressure ,   co l lapse  of t he   f i lms   occu r s .  MacRitchie" showed 

tha t   co l lapse   occur red   revers ib ly  a t  low sur face   p ressures .  A t  

h,igher pressures  a coagulum of pro te in   could   be   seen   to   separa te  
out   on  the  surface  which  did  not   respread on decompression  and 

could not he dissoxved  in  w a t e r .  Later experiments3' showed 
t h a t  upon shaking   so lu t ions  of BSA i n   3 ' o r  6 M sa l t  a l so   an  
inso luble  coagulum w a s  formed  whereas   so lu t ions   in   d i s t i l l ed  .water 
showed  no coagulum 0.n shaking.' The i n s o l u b i l i t y   o f   t h e  coagulum 
shows t h a t   t h e   p r o t e i n   i n   t h i s  coagulum has a conformation  which 
d i f f e r s  from t h e   n a t i v e  form.  Spreading  experiments showed t h a t  
monoloayers  of HSA become more extended upon adding N a C l  t o   t h e  

3 O' 



subs t ra te ;   th i s   f ind ing   agrees   wi th   the   exper iments   d i scussed  
on  s.haking  solutions . Ageing of the   spread   layer   causes  a 
s h i f t  of t h e  r-A cu rve   t o   l a rge r  A va lues  . The su r face  
v i scos i ty   o f   t he   f i lms   appea red   t o   i nc rease   w i th   dec reas ing  
expansion of t h e   f i l m .  

3 2  

3 0  

Equations of s t a t e  

2 8  . 3 3  
Ruyssen appl ied   the   S inger   equa t ion  

wherein: t: t h e   t o t a l  number of  segments  (amino a c i d   u n i t s )  
z: the   sur face   coord ina t ion  number 
For a comple te ly   r ig id   cha in  2=2 and for a completely 
random chain 2=4 thus 2 z Q 4 

t o   d e s c r i b e  the FA curve  f o r  d i f f e r e n t   p r o t e i n s  which  pre- 
supposes,  analogous  to  Lucassen-Reynders  and Van den Tempel 

3 5  3 6  
Flory and  Huggins  and  FrischandSimha , t h a t   t h e   l i m i t i n g  

3 4  

areas occupied by a solvent  molecule (water) and a s u r f a c t a n t  
molecule or a segment of t h e  polymer chain (amino ac id )  are 
equal.  For BSA (pH = 4 . 9 )  Ruyssen  found a sur face   coord ina t ion  
number z = 2.15, i nd ica t ing   r a the r   r i g id   cha ins .  A t  lower sur- 
f ace  areas t h e  K-A behaviour .of BSA could  not  be  described 
s a t i s f a c t o r i k y   d u e   t o   i r r e v e r s i b l e   c a l l a p s e .   B i r d i  found a 
l i n e a r   r e l a t i o n  between t h e  work of  compression 

2 9  

and t h e  amount of p ro te in  a t  the   su r f ace  for both,completely 

unfolded (BSA) and pa r t i a l ly   un fo lded   (T rans fe r r in )   p ro t e ins .  
From these   p lo ts   he  also determined the  amount of proteini 
l o s t   i n   t h e   s u b p h a s e .  Using  Huggin's v i r i a l   t ype   equa t ion   o f  
skate and the   F r i schand  Simha equat ions  he  found  that  fm 

( the   ava rage   f r ac t ion  of  polymer  segments i n   t h e   s u r f a c e  mono- 
l a y e r )  i s  always L e s s  than  one  (from O .4 for myoglobin t o  O - 9 7  

for BSA) for pro te ins  . High f m  values  gave  high  values for 

3 7  

36 

3 8  
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Wc and r e l a t i v e l y  low col lapse   p ressures .  The value  of  f m  de- 

creased upon inc reas ing   t he  amount of   protein a t  t he   su r f ace  
ind ica t ing  less unfolding. 

S t r u c t u r e  of t h e  monoZayer 

4 3   4 4  
Evans e t  a l  and Mi tche l l  e t  a i  , used  r-c  and r-A curves 

to   s tudy   spread   pro te in   l ayers ;  %-c curves   a re   ob ta ined  by 
success ive   addi t ion   o f   p ro te in   to  a cons tan t   a rea  (c = A-1 = 

q u a n t i t y   p e r   u n i t  of a r ea )  and IT-A curves   a re   ob ta ined  by 

compression  of  an i n i t i a l l y   s p r e a d   l a y e r .  They found t h a t   t h e  
IT-C and IT-A cu rves   fo r   @-case in   co inc ide   and   t ha t   t hey   d i f f e r  
considerably  for  BSA. This shows that   the   conformation  of  a 
compressed, i n i t i a l ly   comple t e ly   sp read  BSA l aye r   d i f f e r s   f rom 
t h a t  of a not  completely  spread  layer..  Birdi3'  found a q u a l i t a t i v e  
r e l a t i o n  between the   r a t io   o f   po la r   and   apo la r  amino a c i d s   i n  
t he   p ro t e ins  and the  degree  of   unfolding.   Proteins   with a low 
p o l a r / a p o l a r   r a t i o  ( <  1 . 3 )  should  unfold  and  those  with a high 

rat io   should  not   completely  unfold  Qhere BSA with a r a t i o  of 1 .56  

i s  an  except ion  and  unfolds   completely  in   spi te   of  i t s  1 7  S=S 

bonds. The secundary  s t ructure  of p ro te ins  i s  not  completely  de- 
s t royed by sur face   dena tura t ion   because   i r rad ia t ion   of  egg- 
albumin  layers  causes a fu r the r   sp read ing  of t h e   p r o t e i n s  . The 

l i m i t i n g   a r e a   p e r   r e s i d u e   i n  a h e l i c a l   s t r u c t u r e  i s  n o t   s i g n i f i -  
can t ly   d i f f e ren t   f rom  tha t   i n   t he   B- s t ruc tu re  I i nd ica t ing  
t h a t  a value  of O .  1 7  (m) i s  no proof  of  the  degree  of  unfolding. 
Sche l l e r  et  a l  found t h a t   n o t   a l l   r e d u c i b l e   g r o u p s  of adsorbed 
p ro te ins  ( a t  the-   mercury/water   interface)  come in to   con tac t   w i th  

-1 

4 0  

41 

4 2  

the   e lec t iode   ind ica t ing   incomple te ly   un . fo ld ing .  So t he   p ro t e ins  
may be  unfolded  but   hel ical   s t ructure   and  interchain bond may 
remain i n t a c t   t o  some ex ten t .  

1 . 3 . 2  Absorbed p r o t e i n   l a y e r s  

It i s  clear t h a t  t H e  const i tut ion  of   an  adsorbed  protein 

monolayer i s  d i f f e r e n t  from t h a t  of a spread  one.   Proteins ad- 
sorbing a t  a surface  which  already  contains  protein  mol 'ecules 
w i l l  have t o   s p r e a d   a g a i n s t   t h e i r  own surface  pressure.   Spreading 
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experiments4 1 4 4  showedr as discussed,  a d i f f e r e n t  IT-A behaviour 

fo r   p ro t e ins   sp read   aga ins t  a sur face   p ressure  compared t o   i n i -  
t i a l l y   comple t e ly   sp read .   l aye r s  c IXacRitchie e t  a l4  s t u d i e d   t h e  
adsorp t ion   of   d i f fe ren t   p ro te ins  a t  t h e   a i r / w a t e r - i n t e r f a c e  by 

measur ing   the   sur face   v i scos i ty   and   e las t ic i ty .  They est imated 
the  adsorbed amount i n  terms of  monolayer thickness   using  pre-  
vious results with  spread  layers  which i s  not  al lowed  because 
of  the  different  conformation.  MacRitchie  and  Alexander 
a l so   s tud ied   the   k ine t ics   o f   p ro te in   adsorp t ion  a t  t h e  A/W i n t e r -  
face.  Again  they estimate the  adsorbed amount from  spread  f i lm 

5 5 , 5 6 , 5 7  

measurements. A t  low surEace  pressures  (c O .  l 

t ha t   t he   k ine t i c s   cou ld   be   desc r ibed  by n = 2 Cb 

i nd ica t ing   d i f fus ion   con t ro l l ed   adso rp t ion   w i thou t   adso rp t ion  . 

b a r r i e r .   ( n  = number of moleculesperunitareawhichareadsorbed 
a t  a t i m e  t a f t e r   c r e a t i o n   o f  a f r e sh   su r f ace ,  Cb = the   bu lk  
concentrat ion  of   protein,  D = t he   d i f fus ion   coe f f i c i en t   o f   t he  
p ro te in ,  T = 3 .14) .  When a cer ta in   surface  pressure  has   been I 

bu i l t   up , the   adso rp t ion  i s  retarded.  Introduction  of  an  energy- 
t e r m T , h A  ( T  = surface  pressure,  AA = t h e  mean c l ean   su r f ace  area 
n e c e s s a r y   t o   f a c i l i t a t e   a d s o r p t i o n  of one  mo1ecule)leaded  to-  the 
conclusion  that   protein  molecules   need a c lean   sur face  area of 
1 - 1.75 for adsorpt ion,  They57 a l so   found   t ha t  sa l t  
add i t ion  a t  pH-values away from the   i . e .p .   acce l e ra t ed   t he  ad- 
s o r p t i o n ,   i n d i c a t i n g   t h e   r o l e   o f   a n   e l e c t r i c a l   a d s o r p t i o n   b a r r i e r .  
Ghosh and Bull determined IT as a func t ion  of p H  and salt  
concentration;  they  found a maximum i n  T a t  t h e   i s o e l e c t r i c   p o i n t  
of BSA which becomes less pronounced  with  increasing sa l t  con- 
cen t r a t ions .  The lower  adsorption of p r o t e i n s s a t  pH va lues  far 
away f rom  the   i soe l ec t r i c   po in t ,w i thou t  sa l t  may be   due   to  
e l e c t r o s t a t i c   r e p u l s i o n  between the  molecules or between t h e  
molecule  segments,  Addition  of sa l t  w i l l  d imin i sh   t h i s   r epu l s ion ,  

4 6  

E q u a t i o n s  of s t a t e  

J O O S ~ ~  and  Ruyssen28  applied  the  Frischand Simha equa- 4 0  

t i o n s   t o   t h e   l i n e a r   p a r t   o f   t h e  T - log c (c = concentrat ion  of  
p r o t e i n   i n   t h e  buik) curve  and  found  that  BSA molecules a t ' the  

i . e , p .  (pH = 4 .9 )  are adsorbed  with  only 11.3 (Joos) o r  9.5 
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(Ruyssen) amino acid  segments a t  the   su r f ace  when adsorbed 

from 0 . 1  M N a C l  so lu t ions   and   wi th  1 6 . 3  (Joos) o r  13 .7  (Ruyssen) 

segments when adsorbed  f rom  dis t i l led water. The appl icat ion  of  
t h e F r i s c h a n d  Simha equations i s  very  questionable  because  of 
t h e   i r r e v e r s i b l e   c h a r a c t e r  of the  adsorpt ion.  The dec rease   i n  
number of adsorbed  segments i s  n o t   i n   l i n e   w i t h   t h e   f i n d i n g   t h a t  
p ro te ins   spread   fur ther  upon s a l t  add i t ion   t o   t he   bu lk3  O. Joos 6 0  

obtained  an  equationof s ta te  forpolymers a t  i n t e r f a c e s  by equat ing 

the   chemica l   po ten t ia l s   o f   the   so lvent   in   bu lk  and surface  phases.  
This  approach i n  i tself  i s  much be t te r   than   the   assumpt ion   of  
t o t a l   equ i l ib r ium,   bu t  no. s u r p r i s i n g   r e s u l t s  were obtained. 

Adsorption  steps and reversibi Z i t y  

Bull4  studied  surface  f i lms  of  egg  albumin  adsorbed  from 

1 M  Na2S04 and  found a two s t e p  f i l m  pressure  curve  with  respect  
t o   p ro t e in   concen t r a t ion .  The f i r s t   s t e p   e x t e n d s   t o  a concentra- 
t i o n  of 4 * 1 0 m 2  kg.m-3 a t  a pressure  of  1 2  m Nm-l followed by 
a t r ans i t i on   r eg ion  up t o  c = O .  2 kc~.m-~ where T = 25 m Nm-'. 

The same type of 2 s t ep   f i lm   p re s su re  - prote in   concent ra t ion  

curve was obta ined   for  BSA i n  0 . 1  M N a C l :  H e  a rqued   t ha t   t he  
2 s tep   curve  i s  charac te r i s t ic   o f   the   t ransformat ion   of  a sur-  
face dena tu red   p ro t e in   f i lm   t o  a f i lm  conta in ing   na t ive   p ro te in  
molecules. The egg  albumin (max. adsorpt ion 4 * 1 O V 6  kg .m-2) 
appeared   to   be   adsorbed   revers ib ly   except   for   the   f i r s t  

1 .8  * 1OU6 kg. m-2, which w a s  found to   agree   wi th   the   two. . s tep  
surface  pressure  concentrat ion  curve.  It appeared  from  the 
adsorbed T-A curve  for   egg  a lbumin  that   the .adsorbed  f i lm i s  
s i g n i f i c a n t l y  more compressed than ' the   cor resppnding   spread  
f i lm .   Th i s   f i nd ing   pa r t i a l ly   i nva l ida t e s   t he   ca l ib ra t ion   o f  
the  f i lm-transfer  technique  which was used to   de te rmine   the  
amount of protein  adsorbed a t  t he   su r f ace .  

Tn 1 9 4 7  Neurath  and  Bull   already  found  evidence  to 
2 1  

conclude  that   egg  a lbumin  adsorbed  in  two l a y e r s ,  a f i r s t  
completely  denaturated  layer  of 1 nm thickness  and below it a 

l a y e r  of more o r  less spherical ,   nat ive  molecules  which i s  
about 4 nm th i ck .  

6 1  
Gonzal'es  and  MacRitchia  reported  surface  pressure 

measurements with adsorbed BSA l a y e r s  from  which 
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they  concluded  that   the   adsorpt ion  of   the  protein a t  t h e  A/W 

ilaterface w a s  r e v e r s i b l e .  They found  desorption  from  spread 
monolayers to   be   dependent   on   the   p ro te in   concent ra t ion  of t h e  
bulk-phase,   and  a lso  that   adsorbed  layers ,   af ter   compression 
on  decompression,  returned  to  the  "Equilibrium"  surface-pressure.  
I t  should   be   s t ressed   here   tha t  a l l  experiments w e r e  performed 
a t  r a the r   h igh  ( >  20 m NmL1) p ressures .  Earlier .HacRitchie 
explained  the loss of su r face  area by r e v e r s i b l e   c o l l a p s e   o r  
interfacial   coagulation.  Applying  Gibbs'   adsorption  isotherm 
to   adsorbed   pro te in   l ayers   y ie lded  a statist ical  k i n e t i c   u n i t  
of 2 , 5 . (nm) f o r  BSA. Miller and Bach i n  a review article 
also r a i s e d  some ques t ions   to   the   conclus ions  of MacRitchie  and 
s t r e s s e d   t h e   p o s i b i l i t y   t h a t  a t  least p a r t   o f   t h e   p r o t e i n  mole- 
c u l e s  w a s  adsorbed  i r revers ibly.  

3 1 , 3 2  

41 

Sur.face viscosity measuraments 

4 9  
EL-Shimi andIfrnai lova  found  that   the  maximum s t r e n g t h  

of  an  adsorbed  egg  albumin  layer  increased  with  increasing 
temperature  and, a t  constant  temperature,  i s  independent of t h e  
concent ra t ion   in   the   range   of  O .  5 - 10 kg .m3J which i s  i n  agree- 
ment with  Bul l4  8 .  Adsorbed layers   with  an  age  of  9 0 0  seconds 
showed a dependence on pH wi th  maximum s t r e n g t h  a t  t h e   i . e . p .  
This pH dependency w a s  diminished by KC1 addi t ion   and   by   fur ther  
ageing  of  the f i l m s .  The fur ther   s t rengthening   wi th  time w a s  

ascr ibed  to   denaturat ion  and  formation of intermolecular  hydro- 
phobic  bonds.  Chasovpikova  and  Trapeznikov3'  found t h a t  a t  HSA 

concentrat ions  of  2 * 10-2 kg* m-3 the   sur face   v i scos i ty   reached  
a cons tan t   va lue   wi th in  2 hours. A t  HSA concentrat ions  of  O - 9 8  

kg.rn-3 the   su r f ace ,   v i scos i ty  w a s  much higher  and a s t a t i o n a r y  
value i s  no t   a t t a ined   even   i n  6 hours. They concluded  that  a t  
low concent ra t ions  a surfac'e f i l m  of unfolded  molecules w a s  
formed  whereas a t  high HSA concen t r a t ions   t he   adso rp t ion   l aye r  
conta ins  a l a r g e  number of  native  molecules.  Tulovskaya e t  a l  

a lso  s tudied  the  behaviour   of   absorbed HSA layers  and  found 
tha t   the   "Equi l ibr ium"  va lue   o f   the   sur face   t ens ion  w a s  reached 
wi th in  30  min.utes w h i l e  the "equi l ibr ium"  surface  s t rength w a s  
reached i n  3 hours .   This   indicates  that  the   su r f ace - s t r engh t  

5 0  
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method i s  very  sensi t ive  to   conformational   changes  and  the 

formation  of  intermolecular  bonds, The h iges t   s t r eng th  was 
obtained a t  the  i .e .p .   a l though  the  molecules   are  less uncoiled 
They also  concluded  that   hydrophobic   bonds  par t ic ipate   in   the 
formation  of a strong  two-dimensional  structure.  

S p e c i a l   t e c h n i q u e s  

Graham and Ph i l l i p s   s tud ied   p ro t e in   adso rp t ion   u s ing  

radiotracer   techniques  a l though it was shown  by Adams e t  a 1 5 2 t h a t  
ace ty l a t ion   o f   j u s t  one  residue  per :.mo.le.c.nJe:  may s i g n i f i c a n t l y  

a l ter  the   su r f ace   p rope r t i e s  of a p ro te in .  They found t h a t  
a t  low surface  converage,   theories   based  on,polyrner   s ta t is t ics  
d e s c r i b e   t h e   r e l a t i o n  be tween  f i lmpressure ,   d i la ta t iona l  modulus 
and su r face   cove rage   s a t i s f ac to r i ly   fo r  a random c o i l   p r o t e i n  

l ike  P-casein.  Graham e t  al5' , Benjamins e t  a l  and  de  Feyter 
e t  a l 5 4  used  e l l ipsometry as a t o o l  t o  skudy pro te in   adsorp t ion  
a t  air/water i n t e r f a c e s .  They found t h a t   t h e   k i n e t i c s   i n '   t h e  
beginning of t he   adso rp t ion   p rocess   a r e   fu l ly   d i f fus ion   con t ro l l ed .  

5 1  

5 1 , 5 3  

5 3  

1.4 THE OIL/WATER INT'EWACE 

The o i l / w a t e r   i n t e r f a c e  i s  p a r t i c u l a r l y   s t u d i e d   i n   r e l a -  
t i on   w i th   emul s ion   s t ab i l i t y   and  i t s  determining  factors .   Further  
it i s  o f   i n t e r e s t   f o r   , t h o s e  who are   dea l ing   wi th   b io logica l  

systems  where  oil /water  interfaces  play  an  important  role.  

S t r u c t u r e  and o r i e n t a t i o n  

using  the  pendant  drop method, s tud ied   t he   i n t e r -  

facial  tension  between  n-octadecane  and  aqueous  solutions  of 
BSA. H e  observed  that  a t  t he  O/W i n t e r f a c e   t h e   i n t e r f a c i a l  
tension  sooner  reached a cons tan t   va lue   than  a t  t h e  A/W i n t e r -  
face. It  i s  ev iden t   t ha t   t he   p ro t e in   mo lecu le s   i n   an   i n t e r f ace  
are oriented  with  the  polar  groups  directed  towards  the  aqueous 
phase  and  the  nonpolar  side  chains  towards  the a i r  or. t h e   o i l -  
phase. A t  t h e  O/W interface  the  cohesion  between  the  non-polar 
s ide   cha ins  may bea  reduced by t h e   o i l ,   t h u s   i n c r e a s i n g   t h e  ra te  
a t  which the  protein  molecules   re lax.  Analogous t o   t h e   f i n d i n g  
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a t  t h e  A/W interface  he  found T to   be  dependent   on  the pH,which 
e f f e c t  w a s  diminished  by sa l t  add i t ion .  From measurements a t  
different   temperatures   he  calculated  enthalpy  and  entropy  changes 
per   un i t   o f   in te r face .   This  i s  a ve ry   ques t ionab le   t h ing ' t o  do 

r ega rd ing   t he   i r r eve r s ib l e   cha rac t e r  of pro te in   adsorp t ion .  
From the   s imi l a r i t y   o f   t he   compress ib i l i t y   coe f f i c i en t s  of t h e  
p r o t e i n   f i l m  for a given f i l m  p re s su re   i r r e speck ive   i f   t he  con- 
c e n t r a t i o n   o f   t h e  BSA so lu t ions ,   he   concluded   the   s t ruc ture   o f  
t h e   f i l m   t o   b e  a func t ion  of t he   f i lm   p re s su re   on ly  and  not  of 
the   p ro te in   concent ra t ion .  Gosh e t  a l  found  that   proteins   gave 
h ighe r   i n t e r f ac i a l   p re s su res  a t  paraffin-water  than A/W i n t e r -  

f aces. 

6 2  

Mode Z a p p l i c a t i o n s  

2 8  4 7  
Ruyssen  and Joos , applying Fqksch  and  Simha's  equations3 

c a l c u l a t e d   t h e  number of  adsorbed  segments of BSA a t  h igh   sur face  

coverage a t  the  heptane/water   interface.  They ca lcu la ted  a number 

o f 3 . 3  (Ruyssen) or4 (Joos) adsorbed segmentspermoleculecompared 
t o   r e spec t ive ly9 .5   and11 .3  segments  per  molecule  underthesame 
condi t ions at t h e  A/W i n t e r f a c e .  From th i s   r e su l t   one   shou ld  

conclude   tha t   cont ra ry   to   o ther   observa t ions   the   p ro te in  mole- 
cu le s  are more denaturated a t  t h e  A/W than a t  t h e  O/W i n t e r -  
face .  Hence the   appl ica t ionof   Fr i schandSimha ' s   equa t ions  i s  

very   ques t ionable   regard ing   the   i r revers ib le   charac te r   o f  
pro te in   adsorp t ion .  

MacRitchie and Owens appl ied  a duplex f i l m  model t o   t h e  
32  

coagulation  pressure  of  adsorbed  egg  albumin  layers:  
Y a  = Yb f Yab + T~ wi th  ya = i n i t i a l   f r e e   e n e r g y   o f   t h e  O/W 

i n t e r f a c e ,  Yb = t h e   i n i t i a l  free energy  between  the  nonpolar 
groups  of  the  monolayer  and  the  non-aqueous  phase, yab = t h e  
i n t e r f a c i a l   f r e e   e n e r g y  between  thepolar.groups  and  the  aqueous 
phase. 

o i l  

'b 

Yabp 
p ro te in  Y a  

w a t e r  
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It appeared 
observat ion 
i n t e r f a c i a l  
remembered tha  
h igh   fm  va lues  

tha t   decreased   wi th   decreas ing  y,. From t h i s  
one  cannot  conclude  that  a t   i n t e r f a c e s   h a v i n g  a l o w  
tens ion  a molecule w i l l  not   denature .  It should  be 

t Birdi38  found l o w  co l lapse   p ressures  ( T ~ )  f o r  
. Ghosh and  Bull46  found no d e c r e a s e   i n   t h e  amount 

of BSA adsorbed  on  n-octadecane  emulsions upon add i t ion  of octa- 

decy lmine  (which  lowers y ) . a 

Interphase  strength 

El-Shimi  and  Izmailova  reported  that  the  strenghtening 
of  an  adsorbed  egg  albumin  layer w a s  f a s t e r  a t  a benzene/water 
(B/W) i n t e r f a c e   t h a n  a t  an A/W in te r face .   Fur ther   the   adsorbed  
l a y e r  a t  a B/W i n t e r f a c e  was s t ronger  and showed a dependence 
on   t he   p ro t e in   concen t r a t ion  up t o  1 0  k g . ~ t - ~  r p a r t i c u l a r l y  a t  

4 9  

55uC, a tempera ture   c lose   to   the  volume denaturation  of  eg9 . 

albumin  solutions.  The dependence  on pH was t h e  same as   a l r eady  

d i scussed   i n   t he  A/W sec t ion .  They concluded   tha t   the   p ro te in  
molecules   uncoi l   fur ther  a t  t h e  B/W than a t  t h e  A/W i n t e r f a c e  
due to   penetrat ion  of   the  hydrocarbon  in   the  nonpolar   region 
of t he   p ro t e inmolecu le s ,  making  them  more f lex ib le .   S tudy  of 
the  solubi l izat ion  of   hydrocarbons by p ro te ins  6 3 , 6 5  learned 

t h a t  a t  the  interface  with  the  hydrocarbons showing the   h ighes t  
s o l u b i l i z a t i o n ,   t h e   s t r o n g e s t   p r o t e i n   f i l m s  were formed. 
Tuloaskaya e t  al5 '   found a more extensive  uncoi l ing  of  HSA a t  
a B/W in t e r f ace   t han  a t  an   in te r face   wi th  a i r  which was a l s o  
repor ted  by  Motomura64. From the  temperature  dependence  of  the 
in te rphase   s t rength   they5 '   conc luded   tha t   the   s t rengthening   of  
the  adsorbed HSA f i lms  i s  duetohydrophobicbondsbetween.the 
molecules i n   t h e   i n t e r f a c e .  

4 9  

1 . 5  THE SOLID/WATER INTERFACE. 

The adsorpt ion of p ro te ins  a t  S/L i n t e r f a c e s  w a s  s tud ied  
i n i t i a l l y   i n   r e l a t i o n   w i t h  column  chromatography.  Landsteiner 
and  Uhlirz   reported  in  1905 tha t   i no rgan ic  powders removed 
a high  percentage  of  protein  from  horse  serum. 

6 6  
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Langmuir   adsorpt ion   and  r e v e r s i b i z i t y  

Neura th   and   Bul l   rev iewed  the   ear ly   l i t e ra ture   on   th i s  
21 

sub jec t .  Among others  they  mentioned  the work of  Lindau  and 

Rhodius' who found  that   egg  albumin  adsorbed  on  quartz powder 
followed  Langmuirs:-  adsorption  isotherm. Maximum adsorp t ion  w a s  
found6 a t  t h e   i . e . p .   o f   t h e   p r o t e i n .  The reviewers 2 1  considered 
it rather   remarkable   that   protein  adsorpt ion,which is apparent- 
l y   i r r e v e r s i b l e , c a n   b e   d e s c r i b e d   i n  terms of   the  Lanqmuir  ad- 
sorpt ion  equat ion.  

~ ~ 1 1 ' ~ ~ ' ~  studying BSA and  egg  albumin  adsorption  on pow- 
dered  Pyrex  glass,   using a deplet ion  technique,   found  that  
p ro t e in   adso rp t ion  w a s  p a r t i a l l y   r e v e r s i b l e  upon d i l u t i o n .  
Maximum adsorp t ion  was obtained a t  the   i . e .p .   o f   t he   p ro t e in .  
H e  assumed t h a t   t h e  amount of   p ro te in   tha t   could   no t   be  washed 

o f f  w a s  unfolded a t  t h e   g l a s s   s u r f a c e .  
Lyman e t  a l7 '  repor ted  a complete  reversibil i ty  of  pro- 

t e in   adso rp t ion   on   ce l lu lose  (Cuprophane)  and a decreasing 
adsorpt ion  of   proteins   with  increasing  molecular   s ize .  The 
dependence  on  molecular  weight i n   p a r t i c u l a r  i s  very  unusual 
because  normally  one  expects a more t i gh t ly   b ind ing  of l a r g e r  
molecules  due t o  more adsorp t ion  sites per  molecule,  Lyman 

us ing   the  same technique,   found  that   proteins  (HSA,  human f i -  

brinogen (HFb) , human y g lobu l in  (HGG) ) adso rb   i r r eve r s ib ly  
on  hydrophobic  surfaces. From t h e  amounts  adsorbed  and t h e  
molecular  dimensions  of  the  proteins  they  conclude  that   the 
pro te in   molecules   re ta in   the i r   na t ive   g lobular   form. 'They  stres- 
sed   th i s   behaviour   in   an   ex tens ive   rev iew article3 on p ro te in  
adsorpt ion.   Other   authors  a l s o   r e p o r t e d   t h a t   p r o t e i n  ad- 7 2 , 7 3  

sorption  onto  hydrophobic  polymers i s  comple t e ly   i r r eve r s ib l e  
upon dilution.  MacRitchie  found  that  BSA adsorp t ion  a t  hydro- 
phobic  and  hydrophilic silica w a s  i r r e v e r s i b l e  a t  t h e   i . e . p .  
o f   t he   p ro t e in  and r e v e r s i b l e  a t  pH-values away from t h e   i , e , p .  
Dezelie e t  a l  performed a HSA-adsorption  study  on  polystyrene 
latices (PsL) and   desc r ibed   t he i r   r e su l t s  as a k ind   of   revers ib le  

7 4  

7 5  
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i n t e r a c t i o n  between the  protein  molecules   and  the  detergentonto 

the  polystyrene  par t ic les .   Oreskes  and  Singer76  reported  that  
t he   adso rp t ion  of HGG a t  PSL f i t t e d   t h e  Langmuir adsorpt ion 
isotherm  with a two s tep   adsorp t ion .  They gave two i n t e r p r e t a -  

t i o n s   f o r t h e  phenomenon t h a t  two b ind ing   cons t an t sex i s t .The  
f i r s t   b e i n g  a double  layer  adsorption  and  the  second  interpreta- 
t i o n   b e i n g   i n  terms of . s ide -on   adso rp t ion   fo r   t he   f i r s t   s t ep  
and  end-on a d s o r p t i o n   i n   t h e   i n t e r s t i c e s  between the  side-on 
oriented  molecules  for  the  second  step.  L e e  and repor ted  
that  bovine  albumin, y g lobul in  and f ibr inogen   adsorp t ion   i so-  
Cherms on  hydrophobic  polymer su r faces  were cons i s t en t   w i th  
Langmuir type  adsorpt ion.  I t  should   be   rea l i sed   tha t   apply ing  
t h e  Langmuir adsorp t ion   i so therm  to   descr ibe   adsorp t ion ,   impl ies  

t h a t   t h e   a d s o r p t i o n  i s  completely  revers ible   and  that  no i n t e r -  
ac t ions   t ake   p l ace  between  adsorbed  molecules. W e  t he re fo re  :;. 

agree  with  Neurath  and  Bull"  that it i s  remarkable  that   pro- 

t e in   adso rp t ion  on  hydrophobic  surfaces  which i s  apparent ly  
i r r eve r s ib l e   can   be   desc r ibed  by t h e  Langmuir adsorp t ion   equat ion .  
W e  w i l l  d i s c u s s   t h i s   i n  more d e t a i l  when w e  r e p o r t   o u r  own re- 
s u l t s  on pro te in   adsorp t ion .  Up t o  now it i s  not  clear i f  and 
under  which  circumstances  protein  adsorption i s  r e v e r s i b l e   o r  

not .  Of i n t e r e s t   w i t h   r e s p e c t   t o   t h i s   q u e s t i o n  are the   expe r i - ,  
ments  reported by Brash e t  a l  who found t h a t  HSA molecules 
adsorbed a t  polymer  surfaces   did  not   desorb upon exposure t o ,  
p ro te in   f , ree   so lu t ions   bu t tha t ,upon  exposure   to   concent ra ted  
not   labeled HSA solutions,   exchange  occurred  of  the  adsorbed 

rad io labe led   p ro te ins  ( 1131-label)  with  the  nonlabeled mole- 
cu le s  from so lu t ion .  However it should  be  kept   in  mind t h a t  

Reed and   Rossa l17 '   a l ready   no t iced   tha t   iod ine   in t roduced   in  
the  posi t ion  or tho  to   the  phenol ic   hydroxyl   group of t y ros ine  
residues  could  change  the  propert ies   in   ,general  and su r face  
behaviour i n   p a r t i c u l a r  of t he   l abe led   p ro t e in .  W e  w i l l  r e p o r t  
on  the  difference  in   adsorpt ion  behaviour   between  labeled  and 

unlabeled HSA i n   t h i s   t h e s i s .   B r a s h  e t  a l   d i d   n o t   r e a l l y  
proof t h a t   t h e r e  w a s  no p r e f e r e n t i a l   s e l e c t i o n   o f   l a b e l e d   o r  
unlabeled  molecules by the   su r f ace   because   t he i r r e su l t s  scatter 

t o  much.  The pos ib i l i t y   o f   l abe l   exchange   i n   s t ead  of HSA- 

7 8  

8 0  

78 
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molecule  exchange  should  not  be  omitted  to. 

Conformat ion  of adsorbed  proteins 

Almost a l l  authors  mentioned  in  the  fore-going  concluded 

from  the maximum amounts  of protein  adsorbed  and  the  molecular 
dimensions  of   the  proteinmoleculesthat   the   protein  molecules  
remain  their   nat ive  shape upon adsorpt ion a t  S/L i n t e r f a c e s .  
Morrissey e t  al8' and  Morrissey  and  Stromberg  concluded  from 
i n f r a r e d  bound f r a c t i o n  measurements  and e l l i p s o m e t r y   t h a t   t h e  
internal  bonding  of HSA and  prothrombin  molecules i s  s t rong  
enough to   prevent   changes  in   conformation  while   adsorbed,   even 

a t  low surface  coverage.  The  bound f r ac t ion   o f  HFb however in-  
c reased   wi th   increas ing   adsorp t ion ,   sugges t ing   poss ib le   in te r -  

facial  aggregation. 

a 2  

A d s o r p t i o n   k i n e t i c s  

The k i n e t i c s  of pro te in   adsorp t ion  are not   s tud ied   very  
7 7 , a 3 , a 4  w e l l  a l though  several   authors  

dependent  on  the  type  of  protein and the   subs t r a t e .  It is  
l i k e l y   t h a t   t h e   i n i t i a l   a d s o r p t i o n  on  uncharged  surfaces w i l l  
be   d i f fus ion   cont ro l led   whereas  a t  h igher   sur face   concent ra t ions  
i n t e r a c t i o n s  between the  adsorbed  and  the  adsorbing  protein 
molecules w i l l  p lay  a r o l e .  K i m  and L e e  showed t h a t   t h e  
rate and t h e  amount of  protein  adsorbed w a s  dependent  also  on 
the   f low rate o f   t he   so lu t ion .  It i s  o b v i o u s   t h a t   s t i r r i n g  w i l l  
a f f e c t   t h e  rate of   adsorpt ion  but  it i s  not  immediately clear 

why it should   a f fec t   the  amount of  protein  adsorbed. 

show t h a t   k i n e t i c s  are 

77,as 

Conzpetal-tive: adsorption 

Vroman e t  a l  d id  a l o t  of work on   pro te in   adsorp t ion  8 6  

a t  S/L i n t e r f a c e s .  The authors  mostly  studied  adsorptfon  from 
very  complex s y s t e m s   l i k e   p l a t e l e t   r i c h  o r  poor  plasma o r  whole 
blood or serum i n   o r d e r  t o  e l u c i d a t e   t h e  mechanism of con tac t  
a c t i v a t i o n   o f   t h e   c l o t t i n g .  Using a n t i s e r a   i n   e l l i p s o m e t r i c  
s tud ies   they   found  tha t  ESA w a s  not  adsorbed a t  s i l i c o n  sur- 
faces from  plasma. The adsorbed matter, from  plasma c o n s i s t s  
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of HFb and 7 s  Gamma Globulins. It i s  s t r i k i n g   t h a t   u s i n g   m i x t u r e s  
of   pur i f ied   p ro te ins , the   a lbumin   could  compete e f f e c t i v e l y   w i t h  

HFb in   adsorp t ion .   Having  a so lu t ion   conta in ing   four  times as 
much HSA as HFb, both  proteins  have  an  equal  chanee of adsorpt ion.  
Horbett  and Hoffman using  radiolabeled  proteins   a lso  found 
t h a t   t h e   r a t i o  HSA/HFb should   be   about   four   in   o rder   to   ge t  
equal   adsorpt ions  of  HSA and HFb from a mixture  of  these  pro- 
t e i n s .  L e e  e t  a l  performed  protein  adsorpt ion  s tudies   with a 
mixture  of BSA, BFb and  bovine gamma globul ine (BGG) with a i 

concen t r a t ion   r a t io   o f  4 : 2 : 1. The i r   r e su l t s  are comparable 

wi th   those   ment ioned .   Addi t iona l ly   they   found  tha t   the   k ine t ics  
of   adsorpt ion  of  BFb and BGG on FEP ( f luor ina ted   e thylene /pro-  
pylene  copolymer) are influenced by the  presence  of  BSA. I t  must 

be  remarked t h a t   t h e   a d s o r p t i o n   r e s u l t s   o f  K i m  and L e e s 5  ob- 
ta ined   wi th   s ing le   p ro te in   so lu t ions   us ing   1251- labe led   p ro-  
t e i n s  are comple te ly   d i f fe ren t   to   those   r ' epor ted  by t h e  same 

authors   using  the IRIS technique.   This   difference may be  due 
t o   s y s t e m a t i c   e r r o r s   i n   t h e   t e c h n i q u e s   o r   t o   d i f f e r e n c e s   i n   t h e  
used  protein  samples.  Horbett  and H ~ f f m a n ~ ~  showed tha t   adsorp-  
t ion   resu l t s   ob ta ined   wi th   d i f fe ren t   a lbumin   samples  show con- 
s ide rab le   changes   i n  amount adsorbed.  Recently  Brash  and  Uniyal 8 8  

s tudiedcompeti t iveadsorpt ion  f rommixturès  of HSA and HFb. They 

found a more pronounced  preferent ia l   adsorpt ion  of  HFb compared 

t o  HSA than   the   au thors  ci ted above. It should   be   kept   in  mind 
however tha t   t hey   u sed   bo th   p ro t e ins   i n   t he   l abe led  (1251 o r  

I 3 h )  form  and it i s  very  quest ionable   whether   this   might   not  
change  the  adsorpt ion  behaviour   (par t icular ly   of   the   unstable  

HFb) . 

71 

8 7  

1 . 6  OBJECTIVES OF THE PRESENT STUDY 

This  study w a s  under taken   to  get more information  about 
the  behaviour   of   proteins  a t  i n t e r f a c e s .   I n   c h a p t e r  I1 adsorp- 
t ion  experiments  with HSA and HFb using  surface  tension  measure- 
ments,   el l ipsometry  and  depletion  techniques are described. 
These  experiments   give  information  about   kinet ics ,   revers ibi l i ty  
upon d i lu t ion   and   increase  of concentration  and pH changes  on 
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the   protein  adsorpt ion.   Chapter  I11 deals   wi th  a study  about 
t he   app l i cab i l i t y   o f   r ad io l abe led   p ro t e ins   i n   adso rp t ion  ex- 
periments.  Chapters I V  and V desc r ibe   t he   i n f luence   o f   p ro t e in  
adsorp t ion   on   the   wet tab i l i ty   o f   po lys tyrene   sur faces   and  es- 

pecial ly   the  difference  between  adsorbed HSA and HFb l aye r s .  
Chapters V I  and VI1 f i n a l l y   d e a l   w i t h   t h e   i n f l u e n c e   o f  HSA and 

HFb on t h e   s t a b i l i t y   o f   p o l y s t y r e n e  latices a t  d i f f e r e n t  pH 
va lues ,   and   for   var ious   concent ra t ions   o f   ind i f fe ren t   e lec t ro-  
l y t e .  
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CHAPTER I I 

ADSORPTION OF HUMAN  SERUM  ALBUMIN  AND  HUMAN  FIBRINOGEN 
AT  HYDROPHOBIC  SURFACES 

AB S TRACT 

T h e   a d s o r p t i o n   o f   p r o t e i n s   ( h u m a n   s e r u m   a l b u m i n  (HSA) a n d  

human f i b r i n o g e n   ( H F b ) )  a t  h y d r o p h o b i c   s u r f a c e s  was s t u d i e d   b y  

differenttechniques:measurementofthe i n t e r f a c i a l   p r e s s u r e   o f  

a d s o r b e d   p r o t e i n   l a y e r s  a t  t h e  p a r a f f i n   o i l / w a t e r  ( O / W )  i n -  

t e r f a c e ,   m e a s u r e m e n t  o f  a d s o r p t i o n   i s o t h e r m s   o n t o   p o l y s t y r e n e  

l a t e x  ( P S L )  u s i n g  a d e p l e t i o n   t e c h n i q u e   a n d   e l l i p s o m e t r i c m e a s -  

u r e m e n t s   o f   a d s o r b e d   p r o t e i n   o n   p o l y s t y r e n e  ( P S )  c o a t e d   c h r o -  

mium s u r f a c e s .   F o r   b o t h   p r o t e i n s  a p H - d e p e n d e n c e   o f t h e a d s . o r p -  

t i o n  was f o u n d ,  w i t h  m a x i m u m  a d s o r p t i o n  a t  t h e   i s o e l e c t r i c  

p o i n t   ( i . e . p . )   o f   t h e   p r o t e i n .   T h i s   p H - d e p e n d e n c e  was g r e a t l y  

d i m i n i s h e d   b y  s a l t  a d d i t i o n .   T h e   a d s . o r p t i o n   o f  HFb o n t o  P . S .  

a t  l o w   c o n c e n t r a t i o n s  was f o u n d   t o   b e   d i f f u s i o n   c o n t r o l l e d ( e 1 -  

l i p s o m e t r y ) .   T h e   a d s o r p t i o n   o f  H S A  o n t o   h y d r o p h o b i c   s u r f a c e s  i s  

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

t i o n   a n d  pH: a d d i t i o n a l   a d s o r p t i o n   a f t e r  a f i r s t   a d s o r p t i o n  

s t e p  a t  l o w   p r o t e i n   c o n c e n t r a t i o n   ( w i t h   f i n i t e   r e s i d u a l   s o l u -  

t i o n   c o n c e n t r a t i o n )  was p o s s i b l e   b y   i n c r e a s e   o f  the  p r o t e i n  

c o n c e n t r a t i o n   i n   s o l u t i o n ;   w h e n   t h e   p r o t e i n   c o n c e n t r a t i o n   i n  

s o l u t i o n  was d e c r e a s e d  a f t e r  a f i r s t   a d s o r p t i o n   s t e p  a t  h i g h e r  

c o n c e n t r a t i o n ,   n o   d e s o r p t i o n .   o f  t h e  a l r e a d y   a d s o r b e d   p r o t e i n  

m o l e c u l e s  was f o u n d .  It w a s  shown t h a t  c h a n g i n g   t h e  pH a f t e r  an 

a d s o r p t i o n   s t e p  i n  t h e   d i r ' e c t i o n  o f  t h e   i . e . p .   c a u s e d   a . d d i ' t i ' o n -  

a t  a d s o r p t i , o n ;   w h e n   t h e   i n i t i a l   a d s o r p t i o n   t o o k   p l a c e  a t  , t h e  

i . e . p .   n o   d e s o r p t i o n  w a s  o b s e r v e d   u p o n   c h a n g i n g   t h e  pH. The   ad-  

s o r p t i o n  o f  HFb showed a m o r e   g e n u i n e   i r r e v e r s i b l e   c h a r a c t e r  

( h i g h   a f f i n i t y   t y p e   o f   i s o t h e r m ) .   T h e   t h i c k n e s s   o f   a d s o r b e d H F b  

l a y e r s   w h i c h  w a s  m e a s u r e d   b y   . e l l i p s o m e t r y   a g r e e d   v e r y   w e l l w i t h  

e a r l i e r  c a l c u l a t i o n s   o f   t h i s   t h i c k n e s s   f r o m  f l o c c u l a t i o n   e x p e r -  

iments .  
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11-1 INTRODUCTION 

The adsorpt ion  of   proteins  a t  i n t e r f a c e s  i s  a very  inten-  

s ive ly   s tud ied   subjec t   in   sc ience .   These   s tud ies   ,have   the i r  im-  
por tance   for   the   food   indus t ry ,   the   cosmet ic   indus t ry ,   hea l th  
indus t ry  etc. The last 10 t o  15 years   p ro te in   adsorp t ion   go t  

t h e   i n t e r e s t  from the  s ide  of   bioengeneers .  With the   u se   o f  
p r o s t h e t i c  materials i n   t h e  body they  m e t  t h e  problem  of  unde- 
s i r e d   b l o o d   c l o t t i n g   d u e   t o   t h e   i n t e r a c t i o n  between  blood  and 

t h e  non b io log ica l   su r f aces ,  The f i r s t   t h i n g   t o  happen upon 
contact ing  blood  with  foreign  surfaces  w i l l  be  adsorption  of 
blood  proteins  at these   su r f aces ,  The so  called con tac t  acti- 

va t ion  of t h e   c l o t t i n g  mechanism which  then  follows w i l l  a t  
least  i n   p a r t  depend  on the   charac te r   o f   the   adsorbed   pro te in  

l aye r .  It has  been  found that   surfaces   precoated  with  a lbumin 

show a reduced   p la te le t   adhes ionl r2   (presumably   p la te le t  adhe- 
s i o n  is a p r e r e q u i s i t e   t o  thrombus  formation)  while  precoating 
with  f ibr inogen  great ly   enhances .it and  y-globulin  activates 
t h e  release reac t ion2  3 .  

' Some a u t h o r s   t r i e d   t o   f i n d   r u l e s   t o   p r e d i c t '   t h e '  bloGd com- 
p a t i b i l i t y  of non b io log ica l   su r f aces .  First Lampert4  postu- 
l a t e d   t h e   r u l e   t h a t   t h e  more hydrophobic  the material is, t h e  
more blood  compatible it is  ( 'Lampert ' s   rule '  ) . Later on 
Lyman' s t a t e d   t h a t  materials with  the  ' lowest   surface  energy 
should  be  the  most  blood  compatible  ones.  Andrade' a t  last pos- 
tu l a t ed   t ha t   b lood   compa t ib i l i t y   shou ld   i nc rease   w i th   dec reas -  
i n g   i n t e r f a c i a l ' e n e r g y  between t h e  material and t h e  aqueous 

'phase.   He.suggested  that   hydrogels-  should  be  favourable pros.- 
t h e t i c   m a t e r i a l s .  

