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Abstract In the present work crosslinked methyl meth-
acrylate-co-itaconic acid (MMA-co-IA) hydrogels were
prepared by free radical copolymerization of methyl meth-
acrylate (MMA) with itaconic acid (IA) using ethylene glycol
dimethacrylate (EGDMA) and N, N methylene bisacrylamide
(MBAAm) as crosslinkers and benzoyl peroxide as initiator.
Prepared hydrogels were investigated for dynamic and equi-
librium swelling studies. For swelling behaviour, effect of
pH, monomeric compositions, degree of crosslinking and
type of crosslinking agent were investigated. Swelling stud-
ies were performed in the USP phosphate buffer solutions of
varying pH 1.2, 4.5, 5.5, 6.5 and 7.0. Results showed that
swelling increased by increasing IA content in hydrogels
structure. This may be due to the presence of more carbox-
ylic groups available for ionization. Swelling was decreased
with increase in crosslinking ratio owing to tighter hydrogel
structure. Hydrogels were characterized by Fourier transform
infrared (FTIR), and scanning electron microscope (SEM).
Polymer-solvent interaction parameters (χ) of hydrogels
were determined by using Flory–Rehner theory of equilib-
rium swelling values. The analysis of diffusion mechanism
from gels using Peppas model showed that all monomeric
compositions and degrees of crosslinking followed Fickian
diffusion.
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Introduction

Hydrogels are three dimentional polymeric networks which
swell in the presence of water and aqueous solutions. In
swollen state they are soft and rubbery and resemble with
living tissues [1]. These gels respond to various external
environmental conditions like temperature, pH and ionic
strength. Among them pH sensitive hydrogels are exten-
sively studied. These gels can be prepared by using one or
more acidic monomers such as acrylic acid or methacrylic
acid [2]. In recent years series of papers have been pub-
lished on the copolymerization of itaconic acid (IA) with
other monomers [3–5]. Authors showed that these hydro-
gels could be used as pH-sensitive drug carriers. Acidic
gels can be used for colon specific drug delivery. Since
these hydrogels have low equilibrium degree of swelling in
acidic medium of stomach and their swelling increases as it
passes down the GI tract due to increase in physiological
pH. Therefore, these pH sensitive hydrogels protect the
drug from the acidity of the stomach and gels releases its
incorporated/loaded drug in the lower part of the gastroin-
testinal tract [6]. Various areas of hydrogel applications
include [7]; (1) sustained release drug delivery systems, (2)
topical applications i.e., wound dressings, (3) transdermal
delivery systems, (4) dental applications, (5) injectable
polymers, (6) implants (7) stimuli-responsive systems. One
of the basic parameter determining applicability is the
swelling and deswelling behaviour of the gels. The swelling
behaviour of crosslinked hydrogels is influenced by num-
bers of factors, including monomeric composition, degree
of crosslinking, molecular size of the monomers or cross-
linking agent, nature of crosslinking agent, pH and ionic
strength of the surrounding media. These parameters are
extensively studied in order to modify swelling behaviors
of various hydrogels. Ranjha and Doelker [8–10] showed
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that swelling characteristics of crosslinked hydrogels can
be modified to desired extent by varying the monomeric
compositions and degree of crosslinking.

In the present work novel pH-sensitive methyl methacrylate-
co-itaconic acid (MMA-co-IA) hydrogels were developed. A
series of samples with varying monomeric composition and
degree of crosslinking were synthesized to investigate their
influence on dynamic and equilibrium swelling. Two different
types of crosslinking agents namely ethylene glycol dimeth-
acrylate (EGDMA) and N, N methylene bisacrylamide
(MBAAm) were used to study the influence of nature of cross-
linking agent on the swelling behaviour. Hydrogel samples
were characterized by FTIR and SEM to investigate their
structure and surface morphology respectively and Flory–
Rehner theory was used to determine polymer-solvent inter-
action parameters (χ). Swelling data were analysed using
Peppas model for penetrant diffusion [11].

Materials and methods

Materials

The comonomers used were methyl methacrylate (MMA)
and itaconic acid (IA) (Fluka, Buchs, Switzerland). Ethylene
glycol dimethacrylate and N, N methylene bisacrylamide
(EGDMA and MBAAm, Merck, Darmstadt, Germany) were
used as crosslinking agents.

