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ABSTRACT: Poly(acrylamide/acrylic acid) (AAm/AAc) hydrogels were
prepared at initial acrylic acid compositions of 70, 80 and 85 mol%, respectively.
Mixtures of AAm and AAc monomers were irradiated iff@o y-ray source at

a dosage of 8 kGy. These hydrogels were used in experiments associated with
the swelling, diffusion and adsorption of bovine serum albumin (BSA) from
aqueous solution. The data obtained allowed the swelling and diffusion param-
eters for the hydrogels to be calculated. In the BSA adsorption experiments, the
adsorption kinetics together with the influence of the pH of the medium, the initial
BSA concentration and the composition of the hydrogels on the adsorption
efficiency of the AAm/AAc hydrogels were all studied.

The rates of BSA adsorption were found to conform to pseudo-first-order
kinetics and a kinetic model was used to calculate the corresponding rate
constant for the adsorption processes. The adsorption of BSA onto AAm/AAc
hydrogels decreased with increasing pH, with the maximum adsorption being
observed at a pH value of 3.7. In terms of the Giles classification, the adsorption
was of type C. BSA adsorption increased as the AAc content of the hydrogels
increased. Significant amounts of adsorbed BSA (up to 95%) were eluted
when an elution medium containing 1.0 M NaSCN was employed at a pH value
of 8.0.

INTRODUCTION

Synthetic polymers used in adsorbent materials are designed to be both strongly adsorbent towart
water and durable. These materials are generally considered to be resistant to attack by micrec
organisms and their enzymes. Different types of polymer have been used as adsorbents fc
adsorption purification and the chromatographic separation of biomolecules.

Hydrogels are crosslinked polymeric networks that can imbibe quantities of water without
network dissolution. The hydrophilicity of these materials is due to the presence of water-
compatible groups such as —~OH, -COOH, ~-CQN#$QH, etc. The water content of hydrogels
at equilibrium is one of their basic properties. A hydrogel with a higher water content is generally
more advantageous in increasing permeability and biocompatibility (Rosiak and Yoshii 1999).

Radiation chemical studies of polymeric materials, especially water-soluble monomers that can
be crosslinked by ionizing radiation to form hydrogels, are of current interest. The use of ionizing
radiation can result in dramatic changes in such properties as mechanical behaviour, solubility
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and swelling Acrylamides and their destives are knan to form three-dimensional netvk
structures when polymerized in aqueous solution by irradiation. lonizing radiation has been
recognized as a suitable tool for the formationyafrbgels.Thus, the ready process control, high
purity, sterilization, the need for no initiators or crosslinking agents and theegldtw running
costs all ma& irradiation the method of choice in the synthesig/dfdgels. In recent years, much
attention has been\gn to “stimuli response hydrogels” that undego controllable glume
changes in response to a smalliation in solution conditions, such as the satvcomposition,
temperature and pH. Gels with these propertigs baen considered for controlled drug \detly
devices, wound dressings, superabsorbents, soft contact lenses and separation processes (Rosi
et al.1995).

Polyacrylamide fdrogels hae a high capability for ater absorptionThey are also permeable
towards oxygen and possess good biocompatibfityylic acid ehibits a structural similarity
with acrylamide and has a carboxylic group thatesakhighly lydrophilic. The aim of the present
work was to use ydrogels based on copolymers of acrylamide and acrylic acid (AAm/AAc)
prepared via radiation techniques for the adsorption of profEiesprotein chosen for in vitro
adsorption study as BSA, i.e. a major component of serum proteirtsis shavs \arious
functions in wo, e.g. osmotic pressure control as well as the transport and storage of nutrients
and drugs. Moreer, it plays an important role in the interaction between a biomedical polymer
surface and biocomponents (Peters 1996).

In our previous studies, radiation-induced acrylamide-basgitdyels (Saragin et al. 2001;
Karadd et al. 1994;Solpanet al.2002) hae been studied for the adsorption of proteins (Skanay
et al. 1994; Karadget al.1994).The current wrk is an &tension of these studies.

EXPERIMENT AL
Materials

The acrylamide and acrylic acid monomers used in this study were obtained from BDH Chemicals
Ltd. (Poole, UK) while BSA and Coomassie Brilliant Blue G250 were purchased from Sigma
(St. Louis, MO, USA).

