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ABSTRACT: Poly(2-ethyl-2-oxazoline) and acrylic acid
were copolymerized in different compositions using c-
rays-induced polymerization and cross-linking to obtain
a series of pH-sensitive hydrogels. The preparation
parameters that may affect the copolymerization process
such as the feed solution composition and irradiation dose
were optimized. Swelling characteristics of the obtained
polymeric hydrogels were evaluated. The results show the
significant effects of the hydrogel composition, soaking
time, and pH on the swelling equilibrium. The diffusion pa-
rameters obtained at pH 1 and 7 show the possibility of

using the prepared hydrogels in the field of colon-specific
drug delivery systems. Ibuprofen as a model drug was
loaded into (poly(2-ethyl-2-oxazoline)/acrylic acid) copoly-
mer hydrogel to investigate their drug release behavior at
different pH values. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 120: 3071–3077, 2011
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INTRODUCTION

The increasing number of peptide and protein drugs
being investigated demands the development of dos-
age forms that exhibit site-specific release. Delivery
of drugs into systemic circulation through colonic
absorption represents a novel mode of introducing
peptide and protein drug molecules and drugs that
are poorly absorbed from the upper gastrointestinal
(GI) tract, destroyed or inactivated in acidic environ-
ment of the stomach or by pancreatic enzymes in
the small intestine.1–3 Oral colon-specific drug deli-
very systems offer obvious advantages over paren-
teral administration. Generally, each colon-specific
drug delivery system has been designed based on
one of the following mechanisms with varying
degrees of success: (1) prodrugs, (2) pH-sensitive
polymer coating, (3) time-controlled dissolution, and
(4) microflora-activated drug release.4,5

Drug delivery technology can be brought to the
next level by the fabrication of smart materials into a
single assembled device that is responsive to the indi-

vidual patient’s therapeutic requirements and able to
deliver a certain amount of drug in response to a bio-
logical state. The concept of using pH as a trigger to
release a drug in the colon is based on the pH condi-
tions that vary continuously down the GI tract.6,7

Hydrogels are water-swollen network of hydro-
philic homopolymers or copolymers; it is interesting
that they exhibit both liquid-like and solid-like prop-
erties. The liquid-like properties result from the fact
that its major constituent is water. However, the
polymer exhibits solid-like properties because of the
network structure formed by cross-linking. Polymers
containing ionizable functional groups that respond
to change in pH are called pH-sensitive polymers. By
generating the charge along the polymer backbone,
the electrostatic repulsion results in an increase in the
hydrodynamic volume of the polymer.
Poly(2-ethyl-2-oxazoline) (PEOz) is a tertiary amide

polymer, which belongs to the group of polymers
known as poly(oxazolines). PEOz has been shown to
be a pH-sensitive, low cytotoxic polymer with favor-
able pKa value near neutral pH.8,9 Poly(oxazolines)
are useful in a variety of applications, including steric
stabilizers and biocompatible materials for drug
delivery.10–12 On the other hand, acrylic acid (AAc) is
a pH-sensitive monomer bearing carboxylic acid
groups, which possess insensitive character to the
acidic medium and allow swelling at pH values
higher than their pKa value.
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The objective of this study was to develop an inte-
lligent polymeric hydrogel for drug protection, self-
regulated release, and targeted unidirectional release
using PEOz and AAc. c-rays-induced copolymeriza-
tion and cross-linking was used to prepare PEOz/
AAc copolymer hydrogels of different compositions.
The parameters affecting the copolymerization pro-
cess such as feed solution composition and concen-
tration and irradiation dose were optimized. The pre-
pared hydrogels were characterized by investigating
their swelling characteristics. The ability of the pre-
pared hydrogels to perform as a pH-sensitive drug
carrier for colon-specific drug delivery system was
evaluated using ibuprofen as a model drug.

