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Abstract

Hydrogels with varying crosslink densities and ionic moieties were prepared from the ternary ystami2-pyrrolidone/itaconic acid/
water by irradiation withy rays at ambient temperature. The influence of external stimuli such as pH, temperature and ionic strength of the
swelling media and the type of buffer on the equilibrium swelling properties were investigated. Hydrogels showed typical pH response and
temperature responses, such as high-pH and low-temperature swelling and low-pH and high-temperature deswelling. A change in the ionic
strength of the swelling solution from 0.01 to 0.20 caused a decrease in the equilibrium degree of swelling of hydrogels. Oscillatory swelling
behaviour was also observed and investigated in response to changes in the pH of the ©18®8.Elsevier Science Ltd. All rights
reserved.
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1. Introduction performed with Polyi{-isopropylacrylamide) (PiPAAmM),
poly(2-dimethylamino ethyl methacrylate) (PDMAEM)
As early as 1950 attempts were made for the developmentand Poly(vinyl methyl ether)(PVME) and their copolymers
and use of environmental sensitive materials in biomedical with monoprotic acids and bases and well defined their
and biotechnological applications. Most of the initial studies temperature and pH sensitivities in different swelling con-
on the ionizable polymeric systems have been due to ditions [12—15]. Bertran et al. synthesized and characterized
Katchalsky [1,2] and Dusek and coworkers [3,4], and negatively ionizable gel PiPAAm copolymerized with
further work was done by Tanaka [5], Peppas [6] and Siegel sodium acrylate and positively ionizable gel PiPAAmM
[7,8] and their collaborators. copolymerized with 2-(dimethylamino ethyl methacrylate)
Temperature and pH have been the solution variables in[12]. They investigated the influence of temperature on
typical physiological and chemical systems [9,10]. Recently the swelling behaviours and transition temperatures of
Gudeman and Peppas [11] synthesized and characterized pHiydrogels. It was found that with increasing ionization,
sensitive interpenetrating networks of Poly(vinyl alcohol) the temperature range over which the gel volume change
and monoprotic acrylic acid. They investigated the is greatest becomes larger and shifts to higher temperatures.
influence of molecular weight between crosslinks on the  In more recent years a series of papers has been published
equilibrium degree of swelling and oscillatory swelling by Saraydin, Karadagnd Given who synthesized new
behaviours of hydrogels. It was found that as the molecular hydrogels from the copolymers of acrylamide and diprotic
weight between crosslinks increased the equilibrium degreeitaconic acid and maleic acid and showed that these
of swelling value increased and yielded faster swelling and hydrogels are biocompatible [16—18]. These authors also
deswelling rates. A change in pH from 3 to 6 caused published that these hydrogels are potential adsorbents for
an ionization of the hydrogel and an increase in the biological agents and dyes and heavy metal ions from
weight swelling ratio, with greater increase exhibited by aqueous solutions [19-21].
interpenetrated networks with a higher ionic content. In this study, we report the effect of external stimuli such
During the last decade a number of studies have beenas pH, ionic strength, temperature and type buffer on the
equilibrium swelling of hydrogels dfi-vinyl 2-pyrrolidone
* Corresponding author. (VP)/itaconic acid (lA) copolymers. Equilibrium and
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oscillatory swelling behaviours have also been investigated Table 1
in response to changes in the pH of the swelling media.  Mol% of IA in the feed and in the gel systems and % gelation

Gel name Mol% IA % Gelation
2. Experimental In feed In gel
PVP 0.0 0.0 92.5
2.1. Chemicals P(VP/IA)-1 2.4 2.0 87.7
P(VP/IA)-2 4.7 3.0 85.4
P(VP/IA)-3 6.8 3.2 82.7