I n   o r d e r   t o  get a b e t t e r   s i g h t  on t h e   f i r s t   e v e n t s   o c c u r -  

r i n g  when blood  contacts   foreign materials it is necessa.ry t o  
s tudy   pro te in   adsorp t ion  a t  i n t e r f a c e s .  The l i t e r a t u r e c o n t a i n s  
extensive  reviews on pro te in   adsorp t ion  and i ts  rela- 
t i o n  to t h e   a c t i v a t i o n   o f   t h e   c l o t t i n g  mechanism". A s  w e  al- 

ready showed1*, t h e r e  is still a l o t  of  confusion  about  pro- 
. t e in   adsorp t ion .  A genera l   f ind ing  is  tha t  pro te in   adsorp t ion  
is  pH-dependent  and t h a t  maximum adsorpt ion  occurs  a t  the   i so-  

7 , 8 , 9 , 1 0  
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electric po in t   ( i . e .p . )  of the   p ro te in ,   whereas   th i s  maximum 

becomes less pronounced  upon s a l t  addi t ion .  The r e v e r s i b i l i t y  
of the   adsorp t ion  phenomenon i t s e l f  and  the  inf luence  of  

changing  bulk'   conditions  on  adsorbed  protein  layers are s t i l l  

open fo r   d i scuss ion .  
i n d i c a t i o n s   t h a t   t h e  

of a r eve r s ib l e   t ype  
I n   t h i s  ar t ic le  

from  aqueous  pr.otein 

From the   l i t e r a tu re ' *   t he re  seem t o  be 
adsorpt ion a t  hydrophi l ic   surfaces   ismore 
t h a n   t h a t  a t  hydrophobic  surfaces. 
w e  w i l l  conf ine   ourse lves   to   adsorp t ion  
solutions  onto  hydrophobic  surfaces.  W e  

s tudied  the  adsorpt ion  of   proteins  by th ree   d i f f e ren t   t ech -  
niques: 1) Measurements  of the   in te r fac ia l   t ens ion   be tweenpro-  

t e i n   s o l u t i o n s  and p a r a f f i n   o i l .  2)  Adsorptions  measured by a 
deplet ion  technique,   us ing  polystyrene  la tex  as   the  substrate .  

3 )  El l ipsometry ,   to   moni tor   the   adsorp t ion   of   p ro te ins   onpoly-  
s tyrene   coa ted   sur faces .  

It should  be  noted  here  that   measurements  of  the  interfa- 
c i a l  tens ion   cannot   be   in te rpre ted   in  a q u a n t i t a t i v e  way.  The 
r e l a t i o n  between the   in te r fac ia l   t ens ion ,   the   bu lk   concent ra -  

t i o n  and the  adsorbed amount of   protein is  not   c lear   becauseof  
t h e   i r r e v e r s i b l e   n a t u r e ,  of the   adsorp t ion .  The well-knownGibbs 
equat ion   cannot   be   appl ied .   Other   theor ies   g iv ing   re la t ionsbe-  
tween bulk  and  surface  concentrat ions  in  terms of d i sk r ibu t ions  
of t h e  s i z e  of ' l o o p s ' . a n d   ' t r a i n s '   c a n n o t   b e   a p p l i e d   e i t h e r ,  

because  they a l l  concern  the  adsorption  of random polymers  and 
the   p ro t e ins  which w e  use (human serum  albumin (HSA) ,  human 

f ibr inogen  (HFb) ) are   h ighly   s t ruc tured .   S i lberberg13 states 
t h a t  it is. l i ke ly   t ha t   t he   adso rbed  segment layer  predominates 

in   de te rmining   the   va lue   o f   the   in te r fac ia .1   p ressure  ( T ) .  W e  

s h a l l   c o n f i n e   o u r s e l v e s   t o   c o n c l u s i o n s   i n  terms of  segmentden- 
sities i n   t h e   i n t e r f a c e .  High values  of K ( l o w  va lues  of t h e  
in te r fac ia l   t ens ion)   ind ica t ing   h igh   dens i t ies   and  low values  
of T i nd ica t ing  low d e n s i t i e s .  

With the  adsorption  measurements  by..depJ_et%on it is  pos- 

s i b l e   t o  measure  the  absolute .amounts  of protein  adsorbed  under 
ce r t a in   cond i t ions .  The use   o f   e l l ipsometry   a l lows   us   to   fo l low 
the   adsorp t ion  as a funct ion  of  t i m e  which  cannot  be  done  'by I . 

the   deplet ion  technique.because  each measurement takes  toomuch 
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t i m e .  
I n   t h i s   p a p e r  w e  w i l l  s t u d y   t h e   r e v e r s i b i l i t y   o f   t h e  ad- 

sorp t ion  upon concent ra t ion   var ia t ions ,   the   in f luence  of pH- 
changes  on  already  adsokbed  layers , the   in f luence   o f  sa l t  ad- 
d i t i o n  on the   adso rp t ion   and   t he   k ine t i c s  of the   adsorp t ion .  

11.2 EXPERIMENTAL 

1 1 . 2 . 1  Materials 

Human serum  albumin ( H S A ) ,  c r y s t a l l i n e  from Sigma (no. 
A9511) w a s  u sed   w i thou t   fu r the r   pu r i f i ca t ion .  Human f i b r i n o g e n  
( H F b )  from  Kabi,  Stockholm  (grade L, 90% c l o t t a b l e )  w a s  used 
a f t e r   d i a l y s i n g   o v e r n i g h t   a g a i n s t  twice d i s t i l l e d  water a t p H =  

9 ,  T = 278 K) . P o l y s t y r e n e   L a t e x  (PSL) , w a s  prepared by t h e  
method  of Goodwin e t  aZ. 14, par t i c l e   d i ame te r  O ,56,10 m, 5- 

p o t e n t i a l  -72 mV i n   d i s t i l l e d  water (pH = 7 .0 ) .  PoZys ty rene  
( P S ) ,  MW = 670.000, Mw/Mn = 1.15, was  obtained from Pressure 
Chemical Company, Pit tsburgh,  Mellon  Insti tute,   Special   Poly- 
s tyrene   S tandard ,   lo t .  no. 13A. P a r a f f i n  O i Z  ( P . O . )  w a s  ob- 

t a ined  from Merck, DAB 7,  NF XIV. Before  use it was  t w i c e  pu- 
r i f i e d  by percolat ing  over   an A1203 column.  The i n i t i a l   v a l u e  
of t h e   i n t e r f a c i a l   t e n s i o n  between P . O .  and twice d i s t i l l e d  
water w a s  51. O 2 1, O mN.m-’ and th i s   va lue   d id   no t   decrease .  
more than 1. 5 ml4.rn-l a f t e r  one  day o f .  standing.   Buffer   solu-  
t i o n s  w e r e  prepared by adding  an  aqueous  solution of 0 . 0 1  M 
KH2P04 t o   a n  aqueous s o l u t i o n  of O. O 1  M NaOH u n t i l   t h e   d e s i r e d  

pH va lue  w a s  reached; 

-6 

The p ro te in   so lu t ions  w e r e  s to red  a t  a temperature of 
277 K and w e r e  used  within  one  day after preparation.  Allchèm- 
icals used w e r e  ana ly t i ca l   g rade ,  

111,2,2 Methods 

11.2.2..1 Measurements o f  i n t è . r f a c i a Z   t e n s i o n s   a t  O./W i n t e r f a c e s  

The i n t e r f a c i a l   t e n s i o n  w a s  measured by t h e  static Wilhel- 
my-plate  method.  Glass-p,l-ates w e r e  used  instead of t h e  more 
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commonly used  roughened  plat inum  plates   in   order   to   avoid  spe-  

c i f i c   i n t e r a c t i o n s  between  amine  groups  and  the  Wilhelmy-plate 
l5 l'. For  correct  measurements  the  aqueous  phase  has t o  w e t  

the  Wilhelmy-plate (W.P.) completely.  Therefore w e  performed 
contact   angle   measurements   with  oi l   drops on W.P. 's  immersedin 
water and i n   p r o t e i n   s o l u t i o n s .  It appeared  that   even  af termore 
than  24 hours   o f   contac t   be tween  the   o i l   d rop  and t h e  W.P., t he  
contact   angle   measured  through  the  oi l   phase w a s  180°. 

The W.P. w a s  a t tached   to   an   au tomat ica l ly   record ing  Cahn 

e l ec t ro   ba l ance  which  kept  the W.P. a t  a cons tan t   he ight   dur ing  
t h e  measurements. Normal i n t e r f a c i a l  measurements were performed 
as fol lows.   Buffer   solut ion (150 8 .10-6 m3) w a s  brought i n  a 

well cleaned  (chromic  acid)  thermostated  beaker. A l aye r  of par- 
a f f i n  oil was poured  on  top  of t h i s  aqueous  phase. The thick-  
nes s   o f   t h i s   l aye r  w a s  somewhat  more than  the  height  of  theW.P. 
A f t e r  t empera ture   equi l ibra t%on a W.P. wetted  with  the  aqueous 

phase was brought   th rough  the   paraf f in   l ayer   to   the   in te r face ,  
by l i f t i ng   t he   beake r   w i th  a lab-jack. Upon con tac t ing   t he  a- 

queous  phase  the W.P. is p u l l e d   i n t o   t h e  aqueous s o l u t i o n  and 
the   fo rce   w i th  which t h i s  happens is  automatical ly   recorded.  

Then 0 . 2  8 10 m3 o f '  p r o t e i n   s o l u t i o n   w i t h   t h e  same pH and s a l t  
concent ra t ion  as t h e   b u f f e r  is  injected  into  the  aqueous  phase 
which i s  g e n t l y   s t i r r e d   f o r  60  seconds t o   g e t  a homogeneous so- 
lu t ion .  The s t i r r i n g  t i m e  requi red  w a s  found  by ink   addi t ion  
and  measurement of t h e  time necessary   to   ge t   an   equal ,   d i s t r ibu-  

t ion   o f   the   ink   th rough  the   so lu t ion .  The s t i r r i n g   d o e s n o t d i s -  
t u r b   t h e   i n t e r f a c e .  From then .  on t h e   r e g i s t r a t i o n   o f   t h e   i n t e r -  
f a c i a l   t e n s i o n  i s  completely  automatic. The reproducib i l i ty   o f  

t h e  measurements was wi th in  O .5 rnN.m-l. F ina l   va lues   o f   the   in -  
t e r f a c i a l   t e n s i o n  (y,) were always  taken  af ter  16  h r s .  

A l t e ra t ion   o f   t he  pH o r   o f   t he   p r0 t e i . n   concen t r a t ion   t o  
higher   concentrat ions  can  be  achieved  very  easi ly   during  the 
measurements by in jec t ion   of  a c e r t a i n  volume of H C I ,  NaOH o r  
p r o t e i n   s o l u t i o n  and s u b t r a c t i n g   t h e  same  volume  from t h e  a- 
queous  phase a f t e r  60 seconds  of   gent le   s t i r r ing.   For   the  di , -  
l u t i o n  of t h e  aqueous  phase  without   dis turbing  the  interfacea 
s p e c i a l  set up w a s  designed  which i s  shown i n   F i g u r e  1. This 
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.Figure l:. Schematic  representation o f  the  experimental 
set-up used f o r  dilution  experiments  during 
the  interfacial pressure  measurements. 

se t -up   cons is t s  of three  beakers  which are connected  with  each 
o ther .  A t  t h e   s t a r t  of t h e  measurement the  system is f i l l e d  
wi th   t he  aqueous  phase u n t i l   t h e   o v e r f l o w  of beaker I works, 

Then the   va lves  A and B are c losed   and   a f t e r   p ro t e in   add i t ion  
a normal  measurement  can  be  carried  out i n  beaker IT. Whenthe 
p ro te in   so lu t ion   has   t o   be   d i lu t ed   t he  valves A, B are opened 
and,using a ro l le r   pump,buffer   so lu t ion  of the   des i r ed   cons t i -  
t u t i o n  is  added t o  beaker III. The overflow of beaker I keeps 
t h e   o i l  water i n t e r f a c e  a t  a f i x e d   p l a c e   d u r i n g   t h i s   d i l u t i o n  
s t e p .   I n   t h i s  way it i s  p o s s i b l e   t o  measure t h e   i n t e r f a c i a l  
t ens ion   cont inuous ly   dur ing   d i lu t ion .  

11.2.2.2 A d s o r p t i o n  on P o Z y s t y r e n e   Z a t i c e s  by t h e   d e p   Z e t i o n  
techniqzce 

This method c o n s i s t s  of t h e  measurement of p r o t e i n  concen- 
t r a t i o n s   b e f o r e  and a f t e r   t h e   a d d i t i o n . o f  a known amount o f P S L  
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t o  a p ro te in   so lu t ion .   Af t e r   t he   add i t ion   o f  1 . 0 0  * 10-6 m3 PSL 

t o  5.00 3e 10 m protein  solut ion,   both  having  the same pH and 
salt  concent ra t ion ,   the  test tube  containing  the  PSL-proteinso- 
l u t ion   mix tu re  w a s  r o t a t e d  end  over  end  during  one  night. Then 

4 the   mixture  was centr i fuged  during  about  2.  1 0 3  seconds a t  2 .10  g 

i n  a Sorvall  Superspeed RC2-B cen t r i fuge .  The protein  concentra-  
t i o n s  of t he   c l ea r   supe rna tan t  and t h e   i n i t i a l   p r o t e i n   s o l u t i o n  

were determined  using a modif icat ion of t h e  method  of Lowry , 
developed  fur ther  by Roozen’ 8 .  From the  change i n   p r o t e i n  con- 
centrat ion  due  to   adsorpt ion  on  the PSL and the  known sur face  

area of  the  added  latex  the  adsorbed amount p e r   u n i t  of sur face  
area could  be  calculated.  

-6 3 

17 

11.2.2.3 EZZipsometry 

Ellipsometry is  an   op t ica l   t echnique  which  allows  themeas- 
urement  of the   th ickness  and refract ive  index  of   f i lms a t  i n t e r -  
faces.   This  technique is based on the  change in   po la r i za t ion   o f  
a l i g h t  beam upon r e f l e c t i o n .  The t h e o r e t i c a l   b a s e   f o r   t h i s  

technique  has  been  formulated by  Drude” 2o . The exact   equat ions 
which he  obtained f o r  t he   r e l a t ionsh ip  between  wavelength,  opti- 

cal  constants  of the  system,  thickness of the   l ayers  and angle 
of incidence,  were too  complex to   be  used  withoutapproximations 

a t  t h a t  t i m e .  Nowadays it is p o s s i b l e   t o   u s e  them wi th   t he   a id  

of  computer ca l cu la t ions .  

e x t e n s i v e l y   i n   t h e   t h e s i s  of Cuypers21.  This  ellipsometer  ,has 
the   advantage   tha t  it measures   automatical ly   the  values   of$ and 
A which c h a r a c t e r i z e   t h e  change i n   p o l a r i z a t i o n   d u e   t o   r e f l e c -  
t i on .  Normally  each  measuring  point  takes 5 t o  10 minutes  while 
this   automatic   set-up  measures   once  in   every 3-5 seconds.  This 

The experimental  set up which w e  used*)  has  been  described 

*l 
All ellipsometer  measurements  have  been  performed  at  the 
Medical  University  Limburg,  Maastricht,  The  Netherlands.  We 
are  very  grateful  to dr. P.A. Cuypers who placed  the  instru- 
ment at  our  disposal  and  to  Miss R. Janssen who performed  the 
measurements. 
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apparatus  allows  the  continuous  monitoring  of  adsorption  proces- 

ses a t  in t e r f aces .  
W e  measured the   adsorp t ion  of HSA and HFb from  aqueous so- 

l u t i o n s  on polystyrene.  coated chromium sur faces .  The polysty- 

rene   coa t ing  w a s  obtained by spraying 1 . 0  * 1 0  -' m3 of polysty- 
r e n e   s o l u t i o n   i n   t o l u e n e   w i t h  a syr inge  on a fast ro t a t ingchro -  
mium sur face .  The speed  of   rotat ion w a s  60 r.s-" ( ro t a t ions   pe r  

second) .  The opt imal   concentrat ion  of   the  polystyrene  solut ion 
w a s  found  experimentally  by  using a range of concentrat ions.  The 
coa ted   sur faces   ob ta ined  w e r e  t e s t e d  by contac t   angle  measure- 
ments  with a drop of p a r a f f i n   o i l  on the   su r f aces  immersed i n  
distilled water. Fig.  2 shows the   ob ta ined   contac t   angles  meas- 
ured   th rough  the   o i l   phase  as a funct ion  of   the  polystyrenecon-  
centrat ion  used.  The lowes t   concen t r a t ion   t ha t   y i e ldedacon tac t  
angle   equal  t o  t h a t  of polystyrene  (30°) ,  was  used i n   t h e   e x p e r -  

iments.  Using th i s   concen t r a t ion   o f  8 kg.m-3 p o l y s t y r e n e   i n   t o l -  

uene  gave  polystyrene  coatings  with a r e f r ac t ive   i ndex  of1.66 k 

0 .03  and a thickness  of 18 t 2 m. 

e 
DEGREES 

.. . 

F i g u r e  2: C o n t a c t   a n g l e s  of; a d r o p  o f  p a r a f f i n   o i l  on  po-  
l y s t y r e n e   c o a t e d   c h r o m i u m   s u r f a c e s   i m m e r s e d   i n  
water as a f u n c t i o n  o f  t h e   p o l y s t y r e n e   c o n c e n -  
t r a t i o n u s e d i n t h e c o a t i n g   p r o c e d u r e  (T = 2 9 8  K ) .  
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The wavelength  of  the laser l igh t   u sed   fo r   t he   e l l i p somet ry  

was  632 ,8 nm and the   angle  of incidence was 68.00°.  .The o p t i c a l  
constants   of   the   bare  chromium s l i d e   i n   b u f f e r  were determined 
from t h e  I) and A values  of t h a t   s l i d e   w i t h   t h e   u s e  of t h e  com- 
pu te r  program  'Vircjin' 21. Then t h e  $ and A values  of the  poly- 
s ty rene   coa ted   s l i de  w e r e  measured  and  (using  the exact Drude 

.equat ions)   the  thickness  and r e f r ac t ive   i ndex  of the   po lys tyrene  
l aye r  were ca l cu la t ed   w i th   t he   u se  of t h e  programs ' E l l i s '  and 
' E l l i p '  21. Then p ro te in  was added t o   t h e   b u f f e r   s o l u t i o n  which 

could   be   s t i r red  by a magnetic stirrer. Using t h e   o p t i c a l  con- 

s t a n t s   o f   t h e  chromium s l i d e ,   t h e   t h i c k n e s s  and r e f r a c t i v e i n d e x  

of the  polystyrene  coat ing and the  changing  values  of $ and A 

(due t o   p r o t e i n   a d s o r p t i o n )  it is  p o s s i b l e   t o   f i n d   t h e   t h i c k n e s s  

and re f rac t ive   index   of   the   p ro te in   l ayer  a t  subsequent  stages 
o'f the  adsorption.  Because of t h e  small d i f f e rences  between t h e  
re f rac t ive   ind ices   o f   the   buf fer   so lu t ion   (nD = 1.3348) ,   the  
p ro te in   l aye r   (n  = 1.34-1.52)  and the   po lys tyrene   coa t ing   (n  = 

1 . 6 6 )  it i s  n o t   p o s s i b l e   t o   g e t   v e r y   a c c u r a t e   v a l u e s   f o r   t h e  
th ickness   and   re f rac t ive   index   of   the   p ro te in   l ayers .  Changes of 
O , 0 l o  i n  $ and A cause   cons ide rab le   d i f f e rences   i n   t he   ca l cu la t -  
ed   op t i ca l   cons t an t s   o f   t he   p ro t e in   l aye r .  The amountofpro te in  
adsorbed  per   uni t   of   surface,  r Ckg.m-21,  showed  much less uncer- 
ta in ty .   This  was a l s o  found  by  de  Feyter et aZ. 22 when they e- 
v a l u a t e d   t h e i r   e l l i p s o m e t r i c   p r o t e i n   a d s o r p t i o n   s t u d y   a t t h s  a i r /  
water i n t e r f a c e .  

D D 

1 1 . 2 . 2 . 4  CaZcuZation of r '  f rom  the   eZZ ipsome t r i c   measuremen t s  

The value  of r can  be  calculated  f rom  the  averagethickness  
(h)  and the   re f rac t ive   index   (n)   o f   the   adsorbed   pro te in   l ayer  

when the   r e f r ac t ive   i ndex  i s  a l i nea r   func t ion  of t h e   p r o t e i n  
concentrat ion22.   Figure 3 shows t h e   r e f r a c t i v e   i n d e x  of HSA so- 

l u t i o n s   i n  0.15 N N a C l  as a func t ion   of   the  HSA weight   f rac t ion  
WHsA. In Figure 4 t h e   d e n s i t y  of HSA so lu t ions  (pHsA) i n  0.15 
N N a C l  i s  shown as a funct ion  of  W Both f i g u r e s  show l i n e a r  
r e l a t i o n s ,   i n d i c a t i n g  no i r r e g u l a r i t i e s   o f   t h e   p r o t e i n   s o l u t i o n  
up t o  a pro te in   weight   f rac t ion  of 0.36.  Therefore r can   beca l -  

HSA' 
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WHsn IN BUFFER 

Figure  3 :  The r e f r a c t i v e   i n d e x  of  aqueous  solutions 
of human serum  albumin  as a f u n c t i o n o f t h e  
w e i g h t   f r a c t i o n  of albumin (T = 2 9 8  K ) .  
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WHSA IN BUFFER 

Figure  4 :  The d e n s i t y  o f  aqúeous  solut ions o f  human 
serum  albumin  as a func t ion  of the   weight  
f r a c t i o n  o f  albumin (T = 2 9 8  K ) .  
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cu la t ed  from these   da t a  as fol lows.  
From the  refract ive  index  of   the  adsorbed HSA l aye r s ,  

for   this   layer   can  be  obtained  using  Figure  3 .   Subsequent ly   the 
matching  densi ty   of   the   layer   can  be  obtained  using  Figure 4 .  

These   va lues   toge ther   wi th   the   ob ta ined   average   th ickness   o f the  
layer   a l lows   the   ca lcu la t ion   of  r 

'HSA 

I n   o r d e r   t o   g e t   p r o p e r   v a l u e s   f o r   t h e   r e f r a c t i v e   i n d e x  and t h e  

thickness  of t he   l aye r  it is  necessa ry   t o  do t h e  computer  simu- 
l a t ions   u s ing   t he   op t i ca l   cons t an t s   o f   t he   fou r   l aye r s  of t h e  
system,  viz .   the   protein  solut ion,   the   adsorbed  protein  layer ,  
the   po lys tyrene   l ayer  and the   ba re  chromium sur face .  W e  a l s o  
t r i e d   t o  treat  the  system as a 3-layer  system,  the  proteinsolu- 

t ion,   the   adsorbed  protein  layer   and  the  polystyrene-coated 
chromium sur face .  The op t i ca l   cons t an t s   fo r   t he   po lys ty rene  
coated chromium su r face  were obtained from t h e  I) and A va lueso f  
th i s   su r f ace   u s ing   t he  Drude equat ion  for   bare   surfaces   (program 

' V i r g i n ' ) .   U s i n g   t h e s e   ' e f f e c t i v e '   o p t i c a l   c o n s t a n t s   i n  a 3- 
layer   s imula t ion  w e  could  only  f ind I) and A values  which  matched 
the   exper imenta l   po in ts  when w e  assumed tha t   the   adsorbed   pro-  
t e i n   l a y e r s  were very  loose  and  very  extended.  These  values  in- 
d ica ted   tha t   the   3 - layer   p rocedure  was n o t   r i g h t .  When, however, 
t h e s e   u n r e a l i s t i c   r e s u l t s  were used i n   e q u a t i o n  ( l ) ,  i t a p p e a r e a  
tha t   t he   ca l cu la t ed   va lue   o f  r was wi th in  5% of the   r -va lues  ob- 
ta ined  with  the  proper   4- layer   s imulat ion.  The 3-layer  system 

w a s  much easier t o   s i m u l a t e  and the  experimental   procedure  for  
the  3-layer case was much easier (no  measurement  of  the'  thick- 

ness of the   po lys tyrene   coa t ing) .   Therefore ,  when w e  w e r e  only 
in te res ted   in   the   va lue   o f   r ,our   exper iments   have   been   t rea ted  
as a 3-layer  system. 

In   the   ca lcu la t ion   of   r -va lues   f rom  exper imenta l   resu l t s ,  
(n   and  h)   for  HFb w e  used  the  values  of dn/dw and dp/dw which 

w e  measured f o r  HSA (Figures 2 and 3 ) .  It w a s  n o t   p o s s i b l e   t o  
get p rope r   va lues   o f   t hese   r a t io s   fo r  HFb because   t h i s   p ro t e in  
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i s  much less so luble   than  HSA. The values  obtained  from  the re- 
f rac t ive   index   and   the   th ickness  of the  layer   do  not   depend  on.  
t h o s e   r a t i o s  and  have real meanings.  The  r-values  obtained for 
HFb thus  have a more approximate  character.  

I1 o 3 RESULTS 

11.3.1  Isotherms a t  d i f f e r e n t  pH and sal t  concentrat ions 

11.3.1.1 I n t e r f a c i a 2   p r e s s u r e  of HSA l a y e r s   a d s o r b a d   a t   t h e  
O / W  i n t e r f a c e  

Fina l   va lues  of t h e   i n t e r f a c i a l   p r e s s u r e  ( K -  = y, - urn) 
between  aqueous HSA s o l u t i o n s   a n d   p a r a f f i n   o i l  a t  298 K w e r e  
measured as a func t ion   of   the   p ro te in   concent ra t ion  a t  f o u r d i f -  
f e r e n t  pH-values.  These  values, a l l  obtained after 1 6  hrs, a r e  
shown i n   F i g u r e  5.  The pro te in   so lu t ions   in   these   exper iments  

all conta ined   fys io logica l   concent ra t ions   o f  N a C l  (O. 15 km01.g3). 

F i g u r e  5 :  F i n a l  values o f  t h e  i n t e r f a c i a l  p r e s s u r e  
(yo-ym) o f   a l b u m i n   l a y e r s   a d s o r b e d  a t  t h e  
P O / W  interface as a f u n c t i o n  o f  t h e  p r o t e i n  
c o n c e n t r a t i o n  a t  d i f f e r e n t   p H - v a l u e s ,  o, p H =  
7 . 4 ;  o ,  p H = 4 . 9 ;  A, p H = 3 . 7 ;  A ,  p H = 2 . 5 .  
( [ N a C l ]  = O .  1 5  kmo1.m-3, T = 298 . K ) .  
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The inf luence  of  pH and s a l t  concent ra t ion  i s  shown very 

c l e a r l y   i n   F i g u r e  6 where t h e  .rrm-values  of so lu t ians   wi th   equal  
pro te in   concent ra t ions  (1 .0  * 10-2 kg.mY3) are p l o t t e d   a g a i n s t  
pH f o r  two d i f f e r e n t  s a l t  concent ra t ions .  It is  clear t h a t   t h e  
presence  of   the s a l t  ( N a C l )  d iminishes   the  inf luence of t h e  pH 
on the   su r f ace   p re s su re .  

n 

PH 

F i g u r e  6 :  pH d e p e n d e n c e  o f   IT^ d u e   t o  HSA l a y e r s   a d s o r b e d  
from HSA s o l u t i o n s  (0 .01  kg.m-3) a t  t h e  PO/W 
i n t e r f . a c e ,  o ,  i n  t h e  a b s e n c e  o f  N a C l ;  x, w i t h  
0.15  kmo1.m-3 N a C l .  (T = 2 9 8  K ) .  

11.3.1.2 A d s o r p t i o n   i s o t h e r m s   a t   p o l y s t y r e n e   l a t e x  

The adsorpt ion  isotherms of HSA on PSL a t   d i f f e r e n t  pH- 
va lues   in   the   absence  of sa l t  are shown i n   F i g u r e  7 .  A l l  i so-  
therms  have  been  measured a t  298 K.  It appears that  a t  pH-val- 

ues   above  the  i .e .p .  (pH = 4 . 9 )  t h e  maximum adsorp t ion  is 
reached a t  higher   bulk  concentrat ions  than a t  pH-values a t  o r  
below t h e   i . e . p .  

Figure 8 shows i so the rms   fo r  HFb a t  pH = 3.5  and  8'.9with- 
o u t  s a l t  ( i . e .p .  HFb = 5 . 5 ) .  These  isotherms show t h a t   a t  least 
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0.2 0.4 

KG. M-3 

F i g u r e   7 :   A d s o r p t i o n   i s o t h e r m s  o f  HSA o n t o  PSL a t  d i g -  
f e r e n t  pH va lues :   a ,  pH = 2 .6 ;  b ,  pH = 3 . 5 ;  
c, pH = 4 . 9 ;   d ,  pH = 7 . 4 ;  e ,  pH = 7 . 8 ;  f ,  p H =  
11.0; (CNaCll = O kmo1.m-3, T = 298  K ) .  

r 
KC, M-' 

a 

F i g u r e  8: A d s o r p t i o n   i s o t h e r m s  o f  BFb onto PSL. a, pH = 
3.5;  b ,  pH = 8 .9 ;  ([NaCl] = O kmol,m-3, T = 
2 9 8  K ) .  
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up to   su r f ace   concen t r a t ions  of 4 * 10-6 kg.rn-2 t h e   s o l u t i o n  i s  
completely  depleted by the  adsorpt ion.   Isotherms of HFb can  only 
be   ob ta ined   in  a l imi t ed  pH-range because   the   p ro te in  is not  
s t a b l e   i n   s o i u t i o n   i n  a pH-range around i ts  i . e .p .  (pH = 5.5) 

and a t  l o w  pH values  ( c  pH = 2 ) ,  t h e s e   i n s t a b i l i t y   r e g i o n s   a l s o  
depend  on t h e  s a l t  concentrat ion . 2 3  

The dependence  of  the  adsorbed amount (r) on t h e  pH has 

been  studied a t   p r o t e i n   c o n c e n t r a t i o n s  where maximum adsorpt ion 
occurs   (p la teau   reg ion) .   F igure  9 shows t h e  F-pH cu rves   fo r  HSA 

and HFb with  and  without s a l t .  

a 

4- 

2- 

~. 

o , ( ( , , ,  I , , ,  
0 2 4 6 8 h '  

PH 

l \ 
I b  \ 

I 
l 
I 

o !  , , , , , , , , , 
0 2 4 6 8 6 '  

PH 

Figure 9: pH  dependence of the  maximum  adsorbed  amount 
o f  protein. a, 'HSA; b, HFb; o [NaCl] = 
O. kmol.m-3; x .[NaCl1 = 0 . 1 5  kmo1.m-3. (T = 
298 K). 

Again it i s  shown t h a t  maximum adsorpt ion  occurs  a t  t h e   i . e . p .  
( f o r  HFb dras t ic   in te rpoxat ion)   and   tha t   the   p resence  of s a l t  
t ends   to   nu l l i fy   the   pH-ef fec t .  
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11.3.2 T i m e  dependence of the   adsorpt ion 

11.3.2.1 From in t e r facZaZ   p res sure   measuremen t s  

The time dependence  of t he   i n t e r f ac i a l   p re s su re   has   been  

measured f o r  a l l  i n t e r f a c i a l   p r e s s u r e  measurements  performed. 
This is i n h e r e n t   i n   t h i s   t y p e   o f  measurements f o r  which the   i n -  

t e r f a c i a l   p r e s s u r e  i s  measured  continuously.  Figure 10 showsthe 
n - t  cu rves   fo r  HSA so lu t ions   wi th   d i f fe ren t   concent ra t ions  a t  

pH = 7,4, T = 298 K and [ N a C l l  = 0 .15  h ~ l . m - ~ -  This   f igure  
shows t h a t   t h e   i n t e r f a c i a l   t e n s i o n ,   d u e   t o   t h e   i n i t i a l   a d s o r p -  
tion,  changes faster wi th   increas ing   pro te in   concent ra t ions .  

T 

I I I 

50 100 150 

TIME/~OO s 

F i g u r e  10: T i m e  d e p e n d e n c e  o f  t h e   i n t e r f a c i a l   p r e s s u r e  
a t  t h e  PO/W i n t e r f a c e   d u e   t o  HSA a d s o r p t i o n  
f r o m   s o l u t i o n s   w i t h   d i f f e r e n t   p r o t e i n  COB- 

c e n t r a t i o n .  I, CHSAl = 0 . 6 4  kg.m-3; IT, 
[HSAl = 0.020 kg.m-3; 111, [HSAI  = 0.005 kg,m-3 
TV, CHSAl = 0 . 0 0 2 5  kg.m.-3; V ,  CHSAT = 0 . 0 0 1  
kg.m-3  (pH = 7 . 4 ,  C N a C l l  = 0.15  kmol.m-3, T = 
2 9 8  K ) .  

The inf luence  of pH on t h e  n - t  curves is  shown i n  Figure 
11 €or HSA so lu t ions   wi th  a pro te in   concent ra t ion  of I. O*' 10-2kg.m-3. ~ 



49 

TIMEAOO s T I M E / ~ O O  s 

F i g u r e   1 1 :  T i m e  d e p e n d e n c e   o f   t h e   i n t e r f a c i a l   p r e s s u r e  
a t  t h e  PO/W i n t e r f a c e   d u e  t o  HSA a d s o r p t i o n  
f r o m   s , o l u t i o n s   w i t h   d i f f e r e n t  pH; a ,  i n   t h e  
a b s e n c e  o f  s a l t ;  b ,  i n  t h e   p r e s e n c e   o f   0 . 1 5  
kmo1.m-3 N a C l ;  I, pH = 4 . 9 ;  11, pH = 7 . 4 ;  
111, pH = 3 . 7 ;  IVY pH = 2 .5 .  ([HSA] = 0 .010 
kg.m-3, T = 2 9 8  K ) .  

F i g u r e   l l a  shows t h a t   t h e  r - t  curves are s t rong ly  pH dependent 
in   the   absence  of sa l t ;  F i g u r e   l l b  shows t h a t   i n   t h e   p r e s e n c e o f  
salt  ( O .  15 k m ~ l - . m - ~  NaCl) t he   i n f luence  of p H  is less pronounc- 
ed. 

o 

11.3.2.2 Pro.m. e z l i p s o m e t r y  

Some r - t  curves of HSA onto PS (pH'= 7 . 4 ,  CNaC11 = 0.15 
k m ~ l . m - ~ ,  298 K )  are shown i n   F i g u r e  1 2 .  The low ad,sorption of 
HSA a t  l o w  so lu t ion   concent ra t ions   and   the   imposs ib i l i ty   o f  
measuring  r-changes of less than 0 .08  * 10T6 kg.m-2 (correspond- 
ing   wi th  a change of O .  0 l o  i n   t h e   a n a l y s e r   p o s i t i o n )   d i d   n o t  al- 
l o w  a q u a n t i t a t i v e   a n a l y s i s   o f   t h e   r e s u l t s   i n  terms of a d i f f u -  
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Sion   cont ro l led   adsorp t ion  mechanism.  The lowes t   cu rve inF igure  

12a w i l l  be  descEibed i n   t h e   p a r t   d e a l i n g   w i t h   r e v e r s i b i l i t y  u- 
pon concent ra t fng   the   p ro te in   so lu t ion .  

m 

[ H S A ~  0.0125 - 0.25 KG.M-~ 

I 1 I 1 I I I 1 

O 10 20 30 40 
TIME/100 S 

F i g u r e   1 2 :   T i m e   d e p e n d e n c e   o f  t h e  HSA a d s o r p t i o n  a t  t h e  
PS/W in te r face  f r o m   s o l u t i o n s  w i t h  d i f f e r e n t  
HSA c o n c e n t r a t i o n s .  I, CHSAl = 1 kg.m-3; 11, 
CHSA] = 0 . 5  kg.m-3; 111, [HSA] = 0.25  kg.m-3;  
IV, f i r s t  a d s o r p t i o n  s t e p  CHSAl = 0 .0125  
k g . n ~ - ~ ,   t h e n  [ESA] i s  i n c r e a s e d  t o  0 . 2 5   I ~ g . m - ~ ,  
(pH = 7.4, [ N a C l ]  = O .  15 kmo1.m-3, l’ = 2 9 8  K ) .  

Cont rary   to  HSA, HFb a l ready  shows h igh   adsorp t ions   a t low 
so lu t ion   doncent ra t ions   (F igure  8) , t h i s   m a k e s . i t   p o s s i b l e   t o  
g e t  more quant i ta t ive  information  about   the rol& of  duffusion 
in   t he   adso rp t ion   p rocess .  When the   adsorp t ion  is  i r r e v e r s i b l e  
(or  when desorpt ion may be  neglected)  and  adsorption i s  d i f fu -  
s ion-cont ro l led   then   the  rate of adsorpt ion  onto a f l a t  su r face  
can  be  described by the  following  equation2’ : 
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where c i s  the   cons t an t   p ro t e in   concen t r a t ion   (kc~ .m-~) ,  D is the  

d i f f u s i o n ' c o e f f , i c i e n t  of t h e   p r o t e i n  (m2.SW1), t i s  t h e  t i m e  du- 
r i n g  which the   adso rp t ion   t akes   p l ace  ( S ) .  Figure 1'3 shows t h e  
p l o t  of r vs (t-t0)' fo r   t he   adso rp t ion  from a 0 , 0 3 2  k g . ~ n - ~  HFb 

s o l u t i o n  (pH = 7 . 4 ,  CNaCll = 0 . 1 5  k m o ~ r n - ~ ,  298  K )  where to i s  

t h e   i n i t i a l  time i n t e r v a l  ( 6 0  seconds)   af ter   addi t ion  of   thepro-  
t e in ,   du r ing  which t h e   s o l u t i o n  i s  s t i r r e d   i n   o r d e r   t o   g e t  a ho- 
mogeneous p ro te in   so lu t ion .  

O 
I I I I I I 1 I I 

x> 20 30 40 

Figure 13: HFb  adsorption  from  ellipsometry  at  the PS/W 
interface  as a function of the  square  root of 
the  time of adsorption  after  homogenization 
of 'the  solution.(CHFbl = 0.032 kg.~n-~, pH = 
7 . 4 ,  CNaClI = ' 0 . 1 5  kmo1.m-3, T = 298 K ) .  o a n d  
o are  two. sep.arate experiments  under  identi- 
cal  circumstances. 

11.3.3  Reversibi l i ty  upon d i l u t i o n  

11.3.3 .l I n t e r f a c i a 2   p r e s s u r e   m e a s u r e m e n t s  

The r e v e r s i b i l i t y  of t h e   i n t e r f a c i a l   p r e s s u r e  upon d i lu -  
t i o n  w a s  s tud ied   us ing   the   exper imenta l  set up shown i n   F i g u r e  
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1. Dilu t ion  of t h e  aqueous  phase ( O .  100 k g . ~ n - ~  HSA, [NaCl]  = O -15 

kmol,m-', pH = 298 K )  after 16  hrs   o f   adsorp t ion ,   to  a HSA con- 
c e n t r a t i o n  of 0 . 0 0 1  kg.m-3 d id   no t  show any   s ign i f icant   decrease  
i n  T .  This  measurement w a s  performed  by  continuously  measuringw 
and add i t iona l ly  by in t roducing  a new c l ean  W.P. after t h e   d i l u -  
t i o n   s t e p .  The new W.P. was  appIi*ed  because i n  accordance  with 

Blank e t   a l . 2 5  w e  found t h a t  it i s  o f t e n   n o t   p o s s i b l e   t o  measure 
a decreasing T wi th   the  Wilhelmy plate  method25.  Both  methods 

d i d   n o t  show any d e c r e a s e   i n  T upon d i l u t i o n .  

11.3.3.2 A d s o r p t i o n  of PSL 

No detectable   desorpt ion  took  place when a l a t e x   f u l l y  cov- 
ered  with HSA, a f t e r   c e n t r i f u g a t i o n ,  w a s  resusperided i n  a pro- 
t e in - f r ee   so lu t ion ,  and l e f t   a s   s u c h  for 16 h r s .  

11.3.3.3 E l l i p s o m e t r y  

When a f t e r   adso rp t ion   t he   con ten t s  of the  measuring cell  
w a s  displaced  by a pro te in- f ree   so lu t ion ,  no d e c r e a s e   i n   t h e  a- 

mount of pro te in  (HSA o r  HFb) adsorbed a t  t h e  PS-coated  chro- 
m i u m  subs t r a t e s  w a s  found. 

11.3.4  Reversibi l i ty  upon concen t r a t ing   t he   p ro t e in   so lu t ion  

11.3 - 4 .  I I n t e r f a c i a l   p r e s s u r e   m e a s u r e m e n t s  

The r e v e r s i b i l i t y  upon concentrat ing was s t u d i e d   i n   t h e  
following way.  The i n t e r f a c i a l   p r e s s u r e  between an  aqueous so- 
l u t ion   con ta in ing  0 . 0 0 1  kg.m-3 HSA w a s  allowed t o   r e a c h  its 
f i n a l   v a l u e   i n  16  h r s  of adsorpt ion t i m e .  Then the   p ro t e incon-  
c e n t r a t i o n  w a s  i n c r e a s e d   t o  O . 160 kg.m-3 i n   t h e  way descr ibed 
above. The i n t e r f a c i a l   p r e s s u r e  w a s  measured  continuously du- 
r ing   t h i s   p rocess .   F igu re  1 4  shows t h e   p a r t  of t h e  T - t  curve 
where the   p ro t e in   concen t r a t ion  is  increased   and   the   resu l t ing  
increase  of T .  The f i n a l   v a i u e   o f  T~ 16 h r s  after the  changeof  
t h e  HSA concentrat ion,  w a s  28.2 mN.m-' w h i c h  is very neak t o  
t h e  normal, T- f o r  a -  O -160 kg.m-3 HSA so lu t ion ,   be ing  28.6 mN.rn-'. 



53 

n - 
MN M-I 

F i g u r e  1 4 :  

TIME/~OO s 

C h a n g e   i n   t h e   i n t e r f a c i a l   p r e s s u r e   d u e   t o  ,an" 
i n c r e a s e   o f   t h e   H S A * c o n c e n t r a t i o n   f r o m  0 . 0 0 1  
kg.m-3 t o  0 . 1 6 0  kg.m-3. ( p H  = 7 . 4 ,  CNaCll = 
0 .15  kmol.m-3, T = 2 9 8  K ) .  

The v a l u e   f o r   t h e  O .O01 k g . ~ m - ~  HSA so lu t ion  was 2 2 . 1  mN.m-l .  
These  measurements were performed a t  pH = 7 . 4 ,  CNaC11 = 0 . 1 5  

kmol.mm3, 298 K. 

11.3.4.2 Adsorption  on P S L  

Thereversibilityofadsorptionof HSAupon concentrat ing w a s  
measured with  the  deplet ion  technique by performing  three sets 
of experiments. The f i r s t  experiment started with  such a HSA' 
concen t r a t ion   t ha t  no plateau  adsorpt ion  could be reached. A 

second  experiment  started  from  this same low concentrat ion,  and 
a f t e r  1 6  h r s  of a d s o r p t i o n   a n   a d d i t i w a l  amount of   p ro te in  w a s  
added. The concen t r a t ion   i n   so lu t ion  w a s  measured' 16  hrs la ter .  

The th i rd   exper iment   s ta r ted   wi th   such  a concentrat ion of HSA, 
t h a t   t h e  same amount of HSA w a s  ' p r e sen t   i n   t he   adso rp t ion  mix- 
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t u r e  as in   the   second  exper iment   a f te r   addi t ion   o f   the   ex t ra  
p ro te in .  The d i f f e ren t   adso rp t ion   va lues  w e r e  measured i n   t h e  
usua l  way a f t e r  16  h r s   o f . adso rp t ion  t i m e .  The a d s o r p t i o n   i n  

t h e  f irst  experiment w a s  less than   t he   p l a t eau   adso rp t ionva lue  
f o r  HSA although s t i l l  some HSA w a s  p r e s e n t   i n   s o l u t i o n .  The 
adsorp t ion   va lues   in   the   second and t h i r d  case w e r e  i d e n t i c a l ,  

i nd ica t ing   t ha t   t he   p readso rp t ion   o f  a small amount  ofHSA ( 3 0 %  

of   the   p la teau   va lue)   does   no t - inf luence   the  maximum amount of 
HSA that   can  be  adsorbed  on  the  surface.  

11.3.4.3 E l l i p s o m e t r y  

The reversibi1i t .y   of   adsorpt ion upon concent ra t ingwas   a l so  
s tudied  by e l l i p somet ry .   F i r s t   t he   adso rp t ion   o f  HSA on to   t he  
POS.-coated chromium surfaces  from a 0 .0125  kg ,m3 HSA so lu t ion  
w a s  fo l lowed ,   t hen   t he   p ro t e in   concen t r a t ion   i n   so lu t ion   was in -  
creased t o  O .25 k~3.m-~  and  the  successive  adsorption w a s  fol-  

lowed. The r e su l t   o f   t h i s   expe r imen t  i s  shown i n   t h e   l o w e r c u r v e  
of Figure 1 2 .  It i s  clear t h a t  after inc reas ing   t he   p ro t e incon-  

cent ra t ion   addi t iona l   adsorp t ion   occurs ,  up t o   t h e  same f i n a l  
amount as i n   t h e   e x p e r i m e n t   w i t h   a n   i n i t i a l   c o n c e n t r a t i o n  of 
O . 25 kg.m-3. 

11.3.5  Reversibi l i ty  upon  pH-changes 

11.3.5.1 I n t e r f a e s a l   p r e s s u r e   m e a s u r e m e n t s  

The r e v e r s i b i l i t y  upon  pH-changes w a s  s t u d i e d i n t h e   a b s e n c e  

of s a l t  because  the  inf luence  of  pH i s  much more pronouncedthen. 
The i n t e r f a c i a l   p r e s s u r e  between P.O.  and a p ro te in   so lu t ion  
( O .  O 1  kc~.m-~) w a s  a l lowed  to   reach  i t s  f i n a l   v a l u e   ( a f t e r  16 

h r s ) .  Then t h e  pH of  the  aqueous  phase w a s  changed by add i t ion  
of NaOH or HC1. A step-wise pH change w a s  performed  with t i m e  
intervals   of   one  hour .  

It a p p e a r e d   t h a t   s t a r t i n g  a t  a pH of 4 .9  ( t h e   i . e . p .  of 
HSA) t h e   f i n a l   v a l u e  of t h e   i n t e r f a c i a l   p r e s s u r e   c o u l d   n o t   b e  
changed by NaOH o r  HC1 addi t ion.   This  w a s  measured as wel lcon-  
t inuous ly  as with a new Wilkelmy p l a t e   i n t r o d u c e d   a f t e r   t h e  pH 
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change. 