Preparation of radiation-induced hydrogels

Aqueous solutions of monomerAm andAAc were prepared at three fdifent compositions
(AAM/AAc mole ratios of 30:70, 20:80 and 15:85, respetyi). These solutions were placed in
PVC stravs of 3-mm diameter and irradiated in air at ambient temperature to 8 kGQo a
Gammacell 220 typgirradiator at aiked dose rate of 2.67 Gy/mifihe resulting f1drogels were
obtained as longytindrical shapes that were cut into pieces of 4-5 mm lengtbhed and dried
first in air and then inacuum.

Swelling experiments

To correlate the swelling tendgnof poly(AAmM/AAc) hydrogels with their BSA adsorption
capacity the behaiour of these gels as studied at 2& in distilled water in physiological saline
(0.9 wiv% NacCl), in a 10 mg/l BSA solution in distillecater and in a 10 mg/l BSA solution
in physiological saline, respewtgly. The swllen gels remeed from the \ater bath at igular
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intenvals were dried supecfally with filter paper weighed and placed back into the same bath.
A micrometer vas used to measure the radii of tigknarical swollen gels.

Effect of pH on BSA adsoption

To investicate the dect of pH on the adsorption of BSA, kmo weights (0.1 g) of the
poly(AAm/AAc) hydrogel sample containing 85 molB@c irradiated to 8 kGy were added to

20 ml of 10 mg/l BSA solutions maintained arious pH alues.The pH of the gperimental
medium vas then changed teales between 3.7 and 7.4 through the use afff@rbsystem

(0.2 M CH,COONa/CHCOOH for pH \alues of 3.7-5.6 and 0.2 M MPO,/NaH,PO, for pH

values of 6.0-7.4)The samples were maintained in the solution for 1 d 4T &b a rotary shak

and their BSA concentrations determined by the method of Bradford at ambient temperature usin
a ShimadzA160 double-beam spectrophotometer (Scopes 1984).

Adsorption kinetics

To investicate the adsorption kinetics, ca. 500 mg of the poly(AAm/AAa)rbgels containing

70, 80 and 85 mol%Ac subject to irradiation to 8 kGy were each transferred into 100 ml of a
10 mg/l BSA solution.The adsorption kinetics were determined at a controlled temperature
(25°C) emplging a high stirring rate, with the BSA concentration in the solution being measured
at knavn time intenals by spectrophotometry

Effect of initial BSA concentration on BSA adsoption

To investicate the dect of the initial BSA concentration on its adsorption, 0.1-g samples of
poly(AAm/AAc) hydrogel containing 70, 80 and 85 moRAc and subject to 8 kGy irradiation
were transferred into 20 ml of solutions containing 2—-20 mg BSA perTitese solutions were
incubated in a rotary shekfor 24 h at 25C, an aliquot of protein solution being then rewu

and its concentration determined.

Desoiption of BSA

Desorption vas irvesticated using ydrogels loaded with BSAThese were left in distilled ater
for 3 d at 28C and 1 M NaSCN solution (pH 8.0) then added to the sy#tpatysis of the BSA
generated in the solutionas then undertak.

RESULTS AND DISCUSSION
Preparation of hydrogels

A radiation technique appeared to be promising fairbgel preparation since a polymer in
agueous solution or in aaterswollen state readily undgoes crosslinking on irradiation to yield
a gel-like material. Since thisydrogel is not contaminated with foreign addis, the crosslirdd
hydrogel must be composed of stable —C=C- bo&dpdn et al. 2002; Rosiaket al. 1983).
For this reason, ionizing radiationas emplged for the preparation of tHeAm/AAc hydrogels
studied.When a solution containirgAm andAAc was irradiated witly-rays, one of the bonds
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in the double bonds of bokAm andAAc was brolen and monomer radicals were formedese

monomer radicals then combined together to formAe/AAc copolymer On continuing the
irradiation, the crosslinking reaction commenced, crosslinking theidlodil chains with each
other and allwing gelation to occur in the system.

To prepare th&Am/AAc hydrogels, AAm and AAc monomer mixtures containing an initial
AAm composition of 15, 20 or 30 mol% wergpesed to an 8 kGy dose gfradiation.After
preparation, the dried gels were glassy aey Ward; hwever, the svollen gels were ery soft.
The dried poly(AAmM/AAc) lydrogels &hibited a glindrical shape. If the driedykdrogel was
placed in vater the swollen hydrogels &hibited the same geometrical shape as their dried-coun
terparts. No dissolution, deformation, dispersion or damageolisered under such conditions.