The two monomers used in this study, VP and IA were
obtained from Fluka and BDH respectively. KIPO,,
K,HPO, and HPO, used to prepare phosphate buffers ) _
and tri-sodium citrate, sodium dihydrogen citrate and citric ©f water and the influence of IA on the gelation of VP
acid used to prepare citrate buffers were obtained from menomer were very well demonstrated in our previous

BDH. studies [22,23]. Percentage gelation, i.e. percentage con-
version of monomers into insoluble network, was based
2.2. Preparation of hydrogels on the total weight of the diprotic acid and monomer in

the initial mixture. The amount of IA in the monomer, poly-

Three components were used in the preparation of VP/IA Mer and/or copolymer form was determined by titration of
hydrogels, namely VP, IA and water. Aqueous solutions of €xtract against NaOH (0.05N) to phenolphthalein end
monomers of 2ml VP and 60, 120 and 180 mg IA were point. The.mol%s of IA in the initial m|?<tures and in thg
prepared in 1 ml of pure water in different compositions _copolymerlc gels and percentage gelation are summarized
(VP/IA mole ratios, 100.0/0.0, 97.6/2.4, 95.3/4.7, 93.2/6.8). In Table 1.

Monomer solutions thus prepared were placed in the PVC ] o
straws of 4 mm diameter and irradiated by 25 kGy in air at 3-2- PH-résponsive characteristics
ambient temperature in Gammacell 220 tygderadiator at a

fixed dose rate of 0.44 kGy . Hydrogels obtained in long In order to follow the pH response of the P(VP/IA)
cylindrical shapes were cut into pieces 3—4 mm long and hydrogels, dry samples are allowed to swell to equilibrium
stored for later evaluations. in phosphate buffers of varying pH at fixed ionic strength
(I = 0.1) and temperaturel (= 25.0C). Fig. 1 shows the
2.3. Swelling studies change in the EDS of VP hydrogels containing various mole

ratios of IA with changing pH values. The curves display
Dried hydrogels were left to swell in a solution of desired Single steps with a broadened S shape, which can be com-
pH (2—9), ionic strengthl, (0.01-0.20 M), and temperature pared to the swelling cu_rves.of monoprotic acid pontammg
(4.0-65.0C). Swollen gels removed from the swelling SYStéms. The broadening is due to overlapping of the
media at regular intervals were dried superficially with filter dissociation of the first and second acids (nominkik,p
paper, weighed and placed in the same bath. The measure3-8° and Kz 5.44) [24] of the IA in these pH ranges.
ments were continued until a constant weight was reached

for each sample. The weight fraction of polymer in swollen 45

gel, w, was used to calculate the volume fractiog, and

equilibrium degree of swelling (EDSQ, of the gel sample 40+ : i:g)MA) .

equilibrated in the buffer solution. 5] | @ peveaay2
_ 1| ® P(VPIA)-3

Vom= [1+P/PW(W T 1)] (1) 304

wherep andp,, are the densities of swollen gel and water.
The EDS was defined @3 = 1/von,.

254 @

3. Results and discussion

Equilibrium Degree of Swelling,(Q)

3.1. Preparation of hydrogels

When pure VP and VP/IA/water mixture have been
irradiated with y rays, polymerization and crosslinking pH
reactions take place ?'munaneOUSIY- The total dose requiredrig. 1. Effect of pH on the equilibrium degree of swelling values of PVP
for the onset of gelation for pure VP, the sensitizing effect and P(VP/IA) hydrogels. Solid curves are theoretical predictions.
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Consistent with poly-electrolyte systems, swelling of these
gels is strongly dependent on pH. An increase in pH from 2
to 8 caused a significant increase in the equilibrium degree
of swelling of hydrogels with higher IA contents. In all
compositions maximum extents of swelling were reached
at pH 7, this being due to complete dissociation of acidic
groups of 1A at this pH value.

