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ABSTRACT: Graft copolymerization of epoxy-terminated poly(dimethylsiloxane)
(PDMS) onto chitosan was reacted without using a catalyst. pH-sensitive hydrogels
were obtained that are based on two different components: a natural polymer and a
synthetic polymer. These PDMS substitutents provide the basis for hydrophobic inter-
actions that contribute to the formation of hydrogels. Various graft hydrogels were
prepared from different weight ratios of chitosan and PDMS. Swelling behavior of these
hydrogels was studied by immersion of the gels in various buffer solution. Pho-
tocrosslinked hydrogels exhibited a high equilibrium water content (EWC). Particu-
larly, the sample CP31 of the highest chitosan–PDMS weight ratio showed the highest
EWC in time-dependent, temperature-dependent, and pH-dependent swelling behav-
ior. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85: 2661–2666, 2002
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INTRODUCTION

Hydrogels are water-swollen, crosslinked poly-
meric structures produced by the simple reaction
of one or more monomers. Hydrogels, especially,
have become excellent carriers for release of
drugs and bioactive macromolecules either in
their swollen equilibrium state or as dynamically
swelling systems.1,2 They are used for variety ei-
ther by crosslinking, by formation of interpene-
trating networks, or by crystallization that in-
duces crystallite formation and drastic reinforce-
ment of their structure.

Graft copolymerization is one of the best meth-
ods to bring together synthetic and natural poly-

mers to retain the good properties of natural poly-
mers such as biodegradation, bioactivity, etc. In
this work, chitosan and PDMS were used to syn-
thesize the graft copolymer with hydrophobic,
synthetic side chains and hydrophilic, natural
main chains by direct polycondensation without
using catalysis. Because of the presence of certain
functional groups along the polymer chains, hy-
drogels are often sensitive to the conditions of the
surrounding environment, which are as “intelli-
gent materials.” For example, the water uptake of
these materials may be sensitive to temperature,3

pH,4 or to the ionic strength5 of the swelling so-
lutions or even to the presence of a magnetic6 or
ultravioler.7

Qu et al.8–10 reported graft hydrogels com-
posed of chitosan and D,L-lactic acid or glycolic
acid and studied their swelling mechanisms, state
of water, and thermal analysis. Also, Sakai et
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al.11 reported a hydrogel sensor using the graft
method.

Recently, attention has been focused on em-
ploying natural polymers such as cellulose,12

starch,13 gelatin,14,15 and chitosan16,17 to compose
hydrogels with a specific response to a biological
environment.

Chitosan, especially, possesses an excellent
biocompatibility and mechanical property, and
has been used as biomedical materials. In recent
literature, Lee et al.18 reported an IPN hydrogel-
composed chitosan and poly(acrylic acid) (PAAc),
and studied their swelling behaviors and thermal
analysis. Yao19,20 reported on the chitosan semi-
IPNs hydrogels crosslinked with glutaraldehyde
and studied their swelling kinetics. Wang et al.21

blended chitosan and PAAc, and used glutaralde-
hyde to crosslink chitosan. Reports of hydrogel
using silicone were not in abundance. However,
Lopour et al.22 reported silicone rubber–hydrogel
composites as polymeric biomaterials. In their re-
port, they showed the relations between the prop-
erties and the influence of the interaction of poly-
meric phases on their mechanical properties in
the silicone rubber–hydrogel composite materi-
als.

Generally, the water in hydrogels can be clas-
sified into three species: freezing water (namely
free water), nonfreezing water (namely bound wa-
ter), and freezing bound water. A study on the
physical state of water in the hydrogels might
provide useful information on their microstruc-
ture and behavior.

We prepared hydrogels based on grafting chi-
tosan (CS) with PDMS, and investigated their
structure, pH sensitivity, and swelling properties.
The structural change of the hydrogels in differ-
ent pH buffers was analyzed. The effect of hydro-
phobic side chains on the water state in hydrogels
is discussed.

In this study, we would like to report on the
preparation and swelling properties of novel time-
and pH-dependent hydrogels. In addition, differ-
ential scanning calorimeter (DSC) studies were
performed to understand the state of water for
the swollen and dry gel in graft hydrogels.

EXPERIMENTAL

Materials

The chitosan was offered from Jakwang Co., Ko-
rea, and used without purification. Silicone and

epoxy-terminated poly(dimethylsiloxane) (PDMS)
were obtained from Shinetsu Co., Japan.