Synthesis of crosslinked hydrogel

In the present work a series of crosslinked copolymers of
MMA/IA with different monomeric composition and degree
of crosslinking were synthesized after modification of the
procedure reported earlier [12]. Procedure used for the syn-
thesis of hydrogels is briefly described as, IA was dissolved
in ethanol, benzoyl peroxide was dissolved in MMA at a
concentration of 0.5 wt.% of the total monomers. After
mixing the monomers and crosslinking agent, the solution
polymerization was carried out after dilution using ethanol.
The ratio of ethanol and monomers was 1:1 by volume. The
theoretical crosslinking ratio of EGDMA or MBAAm was
calculated as:

Crosslinking ratio ¼ Mole of EGDMA � 100

Mole of bifunctional monomers
ð1Þ

After adding required quantity of crosslinking agent, these
solutions were poured into polyethylene tubes having 16 mm
internal diameter and 150 mm length. The air above the
solution in the tubes or/any dissolved oxygen was removed
with nitrogen and it was bubbled through the reaction mix-
ture for 15–20 min, which acted as free radical scavenger.
The capped tubes were placed in the water bath and the

temperature was gradually increased to avoid bubble forma-
tion. The temperature programme was 45°C for 1 h, 50°C
for 2 h, 55°C for 3 h, 60°C for 4 h, 65°C for 24 h. After
cooling to room temperature, cylinders were removed from
the tubes and were cut into 8 mm thick discs with a razor
blade. The cylinders of MMA/IA were washed in 50% v/v
ethanol water for 1–2 weeks, for complete removal of the
unreacted monomers, during this period the solvent was
changed daily. These gels discs were thoroughly washed
until the pH of the washing was same as that of ethanol
water mixture before washing. Then disks were dried, at first
at room temperature and then in oven at 40–45°C for 1 week.
One sample of noncrosslinked MMA/IA was prepared using
same procedure as for crosslinked polymer but without the
addition of the crosslinking agent. Presumtive structure of
hydrogel using EGDMA is presented in Fig. 1. Table 1
shows the samples feed monomeric compositions, degree of
crosslinking and crosslinking agents used for the preparation
of hydrogels.

Scanning electron microscopy (SEM)

The morphology of the hydrogel sample was investigated
using, scanning electron microscope S3400-N (Hitachi). The
hydrogels were scanned using two magnifications i.e., 3,000
and 5,000.

FT-IR spectroscopic studies and chemical analysis

Non-crosslinked hydrogel sample was crushed with pestle
in an agate mortar. The crushed material was mixed with
potassium bromide (Merck IR spectroscopy grade) in 1:100
proportions and dried at 40°C. The mixture was com-
pressed to a 12 mm semitransparent disk by applying a
pressure of 65 kN (Pressure gauge, Shimadzu) for 2 min.
The FTIR spectrum over the wavelength range 4,000–
400 cm−1 were recorded using FTIR spectrometer (FT-IR
8400 S, Shimadzu).

Acid value (AV) and percentage of carboxyl groups

A dried sample weighing 0.5 g was taken. It was dissolved
in 50 ml acetone, which was selected on the basis of solu-
bility of the polymers. After adding 0.5 ml of a phenol-
phthalein indicator solution, the solution was titrated against
0.1 N KOH methanolic solution, until a slight pink colour
appeared, acid value was calculated by the following
formula:

AV ¼ 5:61� v=w ð2Þ
where v is the volume of 0.1 N KOH solution used and w is
the weight in grams of the polymer taken.

196 J. Mudassir, N. M. Ranjha



The percentage of carboxyl groups was calculated by the
following expression:

% COOH groups ¼ 100� 45:02� v� N=w ð3Þ

where v is the volume in ml of the KOH solution used, N is
the normality of the KOH solution, w is the weight in mg of
the polymer taken, and 45.02 is the molecular weight of the
carboxylic acid group.

Saponification value (SV)

A completely vacuum oven dried copolymer was dissolved
in methanol. A known volume of 0.5 N KOH aqueous
solution was added. When the polymer precipitated upon
the addition of KOH solution, a small amount of water
was added to dissolve the polymer. Then this solution was
refluxed on a steam bath for two hrs using a suitable con-
denser. During this period, the content of the flask was
frequently rotated. Excess KOH was titrated while the
solution was still hot, using 1 ml of phenolphthlein solution
as indicator. One blank sample (without the polymer) was
run similarly. The saponification value was determined by
the following expression:

SV ¼ 28:05� v=w ð4Þ
where v is the difference, in ml, between titrations, and w is
the weight in grams of the polymer taken.

