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SYNOPSIS 

An investigation on the influence of chemical compositions and surface properties (e.g., 
surface free energy in air and hydrogel-water interfacial energy) on the adsorption of bovine 
serum albumin (BSA) at pH 7.4 on to a series of poly(acrylonitri1e-acrylamide-acrylic acid) 
hydrogels was carried out. The interfacial energetics were determined from the contact 
angle data for air-gel and octane-gel in the water environment and the specific adsorption 
of BSA was determined with UV-VIS spectroscopy. It is shown that the higher contents 
of amide and acid groups in hydrogel bulk lead to the greater polar component of surface 
energy in air and the greater BSA adsorption in aqueous solutions. The BSA adsorption 
decreases with water amount in gels a t  lower amidelacid contents and increases at  higher 
contents. The results imply that the interfacial interactions between the protein and the 
reorganized hydrogel interface in exposure with water, as well as the penetration of protein 
into pores of swollen gels, influence the BSA adsorption. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Surface and interfacial behavior of biomedical poly- 
mers in the aqueous environment play a distinct role 
in determining the material biocompatibility with 
the living body. Specifically, the interfacial free en- 
ergy, surface morphology, electric potential at sur- 
face, etc., of polymers are crucial to the dynamics 
occurring in the medical and biotechnological sys- 
tems. A class of water-filling polymeric biomaterials, 
namely hydrogels, consists of swollen interpene- 
trating polymer networks and neutral and ionic hy- 
drophiles. Hydrogels are well known for their low 
interfacial energy in contact with bulk water, limited 
protein adsorption onto them, and excellent bio- 
compatibility.’ Recently, polyelectrolyte gels re- 
sponsive to environmental stimuli such as temper- 
ature, pH, composition of solution in contact, light, 
and electric current have received much attention 
in the category of hydrogels research. This class of 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 59, 1809-1817 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/121809-09 

“intelligent” polymers may be applied to chemo- 
mechanical energy conversion devices, artificial 
muscles, and self-regulated drug delivery systems.2 
In addition, these temperature- and pH-sensitive 
gels have been studied for separation of proteins 
during phase transition of gels,3 in which the mod- 
ulation of material compositions and subsequent in- 
terfacial properties should be taken into account to 
reduce the excess protein attachment to gels func- 
tioning as separation media. Since gels consist of 
substantial amount of water, it is advisable to un- 
derstand the role of water in the interfacial ener- 
getics of hydrogels. 

The higher water content in non-ionic hydrogels 
was found to lead to lower interfacial free energy 
in water and greater polar component of surface 
tension of hydro gel^.^ KO and colleagues5 investi- 
gated the wetability of hydroxyethyl methacrylate 
(HEMA)- and ethylmethacrylate (EMA)-grafted 
polyethylene using the contact angle of liquid drops 
in the air and water environments, and found that 
the polar component of interfacial energy of hydro- 
gels in water and critical surface tension increased 
with the amount of hydrophilic HEMA. 
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For ionic poly( 2-hydroxyethyl methacrylate/ 
methacrylic acid) (P(HEMA/MAA)) copolymer gels, 
various proteins such as y-globulin, albumin, fibrin- 
ogen, etc., are adsorbed onto gels so that the MAA 
moieties promote the protein adsorption at pH 7.4.6,7 
Infrared (IR) analysis revealed hydrogen bonding 
between hydroxyls of gels and imines (NH) of mucin 
and ionic bonding between carboxyls in MAA-con- 
taining gels and amine in mucin, leading to irre- 
versible protein adsorption? A study of several 
plasma proteins (i.e., albumin, y-globulin, and fi- 
brinogen) on polystyrene/PHEMA block copoly- 
mers by Sakurai and coworkers showed that proteins 
were preferentially adsorbed onto hydrophilic or 
hydrophobic domains.' The surface roughness and 
microporosity of gels are believed to enhance the 
protein adsorption," in contrast to the gels with 
smooth surface. 

