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SYNOPSIS 

Earlier measurements of paraffin oil (PO)-water contact angles on protein layers [human 
serum albumin (HSA) or human fibrinogen (HFb)] adsorbed on polystyrene (PS) showed that 
HSA could be transferred from the PSlwater to the POlwater interface by a passing PO- 
water front, while HFb could not. Interfacial association of adsorbed HF% molecules was 
adopted as an explanation for the irreversible localization of HFb at the PS surface. In the 
present work it is shown that aggregation by a heat treatment of adsorbed HSA molecules 
also causes an irreversible localization of the HSA at the PS surface. It is shown that advanc- 
ing and receding PO-water contact angles on HSA-coated PS substrates have practically the 
same value. Variation of pH and NaCl concentration hardly shows any effect on these contact 
angles, indicating that in all cases the HSA coating behaves the same. The advancing and re- 
ceding PO-water contact angles on HFb-coated substrates differ greatly. In analogy with El- 
Shimi and Goddard we conclude that the natural HF% coating is able to adopt and retain a 
configuration compatible with the immediate environment. 

INTRODUCTION 

Early work by Vroman [ 11 suggests that there is a difference in wetting be- 
havior of different proteins, adsorbed on glass or polymer surfaces. Vroman's 
treatment was a rather qualitative one: adsorbed protein layers had been dried 
in air completely and wetting was judged by vapor (droplet) condensation. 

In a previous paper [2] we have worked out protein layer wettability in a 
more quantitative way. It was shown that the behavior of an oil drop on a 
protein-coated polystyrene (PS) substrate immersed in buffer solution de- 
pends on the type of protein used for the coating. On a PS substrate coated 
with human serum albumin (HSA) the contact angle, measured through the 
oil phase, decreased slowly from -180" to 50 f 5". The contact angle on a 
PS substrate coated with human fibrinogen (HFb) reached a final value of 
130 k 10'. The difference between the contact angles on the protein-coated 
substrates appeared to be the result of a difference in the transfer of the 
proteins when a three-phase contact line is passing. HSA molecules are 
transferred from the PS/water interface to the oil/water interface leading to 
a large decrease of the 8 value in that case. The irreversible localization of 
HFb at the PS surface, possibly due to interfacial association, opposes such 
a large decrease in contact angle for the oil drop. 

Journal of Polymer Science: Polymer Symposium 66, 399-407 (1979) 
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In the present article further evidence is presented for the statement that 
a layer of associated protein molecules will not be transferred from the 
PSlwater interface to the oil/water interface by a passing oil-water front. 
From adsorption studies [3] it is known that protein adsorption is influ- 
enced by pH and salt concentration. The influence of these two parameters 
on the contact angle is studied for both proteins. The results hitherto 
obtained have been measured for an advancing oilIwater interface. Mea- 
surements of contact angies for a receding oil/water interface have now 
been performed to get more information about the character of the 
adsorbed protein layers. 

EXPERIMENTAL 

Materials 

Human serum albumin (HSA), crystallized, was obtained from Pierce 
Chemicals, Prod. No. 30430. Human fibrinogen (HFb), > 90% clottable, 
was obtained from AB Kabi, Stockholm. Polystyrene (PS) was obtained 
from Pressure Chemical Company, Pittsburgh, Mellon Institute, Special 
Polystyrene standard. M, = 670 OOO M ,  lM, = 1.15, lot No. 13a. Paraffin 
oil (PO) was obtained from Baker Chemicals, Deventer, Holland. Before 
use it was twice purified by percolating over an Al,03 column. 

Buffer solutions were prepared by adding an aqueous solution of 0.01M 
KH,PO,and the proper amount of NaCl to an aqueous solution of 0.01M 
NaOH and the same amount of NaCl until a pH of 7.4 was reached. Other 
pH values were obtained by adding NaOH or HC1 until the desired value 
was reached. 

All protein solutions were stored at a temperature of 277 K, under sterile 
conditions, and they were used within one week after preparation. All 
chemicals used were analytical grade. 

Methods: Contact-Angle Measurements 

Polystyrene (PS) substrates were obtained by dipping glass surfaces in a 
solution of PS in toluene (7%) and drying them afterwards. The dipping 
procedure was repeated three times. After the third time, the substrate 
was dried for 1 day at room temperature. Drying for a week at a temper- 
ature above the glass transition of PS did not give different contact-angle 
results. Subsequently the substrates were conditioned in a buffer solution 
for 1 day. 