Swelling and diffusion

The dgree of swelling (S) of the poly(AAm/AAc)yidrogels vas calculated from the folldng

relationship:
m,(t) - m,
S = _ 1
m, @

where ny(t) is the mass of sslen gel at time t and s the initial mass of dry gel.

The swelling cures of the fadrogels in distilled ater (DW), physiological saline solution
(PS), allumin in distilled vater (BSA) and allimin in plysiological saline solution (PS + BSA)
are depicted in Figure 1. In all cases, thgree of swelling (S) increased with timetHlinally
attained a constantiue. This swelling alue may be referred to as the equilibriungrée of
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Figure 1. Swelling cunes forAAM/AAc hydrogels in the arious solutions studied. Data poin#®; DW; [, BSA;
O, PS;H, BSA + PS.
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TABLE 1. Swelling and Difusion Rarameters oAAm/AAc Hydrogels (15:85 mol ratio)

Solution S S ryx 10 n kx 10 D x 10
(g fluid/(g gel) (g fluid/g gel) (g fluid/g gel min) (Min™©%  (cn¥/s)
DW 5.15 5.45 14.30 0.5 2.14 1.41
BSA 3.18 3.27 12.28 0.5 3.30 1.93
PS 1.90 1.98 14.48 0.5 3.55 2.58
PS + BSA 1.90 2.00 13.97 0.5 4.23 2.26

swelling (§,) The §, values for the ydrogels are presentedTable 1 from which it will be seen
that tydrogel swelling in the arious solutions follwed the order W/ > BSA > PS = PS + BSA.

A simple kinetic analysis could be undegakusing the second-order rate equation (Ho and
McKay 1999) in the form:

ds
— = ks(Spm - 9 2

dt S( max ) ( )
where k is the swelling rate constant ang Sdenotes the maximum swelling or thegoee of
equilibrium.After integration applying the conditions S=0att=0and S =S att =t, equation (2)
becomes:

_ = o + Bt (3)

wherea andp are coeficient whose pysical sense may be interpreted as feficAfter treatment

for an etended time spaifit >> a and, according to equation (B~ 1/S,, i.e. the reciprocal
of the theoretical equilibrium or maximum swelling. In contrast, afterg short treatment time,
o >> f3t. At the limit, equation (2) becomes:

i moSo 1
oHatH T W

Hence, the intercept is the reciprocal of the initial swelling ratear 1/k.S7_ .

Figure 2 shws representaté graphs obtained by the application of equation (3) to the swelling
data. Straight lines withxeellent correlation coétients were obtained in all cases, thereby
demonstrating that the swelling betwur of these systems folleed second-order kineticthe
calculated kinetic parameters areufalted inTable 1.As seen from the data listed in this table,
the results of the kinetic model agreed with the swelligeement data.

The folloving equation may be used to determine the nature of thusidifi process:

F = k" (4)

where F denotes theale of the solent fraction at time t and k is a constant related to the
structure of the netwrk. The exponent n is indicate of the type of dffision involved. The fluid
adsorption characteristics of a gehiit anomalous bek#ur, ranging between Fickian and
casell extremes depending on theperimental temperature and thermodynamic compatibility of
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Figure 2. Kinetic swelling cures forAAm/AAc hydrogels in the arious solutions studied. Data poir@s:DW; [J, BSA;
O, PS;H, BSA + PS.

the penetrant and the géipically, both the difused amount and the penetrating swelling front
position in case Il transport are completely time-dependent in a liaglasioh, whereas Fickian
diffusion is dependent on the square root of the thneintermediate situation, kmes as non-
Fickian or anomalous difsion, occurs whewer the rates of Fickian difsion and polymer
relaxation are comparable (Masaro and Zhu 1999).

Equation (4) has been applied to the initial stages of swelling and some plots oérsus v
In t are presented in Figure 3(ahe \alues of the xponents calculated from the slopes of the
linear plots are presentediable 1.