However, to our knowledge, the literature seems 
to have not reported the relationships between the 
interfacial energy and protein adsorption for ionic 
multicomponent hydrogels. We have recently stud- 
ied the thermodynamics, volume phase transition, 
and relaxation transitions in poly(acrylonitri1e- 
acrylamide-acrylic acid), abbreviated P (AN-AAm- 
AA), multicomponent hydrogels. Previous studies 
in this series have been concerned with the rela- 
tionships between the dynamic dielectric properties 
and water absorption, as well as the states of water 
and critical phenomena of these gels.",'2 In this se- 
ries of materials, the amount of bound water is an 
increasing function of acid or amide content, and 
the amount of unbound water has a minimum at a 
certain acid/amide content. 

This study is aimed at investigating the role of 
water in interfacial free energy of P(AN-AAm-AA) 
hydrogels and correlating the above surfacelinter- 
facial properties with the adsorption of bovine serum 
albumin (BSA) onto these structurally complex gels. 
The effect of small amounts (say, less than 5 mol % 
of monomer units in a polymer chain) of ionizable 
moieties on polymer chains, i.e., -COOH, on the 
protein deposition on hydrogels, will also be as- 
sessed. 

EXPERIMENTAL 

Preparation and Characterization of Gels 

Gels were prepared sequentially through the reaction 
of polyacrylonitrile (Aldrich, number-average mo- 
lecular weight = 80,000) with concentrated nitric 
acid (62 wt %) at  45°C and various reaction times 

from 8 to 20 hours, and stabilization at  -10°C for 
7 days. Subsequently, the products were then neu- 
tralized with a 1 wt  % solution of sodium bicarbonate 
until the pH equalled 7. The neutralized solution 
was then dried in a vacuum oven at 70°C. A similar 
procedure for the preparation of PAN terpolymers, 
derived from its hydrolysis reaction, was disclosed 
in a patent.13 

The gelation of the terpolymers prepared from 
the aforementioned procedure was achieved as fol- 
lows: The obtained dried samples were dissolved into 
DMSO at 70°C and then mixed with H20. The final 
concentration was 1 g of polymers in 13 mL DMSO 
and 3 mL HzO. The DMSO-water-polymer solu- 
tions were then cooled to room temperature and fro- 
zen at -10°C for 12 h and thawed at 10°C for 12 h. 
This thermal cycling was repeated three times. 

The contents of acrylamides and acrylic acids 
were determined by proton nuclear magnetic reso- 
nance (NMR) (Bruker AC-200) and base titration, 
respectively. The preparation and composition 
analysis were detailed in our previous publica- 
t ion~."~ '~  Briefly speaking, the mole percentage of 
amide to three functional groups is the ratio of the 
NMR peak area at chemical shift equalling 6.7-6.8 
ppm to that of methylene at 2.0 ppm (because each 
nitrile, carboxyl, or amide corresponds to a meth- 
ylene). The base titration was carried out by titrating 
the xerogels (i.e., the completely dry gels) in DMSO 
solvent with 0.0482N aqueous KOH solution. 

Considering PAN as a starting material for gel 
synthesis and its conversion into PAAm and PAA, 
we inferred that the PAN crystallites provide the 
physical crosslinking and the specific chemical in- 
teractions between PAA and PAAm function as an- 
other kind of crosslinking. However, due to the mi- 
nor amount of PAA in copolymers (as shown in Ta- 
ble I), the latter crosslinking is of secondary 
importance as far as the elasticity of materials is 
concerned. 

The chemical compositions and equilibrium water 
uptakes of seven samples with various hydrolysis 
times and the same stabilization, gelation, and 
freezing-thawing conditions are shown in Table I. 
The IR spectra, not shown here, exhibit the absorp- 
tion of - C = N - group at 1600 cm-' and indicate 
the thermooxidation of PAN during acid hydrolysis. 
This degradation has been reported in the early lit- 
e r a t ~ r e . ' ~ ? ~ ~  The amount of imine is small, and can- 
not be determined on the proton-NMR spectra." 
The xerogels look opaque and pale yellow due to 
their crystalline composition and degradation prod- 
uct. After the xerogels fully absorb the water, they 
appear transparent. 
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Table I 
Terpolymer Gels 