Ester value (EV), percentage of acetyl groups

Ester value was determined by subtracting the acid value
from the saponification value as:

EV ¼ SV� AV ð5Þ

Table 1 Hydrogels prepared for swelling studies with different
monomeric composition and degree of crosslinking

No. of
samples

Theoretical
crosslinking
ratio mol%

Feed monomeric
composition
(MMA/IA)

Crosslinking
agent

1. 0.30 100:0 EGDMA
2. 0.30 90:10 EGDMA
3. 0.30 80:20 EGDMA
4. 0.30 70:30 EGDMA
5. 0.30 60:40 EGDMA
6. 0.30 50:50 EGDMA
7. 0.30 0:100 EGDMA
8. 0.30 100:0 EGDMA
9. 0.30 90:10 MBAAm
10. 0.30 85:15 MBAAm
11. 0.30 80:20 MBAAm
12. 0.30 75:25 MBAAm
13. 0.15 80:20 EGDMA
14. 0.30 80:20 EGDMA
15. 0.45 80:20 EGDMA
16. 0.15 80:20 MBAAm
17. 0.30 80:20 MBAAm
18. 0.45 80:20 MBAAm
19. 0.15 70:30 EGDMA
20. 0.25 70:30 EGDMA
21. 0.30 70:30 EGDMA
22. 0.35 70:30 EGDMA

Fig. 1 Free radical polymeriza-
tion reactions of monomers and
crosslinking agent
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Percentage of acetyl groups can be determined by
calculating the volume of KOH reacted with acetic acid
which was liberated by the hydrolysis of acetyl groups
according to:

% CH3CO groups ¼ v� 0:86=w ð6Þ

where v is the difference in volume of KOH used for sapon-
ification and for acid value, and w is the weight of the poly-
mer taken in grams.

Swelling characterization

Dynamic swelling studies

The dynamic swelling experiments were carried out in
100 ml solution at 37°C. Two types of solutions were used
for the swelling experiments 0.l M HCI as simulated gastric
fluid (pH 1.2) and USP phosphate buffer solutions. Dry
discs were weighed and immersed in a USP phosphate
buffer solution of pH 1.2, 4.5, 5.5, 6.5, and 7.0. The con-
centration of the buffering agent was 0.05 M. The pH of
these solutions was adjusted by adding HCl or NaOH
solution. Samples were taken out at regular intervals of time
and weighed after removing the excess surface water by
blotting using laboratory tissue.

Equilibrium swelling studies

After the completion of dynamic swelling up to 8 h same
samples were used for equilibrium swelling experiments in
flask containing 100 ml solution. Swelling was considered
at equilibrium after reaching constant weight (2–4 weeks).
The equilibrium weight swelling ratio q was calculated
using following equation [13];

q ¼ Wh

Wd
ð7Þ

where Wh and Wd are the weights of the swollen and of dry
gel, respectively.

Swelling mechanism

In order to understand the solvent transport mechanisms, the
results were analyzed using a semi empirical equation [11];

Mt

M1
¼ ktn ð8Þ

where Mt/M∞ is the fractional solvent transport at time t, k
the constant related to the structural and geometric char-
acteristics of the device and n is the swelling exponent.

Diffusion coefficient

Diffusion coefficient is a kinetic parameter which depends
on the polymer segmental mobility. This was determined by
using the relation [14, 15]:

D ¼ p
h:q
4:Qeq

� �2

ð9Þ

where Qeq is the swelling of the gel at equilibrium, θ is the
slop of the linear part of the swelling curves and h is the
initial sample thickness before swelling.

Determination of solvent interaction parameters

The volume fraction of the polymer v2m, and equilibrium
volume swelling ratio, (V/V0) of the gel in a given gel
sample swollen to equilibrium in phosphate buffer solution
is calculated using following equation:

Q ¼ V

V0
¼ 1

v2m
¼ 1þ

ms
md

� 1
� �

r2

r1
ð10Þ

Where V is the volume of swollen gel, and V0 is the volume
after dry gel, and ms is the mass of the swollen hydrogel at
the equilibrium state, md is the mass of the dry gel, ρ2 and
ρ1 are the densities of dry gel and solvent respectively. The
values of ρ2 and ρ1 used were 1.26 and 1.0 g/ml. The dry
gel density was determined by a pycnometer using acetone
as non-solvent. The density value of the hydrogels did not
change with IA content.