The value of the equilibrium degree of swelling of an
ionic network very much depends on the concentration
of ionizable groups in the network. Increase in the
ionic comonomer IA produced swelling degree that
increase dramatically at all pH values especially with gels
P(VP/IA)-2 and P(VP/IA)-3 where the concentration of
ionic comonomer is relatively high. Also notable is the fact
that the addition of only minute amount of IA comonomer
(0.2 mol%) radically changes the swelling behaviour of the
gel P(VP/IA)-3, (mole ratio 96.8/3.2) over P(VP/IA)-2,
(mole ratio 97.0/3.0). The contribution of various factors
such as polymer-based, solution-based and polymer—
solvent combination type parameters on the EDS of these
hydrogels are very well elaborated in our previous study
[25].

3.3. lonic strength-responsive characteristics

The effect of external ionic strength on the equilibrium
degree of swelling of VP/IA copolymeric hydrogels af€5
is given in Fig. 2. Solution pH was fixed at 3.0 and 8.0 to
obtain minimum and maximum swelling for each gel,
thereby allowing ionic strength effects to be observed
most clearly. An increase in ionic strength generally
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Fig. 3. Effect of temperature on the equilibrium degree of swelling values of
PVP and P(VP/IA) hydrogels at pH 3.

EDS values show a continuous decrease, and this effect
becomes more pronounced at pH 8 than at pH 3.

The effect of relative amounts of IA in the gel system can
be clearly seen by comparing the ionic strength dependence
of the equilibrium degree of swelling of P(VP/IA)-3. The
changes were observed most clearly at the fully ionized state
(pH 8). When the ionic strength of the medium was
increased from 0.01 to 0.20 M the equilibrium degree of
swelling was observed to decrease by 10% for P(VP/IA)-1
and 27% for P(VP/IA)-3 at pH 8.

decreased the swelling, because the difference in concen3.4. Temperature-responsive characteristics

tration of mobile ions between the gel and solution is

reduced causing a decrease in the osmotic swelling pressure Figs 3 and 4 represent the influence of temperature on the

of these mobile ions inside the gel. It is seen from Fig. 2 that
with increasing ionic strength of the swelling solution the
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Fig. 2. Effect of ionic strength on the equilibrium degree of swelling values
of PVP and P(VP/IA) hydrogels.

equilibrium degree of swelling of P(VP/IA) hydrogels in
phosphate buffer solution at pH 3 and pH 8 respectively.
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Fig. 4. Effect of temperature on the equilibrium degree of swelling values of
PVP and P(VP/IA) hydrogels at pH 8.
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Table 2 and uncontrollable water, of which controllable water had
The transition temperatures of hydrogels a characteristic swelling—deswelling ability with change in
Gel name Transition temperatur€j temperature closely related to the IA content in the gel

system. From a comparison of Figs 3 and 4 it has been
observed that the temperature range where the volume
PVP - - change is greatest (the transition region) is slightly shifted
P(VP/IA)-1 35.0 41.8 to higher temperatures and is broadened due to more
P(VPIIA)-2 32.5 410 continuous transition as the gel ionization increases at
P(VP/IA)-3 32.0 40.0 ) o
higher pH. The transition temperatures of P(VP/IA)
hydrogels were determined from the first derivative of