Table 1 shar that the number (n) determining the type ofutifon was 0.50. Hence the &if
sion of fluids into théAAm/AAc hydrogels vas talen to be of a Fickian charactér Fickian-type
diffusion, the system is controlled by thefaion step, as the fluid mobility isexy lowv in
comparison to the relaxation rate of theltogel.

Diffusion through swilen polymers in thermodynamic equilibrium is of the Fickian type.
The kinetics of swelling where the filifion mechanism folles Fick’s lav may be described by

the folloving equation:
|:|D ﬂ.S
= 4B?B*ﬁ ©)

where D is the apparent filifion coeficient in cn#/s, t is the time in seconds and r is the radius
of the glindrical polymer sample.

The fractional fluid uptad& as a function of the square root of time fofed&nt amounts oAAc
in theAAm/AAc hydrogels is sheon in Figure 3(b)At small swelling times (F < 0.6), a linear
relation was obsered between both parameters, @oning that the swelling ofydrogels in ther
modynamic equilibrium follwed a Fickian dffision mechanismThis fact allaved D to be
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Figure 3. Plots of (a) In F ersus In t and (b) Fevsus~/t for diffusion into theAAM/AAc hydrogels in the arious
solutions studied. Data poin®;, DW; (1, BSA; O, PS;Hll, BSA + PS.

calculated directly from the slope of the linear pltdble 1 lists the alues of the dffision
coeficient for theAAmM/AAc hydrogels thus obtained.

Adsorption of BSA

This stage ws deoted to a study of the uptalof BSA by the radiation-crosslied AAM/AAc
hydrogels and thereby\vastigating their suitability as sorbents for BSA.
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When an adsorption system is at equilibrium, the total solute concentrafjafl)(@ay be
written as:
cC, = C + C (6)

where G is the equilibrium concentration (g/l) of the solute on the adsorbent (bound solute
concentration) and C is the equilibrium concentration (g/l) of the solute in the solution (free solute
concentration)The binding ratio, Q, may be deé¢d as:

e = B9 @)

m

whereV is the total wlume of the BSA solution and m is the mass of ydrdgel.

Effect of pH on BSA adsorption

To eplain the efiect of pH on BSA adsorption, a graph of €&sus pH \as plotted as depicted

in Figure 4. The maximum adsorption of BSAas obsered at pH 3.7The pH range empjed

would have a considerably ffct on the net chges on BSAAt a pH of 3.7, the adsorption
process occurred via the positiy chaged sites of the amino acids of BS¥ionic ligands bind

in a hydrophobic pockt that is adaptable to the digd, with its ngative chage being bound
electrostatically by the posit chage of a neighbouring lysyl orginyl residue of BSA. Since
poly(AAm) is non-ionic, the number of ionizable groups on the copolymer were increased by
addingAAc to theAAm monomer Hence, theseyldrogels possessed a considerable number of
carboxyl groups that led to an increase in the interaction between BSA arydlitbhgeh carboxyl
groups in the ydrophobic pockt of BSA.The decrease in the adsorption capacity of yluedgel

Q (mg BSA/g gel)

Figure 4. The influence of pH on the adsorption of BSA withiAm/AAc hydrogels.
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Scheme 1.Possible interactions between BSA #&#&im/AAc hydrogel.

towards BSA with increasing pH may be attitiéd to electrostatic repulsion between trgatieely
chaged carboxyl groups of BSA and those of A#en/AAc hydrogel.

It is well knowvn that BSA adapts its conformation readily and ofterensbly to \ariations in
the environmental conditionsThus, as a consequence of pH changenaii undegoes reersible
conformational isomerization; at ptalues lover than 4.0, allimin undegoes &pansion with
a loss of the intra-domain helic8%his expanded form is knen as the E-formThe natve form—
E-form transition imolves a decrease in the content of ordered (secondary) structure, thus
allowing the ready occurrence of interactions between the polymer and the ionizable amino acic
residues on thexpanded form of BSA (Norde and Giacomelli 200)e possible interactions
between BSA andAm/AAc hydrogel are presented in Scheme 1.

Adsorption kinetics

In kinetic studies, the adsorptiorxperiment vas carried out as a function of time using
AAmM/AAc hydrogels with mole ratios of 30:70 (1), 20:80 (2) and 15:85 (3), respBchs seen
from Figure 5, all the cums corresponding to the adsorption of BSAA®YM/AAc hydrogels
attained a stationary state within 24 h.