Results and discussions

Scanning electron microscopy (SEM)

MMA/IA 70/30 samples became translucent or turbid.
After swelling they became flexible. Their flexibility and
rigidity were found to be dependent on the mol% of the IA
added. As the mole% of the IAwas increased, the flexibility
of hydrogels increased.

Scanning electron microscopy (SEM) was performed to
study the internal structure of the hydrogels. Figure 2 shows
fractured surface morphology of MMA/IA hydrgels at two
different magnifications (×3,000 and ×5,000). Large voids
are observed in the surface which could facilitate the in-
corporation of the larger drug particles. Dense structure is
observed since the scanning was performed on dry hydro-
gels. On swelling the same structure will become more
flexible and porous. Similar network structure was ob-
served and reported by Chen et al. [16].
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FT-IR spectroscopic studies and chemical analysis

Figure 3 shows the FTIR spectrum of MMA/IA hydrogels.
The spectrum shows the four characteristics signal for

methyl methacrylate-co-itaconic acid hydrogels. The car-
bonyl absorption of the samples were observed at 1,790–
1,715 cm−1.

Other characteristics peaks of MMA/IA hydrogels were
observed at 3,400 cm−1 for –OH stretching vibration, at
2,990–2,950 cm−1 for –CH-stretching, at 1,090 cm−1 for
CH–O bending.

Copolymers with MMA/IA (70:30) non-crosslinked
were used for determining the acid values and ester values.
The acid value was 203.75 and ester value was 1176.31.
The % COOH and % CH3 CO– groups were 16.35 and
11.076 respectively.

Determination of solvent interaction parameters

The Flory–Huggins theory was used in order to obtain
solvent interaction parameters, (χ) [17]. The χ values were
calculated by using the following equations:

χ ¼ ln 1� v2mð Þ þ v2m
v22m

ð11Þ

where v2m is the volume fraction of the swollen gel in the
equilibrium state. It was determined from polymer swelling
studies which were used in swelling analysis. The χ param-
eters of the hydrogels can also be obtained experimentally
via expression [18]:

χ ffi 1

2
þ v2m

3
ð12Þ

The values of χ obtained by using the values of v2m are
given in Table 2. χ parameters of the hydrogels were found
in the range of 0.515–0.565, depending on the amounts of
IA. In the present work it was assumed that all EGDMA
molecules used in the hydrogel synthesis participate in form-

Fig. 2 SEM micrograph of investigated hydrogels i.e., MMA/IA
(70:30, x=0.30 mol% EGDMA). a Magnification ×3,000, b Magni-
fication ×5,000

Fig. 3 FTIR spectrum of non-
crosslinked MMA/IA 70:30
hydrogel
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ing effective crosslink, therefore only theoretical Mc values of
the hydrogels were calculated by the following equation:

Mc;th ¼ x1Mr1 þ x2Mr2

2X
ð13Þ

The theoretical number average molecular weight be-
tween crosslinks for a polymer network, Mc,th was calculated
from the knowledge of the mole fraction of each monomer
xi, the molecular weight of he repeating units of each
monomer Mr,i, and the molar crosslinking ratio X. For a
copolymer of two monomers, the value of Mc,th was cal-
culated using above equation. The theoretical parameters of
the hydrogels are given in Table 2.

From molecular weights between crosslinks, the number
of links between two crosslinks n is calculated as:

n ¼ 2Mc

Mr
ð14Þ

where Mr is the average molecular weight of the repeating
units and results are given in Table 2. Results show that
value n decreased with increase in crosslinking ratio,
however it was increased with increase in IA content in
the copolymer.

Effect of itaconic acid content on swelling behaviour

To study the effect of monomeric composition on dynamic
and equilibrium swelling two series of copolymer were syn-
thesized, in first series seven samples of MMA/IA 100:0,
90:10, 80:20, 70:30, 60:40, 50:50 and 0:100 were synthesized
using EGDMA as crosslinking agent, keeping the degree
of crosslinking constant i.e., x=0.30 mol%. In second series
MMA/IA i.e., 100:0, 90:10, 85:15, 80:20, 75:25 samples
were synthesized using MBAAm as crosslinking agent at
x=0.30 mol%.