Preparation of Graft Hydrogels

The synthesis of the hydrogel was carried out by
direct grafting of PDMS onto chitosan in the ab-
sence of catalyst. Chitosan solution 2 wt % (dis-
solved in 1% acetic acid aqueous solution) and
PDMS were mixed and heated at 80°C for 2 h.
Various graft hydrogels were prepared from dif-
ferent compositions (1 : 1, 1 : 3, 3 : 1 wt/wt) of
chitosan/PDMS. The solutions were poured onto a
Petri dish. UV irradiation was conducted using a
450 W UV lamp (Ace Glass Co.) for 2 h at a
distance 20 cm and at room temperature until
gelation occurred. Samples were dried at 50°C for
16 h. After 16 h, the dry films were obtained and
washed with deionized water to remove any un-
reacted materials that were not incorporated into
the network.

Characterization

Fourier transform infrared (FTIR) spectroscopy
(Bruker Model EQUINOX 55) was used to con-
firm the chemical structure of graft hydrogels. To
measure the equilibrium water content (EWC),
preweighed dry samples were immersed in vari-
ous buffer solutions. After excess water on the
surface was removed with the filter paper, the
weight of the swollen samples was measured at
various time intervals. The procedure was re-
peated until there was no further weight increase
and five times. EWC was determined according to
the following equation:

EWC�%� � ��Ws � Wd�/Ws� � 100

where, Ws and Wd represent the weight of swollen
and dry states samples, respectively. To investi-
gate the melting endotherm of hydrogels, the
measurement of differential scanning calorimeter
was conducted by TA Instruments DSC 2010, in
aluminum pans at a 5°C/min scanning rate under
N2 flow.

RESULTS AND DISCUSSION

Graft copolymerization of PDMS onto chitosan
was attempted without using a catalyst. Scheme
1 shows a structure change of the CS graft co-
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polymer according to the pH value of the buffer
solution in acidic and alkaline buffer.

In FTIR spectra, characteristic peaks of chi-
tosan are located at 3450 cm�1 for the hydroxyl
group, and 1650 and 1550 cm�1 for amide I and II,
respectively; 1300 cm�1 is an SiOC group in sil-
icone.

All swelling behaviors are plotted on the aver-
age of five times. Time-dependent swelling behav-
ior of graft hydrogels in pH 7 buffer solution at
35°C is plotted in Figure 1. All hydrogels swelled
rapidly and reached to equilibrium within 2 h.
The sample, CP31, appeared at the highest swell-
ing ratio in time-dependent swelling behaviors,
and on the EWC of the sample, CP13 was lowest
among swollen samples.

Also, in the temperature-dependent swelling
behavior, stepwise swelling behavior at pH 7 with
temperatures alternating between 25 and 45°C
was investigated to confirm the swelling process
with temperature by measuring the swelling ratio
with a time term. Temperature-dependent swell-

ing behaviors of graft hydrogels are shown in
Figures 2–4. The EWC increased with an incre-
ment of temperature- and time-dependent behav-
iors, and the CP31 sample appeared at the high-
est swelling ratio in temperature-dependent
swelling behavior. The EWC of the CP13 sample
was the lowest.

To investigate swelling behavior in variation to
pH, the disk samples were swollen in several
buffer solutions of pH 2, 4, 7, 9, and 10 at 35°C.
Figure 5 shows the pH-dependent swelling behav-
iors of fully swollen hydrogels. The hydrogels
show a lower specific solution content at basic pH
compared with acidic pH. It is known that a high
concentration of the charged ionic group in the gel
increases swelling due to osmosis and charge re-
pulsion. Thus, when the degree of ionization of
the gel bound groups is decreased, swelling de-
creases. Because the swelling process of gels in-

Scheme 1 Structure change of CS graft copolymer in
acidic and alkaline buffer.

Figure 1 Time-dependent swelling behavior of graft
hydrogels in pH 7 at 35°C; CP11, CP13, CP31 (weight
ratio of chitosan and PDMS; 1 : 1, 1 : 3, 3 : 1, respec-
tively).

Figure 2 Temperature-dependent swelling behavior
of CP11.

Figure 3 Temperature-dependent swelling behavior
of PC13.
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volves the ionization of amino groups at the acid
in acidic (pH 2) buffer solution, the acid would be
attached to the gels by the ionic bonds. Therefore,
the weight of the gels increased in the acidic
(pH2) buffer.