When t h e   f i r s t   a d s o r p t i o n   t o o k   p l a c e  from so lu t ions   wi th  a 
pH f a r  away from the   i . e .p .   o f   the  H S A , i t  appeared  thatchanging 
t h e  pH i n   t h e   d i r e c t i o n  of t he   i . e .p .   caused   an   i nc rease   i n   t he  
in te r fac ia l   p ressure .   F igure   15  shows the  inf luence  of  pH- 
changes  on t h e   i n t e r f a c i a l   p r e s s u r e   o f  a HSA s o l u t i o n   s t a r t i n g  
from a pH value  above  the  i .e .p .   (Figure  15a)  and  below t h e  

i .e.p.   (Figure  15b).  

o 

.65-4, G3 
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F i g u r e  15: E f f e c t   o f - p H - c h a n g e s   i n   t h e   d i r e c t i o n   o f   t h e  
i . e . p .   o n   t h e   i n t e r f a c i a l   p r e s s u r e  o f  H S A s o -  
l u t i o n s   s t a r t i n g  a t  a ) ,  a pH o f  8 . 7 5 ;  b ) , ' a  
pH o f  2 . 5 .  [ H S A I ' =  0 . 0 1 0  kg.m-3; [NaCl]  = O ,  
T = 2 9 8  K. 

11.3.5.2 Ellipsometry 

The ellipsometric  measurements showed t h e  same behaviour 
upon  pH-changes as the  interfacial   pressure  measurements .  Af- 
ter adsorption  of HSA ( O .  5 kg.mT3, no s a l t )  a t  p H  = 4 .9  chang- 
es of   the  pH t o  lower  or  higher  values  hardly  caused  any de-' 
sorpt ion  (Figure  16 a, c) . After  adsorption  of HSA ( O  .5 kg.mW3, 
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8 
PH 4.9 - 2.6 

1 1 1 1 1 1 1 1 1 1 1 1 1  

2 6 10  14  18 22 26 

TIME/~OO s 

I 
$ l 6  10 l4 18 22 26 

 TIME/^^^ s 

F i g u r e   1 6 :  E f f e c t  o f   p H - c h a n g e s   o f  HSA s o l u t i o n s  o n  t h e  
. a d s o r b e d   . a m o u n t  a t  PS/W in te r faces  f r o m   e l l i p -  
s a m e t r y ,  a)  pH 4 . 9  -f 2 . 6 ;   b )  pH 2.6 +- 4 .9 ;  
c)  pH 4 . 9  +- 9 .6 ;  d) pH 9.6 +- 4.9 .  ( [KSA] = 
0 . 5  kg.rn-3, [ N a C l l  = O ,  T = 298  K ) .  

no  salt)  at  pH-values  below or above  the  i.e.p.,changes  of  the 
pH  in  the  direction  of  the  i.e.p.  showed  additional  adsorption 
occurring  up to amounts  which  were  observed  for  experiments 
starting  at  the  i.e.p.  (Figure 16 b, d). 

11.4  DISCUSSION 

11.4.1 Adsorption  isotherms at different  pH  and  salt  concen- 
trations 

The  results of the  interfacial  pressure  measurements,  Fig- 
ures 5 and. 6 ,  give  only  qualitatLve  information.  From  Figure 5 
it  can  be  seen  that  the  interfacial  pressure  increases  with  in- 
creasing  protein  concentration.  This  figure  also  shows  that 
d lnCHSAl.decreases  with.increasing protein  concentration. In dra 



57 

case of reversible,positiveadsorption 
would i n c r e a s e   w i t h   i n c r e a s i n g   r o t e i n  
t o  Gibb' s law  which  says  that - - 5 Trw 

d I n  c 
- 

theva lue   o f  d lnCHSA, 

concentrat ion,according 
- (c = concentration  of RT 
r 

t h e   s u r f a c t a n t  and I' i s  the  excess   concentrat ion  of   the  surfac-  
t a n t  a t  t h e   i n t e r f a c e ) .  The shape  of  the  observed .rrm-ln[HSA] 
curves i s  a f i r s t   i n d i c a t i o n   t h a t   p r o t e i n   a d s o r p t i o n  i s  not   an 

i d e a l   r e v e r s i b l e   p r o c e s s .  
The inf luence  of  pH and s a l t  concentration  on  the  adsorp- 

t i o n  i s  shown v e r y   c l e a r l y   i n  a l l  three   types  of measurements 
which w e  performed,  interfacial   pressure  measurements  (Figures 
6 ;  15 ) ,   adso rp t ion  measurements  on PSL (Figures  7 ,  8 ,  9 )  and 
e l l i p somet r i c  measurements  (Figure 1 6 ) .  The genera l   t rend  i s  

t h a t  a t  the   i . e .p .   o f   t he   p ro t e in ,  maximum adso rp t ion   o r  maximal 

v a l u e s   f o r   t h e   i n t e r f a c i a l   p r e s s u r e  are observed. It i s  a l s o  
shQwn t h a t   t h e   p r e s e n c e  of O .  15 k m o ~ r n - ~  NaCl t ends   t o   d imin i sh  

the   i n f luence  of the  pH on  the  adsorbed amount. This   inf luence 
o f   t he   i on ic   s t r eng th  i s  a gene ra l   f ea tu re   fo r   t he   adso rp t ion 'o f  

po lye lec t ro ly t e s .  A t  h igher   ion ic   s t rengths   the   charge   o f   the  
molecules w i l l  be   s c reened   r e su l t i ng   i n  a decrease  of   the  inter-  

and in t r a rno lecu la r   e l ec t ros t a t i c   r epu l s ions  .. I n   t h i s   r e s p e c t  it is  
s u r p r i s i n g   t h a t a t   t h e   i . e . p .   t h e a d s o r p t i o n  of HSA is higher  . a t  
low ionic   s t rength   (F igure   ga) .   This   might   ind ica te   tha t   the  
HSA molecules a t  the   i . e .p .   have  a more  compact  shape a t  low 
ion ic   s t r eng th  'due t o  a n e t   e l e c t r o s t a t i c   i n t r a m o l e c u l a r  attrac- 
tion.  Norde26,  performing HSA adsorption  on PSL wi th   the   deple-  
t ion  technique,   measured  s imilar   adsorpt ion  values  as w e  d id ,  

bu t  he did no t   obse rve   t h i s   i nc reased   adso rp t ion   i n   t he  abs.ence 
of s a l t  a t  t h e   i . e . p .  

The e l l i p somet r i c  measurements  (Figure 1 6 )  y ie lded  some- 
what  lower HSA adsorp t ion   va lues   than   the  PSL adsorp t ion  meas- 
urements  but it should   be   no ted   tha t   these   e l l ipsometr ica l ly  
monitoredadsorptions.took place  a t  uncharged  polystyrene  sub- 

trates, whereas  the  polystyrene  latex  used  contains  manycharged 
SOS groups.  Norde26 a l s o  found a dec rease   i n   adso rp t ion   w i th  de- 
creasing  surface  charge  densi ty   of   the   polystyrene.   Brashet  aZ. 
2 7 ,  us ing   i n t e rna l   r e f l ec t ion   spec t roscopy ,   r epor t ed  HSA adsorp- 
t i o n   v a l u e s  of 5 +t 10-6 kg.m-2 a t  polystyrene  surfaces.   These 
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values   a re  much higher  than  those  reported  here  and by Norde. 
This   d i f fe rence  may be  due t o   t h e  method  which they  used  tomeas- 
ure   the   adsorp t ions .   Another   poss ib i l i ty  is  t h a t   d i f f e r e n c e s   i n  

t h e  HSA-preparates  used are respons ib le   for   the   observed   d i scre-  

pancies . 2 8  

A s  is shown i n   F i g u r e  7 ,  t h e  pH does   no t   on ly   a f fec t   the  
maximum adsorpt ion  but  it a l so   i n f luences   t he   shape  of the   i so-  

therms. A t  pH values 1 4 . 9  p l a t eau   va lues   a r e   a t t a ined  a t  very 

low p ro te in   concen t r a t ions   whereas   t he   i n i t i a l   s lopes  of t h e  
isotherms a t  pH-values >4 .9  are.much less s teep .  WhenHSAadsorp- 
t ion   on to   po lys tyrene  is i r r e v e r s i b l e  and t h e   s i z e   o f   t h e  mole- 
cules  does  not  change upon adsorp t ion   then   i so therms  of theshape  

shown i n   F i g u r e  76 t o  f cannot  be  expected. It should  notbepos-  
s i b l e   t h a t   a f t e r   p r o l o n g e d   a d s o r p t i o n  times s i g n i f i c a n t   p r o t e i n  
concent ra t ions   a re   observed   in   so lu t ion ,   whi le  a t  the  same t i m e  
the  adsorpt ion  has   not   reached i t s  p la teau   va lue .   This   po in t  
w i l l  b e   s t r e s s e d   f u r t h e r   i n   t h e   d i s c u s s i o n   a b o u t   t h e   r e v e r s i b f -  
l i t y  of   adsorp t ion   wi th   respec t   to   the   p ro te in   concent ra t ion .  

The adsorption  isotherms  of HFb onto PSL (Figure  8) show a 
much more ' i r r eve r s ib l e '   cha rac t e r   t han   t hose   o f  HSA. The i n i -  

t i a l  s lope  of the  isotherms i s  p r a c t i c a l l y   i n f i n i t e   w h i c h s h o u l d  
be   expec ted   for   i r revers ib le   adsorp t ion .  A t  low bulk  concentra- 
t i o n s  where  adsorption  leads  to  surface  concentrations up t o  

4 Q 10-6 kg.m t h e   p r o t e i n   s o l u t i o n  i s  completely  depleted.  
When more p r o t e i n  is  ava i l ab le ,  a r e s i d u a l  amount o f   p ro t e in  
w i l l  s t a y   i n   s o l u t i o n .  A t  h i g h e r   i n i t i a l  HFb concentrationsmore 
HFb can  be  adsorbed  than a t  lower in i t i a l   concen t r a t ions .   Th i s  
i s  shown very  pronounced i n   F i g u r e  8b where after t h e   v e r y s t e e p  
p a r t  of the   i so therm a second  par t  is  observed  which shows in-  
c reased   adsorp t ion   wi th   increas ing   res idua l  HFb concentrat ions 

-2 

(and   consequent ly   h igher   in i t ia l   concent ra t ions) .   This   fea ture  
may be  due t o  a d i f f e r e n t   o r i e n t a t i o n  of the   molecules   on to the  
sur face   a t   h igher   concent ra t ions ,   resu l t ing   f rom  the   fas te r  ad- 
sorpt ionandconsecpent lyless  chance   for reconformat ionof the  ad- 
sorbed  molecules.  Other  experiments *' showed t h a t   c o n t r a r y   t o  HSA, 

theEiFbmolecules   q reassoc ia teda ta   po lys tyrene-water   in te r face  
i n d i c a t i n g  a s t rong  intermolecular   interact ion  between  the ad- 
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sorbed  molecules.  Ellipsometric  measurements  of  the  adsorption 

of HFb from a O .  1 kg.m-3 HFb so lu t ion   on to   po lys tyrene  a t  pH = 

8.9 in   the   absence   o f  sa l t ,  y ie lded  a pro te in   l ayer   th ickness  
.of 20 f- 3 nm and a r e f r ac t ive   i ndex  of 1,352 +, 0 . 0 0 4 .  This   l ayer  
thickness  is i n   v e r y  good agreement  with  the  monolayer  thickness 
calculated  from f locculat ion  experiments   of  PSL with HFb23 and 
with  ellipsometric  measurements  on chromium surfaces3' .  The lay- 

er thickness  and  density  of  adsorbed HSA l aye r s  w e r e  much more 
d i f f i c u l t   t o   e s t a b l i s h .  The much lower  adsorption  of HSA and 
consequently  the ,small changes i n  $ and A values  allowed  only 
very  rough estimates about   layer   thickness   and  refract ive  index 
of t he  HSA l aye r s .  A t  pH 4.9  without salt  the  thickness   ofaHSA 
layer  adsorbed  from a O .5 kg.m-3 HSA so lu t ion   on to   po lys tyrene  
i s  4.5 2 1.5 nm and  the   re f rac t ive   index  is  1.418 2 0.03 (WHsA= 

0 .42  5 0 . 1 6 ) .  A t  pH 2.6  and 9 . 6  even  poorer estimates of thick-  
ness   and   re f rac t ive   index  were possible,   because of much lower 
adsorp t ion   va lues .  The tendency i s  t h a t   t h o s e   l a y e r s   a r e  more 
extended ( 9  5 nm) and  have a much lower  protein  densityWHSA= 
0.1 f 0.05. 

1 1 . 4 . 2  T i m e  dependence of the   adsorp t ion  

The inf luence   o f   p ro te in   concent ra t ion  on t h e  time depend- 
ence  of  the  adsorption i s  shown i n   F i g u r e s  10 and 1 2 .  Figure 1 0  

shows t h a t   t h e  time dependence  of   the  interfacial   pressure i s  
mainly  determined by t h e  HSA c o n c e n t r a t i o n   i n   t h e  aqueous  phase. 
Th i s   i nd ica t e s   t ha t   t he   r a t e   o f   a r r iva l   o f   t he   mo lecu le s  a t  t h e  
i n t e r f a c e  i s  t h e  ra te  de termining   fac tor   in   the   p resence  of 
0.15 km01.m-~  NaCl. Figure 1 2  a l s o  shows an  increased ra te  of 
adsorp t ion   wi th   increas ing  HSA concen t r a t ion .   F romthese resu l t s  
it may be  concluded  that   there  are no important   energy  barr iers  
counterac t ing   the   adsorp t ion  of HSA a t  pH = 7 . 4  and C N a C l l  = 

O. 15 km01 .m-3. 
3- 

From t h e   l i n e a r   p a r t   o f   t h e  r vs (t-to) curve i n  Figure  13 
it may be  concluded  that   the   adsorpt ion  of  HFb onto  polystyrene 
from a O .  032 kg.m-3  HFb s o l u t i o n  is a d i f fus ion   cont ro l led   p ro-  
cess. The d i f fus ion   doe f f i c i en t   o f  HFb ca l cu la t ed  from the   s lope  



60 

o f   t h i s   l i n e a r   p a r t  is: DHFb = 0 .8  * 10 -l1 m2 -S-'. This  value i s  

somewhat  lower than   t he   va lues   g iven   i n   t he   l i t e r a tu re   fo r  HFb 
(l. 5-2 .O 10-l' m2 .S-') 3 0 .  This  discrepancy may be  due t o   t h e  
f a c t   t h a t  w e  used  the  values  -of dn and  %,which w e  measured f o r  
HSA,in the  calculat ion  of   the  adsorbed amounts  of HFb, 

dw 

The inf luence of t h e  pH on t h e  t i m e  dependence  of t h e i n t e r -  

f ac i a l   p re s su re   and   t he  rate of  adsorption i s  shown i n   F i g u r e s  
11 and 16. Figure I la shows t h a t   t h e  t i m e  dependence of t h e   i n -  
t e r f a c i a l   p r e s s u r e   b e t w e e n   p a r a f f i n e   o i l  and a 0 . 0 1  kg.m HSA 

solut ion  without   sal t ,depends  s t rongly on t h e  pH of  the  aqueous 
phase. The inc rease   o f   t he   i n t e r f ac i a l   p re s su re   w i th  t i m e  of  ad- 
s o r p t i o n  is  much faster a t  t h e   i . e . p .  o€ the   p ro t e in   t han  a t  pH 
values below o r  above   the   i . e .p .   This   resu l t  is  i n  agreement 

with James et aZ. 3 2 .  It is  l i k e l y   t h a t  a t  pH-values away from 
t h e   i . e . p . ,  when the  protein  molecules   bear  a ne t   charge ,   the  
adsorpt ion  of   the  protein  molecules  w i l l  be hampered by t h e  
charge of the  already  adsorbed  molecules  whereas a t  t h e   i . e . p .  
t h i s   e l e c t r o s t a t i c   a d s o r p t i o n   b a r r i e r  w i l l  n o t   e x i s t   b e c a u s e t h e  
molecules  do  not  bear a net   charge.  

-3 

Figure 11b  shows t h a t   t h e   a d d i t i o n   o f  O .  15 km01.m-~ N a C l  

e l imina te s   t he   s t rong  pH-dependence  on t h e  rate of  change o f t h e  
i n t e r f a c i a l   p r e s s u r e .  It should  be  not iced  that  a t  pH values  
14.9 t h e  pH dependence i s  fully  eliminated  whereas a t  pH 7.4 

(above the   i . e .p . )   the   change  of t h e   i n t e r f a c i a l   p r e s s u r e  i s  
s t i l l  slower  than a t  the   i . e .p .  

11 .4 .3   Revers ib i l i ty   o f   the   p ro te in   adsorp t ion  

The ques' t ion  whether  protein  adsorption i s  r e v e r s i b l e  or 
not  i s  still open to   d i scuss ion .  Most authors state t h a t  pro- 

t e in   adso rp t ion  is  an   i r r eve r s ib l e   p rocess   bu t  many of  themap- 
ply  normal  thermodynamics i n   d i s c u s s i n g   t h e   a d s o r p t i o n   r e s u l t s .  
Oreskes et aZ. 3 3  and L e e  at aZ. 3 4  found t h a t   p r o t e i n   a d s o r p t i o n  
w a s  cons i s t en t   w i th  Langmuir type  adsorption,  implying  revers- 
i b l e   adso rp t ion  and no interactions  between  adsorbed  molecules.  
M a ~ R i t c h i e ~ ~   r e p o r t e d   r e v e r s i b l e '   a d s o r p t i o n   o f   a l b u m i n  a t  pH- 
values  away from t h e  i. e .p.  Gonzales at aZ. reported  revers-  
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i b l e   adso rp t ion  of albumin a t  t h e  air-water i n t e r f a c e ,   a n d s o o n .  
W e  s t u d i e d   t h e   r e v e r s i b i l i t y  of  adsorption  of HSA onto O/W and 

polystyrene/W  interfaces upon concent ra t ion  and pH-changes of 
t he   so lu t ion . '  

When a f t e r   adso rp t ion   on to  O/W or  polystyrene/W  interfaces 

the   p ro t e in   concen t r a t ion   i n   t he   so lu t ion  was decreased  or  even 
completely washed  away,no ind ica t ions  were found t h a t  any  de- 

sorp t ion   of  HSA from the   i n t e r f ace   t ook   p l ace .   Th i s   f ea tu re  w a s  
g e n e r a l ,   f o r   t h e   i n t e r f a c i a l   p r e s s u r e  measurements, the  adsorp- 

t i o n  measurements  on PSL and the   e l l i p somet r i c  measurements. 
When a f t e r   á d s o r p t i o n  a t  1ow.HSA concentrat ions  the  concentra-  
t i on   o f  HSA i n   t h e  aqueous  phase was increased,  all r e s u l t s  
showed tha t   add i t iona l   adso rp t ion   t ook   p l ace  up t o  t h e  amount 
t h a t  would adsorb when the   adsorp t ion  was performed  from  solu- 
t ions   having   th i s   increased  HSA concentrat ion.   Figure 11 shows 
such  an  experiment   for   the  interfacial   pressure  measurements .  

Also   the   adsorp t ion   s tud ies  on PSL showed addi t ional   adsorpt ion.  
The t w o   l o w e r  curves of Figure 1 2  show t h a t   a l s o  by el l ipsomet-  
r ic  measurements  one  observes  additional  adsorption upon in-  
c r eas ing   t he  HSA concen t r a t ion   i n   so lu t ion .   S tudy   o f   t he   r eve r s -  
i b i l i t y   w i t h   r e s p e c t   t o  pH-changes of  the  aqueous  phase  yielded 
t h e  same semi-reversible   character .  When t h e   . i n i t i a l   a d s o r p t i o n  

was performed a t  t h e  i . e  .p. of HSA (y ie ld ing   the   h ighes t   adsorp-  
t i o n  and  .rr-values) , pH changes away f rom  the   i . e .p .   d id   no t  show 

any s ign i f i can t   deso rp t ion   (F igu re  16a, c)  or  d e c r e a s e   i n  IT* 

When t h e   i n i t i a l   a d s o r p t i o n ,  however,  took  place a t  pH-values 

above  or   below  the  i .e .p .   then  an  increase  in   the  adsorpt ion 
(F igure   16b ,   d )   and   the   in te r fac ia l   p ressure   (F igure   15a ,   b )  was 
observed upon changing  the 'pH  of  the  aqueous  phase  in  the  direc- 
tkon  of   the,   i .e .p .  

A l l  t h e s e   r e s u l t s ,   a b o u t   r e v e r s i b i l i t y   w i t h   r e s p e c t   t o c o n -  
cen t r a t ion ' and  pH, have i n  common that  changing  conditions  which 
should  increase  the  r -values   or   the   r -values   do. increase  these 
parameters  and  that  those  changes i n   c o n d i t i o n s   t h a t   s h o u l d c a u s e  
a dec rease   i n   t he   x -va lues   o r   r -va lues   do   no t   g ive   t h i s   de -  
crease. I n   o t h e r  words, a HSA mole.cule,  once  adsorbed w i l l  no t  
desorb   bu t   addi t iona l   adsorp t ion  is  qu i t e   poss ib l e .  From these  
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r e s u l t s  it is  understandable   that  some au tho r s   desc r ibe   p ro t e in  
a d s o r p t i o n   i n  terms of  Langmuir-type  adsorption. Most adsorpt ion 

isotherms  are  measured  with  increasing  protein  concentrations,  
i n   t ha t   ca se   t he   adso rp t ion   i ndeed   behaves   l i ke  a completely re- 
vers ib le   adsorp t ion .  The f e a t u r e   t h a t   p r o t e i n   a d s o r p t i o n  i s  s e m i -  

r e v e r s i b l e  upon  pH-change can  be  explained as follows. When an 
i n t e r f a c e  i s  completely  covered by a HSA layer  adsorbed a t  a pH 

f a r  away from  the i. e .p .   t han   t h i s   l aye r   cons i s t s   o f  RSA mole- 
cules  which are swollen  due  to   intramolecular   repuls ions.  Chang- 
i n g   t h e  pH i n   t h e   d i r e c t i o n  of t h e   i . e . p .  w i l l  cause a decrease 
o f   t h i s   e l e c t r o s t a t i c   r e p u l s i o n  and the  molecules w i l l  g e t  a 
more compact  shape37.  This  shrinkage  of  the  layer i n   t h r e e   d i -  
mensions w i l l  cause new adsorpt ion sites a t  t h e   i n t e r f a c e  t o  b.e- 

come a v a i l a b l e  which w i l l  be f i l l e d  up by molecules   arr iving 
from the   bu lk ,  When i n i t i a l   a d s o r p t i o n   t a k e s   p l a c e  a t  t h e i . e . p .  
then  the  change  of pH w i i l  cause a swelling  of  the  adsorbed mo- 
lecu les .   This   swel l ing   can   on ly   t ake   p lace   in   one   d i rec t ion ,  
perpendicular   to   the   in te r face ,   because   the   c lose   packing   of the  
molecules a t  the   in te r face   does   p revent   swel l ing   in   d i rec- '  
t i o n s   p a r a l l e l t o   t h e   i n t e r f a c e .  The feature  of  semi-reversibi-  

l i t y  of t he   adso rp t ion   w i th   r e spec t   t o   t he   p ro t e in   concen t r a -  
t i o n  is not  w e l l  understood. It is  a lso   no t   unders tood   tha t   the  
adsorption  isotherms  of HSA doe  not show t h e   ! h i g h   a f f i n i t y '  

charac te r   tha t   should   appear   regard ing   the   i r revers ib i l i ty   o f  
the  adsorption  (once  adsorbed no desorpt ion) .   This   deviat ion 
f rom  h igh   a f f in i ty   charac te r  itself could   be   expla ined   i f   the  

protein  molecules  shbuld  unfold upon adso rp t ion .   In   t ha t  case 
, the  deviat ion  f rom  plateau  values  a t  lower  protein  concentra- 

t ion   can   be   expla ined   in  terms of  competition  between  the rate 
o f   a r r iva l   o f   t he   p ro t e ins  a t  t h e   i n t e r f a c e  and t h e  rate ofun-  
fo ld ing  of the  molecules   a l ready  adsorbed.   I f   th is ,  however, 
should   be   t rue   then   the   increase   in   adsorp t ion   on   fur ther   in -  
crease of   the   p ro te in   concent ra t ion   cannot   be   ékpla ined   in turn .  
S o l u t i o n   o f - t h i s  problem  might  be  possible  after more extensive 
s tudies   o f   the   conformat ion 'of   the   p ro te in   molecules  a t  t h e   i n -  
t e r f a c e .  
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11.5 CONCLUSIONS 

This   s tudy  of   the  adsorpt ion  of   proteins  a t  hydrophobic  in- 
t e r f a c e s  shows t h a t :  
1. 

2. 

3 .  

4. 

5 .  

The adsorpt ion of p ro te ins  is  strongly  dependent on t h e  pHof 
the   so lu t ion  from  which  adsorption  takes  place,  showing max- 
imum adsorpt ion a t  the   i . e .p .   o f   t he   p ro t e in .  
Sa l t   addi t ion   d iminishes   the  pH-dependence of  the  adsorbed 
amounts by g iv ing   h igher   adsorp t ions   a t   ex t reme pH-values  and 
lower  adsorptions a t   t h e   i . e . p .   o f   t h e   p r o t e i n .  
A t  low ion ic   s t r eng ths   t he  rate of  adsorption  depends  strong- 
ly   on thepH,   w i th   h igh  rates a t  t h e   i . e . p .  and  lower r a t e s  
fo r   o the r  pH-values r e s u l t i n g  from  an  e lectrostat ic   adsorp-  
t i o n   b a r r i e r .   S a l t   a d d i t i o n   d i m i n i s h e s   t h i s  pH-dependence. 

The adsorpt ion of HSA onto  hydrophobic  interfaces i s  semi- 

r e v e r s i b l e   w i t h   r e s p e c t   t o  pH and protein  concentrat ion  (once 
adsorbed no desorption;  additional  adsorption  sometimes pos- 

s i b l e )  . 
It i s  possible  to  perform  ell ipsometric  measurements of pro- 

t e i n   a d s o r p t i o n  a t  polymer s u b s t r a t e s .  
These  experiments show that   the   combinat ion of i n t e r f a c i a l  

pressure  measurements  and  ellipsometry i s  a use fu l   t oo l   i n   p ro -  
t e in   adso rp t ion   ' s t ud ie s .  More extensive  measurements may r e s u l t  
i n   an   equa t ion  of state for   adsorbed  protein  layers ,   which  a l -  
lows useful  comparisons  between  adsorption  theories and  prac- 
t ice .  Fur ther   re f inements   o f   the   e l l ipsometr ic   t echnique ,   l ike  

e.g.  the  development of subs t ra tes   wi th   very   reproducib le  op- 
t i c a l  cons tan ts ,  w i l l  a l low  accurate   s tudies   of   layer   thicknes-  
ses and d e n s i t i e s   i n   r e l a t i o n ' w i t h   p a r a m e t e r s   l i k e   p r o t e i n  con- 
centrat ion. ,  pH and ion ic   s t r eng th   o f   t he   so lu t ion .  
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CHAPTER I 1 1  

THE  FEASIBILITY  OF  RADIOLABELING FOR HUMAN 
SERUM ALBUMINE (HSA) ADSORPTION STUD rEs 

"PROTEIN ADSORPTION" 

AB S TRACT. 

Human serum a l b u m i n  (HSA) w a s  l a b e l e d  i n  v a r i o u s  ways a n d  w i t h  

d i f f e r e n t   r a d i o a c t i v e   l a b e l s   T e c h n e t i u m   a n d   1 2 5 1 0 d i n e ) .  

F o l l o w i n g  the  u s u a l   c h a r a c t e r i z a t i o n   m e t h o d s   ( e l e c t r o p h o r e s i s   o n  

p o l y a c r y l   g e l   a n d  immuno e l e c t r o p h o r e s i s )   n o   d i f f e r e n c e   b e t w e e n  the 

l a b e l e d   a n d   n o n - l a b e l e d  HSA m o l e c u l e s   c o u l d   b e   ' d e t e c t e d .  Two m e t h o d s  

t e s t i n g   a d s o r p t i o n   b e h a v i o u r  were d e v e l o p e d  t o  see w h e t h e r   t h e   r a d i o -  

l a b e l e d  HSA m o l e c u l e s  w e r e  i d e n t i c a l   t o  t he  n o n - l a b e l e d  HSA m o l e c u -  

l e s .  It a p p e a r e d   t h a t  t he .  l a b e l e d  HSA m o l e c u l e s  always showed  a 

p r e f e r e n t i a l   a d s o r p t i o n   o n t o   p o l y s t y r e n e   ( a n d  s i l a s t i c  r u b b e r )   s u b -  

s t r a t e s .  T h e  9 9 m T c - l a b e l e d   m o l e c u l e s   s h o w e d  a h i g h   v a l u e   o f  t h e  

p r e f e r e n t i a l   a d s o r p t i o n   f a c t o r  ( @  '>> 1). T h e  @-value for 1 2 5 1 - f a b 7 e l e d  

m o l e c u l e s  was a r o u n d   1 . 4 .  W e  a l s o   c o n s i d e r e d  the  s t a b i l i t y   o f  t h e  

b o n d   b e t w e e n  t he  l a b e l   a n d  t h e  HSA m o l e c u l e s  which was f o u n d  t o  

b e   l o w   € o r   T c - l a b e l e d   p r e p a r a t i o n s   a n d   h i g h   f o r  the  o t h e r   o n e s .  

I t  was c o n c l u d e d  t h a t  i t  i s  always n e c e s s a r y   t o   d e t e r m i n e   w h e t h e r  

p r e f e r e n t i a l   a d s o r p t i o n   o f   r a d i o   l a b e l e d   m o l e c u l e s   c o m p a r e d  t o  

n o n - l a b e l e d   m o l e c u l e s   o f  t h e  same t y p e   o c c u r s ,   b e f o r e   u s i n g   l a b e l e d  

m o l e c u l e s  i n  a d s o r p t i o n   s t u d i e s .  T h e  m e t h o d s   d e v e l o p e d   t o   d e t e r m i n e  

p r e f e r e n t i a l   a d s o r p t i - o n   b e t w e e n   l a b e l e d   a n d   n o n - l a b e l e d   m o l e c u l e s  

are  also g e n e r a l l y   a p p l i c a b l e   f o r   d i f f e r e n t   t y p e s   o f   m o l e c u l e s .  

- _  

rzc J_ INTRODUCTION. 

The  development of improved  blood-compatible materials re- 
qu i r e s  a b e t t e r   i n s i g h t   i n   t h e   e v e n t s ,  which  occur when a fo re ign  
material i s  contacted  with  blood. One o f   t h e   i n i t i a l   e v e n t s  is  t h e  
adsorpt ion  of  a p r o t e i n   l a y e r  a t  t h e  blood! material i n t e r f a c e .  
This  l aye r   mod i f i e s   t he   o r ig ina l   su r f ace  and  has a s t rong   in f luence  
on subsequent phenomena such as platelet   adhesion  and blood coagu- 
1 a t i o n 1 ~ 2 ~ 4 .  
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Severa l  methods a re   ava i l ab le   t o   pe r fo rm  p ro te in   adso rp t ion   s tud ie s .  
These are   deplet ion  techniques5-10;   spectroscopic   techniques,   such 
as color imetryl- l  3, AT.R/IR1 4-1 7 ,  CD1 and e l l i p ~ o m e t r y l ~ - ~  5, and 

r a d i o   l a b e l i n g 7 ' 2 6 - 2 8 .   T h i s   l a s t  method  seems t o   b e  a very   e legant  
one,  which o f fe r s   t he   poss ib i l i t y   t o   de t e rmine   t he   s imu l t aneous  

adsorp t ion   of   d i f fe ren t   p ro te ins   on to  a sur face .  
The work published up t o  now however, hardly  contains  any  informa- 
t ion  about   the  inf luence  of   the  label   and  the  label ing  techniques 
on the   p ro te in   adsorp t ion   da ta .  

Protein  adsoFption  s tudies   with  labeled  proteins   are   only  useful  
when t h e  bond  between t h e   l a b e l  and the  protein  molecule  i s  s t a b l e  

under  adsorption  conditions and when the  adsorption  behaviour  of 
t he   l abe led   p ro t e in  i s  i d e n t i c a l   w i t h   t h a t  of the  non-labeled  pro- 

t e i n ,  These  aspects   have  been  invest igated  for  99mTc  and 1251 
labeled HSA (Human Serum Albumin) , prepared by d i f f e r e n t   l a b e l i n g  
procedures. 
Two methods  have  been  used to   s tudy  the  adsorpt ion  behaviour   of  
labeled KSA. The f i r s t  method comprises  the  measurement  of  the 
adsorpt ion  isothermsof   labeled  proteins  on PS (polystyrene)  and 

S R  ( s i l i con   rubbe r )  from so lu t ions   conta in ing   d i f fe ren t   concent ra -  
t i on ra t io so f   l abe led   t o   non- l abe led   p ro t e in .  The second  method 
consists  of  the  simultaneous  determination of the   adsorp t ion  of 
labeled and  non-labeled  protein  on a PS l a t ex ,   w i th  a high  speci-  
f i c   s u r f a c e   a r e a ,  

1 1 1 . 2  CONSIDERATIONS ON ADSORPTION  BEHAVIOUR. 

The app l i ca t ion   o f   r ad io - l abe led   p ro t e in   i n   adso rp t ion   s tu -  
d i e s  i s  only  allowed when t h e   l a b e l i n g  method o r   t h e   l a b e l   i t s e l f  
d8es n o t  change the  adsorpt ion  propert ies   ,of   the .protein.   There-  

fore  the  adsorption  behaviour  of  labeled  protein  molecules A has  
t o  be compared with non labeled  protein  molecules B, which d i f f e r  
only  with  molecule A i n   t h e   l a b e l .  
Once it has   been   es tab l i shed   tha t   there  i s  no d i f fe rence   in   adsorp-  
t i o n  between the  labeled  molecule  A and the  non-labeled  molecule 
B,  one  can  use  the  labeled  molecules A t o   u s e  Chem in   p re fe ren -  
t i a l  adsorp t ion   s tud ies   wi th  a completely  different  molecule C,  I n  
the   de r iva t ions   g iven  below B can  then  be  replaced by C. . 
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A simple model, derived  from  adsorption/desorption  kinetics  and 
assuming  monolayer  adsorption i s  used for t he   desc r ip t ion   o f   t he  
poss ib l e   d i f f e rence   i n   adso rp t ion   behav iour   o f  A and B, 

The rates of  adsorption of A and B are given  by 

n A 

n B 

nA' nB 

r, 

= t h e  number o f   e f f ec t iveco l l i s ionso f   mo lecu le s  A and 
B p e r   u n i t  of su r face  area and t i m e ,  m ,s -2 -1 

= propor t iona l ly   cons t an t s ,  m e s  
= t he   concen t r a t ions  of A and B i , n   t h e   s o l u t i o n ,   k g . r ~ - ~  

-1 

= molecular  weights 
= f r a c t i o n   o f   t o t a l  

A and B 

= Avogadros number, 

of A and B, kg.mole-' 
a v a i l a b l e   s u r f a c e  area, covered  with 

mole -1 

and 

The rates of   desorpt ion of A and B are given by 

'A' 'B =.number of molecules A and B l eav ing   t he   su r f ace  pe,r u n i t  
-2 -1 s u r f a c e   a r e a  and t i m e ,  m ,s 

tA, tg = mean res idence  t i m e  o f , A  and B on   the   sur facep  s 

As' ' = t h e  amount of A and B adsorbed  onto  the  surface,  kg.m-2 
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Three cases can  be  considered: 

1. The adsorption  of A and B i s  i r r e v e r s i b l e .  
This means that  molecules  once  adsorbed, do not   l eave   the   sur -  
f a c e   a n d   t h e   r a t i o  As/Bs w i l l  depend e n t i r e l y  on t h e   r a t i o  of 
t h e  number of   co l l i s ions .   For   cons tan t  [A] and [B] w e  f i n d  

A ~ / B ~  = ( ~ A M B / ~ B M A )  [AI/ [B] ( 7 )  

2 .  The adsorption of e i t h e r  A o r  B i s  i r r e v e r s i b l e .  
I n   t h i s  case the   su r f ace  w i l l  be  covered  completely  by  the mole- 

cu le s  which  adsorb  i r revers ibly.  

3 .  The adsorption  of A and B i s  reversible  (Langmuir).  

Equilibrium w i l l  be  reached when nA = PA and nB = PB, so 

nA/nB = P /P A B  ( 8 )  

From equations (3), ( 6 )  and (8 )  t h e   r a t i o  As/Bs i s  found t o   b e  

A ~ / B ~  = (tAkA/tBkB) [A] / [B] ( 9 )  

Hence w e  f i n d   i n   g e n e r a l  

The 
t h e  
t h e  

. .  

propor t iona l i t y   f ac to r  9 w i l l  be a c o n s t a n t   i n   t h e   f i r s t ,  and 
t h i r d  case mentioned  above  and @ w i l l  b e   i n f i n i t e  o r  z e r o   i n  
second  case. 

In   o rde r   t o   ge t   i n fo rma t ion   abou t   t he   va lue  of @ f o r  a given  system, 
measurements  must  be  carried  out  with a cons tan t   concent ra t ion   ra t io ,  
[A] / [B] i n   t h e   s o l u t i o n .  

The sur face  w i l l  be  covered  completely  with  adsorbed  molecules 
when t h e  sum of the   sur face   f rac t ions   occupied  by molecules A and 
B equals  one. 
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S A . A  + S B . B s = l  (12) ' 

SA' SB = t h e   s p e c i f i c   s u r f a c e   a r e a s   o f  A and B when t h e   s u r f a c e  
would  be  occupied  by  one  of  these  species c m 2 .kg-' 

Assuming t h a t   t h e   s p e c i f i c   s u r f a c e  area of A i s  x times t h a t   o f  B 

thd  following  expressions  can  be  derived,  using  (12)  and (13) 

BS = (1 - X SBAs) /SB (14) 

An express ion   for  A i s  found  from  equations (lO)., (11) and (15)  
S 

This  expression shows t h e   r e l a t i o n s h i p  between t h e   d i r e c t l y  measu- 
rab le   quantu ty  As and the  parameters Cp and  x.  Equation (16)  i s  of 
course   on ly   va l id  when t h e  exposed  surface i s  completely  covered 
with  molecules A and B. Using th i s   express ion  F t  i s  a l s o   p o s s i b l e  
to   de t e rmine   t he   quan t i ty  4 x, without knowing Cp o r  S 

This  can  be  done  by  performing two series of  measurements (ad- 

sorp t ion   i so therms)   wi th   d i f fe ren t   concent ra t ion   ra t ios  Cl and 
C2 (C2 > C l ) .  Each of these  adsorpt ion  isotherms  yields  a maximum 
adsorp t ion   (p la teau   va lue)   for  A i l l u s t r a t e d  by f i g u r e  1. 

S' 

B' 

The ' r a t i o  of   these  two va lues  i s  

or 
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~~~ ~ ~ 

[A] + [B] [kg. m-3] - 
F i g u r e  1 :  Two h y p o t h e t i c a l   a d s o r p t i o n   i s o t h e r m s  o f  l a b e l e d  

p r o t e i n   m e a s u r e d   w i t h   c o n c e n t r a t i o n   r a t i o s  C l  a n d  

c 2 '  

The s p e c i f i c   s u r f a c e  area S can   a l so   be   ca lcu la ted  from t h e  two 
adsorpt ion  isotherms , v i a  

A 

When 4 x i s  determined by t h e  method described  above w e  have t o  
e v a l u a t e   t h e   u n c e r t a i n t y   i n  4 x, caused by the   exper imenta l   e r ror  
i n  y.  Because the  adsorption  isotherms  measured  with  radio  active 
proteins   have  an  uncertainty  in   plateau  value of about 5 % ,  t he  
e s t i m a t e d   e r r o r   i n  y becomes 0 . 1  y. 

The e r r o r   i n  $I x which may a r i s e  f rom  experimental   error  w i l l  be 
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Taking AC1 and AC2 zero, w e  ob ta in  

A Cpx= 

For :p rac t ica l   reasons ,  C2 w i l l  not  exceed 0 .1  o r  [C ,  - C 2 [  < 0 . 1 .  

Since for values  of Cp x n o t   t ö o   f a r  from.. lp y w i l l  be of t h e  same orc 
as C2/Cl and  s ince Ay 0.ly one   f i nds   t ha t  A 4 x 2 1.0. 

T h i s  ana lys i s  shqws : t h a t  when only  the  adsorbed amount of   radio 

labeled  protein  can  be  measured, C$ x cannot be determined  accura- 

t e l y  enough to   exc lude   p re fen t i a l   adso rp t ion   (no   p re fe ren t i a l  
adsorption means  x = 1). 

When l a r g e r   s u r f a c e  areas (PS l a t e x )  are used   t he   unce r t a in ty   i n  
the  deteTmination of As w i l l  decrease.  Moreover it i s  p o s s i b l e   t o  
measure in- addi t ion   the   adsorbed  amount  ,of non-labeled  protein 
(deple t ion   of . "   p ro te in   in   the   so lu t ion) .  Up t o   t h i s   p o i n t  w e  can 

conclude   tha t  $I 'can  be  measured  directly  but  not  very  accurately,  
using  equat ions ( 1 0 )  ,' (16) and (17), in .  a sys tem  wi th   i r revers ib le  
adsorp t ion   where   the   p ro te in   concent ra t ions   in   so lu t ion  do n o t  
change   s ign i f icant ly  upon adsorption, when SB i n   e q u a t i o n  ( 1 6 )  

i s  known from a separate  experiment.  
In .   the  case of  depletion  experiments  one  should r e a l i z e  t h a t  pro- 
t e i n   c o n c e n t r a t i o n s  decrease upon adsorption so t h a t   t h e   r a t i o  A/B 

changes  during  the  adsorption when Cp f 1. I n  t h e  case o f   r eve r s ib l e  
adsorp t ion   wi th   deple t ion   there  i s  no problem in   us ing   equat ion  ( 1 0 )  

t o   f i n d  Cp. When the   adsorp t ion   of  A and B i s  i r r e v e r s i b l e  and  de- 
p le t ion   in   so lu t ion   occurs   one   can  s t i l l  f i n d  Cp using a d i f f e r e n t  

'approach, The rates of  adsorption  can be expressed as follows: 

SL = specific. su r face   a r ea   o f   t he   l a t ex ,  m2sm-3. 
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From equat ion ( 2 2 )  

In t eg ra t ion   g ives  

A 

A. - kA 
In  - 
In  E- 

BO 

--c 

Using  equation ( 7 )  

and  (23) w e  ob ta in  

( 2 5 )  

and ( 1 0 )  th i s   express ion   for   exper iments   wi th  

d e p l e t i o n   i n   s o l u t i o n  i s  r e l a t e d   t o   t h e   p r e f e r e n t i a l   a d s o r p t i o n  
f a c t o r  9 without   deplet ion:  

A I n  - 
n , , ~ _  A. 

BO 

B I n  -- = = ( P  

A o t  B. = i n i t i a l   concen t r a t ions   o f  A and B, kg.m-3. 

Although i n   t h e  case of i r r eve r s ib l e   adso rp t ion   w i th   dep le t ion   t he  
s t ra ightforward  use  of   equat ion ( 1 0 )  i s  not  allowed t o  f i n d  9 ,  one 

, can  define  an  experimental  parameter 9 t o  be  found  from depl .  

As/Bs ‘depl. . A/B ( 2 7 )  

The relat ion  between $I and  +depl.  can  be  given  by 

and 

From equat ion ( 2 9 )  one sees t h a t  9 gives  an  over-estimation 

of the   p re fe ren t i a l   adso rp t ion   f ac to r .  Only i n  cases when, 9 3 1 
depl.  
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'depl. -t 4 ,  For   revers ib le   adsorp t ion  Q, depl ,  = ' v  

It can  be  derived  both  from  equation (26)  and  (27) t h a t   t h e   p o s s i -  
ble e r r o r   i n  (p or $depl, due   to   exper imenta l   e r rors ,  i s  about 8%, 

on t h e   b a s i s  of r e l a t i v e   e r r o r s   o f  2 %  in   the  determined  concentra-  
t i o n s .  

111 3 EXPERIMENTAL 

Human serum aZburnin (ESA, c r y s t a l l i n e )  w a s  obtained  from Sigma, 
no, A 9511,  

99m2'c w a s  obtained  f rom  Phi l ips  Duphar. 
I z 5 1  (carrier f r e e )  w a s  purchased  from Amersham (IMS-30) 
PoZys ty rene  ( P S ) ,  MW = 670,000, Mw/Mn = 1.15, was obtained from 
Pressure  Chemical Company, P i t t sburgh ,  Mellon I n s t i t u t e   S p e c i a l  
Polystyrene  Standard,   lo t ,no,  13A. 

S t a i n Z e s s  s t e e 2  squares ( t o t a l   s u r f a c e  area 3.2 x 10-4 m2) w e r e  
coated  with PS by d ipp ing   i n  a so lu t ion  of PS i n   t o l u e n e  (7%)  . 
The dipping  procedure w a s  r epea ted   a f t e r   s eve ra l   hour s  and t h e  
sur faces  were d r i ed   du r ing  15 hours a t  20°C temperature,  

PS Zatex  w a s  prepared by t h e  method of Goodwin et P a r t i -  
cle diameter 0.56-10-6 m, G-potential -72 mV i n   d i s t i l l e d  water 
(pH 7.0) c 

S Z Z a s t i c  Rubber ( S R ) ,  S i l a s t i c   s h e e t i n g ,  non reinforced.  Dow 
Corning  Medical  Grade  Silicone  Rubber,  Subdermal  Implant Material, 
lo t ,no .  H O 583. 
The shee t ing  w a s  c u t   i n   s q u a r e   p i e c e s   ( t o t a l   s u r f a c e  area 2.0 x 

1 0 - ~  m 2 ) .  

Buf fer  was prepared by  adding a so lu t ion  of 0 . 0 1  M NaH2P04  and 
O. 15 NaCl  t o  a so lu t ion  of O.  O L  M NaOH and O -15 M N a C l  u n t i l  a 
pH of 7.4 w a s  obtained. 
All chemicals  used were ana ly t i ca l   g rade .  