EXPERIMENTAL

Materials

AAc of 99.9% purity and PEOz, purchased from
Aldrich (Germany), were used as received. Ibuprofen,
pharmaceutical grade, was kindly provided by Tabuk
Pharmaceutical Mfg. Co., Tabuk, KSA. Citric acid,
sodium citrate, sodium dihydrogen phosphate, di-
sodium hydrogen phosphate, and analytical reagents
of analytical grade were purchased from Winlab, UK.

Preparation of PEOz/AAc hydrogels

PEOz/AAc hydrogels were obtained by c-radiation-
induced homo/copolymerization of mixtures of dif-
ferent compositions in glass vials. The 60Co gamma
radiation source used was Nordion 2.2, at a dose rate
of 10 kGy/h. The irradiation facilities are established
by King Abdualziz City for Science and Technology.
All samples were cut into disks, washed in excess
water to remove the unreacted component, and then
air dried at room temperature up to constant weight.

Gel fraction

The gel fraction, gel (%), is defined as the ratio of
the dry gel weight (Wd) to the initial weight of the
gel (W0). To extract the soluble parts of the hydro-
gels (i.e., the ungelled part), the prepared hydrogels
were soaked in water for 48 h at 80�C. Then, they
were taken out and washed with hot water to
remove the soluble part, dried, and weighed to find
the weight of the insoluble part (Wd). The gel per-
cent in the hydrogels was determined from the
following equation:

Gel% ¼ Wd

Wo
� 100

where Wd and W0 are dry hydrogel weights after
and before extraction, respectively.

Preparation of buffer solutions of different pH’s

Citric acid/trisodium citrate and sodium dihydrogen
phosphate/disodium hydrogen phosphate were
used to prepare buffer solutions of pH ranging from
3 to 5 and 6–7, respectively.13 HCl was used to pre-
pare solutions of pH 1.

Swelling study

Dynamic swelling experiments were performed in
buffer solutions of different pH at 37�C 6 0.2�C.
Swollen gels removed from the swelling medium at
regular intervals were dried superficially with filter
paper, weighed, and placed in the same bath. The
measurements were continued until a constant
weight was reached for each sample. The amount of
solution absorbed was monitored gravimetrically.
The degree of swelling (S%) was calculated using
the following equation:

S% ¼ ðWs �W0Þ
W0

� 100

where W0 and Ws are the weights of the dried gel at
time 0 and of the hydrogel swollen at different
buffer solutions, respectively.

Preparation of drug-loaded hydrogel

For the investigation of drug-release behavior of
PEOz/AAc hydrogels prepared in this study, ibu-
profen was used as the model drug. Ibuprofen is an
effective nonsteroidal anti-inflammatory drug. It is a
core medicine in the World Health Organization’s
Essential Drugs List, which is a list of minimum
medical needs for a basic health care system.14

PEOz/AAc dry gels of different compositions were
immersed in saturated aqueous solution of ibupro-
fen at room temperature until equilibrium, and the
drug-loaded gels were dried at room temperature.

Drug release experiments

The drug release experiments were performed by
placing the drug-loaded hydrogel in 25 mL of a pH
1 solution for 3.5 h and then in 250 mL of a pH 7
buffer solution. The buffer solution was stirred con-
stantly. To follow the release of the drug, aliquots
were drawn from the solution at various times, and
the absorption at 272 nm was measured using a UV
spectrophotometer (Perkin–Elmer Lmbda1 UV–vis
spectrophotometer; Waltham, MA). The concentra-
tion of the drug in the external solution at any
selected time (Mt) was calculated from the corre-
sponding calibration curve of the absorption against
drug concentration. From this value, the amount of

3072 EL-HAG ALI AND ALARIFI

Journal of Applied Polymer Science DOI 10.1002/app



drug released at the selected time was estimated. All
release experiments were performed in triplicate.