Variation of Chemical Compositions with Hydrolysis Time for Polyacrylonitrile-Derived 

Sample Code" TPH8 TPHlO TPH12 TPH14 TPH16 TPHl8 TPH2O 

Nitrile content 

Amide content 

Acid content 

Water uptake 

(mol %) 86.3 72.3 66.5 63.6 62.0 60.6 58.5 

(mol %) 13.2 27.1 32.7 35.5 36.8 37.9 39.2 

(mol %) 0.5 0.6 0.8 0.9 1.2 1.5 2.3 

(%'o)b  86.0 81.0 76.0 77.5 87.0 95.2 98.0 

a The numbers in sample code represent the hydrolysis time in hours. 
(water weight)/(hydrogel weight + water weight) a t  25OC. 

The water uptake was obtained with a precision 
balance, with an accuracy to 0.0001 g. The hydrogel 
equilibrium water content (HEWC) data in Table 
I have a maximum deviation of 2%. Referring to 
Table I, the mol % of hydrophobic AN ranges from 
59 to 86, and AAM from 13 to 39. It should be noted 
that the samples water contents first decrease and 
then increase with the increasing hydrolysis times. 
At the lower end of the acid/amide content, the 
larger amide content may lead to greater heteroge- 
neity or crosslinking density. On the other end of 
the amide/acid content, the increasing acid results 
in more network defects or the transition layer be- 
tween the acrylonitrile-rich phase and the acryl- 
amide-rich phase. This argument has been proposed 
to explain the effects of chemical compositions and 
temperature on the hydration of this series of ma- 
terials.12 In addition, acid and amide contents mo- 
notonously increase with the hydrolysis time. 

For comparison purposes, the chemically cross- 
linked PHEMA with water uptake amounting to 39 
wt %, supplied by Oxlex Corp. (Hsinchu, Taiwan), 
was used in the contact angle measurement. 

Contact Angle Measurement and Calculation 
of Surface Energies 

A technique for the measurement of contact angle 
in the aqueous phase, first described by Hamil t~n , '~  
was used in this work. A similar technique was used 
by Lelah and colleagues." A contact angle goni- 
ometer (FACE CA-D, Kyowa, Inc., Japan) was op- 
erated, using the injected n-octane drop and air 
bubble (0.2 cm diameter) suspended in water and in 
contact with gel samples situated on the elevated 
level. The contact angle between the gel and bubble/ 
drop was determined at  25°C. 

The surface free energy of hydrogel in air (ysu),  
interfacial free energy between hydrogel and water 
(ysw) ,  polar interaction energy at hydrogel-water in- 
terface (Isw),  polar component of surface energy of 
hydrogel (~f,,), and dispersion component of surface 
energy of hydrogel (y$) were obtained from contact 
angle data with air and n-octane, via the quantitative 
relationships proposed by Andrade and associates: 
Fowkes,19 and Tamai and colleagues.20 The steps are 
briefly mentioned as follows: 

(a) The measured contact angle of the air bubble 
with gels in water (01, in degree) is related to ysu and 
ysw via the Laplace-Young equation: 

where ywu = energy at water-air interface = 72.1 
erg/cm2 at 25°C. 

(b) The interfacial interaction energy, I,,, is re- 
lated to the contact angle for gel-normal octane in 
water environment, 02, by 

I s ,  = Y 'wu  - You - Y o w  cos 0 2  

where yLu = surface tension of water saturated with 
n-octane, and is approximately numerically equal to 
ywu; you = surface tension of octane, which is ap- 
proximately equal to the dispersion component of 
surface tension of n-octane (y$) = 21.6erg/cm2 at 
25°C; and yOw = interfacial energy at octane-water, 
approximately equal to the polar component of sur- 
face tension of water with a value of 50.5 erg/cm2, 
as referred to.435 

(c) The above two equations, in combination with 
the following two expressions, lead to the &, the 
dispersion component of interfacial energy of gel- 
water, and -&, the polar component: 
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I' ( 3 )  
(7s" - Ysw) - L w  + Y w u  

2(Ydwu)1'2 
YL = [ 

where ypWU = polar component of surface tension for 
water = 51 erg/cm2. 