It was observed that by increasing the IA component in
the hydrogel, from 0 to 40 mol% at fixed crosslinking ratio
(x=0.30 mol% EGDMA) swelling increases. This phenom-

enon was seen in both dynamic and equilibrium swelling.
The results indicate that under acidic conditions, anionic
carboxylate groups are protonated, and the hydrogel remain
intact. At basic pH values, the concentration of anionic
groups in the polymer network increases. This results in
increased degree of swelling of hydrogels with an increase
in ionizable constituent.

Hydrogels prepared from MMA/IA molar feed ratio of
50:50 and 60:40 (x=0.30 mol% EGDMA) are rich in IA
and contains more ionizable carboxylic groups. Therefore,
these samples showed higher swelling compared with sam-
ples with comparatively low molar feed ratio of IA i.e.,
70:30 and 80:20. Hydrogel samples containing 50:50
MMA/IA (x=0.30 mol% EGDMA) broke at higher pH
values before attaining the equilibrium values due to exces-
sive swelling while their dynamic swelling behaviour is
presented in Fig. 4. Therefore, no samples were prepared
containing IA more than 50 mol%. Similar increase in
the swelling behaviour was observed with increase in IA
content in the hydrogels when various compositions were
synthesized using MBAAm at fixed degree of crosslinking.
Table 3 shows the equilibrium swelling coefficient of MMA/
IA x=0.30 mol% using MBAAm as crosslinking agent as a
function of monomer ratio and pH. Caykara et al. [19]
reported similar findings that swelling and shrinking pro-
perties of IA based hydrogels are dependent on the com-
position of the hydrogel and the pH of the buffer solution.
The equilibrium swelling (qe) of copolymeric hydrogels
slightly increases with increasing pH value. Change in pH
leads to gain in qe due to ionization of itaconic acid first
carboxylic group. The first and second dissociation constants
of IA are pKa1=3.85, pKa2=5.45, respectively. In all com-
positions, maximum extents of swelling were reached at pH
7.0, this being due to the complete dissociation of acidic
groups of IA at this pH value [4]. Chen et al. [16] prepared

Table 2 Values of molar mass between crosslinks and crosslinking
density for crosslinked MMA/IA hydrogels at different monomeric
composition and degree of crosslinking

Monomeric
composition
of MMA/IA
(mol%)

Degree of
crosslinking
(mol%, EGDMA)

χ v2m Mc,th n

70:30 0.30 0.517 0.053 18,166 315
60:40 0.30 0.515 0.046 18,666 324
70:30 0.15 0.565 0.195 36,333 631
70:30 0.25 0.524 0.073 21,800 379
70:30 0.35 0.550 0.150 15,571 270

Fig. 4 Dynamic swelling behavior of MMA/IA 50:50 copolymers x=
0.30 mol% EGDMA in various solutions of pH different pH. The pH
values are: pH 1.2 (open circle), 4.5 (filled circle), 5.5 (open square),
6.5 (filled square) and 7.0 (open triangle)
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crosslinked hydrogels of N-vinyl 2-pyrrolidone and itaconic
acid. They observed that swelling increased by increasing
the pH of the solution and this effect was significant in
those samples containing high IA content.

To investigate the properties of pure poly(itaconic acid)
hydrogels, sample containing MMA/IA 0:100 (x=0.30 mol%
EGDMA), was also tried. However, the sample fails to
polymerize. Similar results were also observed by Sen and
Yakar [20].

Regarding swelling of MMA/IA 80:20, 90:10 and 100:0
(x=0.30 mol% EGDMA) samples, neither composition
showed any substantial swelling at any pH values. The
reason for this is the extensive anhydride formation with
20% itaconic acid containing copolymer and occurred at
lower temperature, moreover intermolecular crosslinking
also occurs during polymerization of itaconic acid copol-
ymers as does with methacrylic acid copolymers (The
methacrylic acid-methacrylate copolymers form intermo-
lecular crosslinks as well as a six-membered anhydride ring
between adjacent monomer units upon synthesis [21]). The
results of Table 3 indicate that these compositions are
unsuitable for targeted drug delivery. Likewise the samples
prepared with such a low content of IA (100:0, 90:10,
85:15, 80:20 and x=0.30 mol% MBAAm) were also unable
to show significant swelling. The swelling ratios of these
samples were almost negligible as expected because the
methyl groups of MMA make the polymer more hydro-
phobic. Moreover due to high reactivity ratio, MMA con-
tent in the gel tends to rise [22]. In the samples of MMA/IA
100:0, 90:10, 80:20 x=0.30 mol% EGDMA and 100:0,
90:10, 85:15 x=0.30 mol% MBAAm, the solvent front
faces two types of hindrance, firstly; the samples were very
hard and glassy and secondly; the presence of methyl