IXI.3,2 Labeling  of HSA. 

a. an  incubation method3 * p l; t h i s   p roduc t  is indica ted  as 9 9 m T ~ -  

Labeling of HSA wi th  "%c w a s  c a r r i e d   o u t  by  using: 

HSA (i) ; 
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b. a modified  incubation method. This method is similar t o  method 
a,  excep t   fo r   t he  pH dur ing   the   incubat ion   s tep  (pH = 7 . 4  
instead  of  2) ; 99mTc - HSA ( i m )  ; 

c. an e l e c t r o l y t i c   m e t h o d 3 0 r 3 2 r 3 3 ;  99mTc - HSA ( e ) ;  

Labeling  of HSA wi th  1251 was c a r r i e d   o u t  by using: 
d.  an e l e c t r o l y t i c  method34.  This  labeling was c a r r i e d   o u t  a t  pH 

7 . 4  i n   b u f f e r   s o l u t i o n  a t  I- concentrations  lower  than  one I-- 

ion  per  HSA molecule  and a poten t ia l   d i f fe rence   be tween  the  
cathode  and  the  anode of less than 900  mV; 1 2 5 ~  - HSA ( e ) ;  

e. an e l e c t r o l y t i c  method  (micro) . I n   p r i n c i p l e   t h i s  method i s  

similar t o  method  d.  This  labeling was c a r r i e d   o u t   i n  a micro 
r eac t ion   ce l l   des igned  by t h e  I R I * .  I n   t h e   c e l l   t h e  bottom ( P t )  

acts as the  cathode and a stirrer ( P t )  as the  anode. The reac- 
t i o n  volume i s  about 50  pl, and t h e   e l e c t r o l y s i s  i s  completed 
wi th in  two minutes  instead  of 4 hours  (method d ) ;  1 2 5 ~  - HSA ( e m ) .  

f .   the   lactoperoxidase  method35;  1251 - HSA (1) . 

After   the  label ing  procedures  a l l  p ro te in   so lu t ions   ( a - f )  were 
d i a l y z e d   a g a i n s t   b u f f e r   s o l u t i o n   t o  remove  any  unbound radio- 
a c t i v e   l a b e l .  Then the   percentage   o f   l abe l  bound t o   t h e   p r o t e i n  
was determined  by  paper  chromatographic  methods  as  used'by  Stern 
e t  a l .  36 and as descc ibed   i n  a t echn ica l   r epor t  of t h e  IAEA3 7. 

These  percentages were determined a t  t h e  end  of  each  labeling. 
I t  appeared i n   a l l   c a s e s ,   t h a t  more than 98% o f   t he   l abe l  was 
bound t o   t h e   p r o t e i n .  The r e l e a s e   o f   t h e   l a b e l  from the   l abe led  
p r o t e i n s   i n   b u f f e r   s o l u t i o n   a t  310 K ( f i g .  2 )  was studded as a 
funct ion  of  t i m e .  From t h i s   f i g u r e ,  it can  be  concluded t h a t   f o r  
t h e  99mTc l abe led   p ro t e ins   on ly   t he  99mTc-HSA(e)  showed no s igni -  
f i c a n t  release. Consequent ly   protein  label ing by  methods a and b 
was no t   fu r the r   i nves t iga t ed .  
The 1251 l abe led   p ro t e ins  showed  no release of t h e   l a b e l .  

* Interuniversity  Reactor  Institute,  Delf t, Netherlands.  Thanks 
are d u e  to Dr. 'D. v . d .  Hamer  for  assistance  in  the  experiments. 
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\ 

Figure  2: Percentage of l a b e l  bound t o  HSA as  a func t ion  of 
time  measured i n   b u f f e r   s o l u t i o n   a t  310 K, pH = 7 . 4 ,  
[NaCll = O .  15 M .  

1 x 1 ~ 3 ~ 3  Character izat ion  of   proteins ,  

HSA (sigma, A 9511)  w a s  charac te r ized  by disc-electrophore- 
Sis on polyacryl  amide g e l   w i t h  a Shannon apparatus;   three  bands 
w e r e  observed  (fig.  3 ) ,  which  correspond  with HSA monomer, dimer  and 
trimer c 

Chromatography  Ùsing a column  packed with  Sephadex G-100 only sho- 
wed the  presence of monomer and  dimer. 
Immuno e l ec t rophores i s   u s ing   r abb i t  anti-human serum did  not   reveal  
the   p resence   o f   o ther   p ro te ins .  
Labeled KSA (''%c - HSA(e)  8 1251 - HSA(e)  I 1251-HSA(em) o r  1251 - 
H S A ( 1 ) )  w a s  mixed with HSA (non-labeled)   and  the  different   mixtures  
w e r e  invest igated  by  disc-electrophoresis .  It w a s  shown t h a t   t h e  
r a d i o - a c t i v i t y  w a s  only present   in   the  three  coloured  bands,   and 
t h e  amount of r a d i o - a c t i v i t y   c o r r e l a t e s   w i t h   t h e   i n t e n s i t y  of t h e  
colour of the   bands ,   ind ica t ing   tha t   the   e lec t rophore t ic   behaviour  
of the   l abe led   p ro te ins   has   no t   changed   s ign i f icant ly  by the  Iabe-  
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l i n g  methods.  Chromatography of a micture of 1251 - HSA ( e m )  and 
HSA using a sephadex G-100 column, y i e lds  two f r a c t i o n s  (monomer 

and  dimer)   with  act ivi t ies   in   accordance wi t l r i  t h e   r e l a t i v e   p r o -  

t e in   concen t r a t ions .  
Immuno e lec t rophores i s   o f   the  same mixture showed t h a t   t h e  immuno 
a c t i v i t y  was n o t  changed  by t h e   l a b e l i n g  method. 

F i g u r e  3 :  E l e c t r o p h o r e t i c   p a t t e r n  
o f  H S A  ( S i g m a ,  A 9 5 1 1 ) .  
E l e c t r o p h o r e s i s  was c a r r i e d  
o u t  on p o l y a c r y l   a m i d e   g e l  
a t  pH = 7 . 4 ,  [ N a C l ]  = O .  1 5 M  
i n   p h o s p h a t e   b u f f e r ,  

. .  

111.4 METHODS 

1. 
P 

2. 
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A PS l a t e x  w a s  added t o  a par t ia l ly .   1251-l ,abeled  .protein  solu-  
t i o n  of known concentrat ion.   After  24 hours  adsorption t i m e ,  
the   mix ture  w a s  centr i fuged a t  20 .000  g .  The protein  concentra-  
t i o n   i n   t h e   s u p e r n a t a n t  w a s  determined by two methods: 
a) folin-phenol  methodL1,  and 
b)   by   measur ing   the   rad io-ac t iv i ty   in   the   so lu t ion ,  

The adsorption  experiments  with  the PS surfaces  (3 - 2  x 10-4 m2) 
and  the SR sur faces  ( 2 .  O x 10-4 m2) w e r e  c a r r i e d   o u t   i n  a thermo- 
s t a t ed   adso rp t ion  cell ,  con ta in ing   fou r   t r ays   i n  which the  samples 

immersed in   buffer   solut ion,   can  be  separated  f rom  the main solu- 
t i o n   ( f i g ,  4) . 

Figure  4 :  Thermosta ted   adsorp t ion   ce l l ,   conta in ing   four   t rays  
in which  samples i'mmersed i n   b u f f e r   s o l u t i o n   c a n  b e  
separated  f rom  the  main  solut ion,  A: connect ion  with 
the  thermostated  bath;  B :  m a g n e t i c   s t i r r e r ;  C :  sur-  
f aces   unde r   i nves t iga t ion ;  D :  n y l o n   r o p e   i n   g l a s s  
tubing;  E :  g lass   cover ;  F: t r a y s ,  
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Contac t   o f   the   so l id   sur faces   wi th   the   l iqu id-a i r   in te r face  was 
avoided  during the. adsorption  experiments  and  the  r insing  proce- 

dures .   This  i s  important   because  "denaturated"  protein  layers  

, . .  ' 

might  be  deposited  on  the  surfaces  which  are  studied. 

A typical   adsorpt ion  experiment  was performed  as  follows:  the cel l  
(pyrex-glass) was c l eaned   i n  a "chromic  acid"  cleaning  mixture 
and r in sed   t ho rough ly ,   f i r s t   w i th   t ap   wa te r  and  then  with  double 
d i s t i l l e d  water. Af t e r   d ry ing ,   t he  cel l  was connected  with a ther -  
mostated  bath (310  K)  , placed on a magnetic stirrer and f i l l e d   w i t h  
bu f fe r   so lu t jon .  The sur faces  w e r e  a t tached   wi th   ny lon   ropes   to   the  

g lass   cover   and   brought   in to ' the   buf fer   so lu t ion .   Af te r   t empera ture  
equ i l ib ra t ion   t he   su r f aces  were drawn seve ra l  times through  the 
l i q u i d - a i r   i n t e r f a c e   i n   o r d e r   t o  remove  any air-bubbles.  Then t h e  
t r a y s  w e r e  l i f t e d  and a concen t r a t ed ,   pa r t i a l ly   l abe led   p ro t e in  
so lu t ion  was i n j e c t e d   i n t o   t h e  stirred solution.  During  the  addi- 

t i on ,   spec ia l  care was t a k e n   t o  make su re   t ha t   t he   need le  was 
s i t u a t e d  well below the   l iqu id-a i r   in te r face .   Af te r   comple te   mix ing ,  
s t i r r i n g  was stopped  and  the  trays w e r e  lowered t o   t h e  bottom,  which 
a l lows   the   sur faces   to   contac t   the   p ro te in   so lu t ion .  

This  procedure w a s  developed to   avoid  a poss ib l e   con tac t  of t he  
sur faces   wi th  a non homogeneous protein  solution,  which  might 
cause   devia t ions   in   the   adsorp t ion   da ta .  
Af te r   the   des i red   adsorp t ion  time, t h e   t r a y s  were l i f t e d  and t h e  
glass cover   wi th   t rays  and  sample  surfaces was placed on a beaker. 
Then t h e   s o l u t i o n   i n   t h e   t r a y s  w a s  d isplaced by bu f fe r   so lu t ion  
u n t i l   t h e   s o l u t i o n   i n   t h e   t r a y s  was f r e e  of a c t i v i t y .  The t r a y s  
were lowered  and  the  surfaces w e r e  p laced ' in to   count ing   tubes .  
The measured a c t i v i t y  on t h e   s u r f a c e s  was no t   a f f ec t ed  by f u r t h e r  

r i n s i n g .  The amount of   rad io   ac t ive   p ro te in  on the   su r f aces  i s  
ca lcu la ted   by   compar ing   the   measured   rad io   ac t iv i ty   in   counts  

per  180 sec. w i t h   t h e   a c t i v i t i e s  of the  solut ion  samples .  The ac- 
t i v i t y  was determined  with a s c in t i l l a t i on   coun te r   (Ba i rd  Atomic, 
Spectrometer  model S 30)  . . 

P 
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I11 s 5 RESULTS 

111s5,1 Adsorption  onto PS and S R  p l a t e l e t s ,  

Figure 5 shows t h e   r e s u l t s  of the  adsorpt ion  of  99mTc- 

HSA(e)  us ing two concentrat ion  ra t ios   of   labeled  to   non-labeled 
pro te in ,  Cl = 1.15 x 10-2 and C, = 4.76 x 1 0 - 2  Önto PS. 

L 

8 

2 

(a) - "high"  activity 

" low" activity 

F i g u r e  5:. S u r - f a c e   c o n c e n t r a t i o n   o f  99mT.c-HSA(e)  (Ag)  on 
P S  as a f u r r c t i b n  o f  t o t a l  HSA c o n c e n t r a t l o n  i n  
s o l u t i o n  ( A + B ) .  C o n c e n t r a t i o n   r a t i o s  o f  l a b e l e d  
t o   n o n - l a b e l e d  

- 4 . 6 7  ~ 10-3:otein; 
c 1  = '1.15 X 10-2 an'd 

c 2  - 

Using  equations. (18)  and ( 2 1 )  w e  c a n   c a l c u l a t e   t h a t   i n   t h i s  case 

(p x = K6 2 2 0 ,  This means t h a t   t h e  9gmTc-HSA(e) adsorbs  preferen- 
t i a l l y  as compared to  non-labeled HSA, The r e s u l t s  of a similar 
experiment  with S R  are shown i n   f i g u r e  6. Now (p x = 5.4 ,+ 3.5 D 
T h i s   i m p l i e s   t h a t   p r o t e i n s   l a b e l e d   i n   t h e  same way  show d i f f e r e n t  
adsorption  behaviour upon exposure  to   dLfferent   surfaces .  

1251-HSA(em) w a s  t e s t e d   i n  the same way on PS cove red   p l a t e l e t s  
( f i g .  7 )  , I n   t h i s   c a s e  4 x was 1-0 2 2.9  (equations (18) and ( 2 1 ) ) .  
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I 
- I  

n (b) 
r\ s “low” activity 

l I 

2 
1 Lr I I I I 

6 8 
HSA [kg. m-3] ---+ 

F i g u r e  6 :  S u r f a c e   c o n c e n t r a t i o n  o f .  99mTc-HSA(e)  (As)  on S R  as 
a f u n c t i o n  o f  t o t a l  H S A  c o n c e n t r a t i o n   i n   t h e   s o l u -  
t i o n   ( A + B ) .   C o n c e n t r a t i o n   r a t i o s  o f  l a b e l e d   t o   n o n -  
l a b e l e d   p r o t e i n ;  C l  = 1 . 1 5  x 10-2   and  C2 = 4 . 6 7  x 10-2, 

F i g u r e  7 :  S u r f a c e   c o n c e n t r a t i o n  (As of   lZ5I-HSA(em)   on  P S  as  
a f u n c t i o n  o f  t o t a l   p r o t e i n   c o n c e n t r a t i o n   i n   S o l u -  
t i o n  ( A + B ) ’ .  C o n c e n t r a t i o n   r a t i o s  o f  l a b e l e d   t o   n o n -  
l a b e l e d   p r o t e i n ;  C l  = 1 . 6  x 10-2  and C g  = 6 . 4  x IO-’. 
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111.5.2 Adsorption  onto a PS l a t ex .  

These  experiments w e r e  ca r r i ed   ou t   w i th  1251-HSA(e) ,  

1251-HSA(em) and 1251-HSA(1), 

Using  equations (26 )  and (27) values  of (p and (pdepl. f o r   t h e   d i f -  
f e r e n t  cases can  be  calculated.   These  data are g i v e n   i n   t a b l e  1. 

T a b l e  1: E x p e r i m e n t a l  da ta  f o r  t h e  a d s o r p t i o n   o f  d i f f e r -  
e n t l y  l a b e l e d   p r o t e i n s  onto P S - l a t e x   ( a d s o r p -  
t i o n  a f t e r  2 4  h o u . r s ,  T = 2 9 8  K ,  pH = 7 . 4 ,  
[ N a C l ?  = O .  I 5  M, p h o s p h a t e   b u f f e r .  

111, 6 DISCUSSION. 

When l abe led   p ro t e ins  are used  for  adsorption  experiments 
ìt i s  necessa ry   t o   i nves t iga t e   t he   s t ab i l i t y   o f   t he  bond  between 
the  label and the  protein  molecules.   This w a s  done w i t h   t h e   d i f f e -  
r e n t  99mTc- and  1251-labeled HSA preparates .  
Figure 2 shows t h a t  99mTc-HSA ( incubat ion methòds I .  i and i m )  a r e  
not  stable  under  adsorption  condktions.   Consequently  these com- 
pounds w e r e  no t   fu r the r   i nves t iga t ed .  
The remaining  labeled  proteins  w e r e  character ized  by  e lectrophore-  
t i c  methods.  These  methods a l l  i n d i c a t e   t h a t   t h e   l a b e l e d   p r o t e i n s  
resemble   the   non- labe led   ones   in   the i r   e lec t rophore t ic   behaviour  
and no p r e f e r e n t i a l l a b e l i n g   o f  HSA monomer, dimer or t r i m e r  W a s  

observed. 
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Subsequently  adsorption  experiments were c a r r i e d   o u t   t o   d e t e c t  

any poss ib le   d i f fe ren t   adsorp t ion   behaviour   o f   the   l abe led   p ro-  
t e i n   a s  compared to   the  non-labeled.  
Adsorption  experiments  of "mTc-HSA(e) onto PS and SR p l a t e l e t s  
( f i g u r e s  5 and 6 )  show a preferen t ia l   adsorp t ion   of   the   l abe led  

pro te in .  The preferen t ia l   adsorp t ion ,   expressed  by Cp x (equat ion 
(18)) was d i f f e r e n t   f o r   t h e  two polymer surfaces  (on PS: 4 x = 

66 2 20 and  on SR:  @ x = 5 .4  2 3 . 5 ) -  

This means tha t   t he   d i f f e rence   i n   adso rp t ion   behav iour   be tween  
labeled and  non-labeled  protein i s  a func t ion   o f   t he   subs t r a t e  
used.  Because 99mTc-HSA (e) shows p re fe ren t i a l   adso rp t ion  it was 

not   used  in   fur ther   experiments ,  
For 1251-HSA(e) on PS ( f i g u r e  7 ) ,  (I x i s  1 . 0  ,+ 2.9, i nd ica t ing  

t h a t   i n   t h i s   c a s e   t h e  test  method i s  n o t   s e n s i t i v e  enough t o  

conclude  whether  preferential   adsorption  takes  place.   This 

method was also  used by Brash e t  a l . 2 7  who measured the  adsorp- 
t ion   o f  1251-HSA ( l abe led  by the  iodine  monochloride method 
of M a ~ F a r l a n e ~ ~ I o n t o   p o l y e t h y l e n e  (PE)  . Also i n   t h a t   c a s e   t h e  

method i s  n o t   s e n s i t i v e  enough to   exc lude   preferen t ia l   adsorp-  
t i o n  . 
Horbett  e t  a l . 39  measured the   p re fe ren t i a l   adso rp t ion   o f  hemo- 

globin compared t o   o t h e r   p r o t e i n s   o n t o  PE, us ing  radio- labeled 
pro te ins .  

L e e  e t  a 1 . 1 5 r 2 6  and D e z e l i e z  e t  al .7 a l so   u sed   d i f f e ren t  1251 

l abe led   p ro te ins   for   compet i t ive   and   k ine t ic   adsorp t ion   exper i -  

ments. The poss ib le   in f luence   o f   the   l abe l ing  on the   adsorp t ion  
behaviour   of   the   proteins  was not   inves t iga ted .  When (p x i s  

c l o s e   t o  1, a more accura te  method for   the   de te rmina t ion   of  
poss ib l e   p re fe ren t i a l   adso rp t ion  i s  required.   This was achie- 
v&d by  using as t h e   s u b s t r a t e  'a PS l a t e x   w i t h  a h igh   spec i f i c  
surf   ace  area.  

Now the  adsorpt ion  causes  a s ign i f i can t   dec rease  of t h e  pro- 

t e in   concen t r a t ion   i n   t he   so lu t ion .  The decrease   o f   thé   to ta l  
p ro te in   concent ra t ion  [A+BJ i n   t h e   s o l u t i o n   a f t e r  2 4  hours  can 
be  measur,ed  spectrophotometrically  and  the  decrease  of  the con- 

cen t r a t ion   o f   t he   1abe led .p ro te in  [A] by measuring  the  radio- 
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a c t i v i t y  of t he   so lu t ion .  The preferen t ia l   adsorp t ion   parameter  

(27) . T a b L e  1 shows values of (I and $depl. f o r  1251-HSA, l abe led  
i n   d i f f e r e n t  ways,  which  can  be  measured  with  an  accuracy of 
about 10%. 
A l l  l abe led   p ro te ins  show values  of 9 and $depl f 1 i n d i c a t i n g  
s l i g h t   p r e f e r e n t i a l   a d s o r p t i o n .  It i s  a l s o  shown that 4 f $depl.# 

ind ica t ing   i r revers ib le   adsorp t ion .   In   conc lus ion ,  when labe led  
proteins   are   used for adsorp t ion   s tud ies  it is  necessary   to   de te r -  
mine  whether  preferential   adsorption  occurs,   even when t h e  bond 
between t h e   l a b e l  and t h e   p r o t e i n  i s  s table   under   experimental  
conditions  and when the   l abe led   p ro t e ins  show t h e  same e l e c t r o -  
phoret ic   behaviour  as the  non-labeled  ones. 

and ' depl.  can now be  calculated by using  equations (26) and 
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CHAPTER IV 

DYNAMIC  ASPECTS OF CONTACT  ANGLE  MEASUREMENTS 
ON ADSORBED  PROTEIN  LAYERS 

"PROTEIN  ADSORPTION" 

ABSTRACT. 

Contact  angle  measurements  using  drops of p a r a f i n  o i l  have  been 

performed o n  po lys tyrene  ( P S )  subs t r a t e s ,   coa ted   w i th  human serum 

albumin (HSA) o r  human f ib r inogen  (HFb),  immersed i n   b u f f e r   s o l u -  

t i o n .  The contact   angle   appeared t o  be  time  dependent. The f i n a l  

v a l u e   f o r  HSA-coated s u b s t r a t e s  was 50' f 5' and f o r  HFb-coated 

s u b s t r a t e s  130' 5 10' (measured  through  the o i l  phase) .  F r o m  

measurements  of t h e   i n t e r f a c i a l .   t e n s i o n   a t   o i l - b u f f e r   i n t e r f a c e s  

o n  pass ing  HSA coa ted   subs t r a t e s  and  from  measurements  using  radio- 

l a b e l l e d  H S A  in   such   exper iments ,  i t  may be  concluded  that  an  ad- 

sorbed  layer   of  HSA on P S  can  turnover  from  the PS  s u b s t r a t e  t o  

t h e   o i l / b u f f   e r   i n t e r f a c e .  The d i f fe rence   in   behaviour   be tween 

PS subs t r a t e s   coa ted   w i th  HSA and P S  sur faces   coa ted   wi th  HFb i s  

a t t r i b u t e d  t o  a s s o c i a t i o n  of t he  HFb molecules upon a d s o r p t i o n   a t  

t he   PS /buf fe r   i n t e r f ace ,   whereas   t he   s t ronge r   i n t r a   mo lecu la r   fo r -  

c e s   i n  HSA do p reven t   t h i s   behav iour .  ' 

Iv It L INTRODUCTION. 

When blood i s  con tac t ed   w i th   t he   su r f ace  of a n   a r t i f i c i a l  

material, adso rp t ion   o f   p ro t e ins  w i l l  occur   instantaneously.  
A t  t h e  same t i m e  blood  coagulat ion w i l l  be   i n i t i a t ed   by  a con tac t  
a c t i v a t i o n  mechanism. 

Andrade l r2   pos tu l a t e s   t ha t   t h i s   ac t iva t ion  is a func t ion   of   the  
i n t e r f a c i a l   f r e e   e n e r g y  between  blood  and  the  exposed  surface. 
This   impl ies   tha t  it i s  impor t an t   t o   i nves t iga t e  how the   na tu re  
of  the  exposed  surface  and  the  balance  of  intermolecular  forces 
w i l l  b e   a l t e r e d  upon adsorp t ion   of   p ro te in .molecules .  Once t h e  
p r o t e i n  i s  adsorbed  the  other  blood components  might  only  inter- 
act with  the  adsorbed  protein  layer ,   masking the  underlaying ma- 
terial .  
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Vroman3 s tud ied   t he   . e f f ec t  of t he   na tu re  of the  exposed  surface 
on the  adsorbed  protein  layer .  He used a roughly  estimated con- 
tact  angle  value  of water on d i f f e ren t   su r f aces ,   coa ted   w i th  
human f ibr inogen,  as an   ind ica t ion   for   the  s ta te  of   the   p ro te in  
l aye r .  The pro te in   coa ted   sur faces  were dr ied  before   judging 
t h e i r   w e t t a b i l i t y  . 
McMillin4  studied  the  influence  of.   drying  on  the  conformation  of 
the  adsorbed  protein.  It appears  that   an  adsorbed  layer  of a 
c e r t a i n   p r o t e i n  (Hageman f a c t o r )  shows e n t i r e l y   d i f f e r e n t  ORD 

(Optical   Rotat ion  Dispersion)   spectra   for   coated  substrates  

which were dr ied   and   for   those  which were non-dried.  These'obser- 

va t ions  are not   surpr i s ing ,   cons ider ing   the   impor tan t   ro le   o f  
w a t e r   i n   t h e   t e r t i a r y   s t r u c t u r e  of p ro te ins  (Lumrey5,  Bachmann6), 
and  of   possible   i r revers ible   changes  in   conformation upon drying. 
In   t h i s   s tudy ,   con tac t   ang le  measurements  have  been  performed  with 
pa ra f f in   o i l   d rops ,   b rough t   i n   con tac t   w i th   p ro t e in   coa ted  sub- 
s t r a t e s  immersed i n   b u f f e r   s o l u t i o n s .  The bu f fe r   so lu t ion ,  which 
contains  no protein,   has  been  used  to  rep1ac.e  the,original  pro- 
t e i n   s o l u t i o n  from  which  adsorption  took  place. , , 

I n   t h i s  way the   poss ib l e   e f f ec t   o f   d ry ing   o f   t he   coa ted   subs t r a -  
tes was prevented. The p o l a r   i n t e r a c t i o n s  between  adsorbed  pro- 
t e i n  and water w i l l  be   inves t iga ted ,   as  w e l l  as dynamic aspec ts  
of   the  wet t ing  behaviour   of   the   oi l   drops on t h e  immersed p ro te in  
coa ted   subs t ra tes .  

A s  s u b s t r a t e  material, polystyrene  has  been  chosen  which i s  a i 

very  apolar   mater ia l .  The pro te ins   under   inves t iga t ion  are human 
fibrinogen  and human serum  albumin. 

I V . 2  EXPERIMENTAL. 

Human serum  albumin ( H S A ) ,  c r y s t a l l i z e d ,  was obtained  from Pierce 
Chemicals.  Prod. No. 30430.  

lZ5I-HSA (batches  with  varying  concentrat ions Q 7 kc~.m-~)  was 
obtained  from I . R . E .  F leurus ,  Belgium, N o .  Sari  125-B. 
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PoZys ty rene  ( P S )  w a s  obtained  from  Pressure  Chemical Company, 
Pi t tsburgh,   Mellon  Inst i tute ,   Special   Polystyrene  s tandard.  
MW = 670.000 %/Mn = 1.15,  l o t  No. 13a. 
P a r a f f i n  o i Z  w a s  obtained fróm  Baker  Chemicals,  Deventer,  Holland. 
Before  use it it w a s  twice p u r i f i e d  by  percolat ing  over   an A1203  

column. 

B u f f e r   s o Z u t i o n  was prepared by adding  an  aqueous  solution  of 
0.01  M KH2P04 and 0 .15  M N a C l  t o   a n  aqueous so lu t ion  of 0 . 0 1  M 

NaOH and O 15 M N a C l  u n t i l  a p H  of 7 . 4  w a s  reached. 

A l l  p ro t e in   so lu t ions  were s t o r e d  a t  a temperature  of 277 K, under 
sterile conditions,   and  they w e r e  used  within  one week a f t e r   p r e -  
para t ion .  
A l l  chemicals  used were ana ly t i ca l   g rade .  

IV, 3 METHODS. 

1v.3~1 Contact  angle  measurements. 

Polystyrene (PS) subs t r a t e s  w e r e  obtained by d ipp ing   g l a s s  

s u r f a c e s   i n  a so lu t ion   of  PS i n   t o l u e n e  ( 7 % )  and  drying them a f t e r -  
wards. The dipping  procedure w a s  repea ted   th ree  times. A f t e r   t h e  
t h i r d  t i m e ,  t h e   s u b s t r a t e  w a s  d r ied   dur ing  1 day a t  room tempera- 
ture.   Drying  during a week a t  a temperature  above  the  glass  tran- 
s i t i o n  of PS d i d   n o t   g i v e   d i f f e r e n t   c o n t a c t   a n g l e   r e s u l t s .  Subse- 
quen t ly   t he   subs t r a t e s  w e r e  condi t ioned   in  a buf fer   so lu t ion   dur ing  
1 day. 
Then t h e   s u b s t r a t e  w a s  p l a c e d   i n  a f r e s h   b u f f e r   s o l u t i o n  (pH = 7 .4 )  
a f t e r  which a concent ra ted   p ro te in   so lu t ion  w a s  added u n t i l  the  

des i r ed   p ro t e in   concen t r a t ion   i n   t he   r ange  from O .  002  t o  O .  5 kg.m-3 
w a s  reached. A f t e r  th ree   hours   the   p ro te in   so lu t ion  w a s  washed away 
by bu f fe r   so lu t ion   con ta in ing  no p ro te in  a t  a l l .  The replacement 
of p ro te in   so lu t ion  is a n e c e s s a r y   s t e p   i n   t h e   p r o c e d u r e ,   f i r s t  
t o   b e   s u r e   t h a t   t h e   o i l - w a t e r   i n t e r f a c i a l   t e n s i o n   d u r i n g   c o n t a c t  
angle  measurements  does  not  change  due  to  adsorption  of  protein 
from t h e   s o l u t i o n  and  secondly  to  prevent  contact  between  the  sub- 
strate and t h e   p r o t e i n   s o l u t i o n / a i r   i n t e r f a c e  after the   adsorp t ion  
s t ep .  I f  this contac t   occurs  the adsorbed  and  probably  denatukated 
p ro te in   l aye r  a t  t h e   a i r / s o l u t i o n   i n t e r f a c e  may be deposi ted  on  the 
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s u b s t r a t e  (Gosh  and Bul l7)  as a kind  of   Blodget t8   layer .  
Subsequent ly   the  subskrate  was t aken   ou t ,   pu t   d i r ec t ly   i n to  a 

ce l l  conta in ing   buf fer   so lu t ion ,   and   p laced  on a p l a t f o r m   i n   t h e  
contact  angle  measurements:set  up.  Using a g l a s s   c a p i l l a r y ,  a 

small d rop   o f   pa ra f f in   o i l  ( Q  10-l1 m 3 ) was brought  under  the  sub- 
strate.  The contac t   angle  8 of t h i s   d rop   w i th   t he   subs t r a t e  was 
determined  from  the  dimensions  of  the  drop  (Bargemang) , see f i g .  1. 

F i g u r e  l :  sin e = 2 h r / ( h 2  + r 2 1. 

A necessa ry   cond i t ion   fo r   t h i s  method is  tha t .  t h e  shape  of  the 
drop i s  not   inf luenced  by  gravi ty   (small   drops  should  be  used)  . 
117.4 RESULTS. 

The contac t   angle  e of p a r a f f i n   o i l  measured  through t h e  
o i l  phase upon c lean  PS s u b s t r a t e s  immersed i n   b u f f e r   s o l u t i o n '  
conta in ing  no protein  appeared t o  be: 
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e = 3 0  2 O 

Measurements  of t h e  
s t r a t e s  immersed i n  

-2 

3O 

c o n t a c t   a n g l e   o f   p a r a f f i n   o i l   w i t h  PS sub- 
a bu f fe r   so lu t ion   de l ibe ra t e ly   con ta in ing  

0 .5  kg.m-” protein  yielded  an  angle   of   contact   being:  

e = 180° , 

I n   t h i s  system no wet t ing   o f   the   subs t ra te  by t h e  o i l  drop w a s  
observed a t   a l l ,   n o t  even af te r   p ro longed   wai t ing  (>  1 day) .  

Subs t ra tes  were prepared  carrying  protein  layers  adsorbed from 

d i f f e ren t   p ro t e in   so lu t ions   a s   desc r ibed   be fo re .   Buf fe r   so lu t ions  
containing 0 - 5 ,  0 . 0 5 ,  0 . 0 1  and 0 .002  kg.m-3 HSA and i n  a second 

series , buf fe r   so lu t ions   con ta in ing  O - 5 ,  O ,O5 and O .  0 0 2  kg.m-3 HFb 
were used as adsorpt ion  l iquids , .   After   replacement   of   the   protein 
so lu t ions ,   contac t   angles  w e r e  measured  as a function  of t i m e  of 
c o n t a c t   o f   t h e   o i l   d r o p .  
Resul ts   obtained  with HSA coa ted   subs t ra tes  are g iven   i n   f i g .  2 .  

Immediately a f t e r   d i s p o s i t i n g   t h e   p a r a f f i n   o i l   d r o p   o n t o   t h e  
sur face ,   the   contac t   angle  i s  180°. This   s i t ua t ion   cou ld  be main- 
ta ined   for   longer   per iods  if t h e   s u b s t r a t e  was k e p t   i n   v i b r a t i o n  
by tapping   aga ins t  it, Without t h i s  mechanical  influence  the  angle 
of   contact   decreased as a function  of t i m e .  The rate of decrease 

and t h e   f i n a l   v a l u e  of the   contac t   angle  seemed to   be   qu i t e   i nde -  
pendent  of  the  protein  concentration  in  the  solution  from  which 
the   p ro te in   l ayer   had   been   adsorbed .  
Af te r  2 x 1 0 3  seconds  of  contact, 8 w a s  about 65O and a f te r  10 4 

seconds  the  ul t imate   value  of  8 = 50° 5O was p rac t i ca l ly   r eached .  
Results  obtained  with HFb-coated s u b s t r a t e s   a r e   g i v e n   i n   f i g .  3 .  

The contact   angle   measured  on  these  substrates  decreased much 
less than was observed   for   the  HSA-coated substrates. The i n i t i a l  

value w a s  a l s o  180°, which s i tua t ion   a l so   could   be   p ro longed  by 
t app ing ,   bu t   t he   f i na l   va lue  of  8 was 120° t o  140°. Again t h i s  
value w a s  shown t o  be independent  of  the  protein  concentration 
i n   t h e   s o l u t i o n  from  which t h e   p r o t e i n  had been  adsorbed. 
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F i g u r e   2 :   T h e   t i m e - d e p e n d e n c e   o f   t h e   c o n t a c t   a n g l e  f3 o n  HSA- 
c o a t e d  P S  s u b s t r a t e s   i n   b u f f e r e d  s a l t  s o l u t i o n s  
(pH = 7 . 4 ,  T = 293  K ) ,  
T h e   p r o t e i n  was a d s c r b e d   f r o m   b u f f e r g d   s o l u t i o n s  
c o n t a i n i n g  O .  5 kg.m 3 ( o ) ,  O .  05  kg.m 3 ( o ) ,  O .  O 1  
kg.m-3 (A) a n d  0 . 0 0 2  kg.m-3, ( A )  HSA r e s p e c t i v e l y .  

e lm] 
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h 

m 

F i g u r e   3 :   T h e   t i m e - d e p e n d e n c e  o f  the  c o n t a c t   a n g l e  f3 o n  HFb- 
c o a t e d  P S  s u b s t r a t e s   i n   b u f f e r e d  s a l t  s o l u t i o n  
(pH = 7 . 4 ,  T = 293  K ) .  
T h e   p r o t e i n  was a d s o   b e d   f r o m   b u f f e r e d   s o l u t i o n s  
c o n t a i n i n g  0 . 5  kg.m-” ( o ) ,  0 . 0 5  kg.m-3 ( o )  a n d  
0 . 0 0 2  kg.m-3 ( A )  HFb r e s p e c t i v e l y .  
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I n   o r d e r   t o   i n v e s t i g a t e   t h e   i n f l u e n c e  of drying  of  the  adsorbed 
p r o t e i n   l a y e r  on the  wet t ing  behaviour  of p a r a f f i n   o i l  some pro- 

t e in   coa ted   su r f aces  were dried during l day a t  room temperature. 
Contact  angle  measurements  on  these  substrates w e r e  performed, 
as soon as poss ib l e  af ter  t h e i r  immersion i n   b u f f e r   s o l u t i o n ,  
The r e s u l t s   o f   t h i s   t y p e  of measurements ca r r i ed   ou t   w i th  sub- 
strates o b t a i n e d   o r i g i n a l l y  by adsorpt ion from a buf fe r   so lu t ion  
conta in ing  O .  5 kg.m HSA are g i v e n   i n   f i g ,  4 and  from  buffer 
so lu t ions   conta in ing  0 .5  kg,rne3, 0.05 kc~.rn-~ and 0,002 kg.rne3 HFb 

r e s c e p t i v e l y   i n   f i g .  5. 

-3  

O 

I I I l I I I I I I I I 

24 48 72 ' 96 120 144 800 

F i g u r e  4 :  The time-dependence of the  contact  angle 8 on 
intermediately  dried  HSA-coated PS substrates  in 
buffered  salt  solution (pH = 7 . 4 ,  T = 293 P). 
The protein  was  adsorbed  frbm'buffer  solutions 
containing O. 5 kg.m-3 ESA. 

I n   c o n t r a d i s t i n c t i o n   t o   t h e - ' s i t u a t i o n  fok :non-dried  protein  layers,  

the i n i t i a l   c o n t a c t   a n g l e s  are smaller than 180° here,  The con tac t  
angle   on  the  intermediately  dr ied HSA su r face  s t i l l  shows a t i m e  
dependence (fig.  4 )  whereas  the  f ibrinogen substrates obtained 
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from 0 . 5  kg ,m3  and 0 . 0 5  kg.mW3 solutions  immediately show con- 
s t an t   con tac t   ang le s .  The HFb coated  substrates   obtained from 
0.002 kg .m3  so lu t ions  show a decrease  of 0 a s  a function  of 
time ( f i g .  5 ) .  

e 

F i g u r e  5 :  T h e   t i m e - d e p e n d e n c e   o f   t h e   c o n t a c t   a n g l e  0 o n  
i n t e r m e d i a t e l y   d r i e d   H F b - c o a t e d  P S  s u b s t r a t e s   i n  
b u f f e r e d  s a l t  s . o l u t i o n  (pH = 7 . 4 ,  T = 2 9 3  K ) .  
T h e   p r o t e i n  was a d s o r b e d   f r o m   b u f f e r e d   s o l u t i o n s  
c o n t a i n i n g  0 . 5  kg.m-3 ( o ) #  0 .05  kg.m-3 ( o )  a n d  
0 . 0 0 2  kg.m-3 ( A )  HFb r e s p e c t i v e l y .  

177.5 DISCUSSION.  

For a t .hree  phase  system,  paraff in   oi l /water /sol id ,   the  re- 
l a t i o n  bet.ween the   con tac t   ang le   o f   an   o i l   d rop  on t h e   s o l i d   s u r -  
face  which i s  immersed i n   t h e  aqueous  phase  and  the  acting  inter- 
f a c i a l   t e n s i o n s  i s  given by t h e  Young-equation: 

where y i s  t h e   i n t e r f a c i a l   t e n s i o n  [mN.m-l] , 0 is t h e   c o n t a c t  
angle  measured  through  the o i l  phase  and s , w  and o i n d i c a t e   t h e  
s o l i d ,  water and o i l  phase  respe,ctively.  
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The i n t e r f a c i a l   t e n s i o n  between two mutually non dissolving  phases  
1 and 2 equals   the  sum of the   su r f ace   t ens ions  of the  phases  Tin 
vacuum minus twice   the  free energy  of   interact ion ( y 1  I r 2  ) between 
t h e  two phases. 

This free energy  of   interact ion  can  be  subdivided  into two p a r t s ,  

1) a con t r ibu t ion  due t o   d i s p e r s i v e   i n t e r a c t i o n  ( y '  d ) and 
2 )  a cont r ibu t ion   due   to  non dFspers ive   in te rac t ions  ($  I1 r 2 )  

o r  

1 r 2  

FowkeslO showed semi-empir ica l ly   tha t  y I d  = /y;' y:; where 

y1 and y2 are the   d i spe r s ive   con t r ibu t ions  t o  the   su r f ace   t ens ions  
of  phase 1 and  phase 2 respec t ive ly .  
Subs t i t u t ion   i n to   equa t ion  ( 2 )  g ives:  

d d .  I r 2  

It is assumed t h a t   t h e   s u r f a c e   t e n s i o n  of p a r a f f i n  oil r e s u l t s  from 
Van d e r  Waals forces   on ly ,  so y, = y,. 

In  this  study,  contact  angle  measurements  have  been  performed  with 
p a r a f f i n   o i l   d r o p s  on c l ean  and pro te in   coa ted   subs t ra tes  immersed 
i n   b u f f e r   s o l u t i o n ;   t h e s e   s u r f a c e s  w i l l  be   ind ica ted   respec t ive ly  
by the  ind ices  s and s ( p ) .  Young's equat ion for system a ( p a r a f f i n  
o i l /buf fer /PS)  is  : 

d 

and for   system  b  (paraff in   oFl /buffer /protein  coated PS) 
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Using ( 4 )  I ( 5 )  and ( 6 )  

(COS eb  - COS e ) = y 
Y 0 , W  a s ( p )  + - 2 m - I  s (p )  s ( P b  

o r  

Equation ( 7 )  has  been  obtained, on t h e   b a s i s   t h a t   t h e   c l e a n  PS 

subs t r a t e   has  no nondispersive  interact ions  with  the  aqueous  phase 9 

and also t h a t   t h e   c l e a n  and the   p ro te in   covered  PS sur face  
show  no po la r   i n t e rac t ion   w i th   t he   o i l   phase .   In t roduc t ion   o f  

y, = 21.8 mN.m-' and y, = 32 mN.m-l  s i m p l i f i e s   t h e  f i rs t  term on 
t h e   r i g h t ,   y i e l d i n g  

d 

yo,w (COS e - COS e ) b a = 2 (  F-6-1 % ( p )  S (P)W 

Values  for  y d are no t   ava i l ab le ,   bu t   cons ide r ing   t ha t   t he   va lue  
d might  be somewhere between 46 mN.rn-l and 21.8 mN.m-' 

( the   va lues   o f  yd for   'nylon 6-611 and water. r e s p e c t i v e l y ) ,  it can 
b e   s t a t e d   t h a t  

s (p )  
Of (p )  

, ' Introduction of t h i s   v a l u e  and. t h e  

(o44 mN,m-'), in   equa t ion   (8)   y ' i e lds  
y:-value for   polystyrene12 

y O l w .  (COS ea  - COS e b )  = I - ( O  t o  5 )  nM.m-' ( 9 )  s (p)  w 

From t h e   f i n a l   c o n t a c t   a n g l e  eb = 50° 2 5O ( f i g .  2 )  measured  on 
HSA coated  substrates   and B a  = 30° ,+ 3O measured  on  clean PS 

s u b s t r a t e s  it may be  concluded  that:  

O < I  20 mN.m-' f o r  HSA coated  surfaces  
s ( J a w  
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From t h e   f i n a l   c o n t a c t   a n g l e  eb = 12Oo-14O0 ( f i g ,  3) measured  on 
HFb coated  substrates   and B a  = 30° 2 3 O  it may be  concluded  that  

65 Is (p)w 85 mN,m-' f o r  HFb coated  surfaces  

The d i f fe rence   be tween  the   ca lcu la ted   va lues   for   the   non-d isper -  
sive i n t e r a c t i o n s   o f  HSA and HFb wi th  water i s  much g r e a t e r   t h a n  
can  be  expected  f rom  the  differences  in   the  chemical   composi t ion 
of  these  molecules,  It i s  known t h a t   b o t h   p r o t e i n s  are w e l l  solu- 
b l e   i n  water. When, for i n s t a n c e  HFb i s  d isso lved   in   an   aqueous  
s o l u t i o n  it conta ins  w a t e r  up t o  4 times i t s  own weight6,  From 
t h e s e   d a t a  it i s  to   be   expec ted   t ha t   t he re  i s  a s t r o n g   i n t e r -  
action  between  thes.e  proteins  and water. Sinee the I-term a c t i n g  

across  a hypo the t i ca l  water/water in t e r f ace   can   be   ca l cu la t ed   t o  
be 100 mN.m-l (Iw - - yb + y, - 2 m% 1 0 0  mN.rn-l), it might 
be Conclirded tha t   t he   va lue   o f  Is ( p ) w  must  be  of  the same order .  
This means t h a t   t h e  I found f o r  HFb/water  has  an  acceptable 
va lue  (65-85 mN,m-') . It a l s o  means t h a t   i n   t h e  case of HSA- 

coated  substrates  something  has  happened  which  causes  an  unlikely 

s (p)w 

low value of I t o  be   ca lcu la ted .  
S (P) W 

A different   behaviour   of  HSA-coated s u b s t r a t e s  compared t o  HFb- 

coated  substrates  has  been  observed  already  with  the  dried sub- 

strates ( f i g s .  4 and 5 ) .  Fig.  4 shows t h a t   t h e   c o n t a c t   a n g l e  on 
t h e   i n t e m e d i a t e l y   d r i e d  HSA s u b s t r a t e s  still shows a t i m e  de- 

pendence,  whereas  fig. 5 shows no t i m e  dependence f o r   t h e  con- 
tact   angles   measured  on  intermediately  dr ied HFb subs t r a t e s .  

Three   poss ib l eexp lana t ionscan   be   g iven   fo r   t he   d i f f e rence   i n  
the   con tac t   ang le   v s  t i m e  behaviour of the  adsorbed  protein 
layers   under   inves t iga t ion :  

1) The conformation  of  the  adsorbed  protein  layer  changes 
dras t ica l ly   under   the   in f luen 'ce  of t h e   o i l  drop, 

2 )  The adso rbed   p ro t e in   l aye r   d i s so lves   i n   t he   bu f fe r  so- 
l u t i o n .  

3)  The adsorbed  protein  layer  i s  " s t r ipped"   o f f  from t h e  
PS sur face   by  the p a r a f f i n  o i l  drop. This w i l l  r e s u l t  
i n   t he   p re sence   o f   p ro t e in  a t  t h e   o i l / w a t e r   i n t e r f a c e .  
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The second  possibi l i ty   can  be  ruled  out   s ince  the  behaviour   of  
a n   o i l   d r o p  on a pro te in   coa ted   subs t ra te   d id   no t   change  when 
th i s   p ro t e in   coa ted   subs t r a t e  was incubated  for   several   hours  
i n  a p ro te in - f r ee   bu f fe r   so lu t ion .  So w e  only  have  to   consider  
t h e   f i r s t  and t h e   l a s t  mentioned  possibility.  Reconformation 

of protein  molecules  si tuated  between PS and   the   o i l   d rop   cannot  
be   ru led   ou t ,   bu t  it does  not seem t o   b e  a very  obvious  process. 