(d) Then ysv is given by the sum of &, and 
and ysw is obtained by eq. (1). 

If we measure the contact angle of the water drop 
with the hydrogel in air, the following Laplace- 
Young equation, similar to eq. ( l) ,  is valid 

where a1 is the contact angle. 
If we measure the contact angle of the water drop 

with the hydrogel in n-octane (density of water 
> density of n-octane), we have: 

or equivalently: 

After examining the similarity between eq. (1) and 
(l'), and between (2) and (Z'),  it is clear that contact 
angle data from the air bubble and octane drop in 
water suffice to yield calculated interfacial energy 
and interfacial interaction energy. 

Measurement of Equilibrium Adsorption 
of BSA onto Gels 

BSA solutions of various concentrations, prepared 
by mixing BSA standard solution (Pierce, concen- 
tration = 2 mg/mL) and phosphate buffer solution 
(PBS) consisting of 0.5 M Na2HP04 (aq) and 0.125 
M KH,P04 (aq), were used for calibration. One mil- 
liliter of BSA solution and 20 mL of reagent (Pierce) 
consisting of bicinchonic acid (BCA), sodium salt, 
and copper ion in solution, were reacted for 30 min 
at 60°C. BSA was converted to biuret under the basic 
conditions, and then the Cu" ion was reduced to 
Cu+', which led to the coordination with nitrogen 
atoms in bicinchonate ions. 

The product of the resulting reaction, a blue-color 
complex, analyzed by an ultraviolet-visible spec- 
trometer (UV/VIS Spectronic 1201, Milton Roy), 
showed a sharp peak at wavelength equal to 562 nm. 
The peak height or spectral absorbance was used to 
determine the BSA concentration in solution. The 

above procedure was also referred to by Wiechelman 
and colleagues.21 

The hydrogel samples (surface area = 30 to 50 
cm2) were placed in a petri dish, filled with 25 mL 
BSA solution (concentration = 60 pg/mL), for a 
preset time. BSA in the residue solution was then 
treated with the assay reagent, and the protein con- 
centration (BSA concentration = 5 to 250 pg/mL) 
was determined with UV/VIS spectrometry in con- 
junction with the calibration curve for the UV ab- 
sorbance-BSA concentration relationship. The 
amount of BSA adsorbed onto gels was the difference 
between the BSA amount in the original solution 
and that in the residue solutions in contact with 
gels. The calculated specific adsorption is based on 
the visually observed area of the flattened surface 
of the swollen gels. 

RESULTS AND DISCUSSION 

Surface Energetics of Hydrogels 

Optical photographs for the suspended n-octane 
drop in contact with sample TPH20 (hydrolysis time 
= 20 h) and PHEMA in the water are depicted in 
Figures l(a) and l(b), respectively. TPHBO (water 
absorption = 98%) clearly shows less surface wet- 
ability by non-polar octane than does PHEMA (wa- 
ter absorption = 39%). A similar trend for the con- 
tact angle of the air bubble with P(AN-AAm-AA) 
and PHEMA is observed in Figures 2(a) and 2(b), 
in which the P(AN-AAm-AA) gel shows a greater 
contact angle ( 6 )  than does PHEMA. 

To ascertain if the above contact angle readings 
are for drops/bubbles in thermodynamic equilibrium 
with hydrogel surface, the contact angles for n-oc- 
tane with samples TPH8, 12, 16, and 20 were mea- 
sured against contact time, as shown in Figure 3. It 
convinced us that the contact angle measurements 
a t  contact time greater than 5 minutes yield the 
equilibrium data and the angles increase with the 
abundance of acrylamide or acrylic acid. Figure 4 
depicts the time-independence of contact angles for 
air bubble with samples TPH8, 12, 16, and 20, 
wherein the contact angle decreases with the in- 
creasing contents of acrylamide and/or acrylic acid. 
Figure 5 shows the dispersion component of surface 
tension for gels in water (curve A), polar component 
of surface tension for hydrogels in air (curve B), 
total surface tension (curve C), and interaction en- 
ergy between gel and water (curve D), using contact 
angle data and equations (2) to (4). Both the polar 
component of surface energy and the gel-water in- 
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(a) 

Figure 1 Optical photography of a sessile n-octane drop 
in contact with the hydrogels (appearing as the shadowed 
membranes in photographs) in water: (a) P(AN-AAm- 
AA), TPHBO; (b) PHEMA. The contact angle (always 
greater than 90") is determined by the horizontal line along 
the gel membrane and the tangent line to the drop a t  the 
contact point between drop and gel. 