RESULTS AND DISCUSSION

Effect of the preparation condition on
gelation process

Figure 1 shows the dependence of the gelation
degree of the prepared copolymer on the feed solu-
tion composition at different irradiation doses. From
the figure, it is clear that pure AAc undergoes
almost 100% gelation, that it is a radiation cross-link-
able monomer, and that the produced homopolymer
is stable against ionizing radiation. The inclusion of
PEOz within the feed solution leads to drastic
decrease in the gelation process. Such decrement is
receded by the further increase in PEOz content in
the feed solution. Maximum gelation, about 100%,
was reached at 65 wt % of PEOz. Any further
increase in the PEOz content leads to the prevention
of the gelation process, and no gel is formed at all.
The figure also shows that all of the compositions
under investigation possess higher gelation degrees
at the higher irradiation dose. The increase in the
irradiation dose increases the gelation degrees.

The abovementioned results can be explained by
assuming a polyelectrolyte complex between PEOz
and AAc because of the complexing ability of the
PEOz.15 Such complex formation process would lead
to the grafting of AAc to the PEOz chains. Such
complexation will separate the grafted AAc, which
will minimize the possibility of the homopolymeri-
zation and self–bridging, i.e., the recombination of
macro polyacrylic acid radicals. By increasing the
PEOz content in the feed solution, the mixture
viscosity increases, and, as a result, the possibility of
homopolymerization and self-bridging increases,

which consequently leads to the increment in the
grafted chain length. The increase in the degree of
branching in addition to the ability for complex
formation would lead to the formation of highly
entangled structure, which is not easy to be dis-
solved even at boiling water. The data also propose
that PEOz has a very low sensitivity to ionizing radi-
ation that at higher PEOz contents as well as pure
PEOz solution no gel was achieved.
In the same manner, the higher the irradiation

dose, the longer the propagation reaction. In other
words, at higher dose, the formed free radicals are
active for longer time, which increases their chance
to homopolymerize and form such entangled struc-
ture. The figure also shows that even at high dose
pure PEOz and PEOz-rich mixture were not able to
form gel, which assists our assumption that PEOz is
not a radiation-cross-linkable polymer.
When a dry glassy gel is brought into contact with

water, water diffuses into the network, resulting in
the expansion of the hydrogel. Diffusion involves the
migration of water molecules into pre-existing or
dynamically formed spaces between the hydrogel
chains. Swelling of the hydrogel involves large seg-
mental motion, resulting in the increased separation
of the hydrogel chains. The swelling equilibrium
occurs when the values of the osmotic force driving
water molecule into the network and of the elastic
force of the stretched subchains become equal. The
equilibrium water content of a pH-sensitive hydrogel
is a function of the cross-linking degree and the net-
work structure, i.e., its hydrophilicity, which, in turn,
depends on the degree of ionization of the functional
groups. Therefore, an investigation of the equilibrium
water content can elucidate the network structure
and the degree of ionization of the functional groups.

Swelling studies

Studying the effect of the feed solution composition
and irradiation dose on the equilibrium swelling of
the prepared PEOz/AAc copolymer in double
distilled water, Figure 2, shows interesting and un-
expected results. Even though it is well known that
PEOz possesses high hydrophilic character, the
inclusion of the PEOz markedly decreases the swe-
lling ability of the prepared PEOz/AAc copolymer,
and any further increase in PEOz content in the feed
solution leads to further decrease in the equilibrium
swelling to reach about 1% of the pure AAc at 65 wt
% PEOz. The apparent relative hydrophobicity of
the prepared copolymer may be attributed to strong
complex formed between the hydrophilic moieties of
PEOz and PAAc chains, which may reduce the high
hydrophilic character of both of the copolymer con-
stituents by consuming their hydrophilic function
groups. The figure also confirms the role of radiation

Figure 1 Effect of PEOz content in the feed solution on
the gelation degree of PEOz/AAc copolymer at different
irradiation doses. (l), 20; and (*), 40 kGy.
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dose in the increase of system entanglement by
increasing the degree of branching, which results in
a decrease in the equilibrium swelling.