When t h e  l as t  mentioned poss ib i l i ty   occurs ,   the   va lue   o f  y 

w i l l  decrease.  I t  i s  n o t   p o s s i b l e   t o   d i r e c t l y  measure t h i s  de- 
crease  of  y a t  the  advancing  interface  of  a very small drop 
of   paraf f in   o i l ' .  
However, t h e   s i t u a t i o n   o f  a slowly  advancing  contact  angle  can 
be  simulated by pu l l ing   p ro t e in   coa ted  PS p la te le t s   very   s lowly  
through  an   o i l /buf fer   so lu t ion   in te r face .  When "s t r ipp ing"   occurs ,  
t h e   i n t e r f a c i a l   t e n s i o n  ( y  ) w i l l  dec rease ,   r e su l t i ng  from t h e  
presence  of   "s t r ipped"  protein a t  the   in te r face .   This   exper i -  
ment has  been  performed  as  follows: 

0 r w  

O I W  

O I W  

Glass p l a t e s  ( 0 . 0 2 4  X 0 , 0 4 0  m) were coated  with  polystyrene  and 

HSA was adsorbed  from a buffered  so1utio.n  containing 0 . 5  kg,m-3 
HSA. After   the   replacement   of   the   protein  solut ion by bu f fe r  
so lu t ion   w i thou t   p ro t e in ,   t he   p l a t e l e t s  were t a k e n   o u t   a l l  w e t ,  
and p l a c e d   i n  a beaker   conta in ing   buf fer   so lu t ion .  Then a l aye r  
o f   p a r a f f i n   o i l  w a s  careful ly   brought  on top  of t h e   b u f f e r  so- 
l u t i o n  and t h e   i n t e r f a c i a l   t e n s i o n  y was measured  using  the 
Wilhelmy-plate method (check  on  wetting  angle).  Suhsequently 

the   p ro te in-coa ted   p la te le t s   a re   pu l led   very   s lowly  (1-2 pm. s-') 
t h r o u g h   t h e   o i l / b u f f e r   i n t e r f a c e ,   a f t e r  which t h e   i n t e r f a c i a l  
t ens ion  was measured  again. 

O I W  

The in te r fac ià l   t ens ion   had   decreased  from 

50 mN.m-l t o  43-45 mN.rn-l 

From these  experiments it is' concluded  that  a t  least a p a r t   o f  
t h e  time-dependence  of the  contact  angle  measurements.on HSA 

substrates ,   dr ied  and  non-dried,   resul ts  from the   " s t r ipp ing"  
of  the  adsorbed HSA l a y e r  by t h e   o i l  drop. 
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I n   o r d e r   t o   v e r i f y   t h i s   f e a t u r e   i n  still a d i f f e r e n t  way, experi-  
ments w i t h  rad io labe led  HSA have  been  performed, For t hese  ex- 

periments HSA labe led   wi th  1251 (1251-HSA) was used, 

Polystyrene  substrates  w e r e  coa ted   wi th  a p ro te in   l aye r  by ad- 
sorption  from a buffer   so lu t ion   conta in ing  1251-HSA and HSA with 
a t o t a l   p r o t e i n   c o n c e n t r a t i o n   o f  0.5 kg,m-3. T h e  adsorpt ion pro- 
cedure  has  been  described  elsewhere13, The HSA coated   subs t ra tes  
w e r e  p l a c e d   i n  a beaker   containing  buffer   solut ion  only,  Some 
of t h e   p l a t e s  w e r e  connec ted   to  a mechanism  which  could p u l l  
them  upwards with a rate of I or 2 pm.s  , and a layer   of   paraf-  

f i n   o i l  was carefu l ly   b rought  on top   o f   t he   so lu t ion ;   t he   o the r s  
w e r e  p laced   in   another   beaker   wi th   buf fer   so lu t ion ,  A f t e r  20 hours 
t h e   s u b s t r a t e s  w e r e  taken  out :   the  f i r s t  series of   substrates   had 

p a s s e d   t h e   o i l / b u f f e r   i n t e r f a c e  by means of  the  mentioned mecha- 

nism  and t h e   o t h e r  series of   subs t ra tes  w e r e  t a k e n   o u t   d i r e c t l y  
from the   bu f fe r   so lu t ion .  

-1 

The surface  concentrat ion  of  HSA on t h e   s u b s t r a t e s  was measured 
wi th  a s c i n t i l l a t i o n   c o u n t e r   ( B a i r d  Atomic Spectrometer  model 

530) .  The r e s u l t s  are g i v e n   i n   t a b l e  1). 

T t h o u t  ~ s ~ ~ ~ ;  

Surface  conc. of HSA Surface  conc.  of HSA 
on PS  s u b s t r a t e  on P S  s u b s t r a t e  

o i l / b u f f e r   i n t e r f a c e   o i l / b u f f e r   i n t e r f a c e  

. - . ._ . .. 

x 10 
6 x 10 

[kg. m- 2 ]  [kg. m-2] 

1 . 6  

1.6 

Table 1:  The  amount  of p r o t e i n   p r e s e n t  on P S  s u b s t r a t e s  
which  have  been or have  not  been drawn  through 
a n   o i l / b u f f e r   i n t e r f a c e .  
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By these  experiments it has  been  confirmed  that   an  oi l   drop  can 
" s t r i p "  an  adsorbed  layer  of HSA from a polystyrene  surface.  
With  an  increased  effect ivi ty   of   this   "s t r ipping" upon a decrease 
i n   t h e   t r a n s p o r t  ra te  of  the  boundary  l ine.  

A similar e f f ec t   has  been  found  by  Bikerman14 fo r   depos i t ed  
mult i layers   of   bar iumstearate;   the  phenomenon was c a l l e d  
boundary  corrosion. The adsorpt ion  of   bar iumstearate  however 

i s  revers ib le   whereas   for   an   explana t ionof   th i s   s t r ipp ing   e f fec t  
it i s  necessary   to   rea l ize   tha t   the   adsorp t ion   of   macromolecules  
l i k e  HSA and HFb i s  genera l ly  assumed t o  be i r r e v e r s i b l e  and 
t h a t  each  adsorbed  protein  molecule w i l l  be  adsorbed a t   t h e  sub- 
s t r a t e  by a number of  apolar  segments.   The,assumed  irreversibi-  
l i t y  does  not   necessar i ly  mean that   each  binding s i t e  shows ir- 

r e v e r s i b i l i t y   i n   a d s o r p t i o n .   T h e r e  i s ,  however, s t a t i s t i c a l l y  
an   ex t r eme ly   sma l l   poss ib i l i t y   t ha t   deso rp t ion   occu r s   a t  a l l  
the   contac t   p laces  a t  t h e  same time, 

The observed   "s t r ip   e f fec t"   p roves   tha t   each   of   the   t ra ins   o f  
segments  with  which  the HSA molecules  are  adsorbed  onto  the  sur- 
face  i s  bound i n  a r e v e r s i b l e  way, This   can  be  visual ised  sche-  

ma t i ca l ly   a s   fo l lows   ( f ig .  6 )  : 

A drop   of   paraf f in   o i l   has   been   brought   in   contac t   wi th  a pro- 
t e in   coa ted   su r f ace  immersed i n   b u f f e r   s o l u t i o n .   I n i t i a l l y  
the  observed  contact   angle   (measured  through  the  oi l   phase)  w i l l  
remain 180° ( f i g .  6 a ) ,  p o s s i b l y   r e s u l t i n g  from a r e t a rded  re- 
orientation  of  h.ydrophilic  segments  of  the  adsorbed  protein mole- 
c u l e s   i n   t h e   t h i n   w a t e r f i l m   n e x t   t o   t h e   p r o t e i n   l a y e r .   T h i s  non- 
wet t ing  was  shown t o   b e  a dynamic e f f e c t ;  it could  be  prolonged 

when t h e   s u b s t r a t e  was kept   in   vibrat ion  causing  displacement  
on the  drop. Hence. the   adhes iona l   forces   a re   very  weak i n   t h e  
beginning  and  there i s  no spontanious  tendency  for   the water la- 

ye r   i n   con tac t   w i th   t he   p ro t e in   l aye r   t o   b reak  away. The  pheno- 
menon t h a t  on. i n t e rmed ia t e ly   d r i ed   su r f aces   t he  i n i t i a l  con tac t  
angle  was smaller   than 180° might   ind ica te   tha t ,  upon drying 

the  adsorbed  protein  layer,   reconformation  occurs from a hydro- 
p h i l i c   o u t e r   l a y e r   t o  a ( a t  least  p a r t i a l l y )  hydrophobic  outer 

o 
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l ayer .  When the   wa te r   l aye r   b reaks ,   t he   o i l -p ro te in   con tac t  w i l l  
be   rea l ized   and  a f i n i t e   c o n t a c t   a n g l e   ( f i g -  6b) w i l l  b e   e s t a b l i s h e  

A t  the   th ree   phase   boundary   the   p ro te in  may adsorb a t   t h e   p a r a f f i n  
o i l / w a t e r   i n t e r f a c e   a l s o ,  Then the  protein  molecules  can  be  peeled 

off   f rom  the PS ( f ig .   6b ) ,   because   t he   i n t e rac t ion   o f   t he   p ro t e in  
molecu le s   w i th   t he   l i qu id   o i l   c an   be   s t ronge r   t han   w i th   t he   so l id  
PS, r e s u l t i n g  from t h e   f l e x i b i l i t y  of l i qu id - l iqu id   i n t e r f aces .  
Now t h e   o i l   p h a s e  may be  able   to   reach  the  underlying  apolar   sub-  

s t r a t e  a t  some p laces   ( f ig .   6c)  . The protein  molecules  are supposed 
to   be   long   e l l ipso ids   connec ted   to   the   sur face  by a number of apo- 
lar  segments ( t h e   d o t s   i n   f i g .   6 a - d ) .  

When such a segment  next t o   t h e   o i l   p h a s e   c o n t a c t   l i n e   d e s o r b s , ' t h e  
o i l  w i l l  proceed  spreading  on  the PS and t h e   t r a i n  w i l l  readsorb 
onto  an  apolar   substrate ,  now t h e   p a r a f f i n   o i l   ( f i g .   6 d ) .   I n   t h i s  
way the   p ro te in   molecules   might   s l ide   over   f rom  the   PS/buffer   in te r  
face  t o  t h e   p a r a f f i n   o i l j b u f f e r   i n t e r f a c e   ( f i g .  6e) ,  and t h e  contac 
angle w i l l  show a t i m e  dependent  decrease, 

Obvious ly   the   "s t r ip   e f fec t"   t akes   p lace   on   a lbumin   coa ted  sub- 

s t r a t e s   o n l y  and n o t  on the   f ib r inogen   coa ted   subs t ra tes .  I f  t h e  
proposed mechanism of   "s t r ipping" i s  r i g h t   t h e n   t h i s   d i f f e r e n c e  
canno t   r e su l t  from the  higher  molecular  weight.  It may r e s u l t  

from the   f ac t   t ha t   f i b r inogen   mo lecu le s   dena tu ra t e  much easier 
than  albumin  molecules  do, Hence the  adsorbed  fibrinogen  molecules 
may show a s s o c i a t i o n   a t   t h e   s u r f a c e   r e s u l t i n g   i n   a n   e x t e n d e d ,   a s -  
sociated  f ibr inogen  layer   which  cannot   be  "s t r ipped"  f rom  the  sur-  
f ace , 
.Morrisey  and  StrombergL5  fbund  that upon adso rp t ion   t he   i n f r a red  

bound fract ion  of   f ibr inogen  increased,   whereas   this   did  not  
happen f o r  albumin.  They  concluded t h a t   t h e   i n t e r n a l   b i n d i n g   o f  
albumin i s  s u f f i c i e n t   t o   p r e v e n t   c h a n g e s   i n   t h e   s t r u c t u r e   w h i l e  
adsorbed,   even  a t . low  surface  concentrat ion.  The increase   o f   the  
bound, f r a c t i o n  of f ibr inogen upon adsorption may r e s u l t  from  in- 
t e r f ac i a l   agg rega t ion ,  which i s  i n   l i n e   w i t h   o u r  measurements. 
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F i g u r e  6 :  S c h e m a t i c a l   w e t t i n g   p r o c e s s   o f   a n  o i l  d r o p   o n t o  
a p r o t e i n   c o a t e d  P S  s u b s t r a t e .  
a )  i n i t i a l  s i t u a t i o n  
b )   f i n i t e   c o n t a c t   a n g l e   o n   t h e   p r o t e i n   l a y e r   a n d  

t h e   f i r s t   t u r n o v e r  o f  t h e   p r o t e i n   m o l e c u l e s  
c )  w e t t i n g  o f  t h e  P S  s u b s t r a t e   b y   t h e   p a r a f f i n   o i l  
d) " s t r i p p i n g "  o f  t h e  p r o t e i n   m o l e c u l e s  
e )   f i n a l   s i t u a t i o n ,  

The time dependence  of  the  contact  angle on the   i n t e rmed ia t e ly  
d r i e d  HFb substrate,   adsorbed  from a 0 , 0 0 2  kg.m-3 HFb so lu t ion  
( f i g .  5 )  may be  the  result   of  an  incomplete  'coverage  of  the  sur- 
face  so that   complete   associat ion  cannot   occur .  
The absolutely  non-wetting  behaviour of an o i l  drop on a PS sub- 
strate, immersed i n  a p ro te in   so lu t ion  (0 .5  kg.mm3) can  be ex- 
plained  by  entropic  repulsion,  caused  by  the  adsorbed  protein 
l aye r s  a t  t he   PS / so lu t ion   and   t he   pa ra f f in   ' o i l / so lu t ion   i n t e r -  
faces, o r   t he   l ower ing  of t h e  y by pro te in   adsorp t ion .   This  
can  be shown by  the  fol lowing  calculat ions on fo r   i n s t ance  

O f W  
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f ibr inogen   coa ted   subs t ra tes  w 

From the   exper iments   wi thout   p ro te in   in   the   buf fer   so lu t ion  w e  
know t h a t   t h e   f i n a l   c o n t a c t   a n g l e  is  about 130°, Fur ther  it i s  
known t h a t  y = 50 mN,m-'. So equation ( 6 )  becomes 

0 ,w 

The values  of y w i l l  not  change upon add i t ion  
o f   p r o t e i n   t o   t h e   b u f f e r   s o l u t i o n ,  The value  of y however, 
w i l l  decrease  from 50 mN,m-' t o  20 mN.m-l (pH = 7.4 [NaCl] 

0.15 h ~ l . m - ~ ,  298 K, Wilhelmy Plate Method) e This means t h a t  

when a f i n i t e   c o n t a c t   a n g l e  would  occur 

s ( p ) w  and s (p) 0 

0 PW 

Because  cos 8 never i s  smaller than -I, the  conclusion  must  be 
t h a t  no wet t ing  occurs  a t  a l l  and e = 180 O . 

From contact  angle  measurements on polystyrene (PS) sub- 
strates coated  with human f ibr inogen  (HFb) , immersed i n   b u f f e r  
solut ion,   information  can  be  obtained  about   the  non-dispers ive 
(po la r )   i n t e rac t ion   o f  a p ro te in   l aye r   w i th  water (65-85 mN.m-') e 

The t i m e  dependence  of  the  contact  angle  of a drop  of   paraff in  
o i l  on a human serum albumin  (€€SA)-coated PS s u b s t r a t e  immersed 
i n   b u f f e r   s o l u t i o n   a p p e a r e d   t o  show  two subsequent   features ,  

1) The d i s r u p t i o n  of a hydrated water layer   on   the   p ro-  
te in   l ayer   (which  i s  stable  under  dynamical  conditions).  

2 )  The tu rnove r   o f -   pa r t  of the adsorbed  protein  molecules, 
from t h e   P S / b u f f e r   i n t e r f a c e   t o   t h e   o i l / b u f f e r   i n t e r -  
f ace. 
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From t h i s  l a s t  f e a t u r e  it may be  concluded  that   the   binding sites 
between  the  protein  molecules  and  the  substrate are r eve r s ib l e .  

The influence  of  intermediate  drying  the  protein-coated  sub- 
strates on the   f i na l   con tac t   ang le   appea red   t o   be   neg l ig ib l e ,  
whereas   t he   i n3 t i a l   con tac t   ang le  was inf luenced   s t rongly ;   th i s  

s u g g e s t s   t h a t   t h e   d i f f e r e n c e   r e s u l t s  from  an  incomplete  hydra- 
t i o n   o f   t h e   d r i e d   p r o t e i n   l a y e r .  

From the   inabi l i ty   o f   adsorbed  human f ibr inogen t o  turn   over ' f rom 
a PS s u b s t r a t e  immersed i n   b u f f e r   t o  an o i l   d r o p  it may be con- 
cluded  that   the  adsorbed  f ibrinogen  molecules show i n t e r f a c i a l  
a s soc ia t ion .  
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CHAPTER v 
ADSORBED  LAYERS  OF  ALBUMIN  AND  FIBRINOGEN ON 

POLYSTYRENE,  PROBED B Y  CONTACT  ANGLE 

MEASUREMENTS 

ABSTRACT. 

E a r l i e r  measurements  of  paraffine o i l  (PO)-water  contact  angles 

o n  p r o t e i n   l a y e r s  (human serum  albumin (HSA) o r  human f ib r inogen  

(HFb))  adsorbed on polys tyrene  ( P S )  showed t h a t  HSA could b e  t r aa s -  

f e r r e d  from the  PS/water t o  t h e  PO/water i n t e r f a c e  by a pass ing  

PO-water f r o n t ,   w h i l e  HFb could  not .  

I n t e r f a c i a l   a s s o c i a t i o n  of  adsorbed HFb molecules was adopted  as 

an  explanat ion for t h e   i r r e v e r s i b l e   l o c a l i z a t i o n  o f  HFb a t   t h e  P S  

su r f ace .  

I n  t h e   p r e s e n t  work i t  i s  shown t ha t   agg rega t ion  by a h e a t - t r e a t -  

ment o f  adsorbed’ HSA molecu le s   a l so   causes   an   i r r eve r s ib l e   l oca -  

l i z a t i o n  of t he  HSA a t   t h e  P S  su r f ace .  It i s  shown tha t   advancing  

and receding PO-water contac t   angles  on HSA-coated P S  s u b s t r a t e s  

h a v e   p r a c t i c a l l y   t h e  same va lue ,   Var i a t ion  of pH and NaCl concen- 

t r a t i o n   h a r d l y  shows any e f f e c t  on t hese   con tac t   ang le s ,   i nd ica -  

t i n g   t h a t   i n   a l l   c a s e s   t h e  HSA coating  behaves  the same. 

The advancing  and  receding PO-water contac t   angles  on HFb coated 

s u b s t r a t e s   d i f f e r   g r e a t l y .  In analogy  with  El-Shimí  and  Goddard 

we c o n c l u d e   t h a t   t h e   n a t u r a l  HFb c o a t i n g   i s   a b l e  t o  adopt and 

r e t a i n  a configurat ion  compat ible   with  the  immediate   environment .  

V. 1 INTRODUCTION. 

Ear ly  work by Vromanl s u g g e s t s   t h a t   t h e r e  i s  a d i f f e r e n c e  
in   wet t ing   behaviour  of different   proteins ,   adsorbed  on  glass  
or polymer  surfaces, Vroman’s t rea tment  w a s  a more q u a l i t a t i v e  
one:  adsorbed  protein  layers  had’been  dri .ed  in a i r  completely 
and wet t ing  w a s  judged  by  vapour  (droplet)  condensation. 
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I n  a previous  paper2 w e  have  worked o u t   p r o t e i n   l a y e r   w e t t a b i l i t y  
i n  a more q u a n t i t a t i v e  way. It was shown tha t   t he   behav iour   o f   an  
o i l   d r o p  on a protein  coated  polystyrene (PS) s u b s t r a t e  immersed 
in   buf fer   so lu t ion   depends   on   the   type   o f   p ro te in   used   for   the  
coating. On a PS subs t ra te   coa ted   wi th  human serum  albumin (HSA) 

the  contact   angle ,   measured  through  the  oi l   phase,   decreased  s lowly 
from Q 180° t o  50° 2 5O.  The contact   angle  on a PS subs t ra te   coa ted  

wi th  human f ibr inogen (HFb) reached a f ina l   va lue   o f  130° 2 loo ,  
The difference  between  the  contact  angles on the  protein-coated 
subs t r a t e s   appea red   t o   be   t he   r e su l t   o f  a d i f f e rence   i n   t he   t r ans -  
f e r   o f   t h e   p r o t e i n s  when a three   phase   contac t   l ine  i s  passing. 
HSA molecules are t r a n s f e r r e d  from t h e  PS/water  i n t e r f a c e   t o   t h e  
o i l / w a t e r   i n t e r f a c e   l e a d i n g   t o  a la rge   decrease   o f   the  0 value 

i n   t h a t   c a s e .  The i r r e v e r s i b l e   l o c a l i s a t i o n   o f  HFb a t  t h e  PS sur- 
f ace ,   poss ib ly   due   t o   i n t e r f ac i a l   a s soc ia t ion ,   opposes   such  a 

l a rge   dec rease   i n   con tac t   ang le   fo r   t he  o i l  drop. 

In   the  present   manuscr ipt   fur ther   evidence i s  presented   for   the  
s ta tement   tha t  a layer   o f   assoc ia ted   p ro te in   molecules  w i l l  not  

be   t r ans fe r r ed  from the   PS /wa te r   i n t e r f ace   t o   t he   o i l /wa te r   i n t e r -  
f ace  by a pass ing   o i l /wa te r   f ron t .  From adsorp t ion   s tud ies3  it 
i s  known tha t   p ro t e in   adso rp t ion  i s  influenced by pH and s a l t  con- 
cen t r a t ion .  The inf luence of these  parameters on the   contac t   angle  
i s  s tud ied   fo r   bo th   p ro t e ins .  The r e su l t s   h i the r to   ob ta ined   have  

been  measured for   an   advancing   o i l /water   in te r face .  Measurements 
of   contac t   angles   for  a receding   o i l /water   in te r face   have  now 

been  performed to   ge t   in format ion   about   the   charac te r   o f   the  ad- 
sorbed   pro te in   l ayers .  

V. 2 EXPERIMENTAL. 

V. 2.1 Materials 
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PoZys-byrene ( P S )  w a s  obtained  from  Pressure  Chemical Company, 
P i t t sburg ,   Mel lon   Ins t i tu te ,   Spec ia l   Polys tyrene   s tandard .  
MW = 670.000 Mw/Mn = 1.15! l o t  N o .  13a. 

Paraffin o i l  ( P U )  was  obtained  from  Baker  Chemdcals,  Deventerp 
Holland.  Before  use it w a s  twice p u r i f i e d  by percola t ing   over  

an A1203  column. 

Buffer soZut<ons were prepared by adding  an  aqueous  solution  of 
0 . 0 1  M KH2P04 and the   p roper  amount of N a C l  t o  an  aqueous  solu- 

t i o n   o f  0 . 0 1  M NaOH and   the  same amount of N a C l  u n t i l  a pH of 
7 .4  w a s  reached.  Other pH va lues  were obtained  by  adding NaOH 

o r  HC1 u n t i l   t h e   d e s i r e d   v a l u e  w a s  reached. 
A l l  p ro t e in   so lu t ions  were s t o r e d  a t  a temperature  of 277  K, 

under sterile condi t ions,   and  they w e r e  used  within  one week a f t e r  
prepara t ion .  
All chemicals  used w e r e  ana ly t ica l   g rade .  

V. 3 METHODS. 

V.3,1 Contact  angle  measurements 

Polystyrene (PS) s u b s t r a t e s  w e r e  obtained  by  dipping  glass 

s u r f a c e s   i n  a so lu t ion   of  PS i n   t o l u e n e  ( 7 % )  and  drying them a f t e r -  
wards. The dipping  procedure w a s  repea ted   th ree  times, A f t e r  t h e  
t h i r d  t i m e ,  t h e   s u b s t r a t e  w a s  d r ied   dur ing  I day a t  room tempe- 
ra ture .   Drying  during a week a t  a temperature  above  the  glass  tran- 
s i t i o n  of PS d i d   n o t   g i v e   d i f f e r e n t   c o n t a c t   a n g l e   r e s u l t s .  Subsequen 
ly t h e   s u b s t r a t e s  w e r e  condi t ioned   in  a bu f fe r   so lu t ion   du r ing  1 day 

Then t h e   s u b s t r a t e  w a s  p l a c e d   i n  a f r e s h   b u f f e r   s o l u t i o n   a f t e r  
which .a concen t r a t ed   p ro t e in   so lu t ion  w a s  added u n t i l   t h e   d e s i r e d  
pro te in   concent ra t ion   of  O .  5 kg ,m3  w a s  reached.  After  one  hour 
the p r o t e i n   s o l u t i o n  w a s  washed away by a bu f fe r   so lu t ion   con ta i -  
n ing  no p ro te in ,  The replacement of p r o t e i n   s o l u t i o n  i s  a neces- 
s a r y   s t e p   i n   t h e   p r o c e d u r e ,   f i r s t   t o   b è   s u r e   t h a t   t h e   o i l / w a t e r  
i n t e r f ac i a l   t ens ion   du r ing   con tac t   ang le  measurements  does  not 
change  due to   adso rp t ion   o f   p ro t e in  from t h e   s o l u t i o n  and  secondly 
to   p revent   contac t   be tween  the   subs t ra te   and   the   p ro te in   so lu t ion /  
a i r  i n t e r f a c e  after the  adsorp t ion  step. If th i s   con tac t   occu r s  
the  adsorbed  and  probably  denaturated  protein  layer  a t  the a i r /  
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s o l u t i o n   i n t e r f a c e  may be  deposi ted on t h e   s u b s t r a t e  as a kind 

of   Blodget t   layer4 5 .  

Subsequent ly   the  substrate  was t aken   ou t ,   pu t   d i r ec t ly   i n to  a 

ce l l  conta in ing   buf fer   so lu t ion ,   and   p laced  on a p l a t f o r m   i n   t h e  
contact  angle  measurements set  up.  Using a g l a s s   c a p i l l a r y ,  a 
small drop  of   paraff in  oil (diameter Q O .  3 .  10-3 m) was brought 
under   the   subs t ra te ,  The contac t   angle   ea ,of   th i s   d rop   wi th   the  

s u b s t r a t e  was determined  from  the  dimensions of the   d rop  (Bargeman6, 
see f i g .  1) , 

F i g u r e  1: s i n  8 = 2 hr/(h2 + r 2 ) e 

A necessa ry   cond i t ion   fo r   t h i s  method i s  tha t   the   shape   of   the   d rop  
i s  not   inf luenced by g r a v i t y  (small drops  should be used) .  
For  measurements  of  the  receding  contact  angle  through  the  o'il   phase 

8 t h e   s u b s t r a t e  was taken   ou ' t   o f   the   buf fer   so lu t ion  swepped o f f  
and  then  placed  in a ce l l   con ta in ing   pa ra f f in   o i l .   Us ing  a g l a s s  
c a p i l l a r y  a small drop of buf fer   so lu t ion   (d iameter  Q O .  3. 10-3 m) 
was dropped on t h e   s u b s t r a t e .  The contac t   angle   o f   th i s   d rop ,  which 

r 

i s  e q u a l   t o  18OU - B r ,  was de te rmined   i n   t he  same way as descr ibed 
above. 
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Heat  denaturation of adsorbed   pro te in   l ayers  w a s  performed  prior 
t o  immersion i n   t h e   c e l l ,  by   p l ac ing   t he   subs t r a t e   i n  a b u f f e r  
s o l u t i o n  a t  343 K f o r  1 0 3  sec. 

V. 4 RESULTS 

A l l  adsorption  experiments  have  been  performed a t   p r o t e i n  
concentrat ions of O .5 kg.m-3 i n   b u f f e r   s o l u t i o n s  a t  d i f f e r e n t  
pH-values  and N a C l  concentrat ions.  

Advancing  contact  angles 6 ob ta ined   w i th   pa ra f f in   o i l   d rops  
on HSA coa ted   subs t ra tes  immersed i n   b u f f e r   s o l u t i o n s   a t   d i f f e r e n t  
pH-values  and N a C l  concent ra t ions   a re   g iven   in   t ab le  1. 

a 

2 . 5  

4 . 9  

9 . 0  

2 . 5  

4 . 9  

7 . 4  

9 . 0  

[NaC l] 

kmo1 .m3  

O 

O 

O 

O.  15 

O .  15 

O .  15 

O.  15 

Table 1 :  Advancing contac t   angles  o f  o i l  drops 
o n  HSA c o a t e d   s u b s t r a t e s .  

I n  t h i s  table B a  ( i n i t i a l )  i s  t h e   f i r s t   v a l u e  of t he   con tac t   ang le  
tha t   cou ld   be  measured a f t e r   d e p o s i t i o n  of t h e  PO drop on t h e  sub- 
strate (10-30 sec, a f t e r   d e p o s i t i o n ) ,  The f i n a l   v a l u e  of t h e  con- 
tact  angle 6 ( f ina l )   has   been   measured   a f te r  % 6,104 sec. Actual- 
ly t h i s   l a s t   va lue   has   been   r eached   gene ra l ly   w i th in  1 0 3  s e c ,   a f t e r  
deposit ion.   Results  obtained  on HFb  coated substrates for d i f f e r e n t  
pH-values  and N a C l  concentrat ions are shown i n   t a b l e  2 .  

a 
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Table 2 :  Advancing  contact  angles o f  o i l  drops 
on HFb coa ted   subs t ra te . s .  

Measurements  on hea t   dena tura ted  HSA coat ings on PS s u b s t r a t e s  
have  been  performed a t  d i f f e r e n t  pH values .  The ea-values  obtained 
are shown i n   t a b l e  3 .  

Table 3 :  Advancing con tac t   ang le s  o f  o i l  drops 
on ' h ea t   t r ea t ed  H S A  coat ings.  
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2.5 

4.9 
9 .0  

2.5 

4.9 

9 , o  
. .. 

[N aC 11 
- 3  kmo1.m 

O 

O 

O 

O .  15 

O ;  15 

O.  15 

~. _ _  . - -- - -. .- - - .. .-- 

6 ( i n i t i a l )  

(wi th in  30 s ec . )  
r 

60' 
~ -..-..I 

75O 

6 7O 

63' 

72' 

5 8O 
- ---_- . 

..-. - - 

6 K ( f i n a l )  

60' 

65' I 

50' 

6 3 O  

Table 4 :  Receding  contact  angles f o r  t he  o i l  phase 
o n  HSA coa ted   subs t ra tes   ( " inverse   sys tem")  o 

The r e s u l t s  from t h e  measurements i n   t he   i nve r se   sys t em on HFb 

coa ted   subs t ra tes  a t  d i f f e r e n t  pH-values  and N a C l  concent ra t ions  
are c o l l e c t e d   i n   t a b l e  5,  

.. . 

P H  

- -. 
3.0 

7 . 4  

9 . 0  

3 . 0  

7 - 4  
9 . 0  

[N aC 11 e ( i n i t i a l )  

kmo1.m (wi th in  30 s ec . )  

O 

O 
O 

0 .05  

O .  15 

O .  15 

80' 

82' 

90' 

80' 

900 
86' 

g o o  
86' 

Table 5 :  Receding  contact  angles for t he  o i l  phase 
on  HFb coa ted   subs t ra tes   ( " inverse   sys tem") .  

The contac t   angle  B a  w a s  a lso  measured  in   the  inverse   system 

by  decreasing  the volume of   the  drops of b u f f e r   s o l u t i o n , u n t i l  
t h e  P O / w a t e r  boundary   on   the   subs t ra te   s ta r ted   to  move, Fo r   t he  
HSA-coated s u b s t r a t e   t h i s   c o n t a c t   a n g l e  B a  w a s  p r a c t i c a l l y   t h e  
same as the  observed  value  of 6 . .  . On t h e   o t h e r  hand t h e  volume of .r 
a drop of b u f f e r   s o l u t i o n  (pH = 7.4) on a HFb coa ted   subs t ra te  
could   de l ibera te ly  be decreased  without  the effect t h a t   t h e  PO/  

water boundary s t a r t e d   t o  move, 
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This  could be cont inued   un t i l  a 0 value 20° measured  over  the 

droplet   phase,  was reached,  which means t h a t   f o r   t h i s   m e a s u r i n g  

technique B a  > 160°. 

V. 5 D I S C U S S I O N .  

V.5.1 The e f f e c t  of pH and s a l t  on r e s u l t s   f o r  HSA-coatings. 

From the  inf luence  of  pH and s a l t  concentrat ion on t h e  
maximum adsorption  of HSA on PS3 it w a s  expec ted   tha t   there   might  
be a difference  in   behaviour ,between a l aye r   o f  HSA adsorbed a t  

i t s  i s o e l e c t r i c   p o i n t  (pH = 4 . 9 )  and  layers  adsorbed a t  pH-values 
f a r  away from th i s   i . e .p .  
Table 1 shows the  inf luence  of  pH and N a C l  concentrat ion on t h e  

ea-values on HSA-coated PS-substrates. It appears   tha t   the   in f luen-  
ce  on t h e   f i n a l  e -values i s  very small. 
I n  a previous  paper w e  der ived  an  equat ion  to  estimate t h e ' v a l u e  
o f   t h e   p o l a r   i n t e r a c t i o n  term, 
l a y e r  and the  aqueous  phase. 

It was assumed t h a t  no turnover  of  the  protein  molecules from t h e  
PS s u b s t r a t e   t o   t h e  PO/wa te r  i n t e r f ace   t akes   p l ace .  

a 

Is 
between  an  adsorbed  protein 

I 
s (p)  w yo,w 

- - (cos e l  - cos e 2 )  - ( O  t o  5) mN.m-l (1) 

e 1. 

e2 

= 30° ,+ 3O contac t   angle   for  an o i l   d r o p  on the   ba re  PS sub- 
s t ra te  immersed i n  water (bu f fe r )  

= contac t   angle   for   an   o i l   d rop   measured   on   the   p ro te in  
coa ted   subs t r a t e   i n  water (bu f fe r )  

yOIw = 50 rnN.m-' i n t e r f a c i a l   t e n s i o n  a t  t h e  P O / w a t e r  i n t e r f a c e .  
V 

I n t r o d u c t i o n   o f '   t h e  0, ( f i na l )   va lues   i n   equa t ion  (1) gives a po- 

l a r  i n t e r a c t i o n  t e r m  of 
, ,  

O < I  25 rnN.m-' f o r  HSA coatings.  

This  value i s  much lower  than  expected  for   the  polar   interact ion 
between a highly  swollen  protein  layer   and water. 
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This would i n d i c a t e   t h a t   i n   t h e s e  measurements  turnover  of  the 
HSA molecules  from  the P S / w a t e r  i n t e r f a c e   t o   t h e  P O / w a t e r  i n t e r f a c e  
takes   place.  
From t h e   d i f f e r e n c e  between e a  ( i n i t i a l )  and 8 ( f i n a l )  it i s  clear 

t h a t  a t  pH = 4.9 and 9 . 0  e a  i s  t i m e  dependent  and a t  pH = 2.5 t h e  
f i n a l   v a l u e  of 8 has  been  reached  immediately, The ve ry   f a s t   t u rn -  
over  of  adsorbed HSA molecules a t  t h i s  pH m i g h t ’ b e   d u e   t o   t h e   f a c t  
t h a t  the HSA molecules  have a different   conformation a t  t h i s  pH, 
A t  p H  values  between 4.9 and 2-5 the   so-ca l led  N-F t r a n s i t i o n   o f  
the  molecule i s  observed7, 

a 

a 

V.5.2 E f f e c t  of p H  and s a l t  on r e s u l t s   f o r  HFb-coatings. 

The v a l u e s   f o r  8 ,  on HFb coa ted   subs t ra tes  a t  d i f f e r e n t  
pH values  and N a C l  concentrat ions are shown i n   t a b l e  2. I n   t h i s  
case no experiments  have.been  performed a t  t h e   i s o e l e c t r i c   p o i n t  
of t h e  HFb  (pH = 5.5) because HFb so lu t ions  are n o t   s t a b l e  a t  

t h e i r   i . e . p .  The experimental   conditions w e r e  chosen  such  that  
HFb adsorption  took  place  from clear so lu t ions .  

It i s  shown ( t a b l e  3) t h a t   t h e r e  i s  hardly any inf luence  of  pH 
and s a l t  concentrat ion  on  the e a  values   on  the HFb coated sub- 
strates, Using  equation .( 1) and  the ea ( f i na l )   va lues   t he   po la r  
i n t e r a c t i o n  term between t h e   p r o t e i n  and t h e  aqueous  phase is  

f o r  HFb coat ings 

f o r  all measurements,  exept  those a t  pH = 3.0, 

A t  t h i s  pH = 3.0 t h e   p o l a r   i n t e r a c t i o n  i s  c a l c u l a t e d   t o   b e  

50 < %p)w 70 mN,m-’ 

The somewhat lower  value of  I a t  low pH  may be  due  to  a 

reduced  polar   contr ibut ion of t h e  HFb c o a t i n g   t o   t h e  PO/HFb 
i n t e r f a c i a l   t e n s i o n   r e s u l t i n g  from  reconformation  of  the HFb mole- 
cu les .  

s ( p > w  
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I n   o u r   f i r s t   p a p e r 2  w e  p o s t u l a t e d   t h a t   t h e   d i f f e r e n c e   i n   b e h a v i o u r  
between  an o i l  drop on a HFb-coated  and a  HSA-coated s u b s t r a t e  i s  

caused  by  association  of  the  adsorbed HFb molecules,  whereas HSA 

molecules  do  not  associate.  The in t e r f ac i a l   a s soc ia t ion   o f   t he  
HFb molecul 'es  prevents  the  protein  layer from be ing   . t ransfer red  
from the   PS-subs t ra te   to   the  PO/water i n t e r f ace .  I t  i s  known7 t h a t  
a t  temperatures  above 333 K HSA molecules  do  associate  in  solu- 
t ion.   Therefore  HSA-coated s u b s t r a t e s  were incubated  for   about  1 0  3 

sec.  a t  343 K i n   p r o t e i n - f r e e   b u f f e r   s o l u t i o n s   i n   o r d e r   t o   p r o d u c e  

a subs t r a t e   coa ted   w i th   a s soc ia t ed  HSA molecules. 

The r e s u l t s  of contac t   angle  ( e a )  measurements  on t h e s e   s u b s t r a t e s  
a r e  shown i n   t a b l e  3 .  

The observed 8 va lues   a r e  similar to   those   found  for  HFb-coated 
subs t ra tes .   This   ind ica tes   tha t   adsorbed ,   assoc ia ted  HSA molecules 
are n o t   t r a n s f e r r e d   e i t h e r  from t h e  PS s u b s t r a t e   t o   t h e  PO/water  

i n t e r f a c e  by a pass ing   o i l /wa te r   f ron t .  HSA-coated s u b s t r a t e s  
which  have  been  incubated a t  pH = 2.5 show a different   behaviour .  
These s u b s t r a t e s  s t i l l  show t h e  same B a  va lue   as   un t rea ted  HSA- 

coa ted   subs t ra tes .  Some qualitative  experiments  have  been  performed 
t o   o b t a i n  an   exp lana t ion   fo r   t h i s  phenomenon. HSA so lu t ions  a t  t h e  
inves t iga t ed  pH-values (2 .5 ,  7 .4 ,  9. O )  were incubated   for   about  
1 0 3  sec. a t  343 K. Af te r   incubat ion , the   so lu t ions   wi th  a pH value 
of 7 .4  and 9 .O were cloudy  due t o  HSA assoc ia t ion ,   bu t   the   so lu-  
t i o n   à t  pH = 2 . 5  was s t i l l  c l e a r ,   i n d i c a t i n g   t h a t  a t  t h i s  pH aggre- 
gat ion  does  not   take  place.  More accurate  experiments on the   de t e r -  
minat ion  of   the  aggregat ion  (poly-acryl   gel   e lectrophoresis)   a lso 
showed tha t   a f t e r   i ncuba t ion   on ly   t he   so lu t ion   o f  pH = 2.5 con- 
tained  not-aggregated HSA. 

a 

v. 5 . 3  Receding  contact  angles  ( inverse  systems).  

Tables 4 and 5 show r e s u l t s   f o r   c o n t a c t   a n g l e  measurements 
in   inverse   systems.   These  contact   angles  O r  a re   ob ta ined  from a 
receding PO phase. 
Comparison of contac t   angles  on HSA coated   subs t ra tes  in t a b l e  1 

and table 4 shows a n . i n s i g n i f i c a n t   d i f f e r e n c e  between B a  ( f i n a l )  
and O r  ( f i n a l ) .  The l a rge   d i f f e rence  between t h e   i n i t i a l   v a l u e s   o f  
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B a  and B r  r e s u l t s  from t h e   f a c t   t h a t   i n  the inverse  system  there  
i s  no t i m e  dependency f o r  B r .  

The instantaneously  obtained B r  ( f inal)   value  can  be  explained by 
assuming t h a t  upon  ,immersion of t he   p ro t e in -coa ted   subs t r a t e   i n  P O  

t h e   t h i n  aqueous f i l m  on t h e  PS subs t r a t e   b reaks  up i n   t i n y  drop- 
lets s 

The o i l  phase  thus i s  i n   d i r e c t   c o n t a c t   w i t h   t h e  PS s u r f a c e   f o r  
t h e   g r e a t e r   p a r t  of t h e   i n t e r f a c e  and  most  of t h e  HSA molecules 
are  accumulated a t  the   o i l /watek   in te r face   o f   the   d rople t s .  When 
a drop  of water is deposi ted on such a s u b s t r a t e  it w i l l  be ob- 
v i o u s   t h a t   t h e   t i n y   d r o p l e t s  w i l l  merge ins tan taneous ly   wi th   the  
advancing w a t e r  drop  and t h e  ESA molecules w i l l  be  accumulated a t  
t he   o i l /wa te r   i n t e r f ace .  
I n   t h i s  way the   f i na l   s i t ua tLon   a t   t he   t h ree   phase   boundary  w i l l  
b e   a l m o s t   i d e n t i c a l   t o   t h a t   i n   t h e  normal  system, a f t e r   t u r n o v e r  
o f . t he   p ro t e in   mo lecu le s ,  The obse rva t ion   t ha t   t he   con tac t   ang le  

in   the  inverse   system  does  not   change  s ignif icant ly  upon decreasing 
the  volume  of t h e  water drop i s  i n  agreement  with  the  above  picture. 
Table 5 shows t h e   r e s u l t s  of  measurements  on HFb coa ted   subs t ra tes  
in   the   reverse   sys tem.  Comparison  of t h e s e  6 values  with 6 

measurements i n   t a b l e  2 on EiFb coa ted   subs t ra tes ,  shows t h a t   i n  
both  cases  hardly  any t i m e  dependence  occurs. However, t he re  i s  
a large  difference  between e a  and B r  on these   subs t r a t e s .  A s i m i -  
l a r  feature  has  been  found  by  El-Shimi  and  Goddardg f o r  contac t  
angles on  bovine koof keratin.  For  advancing o i l  phase  they ob- 
served a B a  Lof > 170°. 

A e r  value  of 30° w ä s  found when t h e   s u b s t r a t e  w a s  f i r s t   t r e a t e d  
with  mineral  o i l .  
They conclude   tha t  t h L s  behaviour i s  governed  by the   h i s to ry ’o f  
exposure t o  the  contact ing  l iquid,   which seems t o  be a s p e c i f i c  

f e a t u r e  of na tura l   sur faces .   In   ana logy  w e  conc lude   t ha t   t he  HFb 
coat ing i s  ab le   to   adopt  and r e t a i n  a configuration  compatible 
with  the  immediate  environment, The  observaktion t h a t   t h e   c o n t a c t  
angle, in   the  inverse   system  changes  drast ical ly   ( f rom 90° t o  
> 160°) when decreas ing   the  volume  of the  drop,  i s  i n  agreement 
w i t h  this conclusion. 

r a 
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CHAPTER Vlb 

THE INFLUENCE  OF ADSORBED PROTEINS  ON  THE  STABILITY 
OF  POLYSTYRENE  LATEX  PARTICLES 

ABSTRACT. 

F l o c c u l a t i o n   e x p e r i m e n t s   o f   p o l y s t y r e n e  l a t e x  (PSI,)  w i t h  

human s e r u m   a l b u m i n  (HSA) a n d   h u m a n   f i b r i n o g e n   ( H P b )  have 

b e e n   p e r f o r m e d   a b o v e   a n d   b e l o w  the  i s o - e l e c t r i c   p o i n t s   ( ? . e . p )  

o f  t h e  p r o t e i n s .  T h e  s t a b i l i t y  o f  t h e   p r o t e i n s  (HFb, HSA) i n  

s o l u t i o n  has b e e n   d e t e r m i n e d  as a f u n c t i o n   o f  s a l t  c o n c e n t r a -  

t i o n   ( N a C l ,   B a C 1 2 )   a n d  pH. U s i n g  a s t o p p e d   f l o w   s p e c t r o p h o t o -  

meter t h , e  r a t e  c o n s t a n t   o f   f l o c c u l a t i o n  ( O K  c o a g u l a t i o n )  k 

has b e e n   m e a s u r e d  a t  d i f f e r e n t   p r o t e i n   a n d  s a l t  c o n c e n t r a t i o n s  

( B a C 1 2 ,  N a C l ) .  A m o d e l  i s  p r o p o s e d   a n d   t e s t e d   t o   e x p l a i n  the  

e n h a n c e m e n t   o f  k l l  a b o v e  the  v a l u e   f o r   b a r e  PSL w h e n   b r i d g i n g  

o c c u r s  a t  p H - v a l u e s   a b o v e   t h e i - e - p  o f  the  p r o t e i n s .   T h e   o b s e r v e d  

enhancement o f  k l l S  b e i n g  20-302, f o r  HSA a n d   5 0 - 6 0 %   f o r  HPb, 

i s  a r e s u l t  o f  t w o   e f f e c t s :   r e d u c e d   h y d r o d y n a m i c   i n t e r a c t i o n  

b e t w e e n  t h e  f l o c c u l a t i n g   p a r t i c l e s   a n d   i n c r e a s e d  e f f e c t i v e  

c o l l i s i o n   r a d i u s   o f  t h e  l a t e x  p a r t i c l e s  when t h e y  are  p a r t i a l -  

ly c o v e r e d  w i t h  the  p r o t e i n .  I t  i s  shown t h a t  s t e r i c  s t a b i l i -  

e a t i o n   b y   p r o t e i n s   o c c u r s   o n l y  a t  " g o o d   s o l v e n t "   c o n d i t i o n s  

f o r  these p r o t e i n s .  A t  p H - v a l u e s   b e l o w  t h e  i . e . p .   o f  t h e  p r o -  

t e in s  f l o c c u l a t i o n  i s  o b s e r v e d  i n  t h e  a b s e n c e   o f  s a l t .  