The equilibrium degrees of swelling of non-ionic PVP EDS versus temperature curves in Figs 3 and 4 and the
hydrogels in pH 3 and pH 8 phosphate buffers are also results are given in Table 2. Table 2 indicates that the
included in Figs 3 and 4 for comparison. As can be seen transition temperature is dependent not only on the pH of
from these figures, P(VP/IA) hydrogels exhibit large the swelling solution but also on the gel composition. The
continuous changes in water content as a function of tem-slight shift may be attributed to the lower transition
perature. These changes are due to volume collapse upotemperature of PIA as compared to that of PVP.
warming. It has been shown that a number of hydrogels
demonstrate nearly continuous volume transition and 3.5. Buffer type-responsive characteristics
associated phase transition from a low temperature, highly
swollen gel network to a collapsed, high temperature phase For the investigation of the type of buffer effect on the
near their critical points [26,27]. The phase transition is swelling properties of hydrogels, the EDS values in citrate
analogous though fundamentally distinct from the lower buffer were compared with the swelling values in phosphate
critical solution phase transition (LCST). "Ger and buffer. The variation of EDS values of hydrogels with the
Ataman [28] have found that un-crosslinked PVP exhibits ionic strength of citrate buffer at pH 3 and pH 8 are given in
an LCST between 35 and 4D, depending on the salttypein  Table 3. From a comparison @ values especially for
the aqueous solution, and thus the polymeric gels rich in VP P(VP/IA) hydrogels at each pH, it has been observed that,
monomer can be expected to exhibit volume collapse uponat any ionic strength, phosphate buffer permits greater
warming. swelling ratios than citrate buffer and this effect is more

However, due to the slight decrease of EDS of PVP pronounced at low ionic strength (0.01 M) and for a
hydrogels a sharp volume transition was not observed atcompletely ionized state of hydrogel (pH 8). The effect of
both pH values in the temperature range of 4°65The buffer type on the EDS of hydrogels can be explained by
EDS value of PVP hydrogels are 10.1 and 11.0°atid the considering the distribution of polyvalent anions in the
pH 3 and pH 8 buffer solutions respectively. These values citrate and phosphate buffer solutions. Thegfor citrate
decreased slightly with a rise in temperature up to6® are 3.15, 4.78, and 6.40, while those for phosphate are 2.15,
8.9, and 9.3 at pH 3 and pH 8 respectively. In this tem- 7.10, and 12.12. At any pH below 8 there will be more di-
perature range the desorption of water from the hydrogel and trivalent anions in citrate buffer than the phosphate
becomes generally difficult, suggesting that water remain- buffers and increase of the polyvalent anions increase the
ing in the hydrogel mostly consists of the binding water, Donnan effect. Thus, at constant ionic strength, phosphate
referred to as uncontrollable water. However, water buffer should permit greater swelling than citrate buffer, as
adsorbed in the P(VP/IA) hydrogels is both controllable was observed in this work.

pH3 pH8

Table 3
The EDS values of hydrogels in phosphate and citrate buffer solutions
Gel name Phosphate buffer Citrate buffer
lonic strength lonic strength lonic strengtl lonic strength lonic strength lonic strength
0.01M 0.10M 0.20 M 0.01M 0.10 M 0.20M
pH3
PVP 9.9 9.2 8.9 9.6 9.1 8.9
P(VP/IA)-1 12.7 12.4 11.7 10.8 10.3 9.2
P(VP/IA)-2 22.2 20.8 19.7 20.0 19.2 18.6
P(VP/IA)-3 26.1 23.4 21.7 24.0 215 19.8
pH 8
PVP 104 10.0 9.6 9.6 9.3 9.2
P(VP/IA)-1 17.1 16.8 15.4 16.2 15.4 13.8
P(VP/IA)-2 34.3 321 27.8 30.1 27.2 22.4

P(VP/IA)-3 42.4 37.3 33.2 38.0 35.0 30.0
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Fig. 5. Oscillatory swelling behaviours of PVP and P(VP/IA) hydrogels
with pH alternating between 3 and 8. Lower and upper points correspond
to pH 3 and pH 8 respectively.

3.6. Oscillatory swelling behaviour

The oscillatory swelling behaviour of hydrogels at@5
with pH alternating between 3 and 8 was investigated to
confirm the reversibility of the swelling process. Fig. 5
shows swelling—deswelling changes of PVP and P(VP/IA)
copolymeric hydrogels under alternating pH values. As
shown in Fig. 5, hydrogels possess regularly reversible

917

hydrogels. Also notable is the fact that addition of only a

few percent IA comonomer radically changes the swelling

behaviour of PVP and it becomes completely a responsive
polymer by this modification.
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