Figure 2 Optical photography of an air bubble in con- 
tact with the hydrogel in water: (a) P(AN-AAm-AA), 
TPH16; (b) PHEMA. 

'IiT, 
1 

teraction increase with the hydrolysis time, whereas 
the surface tension of hydrogels in air was affected 
by the hydrolysis in an opposite way. This implies 
that the surface polarity of hydrogels and their in- 
terfacial interaction energy with water increase with 
AAm-AA content in gels as indicated in Table I, 
regardless of the non-monotonous variation of water 
absorption with chemical composition. It should be 
noted that the total surface tension of gels decreases 
with the amount of hydrophilic components. The 
surface tension of solid polymers at room temper- 
ature is usually below 70 dyn/cm, and that of gels 
(water-polymer mixtures) below 72 dyn/cm (surface 
tension of water) sounds reasonable. 

Figure 6 shows the interfacial energy between 
hydrogel and water (-ys,) as a function of hydrolysis 
time for gel preparation, which exhibits a minimal 

Figure 3 Octane-gel-water contact angle versus contact 
time for samples with various hydrolysis times: (A) TPH8 
(A); (B) TPHlP (0); (C) TPH16 (0); (D) TPHBO (B). 
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Figure 4 Air-gel-water contact angle versus contact 
time for samples with various hydrolysis times: (A) TPH8 
(A); (B) TPHl2 (0); (C) TPH16 (0); (D) TPHSO (m). 

interfacial energy for TPHl2 possessing the least 
water absorption among all samples investigated. 
Another way to characterize such an ionized inter- 
face of gels in the aqueous environment is to measure 
the interfacial or zeta potential." 

BSA Adsorption onto Various Gels 

The determination of the amount of BSA adsorption 
on gels relies on the sensitivity and accuracy of the 
quantitative analysis of the protein amount in al- 
bumin solutions with the aid of BCA assay. The 
calibration curves for such an analysis show the lin- 
ear relationship between the absorbance of albumin 
solutions at  wavelength equal to 562 nm and the 
concentration of albumin in solutions. Adsorption 
kinetics for BSA onto gels TPH8, 12, and 20 are 
presented in Figure 7. Each data point involves the 
triplicate run, having the maximum relative devia- 
tion of 11%. The adsorption processes for all samples 
reach the equilibrium states a t  the contact times for 
BSA and gels greater than 3 h, although the ad- 
sorption for TPH8 is the fastest to reach equilib- 
rium. In addition, the affinity at initial adsorption 
stage and the saturation amount of BSA at gel-water 
interface is greater for gels with more surface po- 
larity, as indicated in Figure 5. It should be men- 
tioned that the albumin adsorption onto gels in di- 
lute protein solution is not a simple Langmuir 
monolayer adsorption, because: 

0 j 8 * a , 3  I , I I J , I , I I I  I I , J I I I I I I I I I ( I I I I , I I I I ~ I , , I I , , , .  

H.ydiwl,v.;is Ti i l l?  ( 1 1  ) 

Figure 5 Various surface/interfacial energy of hydrogels 
versus hydrolysis time during gel preparation: (A) disper- 
sion component of surface tension of hydrogels in air, 
7:"; (B) polar component of surface tension of hydrogels, 
7:"; (C) total surface tension, ysu; (D) polar interactions 
at hydrogel-water interface, Zsw. 