M e a s u r e m e n t s   o f   e l e c t r o p h o r e t i c   m o b i l i t i e s   o f   t h e  l a t ex  p a r t i -  

c l e s  as a f u n c t i o n   o f  t h e  p r o t e i n   c o n c e n t r a t i o n   l e a r n e d   t h a t  

t h i s   f l o c c u l a t i o n  i s  main ly  due,  t o   c h a r g e   n e u t r a l i z a t i o n   b y  

a d s o r b e d   p r o t e i n   m o l e c u l e s .   R e s t a b i l i z a t i o n   b y   c h a r g e  inver-  

sion o f   t h e  l a t e x  p a r t i c l e s  O C C U K S  a t  r e l a t i v e l y   l o w   p r o t e i n  

c o n c e n t r a t i o n .  

1 1  

VI 0 INTRODUCTION 

This   paper   dea ls   wi th   the   in f luence  of adsorbed pro- 
t e i n s  on the   s t ab i l i t y   aga ins t   f l occu la t ion   o f   hydrophob ic  
co l lo ids ,  here a polystyrene latex. The  processes which w e  
are cbncerned  with  play a role   in   food  technology,   cosmetic  
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industry,   b iological   systems etc. I n  immunology1 p r o t e i n  
coated  polystyrene latices are   used  as test  materials and it 
i s  impor tan t   to   s tudy   the   s tab i l i ty   o f   those   l a t ices .   Organic  
water soluble  polymers are used i n   i n d u s t r y   f o r   t h e   f l o c c u l a t i o n  
of a wide range  of  aquous  suspensions.   Despite  the  long  history 
o f   app l i ca t ion   o f   s t ab i l i za t ion   o r   des t ab i l i za t ion  by  adsorbed 

polymers  (Rembrandtandhis  fr iends  already  used  egg  albumin  to 
s t a b i l i z e   t h e i r   p a i n t s )  it i s  o n l y   i n   t h e  l a s t  decades  that  
some of   the  mechanisms involved  have  been  studied. Reviews 

concerning  the  influence  of  polymers on c o l l o i d   s t a b i l i t y  have 
been  wri t ten by L a  M e r 2 ,  Lyklema3,  Vincent4  and Napper’. A l -  

though a l o t  of work has   been  done  on  s tabi l izat ion  of   col loidal  
systems by non-ionic  rnacromolecules6-1 l ,  c a t ion ic1  2-16 and an ionic  

p o l y e l e ~ t r o l i t e s ~ ~ - ~ ~ ,   o n l y  l i t t l e  a t ten t ion   has   been   pa id   in  
t h e  l as t  y e a r s   t o   s t a b i l i z a t i o n  by amphoteric  macromolecules 

l i k e   p r o t e i n s  . 
Some work has  been  done  on  gelatins 2 2 r 2 3  and Singer24   s tud ied  
the   f l occu la t ion   o f   l a t ex  by y-globulin.  
In   t h i s   pape r  w e  sha l l   s tudy   t he   i n f luence   o f  human serum a1bu.- 
min (HSA) and human f ibr inogen  (HFb) on t h e   s t a b i l i t y  of a nega- 
t ively  charged  polystyrene. la tex  (PSL),   Fol lowing  the  def ini t ions 
f i r s t  proposed  by L a  Mer4, aggregat ion  due  to  mechanisms i n  which 
protein  molecules  play a r o l e  w i l l  be   ca l led   f loccula t ion ,   aggre-  
ga t ion  by London-Van der  Waals fo rces  w i l l  be   ca l led   coagula t ion .  

Experiments a t  two d i s t i n a t  pH-values  have  been made: a t  pH 
= 8.9. i .e. above the   i so-e lec t r ic   po in t   ( i . e .p . )   o f   the   p ro-  
t e i n s   ( i . e . p .  HSA a t  pH = 4.9 ,  i . e .p .  HFb a t  pH = 5.5) and a t  
(pH = 3.5) i .e.  below t h e i r   i . e . p .  A t  pH = 8.9 w e  are dea l ing  
with  protein  molecules  and PSL both  negatively  charged. A t  

pH 3 .5  t h e   i n i t i a l   c h a r g e s  of PSL and pro te in   a re   oppos i te .  

The in f luence   o f   t he   p ro t e in  on t h e   s t a b i l i t y   o f   t h e  PSL a t  
pH 8.9  can  be  two-fold. F i r s t  a t  incomplete  coverage  of  the 
PSL by the   p ro te in   molecules ,   the   p ro te in  may a c t  as a desta-  
b i l i z ing   agen t .  The ins tab i l i ty   cannot   be   caused  by charge 
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neut ra l iza t ion   because   p ro te in   and   la tex   bear   the  same charge. 

According t o  earlier s t u d i e ~ l ~ , ~ ~  it may be  necessary  to  add 
small amounts  of e l e c t r o l y t e   f o r   f l o c c u l a t i o n .   T h e s e  amounts 
w i l l  be   smaller   than  those  needed  for   coagulat ion of t he   ba re  
PSL, This   so-ca l led   sens i t iza t ion  i s  caused by br idging   of   the  
protein  molecules   between  the  la tex  par t ic les .   Secondly,  a t  high 
surface  coverage,   the  PSL w i l l  b e   s t e r i c a l l y   s t a b i l i z e d  by t h e  
adsorbed  protein  layer .  Steric s t a b i l i z a t i o n   o c c u r s  when t h e  

adsorbed  layer   prevents   the  col loid  par t ic les   f rom  approaching 
each   o ther  so c lose   t ha t   coagu la t ion  by Van d e r  Waals forces   can 
take   p lace .  The s t a b i l i z i n g  mechanism i s  cha rac t e r i zed  by two 

e f f ec t s25 :   t he   o smot i c   p re s su re   e f f ec t ;  and t h e  volume r e s t r i c t i o n  

effect- 'The  adsornt . ion of t h e  macromolecules  must  be  strong  and 
t h e   s t a b i l i z i n g   c h a i n s   s h o u l d   b e   i n  "good" solvent  environment26. 

Therefore w e  s t u d i e d   t h e   s t a b i l i t y  of the  proteins   themselves  
i n   s o l u t i o n  as well. 

A t  pH = 3.5  w e  are dea l ing   wi th   pos i t ive ly   charged  macromolecu- 
les and  negatively  charged PSL. I n   c o n t r a s t   w i t h   t h e  above  sys- 
t e m s  a t  pH 8.9 it may be   poss ib l e   t o   ge t   f l occu la t ion  by charge 
n e u t r a l i z a t i o n ,   , r e s u l t i n g  from protein  adsorpt ion.  
GregoryL2 showed t h i s  effect by  measuring  the  e lectrophoret ic  
mobil i ty   of  PSL as a func t ion   of   the   pos i t ive ly   charged   f loc-  
culant   concentrat ion,   :he-   observed  neutral izat ion  and  even 
charge   reversa l .  

From t h e s e   o b s e r v a t i o n s   s e v e r a l   t y p e s   o f   d e s t a b i l i z a t i o n   i n   o u r  
system as a funct ion  of  s a l t  and  protein  concentration  can  be 
expected D 

1, Coagula t ion   of   unpro tec ted   l a tex   par t ic les ,   resu l t ing  from 
double   l ayer   suppress ion   by   ind i f fe ren t   e lec t ro ly te  as pre- 
d i c t e d  by the  Derjagin,  Landau, Verwey and  Overbeek (DLVO) - 
theory. 

2 .  F loccula t ion  by br idging  . o f  protein  molecules  between  the 

l a t e x   p a r t i c l e s .   T h i s  i s  only,   possible  when t h e  electrical 
double   layer  i s  suppressed   by   e lec t ro l í te   addi t ion  (pH=8.9) 

or by  charge  neutral izat ion (pH=3.5) so t h a t  i t s  th ickness  
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i s  smaller than  half   the  thickness  of  the  adsorbed  protein 
l aye r .  

3 .  Hetero   coagula t ion ,   in   the   case   tha t   ne i ther   the   p ro te in  
nor   the PSL i s  stable  under  the  chosen  circumstances.  

i .  

The aggregation  has  been  studied by "stopped  flow"  measurements. 
This   technique  a l lows  us   to   fol low  the  t ransmit tance of the   co l -  
l o i d a l   d i s p e r s i o n s   i n   t h e  earliest  s tages  of the  aggregat ion.  

Lipps..and W i l l i ~ ~ ~ t  28 and l a t e r   L i ~ h t e n b e l t ~ ~  showed t h e   r e l a t i o n  
between t h e  change  of  adsorbance  and  the  rate  constant  of  f loc- 

c u l a t i o n   i n  i t s  ear l ies t  s tages .  W e  used  the method of  Lichten- 
be l t   i n   ou r   ca l cu la t ions .   Th i s   o f f e r s   t he   oppor tun i ty  of  calcu- 
l a t i n g  real  r a t e   c o n s t a n t s  of f loccula t ion   ins tead   of   the  w e l l -  
known r e l a t i v e   s t a b i l i t y   f a c t o r  W 3 0  = 

Hither to   on ly  a few authors   d id   repor t   in   l i t e ra ture   about   k ine-  
t i c   f l o c c u l a t i o n   s t u d i e s 1 1 t 1 4 ,   a l t h o u g h   t h e y   d i d   n o t   u s e   a n  
absolute  rate constant  but  the  slope  of  the  adsorbance-time 
curve. From the  use  of  real ra te  constants   of   aggregat ion w e  
e x p e c t   t o   g e t  a b e t t e r  view on  phenomena such  as   the hydrody- 

namic in te rac t ion   be tween  la tex  p a r t i ~ l e s ~ l r ~ ~  and the   in f luen-  
ce of  the  dimensions  of  the  protein  molecules on t h e   r a t e  of 
f loccuIat ion33.  

VI.2 CONSIDERATIONS ON THE RATE CONSTANT OF AGGREGATION 

1. Experimental  determination  of k 
11' 

According t o   L i c h t e n b e l t  e t  a l . 2 9   t h e  change i n   t u r b i d i t y  

of a l a t e x   i n   t h e   i n i t i a l   s t a g e  of   coagulat ion  or   f loccu-  
l .at ion  can  be  given by 

where 
N1 = t h e   i n i t i a l . c o n c e n t r a t i o n   o f   s i n g l e t   p a r t i c l e s  
kll = t h e   r a t e   c o n s t a n t  of f l occu la t ion   ( coagu la t ion )   fo r .  

s i n g l e t s  ( m  3 .s -1 ) (-d  Nl/dt 2 kll-N1 2 
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C and C2 are t h e   o p t i c a l   c r o s s   s e c t i o n s   o f   s i n g l e t s  and  doublets 1 
r e spec t ive ly  

- 
- 

The f a c t o r  (- - 1) has   been   ca l l ed   t he   op t i ca l   f ac to r  and 
can  be  conceived  as   the  re la t ive  change  in   absorbance  that  
would  happen when a col loidal   system  Consis t ing  of  a number 05 

c2 

2cl 

s ing le t s   on ly ,  would be  replaced  by a system  consis t ing  of   half  

of t h a t  number of   doublets   only.   This   factor   can  be  calculated 

with  the  Raylefgh Gans-Debeye theory  and  has  been  tabulated  by 
L i c h t e n b e l t   f o r   d i f f e r e n t   v a l u e s   o f  a. 

a=.------ 2 ~ r a  
x 

a =  
x =  

r a d i u s   o f   t h e   c o l l o i d   p a r t i c l e  (nm) 
wavelength (nm) of   the  l ight   used  in   the  cont inuous  phase 

~ 

water n 

I n  t h i s  work c o l l o i d a l   p a r t i c l e s   w i t h  a r ad ius  of 117 nm are 
used,  and l i g h t   w i t h  a wavelength  of 546 nm. 
The pa r t , i c l e   concen t r a t ion  N1 a t  t = O  i s  always 8 - 6  x 10 
From t h e s e   d a t a  a can be ca l cu la t ed  and the  matching  value  of  
t h e   o p t i c a l   f a c t o r  j.S fouud t o   b e  O S 2 1 .  

1 5  m-3 . 

2 ,  Theore t ica l   express ions   for  fast and  hindered  coagulation. 

Already i n  1916 Von Smoluch0wsk5~~  developed a theory  of t h e  
rate of coagulation. H e  described  coagulation as a bimolecular 
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r eac t ion ,   obey ing   t he   equa t ion   ( fo r in i t i a l   s t ages   o f   coagu la t ion  
of a monodisperse  colloid) 

d N1 2 
-p= 

d t  N1 

kll = 8 IT Da = 5.4 X 1 0 - l 8  ( m  3 .s - ' )  ( in   wa te r  a t  298 K )  

D = d i f f u s i o n   c o e f f i c i e n t  ( m  2 .s  -1 ) 

a = p a r t i c l e   r a d i u s  (m) 

I n  1934 Fuchs  der ived  an  equat ion  for   the  f lux O €  p a r t i c l e s   t o -  

wards a c e n t r a l   p a r t i c l e   i n  a f i e ld   o f   fo rce .   In   t he   absence   o f  
e l e c t r o s t a t i c   r e p u l s i o n   ( f a s t   c o a g u l a t i o n )   t h i s   l e a d s   t o  

Js = f lux   o f   par t ic les   towards  a cen t r a l   one   ( f a s t   coagu la t ion )  

VA = energy  of  at traction  between two equal  spheres ( J , K - l )  
( s  ) 

-1 

H R - 2 a  
a a 

u =-=p- 

R = d i s t ance  between the   cen te r s   o f  two p a r t i c l e s  (m)  

I n  1 9 6 6  D e r y a g ~ i n ~ ~   n o t e d   t h a t  a t  ve ry   sho r t   d i s t ance   t he   v i s -  

cous  resistance  between two approaching   par t ic les  would become 
i n f i n i t e  so t h a t  Brownian-motion never  could  cause  coagulation. 
Spielman31  and  Honig32  developed,  analogous t o  work by Brenner37, 
a co r rec t ion  on t h e   d i f f u s i o n   c o e f f i c i e n t   a s  a func t ion   of   the  
d i s t a n c e  between t h e   p a r t i c l e s .  

D = d i f f u s i o n   c o e f f i c i e n t  a t  i n f i n i t e   s e p a r a t i o n  (m 2 . s  -1 ) 

D (u) = d i f f u s i o n   c o e f f i c i e n t  at r e l a t i v e   d i s t a n c e  u (m2. s- ' )  

B(u) = d i f fus ion   co r rec t ion   f ac to r  a t  r e l a t i v e   d i s t a n c e  u. 
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Hanig e t  al, 3 2  gave a useful1  approximation f o r  f3 (u) 

6u f 13u f 2 2 
.B (u) = 

6u2 f 4u 

8 r D N , a  

A c c o r d i n g   t o   H a n ~ a k e r ~ ~ ,   t h e   e n e r g y  of a t t r a c t i o n  between two 
equal  spheres  can  be  described as follows 

A 
+ In  u2 f 4u 

6 2 - .  1 
u  +4u  u  +4u+4  u +4u+4 

A = Hamaker cons t an t   fo r  two bodies of material 1 embedded 1 ( 3 )  1 
i n  medium 3 ( Joule)  

Analogous t o  Roebersen a dimensionless rate cons tan t  of floccu- 
l a t i o n  k* i s  def ined 

40 

This   constantk* i s  equal   to   one  fo r  t h e   t h e o r e t i c a l  Von Srnoluchow- 
s k i  rate (f3 (u) =l and-VA=O) So the  dimensionless rate con- 
s t a n t k *   c a n   a l s o   b e   w r i t t e n  as 

kl1 (observed) 
kll (VonSktoluchowski) 

k* = 

Figure I shows ' t h e   i n v e r s e  of k* as a funct ion of t h e  Hamaker 
cons tan t  A f o r   p a r t i c l e s  w i t h  a rad ius  of 117 nm. 

1(3) 1 
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2,6- 

2,4- 

2,2-  

2 ,o-  

1,8- 

1 , 6 -  

1 , 4  - 

1,2 - 

F i g u r e  I 1 :  T h e   i n v e r s e   o f   t h e   d i m e n s i o n l e s s   r a t e   c o n s t a n t  
k*as  a f u n c t i o n  of t h e   H a m a k e r   c o n s t a n t  A 
f o r   p a r t i c l e s   w i t h  a r a d i u s   o f  1 1 7  nm. 1 ( 3 )  1 

When two p a r t i c l e s  are connected  f irmly by a bridge  between 

them t h e i r   p r o b a b i l i t y  of  aggregation becomes 1. This  means 
t h a t   n e i t h e r  hydrodynamic e f f e c t s   n o r   o t h e r   i n t e r a c t i o n s  can 
prevent them  from aggregation  and  the  integration  of  the  hydro- 
dynamic f a c t o r  B(u)  and t h e   f i e l d   o f   f o r c e   e f f e c t  

1 --'T . exp. (z) must not  be.  done  from u = O t o   b u t  from 
( u+2 1 
u = x = h/a  (whereh i s  b r i d g e   l e n g t h )   t o  00. 
Following W a l l e ~ ~ ~ -  it i s  assumed t h a t   t h e   p r e s e n c e   o f   t h e   t a i l s  
on the   su r f ace  of t he   pa r t i c l e s   does   no t   i n f luence   t he   d i f fu -  
s i o n   c o e f f i c i e n t  of t h e   p a r t i c l e .  The l a r g e r   e f f e c t i v e   c o l l i -  
s i o n   r a d i u s   o f   t h e   p a r t i c l e  w i l l  enhance  the  f lux  with a f a c t o r  
a+h 

a 
- 
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For t h e   f l u x   i n  

JH = (8 T 

t h i s   c a s e  w e  can w r i t e  

From these   cons idera t ions  it can b e   s e e n   t h a t   t h e  rate of  aggre- 
g a t i o n   o f   c o l l o i d a l   p a r t i c l e s  w i l l  be  enhanced  by  bridging. 

This  enhancement w i l l  be  optimal when t h e   d i f f u s i o n   c o e f f i c i e n t  
of t h e   p a r t i c l e s  i s  not   in f luenced  by the  presence  of   the tai ls  
and when t h e r e  are s t i l l  enough  bare   p laces   l e f t  on the   su r f ace  
for   adsorp t ion   of  tai ls  of 
a c c e l l e r a t i o n   f a c t o r  y can 

approaching  par t ic les ,  The  maximal 

be  expressed by 

a+h o J (u+2)L 
y = -  L 

a s (u+2) 
2% . exp, 

X 

W e  ca lcu la ted  y f o r   p a r t i c l e s   w i t h  a radius  of 117 nm as a 
funct ion of the   l eng th  (h) o f   t he  tai ls  f o r   d i f f e r e n t   v a l u e s  of 

The r e s u l t s  of t h e s e   c a l c u l a t i o n s   a r e  shown graphica l ly  
i n   f i g u r e  2. 

F igure  2:  The maximal a c c e l l e r a t i o n   f a c t o r  y f o r  p a r t i c l e s  
wi th  a r ad ius  of 1 1 7  nm a s  a func t ion  of the 
l eng th  (h)  of ;$s t a i l s   f o r   d i f f e r e n t  A 
0, A = 10 

1 ( 3 )  1 A ,  10-20 J,  
J, A1(3)  1 
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PoZys ty rene   Za tex  ( P S L ) ,  purchased  from Dow  (Dow LS-1047-E) a 
monodispersed  la tex  with  par t ic le   diameter   of  243 t 2.6  nm. 
Human Serum  AZbumin ( H S A ) ,  c r y s t a l l i n e  from Pierce Chemicals 
(nr .  3 0 4 3 0 ) ,  was used   wi thout   fur ther   pur i f ica t ion .  
Human F ibr inogen   (HFb) ,  from  Kabi,  Stockholm  (grade L ,  90% 

c l o t t a b l e )  was u s e d   a f t e r   d i a l y z i n g   a g a i n s t   t w i c e   d i s t i l l e d  
water a t  pH = 9 ,  T = 278 K during  8.104 sec. 
A l l  chemicals  used w e r e  ana ly t ica l   g rade . .  

The water used in   the   exper iments  was always twice d i s t i l l e d  
and  degassed. 

1. Micro e Z e c t r o p h o r e s i s  appara tus .  
The  measurements  of t he   e l ec t rophore t i c   mob i l i t y  of ba re  
and protein  coated  la tex  par t ic les   have  been  performed  with 
a Rank Micro  Electrophoresis  Apparatus MK 11, equipped  with 
a c y l i n d r i c a l   c a p i l l a r y  ce l l  and reversible   plat inum elec- 
t rodes  . 

2. S t o p p e d  f l o w  appara tus .  
All f locculat ion  experiments   have  been  carr ied  out   in  a 
Durrum-Gibson Stopped Flow Spectrophotometer, Model D-110, 

wi th  a 20  mm pa th   l ength  cel l .  In   th i s   appara tus   the   so lu-  
t i o n s   t o   b e  mixed are con ta ined   i n  two syr inges.  By a pres- 
sure   (5  x 105 N.m-2) opera ted   ac tua tor ,   equa l  volumes are 
reproducibly mixed wi th in  d few mil l iseconds.  The t ransmït-  
t ance  of the   mix ture  i s  recorded on a s t o r a g e   o s c i l l i s c o p e .  
The wavelength of t h e   l i g h t   u s e d  was 546 nm using a tungsten 
iodide  l ight-source.  
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v1 e 3.3 Methods. 

1. Cloud  po in t   measurements .  
These  experiments  have  been  carried  out as a funct ion  of  
pH and s a l t  concentrat ion,   Solut ions  with  protein  concentra-  
t ions   o f  1 kg.m-3 and   the   des i red  amount of s a l t  were devided 
i n t o  two equal   port ions.  The pH of  one  of  these  portions was 
slowly  increased  by NaOH addi t ion  and  the pH o f   t h e   o t h e r  

po r t ion  w a s  s lowlydecreasedby HC1 a d d i t i o n .   I n   t h i s  way 

" i n s t a b i l i t y  areas'' in   the   pH-sa l t   d iagram w e r e  determined- 
when t h e   s o l u t i o n  w a s  cloudy. 

2 m FZoccuZation  and  coagulat ion  measurements .  
Coagulation  experiments  have  been  performed  with  the  stopped 
flow  apparatus,   using  one  syringe fo r  t h e   b a r e   l a t e x  and t h e  
o t h e r   f o r   t h e  salt  sò lu t ion .  

Flocculation  experiments  without s a l t  are c a r r i e d   o u t  by using 

o n e   s y r i n g e   f o r   t h e   b a r e   l a t e x  and t h e   o t h e r   f o r   t h e   p r o t e i n  

so lu t ion .  
Flocculat ion  experiments   in   the  presence  of  sa l t  are perfor- 

med by  using  one  syringe  for  the  PSL-protein  mixture and 
t h e   o t h e r   f o r   t h e  sa l t  so lu t ion  , The PSL-protein  mixtures 
are prepared  by  adding  the PSL s lowly  to   the  desired  pro-  
t e i n   s o l u t i o n .  
Concentrations  where  always  chosen  such  that  af ter  mixing i n  
the   s topped   f low  appara tus   the   l a tex   concent ra t ion  was 
6.10-2 kg,m-3 (8;6 x l o l 5  p a r t i c l e s  m-3) . The v a l u e   f o r   t h e  
rate constant   of   aggregat ion kil, is  ca lcu la ted   us ing  equa- 
t i o n  (2) r from the i n i t i a l  change  of the   t ransmiss ion  (=j 
af ter  mixing , 

The i k i t i a l   t r a n s m i s s i o n  To in   our   exper iments  was always  36%- 

From t h i s   v a l u e  and the   va lue   o f   t he   op t i ca l   f ac to r  (0 ,211  

it can   be   ca l cu la t ed   t ha t  a 1% decrease of the t ransmission 
i lzd ica tes   tha t  12% o f   t he   s ing le   pa r t i c l e s   have   been  conver- 
ted to   doub le t s  (assumTng t h a t   o n l y   s i n g l e t - s i n g l e t   c o l l i -  
s ions   occu r ) .  From the  measured  value  of  kll it can  be cal- 
cu la t ed  how much t i m e  ik t akes   t o   r each  l% decrease of the 

dT 
t = O  
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3. 

t ransmission.  We found  tha t   the   ca lcu la ted  time was e q u a l   t o  

the  observed time, i n d i c a t i n g   t h a t  up t o  a decrease  of 1% i n  

T the  assumptions are va l id .  A t  h igher   conversions  of   the  
s i n g l e t s  a d i f f e rence  between ca l cu la t ed  and  observed t i m e  
has  been  observed. From t h i s   f a c t  it i s  concluded t h a t   t h e  

value  of  always  has  to  be  measured  in  the  region  where 
the   dec rease   i n  T i s  < 1%. 

E Z e c t r o p h o r e t i c  m o b i Z i t y  measurements .  
The e l ec t rophore t i c   mob i l i t i e s  of t h e   l a t e x   p a r t i c l e s   a r e  
measured a s  a func t ion  of the  protein  concentrat ion.   For  
these  measurements it was impor tan t   to   car ry  them o u t   i n   t h e  
following way. 
The PSL i s  mixed w i t h   p r o t e i n   s o l u t i o n s   i n   t h e  same concen- 
t ra t ions  as   used  in   the  f locculat ion  experiments .   These 
flocculation  experiments  however,  always  take  about 10 seconds, 
so w e  a r e   i n t e r e s t e d   i n   t h e   m o b i l i t y   a f t e r  l0 seconds of con- 
t a c t  between t h e  PSL and   the   p ro te in   so lu t ion .   In   o rder   to  
ob ta in   th i s ,   the   mix ture   o f  PSL and p ro te in   so lu t ion  was di-  
l u t e d  104 times a f t e r  10 seconds of contact.  Because  the  pro- 
t e i n s   a r e  bound v e r y   t i g h t l y   t o   t h e   s u r f a c e 3 9  it may be ex- 

pec ted   tha t   the   coverage  of t h e   p a r t i c l e s  by the   p ro t e in  w i l l  
no t  change upon d i l u t i o n .  On the   other   hand,   fur ther   adsorp-  
t i on   o f   p ro t e in  a t  t h e   l a t e x   p a r t i c l e s   c a n  be   neg lec t ed   a f t e r  
t h e  drastic d i l u t i o n .  When t h e   d i l u t i o n   s t e p  was done a few 
minutes a f t e r   t he   mix ing ,  it w a s  d i f f i c u l t   t o  measure  the 
e l ec t rophore t i c   mob i l i t y   fo r  some experiments  where  floccu- 
la t ion  occurs ,   becausetoomany  aggregates   are   present  a t  

t h a t  time. 
A l l  experiments  have'been  performed a t  298 X. 

V I ,  4 RESULTS AND DISCUSSION 

V I . . 4 . 1  Ins tab i l i ty   a reas   o f   the   p ro te ins   in   pH-sa l t   d iagrams.  

Figures  3 and 4 show t h e   i n s t a b i l i t y   a r e a s   ( s h a d e d  
a reas )o f   r e spec t ive ly  HSA and HFb i n  pH-salt  dïagrams f o r   t h r e e  
d i f f e r e n t   s a l t s ,  NaCl, BaC12  and  La(N03)3. 
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Figure  3 :  I n s t a b i l i t y   a r e a s  of KSA i n  p H - s a l t  diagrams: 
a) w i t h  N a C l ;  b )  with B a C L 2 ;  c) w i t h  La(NO3l3 

For HSA, f igure   3 ,   ins tab i l i ty   a reas   have   been   observed   a t  low 
pH only.  Under these  c i rcumstances  the  protein  molecules   are  
pos i t ive ly   charged  (pH below i , e . p c  (pH = 4 . 9 ) )  and t h e  C l -  

or NO; ions w i l l  a c t  as counterions.  It i s  shown t h a t   f o r  NaCl 
and BaC12 the  so ' lut ions  get   c loudy a t  Cl -  concentrations  above 

0.9 k1110l.m-~. For La(N03)  t h i s  happens a t  N03 concentrat ions 
above O .  45 k m o ~ m - ~ .  

The i n s t a b i l i t y  area with L a ( N 0 3 ) 3  a t  pH-values > pH = 6.5 i s  
mainly  caused by hydrolysis  of the  La(N03)3. A t  @-values  above 
t h e   d o t t e d   l i n e   i n   f i g u r e   3 c ,   s o l u t i o n s  of La(N0 ) without  

p r o t e i n  are cloudy. The i n s t a b i l i t y   j u s t  be'Löw t h i s   d o t t e d   l i n e  
may be due to t h e   i n t e r a c t i o n  of ESA molecules w i t h  primary 
flocs of t h e  sal t ,  

3 3  
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F i g u r e  4 :  I n s t a b i l i t y   a r e a s  o f  HFb i n   p H - s a l t   d i a g r a m s :  
a )   w i t h   N a C l ;   b )   w i t h  B a C 1 2 ;  c )  w i t h   L a ( N 0 3 ) 3 .  

For HFb, f i g u r e  4 ,  it i s  shown t h a t   i n   t h e  pH region  around  the 
i . e ,p .  (pH = 5.5)   the  protein.  is less s t a b l e   i n   s o l u t i o n .  Under 
these  condi t ions  the  molecule   hardly  bears   any  net   charge  and 

it has i t s  most  compact  shape41.  Proteins  always show a decrea- 
s ed   so lub i l i t y   a round   t he i r  i . e . ~ . ~ ~  r e s u l t i n g  from a decreased 
coulombic,repulsion  which  favours  aggregation. It i s  s t r i k i n g  
t h a t   a t   p h y s i o l o g i c a l   c o n d i t i o n s  (pH 2 7.4  and [NaCl] = 0.15 
~tmoL.m-~) the  upper   boundary  of   the  instabi l i ty   area  goes  ' to  
a somewhat lower pH, ind ica t ing  a h i g h e r   s t a b i l i t y   u n d e r   t h e s e  
conditions;  
A t  pH-values  below 1 t h e  HFb so lu t ion  gets cloudy  too; a t  hig- 
he r  s a l t  concen t r a t ion   t h i s   i n s t ab i l i t y   a r ea   ex tends  to higher  
pH'va lues .   In   th i s   reg ion   the   molecule   has  a r e s u l t a n t '   p o s i t i v e  
charge, so the   nega t ive   i ons  w i l l  a c t   a s   coun te r i sns .  The exten- 
s ion  of t h e  low i n s t a b i l i t y   r e g i o n   u s i n g  MaCl  and B à C 1  

2 Occurs 
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a t  the  same C l -  concentrat ions namely O ,2 kmo1.m I which i s  
about 5 times lower  than  observed  for HSA. With L a ( N 0 3 ) 3  t h i s  
extension  happens a t  [NO;] = O .  l km01.m-~,  about 5 times lower 

-3 

t han   fo r  HSA, 

The d i f fe rence   be tween  the   ins tab i l i ty   reg ion   a round  the   i so-  
electric point  and  that   below pH = L ìs,  tha t   the   c louding   of  
the   p ro te in   so lu t ion   a round  the   i . e .p .  is  r e v e r s i b l e  and  below 
pH = l, it is not.  The latter i n d i c a t i n g  a complete  denaturation 
of t he   p ro t e in .  A d i f fe rence   be tween  f igure  4 a  and f i g u r e  4b i s  
tha t   t he   h igh   and  low i n s t a b i l i t y   r e g i o n   i n   t h e   f i r s t   c a s e   a r e  
connected  and in   the   second  case   no t .  For BaCL2;- a p r o t e i n   s o l u t i o n  

a t  pH = 8.9 w i l l  get   c loudy upen a f i r s t   a d d i t i o n  of BaC12 where- 
as it w i l l  c l e a r i f y   a g a i n o n   f u r t h e r  BaC12 addi t ion.  
A second  difference  between  f igure 4 a  and  f igure 4b i s  t h a t   t h e  

high pH ins t ab i l i t y   r eg ion   ex tends   t o   h ighe r  pH va lues   fo r  BaC12  

than . . for  NaCl, i n d i c a t i n g   t h a t  above t h e   i s o - e l e c t r i c   p o i n t ,  
the   valency of t he   pos i t i ve   coun te r ions   p l ays  a r o l e   i n   t h e  
mechanism  of d e s t a b i l i z a t i o n .  One might   think  here   about  a 
kind of phys ica l   c ross l inks   o f  Ba2+ between t h e   p r o t e i n  mole- 

cu le s .   Pe rhaps   t he   r epep t i za t ion   a t   h igh  B a 2 +  concentration  can 
be  seen as a comple te   sa tura t ion   of   the   ava i lab le   c ross l ink  
sites by B a  . 
A t  pH values   below  the  i ,e .p .   of   the   proteins ,   the   destabi l i -  
za t ion  by NO- ions i s  t w i c e  as e f f e c t i v e   a s   t h a t  by C l -  ions 

fo r   bo th   p ro t e ins ,   Th i s   i nd ica t e s   t ha t   t he  same mechanism plays 
a ro le   a l though  for  HSA much higher  concentrations  are  needed 

- than   fo r  HFb, Comparison  of f i g u r e s  3 and 4 l e a d s   t o   t h e  con- 
c l u s i o n   t h a t  HSA i s  a much more s t ab le   p ro t e in   t han  HFb. 

2+ 

3 

V1.4-2 Coagula t ion   of   the   l a tex   wi th   sa l t .  

Coagulation  experiments of PSL with  sal t   only  have  been 
performed a t  pH = 3.5  and pH = 8.9 .  Figure 5a shows the   va lue  
of   the,   ra te   constant   of   coagulat ion k as a funct ion  of   the 

11 
BaC12 concentrat ion.  It i s  clear tha t   k l l   increases   wi th   in -  
c reas ing  sa l t  concentrat ion.  The coagula t ion   resu l t s   f rom  the  
decrease  in  double-layer  repulsion  between the negat ively 
charged PSL p a r t i c l e s   d u e   t o   t h e  B a 2 +  ions.  
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Figure 5: The,rate  constant of coagulation k for  bare 
PSL as  function  of  the  salt  concenLration. 
a) with B a C I Z  at o pH = 8.9 andU-pM = 3.5; 

b) with N a C l  a t . 0  pH = 8.9 and E3 pH = 3 . 5 .  

For a B a C I Z  concentrat ion  of  0.05  k m ~ l . m - ~  a maximum value  of 

k l l F  2 . 4 5 ~  1 0 - l 8  rn3s-l a t  pH = 8.9  and kll = 2.3 x 1 0  

a t  pH = 3.5 i s  observed. The decrease of kll a t  higher  B a C 1 2  

concentrat ion i s  mainly  due  to a h igher   v i scos i ty   o f   the   cont i -  
nuous  phase r e s u l t i n g   i n  a lower  value  of   the  diffusion  coeff i -  
d i e n t  D o f   t h e   l a t e x   p a r t i c l e s  ( D  = kT/ ( 6  T q a )  ) . Up t o  BaCl,;  

concentrat ions of O .O5 k m ~ l . r n - ~   t h e   v i s c o s i t y  of t h e  s a l t  solu- 
t i o n s  i s  almost  constant (1% devia t ion  from n ) . A t  higher  
BaC1.2 c o n c e n t r a t i o n s   t h e   v i s c o s i t y   i n c r e a s e s   d r a s t i c a l l y   u n t i l  
a t  1 km01 .m-3 an   increase   o f '  2'8.5% i s  reached43 .' The d i f f e r e n c e  

between  kll a t  pH =' 8.9  and a t  pH = '3.5 i s  not  understood. The 
rate constant  of Von Smoluchowski a t  298 K i s  5.38 x 1 0  
3 -1 m s  

-18 m3s-1 

water 

-18 
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Taking  kll  (observed) = 2.38 x L 0 - l 8  m3s-' the  dimensionless 

rate constant  from  equation (IQ) appears   to   be 

F igure  5b shows t h e  dependence  of  kll  on  the N a C l  concent ra t ion  
a t  pH = 8.9  and pH = 3.5.   This   f igure shows t h a f   f o r  N a C l  t h e  
maximum value  of kll = 2,2 x m 3 s - l  a t  pH = 8-9  and  kll = 

2 s l. x 10- l8  m3s-' a t  pH = 3 -5 i s  reached at  N a C l  concent ra t ions  
of l k m ~ l , m - ~ .  A t  t h i s  salt  concent ra t ion   the   v i scos i ty   o f   the  
continueos  phase is l. 094  times tha t   o f  water4 3 .  T h i s   r e s u l t s  

i n  a kll (Von Srnoluchowski) = 4,94 x 10 -l8 m3s-'. Taking 

kll = :2-* 15 x 1 0 - l 8  m3s- l  the   dimensionless  rate constant  (equa- 
t i o n  ( 1 0 )  ) is 

Using  f igure 1 which shows t h e   r e l a t i o n  between  l/kscafid-the 
Hamaker cons tan t  A the   va lue   o f   the  Hamaker c o n s t a n t   ' f o r  
our  system  can  be  calculated 

Visser44 t abu la t ed  Hamaker cons t an t s   o f   d i f f e ren t  materials 
i n  water. H e  g ives   va lues   ob ta ined   wi th   the   L i fsh i tz   theory  
(A1 (3)  = 3.5 x 10-21) and  values  obtained from c o l l o i d  chemis- 
t r y  (10-~' < A 1 0 - ~ ~  J.) f o r  PS i n  water. 
Comparison with  thes-e  values shows tha t   t he   va lue   ob ta ined  
from our experiments i s  somewhat  low b u t   n o t   u n r e a l i s t i c ,  
The salt  concent ra t ions  a t  which fas t  coagulation  occurs are. 
h igher   than   those   repor ted   for  classical test tube  experiment. 

This  should  be  expected  since  in,our  experiments  coagulation 

times are i n  the  order  of  seconds  and  ortho  kinetic  coagula- 
t i o n  i s  absent1 * 

From these  experiments w e  conc lude   t ha t   ou r   appa ra tus   fu l f i l l s  
t he   cond i t ions  for t h e   t y p e  of measurements w e  are doing. 

I ( 3 )  1 
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VI.4.3 Flocculation  experiments  with HSA a t  pH = 8 . 9 .  

When PSL and HSA s o l u t i o n s  were mixed in   the  absence  of  
e l e c t r o l y t e ,  no f loccula t ion   could   be   de tec ted  a t . H S A  concentra- 
t ions  between 0 .00  and  0.25 kg.mP3 a f t e r  mixing. 

.Fig.  6a,b shows t h e  dependence of k on t h e  BaC12  and N a C l  

concentration  f.or  Curves  with  constant HSA concentration. 
11 

F i g u r e  6 :  T h e   d e p e n d e n c e  o f  k l l  on t h e   s a l t   c o n c e n t r a t i o n  
(pH = 8 . 9 )   f o r   c u r v e s   w i t h   c o n s t a n t  HSA c o n c e n -  
t r a t i o n :  
a )   w i t h   B a C 1 2   a t  HSA c o n c e n t r a t i o n s  o f  A ,  O ;  

u , O .  1 7 ;  A ,  0 . 3 3 ;  'I0 , 1 . 6 7 ;  o ,  3 . 3 3 ;  
$ ; 6 . 6 6 ;  O ,  1 3 . 3 3 ;  V ,  2 6 . 6 7 ;  X ,  5 0 . 0 ;  V ,  250 
x 1 0 - 3   k g . ~ n - ~ :  

u 0.5 ;  A, 0.8; n s 1 . 9 ;  o ,  2.3 ; '  $, 4 . 0 ;  
o ,  8 . 0  x 10'3 kg.m-3. 

b )  w i t h  N a C l  a t  H S A  c o n c e n t r a t i o n s   o f  A 3  o;  



134 

It i s  clear t h a t  a t  HSA concentrat ions < 5. 10-3 kg.m-3 smaller 
amounts of sa l t  are needed t o  start  the   f l occu la t ion   t han   fo r  
PSL w i t h o u t   p r o t e i n .   T h i s   i n c r e a s e d   s e n s i t i v i t y   f o r   e l e c t r o l y t e  
addi t ion  i s  c a l l e d   s e n s i t i z a t i o n .  It is not  caused  by a decrea- 

s ed   e l ec t ros t a t i c   i n t e rac t ion   due   t o   p ro t e in   adso rp t ion ,   because  
p ro te in  and l a t e x  are both  negat ively  charged.  The s e n s i t i z a t i o n  

r e s u l t s  from a w e l l  known mechanism cal led  br idging:   molecules  
which are already  adsorbed  on  one  la tex  par t ic le   absorb  on  the 
su r face   o f   ano the r   l a t ex   pa r t i c l e .   Th i s  mechanism can  take 
p lace  when the   doub le   l aye r   i n t e rac t ion  between t h e   p a r t i c l e s  
has  been  suppressed  by  electroLyte  addition so t h a t   p a r t i c l e s  
can  approach  each  other  closely.  It i s  a l s o   n e c e s s a r y   t h a t   t h e  

l a t e x   p a r t i c l e s  s t i l l  have  adsorption sites a v a i l a b l e   f o r  ad- 
sorp t ion   of   the   b r idging   molecuks .  

Figure 7a, b shows kll as a funct ion of t h e  HSA concentrat ion 
for   curves  of cons tan t  BaC12 and N a C l  concentrat ion.  It i s  
shown t h a t  a t  higher  HSA concentrations  kll   decreases.   This i s  

t h e   r e s u l t  of steric s t a b i l i z a t i o n  of PSL by adsorbed HSA layers .  
When t h e   l a t e x   p a r t i c l e s  are fu l ly   covered  by pro te in ,  no ad- 

sorp t ion  si tes are ava i lab le   for   b r idg ihg .   molecules  any  more. 
When p a r t i c l e s  are approaching,  the  adsorbed  protein  layers 
must pene t r a t e   i n to   each   o the r ,   r e su l t i ng   i n  a repuls ion  which 
w e  described i n   t h e   i n t r o d u c t i o n .  A t  HSA concentrat2ons > O .  1 

kg.m-3 e l ec t ro ly t e   add i t ion   ha rd ly   causes  any  f locculation. 
This   concent ra t ion   to   reach  a f u l l y   s h i e l d i n g  monolayer, i s  
i n  good agreement  with  adsorption  isotherms  of HSA on PSL39~45, 
showing t h a t  maximum adsorpt ion  occurs  a t  t h i s   concen t r a t ion .  

I t  i s  shown i n   f i g u r e  7a, b t h a t  a t  HSA concentrat ions  of   about  
1.7x10-3 kg.m-3 a'  maximum of kl l   excis ts .  The maximum values  
of kll i n   t hese   f i gu res   exceed   t he  maximum value  of k for 
t h e   b a r e   l a t e x .  
Gregory13r14  found  an  enhanced rate of   f loccula t ion   us ing  

11 

negat ively  charged PSL and ca t ion ic   po lye lec t ro ly t e s .  H e  ex- 
p l a i n e d   t h i s   i n  terms of an uneven 'd is t r ibu t ion  of negat ive 
and posi t ive  charges   on the  PSL surface.  This could lead t o  
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an e x t r a   a t t r a c t i v e   c o n t r i b u t i o n   t o   t h e   i n t e r a c t i o n   b e t w e e n  
the   pa r t i c l e s ,   due   t o   "o r i en ted   approach" .   In   ou r   ca se   t h i s  
explanat ion . is  no t   poss ib l e ,   because   l a t ex   pa r t i c l e s  and 
protein  molecules  both are negatively  charged.  Another  argu- 
ment i s  t h a t   t h e  enhancement t o  kll values  above  those  for 
bare  PSL only  occurs a t  h i g h   s a l t   c o n c e n t r a t i o n s ,   i n   o t h e r  
words e l e c t r o s t a t i c   i n t e r a c t i o n s   c a n n o t   p l a y  a r o l e .  W e  pro- 

pose t h a t   t h e ,   i n c r e a s e  of kll r e s u l t s  from t h e  
diminished  hydrodynamic  interaction  through  bridging of t h e  
pro te in   molecules   be tween  the   l a tex   par t ic les .  . .  

10-37 

\\ 

Figure  7 :  The dependence of k l l  on t h e  H S A  concent ra t ion  
( p H ' =  8 . 9 )  f o r  cu rves   w i th   cons t an t   s a l t  con- 
c e n t r a t i o n :  
a) with  BaC12 concent ra t ions  o f  P o 0 . 5  o, '  O .  1 5 ;  

b )  wi th  NaCl concent ra t ions  of o ,  1 . 5 ;  p s 1 . 0 ;  
1 V ,  0 . 5 ;  A ,  0 . 1 5 ;  x ,  0 . 0 5  kmo1.m-3.. 

O ,  0 . 0 5 ;  n 0 . 0 1 5 ;  A ,  0.005  kmol.rn-$: 
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From f i g u r e  7a, b t h e  maximum enhancement  of  kll a t  respec t ive-  
l y  [BaC12] = 0.05 k m ~ l . m - ~  and [NaCl] = 1.0  k m o ~ m ’ ~   a p p e a r s  
t o  be 30% and 20%.  F igure  2 shows t h e  maximal a c c e l l e r a t i o n  y 

(equation (13) 1 as a func t ion  of the   l eng th   o f   t he  tai ls  on a 
p a r t i c l e   f o r   d i f f e r e n t   v a l u e s   o f   t h e  Hamaker constant.   Using 

a Hamaker constant   of  10-21 J it can  be  seen  that   the   observed 
a c e e l l e r a t i o n   f a c t o r  y which i s  1.20-1.30  can  be  caused  by 

t a i l s  wi th  a length   o f  7-10 x lO-’m. This i s  in   exce l l en t   ag ree -  
ment with  the  dimensions of t h e  albumin  molecule,which i s  

assumed t o   b e  a pro la te   e l l ipso id   wi th   major   and .minor   axes   o f  
1 4  and 4 x lO- ’  m 4 6 .  

SpI,4,4 Flocculation  experiments  with HFb a t  pH = 8 9 c 

When PSL and HFb so lu t ions  w e r e  mixed in   t he   absence  of 
e l e c t r o l y t e ,  no f l o c c u l a t i o n  w a s  observed a t  HFb concent ra t ions  
between 0.00 and  0.25 kg.m-3 after mixing.  Figure  8a,b,c shows 
t h e  dependence of kll . on - rBaC12] and [NaCl] f o r   s e v e r a l   l i n e s  
of   cons tan t   p ro te in   concent ra t ion ,  From t h e s e   f i g u r e s  it can  be 
s e e n   t h a t   a n a l o g o u s   t o   t h e   r e s u l t s   w i t h  HSA, HFb also  causes  

s e n s i t i z a t i o n  a t  low p r o t e i n  and sal t  concen t r a t ions .   In   f i gu re  
8b it i s  shown t h a t -   t h e   s e n s i t i z a t i o n  a t  low concentrat ions  of  

BaC12 a lso  occurs  a t  high HFb concentrations up t o  O .  25 kg,mW3. 
This phenomenon w i l l  become clear later on i n   t h e   d i s c u s s i o n  
i n   r e l a t i o n   w i t h   t h e   i n s t a b i l i t y  area of HFb. 