Kinetic models were used to test thgerimental data in order toc@mine the controlling
mechanism of the adsorption process such as mass transfer and the chemical realeaoh in
Different chemical groups on the adsorbersturbice were created during the preparation of
AAmM/AAc hydrogels (i.e. -NE| —CONH, —OH, —COQOH).These groups imply that man
different types of interactions were possible betwearinboserum albmin molecules and the
hydrogels. In this case, kinetic models (pseudsi-brder and second-order equations) can be
used if it is assumed that the measured concentrations are equal todbe sonfcentrations on
the adsorbent.

Kinetic analysis of the adsorption process may Wecefd via an equation of the form
(Wu et al.2001):

dQ

- Q. - Q) (8)
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Figure 5. Adsorption cures of BSA byAAm/AAc hydrogels with mole ratios of 30:7@§, 20:80 ) and 15:85 M),
respectiely.

where k is the rate constant for the adsorption process, n is the kinetic orderdem@s the
amount of adsorption at equilibriurAfter integration applying the initial conditions Q = 0 at
t=0and Q = Q att=t, equation (8) becomes

1
|

INQ, - Q = InQ — Kkt forn 9)
or

t 1 1
= — + —t forn

Q k,Q: Q.

Plots of In(Q - Q) versus t and of t/Qersus t are depicted in Figure 6(a) and (b), resgdyti
In order to compare the applicability of each model quanitgtia normalized standardwdation
AQ was calculated:

I
N

(10)

S [Quw - Qu)iQ.]

Ny

AQ (%) = \/ 100 (11)

where 1 is the number of data poinfBable 2 lists the calculated results. shavn in Figure 6(a)
and (b), and from the correlation chieients (?) of the graphs and thealesAQ listed in
Table 2, the adsorption of BSAaw bestifted by the pseuddrbt-order equationThus, the
adsorption processes werefuliion-controlledThe calculatedalues of k are also listed Tiable 2.

Adsorption isotherms

Adsorption isotherms were used takiate adsorption properties during the batgheements.
An isotherm plot for BSA binding is sthvm in Figure 7.The adsorption of BSA onto
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Figure 6. (a) First-order and (b) second-order kinetic esref BSA adsorption b%YAm/AAc hydrogels with mole ratios
of 30:70 @), 20:80 O) and 15:85M), respectiely.

poly(AAm/AAc) hydrogels of diferent composition all corresponded to type C1 adsorption
isotherms as listed in the Giles claissifion system for the adsorption of a solute from its-solu
tion (Gileset al.1974).This type of isotherm is characterized by the constant partition of co-solute
between the solution and the substrate (i.e. the polymer). Condéiansihg the C-type cues
appear to be a porous substrate witkilflle molecules and a co-solute with a highdinéj for

the substrate and better penetratinggrothan the sobknt.
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TABLE 2. Kinetic Parameters, Correlation Cdiefents and Normalized Standardviasions
for BSA Adsorption ontdAAc/AAm Hydrogels at 25C

Pseudoifst order Pseudo-second order

AAM/AAc mol ratio k, x 10° (min™Y)  r? AQ (%) k, x 10° (min'Y)  r? AQ (%)
30:70 4.08 099 1.13 1.56 0.94 2.23
20:80 3.94 0.99 141 1.62 0.97 1.43
15:85 3.82 0.99 3.20 1.74 0.99 471

Fundamentally the linearity obseed demonstrates that the number of adsorption sites
remained constant (i.e. as more co-solutis adsorbed, more sites were created). Such situations
could arise when the co-solute has a higher attraction for the substrate molecules thaarthe solv
itself. The co-solute could then rupture ingebstrate bonds more readily than the esathvand,
if its molecular dimensions were suitable, could penetrate into the structure of the substrate ir
regions not already penetrated by the solvThis action has been compared with the opening of
a zipper the fstenings representing the intermolecular bonds of the substrate and the slider the
first molecule or group of molecules of co-solute to penetrate; this opens up the structure anc
allows more co-solute molecules to enter

Where a linear relationshipxists between the binding ratio and the equilibrium concentration
of the solute, the isotherm can be also be cladsifs a Nernst isotherm, i.e.