Then the substrate was placed in a fresh buffer solution, after which a 
concentrated protein solutio,n was added until the desired protein concen- 
tration of 0.5 kg mP3 was reached. After 1 hr the protein solution was 
washed away by a buffer solution containing no protein. The replacement 
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of protein solution is a necessary step in the procedure, first to be sure that 
the oil - water interfacial tension during contact-angle measurements does 
not change due to adsorption of protein from the solution and secondly to 
prevent contact between the substrate and the protein solutionIair interface 
after the adsorption step. If this contact occurs the adsorbed and probably 
denaturated protein layer at the airlsolution interface may be deposited on 
the substrate as a kind of Blodgctt layer [4, 51. 

Subsequently the substrate was taken out, put directly into a cell con- 
taining buffer solution, and placed on a platform in the contact-angle mea- 
surements set up. Using a glass capillary, a small drop of paraffin oil (di- 
ameter -0.3 X lo-’ m) was brought under the substrate. The contact 
angle 0, of this drop with the substrate was determined from the dimen- 
sions of the drop (Bargeman [6], see Fig. 1). A necessary condition for this 
method is that the shape of the drop is not influenced by gravity (small 
drops should be used). 

For measurements of the receding contact angle through the oil phase OR 
the substrate was taken out of the buffer solution, swept off, and then 
pfaced in a cell containing paraffin oil. Using a glass capillary a small drop 
of buffer solution (diameter -0.3 X lo-’ m) was dropped on the substrate. 
The contact angle of this drop, which is equal to 180°-0, , was determined 
in the same way as described above. 

Heat denaturation of adsorbed protein layers was performed prior to im- 
mersion in the cell, by placing the substrate in a buffer solution at 343 K 
for -lo3 sec. 

RESULTS 

All adsorption experiments have been performed at protein concentra- 
tions of 0.5 kg m-3 in buffer solutions at different pH values and NaCl con- 
centrations. 

Advancing contact angles 0, obtained with paraffin oil drops on HSA- 
coated substrates immersed in buffer solutions at different pH values and 
NaCl concentrations are given in Table I. 

FIG. 1. sin 8 = 2 hr/(h2 + r*) .  



402 

PH C N a C l l  eA ( i n i t i a l )  

kmol .m-3 I ( w i t h i n  3 0  s c c . )  

2 . 5  0 I 45O 

9 . 0  I 0 I 1 3 0 °  

7 . 4  1 0 .15  160° 

4.9 0 1 1 4 5 O  

! 

2 . 5  j 0 . 1 5  1 4 2 O  

4 . 9  : , 0 . 1 5  1 4 5 O  
I 

0 . 1 5  160°  
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e A  ( f i n a l )  

4 5O 

6 5 O  

4 5O 

4 2O 

6 2O 

5 so 
7 5 O  

TABLE I 

CNaC11  B A  ( i n i t i a l )  

kmol.m-3 ( w i t h i n  3 0  set) 

0 1 4 0  

0 1 6 5  

0 1 6 5  

0.05 150 

0 . 1 5  1 5 5  

0 .15  1 6 5  

Advancing Contact Angles of Oil Drops on HSA-Coated Substrates 

e A  ( f i n a l )  1 

1 0 2  

1 6 0  

1 6 2  

120 

1 4 0  

1 5 5  

In Table I O,(initial) is the first value of the contact angle that could be 
measured after deposition of the PO drop on the substrate (10-30 sec after 
deposition). The final value of the contact angle 6, (final) has been measured 
after -6 X 104sec. Actually this last value has been reached generally within 
lo3 sec after deposition. Results obtained on HFb-coated substrates for dif- 
ferent pH values and NaCl concentrations are shown in Table 11. 

Measurements on heat-denatured HSA coatings on PS substrates have 
been performed at different pH values. The 6, values obtained are shown in 
Table 111. 

TABLE I1 

Advancing Contact Angles of Oil Drops on HFb-Coated Substrates 

9 . 5  

7 . 4  

19.5 
I 

1 
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I 
PH C N a C l l  

kmol  
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‘aA ( i n i t i a l )  o A  ( f i n a l )  
( w i t h i n  30 s e c )  

TABLE I11 

2.5  

4 . 9  

7 - 4  

9 . 0  

Advancing Contact Angles of Oil Drops on Heat-Treated HSA Coatings 

0 .15  60° 4 5O 

0 .15  150° 1 2 c 0  

0.15 1 50° 1 4 0 °  

0 .15  140°  1 20° 

The contact angles &for the oil phase obtained with drops of buffer so- 
lution on HSA-coated substrates immersed in PO (‘‘inverse system”) at dif- 
ferent pH values and NaCl concentrations are given in Table IV. 