groups imparts hydrophobicity to the gels [22]. It is sug-
gested that the final swelling equilibrium greatly decreased
as MMA content increases. Siegel [23] reported the similar
decrease in swelling with increase in MMA content in the
gels.

Effect of degree and nature of crosslinking agent
on swelling behaviour

Swelling behaviour of the hydrogels can be modulated
not only by changing the monomeric composition in the
hydrogel structure but also by changing the degree of
crosslinking. Figure 5 shows the effect of degree of cross-
linking on the equilibrium swelling behaviour at fixed
monomeric composition of MMA/IA 70:30 using EGDMA
as crosslinking agent. The effect of degree of crosslinking
was not significant at 0.25 and 0.35 as it is in 0.15 ratios.
To better visualize the effect of degree of crosslinking on
swelling behaviour at fixed monomeric composition of
MMA/IA 80:20 three different crosslinking ratios (x=0.15,
0.30 and 0.45) were studied by using MBAAm as cross-
linking agent. Effect of degree of crosslinking ratio was
again not significant. To investigate the influence of nature
of crosslinking agent two types of crosslinking agents were
used namely EGDMA and MBAAm. For each crosslinking
agent different crosslinking ratios were studied. It was
observed that at same monomeric composition and degree
of crosslinking swelling was more pronounced using
MBAAm as compared to EGDMA. This may be due to
the presence of CO-NH-R group that makes it more hydro-
philic as compared to EGDMA. These findings are cor-
related with the results reported by Karadag [24] who
prepared superwater absorbent acrylamide/sodium acrylate
(AAm/SA) hydrogels by free radical polymerization in

Table 3 Equilibrium swelling ratio of MMA/IA hydrogels using
EGDMA and MBAAm as crosslinking agents

Monomeric
composition
MMA/IA

Theoretical
crosslinking
ratio (mol%)

pH of the solution

1.2 4.5 5.5 6.5 7.0

EGDMA
100:0 0.30 1.03 1.06 1.06 1.05 1.05
90:10 0.30 1.03 1.06 1.13 1.14 1.09
80:20 0.30 1.07 1.08 1.08 1.41 2.08
70:30 0.30 1.10 1.13 2.03 8.83 10.00
60:40 0.30 1.12 1.15 4.84 17.93 16.46
50:50 0.30 1.25 2.00 a a a
MBAAm
100:0 0.30 1.02 1.04 1.05 1.06 1.07
90:10 0.30 1.07 1.13 1.18 1.30 1.50
85:15 0.30 1.05 1.07 1.11 1.16 1.61
80:20 0.30 1.03 1.04 1.05 1.83 2.67
75:25 0.30 1.10 1.11 1.20 5.18 6.20

a sample broke

Fig. 5 Equilibrium swelling coefficient of MMA/IA 70:30 copolymer
(x=0.30 mol% EGDMA) in various solutions of different pH at 37°C
as a function of degree of crosslinking. The pH values are: pH 1.2
(open circle), pH 4.5 (filled circle), pH 5.5 (open square), pH 6.5
(filled square), pH 7.0 (open triangle)
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aqueous solutions of AAm and of AAm with SA as como-
nomer. For each copolymerization they used nine different
compositions and in all systems a concentration of a multi-
functional crosslinker such as trimethylolpropane triacrylate
(TMPTA), ethylene glycol dimethacrylate (EGDMA), 1,
4-Butanediol dimethacrylate (BDMA) and N, N methylene
bisacrylamide (MBAAm) were employed. It was reported
that the samples containing MBAAm crosslinking agent
showed more swelling than those samples having EGDMA
as crosslinking agent.