1. several types of sites (i.e., multicomponent 

2. there is irreversible adsorption for protein; 

3. more than one molecule may be adsorbed per 

compositions and voids) exist; 

and 

site (i.e., multilayer ad~orption).'~ 

3 . 5  f 

L 

Figure 6 Relationship of the hydrogel-water interfacial 
energy (ySw) versus hydrolysis time of samples during 
preparation. 
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20 , I 
j I 

7 C  

Figure 7 BSA adsorption versus contact time for var- 
ious samples: (A) TPH8 (hydrolysis time = 8 h); (B) 
TPH12; (C) TPH2O. BSA conc. = 60 pg/mL. 

Figure 8 shows a linear relationship between 
equilibrium adsorption at 3-hour contact time versus 
the amount of acid groups in the bulk of seven sam- 
ples. A similar plot of equilibrium adsorption against 
amide composition has been obtained but is not 
shown here for the sake of brevity. Castillo and 
colleagues' found that the bonding is formed be- 
tween carboxyl groups in polymers and amine groups 
in proteins as detected by infrared spectroscopy, and 
such specific interactions account for the irreversible 
protein adsorption. Such a linear correlation in Fig- 
ure 8 may imply the specific interactions occurring 
to gel-protein pairs. 

Correlation between BSA Adsorption 
and Interfacial/Bulk Properties 

Figure 9 shows a rather empirical correlation be- 
tween the apparent adsorption of protein and the 
polar component of surface tension of gels (-&), in 
which the higher surface polarity of gel in air leads 
to the greater adsorption. The amount of protein 
adsorption consists of multilayer surface adsorption 
and retention in pores. Figure 9 shows that the out- 
come of a complex process is empirically correlatable 
with surface polarity of gels. It implies that the initial 
interactions between protein and gel surface, con- 
trolled by the gel polarity, dominate the overall ad- 
sorption. Moreover, it should be emphasized that 
there is also a monotonous functional relationship 

between the BSA adsorption and the polar inter- 
facial interaction for gel and water by combining 
the curve D of Figures 5 and 8. It is therefore 
visualized that a monotonous relationship exists 
between interfacial composition of gels in water 
and the composition of the bulk. The relationship of 
BSA adsorption onto a variety of moderately hydro- 
philic polyoxyethylene/poly( L-lactide)/polyoxyeth- 
ylene triblock copolymers against their surface po- 
larity in air was found to be a decreasing function 
due to the hydrophobic interactions between poly- 
mers and BSA.24 The different trend for protein 
adsorption, as exhibited by P(AN-AAm-AA) gel 
and the aforementioned polyetheresters, respec- 
tively, is partly attributed to the interfacial inter- 
actions between material and protein. 

By taking into account the isoelectric point ( P I )  
of BSA (PI = 4.9), BSA in the solution at pH 7.4 is 
negatively charged. At pH 7.4, the imidazolium 
groups of histidine of albumin have been partially 
titrated. The carboxyl groups in gels are bonded with 
amine groups in albumin. Subsequently, the albumin 
adsorbed onto negatively ionized gels may lead to 
the negative total charge of adsorbate-protein. 
However, a monotonous relationship between the 
BSA adsorption and gel-water interfacial energy 
cannot be obtained by cross-plotting Figures 5 
and 9. 

It is natural to assume that the outer molecular 
layer of hydrogels, placed in the air environment, 

0.0 0.5 1 .o I .5 2.0 2.5 
Coxitelit. of A c i d  Group ( ~ i i o l e x )  