The results from the measurements in the inverse system on HFb-coated 
substrates at different pH values and NaCl concentrations are collected at 
Table V. 

The contact angle 8, was also measured in the inverse system by decreas- 
ing the volume of the drops of buffer solution until the POlwater boundary 
on the substrate started to move. For the HSA-coated substrate this con- 
tact angle 8, was practically the same as the observed value of &. On the 
other hand, the volume of a drop of buffer solution (pH = 7.4) on a HFb- 
coated substrate could deliberately be decreased without the effect that the 
POlwater boundary started to move. This could be continued until a 8 

TABLE IV 

Receding Contact Angles for the Oil Phase on HSA-Coated Substrates (“Inverse System”) :: 4.9 

9 .o 

~~~ 

B R  ( i n i t i a l )  

k r n ~ l . r n - ~  I ( w i t h i n  3 0  s e c )  

I d a C l 1  

0 

0 

0 

0 .15  

0 . 1 5  

60° 

7 5 O  

67’ 

6 3 O  

7 2O 

0.15 I 58O 

6 Co 

65O A 58O 
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TABLE V 

Receding Contact Angles for the Oil Phase on HFb-Coated Substrates ("Inverse System") 

PH 

3.0 

7 . 4  

9.0 

3 . 0  

7 . 4  

9.0 

0 

0 

0 

0 .05  

0 . 1 5  

0 . 1 5  

e R  ( i n i t i a l )  

(within 30 sec) 

80° 

8 2' 

90° 

80° 

9 oo 

8 6 O  

e R  ( f i n a l )  

8 5O 

8 3O 

90° 

80° 

9 Oo 

8 6 O  

value <20" measured over the droplet phase was reached, which means 
that for this measuring technique 0, > 160". 

DISCUSSION 

1. The Effect of pH and Salt on Results for HSA Coatings 

From the influence of pH and salt concentration on the maximum ad- 
sorption of HSA on PS [3] it was expected that there might be a difference 
in behavior between a layer of HSA adsorbed at its isoelectric point (iep) 
(pH = 4.9) and layers adsorbed at pH values far away from this iep. Table 
I shows the influence of pH and NaCl concentration on the 8, values on 
HSA-coated PS substrates. It appears that the influence on the final 0, 
values is very small. In a previous paper [2] we derived an equation to esti- 
mate the value of the polar interaction term I, ( p ) w r  between an adsorbed 
protein layer and the aquedus phase. It was assumed that no turnover of 
the protein molecules from the PS substrate to the PO/water interface takes 
place. 

13(p)v= yo,w(cosO,- cos0,) - (Oto5)mNm- '  (1) 
where 0,is the 30" 5 3" contact angle for an oil drop on the bare substrate 
immersed in water (buffer), 0, is the contact angle for an oil drop measured 
on the protein-coated substrate in water (buffer), and yaw is the 50 mN m-' 
interfacial tension at the PO/water interface. 

Introduction of the 0, (final) values in eq. (1) gives a polar interaction 
term of 0 < I, ( p ) w  < 25 mN m-' for HSA coatings. This value is much 
lower than expected for the polar interaction between a highly swollen pro- 
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tein layer and water. This would indicate that in these measurements turn- 
over of the HSA molecules from the PS/water interface to the PO/water 
interface takes place. From the difference between & (initial) and 0, (final) 
it is clear that at pH = 4.9 and 9.0 0, is time dependent and at pH = 
2.5 the final value of 0, has been reached immediately. The very fast turn- 
over of adsorbed HSA molecules at this pH might be due to the fact that 
the HSA molecules have a different conformation at this pH. At pH 
values between 4.9 and 2.5 the so-called N-F transition of the molecule is 
observed [7]. 

2. Effect of pH and Salt on Results for HFb Coatings 

The values for 0, on HFb-coated substrates at different pH values and 
NaCl concentrations are shown in Table 11. In this case no experiments 
have been performed at the isoelectric point of the HFb (pH = 5.5) be- 
cause HFb solutions are not stable at their iep. The experimental conditions 
were chosen such that HFb adsorption took place from clear solutions. 

It is shown (Table 11) that there is hardly any influence of pH and salt 
concentration on the 0, values on the HFb-coated substrates. Using eq. (1) 
and the 0, (final) values the polar interaction term between the protein and 
the aqueous phase is 80<Is( , , ,  <90 mN m-l (for HFb coatings) for all 
measurements, except those at pH = 3.0. At this pH = 3.0 the polar inter- 
action is calculated to be 50 <Is ( p ) w  < 70 mN m-', The somewhat lower 