Figure 3 shows the effect of feed solution compo-
sition on the swelling equilibrium of the prepared
PEOz/AAc copolymer at pH 1 and buffer solution
of pH 7. The data clearly show that, at pH 1, an
obvious effect arises from changing the feed solution
composition. It is clear that the incorporation of
PEOz within PAAc reduces its swelling equilibrium
to a value which is less than one half of the pure
PAAc at 20 wt % of PEOz to reach about 5% of that
of pure PAAc at 50 wt % of PEOz. On the other
hand, at pH 7, changing the PEOz content in the
feed solution results in a remarkable increment in
the swelling equilibrium of the PAAc to be more
than 150% of the pure PAAc at 20 wt % of PEOz. At

higher content of PEOz, more than 50 wt %, the pre-
pared PEOz/AAc undergoes a slow dissolution.
The reduction in the equilibrium swelling of PAAc

at pH 1 on the introduction of PEOz might be referred
to the formation of a strong polyelectrolyte complex
between the entangled PAAc and PEOz in addition to
the hydrogen bonding formed between the associated
carboxylic groups of PAAc. Such complex consumed
the functional groups responsible for the hydrophilic-
ity of both polymers. On contrary, at pH 7, the dissoci-
ation of the hydrogen bonding and the polyelectrolyte
takes place as a result of the dissociation of the carb-
oxylic groups into carboxylate groups. The dissocia-
tion of such complex frees up the hydrophilic groups
of both polymers. In addition, the repulsion forces
between the dissociated carboxylate groups increase
the free spaces between the polymer chains, which
leads to higher swelling equilibrium.

Effect of the copolymer composition on its
thermal behavior

Figure 4 shows the TGA trace of pure PEOz, pure
PAAc, and their copolymer of PEOz 50 wt %. The
pure PEOz shows two thermal degradation steps:
the first at about 100�C, at which the polymer lost
the water associated the hydrophilic functional
groups and then the second, at which the polymer
undergo a mean degradation step at about 400�C.16,17

On the other hand PAAc possesses its characteristic
four thermal degradation steps: the loss of the water
associated with the copolymer, an intermolecular
dehydration and anhydride formation, decarboxyl-
ation, and, finally, back bone degradation at 155,
245, 260, and 410�C, respectively.18 PEOz/AAc co-
polymer shows a TGA trace, which is different from
those of its constituents; it shows higher thermal sta-
bility than that of PEOz and lower stability than that

Figure 3 Effect of PEOz content in the feed solution on
the equilibrium swelling of PEOz/AAc copolymer at (l)
pH 1 and (*) buffer solution of pH 7. Preparation irradia-
tion dose, 40 kGy.

Figure 2 Effect of PEOz content in the feed solution on
the equilibrium swelling of PEOz/AAc copolymer in water.
Preparation irradiation doses: (l), 20; and (*), 40 kGy.

Figure 4 TGA traces of (. . .), PAAc; (- - -), PEOz; and (—),
PEOz/AAc of 50 wt % PEOz
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of PAAc. In addition to the absence of the first
degradation step of PEOz, the copolymer does not
show the characteristic degradation steps of PAAc.

TGA, which is the most widely method used for
comparing the stabilities of polymeric materials,
was used to characterize the effect of the copoly-
merization of PEOz and PAAc on their thermal
properties. The TGA results show another evidence
for the formation of a strong polyelectrolyte com-
plex composed of PAAc and PEOz. The formed
complex was responsible for the increment in the
thermal stability of PEOz at the range 100–120�C,
indicated by the absence of the degradation step in
that temperature range, which might be referred to
the consumption of the hydrophilic groups in the
formation of proposed polyelectrolyte complex. In
addition, the absence of the dehydration degrada-
tion step might be attributed to the change in the
molecular structure of the carboxylic groups. Such a
structural change resulted in the inhibition of the
cyclization reaction between the carboxylic groups
in AAc chains.18 The absence of the PAAc degrada-
tion steps is also a clear indication for the complex
formation.