Mechanism of penetrant transport and diffusion coefficient

It is very important to analyze the swelling kinetics of the
hydrogels for knowing the mechanism of penetrant absorp-
tion. The n value provides information on the mechanism
of penetrant transport. When n=0.5 Fickian absorption is
observed, n=1 corresponds to case II transport, while 0.5<
n<1 the diffusional mechanism is non-Fickian. No n values
were calculated when no significant penetrant transport was
observed.

For MMA/IA 50:50 to 100:0 (x=0.30 mol% EGDMA)
at all investigated monomeric compositions the value of
n was less than 0.5 indicating Fickian diffusion mechanism.
Table 4 shows that the highest value of n for MMA/IA
60:40 sample which was 0.48 indicating Fickian transport
mechanisms. These results of n values can also be related to
the work of Tomic et al. [4] who prepared crosslinked
copolymer of 2-hydroxyethyl methacrylate and itaconic

acid with varying monomeric compositions. They observed
Fickian diffusion in all monomeric compositions. The values
of n for penetrant uptake mechanism calculated for MMA/IA
70:30 samples with varying crosslinking ratios of EGDMA
are also given in Table 4. All these crosslinking ratios
followed Fickian diffusion. Similarly the results in Table 4
suggest that dominant mechanism was Fickian for MMA/IA
80:20 samples at different crosslinking ratios using MBAAm
as crosslinking agent.

The penetrant transport from a matrix system is usually
governed by diffusion, so determining the diffusion coeffi-
cient of hydrogel is essential. The diffusion coefficient of the
hydrogel was determined by using Eq. (9) and results are
presented in Table 5 which indicates a significant difference
in the values, the difference may be due to difference in
crosslinking ratios, monomeric composition and pH of the
swelling medium.

Conclusion

The present study is aimed at developing oral controlled
release pH sensitive drug delivery system for water solu-
ble drugs using MMA-co-IA as a carrier. Hydrogels were
synthesized by free radical polymerization method using
two types of crosslinking agents namely EGDMA and
MBAAm. For studying the effect of pH USP phosphate
buffers solutions of varying pH 1.2, 4.5, 5.5, 6.5, and 7.0
were used. Swelling ratio of crosslinked hydrogels was
increased with increase in IA content in hydrogel structure
and it was also increased with increase in the pH of the
surrounding media. This was due to increase in the avail-
ability of the percentage of ionizable carboxylic groups.
The presence of IA in hydrogel was confirmed by FTIR
spectroscopy. The equilibrium swelling of MMA-co-IA
copolymer hydrogels decreased with increasing cross-
linking ratio. The SEM revealed the surface with large,

Table 4 Diffusional exponent n for penetrant transport in MMA/IA
samples as a function of monomer composition and degree of
crosslinking

Monomeric
composition of
MMA/IA

Theoretical
crosslinking ratio
(mol%)

pH of the solution

4.5 5.5 6.5 7.0

EGDMA
100:0 0.30 – – – –
90:10 0.30 – – – –
80:20 0.30 – – 0.03 0.09
70:30 0.30 0.01 0.07 0.37 0.39
60:40 0.30 0.02 0.24 0.48 0.47
50:50 0.30 0.08 0.35 0.39 0.40
70:30 0.15 – – 0.23 0.35
70:30 0.25 – – 0.16 0.29
70:30 0.30 – – 0.37 0.39
70:30 0.35 – – 0.10 0.27
MBAAm
80:20 0.15 – – 0.18 0.26
80:20 0.30 – – 0.12 0.23
80:20 0.45 – – – –

No n values were calculated when no significant penetrant transport
was observed

Table 5 Diffusion coefficient (D) for crosslinked MMA/IA hydrogels

Monomeric composition
of MMA/IA (mol%)

Degree of crosslinking
(mol%, EGDMA)

D×10−6

(cm2s−1)

pH of the
solution

6.5 7.0

80:20 0.30 – 0.54
70:30 0.30 4.88 5.45
60:40 0.30 5.71 7.27
70:30 0.15 1.21 2.62
70:30 0.25 1.06 2.06
70:30 0.35 1.04 2.07
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open, channel like appearance and highly porous structure.
For all monomeric composition and degree of crosslinking
Fickian diffusion was observed. In conclusion MMA/IA
hydrogels can be used for carrying some pharmaceutical
substances including water soluble drugs for drug delivery
applications.
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