The f igure   9a ,b  ,c shows t h e   r e l a t i o n  between  kll  and  the HFb 

concent ra t ion  for curves  of  constant [BaC121 and [NaCl l .  It i s  
shown that  analogous t o  HSA, t h e  HFb causes   an  increase of kll 
a t  low protein  concentrat ion.  The maximum value  of  kll  i s  
reached a t  a HFb concent ra t ion   of  2.5 x 10-3 kg.m-3. From our  
own work  on adsorption  isotherms o f  H F b  on PSL w e  know t h a t  

countpasry t o  HSA a l l  HFb molecu le s   i n   so lu t ion  w i l l  be  adsor- 
bed on. t h e   l a t e x   p a r t i c l e s  a t  low i n i t i a l  HFb concent ra t ions  
(h igh   a f f in i ty   i so the rms)  e The l a t e x   s u r f a c e   a v a i l a b l e   f o r  
adsorp t ion   . in   our   exper iments  i s  1 . 4 8 ~ 1 0 ~  m2 .m-3. This means 
t h a t  the sur face   concent ra t ion  of H F b  on t h e  PSL a t  maximum 
f l o c c u l a t i o n  rate is  l . 7 fz 10-6 kg, m-’ . 
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??&gure 8: I 

The dependence of k11 on t h e  
s a l t   c o n c e n t r a t i o n  (pH=8.9) 
f o r   l i n e s   w i t h   c o n s t a n t  HFb 
concent ra t ions :  

l .  

l -  a )   with BaC12 a t  HFb concen- 
t r a t i o n s  o f  A,O; D s 0.25; 
A ,  2.0; s 2.5; o ,  .3.0; 
( p 9  5.0 x 10-3  kg.m-3. 

b )  with BaCl2 a t  HFb concen- 
t r a t i o n s  of .,O; (p, 5.0; 
o, 25.0; V, 62.5; x, 250 

.10m3 kg.m-3.- . 
c)  with NaCl at HFb concen- 

t r a t i o n s  of A , O ;  o s  0.5; 
D s 1.3; x ,  1.6; A ,  1 . 9 ;  0.5- 

U o, 2.5; Q , 8,O x 10-3 
10-2 

I 

5.10-* ;O-' 
I 

5.10-l i kg. m-3 
I NACL J 
KMOL,M-~ 
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Figure 9:  
The dependence of k11 o n  t he  
HFb concent ra t ion  (pH=8.9) 
for   curves   wi th   cons tan t   sa l t  
concentration: 
a)   wi th BaC12 concentrations 

of I s 0.5; o, O. 15; o ,  
O .  05 kmo1.m-3. 

b )  with BaC12 concentrations 
of o,  0.015; o ,  0.005; 
B s 0 ,0015  kmol.m’3. 

c)  with NaCl concentrations 
of A ,  1.5;n, 1.0; o, 0.5; 
1 , O .  15; x,  0.05; e, 
0.015 k m ~ l . m - ~ .  
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From these   adsorp t ion   experiment^^^ it i s  a l s o  shown t h a t ' a t  

surf  ace concentrabions  above 4-5 ie 10-6 kg,m-' a c e r t a i n  amount 
of HFb s tays   in   so lu t ion .   Al though  the  maximum su r face  concen- 
t r a t ion   t o   be   r eached  at higher   concent ra t ions   i s '9 .8  x 1 0  

 kg.^^-^. From t h e s e   d a t a  w e  conclude  that   maximal . ra tes   of   f loc-  
cu la t ion   occur  a t  surfacecoverggesof  17-38%.  This i s  a some- 
what  lower  coverage  than  the 50% predic ted  by L a  Mer e t  al .  4., 

but   in   agreement   wi th   the  35% observed  by  Singer e t  f o r  

y-globulin  on PSL. 

The observed  ziccelleration  factor y (equation  (13.) ) i s  1 . 6 0  f o r  
B a C 1 2  .and  1.50 f o r  N a C l .  From f i g u r e  4 it can  be  read  that  
u s ing .  a Hamaker constant  of 10-21 J t h i s   a c c e l l e r a t i o n   c a n   b e  
t h e   r e s u l t   o f   b r i d g e s   w i t h  a length  of 17-20  x l O - '  m. These 
values are i n  between the  values   of   the   minor  and major  axes of 

t h e  HFb molecules  which are 9 and 45 l O - '  h47'49. 
Figure 9 c  shows t h a t  a t  HFb 'conc.entrations  above 8 x 10-3 kg.mA3 
t h e  PSL i s  pro tec ted   aga ins t   aggrega t ion  on N a C l  addi t ion  by 

-2  

s teric s tab i l iza t ion .   F igures   9a ,b  however, show t h a t  a t  higher  

HFb concent ra t ions   the  PSL i s  not  always  protected  against  
aggregation on BaC12  addi t ion.  A t  h igher   concentrat ions of 

HFb even a d ras t i c   i n , c rease  of kll i s  observed  for  some concen- 
t r a t i o n s   o f  B a C 1 2 .  This phenomenon can  be  understood  after 
inspect ion of t h e   i n s t a b i l i t y  area of HFb i n   t h e  pH-BaC12 dia- 
gram ( f i g u r e  4b) . This   f i gu re  shows t h a t  a t  pH 8.9 t h e  HFb 
so lu t ion  i s  cloudy a t  BaC12  concentrations  between 0 . 0 0 3  

krnol.mm3 and 0 . 1  kmol.m-3. A t  t hese  B a C 1 2  concent ra t ions   the  
cont inúous  phase  has   "bad  solvent"   propert ies   with  respedt   to  
t h e  HFb" molecules. A t  these   condi t ions  no s t e r i c   s t a b i l i z a t i o n  
can  be  expected26. 
The extremely  high  values of k l l , a t   h igh   concen t r a t ions  of HFb 
are t h e   r e s u l t  of a kind  of  co-sediment 'at ion  of  the  free HFb 
in   the  cont inuous  phase,with  the  covered PSL p a r t i c l e s .   I n  
f a c t  it is n o t   c o r r e c t  anymore t o  speak  about a kll i n   t h i s  
region. The aggregation  that   happens  under  these  circumstan- 
ces will no t   be  a bimoleculair   process .  The process  might b e  

described  by a kind  of   br idging.  The bridges  should  not  be.  
regarded as composed of one  adsorbed  protein  molecule,  but 
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r a t h e r  as a n   i n f i n i t e  network  formed  by  physical  crosslinks 

between the   p ro te in   molecules  by d i v a l e n t  B a  ions,.: as 
was already  proposed  for   a lginates1*.  A t  HFb concentrat ions 

between  kg.m3  and 3.10-2 kg.m-3, k l l   i n   f i gu re   9a ,b  
is  independent of t h e  HFb concen t r a t ion .   -Th i s   i nd ica t e s   t ha t  
i n   t h i s   c o n c e n t r a t i o n   r a n g e   t h e   f r e e  HFb molecules i n   t h e  
continuous  phase s t i l l  do no t   p l ay  a r o l e   i n   t h e   f l o c c u l a t i o n .  
I n   t h i s   r e g i o n   t h e   f l o c c u l a t i o n  still may be  described as a 
bimolecular  process. From the  values   of  kl1 in   t hese   r eg ions ,  

( f i g u r e s   9 a , b )   f o r   d i f f e r e n t  BaC12 concentrat ions  together   with 
t h e   i n s t a b i l i t y   a r e a ,   f i g u r e  4b;one can see the  inf luence  of  
the   so lvent   p roper t ies   on   the  steric s t a b i l i z a t i o n .  Good so lvent  
means, steric s t a b i i i z a t i o n  "bad"  solvent means no s t e r i c   s t a b i -  
l i z a t i o n .  

2+ 

VI- 4- 5 Flocculation  experiments  without sa l t  a t  pH' 3 . 5 .  

A t  pH = 3.5 bo th   p ro t e ins  (HFb and HSA) bea r  a net   posi-  
t i ve   cha rge .   Th i s   o f f e r s   t he   poss ib i l i t y   o f   cha rge   neu t r a l i -  
zat ion when the   pos i t ive   p ro te in   molecules   adsorb  a t  the  nega? 
t i v e  latex pa r t i c l e s .   Resu l t s   o f   f l occu la t ion  measurements  of 
PSL with HSA and HFb a r e  shown i n   f i g u r e  10a,b. It appears   tha t  
kl l   increases   with  increasing  protein  concentrat ions.  A t  pro- 
te in   concent ra t ions  > O .  7 x 10-3 kg.m-3 r e s t a b i l i z a t i o n  of t h e  
PSL-protein  mixtures was o b s e r v e d   a f t e r   a n   i n i t i a l   o n s e t   o f  
f loccula t ion .  

Measurements of t he   e l ec t rophore t i c   mob i l i t y  of t h e  PSL p a r t i -  
cles as a function  of HSA and H F b  concent ra t ion   ( f igure  15aib) 

show charge   reversa l  of t h e   p a r t i c l e s   a l r e a d y   a t   p r o t e i n  con- 
c e n t r a t i o k  around O .  7 x 1 0  kg,m3,  hence a t  extremely low 
surface  coverage (% 5 % ) .  T h i s  i nd ica t e s   t ha t   t he   obse rved  
r e s t a b i l i z a t i o n   r e s u l t s  from e l e c t r o s t a t i c   r e p u l s i o n  a t  these  
and  higher  protein  Concentrations.  When r e s t a b i l i z a t i o n  of t h e  
mixture i s  observed,   the   value  of  kll i s  t a k e n   t o  be zero 
although a t  t h e   f i r s t  moments a f t e r  mixing  f locculation  occurs.  

-3 
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Figure  10:  The r a t e   c o n s t a n t  of f l o c c u l a t i o n  (kll) as a 
f u n c t i o n  of t he   p ro t e in   concen t r a t ion  (pH = 3 . 5 )  
i n   t he   absence  of s a l t .  
a)  dependence .on t h e  HSA concent ra t ion .  
b )  dependence on t h e  HFb concent ra t ion .  

The time dur ing   which   th i s   f loccula t ion   occurs  may r e f l e c t   t h e  
t i m e  necessary  for  adsorption  and  reconformation of t h e  pro- 
tein  molecules ön the   l a tex   par t ic les .   Fur ther   exper iments  on 
t h i s , s u b j e c t   a r e   i n   p r o g r e s s  and w i l l  be  reported  elsewhere.  
E r e g ~ r y l ~ , ~ ~  found t h a t   t h e  optimum f loccula t ion   concent ra t ion  
co inc ides   wi th .   the   f locculan t   concent ra t ion  a t  which the  charge 
of t h e   c o l l o i d   p a r t i c l e s  i s  j u s t   n e u t r a l i z e d .  Our measurements 
endorse  his   conclusions when w e  i g n o r e   t h e   i n i t i a l   f l o c c u l a t i o n  
r a t e  which i s  found  immediately  before   res tabi l izat ion a t  con- 
cen t r a t ions  ; 7.1OW4 kc~.m-~  of   protein.  
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Vr.4-6 Floccula t ion   wi th  HSA and sal t  a t  pH = 3.5. 

When PSL i s  slowly added to   so lu t ions   con ta in ing  HSA 

concentrations 2 1.67.10 kg.m3 t h e   t u r b i d i t y  of the   mix ture  
appeared   to   be   equal   to   tha t  of a PSL of   the same conc.entration 
without HSA. The PSL-HSA mixtures a t  these  protein  concentra-  
t i o n s  are s t ab le   due   t o   t he   pos i t i ve   cha rge   o f   t he   adso rbed  

- 3  

BSA molecules.  Flocculation  experiments of these  mixtures   with 
BaC12  and N a C l  are shown i n   f i g u r e s  11, 12. 
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Figure 1 l :  The dependence o f  on t h e   s a l t   c o n c e n t r a -  
t i o n  (pH = 3.5)  for curves  with  constant H S A  
Concentration: 
a) wi th  BaC12 a t  HSA concen t r a t ions  of A ,  0.- 

[I , 1 .67 ;  O ,  6 , 6 7 ;  x, 1 3 , 3 ;  V, 2 5 0  x ‘ 

k g . n ~ - ~ .  
b )  w i th  NaCl a t  HSA concen t r a t ions  of: A ,  o.; 

0 , 2 . 0 ;  o ,  3 . 0 ;  x, 5 . 0 ;  0 3  1 0 ;  B If 1 2 . 5 ;  
A, 8 . 0 ;  V ,  250  x 10-3 kg.rnm3 
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Figure 12: The,dependence  of k l l  on the H S A  concentra- 
tion  (pH = 3 . 5 )  for  curves  with  constant  salt 
concentrations : 
a) with  BaCl2  concentrations of O, 

D 0 . 1 5 ;  V ,  0 . 0 5 ;  x, 0 . 0 2 5  kmo1.m- , A ,  
b )  with  NaCl concentrations o f  o,  1 . 5 ;  a , 1 . 0 ;  

A ,  0 . 5 ;  Q , 0 . 1 5 ;  x, 0.05  kmol.rn-3. 

The charge  reversed PSL can s t i l l  be   f l occu la t ed  by s a l t  addi- 
t i on   wh ich , conf i rmes   t he   s t a t emen t   t ha t   t he   r e s t ab i l i za t ion  ob- 
s e r v e d   w i t h o u t   s a l t , r e s u l t s  from e l e c t r o s t a t i c   r e p u l s i o n  and 
n o t  from steric s t a b i l i z a t i o n ;  From f i g u r e  l l a  one  might  conclu- 
de t h a t  no s e n s i t i z a t i o n  i s  observed  because  the HSA-PSL mix- 
ture   needs  higher  BaC12 concent ra t ions   than   the   bare  PSL does. 
This  conclusion however, may be wrong because  the  bare  PSL i s  
negatively  charged  and  the PSL p a r t i c l e s   i n   t h e   m i x t u r e   a r e  
posi t ively  charged.   Therefore   the Ba2+  i ons   ac t   a s   coun te r ions  

f o r   t h e   b a r e  PSL and the  Cl-- ions  for   the  charge  . reversed PSL 

p a r t i c l e s .  When N a C l  i s  used as e l ec t ro ly t e , the   coun te r ions  
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N a  and C l -  are both mono v a l e n t ,  From f i g u r e   1 l b  it can be 
o b s e r v e d   t h a t   a t  a HSA concentrat ion  of  2.  10-3 kg.m-3 a 

s l i g h t   s e n s i t i z a t i o n   o c c u r s .  
F igure  1 2 a  shows t h a t  a t  BaC12  concent ra t ions  > O ,  15 kmo1.m 
very  high HSA concent ra t ions  are needed t o   o b t a i n  steric s t a b i -  
l i z a t i o n .  With N a C l  ( f i g u r e  12b) it appears   tha t  a t  s a l t  con- 
c e n t r a t i o n s  > 1 .0  km01.m-~ no steric s t a b i l i z a t i o n   o c c u r s ,  and 
a t  very  high HSA concent ra t ions   an   increase   o f  kll appears. 
I n s p e c t i o n   o f   t h e   i n s t a b i l i t y  area of HSA wi th  N a C l  ( f igure   3a)  
shows t h a t  a t  pH = 3.5 &d NaCL concent ra t ions  > 1. O kmo1.m 
the  cont inuous  phase  has   bad  solvent   propert ies   for  HSA, which 
expla ins   the   f loccula t ion   behaviour .  
It i s  remarkable   that  no  "hydrodynamic" acce l l e ra t ion   occu r s  

a t  low pro te in   concent ra t ions .   This  may be  caused  by  the elec- 
t r o s t a t i c   a t t r a c t i o n   f o r c e s  between the  adsorbed  posi t ive  pro-  
t e in   mo lecu le s   and   t he   nega t ive   l a t ex   su r f ace .   Th i s   a t t r ac t ion  
may r e s u l t   i n  a f l a t  or ien ta t ion   of   the   molecules   on to   the   sur -  
face and  consequently i n   v e r y   s h o r t  tai ls .  

+ 

-3 

-3 

VI. 4 7 Flocculat ion  with HFb and s a l t  a t  pH = 3 . 5 . 
S t a b l e  HFb-PSL mixtures  could  be  obtained a t  HFb concen- 

t r a t i o n s  > 2. 10-3 kg.m-3. The f locculat ion  behaviour   of   these 
mixtures   ( f igures  13 and 1 4 )  are analogous t o   t h a t   o f  HSA-PSL 
mixtures.  Again no "hydrodynamic" acce l le ra t ion   has   been  ob- 

served a t  low p ro te in   concen t r a t ions .  The denatura ted  s ta te  of 
the   p ro te in   molecule  a t  low pH makes it more f l e ~ k b l e ~ ~  which 
f a c i l i t a t e s  a f l a t  o r i e n t a t i o n  a t  t h e  latex surface.   Using N a C l  

' ( f i g u r e  14b) it i s  shown t h a t  a t  higher N a C l  ( 2  O - 2  k g . ~ n - ~ )  and 
HFb concent ra t ions  (0-1 kg .m3)   t he   va lue   o f  kl1 is  e x t r a e l y  
high, A t  t hese   bad   so lven t   cond i t ions   fo r  HFb ( f i g u r e  4 a )  t h e  
rate of "co-sedimentation" i s  la rge ly   in f luenced   by   the  con- 
cen t r a t ion  of HFb in   thecont inuous   phase .  Comparison o f   f i gu res  
l l a  and 1 2 a  w i t h   f i g u r e s  11b and 12b and  comparison of f i g u r e s  
13a  and  14a  with  figures  13b  and  14b shows t h a t   t h e   f l o c c u l a t i o n  
behaviour of charge  inversed PSL i s  governed  by t h e  Cl--concen- 
t r a t i o n .  



145 

F i g u r e   1 3 :   T h e   d e p e n d e n c e   o f   k 1 1   o n   t h e   s a l t   c o n c e n t r a -  
t i o n  (pH = 3 . 5 )   f o r   c u r v e s   w i t h   c o n s t a n t  HFb 
c o n c e n t r a t i o n :  
a )   w i . t h  BaC12 à t  HFb C o n c e n t r a t i o n s  of A ,  .O; 

t] , 2 . 5 ;  o, 5 . 0 ;  1 0 ;  61 , 2 0 ;  x ,  40  x 10-3 
kg.m-3, 

' b )  w i t h  N a C l  a t  HFb c o n c e n t r a t i o n s  of A ,  D; 
a , 2 . 0 ;  o ,  5 . 0 ;  x ,  1 0 . 0 ;  o, 25;  
m ,  100 x 10-3  kg.m-3. 
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F i g u r e  14: T h e  d e p e n d e n c e  of k11 on t h e  HFb c o n c e n t r a t i o n  
(pH = 3 . 5 )   f o r   c u r v e s  w i t h  c o n s t a n t  s a l t  con- 
c e n t r a t i o n :  
a)  w i t h  B a C l 2   C o n c e n t r a t i o n s  of O,,  0 . 5 ;  A ,  O .  15;  

b )  w i t h  N a C l  c o n c e n t r a t i o n s  o f  x, 1 . 5 ;  O ,  1.0;  

+, 0 . 0 5 ;  U ,  0.015;  O ,  0 . 0 0 5  krn~l .rn-~ .  

A ,  0 . 5 ;  o ,  O .  15; a , 0 . 0 5   k r n ~ l . r n - ~ .  
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F i g u r e  15: T h e   e l e c t r o p h o r e t i c   m o b i l i t y  V o f   t h e   l a t e x  
p a r t i c l e s  as  a f u n c t i o n  o f  t h e   p r o t e i n   c o n -  
c e n t r a t i o n  at pH = 3 .5 .  
a )   w i t h  HSA 
b )  w i t h  HFb. 
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VI 5 CONCLUS I O N S  

The inf luence   o f   the   adsorp t ion   of   the   p ro te ins  HFb and 

HSA o n   t h e   s t a b i l i t y   o f  a negat ively  charged  polystyrene  la tex 
can  be  summarized as follows: 

1. The adso rbed   mo lecu le s   p ro t ec t   t he   l a t ex   pa r t i c l e s   aga ins t  
aggrega t ion   by   e l ec t ro ly t e   add i t ion   i f   t hey  occupy the sur- 

face o f   t he   l a t ex   pa r t i c l e s   comple t e ly  and i f  the  cont inuous 
phase has "good so lvent"   p roper t ies  for t he   p ro t e in .  

2, No steric s t a b i l i z a t i o n  i s  observed when the  continuous  phase 
has  ' 'bad  solvent ' '   properties for t he   p ro t e in .  A t  "bad  solvent" 

p r o p e r t i e s   f o r   t h e   p r o t e i n  and high  protein  concentrat ions 
the   i n i t i a l   agg rega t ion   o f   p ro t e in   l a t ex   mix tu res   canno t   be  
descr ibed by a bimolecular  process.  

3 .  Posi t ively  charged  protein  molecules   can  be  induce  f loccula-  
t i on   o f   t he   nega t ive ly   cha rged   l a t ex  by charge  neutral iza-  
t i o n ,  A t  r e l a t i v e  low pro te in   concent ra t ions   the   charge   o f  
t h e   n e g a t i v e   l a t e x   p a r t i c l e s  i s  reversed  by  adsorption  of 

p o s i t i v e   p r o t e i n   m o l e c u l e s   r e s u l t i n g   i n   r e s t a b i l i z a t i o n   o f  
t h e   l a t e x   b y   e l e c t r o s t a t i c   r e p u l s i o n .  

4. The la tex  cannot   be  f locculated  by  negat ively  charged  pro-  
te in   molecules   in   the   absence   o f  salt ,  A t  low surface  cover- 

age o f   t h e   l a t e x   p a r t i c l e s  by  negatively  charged  proteins 
f locculat ion  can  be  caused  by  very small addi t ions  of elec- 
t r o l y t e   ( s e n s i t i z a t i o n  by a br idging mechanism) . 

5, Bridging  of latex p a r t i c l e s  by protein  molecules   increases  
t h e  rate of   f loccula t ion  compared t o   t h e  rate observed  for  
protein-free  latex.  This  enhancement  of f loccula t ion  rate 

can  be  explained  by a reduced  hydrodynamic  interaction 
between t h e   p a r t i c l e s   a n d  an increased   e f fec t ive   co l l i s ion-  
r ad ius  of t he   pa r t i c l e s ,   depend ing   on   t he   s i ze  of t h e  pro- 
te in   molecules ,  
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6 ,  At "good so lvent"   condi t ions ,  steric s t a b i l i z a t i o n  by HFb 

o c c u r s   a t  much lower pro te in   concent ra t ions   than  it does 
using HSA, t h i s   i n d i c a t e s  a h ighe r   a f f in i ty   o f   t he  HFb 

for   the  PS-surface.  
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THE  INFLUENCE OF PROTEIN  ADSORPTION ON THE  FLOCCUUTION 

KINETICS OF POLYSTYRENE LATEX 

ABSTRACT, 

Flocculat ion  experiments  of negat ively  charged  polystyrene 

l a t e x  (PSL) with human serum  albumin (HSA) and human f i b r i n o -  

gen (HFb) have  been  performed  at  pH = 3 . 5 ,  well   below  the  iso-  

e l e c t r i c   p o i n t s   ( i . e . p . )  of the   p ro te ins .   Us ing  a stopped  flow 

spec t rophotometer   the   ra te   cons tan t  of f l o c c u l a t i o n  k i s  

measured  as a f u n c t i o n  of the   p ro te in   concent ra t ion .   F loccu-  

l a t i o n   w i t h o u t   r e s t a b i l i z a t i o n  was observed at t hose   p ro t e in  

concent ra t ions   where   the   e lec t rophore t ic   mobi l i ty  of t h e   l a t e x  

pa r t i c l e s   appea red  t o  be  zero,  A t  higher   concent ra t ions   res ta -  

b i l i z a t i o n  was o b s e r v e d   a f t e r   i n i t i a l   f l o c c u l a t i o n .   R e s t a b i l i -  

za t ion   r e su l t ed   f rom  cha rge   r eve r sa l  by f u r t h e r   a d s o r p t i o n  of 

the   pos i t ive ly   charged   pro te in   molecules .  

1 1  

From measurements of the  t ime  necessary t o  g e t   r e s t a b i l i z a t i o n  

o f  t h e   l a t e x  as a func t ion  of t he   p ro t e in   concen t r a t ion  i t  i s  

concluded   tha t   the   adsorp t ion  o f  the   p ro te in   molecules   on to  

t h e   l a t e x   p a r t i c l e s   i s  a d i f fus ion   con t ro l l ed   p rocess .  The 

v e r y   h i g h   i n i t i a l   r a t e s  of f l o c c u l a t i o n   a t   h i g h e r   p r o t e i n  con- 

c e n t r a t i o n   a r e   e x p l a i n e d  by  a combination of bridging  and 

e l e c t r o s t a t i c   a t t r a c t i o n   b e t w e e n   a p p r o a c h i n g   p a r t i c l e s   d u e  

t o  an uneven   charge   d i s t r ibu t ion  o n  t h e   l a t e x   p a r t i c l e  su r -  

face .  The i n i t i a l   f l o c c u l a t i o n   a t   p r o t e i n   c o n c e n t r a t i o n s  

several   t imes  higher   than  the  concentrat ion  where  charge neu- 

t r a l i z a t i o n   i s   o b s e r v e d   s t i l l   c a u s e s  a dec rease   i n   t he  number 

of s i n g l e   p a r t i c l e s  of  more than 5%,  a l though   i n   t h i s   r eg ion  

r e s t a b i l i z a t i o n   o c c u r s   i n   l e s s   t h a n  one  second. 
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V I I .  l INTRODUCTION. 

I n  a previous  study1 on the   f loccula t ion   of   nega t ive ly  
charged  polystyrene  la tex (PSL) by p ro te ins ,  i .e. human serum" 
albumin (HSA) and human f ibr inogen  (HFb) 8 it was demonstrated 
t h a t   a t  pH 3.5, below the   i so-e lec t r ic   po in t   ( i . e .p . )   o f   the  
pro te ins ,   adsorp t ion   f loccula t ion   occurs?  Above the  i .e .p .  
( a t  pH = 8.9)  o n l y   s e n s i t i z a t i o n  w a s  observed. The maximum 

rate o f   f l o c c u l a t i o n   f o r   p a r t i a l l y   p r o t e i n   c o a t e d   l a t e x   p a r -  
t ic les  i n   t h a t  case was l a rge r   t han   t he  maximum rate of coagu- 
l a t i o n   f o r   t h e   b a r e   l a t e x .  W e  e x p l a i n e d   t h i s  enhancement  of 
t h e  rate of  aggregation  (kll)   by a reduced  hydrodynamic i n t e r -  

ac t ion  between t h e   p a r t i a l l y  c,overed l a t e x   p a r t i c l e s  and t h e i r  
i n c r e a s e d   e f f e c t i v e   c o l l i s i o n   r a d i u s ,   b o t h  phenomena  accompa- 
nying   the .br idging   of   par t ic les  by protein  molecules.  

Fleer4 d id   no t   obse rve  an  increased  kll-value when AgI-sols 

were f loccu la t ed  by polyvinyl   a lcohol  (PVA).  I n  a simple ex- 
periment when mixing  the  AgI-sol  with a PVA solution  he  found 
very low v a l u e s   f o r  k Using a two-portion  method  (mixing 
of PVA covered Ag1 wi th   bare  AgI) he  found a value of kll  which 
was 50% of   the   va lue   found  for   fas t   coagula t ion   (kf )   wi th  sa l t  
Only. T h i s   r e l a t i v e l y  low kll value  i s  not   very   surpr i s ing .  
The Ag1 p a r t i c l e s  which are fully  covered  by PVA w i l l  no t   on ly  
have   an   increased   e f fec t ive   co l l i s ion   rad ius   bu t   the  hydrody- 
namic plane of  shear w i l l  a l so   be  a t  t h e   t o p  of the  adsorbed 

layer .   This  means t h a t  no d e c r e a s e   i n  hydrodynamic i n t e r a c t i o n  
between a covered  and a b a r e   p a r t i c l e  w i l l  occur   and   tha t   the  
decrease   o f   the   d i f fusuon  coef f ic ien t   resu l t ing  from the   i n -  
crease i n   r a d i u s   o f   t h e   c o a t e d   p a r t i c l e s  w i l l  r u l e   o u t   t h e  
effect  o f   t h e   i n c r e a s e d   e f f e c t i v e   c o l l i s i o n   r a d i u s .  

11' 

* F o l l o w i n g  L a  Mer2 a n d   F l e e r 3  w e  w i l l  d i s t i n g u i s h   b e t w e e n  
. c o a g u l a t i o n   ( a g g r e g a t i o n   b y   l o w   m o l e c u l a r   w e i g h t   e l e c t r o -  

l y t e s   o n l y )   a n d   f l o c c u l a t i o n   ( a g g r e g a t i o n   b y   p o l y e l e c t r o l y -  
t e s  o r   p o l y m e r s ) .  When no l o w   m o l e c u l a r   w e i g h t   e l e c t r o l y t e  
i s  n e e d e d   f o r   f l o c c u l a t i o n  t h e  p r o c e s s  i s  c a l l e d   a d s o r p t i o n  
f l o c c u l a t i o n ,   o t h e r w i s e  i t  i s  c a l l e d   s e n s i t i z a t i o n .  
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Gregory' r 6  w a s  t h e   f i r s t   t o   o b s e r v e  an  appreciable  enhancement 
o f   t he  rate of f l o c c u l a t i o n  compared t o   t h e  rate of fas t  coagu- 
l a t i o n  when he  f locculated  negat ively  charged PSL wi th   ca t ion ic  
polymers  with  and  without  further  addition  of salt.  From elec- 
t rophore t i c   mob i l i t y  measurements  he  concluded that   charge '  
n e u t r a l i z a t i o n  by adsorption w a s  t h e  main factor   involved.  H e  

a l so   conc luded   t ha t   t he  enhancement  of kll w a s  no t   due   t o  
b r i d g i n g   b u t   t o   e l e c t r o s t a t i c   i n t e r a c t i o n s  which  deminished 
upon s a l t  addi t ion,   Adsorpt ion  of   large  posi t ively  charged 
polyelectrolyte   molecules   on a negat ively  charged  surface,  
causes a mosaic   pat tern of p o s i t i v e  and  negative  places  on 
the   su r f ace .  The approach of two p a r t i c l e s   b e a r i n g  a ne t   zero  
charge  with  the  descr ibed mosa'ic pa t te rn   should   g ive  a favoura- 
b l e   i n t e rac t ion   be tween   t he  two mosa'ics probably  by  oriented 
approach, 

In  our  measurementsL a t  pH = 3.5 we r e p o r t e a   t h a t  a t  p r o t e i n  

concent ra t ions  > O ,7 x 10-3 kg,m-3 r e s t a b i l i z a t i o n   o f   t h e  PSL- 

protein  mixtures  w a s  observed, after an i n i t i a l   o n s e t  of f loc -  
c u l a t i o n ,   L e a v i n g   t h i s   i n i t i a l   f l o c c u l a t i o n  (a problem f o r  
fu r the r   s tudy)  w e  took kll t o  be zero when r e s t a b i l i z a t i o n  
w a s  observed, 
Gregory6  also  reported an i n i t i a l   f l o c c u l a t i o n  which  he  ignored 
by t a k i n g   t h e  rate of f loccu la t ion  one t o  two minutes   a f te r  

mixing, Fleer4 a l s o   f o u n d   a n   i n i t i a l   f l o c c u l a t i o n   u s i n g   h i g h e r  
PVA concent ra t ions   in   the   one-por t ion  method. H e  r epor t ed   t ha t   t h i :  
i n i t i a l   f l o c c u l a t i o n  w a s  very  slow compared t o   t h e   f a s t  coa- 
gulat ion  of   the  bare   AgI-sols   with sal t .  

I n   t h i s   p a p e r  w e  s h a l l   r e p o r t  on t h e  rate of f loccu la t ion   o f  
PSL wi th  HSA and HFb a t  pH 3.5 in   t he   absence   o f  low  molecu- 
l a r  weight   e lec t ro ly tes .  
S p e c i a l   a t t e n t i o n  w i l l  b e   p a i d   t o   t h e   i n i t i a l  rates of floccu- 
l a t i o n  a t  concen t r a t ions   where   r e s t ab i l i za t ion   occu r s   i n  later 
s t ages ,  The f locculat ion  experiments  w i l l  be carried o u t   w i t h  
a stopped  flow  spectrophotometer.  This  technique  allows  us 
t o  fol low  the  t ransmission of t h e   c o l l o i d a l   d i s p e r s i o n s  i n  

t h e  earliest s tages   o f  t he  aggregation. 
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LippS7'*  and l a t e r  on Lichtenbel tg  showed t h e   r e l a t i o n  between 

the  change  in   t ransmission and t h e  rate constant  of  aggrega- 
t i o n   ( k   i n  i t s  earliest. s tages .  W e  used  the method of 
Lich tenbel t   in   our   ca lcu la t ions .  

11 

The s t eady- s t a t e   f l ux  J. of   par t ic les   towards a c e n t r a l  
p a r t i c l e  (which i s  a l s o   i n  Brownian motion) ,   including hydro- 
dynamic interact ion  can  be  descr ibed  byl0 

8 . r r N , D a  

kll  = the   second  order  rate constant  of  aggregation ( m 3 . s - l ) ;  
N~ = number o f   pa r t i c l e s   pe r   un i t   o f  volume ( m - 3 ) ;  D = kT 
d i f f u s i o n   c o e f f i c i e n t   o f   t h e   p a r t i c l e s  ( m  . s - ' ) ;  a = e f f e c t i v e  

c o l l i s i o n   r a d i u s   o f   t h e   p a r t i c l e s  ( m ) ;  u = --, the  reduced 
dis tance  between  the  surface  of  two p a r t i c l e s ;  R = t h e   d i s -  
tance  between  the  centres   of  two p a r t i c l e s  ( m ) ;  @ (u)  = - D D ( U )  
t h e   d i f f u s i o n   c o r r e c t i o n   f a c t o r  a t  reduced  distance  u;  D(u) =. 

t h e   d i f f u s i o n '   c o e f f i c i e n t   a t , r e d u c e d   d i s t a n c e  u; VT = t h e   t o t a l  
interaction  energy  between two p a r t i c l e s   ( J o u l e ) ;  k = Boltz- 
mann's constant  1.38 x 1 0  -23 (Jou1e.K-l) ; T = temperature ( K )  . 

2 6 ~ r q a '  

R-2a 
a 

1 .  

W e  defined1 a dimensionless ra te  constant   of   aggregat ion k*, 
f o r   t h e   c o a g u l a t i o n   i n  case of   bare   l a tex  

k* JO 
1 6  .rr D N1 a 

This rate constant  k* is  equa l   t o   one   fo r   t he   t heo re t i ca l  
Von Smoluchowski rate when @ (u)  = 1 and VT = O .  

Figure 1 shows the  inverse   of   the   dimensioless  rate constant  
of  aggregation k* as a func t ion   o f   t he  Hamaker constant .  
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Figure  1 :  The inve r se  of t he   d imens ion le s s   r a t e   cons t an t  
k* as a func t ton  o f  t h e  Hamaker cons tan t  A 

1 ( 3 )  1 

The numerical   calculation  of k*was c a r r i e d   o u t   f o r   f a s t  coagu- 
l a t i o n  (VT = V ) us ing   t he  Hamaker equation13 A 

(VA = - - A1(3) 1 (+ + + ~ n ( ~  u 2 ) ) )  and the  expres-  
2 6 u  +4u  u  +4u+4  u  +4u+4 

Sion   for  f3 (u)  which i s  developed by  HoniglO 

6u +13u+2 
6u +4u 

2 
(B(u) = 2 1 

For f loccu la t ion   o f   pa r t i c l e s ,   pa r t i a l ly   cove red  by  bridge 
forming ta i l s  wi th   l ength  h (reduced  length x = $) I i n   t h e  
absence   o f   e lec t ros ta t ic   , repuls ion  (VT = VA = Hamaker attrac- 

t ion  energy  between two equal  spheres) w e  developed1, a 
formulation €or the   s teady  state f l u x  JH 
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Also w e  de f ined1   an   acce l l e ra t ion   f ac to r  y which g ives   t he  
r e l a t i v e  enhancement i n   k , , #  due  to   br idging by ta i l s  with 

length  h 

Y = (l+x) . 

x = the   reduced  length of t h e  t a i l s  (2) h 

Figure 2 shows the   va lue   o f   t he   acce l l e ra t ion   f ac to r  y as a 

funct ion  of   the  length  (h)   of   the  ta i ls  f o r   d i f f e r e n t   v a l u e s  
of A ( 3 )  (;= Hamaker cons t an t   fo r  two bodies 1 embedded i n  

medium 3 (Joule))   and  par t ic les   with a radius   of  1 7 0  nm) . 
According to   Lichtenbel tg   the  re la t ion  between  the  change  in  

d m  

c2 
2c2 

The f a c t o r  (- - 1) has   been   ca l l ed   t he   op t i ca l   f ac to r  and 
it can  be  conc&ived as the  r e l a t i v e  change i n  absorbance 
t h a t  would occur when a co l lo ida l   sys tem  cons is t ing  of a nun- 
be r   o f   s ing le t s   on ly ,  would be replaced by ano the r   co l lo ida l  

system  consisting  of  half  of t h a t  number of doublets  only.  
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F igure  2 :  The  maximal a c c e l l e r a t i o n   f a c t o r  y f o r   p a r t i -  
c l e s   w i t h  a r ad ius  of 1 7 0  nm as  a func t ion  o f  
the   l ength   (h)  of t h e   t a i l s   f o r   d i f f e r e n t  A l ( 3 )  1 

A 1 ( 3 ) I  
10-22 

= 10 -20 J. 
J; ” A 1 ( 3 ) 1  

-2 1 = 10 J ;  A ,  

A 
1 ( 3 )  1 

Lich tenbe l t   t abu la t ed   t h i s   f ac to r   ( ca l cu la t ed   w i th   t he   Ray le igh  
Gans-Debeye theo ry )   fo r   d i f f e ren t   va lues  of CL; 

A = wavelength  of  the  l ight  used  in  the  continuous  phase (m) 
, -  A a i r  -- 

s a t e r  
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I n   t h i s  work c o l l o i d a l   p a r t i c l e s   w i t h  a radius   of  170  nm a r e  
used  and l i g h t   w i t h  .a wavelength  of 546 nm. 
From these   da t a  U can  be  calculated and the  matching  value 
o f   t h e   o p t i c a l   f a c t o r  i s  0 .18 .  

Equation (5 )  has   been   deve loped   for   the   f i r s t   s tages  of aggre- 
gat ion,  when on ly   co l l i s ions  between s i n g l e   p a r t i c l e s   o c c u r .  
Defining a degree of convers ion   y ,   the   f rac t ion   of   s ing le  
p a r t i c l e s  which i s  conve r t ed   i n to   doub le   pa r t i c l e s   a f t e r  t 
seconds of aggrega t ion   leads   to  

number o f   s i n g l e   p a r t i c l e s   p e r   u n i t  volume a f t e r  t 
seconds  of  aggregation (m-3) 
i n i t i a l  number o f   s ing le   pa r t i c l e s   pe r   un i t  volume 

(m-3) . 
number o f   doub le   pa r t i c l e s   pe r   un i t  volume a f t e r  t 
seconds  of  aggregation (m-3). 

The absorbance T~ a f t e r  t seconds  of  aggregation i s  given by 

Because T = - - L I n  Q, w e  c a n   e a s i l y   f i n d   t h e   r e l a t i o n  between 
y and T 

1 
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This  equation  only  holds when y < 0.15  s ince   a t   h ighe r   deg rees  
of conversion  the  inf luence  of   col l is ions  between  s ingle  and 
double  and  between  double  and  double  particles may no t   be  
ignored anymore. 

- TIME/S 

T TIME/S 

-TIME/S 

F igure  3 :  Some typica l   t ransmiss ion- t ime  curves .  
a )  The t ransmission-t ime  curve  for   the coagu- 

b)  The t ransm5ssion-t ime  curve  for   f loccula-  
l a t i o n  of a b a r e   l a t e x   w i t h   s a l t ,  

t i o n  o f  l a t ex   w i th   p ro t e in   on ly ,   a t   concen-  
t r a t i o n s  t o  l o w  t o  g e t   r e s t a b i l i z a t i o n . .  

t i o n  of l a t e x   w i t h .   p r o t e t n  only, a t  concen- 
t r a t i o n s   h i g h  enough t o  g e t   r e s t a b i l i z a t i o n .  

c) The t ransmiss ion- t ime  curve   for   f loccula-  
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I n   f i g u r e  3 some typical   shapes  of   the   t ransmission-t ime 
curves  are  shown. Figure 3a  shows the  shape  of  the  transmis- 
sion-time  curve  which i s  obtained  in   coagulat ion  experiments  

of   the  la tex  w i t h   s a l t .  The shape  of  the  transmission-time 
curve  for   f locculat ion  experiments   of  PSL w i t h   p r o t e i n ,   a t  
protein  concentrat ions  where no r e s t a b i l i z a t i o n  i s  observed, 

i s  shown i n   f i g u r e  3b. The typ ica l   shape   i n   t he   ca se   o f   f l oc -  
cu la t ion  a t  pro te in   concent ra t ions  where r e s t a b i l i z a t i o n  oc- 
curs  i s  shown i n   f i g u r e  3c. From the   type  of curves shown 
i n   f i g u r e  3c w e  ob ta ined   the  time necessa ry   fo r   r e s t ab i l i za -  
t i o n  (t,). This  was performed by ex t r apo la t ing   t he   s t eepes t  
p a r t  o f   the   curve   and   the   f ina l   hor izonta l   par t   o f   the   curve ,  
t he   po in t  where t h e s e   l i n e s   i n t e r s e c t  i s  t aken   a s   t he   po in t  
of r e s t ab i l i za t ion   (by   cha rge   r eve r sa l ,   a s  w i l l  be  shown 
la ter  on) . 

VI13 EXPERIMENTAL 

VII.3.1 Mater ia ls .  

p o l y s t y r e n e   l a t e x  ( P S ) ,  was prepared by emulsion  polymeri- 
z a t i o n ,   f r e e  of added  emulsifier,   using sodium persu lpha te  

(1 .5  x 10-3 k m ~ l . m - ~ )   a s   i n i t i a t o r l x  r 1 2 .  The s ty rene  was twice 
d i s t i l l e d   p r i o r   t o   u s e  and it represented  about  1.5%-, by 
weight of the  react ion  mixture .   Polymerizat ion was c a r r i e d  

ou t   ove rn igh t   i n  a sea l ed   f l a sk   unde r   n i t rogen   ro t a t ing   i n  
a waterbath .at 343 K .  The r e s u l t i n g   l a t e x  was ex tens ive ly  
d i a l y z e d   i n  a we l l   bo i l ed   ce l lu lose   ace t a t e   d i a lyz ing   t ube  
a g a i n s t   d i s t i l l e d   w a t e r   d u r i n g  one  week. The p a r t i c l e  
r ad ius  was measured  using  electron  microscopy  and  nitrogen 
adsorpt ion  isotherms on the  dried  latex.   These  measurements 
gave p a r t i c l e   r a d i i  of 170  f 4 nm. 
Human serum  aZbumin ( H S A ) ,  c r y s t a l l i n e ,  was obtained  from 
Pierce  Chemicals  (nr. 30430)  and it was used  without   fur ther  
pu r i f i ca t ion .  

I .  

Human f i b r i n o g e n  (HF61 w a s  obtained from  Kabi,  Stockholm 
(grade L ,  9 0 %  c l o t t a b l e )  .and it was used af ter  d ia lyz ing  
a g a i n s t   t w i c e   d i s t i l l e d  water a t  pH = 9 ,  T = 2 7 8  K during 
one  night.  



162 

A l l  chemicals used w e r e  ana ly t ica l   g rade .  
The w a t e r  used in   t he   expe r imen t s  w a s  always t w i c e  d i s t i l l e d  
and  degassed  ( to  prevent  gas  bubbles which may d i s t u r b   t h e  

transmission  measurements). 

VII-3.2  Apparatus. 

Micro e l e c t r o p h o r e s i s   a p p a r a t u s  

The  measurements  of t he   e l ec t rophore t i c   mob i l i t y   o f   ba re  and 
pro te in   coa ted  la tex  pa r t i c l e s   have  been  performed  with a 
Rank Micro Electrophoresis  Apparatus MK 11, equipped  with a 

c y l i n d r i c a l   c a p i l l a r y  cell and  revers ible   plat inum  electro-  
des .  

S topped  f l o w  s p e e t r o p h o t o m e t e r  

A l l  aggregat ion  experiments   have  been  carr ied  out   in  a Durrum- 

Gibson  Stopped Flow Spectrophotometer, Model D - l 1 0  with a 

2 0  mm pa th   l ength  cel l ,  I n   t h i s   a p p a r a t u s   t h e   s o l u t i o n s   t o  
be mixed are con ta ined   i n  two syr inges.  By a pressure (5  x l0 

N .,m-2) opera ted   ac tua tor   equa l  volumes are   reproducibly mixed 
wi th in  a few mill i-seconds,  The transmission of the   mix ture  
i s  recorded on a s torage   osc i l loscope .  The wave-length  of 
t h e   l i g h t   u s e d  w a s  546 nm using a tungsten  iodide  l ight-source.  

5 

V I I . 3  3 Methods 

FZoccuZation  and  coaguZation  measurements  

Coagulation  experiments  of  the  bare PSL w i t h  BaC12 have  been 
performed  with  the  stopped-flow  apparatus,  using  one  syringe 
f o r   t h e   b a r e   l a t e x  and t h e   o t h e r   f o r   t h e  s a l t  so lu t ion .  

Flocculat ion  experiments  of PSL with HSA and HFb have  been 
c a r r i e d   o u t  by using  one  syr inge  for  t h e  b a r e   l a t e x  and t h e  
o t h e r   f o r   t h e   p r o t e i n   s o l u t i o n ,  
The v a l u e s   f o r  s a l t  and pro te in   concent ra t ions  which a r e  
g i v e n   i n   t h e   d i f f e r e n t   f i g u r e s   a l w a y s   r e p r e s e n t   t h e   i n i t i a l  
concentrat ion after mixing i n  the stopped  flow  apparatus. 
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The i n i t i a l   p a r t i c l e   c o n c e n t r a t i o n   a f t e r   m i x i n g   i n   a l l   e x p e r i -  

ments i s  2 . 4  x l o l 5  m-3. The rate constant   of   aggregat ion k 
i s  ca l cu la t ed  from (E)  t=o, t h e   i n i t i a l  change  of  transmission 
a f t e r  mixing,  using  equation  (5) . The i n i t i a l   t r a n s m i s s i o n  T 

in   the   exper iments  i s  always 31.3%. From the   coagula t ion  expe- 
r.iments w e  found t h a t  g always  has t o   b e  measured i n   t h e   r e g i o n  

where AT i s  < 1%. A t  l a r g e r  Al? values  equation ( 5 )  cannot  be 

dl? 11 

O 

used to   ca l cu la t e   k l l   because   o the r   co l l i s ions   t han   t hose  

between s i n g l e   p a r t i c l e s  w i l l  then  play a r o l e .  