pH-dependent swelling of PEOz/AAc copolymer

Figure 5 shows the pH-dependent swelling profile of
PEOz/AAc copolymer of different compositions.
The data show that the prepared copolymers of dif-
ferent PEOz content possess pH-sensitive behavior.
All of the prepared copolymers show very low swel-
ling equilibrium at pH values lower than 4, whereas
they possess marked increase in the swelling degree
at pH values higher than 4. The data also show that
the presence of PEOz within the copolymer increases
the magnitude of the pH threshold by lowering the

equilibrium swelling at pH values less than 4 and
increase it at higher values.
Such phase transition can be attributed to the

dissociation state of the PAAc, which is the equilib-
rium between the ionizable carboxylic groups
(COOH) and the ionized carboxylate groups (COO�)
of AAc.19 Below pH 4, i.e., below pKa of carboxylic
acid, the carboxylic groups are completely associ-
ated, forming inter- and/or intramolecular hydrogen
bonding, which resulted in the collapse of the
hydrogel. However, at pH values higher than pH 4,
the carboxylic groups start to dissociate, forming
carboxylate ions. The electrostatic repulsion between
the carboxylate ions, which resulted in an increase
in the free spaces available for swelling, in addition
to the hydrophilicity of such carboxylate ions would
make that remarkable observed increase in the swel-
ling degree along the phase transition.

Swelling kinetics of PEOz/AAc copolymer
at different pH

Hydrogels represent an important group of biomate-
rials for the controlled release of bioactive agents.
Therefore, a thorough understanding of fluid–poly-
mer interactions of such systems is critical for the
development of these materials for biomedical appli-
cations. In most of polymeric hydrogels, swelling
and drug release could be explained in terms of sim-
ple diffusion of water. The release of a drug incorpo-
rated in a polymeric system takes place by migration
of the solute to the medium that surrounds the
system by molecular diffusion through the support
or by diffusion through micropores of the polymeric
matrix. Analyzing the fluid transport in swellable
polymers is important to understand the diffusion
mechanism by the hydrogel, which leads to the
dissolution and release of the drug from the poly-
meric matrix. Fick’s law of diffusion and useful
approximation is described to estimate the diffusion
mode through the polymeric matrix.20,21

Mt

M1
¼ Ktn

where k is the constant related to the structure of the
network and the penetrant, n is the diffusion expo-
nent, t is time, and Mt and M1 are the amounts of
fluid absorbed at any time t and at equilibrium,
respectively. A plot of ln Mt/M1 vs. ln t was used
to calculate n and k from the slope and intercept,
respectively. This equation is applicable to the initial
stages of swelling, where a linear fit of the data was
observed.
There are three models that describe the diverse

range of responses of hydrophilic polymer networks
to the presence of water. These models are based on

Figure 5 pH-dependent swelling profile of PEOz/AAc
copolymer of different PEOz contents. (l), 0; (*), 10; (!),
35; (~), 50; and (n), 65 wt %.
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the relative rates of penetrant diffusion and polymer
chain relaxation; Fickian diffusion at which n � 0.5,
also known as Case I diffusion, occurs when the rate
of diffusion is significantly slower than the rate of
relaxation of the polymer chains. Case II transport at
which n ¼ 1 arises when the rate of diffusion is
greater than the rate of the relaxation of the polymer
chains. The main feature of this second limiting model
is the establishment of a sharp boundary between the
glassy core and the swollen shell, which advances at a
constant velocity. Finally, non-Fickian or anomalous
diffusion (0.5 < n < 1) occurs when the rates of diffu-
sion and polymer relaxation are comparable and is
connected with the transition region between the two
limiting cases of Case I and Case II.

To investigate the effect of copolymer composi-
tion and pH of the swelling medium on the diffu-
sion mode, swelling indices were calculated. Figure
6 shows the linear dependence of ln(Mt/M1) on
ln(t) of PEOz/AAc hydrogel of copolymer composi-
tion (PEOz/AAc) 50/50 (wt %), and Table I pro-

vides calculated values for swelling indices of
PEOz/AAc of different compositions at buffer solu-
tions of pH 1 and 7 from similar curves. The table
shows that all the samples possessed Fickian type
of diffusion at pH 1, whereas they underwent non-
Fickian type of diffusion at pH 7. The abovemen-
tioned data show that the prepared PEOz/AAc
hydrogel is a good candidate as a carrier for drug
delivery system.