Q = KL 12)

Q (mg BSA/g gel)

C (mg BSA/I)

Figure 7. Isotherms for BSA adsorption withihAm/AAc hydrogels with mole ratios of 30:7@§, 20:80 ) and
15:85 @), respectiely.
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TABLE 3. Equilibrium Parameters for BSA Adsorption

AAM/AAc mol ratio K. [ml/(g gel)] AG (kJ/mol)
30:70 161.86 -12.60
20:80 192.94 -13.04
15:85 234.82 -13.52

323

The angular coefficient of this isotherm (kcorresponds to the ratio between the protein in water
and in the solid phase and can be defined as a ‘partition coefficient’ or ‘equilibrium constant’.
Calculated values of Kare listed in Table 3.

The free energy of adsorptioAG) of the protein—hydrogel binding systems was calculated
from the equation:

AG = -RTInK, (13)

Calculated values &G are listed in Table 3. The negative valuAGfindicates that the binding
of the protein to the hydrogel occurred spontaneously.

The effect of composition of hydrogel on BSA adsorption
The changes in BSA adsorption with AAc content are illustrated in Figure 8. The adsorption of

BSA onto AAm/AAc hydrogels increased linearly with increasing AAc content in the AAmM/AAc
hydrogels. It has been observed that the addition of AAc to AAm increases AAm hydrogel

Q (mg BSA/g gel)

1 _3 1 1 I 1 1 I 1 1 I 1 1 I 1 1
65 70 75 80 85 90

AAc content (mol%)

Figure 8. The effect of AAc content in AAm/AAc hydrogels on the adsorption of BSA.
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swelling §olpanet al. 2002). SuclPAAm/AAc hydrogels swelled x@ensvely during the early
stages of BSA adsorption, the higher swelling of thdrdgels allwing the presence of more
BSA molecules and ater inside the ydrogel. Some BSA molecules were adsorbed onto the
surface of the Wdrogel via electrostatic fefcts while others iiifrated into the fidrogel itself.

Desoiption

Hydrogels loaded with BSA were aled to stand for 3 d at 25°C in either distilledter or 1 M
NaSCN solution (pH 8.0) to westicate possible desorption processes. No desorption of BSA
occurred in distilled ater whereas more than 90% of the adsorbed B&# desorbed when
NaSCN wvas used for elutiorniThe SCN is a chaotropic anion, i.e. one that\aets non-ionic
interaction by ordering the structure oéter (Roe 1989).df this reason, NaSCNas used to
elute BSA molecules adsorbed on tlyeltogel.

CONCLUSIONS

AAmM/AAc hydrogels were prepared warradiation.The swelling of suchydrogels in solution
[distilled water (DV), physiological saline solution (PS), alimin in distilled vater (BSA) and
albumin in ptysiological saline solution (PS + BSA)] folled the order: W/ > BSA > PS =
PS + BSA.The highest swellingalue for the fidrogel was found in distilled ater The cationic
molecules interact with the carboxyl groupsAdfc in the poly(AAm/AAc) tydrogel, with the
result that the ydrophilic groups in the ydrogel were not bound with ater Consequently
hydrogel swelling decreasetihe difusion of fluids into théAAm/AAc hydrogels vas assumed
to be of a Fickian nature. Itas obsered that the pH of the medium had an importafgcéfon
the adsorption equilibrium of BSA, with preferential interaction between BSA and/dnege!
occurring at pH 3.7The isoelectric point (pl) of BSA is 4.7 and hence BSA molecutaddivbe
cationic at laver pH \aluesAAmM/AAc hydrogels possess manarboxyl groups that are dissociated
in agueous mediunThe resulting ngative chage would interact with the posite chage of BSA.

The adsorption kinetics of BSA withihAm/AAc hydrogels could best be described by the
pseudo-fst-order rate equatiorAdsorption of BSA withinAAm/AAc hydrogels of diferent
composition corresponded to type C1 isotherms in the Giles a@tasisih for the adsorption of a
solute from its solutionThe adsorption of BSA ontABAm/AAc hydrogels increased with an
increase in thdAc content in theAAm/AAc hydrogels.The adsorbed BSA molecules could be
eluted with a 1.0 M NaSCN solution (pH 8).

The results presented are of fundamental importance to the application of radiation-@wsslink
poly(AAm/AAc) for the separation of biological molecules and theettmment ofAAM/AAC
hydrogel-based biomaterials.
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