Figure 8 Linear relationship of the amount of BSA 
adsorption onto gels versus the mole percentage of acid 
groups in the hydrogel bulk at adsorption time equal 
to 3 h. 
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may undergo restructuring once it contacts water. 
Although the bulk compositions in gels are given in 
Table I, the surface compositions of functional 
groups of multicomponent gels in air remain un- 
answered. To further demonstrate the role of water 
content in BSA adsorption, the BSA adsorption 
against the reciprocal of water content (or roughly 
the reciprocal of the percentage of void space oc- 
cupied by water to the overall gel volume) is plotted 
in Figure 10. The lower portion of two distinct re- 
gimes in this plot is for TPHS, TPH10, and TPH12, 
indicating that lower water absorption leads to 
higher BSA adsorption. The increasing pore volume 
on the lower portion “prohibits” the protein ad- 
sorption. It can be assumed that the apparent overall 
adsorption involves both albumin adsorption at gel- 
water interface and albumin retention in pores. The 
latter step is the outcome of protein diffusion into 
swelling-controlled pores with size in the order of 
several hundred angstroms. Although we do not have 
the pore-size data from the permeation test using 
macromolecules, it is plausible to use the water ab- 
sorption to characterize the expansion of swollen 
networks. As a consequence, the adsorption kinetics 
in the initial stage presented in Figure 7 is influenced 
by the albumin diffusion in the solution through the 
boundary layer and the diffusion in pores. The in- 
terfacial adsorption is predominantly determined by 
the outer layer composition of hydrogels, and the 
upper portion on Figure 10 indicates that the in- 
creasing acrylic acid composition of outlayer of gels 
favors the interactions. This is also the case for pro- 

Figure 9 
component of the surface tension of hydrogels in air. 

Correlation of BSA adsorption with the polar 

I H  j 

A 

1 .uo 1 . 1 0  I .:XI I .:w I .40 

1 / H  
Figure 10 Correlation of BSA adsorption with the re- 
ciprocal of water absorption at  23”C, where H is the wt 
% of water in hydrogels. Please note the two distinct re- 
gions on this curve. 

tein adsorption on to ionic P(HEMA/MAA) gels. 
The lower portion on Figure 10 represents the sit- 
uation similar to the neutral PHEMA and its co- 
polymer gels, in spite of the possible different modes 
of protein-substrate interactions for P(AN-AAm- 
AA) and PHEMA gels, respectively. In PHEMA/ 
albumin systems, the hydrophobic interactions be- 
tween gels and protein and protein diffusion into 
pores affect the amount of protein adsorption. 

The complexion between gel and protein is cer- 
tainly determined by an abundance of PAA in the 
0.5 to 2.3 mol % range. This minor amount of acid 
and the PAN crystallites acting as the reinforcement 
element of mechanical strength make the swelling 
or deswelling due to gel-protein interactions not ob- 
servable with the length measurement. 

The phase behavior of multiphase/multicompo- 
nent gels and its influence on the chemical compo- 
sition of gel surface in the air is open to question. 
Nevertheless, it is proposed that the gel with min- 
imal water absorption, i.e., TPH12, has maximum 
crosslink density or microphase clustering and con- 
tains the lowest amount of non-bound water in light 
of the three-water-state model. This point regarding 
the gel structure is discussed elsewhere.” In that 
paper, the bound water (in grams of water per gram 
of dry polymer) in hydrogels, rather than the un- 
bound or total absorbed water in gels, was found to 
increase with the contents of amide/acid. The water 
in bound state (in the immediate vicinity of the 
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polymer) may be disturbed or reoriented during 
protein-gel interactions. 

CONCLUSIONS 

This paper addresses the relationships among water 
absorption in, surface /interfacial energetics of, and 
protein adsorption onto a series of multicomponent 
ionic gels which possess the dual nature of neutral 
and ionic species. The surface tension of hydrogels 
in air environment and its contribution from dipole- 
dipole interactions in gel bulk are merely dependent 
on the strong polar functional groups in the xerogels. 

The BSA adsorption onto the multicomponent 
ionic gels seems more complex than structurally 
simple gels. The BSA adsorption of gels in the 
aqueous environment is correlated well with the 
abundance of functional groups such as amide and 
acids, and the resulting surface polarity in both air 
and water increases the BSA adsorption of gels in 
the aqueous environment. However, the effects of 
polymer swelling on protein adsorption exhibit in 
two opposite ways, depending on the range of the 
abundance of strong polar functional groups. At the 
lower side of the abundance of amide/acid, the phase 
separation behavior makes more water uptake in 
polymers disfavor the protein adsorption. On the 
other hand, the more hydrophilic compositions or 
water uptake favor the protein adsorption at higher 
contents of amidelacid. The hydrophilic amide and 
acid composition appearing on the gel-water inter- 
face is the predominant factor affecting the process 
of protein adsorption. 
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