In vitro drug release study

Specific targeting of drugs to the colon is recognized
to have several therapeutic advantages. Drugs that
are destroyed by the stomach acid and/or metabo-
lized by pancreatic enzymes are of slight effect in
the colon, and sustained colonic release of drugs can
be useful in the treatment of colonic diseases and
more effective with direct delivery of drugs to the
affected area. Oral administration of the drug-loaded
gel reach the stomach (pH 1–2.5) through gullet,

Figure 6 Representation of the fractional swelling (ln F)
of (PEOz/AAc) (50/50 wt %) copolymer in buffer solu-
tions of different pH against time (ln t). (*), pH 1; and
(l), pH 7.

TABLE I
Effect of Copolymer Composition on the Diffusion

Parameters at pH 1 and 7

PEOz
content
(wt %)

Diffusion parameters

pH 1 pH 7

n k r2 n k r2

0 0.48 �3.00 0.99 0.654 3.37 0.99
10 0.49 �3.69 0.98 0.683 3.46 0.97
20 0.48 �4.23 0.98 0.779 3.46 0.989
35 0.48 �5.03 0.99 0.934 4.76 0.992
50 0.40 �4.57 0.99 0.648 3.84 0.988
65 0.27 �4.72 0.962 Soluble sample

Figure 7 (a) Release profile of ibuprofen at solution of
pH 1 from (PEOz/AAc) copolymer of different PEOz con-
tent. (l), 0; (n), 10; (&), 20; (^), 35; and (~); 50 wt %. (b)
Release profile of ibuprofen buffer solutions of pH 7 from
(PEOz/AAc) copolymer of different PEOz content. (l), 0;
(&) 10; (n), 20; (~), 35; and (^), 50 wt %.
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then pass into the terminal ileum (pH 7.5 6 0.4)
from the proximal small intestine (pH 6 6 0.5) and
the colon (pH 6.5), where the release of drugs usu-
ally involves the simultaneous absorption of GI juice
and desorption of the drug via swelling-control dif-
fusion mechanism.22

In this respect, evaluation of the prepared PEOz/
AAc copolymer for the possible use in colon drug
delivery system was carried out using ibuprofen as
a model drug. The drug-loaded gel was immersed
at buffer solution of pH 1 for 210 min (mean gas-
tric residence time) followed by immersing in
buffer solution of pH 7 for 16 h (far in excess for
small intestine time), and the amount of drug
released was determined. Figure 7 shows the pH-
sensitive release profiles of ibuprofen from PEOz/
AAc copolymer of different PEOz contents by
immersing them in buffer solution of pH 1 and
then in buffer solution of pH 7. The data show that
there is no drug release in the stomach media, i.e.,
at pH 1. By changing pH from 1 to 7, drastic
increase in drug release was observed. Continuous
release of ibuprofen was noticed during the immer-
sion time, which reached its maximum after 18 h;
thereafter, it tends to level off. Also, it was
observed that the amount of drug released from
P(AAc)-rich gel is higher than that of gel contain-
ing less amount of P(AAc). The rate of release
increases as the swelling increase.

CONCLUSIONS

A new pH-sensitive hydrogel composed of PEOz
and AAc was synthesized by c-radiation-induced
copolymerization and cross-linking. The prepared
copolymer showed a unique pH sensitivity of diffe-
rent magnitude depending on the copolymer compo-
sition. Investigating the ability of the prepared
copolymer to be used as a carrier for colon-specific
drug delivery system not only shows promising

results in the field of drug targeting, but it also
shows the possibility of controlling the released
amount and release rate by controlling the copoly-
mer composition.
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