Measurements of t h e  e l e c t r o p h o r e t i c  m o b i l i t y .  

The e l ec t rophore t i c   mob i l i t y   o f   t he   l a t ex   pa r t i c l e s  i s  mea- 
sured   as  a func t ion   of   the   p ro te in   concent ra t ion ,   Far   these  
measurements it was impor tan t   to   car ry  them o u t   i n   t h e   f o l l o -  

wing way. The PSL i s  mixed wi th   p ro te in   so lu t ions   o f   the  same 
concentrat ions  as  were used in   the   f loccula t ion   exper iments ,  
These  f loccûlation  experiments however,  always take  about 
10 seconds, so  w e  are i n t e r e s t e d   i n   ' t h e   m o b i l i t y   a f t e r  1 0  

seconds  of  contact  between  the PSL and t h e   p r o t e i n   s o l u t i o n .  
In   o rde r   t o   ob ta in   t h i s ,   t he   mix tu re   o f  PSL and protein  solu-  
t i o n  was d i l u t e d  1 0 4  times a f t e r  1 0  seconds  of  contact. 
Because the   p ro t e ins   a r e  bound v e r y   t i g h t l y   t o   t h e   s u r f a c e L 4  
it may be   expec ted   tha t   the   coverage   o f   the   par t ic les  by t h e  
p ro te in  w i l l  not  change upon d i l u t i o n .  On t h e . o t h e r  hand, 
fur ther '   adsorp t ion  of p r o t e i n  a t  the  Tatex  par t ic les   can 'be 

n e g l e c t e d   a f t e r   t h e   d r a s t i c   d i l u t i o n .  When t h e   d i l u t i o n   s t e p  

was done a few minutes   af ter   the   mixing,  it was d i f f i c u l t   t o .  
measure  the  e lectrophoret ic   mobil i ty   for  some experiments 
where f locculat ion  occurs ,   because  too many aggregates are 

present  a t  t h a t  time. 
A l l  experiments  have  been  performed a t  298 K,  

vII.4 RESULTS AND D I S C U S S I O N  

VII .4 .1  Fast   coagulat ion  of  PSL 

Coagulation  experiments 
performed a t  pH = 3 . 5  and  8.9. 

with B a C I Z  e 

of PSL with BaC12 have  been 
In   t hese   expe r imen t s   f a s t  
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coagulat ion w a s '  observed a t  B a C l  concentrat ions 2 O. 0 5  kmo1.m . 2 
The observed rate cons tan t  of fas t  coagulation kl1 with BaC12 

concentrations  of O .  05 k m o ~ m - ~  is 2.38 x 1 0 - l 8  m3. s a t  

pH 3 , 5  and 2 .61  x 1 0 - l 8  m3. s-1 a t  pH 8.9 .  These  values are 

considerably smaller than   the   va lue   p red ic ted   by  Von Smoluchowski 

-3 

-1 

. (5.38 x 1 0 - l 8  m3. s-') , as a r e s u l t  of t h e  hydrodynamic i n t e r -  
a c t i o n L o  between the   par t ic les .   Expressed   in   the   d imens ionless  
rate cons tan t  k* (equation ( 2 ) )  these   va lues  are 0 .44  and  0.48. 
From f i g u r e  1 which shows t h e   r e l a t i o n  between  l/k*  and  the 
Hamaker constant  A the   va lue   o f  A for   our   system 

i s  found t o   b e  10-21  J ( a t  pH 3 .5)  or 2 x 10 J ( a t  pH 8 . 9 ) .  
l ( 3 )  l' I(3) 

These   r e su l t s  show the   ex t reme  e f fec t   o f  small e r r o r s   i n  kll 
on t h e   c a l c u l a t e d  A ( e The value  found  here is  fn  agree-  

ment w i t h   t h e  A value  which w e  observed1' f o r  a commercially 
ava i l ab le  PSL (Dow LS-1047-E). Visser15 t abu la t ed  Hamaker con- 
s t a n t s   o f   p o l y s t y r e n e   i n  water. H e  gives   values   obtained  with 

1 ( 3 )  1 

t h e   L i f s h f t z   t h e o r y  (A1 ( 3 )  = 3 . 5  x 10-21 J) and  from c o l l o i d  
chemistry ( 10m2' < A < lOW1'J) . Comparison wi th   t hese  

l ( 3 )  1 
values  shows t h a t   t h e   v a l u e s   o b t a i n e d  from  our  experiments 
are somewhat low b u t   n o t   u n r e a l i s t i c ,  

VIL A.2 Elec t rophore t ic   mobi l i ty ,  

The r e s u l t s   o f   t h e   e l e c t r o p h o r e t i c   m o b i l i t y  measure- 
ments  of t h e  PSL p a r t f c l e s  as a funct ion of t he   p ro t e in  
concentrat ionareshöwn  in   f igure  4a,b.  From t h i s   f i g u r e  
it appears   tha t   due   to   p ro te in   adsorp t ion   the   charge   o f  
t h e  PSL p a r t i c l e s   d e c r e a s e s  and  even  reverses a t  p ro te in  
concentrations  of 70.7 x 10-3 kg.m . -3 
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- 2 L J  -3 

.Z , 4  .6 .8 1 2 3 4 5 

C H F ~  
10-3 KG.N3 

-2 

-3 -v 
F i g u r e  4 :  T h e   e l e c t r o p h o r e t i c   m o b i l i t y  V o f  t h e  l a t e x  

p a r t i c l e s  as a f u n c t i o n  o f  t h e   p r o t e i n   c o n c e n -  
t r a t i o n  a t  pH = 3.5.  
a )   w i t h  HSA;  b )  w i t h  HFb. 

VII.4.3 F loccula t ion   wi th  HSA and HFb, 

The shape  of  ‘the  transmission-time  curves  after  mixing 

of t h e  PSL w i t h   s a l t   o r   p r o t e i n   s o l u t i o n s  .is shown i n   f i g u r e  
3. When PSL was mixed with sal t  t h e   i n i t i a l   p a r t   o f   t h e   c u r v e  
was t h e   s t e e p e s t   p a r t   ( f i g .   3 a ) .  When PSL was mixed wi th   p ro te in  
so lu t ions   the   shape  shown i n   e i t h e r   f i g u r e  3b o r   f i g u r e  3c i s  
observed. The shape i n   f i g u r e  3b can  be  explained  as  follows: 
t h e   f i r s t   p a r t   o f , t h e   c u r v e  i s  not   very   s teep   because   there  
i s  no t  enough p ro te in   adso rbed   on to   t he   l a t ex   pa r t i c l e s   t o  
g e t  an e f f e c t i v e   d e s t a b i l i z a t i o n .  When time proceeds,  more 
p ro te in  w i l l  be  adsorbed a t   t h e   p a r t i c l e s   c a u s i n g  a b e t t e r  
d e s t a b i l i z a t i o n   ( s t e e p e r   s l o p e )  of t h e  PSL, u n t i l   f u r t h e r  
protein  adsorpt ion  s tops  because  of   deplet ion  of   the  solut ion.  
Figure 3c shows the  shape  of  the T - t  curve when enough  pro- 
t e i n  i s  p r e s e n t   i n   s o l u t i o n   t o   g e t   r e s t a b i l i z a t i o n .  

l7 
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A f t e r   a n   i n i t i a l  s l o w  f l o c c u l a t i o n   t h e  rate of  f loc- 

cu la t ion  w i l l  i nc rease  by more e f f ec t ive   des t ab i -  

l i z a t i o n .  The s teepes t   p .a r t  of the   curve  w i l l  r ep resen t   t he  

region  where  the  optimal amount of   p ro te in  i s  adsorbed  to  
produce   f loccula t ion .   Fur ther   adsorp t ion  of protein  causes  
a decrease (less s t e e p   s l o p e )   i n   t h e   r a t e   o f   f l o c c u l a t i o n .  
F i n a l l y  enough pro te in   has   been   adsorbed   to   ge t  a complete 

r e s t a b i l i z a t i o n  of t h e  PSL (s lope   zero) .  

The rate of   f loccula t ion ,   ob ta ined   f rom  the   s teepes t   par t  

o f   the  T - t  curves  (which i s  always  reached  before AT w a s  18) 
i s  p l o t t e d   a g a i n s t   t h e   i n i t i a l   p r o t e i n   c o n c e n t r a t i o n   i n  
f i g u r e  5.  

Figure 5: The maximal r a t e   c o n s t a n t  of f l o c c u l a t i o n  k 1 1  
as a f u n c t i o n  of t he   p ro t e in   concen t r a t ion .  
A t  pro te in   concen t r a t ions  > O .  7 x 10-3 kg.m-3 
r e s t a b i l i z a t i o n   o c c u r s   a f t e r   t h e   i n i t i a l   f l o c -  
c u l a t i o n :  o ,  HSA; o,  HFb. 
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A t  p ro te in   concent ra t ions  2 O .  75 x 10 kg.mm3 the  kl l  
values  are obtained  f rom  the  s teepest   par t   of   the   curves  
with a shape as shown i n   f i g u r e  3c. I f   a t   t hese   concen t r a -  
t ions ,   the   va lue   o f   k l l  i s  taken   to   be   zero  which value w i l l  
be  reached  soon af ter  t h e   i n i t i a l   f l o c c u l a t i o n ,   t h e n   t h e  
r e s u l t s  are similar to   t hose   ob ta ined  by  Gregory5' 6. I n  
t h a t   c a s e  an optimum pro te in   concen t r a t ion   fo r   f l occu la t ion  
i s  found a t  O ,  6 5  x 10-3  kg .n~-~ .   In   the   p resent   paper  however, 

w e  do n o t   i g n o r e   t h e   i n i t i a l   f l o c c u l a t i o n  when la te r  on r e s t a -  

-3 

b i l i za t ion   occu r s .  From t h e   e l e c t r o p h o r e t i c   r e s u l t s   ( f i g u r e  4 )  

it can  be  seen  that  a t   p r o t e i n   c o n c e n t r a t i o n s  2 0 . 7  x 10 

k9.m-3 t h e   c h a r g e   o f   t h e   l a t e x   p a r t i c l e s  i s  reversed by adsorp- 
t ion  of   the  posi t ively  charged  protein  molecules .   This   pro-  
t e in   concen t r a t ion   co ins ides   ve ry   we l l   w i th   t he   concen t r a t ions  
where r e s t a b i l i z a t i o n  of t h e  PSL takes  i t s  s t a r t i n g   p o i n t .  
Therefore it i s  concluded t h a t   f i n a l   r e s t a b i l i z a t i o n   r e s u l t s  
from e l e c t r o s t a t i c   r e p u l s i o n  between t h e  now pos i t ive ly   char -  
ged l a t e x   p a r t i c l e s .  

-3 

The time (t,) ( f igu re   3c )   necessa ry   t o   ge t   r e s t ab i l i za t ion  
w i l l  be  determined  by  the  rate  of  adsorption  of  the  protein 
molecules.  This rate of  adsorption w i l l  be  governed  by  the 

d i f fus ion   ra te   o f   the   p ro te in   molecules   and/or   the i r  ra te  
of attachment. When the   adsorp t ion  i s  i r r e v e r s i b l e  and d i f -  
fus ion   cont ro l led ,   then   the   adsorp t ion   process   can   be   des-  
c r ibed   wi th   the  Von Smoluchowski!'theory of  coagulation.  In 
t h i s   c a s e  w e  may assume tha t   on ly   the   p ro te in   molecules  
do disappear  upon c o l l i d i n g ,   w i t h   t h e   l a t e x   p a r t i c l e s ,  and 

protein-protein  as  w e l l  a s   l a t e x   p a r t i c l e  , l a t e x   p a r t i c l e  
c o l l i s i o n s ,  may be  ignored. The r a t e  of disappearance  of 
the  protein  molecules  can now be  descr ibed by 

dC 
d t  - - = k .  N l .  C 

C = prote in   concent ra t ion  (k9.m ), t = t ime(s) ,  k = bimo- 
l e c u l a r   r a t e   c o n s t a n t  ( m  .s  ) ,  N1 = number of l a t e x   p a r t i -  

c l e s   pe r   un i t   o f  volume ( m - 3 ) .  

-3 

3 -1 
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In tegra t ion   of  ( 1 2 )  between  t=o  and t=t gives r 
C 

N1 tr 

If w e  suppose t h a t   r e s t a b i l i z a t i o n  always  occurs when a cer- 

t a i n  amount of   p ro te in  i s  adsorbed a t  t h e   l a t e x   p a r t i c l e s  
then w e  can w r i t e  

I n  this equation Cr w i l l  be   the  lowest   concentrat ion  where 
r e s t a b i l i z a t i o n  i s  observed. 

Fromequations (13) and ( 1 4 )  it fo l lows   t ha t   p lo t t i ng  

I n  
‘o ‘r Figure 6 shows -In -- as a funct ion of t From t h e  ob- 

served  s lopes w e  found t h a t  k * N 1  = 0.483 f o r  HSA and 
k.N1 = 0 .148  f o r  HFb, Following Von Smoluchowski k can  be 

co - aga ins t  t g ives  a s t r a i g h t   l i n e   w i t h   s l o p e  - k.N1. 
E 

CO r’ 

expressed by 

For a sys t em  wi th   l a t ex   pa r t i c l e s   w i th   r ad ius  rl and a d i f fu-  
s i o n   c o e f f i c i e n t  D c o l l i d i n g   w i t h   p r o t e i n   p a r t i c l e s   w i t h  

r ad ius  r2 and a diffusion  coefficient  of  D2.This  equation may 
be s implif ied  by  neglect ing D l  w i th   r ega rd   t o  D 2  and  neglec- 
t i n g  r2 wi th   r ega rd   t o  rl, so 

1; 

I n s e r t i n g  r = 1 7 0  x lO-’ m and N L  = 2 . 4  x l o l 5  m-3 i n   t h e  1 
observed   va lues   o f   the   s lopes   in   f igu- re  6 gives a va lue   fo r  

t h e   d i f f u s i o n   c o e f f i c i e n t   o f  DHSA = 9 . 5  x 10 -l1 m2* s-1 f o r  
HSA and DHFb = 2.9 x 1 O - I ’  m2. s-1 f o r  HFb. 
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Figure 6 :  The r e l a t i o n  between - In  -- and t h e  

c, 
t ime  necessary y o  g e t   r e s t a b i l i z a t i o n  t r  
(equat ion ( 1 3 )  and ( 1 4 ) )  f o r :  o ,  HSA;  e 9  HFb. 

These  values  are somewhat h ighe r   t han   t he   l i t e r a tu re   va lues  

The d i f f e rence  between the  observed  values and t h e   l i t e r a t u r e  
values  may b e   d u e   t o   t h e   f a c t   t h a t   t h e   p r o t e i n   m o l e c u l e s  and 
the   l a t ex   pa r t i c l e s   a r e   oppos i t e ly   cha rged .  

From t h e   l i n e a r   r e l a t i o n  between-In ‘o - ‘r 
‘O 

ca lcu la t ed   d i f fus ion   coe f f i c i en t so f the   p ro t e in   mo lecu le s  
w e  conc lude   t ha t   t he   r a t e  of adsorption  of HFb and HSA onto 
PSL-particles i s  d i f fus ion   cont ro l led .  

and tr and t h e  
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The values   of  k shown i n   f i g u r e  5 a t   p ro t e in   concen t r a t ions  
of 1 x 10-3 kg.m are more than  two t i m e s  as l a r g e  as those  

observed   for   fas t   coagula t ion   wi th  sal t  only. When these   h igh  

values would r e s u l t  from  bridging only, w e  could estimate 
the   l eng th   o f   t he   b r idges  ( ta i ls)  us ing   f i gu re  2,  which  shows 
t h e   a c c e l l e r a t i o n   f a c t o r  y (equation ( 4 ) )  due to   b r idg ing .  
For a Hamaker cons tan t  of 10-21 J a n   a c c e l l e r a t i o n   f a c t o r  2 

can be  explained by t a i l  lengths  > 50 nm, Comparing t h i s   l e n g t h  
with  the  dimensions  of   the  protein  molecules   leads  to   the con- 
c lus ion   tha t   b r idg ing   a lone   cannot   expla in   the   observed  rates 
of   f loccula t ion ,  (HFb i s  assumed t o   b e  a rod  l ike  molecule  
with  minor  and  major  axes  'of 9 and 45 nm19-221 HSA i s  assumed 
t o   b e  a p r o l a t e   e l l i p s o ï d   w i t h  minor  and  major axes of 4 and 
1 4  nml7) D 

Following G r e g ~ r y ~ ' ~  w e  must expla in   par t   o f   the   observed  en- 
hancement  of  kll  compared t o  kf ( f a s t   caagu la t ion )  by a n e t  
a t t r a c t f o n  between the   pa r t f c l e s   due   t o   an   uneven   cha rge   d i s t r i -  
bu t ion  on t h e   s u r f a c e   o f   t h e   p a r t i c l e s .  
The f u r t h e r  enhancement  of  kll a t  h igher   p ro te in   concent ra t ions  
might  be  explained as follows, When the   p ro t e in   concen t r a t ion  
i n c r e a s e s c   t h e  t i m e  t o   r each   cha rge   nez t r a l i za t ion  by adsorption 

decreases as a r e s u l t   o f  faster adsorpt ion,   This   implies   that  
a t  higher   concentrat ions  the  adsorbed  molecules   have less t i m e  
t o   r eo rgan ize  a t  the   su r f ace   be fo re   f l occu la t ion  starts, re- 

s u l t i n g   i n   l o n g e r   p o s i t i v e  t a i l s ,  These  long  posit ive t a i l s  
w i l l  be   very   e f fec t ive   b r idges   because   they   wf l l   be   a t t rac ted  
by the negat ive   p laces  on o t h e r   p a r t i c l e s -   I n  this  way a faster 
flocculation  can  be  expected,caused by br idging  as w e l l  as 
attractive forces   due  to   uneven  charge  dis t r ibut ion.  
Flocculation  experiments  under  the same condi t ions ,   bu t  now 
in   t he   p re sence   o f  l o w  molecular   weight   e lec t ro ly tes  are needed 
t o   g e t  more information about the Tnfluence of t h e  uneven 
cha rge   d i s t r ibu t ion  on the  observed rate constants.  Such  ex- 
periments  might  confirm  the last  somewhat speculative  remarks 
on the  extreme  enhancement  of  kll a t  higher  protein  concen- 
t r a t i o n s  o 

113 
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Y 

Using  equation (11) the   degree  of   f locculat ion  resul t ing  f rom 

in i t i a l   f l occu la t ion ,   be fo re   r e s t ab i l i za t ion   occu r s ,   has   been  
ca lcu la ted  from the   d i f f e rence  between t h e   i n i t i a l   t r a n s m i s s i o n  
and t h e   t r a n s m i s s i o n   a f t e r   r e s t a b i l i z a t i o n .  
Figure 7 shows the   va lue   o f   theconvers ion   fac tor  y as a funct ion 
of   the  protein  concentrat ion.  It i s  seen   tha t  above t h e  con- 
cent ra t ion   necessary   to   ob ta in   charge   reversa l  of t h e   l a t e x  

p a r t i c l e s  ( 0 . 7  x 10e3 kg,m-3) t h i s  y value  rapidly  drops,  
Addition  of  even  large  protein  concentrations > 1 .5  x 10-3 k g - ~ n - ~  

canno t   p reven t   t ha t   t he   i n i t i a l   f l occu la t ion   causes  a decrease 
in   s ing le   pa r t i c l e s   o f   abou t  5%. 
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Figure 7 :  The dependence o f  t he   conve r s ion   f ac to r  y on 
t h e   i n i t i a l   p r o t e i n   c o n c e n t r a t i o n :  o ,  H S A ;  
o ,  HFb. 
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V I I .  5 CONCLUS I O N S  

This   s tudy shows t h a t   f l o c c u l a t i o n  measurements may pro- 

v ide   in format ion   about   the  rate of  adsorption of the   f loccu-  
l a n t   o n t o   t h e   p a r t i c l e   s u r f a c e   o f   t h e   f l o c c u l a t i n g s o l . U s i n g  
human serm albumin  and human f ibr inogen as f locculant  and 
po lys ty rene   l a t ex  as so l ,  it appea r s   t ha t  the i n i t i a l  adsorp- 
t i o n  of t h e s e   p r o t e i n s   o n t o   t h e   l a t e x   p a r t i c l e s  i s  a d i f fu-  
s ion   cont ro l led   p rocess ,  It i s  a l s o  shown t h a t   t h e   f l o c c u l a -  
t i o n  of the nega t ive ly   cha rged   l a t ex   pa r t i c l e s   w i th   pos i t i ve ly  
charged  protein i s  mainly  caused by charge   neut ra l iza t ion  by 
adsorbed  prote5ns  molecules. The rate of f loccula t ion  i s  deter-  
mined  by b r i d g i n g   a n d   e l e c t r o s t a t i c   a t t r a c t i o n   r e s u l t i n g  from 

an  uneven  charge  dis t r ibut ion on the   su r f ace   o f   t he   l a t ex   pa r t i -  

cles. 
I n i t i a l   f l o c c u l a t i o n   c a u s e s  a t  least a 5% d e c r e a s e   i n   t h e  num- 
be r   o f   s ing le   pa r t i c l e s ,   even  a t  protein  concentrat ions  which 
a r e   t h r e e  t i m e s  h igher   than  necessary for charge  neutral iza-  
t i o n .  
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SUMMARY 

I n   t h i s   t h e s i s   t h e   a d s o r p t i o n   o f  some plasma  proteins (hu- 

man albumin (HSA) and  f ibrinogen (HFb) ) on  non po la r   su r f aces  is 
s tud ied ,   t oge the r   w i th   t he   i n f luence   o f   t hese   p ro t e ins  on t h e  
s t a b i l i t y  of   polystyrene latices. The a i m  o f . t h e s e   i n v e s t i g a -  

t i o n s  i s  a bet ter   understanding  of   the  processes   occurr ing a t  

the  surface  of  polymer materials in   con tac t   w i th   b lood .  
Chapter I, a shor t   r ev iew  o f   t he   l i t e r a tu re   abou t   p ro t e in  

adsorp t ion  a t  i n t e r f a c e s ,  shows t h a t  many cont rad ic t ions   about  

p r o t e i n   a d s o r p t i o n   e x i s t .   E s p e c i a l l y   t h e   r e v e r s i b i l i t y   o f   t h e  
adsorp t ion  is s t i l l  an   unse t t led   ques t ion .  

Chapter I1 deals wi th   the   adsorp t ion  of protekns a t  t h e  

undisturbed  paraffin  oil /water  and  the  polystyrene/water  inter-  
face. This w a s  s tud ied  by interfacial   tension  measurements ,  by 
adsorption  measurements  using a depletion  technique  and by el- 

lipsometry. Maximum adsorp t ion  i s  always  observed a t  t h e   i s o -  
electric p o i n t   . ( i . e . p . )  of t h e   p r o t e i n .  S a l t  addi t iondiminishes  

the   i n f luence  of p H  on the   adsorp t ion .   Pro te in   adsorp t ion  a t  a- 
po la r   su r f aces  is  i r r e v e r s i b l e  (no  desorption i s  ever observed 

once the  protein  has   been  adsorbed) .  From the  s lope  of . : the  iso-  
therms  of HSA one is  i n c l i n e d   t o   i n f e r   t h a t   p r o t e i n   a d s o r p t i o n  
i s  revers ib le ,   because  a t  low p r o t e i n c o n c e n t r a t i o n s   s i g n i f i c a n t  
amounts  of pro te in   remain   in   so lu t ion   a l though  the   adsorp t ion  
plateau  value  has  not  been  obtaLned. Changes i n   t h e   b u l k  con- 

d i t i o n s  which  should  cause  increased  adsorption  (concentra- 
t i o n   i n c r e a s e ,  pH changes i n   t h e   d i r e c t i o n  of t h e   i . e . p . ) ,  do 
appear  to  enhance  adsorption. Changes  which  should  causedesorp- 

t i o n   ( d i l u t i o n ,  pH changes away from t h e   i . e . p . ) ,  do  not  bring 
about a decrease  in   adsorbed amount. This  behaviour i s  c a l l e d  
semi-reversible.  

Chapter I11 descr ibes  a study of t h e   f e a s i b i l i t y  of radio- 
labe led  HSA i n   a d s o r p t i o n   s t u d i e s .  A model w a s  developed  which 
enables   the   eva lua t ion  of p re fe ren t i a l   adso rp t ion  of  one  pro- 
t e i n  from a mixture of p r o t e i n s ,  When t h i s  model i s  used,radio- 
labe led  HSA apparent ly   adsorbs   p referen t ia l ly  w i t h  r e spec t  t o  

non-labeled HSA. Therefore  the  use  of  radio-labeled HSA i n  ad- 
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so rp t ion   s tud ie s  i s  not  recommended. 

The Chapters I V  and V dea l   w i th   con tac t   ang le  measurements 

on pro te in   coa ted   po lys tyrene   sur faces .  Adsorbed f ibr inogen  mo- 
l ecu le s  seem to   a s soc ia t e :   t h i s   behav iour  i s  not  shown  by ad- 
sorbed  a lbumin  molecules   unless   af ter   heat   t reatment   in   the ad- 
sorbed state. The conformation  of  adsorbed  fibrinogen  molecules 
changes  with  the  hydrophilic/hydrophobic  character  of  their  en- 

vironment. 
In   the   Chapters  VI and V I 1  the  influence  of  adsorbed  pro- 

t e i n s  and p r o t e i n s   i n   s o l u t i o n  on t h e   s t a b i l i t y   o f   p o l y s t y r e n e  

l a t e x  i s  s tudied .  The absolu te  rate of aggregat ion  of   the  la tex 
caused by s a l t  and/or   protein i s  measured  with a stopped-flow 
spectrophotometer.  

A t  pH-values  above the  i .e.p.   of  the  proteins,   where  pro- 
t e i n  and la tex   bo th   car ry   nega t ive   charges ,   f loccula t ion  of t he  

la tex   wi th   p ro te in   in   so lu t ion   on ly   cannot   be   ach ieved .   Smal l  
amounts of p r o t e i n   d o   s e n s i t i z e   t h e   l a t e x   w i t h   r e s p e c t   t o  ag- 

grega t ion  by sa l t .  The maximum r a t e  of f loccu la t ion  of a p a r t l y  
protein-covered  latex i s  h ighe r   t han   t ha t  of a ba re   l a t ex .  The 
protein  molecules  form  bridges  between  the  coll iding  latex 
p a r t i c l e s ,  which diminishes   the hydrodynamic i n t e r a c t i o n   a t  
sho r t   d i s t ances .  A t  h ighe r   p ro t e in   concen t r a t ion   t he   l a t ex  i s  

s t a b i l i z e d   s t e r i c a l l y  by the  complete  protein  layer.   Underbulk 
condi t ions   such   tha t   the   p ro te in  i s  n o t   s t a b l e   i n   s o l u t i o n , c o -  

sedimentation of l a t e x  and p ro te in   t akes   p l ace .  
A t  pH-values  below t h e   i . e . p .  of t he   p ro t e ins ,  where t h e  

protein  molecules and t h e   l a t e x   p a r t i c l e s  are oppos i te ly  
charged, small amounts of pro te in   cause   f loccula t ion  by charge 
n e u t r a l i z a t i o n . A f t e r   i n i t i a l   f l o c c u l a t i o n   r e s t a b i l i z a t i o n   o f  

F 

t he   l a t ex   occu r s  by charge   reversa l  of t he   l a t ex   pa r t i c l e swhen  
the   p ro te in   concent ra t ion  i s  increased.  The time necessa ry   t o  
g e t   r e s t a b i l i z a t i o n  a t  d i f f e r e n t   i n i t i a l   p r o t e i n   c o n c e n t r a t i o n s  
i n d i c a t e s   t h a t   t h e   a d s o r p t i o n  of HSA and HFb i s  diffusion-con- 
t r o l l e d .  
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SAMENVATTING 

In   d i t   p roe f sch r i f t   word t   de   adso rp t i e   van   enke le  plasma 
eiwitten  (menseli jk  albumine (HSA) en   f ib r inogeen  (HFb) aan  apo- 

laire oppervlakken  bestudeerd  alsmede  de  invloed  van  deze ei- 

w i t t e n  op d e   s t a b i l i t e i t  van  polystyreen latices. H e t  doel  van 
d i t  onderzoek i s  he t   ve rk r i jgen   van  m e e r  i nz i ch t   i n   de   p roces -  
sen  die   z ich  afspelen  aan  het   oppervlak  van  polymere  mater ia len 
i n   k o n t a k t  m e t  bloed. 

Een ko r t   l i t e r a tuu rove rz i ch t   i n   Hoofds tuk  I t o o n t   a a n   d a t  

er m e t  be t rekking   to t   de   adsorp t ie   van   e iwi t ten   aan   grensvlak-  
ken nog v e e l   t e g e n s t r i j d i g e   l i t e r a t u u r   b e s t a a t .   V o o r a l   h e t  a l  

of n i e t   r eve r s ibe l e   ka rak te r   van   de   adso rp t i e  is een  vraagstuk 
dat   van  groot   belang i s  voor d e   i n t e r p r e t a t i e   v a n   d e  meetgege- 
vens. 

Hoofdstuk I1 beva t   de   r e su l t a t en  van h e t  onderzoek  naarde 
adso rp t i e   van   e iwi t t en   aan   he t   n i e t   ve r s too rde   pa ra f fhe -o l i e /  

water en  het   polystyreen/water  grensvlak. D i t  is v e r r i c h t  m e t  
behulp  van  grensvlakspanningsmetingen  en  het  meten  van  adsorp- 

ties door  uitputt ingsmetingen  en  ell ipsometrie.   ELwitadsorptie 
b l i jk t   s te rk   pH-afhankel i jk  t e  z i j n  m e t  maximale a d s o r p t i e   b i j  
het   i soelektr ische  punt   ( i .e .p .1   van  het  e i w i t .  D e  invloed  van 
de pH op de  adsorpt ie   wordt   s terk  gereduceerd  indien  zout   aan 

de  eiwitoplossing  wordt  toegevoegd. 
D e  adsorp t ie   van   de   e iwi t ten   aan   de   gebru ik te   apola i re  op- 

pervlakken is  i r reversTbe1 (eenmaal geadsorbeerde  molekulen  de- 
so rbe ren   n i e t  m e e r ) .  U i t  de  vorm van  de  adsorptie  isothermen 
van  vooral  HSA zou men evenwel   af le iden  dat   de   adsorpt ie   rev.er-  
s i b e l  i s  p omdat er b i j   l a g e r e   k o n c e n t r a t i e s   s i g n i f i k a n t e  hoe- 
veelheden e i w i t  i n   o p l o s s i n g   b l i j v e n  t e r w i j l  de   p l a t eau  waarde 
van  de  adsorpt ie  nog n i e t  is be re ik t .  Gebleken i s  d a t  verande- 
r ingenindebulkomstandighedendieeentoename  van  de  adsorpt ie  
zouden  kunnen bewerkstelligen  (koncentratieverhoging, pH ver- 
ander ing   naar   he t   i . e .p .   toe)   da t   inderdaad  ook  doen.  Verande- 
r i n g e n   d i e   d e s o r p t i e  zouden  veroorzaken  (koncentratLeverlaging, 
p H  verandering weg van   he t   i . e .p . )   b l i j ken   geen   ve rmhder ing   i n  
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de  geadsorbeerde  hoeveelheid t e  geven. D i t  gedrag i s  omschreven 

als semi-reversibel.  
Hoofdstuk 111 beschri j f t   een  onderzoek  naar   de  toepasbaar-  

heid  van  radioakt ief   gelabeld HSA in   adso rp t i e - s tud ie s .  E r  werd 
een model ontwikkeld  dat   de   kwantif icer ing  van  preferente  ad- 
s o r p t i e  van  een e i w i t  u i t  een  mengsel  van  eiwitten  mogelijkmaakt. 
M e t  gebruikmaking  van d i t  model  werd  gevonden d a t ,   u i t   e e n  meng- 
sel van w e l  en   n i e t   r ad ioak t i e f   ge l abe ld  HSA, h e t   r a d i o a k t i e f q e -  

labe lde  HSA ( i n   l i c h t e  mate) preferen t   adsorbeer t   t en   opz ich te  
van   he t   n ie t   ge labe lde .  H e t  is dan  ook n ie t   zonder  m e e r  geoor- 
loofdlomradioaktiefgelabeld'HSlltegebruikeninadsorptie-studies. 

I n   d e  Hoofdstukken I V  en V worden kontakthoekmetingen  aan 
m e t  e i w i t  bedekte  polystyreenoppervlakken  beschreven. U i t  d e  me- 

t ingen  bl i jkt   dat   geadsorbeerde  f ibr inogeen  molekulen  associëren 
terwij l  geadsorbeerde  albumine  molekulen d i t   a l l e e n  doen  na  een 
warmtebehandeling.  Verder i s  gebleken  datde  conformatievande ge- 

adsorbeerde  fibrinogeen  molekulen  verandert m e t  he t   hydrof ie le /  
hydrofobe  karakter   van  de  direkte  omgeving. 

I n  de hoofdstukken V I  en  V I 1  wordt de  invloed  van  geadsor- 
bee rde   e iwi t t en   en   e iwi t t en   i n   op los s ing  op d e   s t a b i l i t e i t  van 
polystyreen latices (PSL) bestudeerd.  D e  absolute  vloksnelheid 

van  de PSL onder  invloed  van  zout  en/of eiwit is  gemeten  metbe- 
hulp  van  een  stopped-flow  spectrofotometer. 

B i j  pH-waarden boven he t   i . e .p .   van   de   e iwi t t en ,  waar e i w i t  
en   l a texdee l t jes   be ide   nega t ie f   ge laden   z i jn ,  i s  h e t   n i e t  moge- 
l i j k   d e   l a t e x  t e  doen  uitvlokken m e t  behulp  van e i w i t  a l l e e n .  
W e l  b l i jken  kleine  hoeveelheden e i w i t  geadsorbeerd  aan  de la- 
tex deze  gevoel iger  t e  maken voor  uitvlokken m e t  zout.!De maxi- 
male v loksne lhe id   van   een   gedee l te l i jk  m e t  eiwit bedekte   l a tex  
is  gro ter   dan   d ie   van   een   ka le   l a tex   doorda t   de  e i w i t  molekulen 
bruggenvormentussendebotsendelatexdeeltjes,waardoordehydro- 
dpamische   wisse l .werk ingopkor teafs tandgeenro lmeerspee l t .  B i j  

hogee iwi tkoncen t r a t i e s   word t .de l a t ex   s t e r i s ch   ges t ab i l i s ee rd  

doorda t   de   dee l t j e s   vo l l ed ig   bedek t   z i j n  m e t  e i w i t .  Ind ien   de  
omstandigheden  zo  gekozen  worden d a t   h e t  eiwit z e l f   n i e t  meer 
s t a b i e l  is  i n   o p l o s s i n g ,   h e e f t   h e t  eiwit z e l f s   e e n   d e s t a b i l i -  
serende  werking. E r  t reedt   dan  cosedimentat ie   van PSL m e t  ei- 
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w i t  op. 
B i j  pH-waarden beneden.het  i .e.p.   van  de  eiwitten,   waar  het  

e i w i t  pos i t ie f   en   de   l a texdee l t jes   nega t ie f   ge laden   z i jn ,   ver -  
oorzaken  kleine  hoeveelheden e i w i t  vlokking  van  de  latex  door 

l a d i n g s n e u t r a l i s a t i e .  B i j  toenemende e i w i t k o n c e n t r a t i e s   b l i j k t  
na   een   in i t ië le   v lokking  w e e r  s t a b i l i s a t i e  van  de  la tex op te 
t reden  door   omlading  van  de  la texdeel t jes .  U i t  d e   t i j d   d i e   b i j  
ve r sch i l l ende   i n i t i ë l e   e iw i tkoncen t r a t i e s   nod ig  i s  om de   l a t ex -  
d e e l t j e s  t e  r e s t a b i l i s e r e n   b l i j k t   d a t   d e   a d s o r p t i e  van HSA en 
HFb op de   l a texdee l t jes   een   d i f fus ie -bepaa ld   p roces  i s .  
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I N  'T KORT ALNS B I E  MEKAARE 

I n   d i t  preufbeukske wod de  plakkerieje   van  'n   s tuk  of  w a t  
blood-eiwitten (Albumine en  Fibrinogeen  van  mèènske)  an  vettige 
oppervlakten  oet 'ezocht ,  samen m e t  de  oetwerking  van  disse ei- 
w i t t e n  op ' t  van  mekaare  bl ieven  van  plast iek  böl lekes   in  w a t e r .  

Disse zeukerieje  i s  bedoeld um meer t e  begriepen  van w a t  
der   gebuurt  a j  p l a s t i ek   en   b lood   b i e  mekaare doot.  

A j  now bekiekt  w a t  h i e r  a l  oawer 'eschreven i s ,  dan z e e j  
da t   de   ge l ee rde   l eu  ' t  nog nich met mekaare  eens  zunt hoo dee 
p l a k k e r i e j e   e i g ' l e k   p r e c i e s   i n   z i e n  werk gee t .  

N e  vraoge  dee  vuural  belangriek i s ,  d a t  i s  of dee   e iwi t t en  

waor w i e  ' t  h i e r  oawer hebt   e rg  good v a s t ' e p l a k t z i t o f d a j   z e d e r  
weer of könt  kriegen,  aans  dan weej nich w a j  mut doon m e t  a l n s  

w a j  op hebt  metten.  

I n  ' t  tweede kapi t te l   s tao t   de   oe tkomsten   van  ' t  onderzeuk 
naor   de  plakkerieje   van  e iwit ten  an ' t  röstige keersenöl l ie-  
water en ' t  plastiek-water  grensvlak. D i t  i s  e'daon  duur ' t  

met ten   van   de   s te rk te   van .  ' t  grensvlak,  duur ' t  metten  van hoo- 
vö1   de r   oe t  ' t  water geet en  hoo d i k  ' t  vas t ' ep lak te   l aogke  i s .  
Hoo vö1   de r   p l ak t  henk s t e r k  of  van  hoo  zoer  de  oplössing i s  en 
' t  meeste p l a k t   d e r   a n  as der   gin  s t room op ' t  eiwit  s teet .  D e  

p lakker ie je  henk  vö1  hinder  van  'n  zoergraod  of a j  ' n   l uk   zoa l t  
b i e  ' t  e i w i t  doot.  

D e  p lakkerieje   van  de  e iwit ten  an  de  vet t ige  oppervlakten 
is  zo  good, as z e  d e r  eenmaol  an z i t  dan  köj z e  der   n ich  weer 
of  kriegen. 

A j  de  grafieken  van  de  plakkerieje  van  veural   albuminegood 
bekiekt  zöj  dèènken  daj ' t  der   toch  w a  of könt  kriegen, umdat 
as ' t  oppervlak nog nich  helemaol  vol i s  der   toch  nog' e i w i t  i n  
' t  water b l i f .  Wie hebt   mèèrkt   dat  a j  de  umstandigheden i n  ' t  
water z ó  verandert   daj .  m e e r  plakkerieje  zollen  verwaochten ('meer 
e i w i t  i n  ' t  water of  stroom  verminderen op ' t  e i w i t )  d i t  ook 
gebuurt. 

Veranderingen  waorvan i e  zollen  verwaochten  dat z e  deplak-  
kerieje  zollen  verminderen  (minder e i w i t  i n  ' t  w a t e r  of m e e r  
stroom  op ' t  eiwit)  kön t   de   vas t ' ep l ak te   e iwi t t en   n i ch  l ö s  ma- 
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ken. W i e  neumt d i t   s emi - reve r s ibe l .  
I n  ' t  d e r d e   k a p i t t e l  steet 't onderzeuk  naor  de  meuglikheid 

van 't gebroek  van  radioaktief  gemerkt  albumine i n   p l a k k e r i e j -  
onderzeuk. W i e  hebt  beschreven hoo a j  m e t  c ie fe rs   könt   an teunen  
d a t  één e i w i t  o e t  ' n  mengsel   van  e iwit ten  harder   plakt  as de  
andern. O p  disse   manier  hew veunden d a t ,   o e t   ' n  mengsel  van w a l  
en  nich  gemerkt  albumine 't r a d i o a k t i e f   d e e l   b e t t e r   p l a k t  as 't 
nich   rad ioakt ieve .  Ie majt dan ook nich  zonder m e e r  r ad ioak t i e f  

gemerkt  albumine  gebroeken a j  de  plakkerieje   van  a lbumine be- 
k i e k t .  

I n  ' t v e e r d e   e n   v i e f d e   k a p i t t e l  hew kekken  hoo  of  dröppel- 
kes   kee r senö l l i e   de r   oe t   zee t  a j  z e  op 'n   p las t iek   opperv lak  
doot w a t  vo l ' ep l ak t  z i t  m e t  e i w i t .  O e t  ' t  me t t en   b l ik   da t   vas t -  
'eplaktefibrinogeenmolekuuln an  mekaare  gaot  zi t ten  en  albumi- 

ne  molekuuln  doot d i t   a l l e e n i g  as ze opwarmd  wod. Wieder i s  d e r  
oetkommen da t   de   gedaonte   van   de   vas t ' ep lak te   f ib r inogeen  mole- 
kuuln   z ich   veraander t   naor   ge langzee in   de   buur te   van  water of 
ö l l i e  komp. 

I n  ' t  zesde  en zeumde k a p i t t e l  hew oet 'ezocht   of   an  plas-  
t i e k   b ö l l e k e s   v a s t ' e p l a k t e   e i w i t t e n  of e i w i t t e n   i n  ' t  water d i s -  

se böl lekes   könt   l ao ten   k loe ten .  Um t e  weten  hoo rap  dee  plas-  
t i e k b ö l l e k e s   a n  mekaare vleejt a j  der   zoa l t   en /of  e i w i t  b i e  

doot  hebbe w i e  metten m e t  ' n  masjien waormet iet  't k loe ten  
könt   zeen  duur 'n   gloepens  dun  l ichts t raolke.  

A j  'n  zoergraod  zo nemt dat   der   ne  negat ieve  s t room op !t 
e i w i t  steet, terwiel de   p l a s t i ek   bö l l ekes  altied negatieve 
s t room  hebt   dan  köj   dë  plast iek  böl lekes   nich  laoten  kloeten 
duur   der   a l leen ig  e i w i t  b i e  t e  doon. A j  d e r   ' n   k l e i n   b e t j e  
e i w i t  b ie   doot   dan   kö j   de   bö l lekes   l ao ten   k loe ten  m e t  minder 
z o a l t  as d a j   d e r   g i n  e i w i t  b i e   doo t .  

A j  ' n  b e t j e  e i w i t  an   de   p l a s t i ek   bö l l ekes   heb t   z i t t en   dan  
kant  z e  harder   k loe ten  as d a j   d e r   g i n  e i w i t  an   heb t   z i t t en .  D a t  

komp umdat de  eiwitmolekuuln  bruggen  vormt  tussen  de  plastiek 
böl lekes  as ze   v l ak   b i e  mekaare  komt,  waorduur  zee der  minder 
last van   hebt   da t  ' t water t u s s e n   d e   b ö l l e k e s   s t r o p e r i g  wod a t  
z e  v l ak  b i e  mekaare komt. A j  m e e r  e i w i t  gebroekt  dan komt de 

bö l l ekes   vo l  t e  z i t t e n   e n   d a n   b l i e v t  z e  mooi van  mekaar umdat 
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de  vast 'eplakte   e iwitmolekuuln mekaar i n  de weg z i t .  
A j  'n   toostand zo nemt d a t  ' t  eiwit  oe t   z i ch  zölm a k l o e t  

d a n   k r i e j   d a t  de plast iek  böl lekes   en  de  e iwitmolekuuln samen 

gaot   kloeten.  A j  'n  zoergraod zo  nemt da j   ne   pos i t ieve   s t room 
op ' t e i w i t  k r i e j t  dan  köj   de  negat ieve  plast iek  böl lekes  
laoten  kloeten  duur  der a l l e e n i n q   ' n   b e t j e  e i w i t  bie t e  doon. 
D e  vast 'eplakte   e iwitmolekuuln nemt dan  'n  stroom  van  de  böl- 

l ekes   vo t .  W i e  hebt  'evunden  dat a j  d e r  meer e i w i t  b i e   doo t   de  
p l a s t i ek   bö l l ekes  eerst e fkes   k loe t ,  meer d a t  i.s rap   oaverduur  
dat  'n  stroom  op  de  böllekes  umslöt.  Wie hebt  'emetten hoo r a p  

' t  kloeten  van  de  böllekes oawer i s  a j  a lverdan  aandre  porsies  
e i w i t t e n   i n  ' t  water doot.  

Hieroet  hew op'emaakt  dat   de  plakkerieje  van  oonze eiwit- 
t e n  an   de   p las t iek   bö l lekes   duur   n iks  wod teeq 'n   werkt .  
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LEVENSBESCHRIJVING 

At  van  der  Scheer  werd op 28 mei 1 9 4 9  geboren  in  Zwolle, 
waar  hij  in 1 9 6 7  zijn  HBS-B-diploma  haalde  aan  het  Christelijk 
Lyceum, In datzelfde  jaar  begon  hij  zijn  studie  in de chemi- 
sche  technologie  aan de THT. 

De baccalaureaatsstudie  werd in januari 1 9 7 1  afgerond  met 
een  opdracht  over  hoge  temperatuur  oxidatie.  Van  februari 1 9 7 1  

tot  juli 1 9 7 3  was  hij  voor  halve  dagen  in  dienst  bij de leer- 
stoel  Anorganische  Chemie  om  in  samenwerking  met  TNO  onderzoek 
te  verrichten  aan  corrosie  door  vloeibare  alkali  metalen.  Het 
ingenieursexamen  werd in januari 1973 behaald  (met  lof). 

In juli 1 9 7 3  begon  hij  als  wetenschappelijk  ambtenaar  in 
de vakgroep  Macromoleculaire  Chemie  en  Materiaalkunde  van de 
THT  aan  het  onderzoek  dat  in  dit  proefschrift  wordt  beschreven. 
Hij is op 1 november 1 9 7 7  begonnen  als  fysisch-chemicus  bij  het 
Koninklijke/Shell  Laboratorium  in  Amsterdam. 