At high pH, because the aggregation and inter-
molecular interactions and the protonation of
amino groups have already reached their maxi-
mum, the swellability of the hydrogel becomes
unchanged when the buffer pH is higher than 7.
This pH-sensitive behavior is typical of ionic hy-
drogels. Because the graft hydrogel, the CP31,
possesses more chitosan in its structure, the
swelling degree may be the highest among the
other hydrogels, resulting in the highest total wa-
ter content at all conditions of experiments. Be-
sides, the content of chitosan and PDMS in hy-
drogels, of course, affected EWC. For example,
the CP31 that contained the highest content of
chitosan among samples showed the highest
EWC value due to the ionization of chitosan at all
pHs. Meanwhile, the CP13 that containing the
lowest content of chitosan among samples showed
the lowest EWC value at all pHs. In summary,
the EWC of graft hydrogel depended on pH and
the amount of complex that is the content of chi-
tosan and PDMS.

DSC thermograms exhibit the melting endo-
therms of PDMS and graft hydrogel. Graft hydro-
gel showed melting peaks in Figure 6. Chitosan is
very rigid, and we cannot detect any noticeable
transition temperature in the DSC thermogram
because of the characteristics of natural polymer
similar to cellulose. The weight ratio of chitosan
to PDMS decreased from 3 : 1 to 1 : 3. Figure 7
shows the DSC thermogram of fully swollen graft

hydrogels. The endothermic peak of swollen gel
appeared between 2 to 6°C. The fraction of free
water is approximately estimated by the ratio of
endothermic peak, integrated between these
ranges, to the melting endothermic peak of heat
of fusion for pure water. Bound water is expressed
as the difference between total water and free
water. EWC values, free water contents, and
bound water contents, respectively, are calculated
and listed in Table I. Free water contents in the
graft hydrogel of CP11, CP13, and CP31 were
87.44, 79.53, and 88.19 at pH 7, respectively. The
CP13 shows the lowest EWC and free water con-
tent. This result confirmed that CP13 had more
compact structure than CP11 or CP31.

The fraction of free water in total water is
approximately calculated as the ratio of the endo-
thermic peak area for water of swollen hydrogel to
melting endothermic heat of fusion (79.9 cal/g) for
pure water:

Wb � Wt � �Wf � Wfb� � Wt � Qendo/Qf

where Qendo is the heat of fusion for ice (equal to
79.9 cal/g) and Qf is the heat of fusion for the
sample.

In the present study, the EWC in DSC test was
calculated in pH7 buffer solution at 35°C. The
free water has good mobility because it has no
interaction with polymer chains. However, the
bound water is involved in the hydrogen bonding
with polymer.

CONCLUSIONS

Graft hydrogels were prepared by the UV irradi-
ation technique. Chitosan dissolved in aqueous

Figure 5 pH-dependent swelling behavior of CP11,
CP13, and CP31.

Figure 4 Temperature-dependent swelling behavior
of CP31.
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acetic acid solution to give a homogeneous viscous
polyelectrolyte solution. By heating the solution,
the reaction occurred. These samples could form
hydrogels in aqueous solutions and change their
swellability according to the buffer pH, tempera-
ture, and time. No chemical crosslinking will oc-
cur in this grafting reaction. The pH-sensitive

and biodegradable hydrogels was synthesized by
grafting PDMS to chitosan.

All hydrogels exhibited a high EWC in the
range 82–92%. Prepared hydrogels were charac-
terized and confirmed by FTIR and DSC. The
pH-sensitive characteristics of hydrogels were
studied by a swelling test under various pH con-

Figure 6 DSC thermograms of graft hydrogels and PDMS: PDMS, CP11, CP13,
CP31.

Figure 7 DSC thermograms of hydrogels that were fully swollen in pH 7; CP11,
CP13, CP31.
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ditions at 35°C. Chitosan content determined the
behavior for swelling. Therefore, the CP31 sample
appeared as the highest swelling ratio in pH- and
time-dependent swelling behavior. The CP13 ex-
hibited the lowest EWC value among three graft
hydrogels due to low free water content and rel-
atively high content of bound water, as evidenced
by DSC analysis. These pH-sensitive hydrogels
have potential use in biomedical application, such
as controlled release systems.

We are continuing our preparation of full IPN
systems. Further work including the electrostatic
interactions is under way in our laboratory, and
this will be reported in the near future.

This work is the result of research activities of Basic
Research Grant (2000-2-31400-002-3) and Advanced
Biometric Research Center (ABRC) supported by Korea
Science and Engineering Foundation.
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Table I Water State of Graft Hydrogels
Calculated by Using DSC

Samplea Ewc (%)
Free

Water (%)
Bound

Water (%)

CP31 92.89 88.19 4.70
CP11 89.52 87.44 2.08
CP13 82.33 79.53 2.80

a All samples were swollen in pH 7 at 35°C.
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