value of I, f p ) w  at low pH may be due to a reduced polar contribution of 
the HFb coating to the POlHF'b interfacial tension resulting from reconfor- 
mation of the HFb molecules. 

In our first paper [2] we postulated that the difference in behavior be- 
tween an oil drop on a HFb-coated and a HSA-coated substrate is caused 
by association of the adsorbed HFb molecules, whereas HSA molecules do 
not associate. The interfacial association of the HFb molecules prevents the 
protein layer from being transferred from the PS substrate to the PO/water 
interface. It is known [7] that at temperatures above 333 K HSA molecules 
do associate in solution. Therefore HSA-coated substrates were incubated 
for about lo3 sec at 343 K in protein-free buffer solutions in order to pro- 
duce a substrate coated with associated HSA molecules. 

The results of contact angle (0,) measurements on these substrates are 
shown in Table 111. The observed 0, values are similar to those found for 
HFb-coated substrates. This indicates that adsorbed, associated HSA 
molecules are not transferred either from the PS substrate to the PO/water 
interface by a passing oil-water front. HSA-coated substrates which have 
been incubated at pH = 2.5 show a different behavior. These substrates 
still show the same 0, value as untreated HSA-coated substrates. Some 
qualitative experiments have been performed to obtain an explanation for 
this phenomenon. HSA solutions at the investigated pH-values (2.5, 7.4, 
9.0) were incubated for about lo3 sec at 343 K. After incubation the 
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solutions with a pH value of 7.4 and 9.0 were cloudy due to HSA associa- 
tion, but the solution at pH = 2.5 was still clear, indicating that at this pH 
aggregation does not take place. More accurate experiments on the determi- 
nation of the aggregation are in progress (poly-acrylgel electrophoresis). 

3. Receding Contact Angles (Inverse Systems) 

Tables IV and V show results for contact-angle measurements in inverse 
systems. These contact angles 6, are obtained from a receding PO phase. 

Comparison of contact angles on HSA-coated substrates in Table I and 
Table IV shows an insignificant difference between 6, (final) and 6, (final). 
The large difference between the initial values of 6, and 6, results from the 
fact that in the inverse system there is no time dependence for 6,. 

The instantaneously obtained 6, (final) value can be explained by assum- 
ing that upon immersion of the protein-coated substrate in PO the thin 
aqueous film on the PS substrate breaks up in tiny droplets. The oil phase 
thus is in direct contact with the PS surface for the greater part of the in- 
terface and most of the HSA molecules are accumulated at the oil-water 
interface of the droplets. When a drop of water is deposited on such a sub- 
strate it will be obvious that the tiny droplets will merge instantaneously 
with the advancing water drop and the HSA molecules will be accumulated 
at the oil-water interface. 

In this way the final situation at the three-phase boundary will be almost 
identical to that in the normal system, after turnover of the protein 
molecules. The observation that the contact angle in the inverse system 
does not change significantly upon decreasing the volume of the water drop 
is in agreement with the above picture. 

Table V shows the results of measurements on HFb-coated substrates in 
the reverse system. Comparison of these 6, values with 6, measurements in 
Table I1 on HFb-coated substrates, shows that in both cases hardly any 
time dependence occurs. However, there is a large difference between 6, and 
0, on these substrates. A similar feature has been found by El-Shimi and 
Goddard [8] for contact angles on bovine hoof keratin. For advancing oil 
phase they observed a 0, of > 170". A 6, value of 30" was found when the 
substrate was first treated with mineral oil. They conclude that this behavior 
is governed by the history of exposure to the contacting liquid, which seems 
to be a specific feature of natural surfaces. In analogy we conclude that the 
HFb coating is able to adopt and retain a configuration compatible with the 
immediate environment. The observation that the contact angle in the in- 
verse system changes drastically (from 90" to > 160") when decreasing the 
volume of the drop is in agreement with this conclusion. 
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