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ABSTRACT: Poly(ethyleneglycol) (PEG)/tartaric acid
(TA)-crosslinked chitosan hydrogel (CPT) films were pre-
pared, and the formation of the PEG/TA-crosslinked
structure was confirmed by Fourier transformed infrared
(FTIR), nuclear magnetic resonance (NMR), and scanning
electron microscope (SEM) measurements. The thermal
properties of the crosslinked films were also determined
with thermogravimetric analysis (TGA) and differential
scanning calorimeter (DSC) analysis. The swelling proper-
ties of the films were investigated at different temperature

and pH values. It was found that the swelling ratio
increased with the decrease of pH value of the surround-
ing buffer solutions, amount of PEG, and with the increase
of temperature. Swelling behavior of the PEG/TA-cross-
linked chitosan hydrogel films depended on pH and re-
versible with the temperature. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 122: 1556-1563, 2011
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INTRODUCTION

Chitosan (CS), the only natural cationic polysaccha-
ride obtained by deacetylation of chitin, has gained
considerable attention in pharmaceutical and bio-
medical field owning to its favorable biological
properties, such as low toxicity, good biocompatibil-
ity, biodegradability, accelerated wound healing
properties, and antimicrobial activities.'" However,
CS is easily dissolved in acidic media, crosslinking
of CS to form a network is necessary to solve this
dissolution property. Conventional CS crosslinking
agents including bifunctional reagents, such as form-
aldehyde, glutaraldehyde, or epiclorohydrin, cyclo-
heptamylose were used in the synthesis of cross-
linked CS.* On the other hand, chemical crosslinkers
leaded to toxic effect in physiological environment,
due to the presence of residual crosslinkers. Novel
CS-based polymeric networks were synthesized
using a naturally occurring crosslinking reagent—
genipin.” Recently, new way to crosslink CS in aque-
ous solution was also discussed in details.®
Poly(ethyleneglycol) (PEG) is an attractive syn-
thetic polymer. It shows biodegradability, biocom-
patibility, less toxicity, and hydrophilicity and has
been used in many kinds of applications.® The me-
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chanical properties of CS film were improved with
the usage of PEG oligomer as plasticizer.” Several
studies have been published on hydrogels contain-
ing CS and PEG. It had been also concluded from
the viscometric studies that CS/PEG blends were
compatible due to attractive intermolecular interac-
tions between the polymer chains.® PEG-crosslinked
CS with different molecular weight of diepoxy PEG
was also synthesized and characterized in details.”

However, the toxicity of this crosslinker had an
adverse effect on the biocompatibility of the obtained
materials. Thus, there was a high demand for nontoxic
and biocompatible crosslinking agents.'” We have been
studying CS-based hydrogels using tartaric acid (TA)
as a crosslinking agent with PEG. It is known to be far
less cytotoxic than ever used crosslinkers. TA is a mole-
cule with at least two reactive functional groups that
allow the formation of bridges between CS chains. TA
crosslinks effectively with the amino groups of CS, and
the crosslinking mechanism has been described.!' Drug
release mechanisms from CS-based hydrogels, design
criteria for the hydrogels in drug delivery formulations,
novel engineering of the CS polymer blended hydro-
gels for drug delivery (such as biodegradable hydro-
gels, smart hydrogels, and biomimetic hydrogels), and
also molecule release mechanisms for hydrogel formu-
lations have been recently reported.'>"?

In this study, the PEG/TA-crosslinked CS hydrogel
film samples (CPT) with several contents of PEG are
prepared. For these samples, more direct method than
previous thermal analysis, that is, Fourier transformed
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infrared (FTIR) and nuclear magnetic resonance
(NMR) will be applied to investigate the formation
of the PEG/TA-crosslinked structure. It has been
well-known that the swelling sensitive property to
pH and temperature is considerably important
capacity for the biomedical application such as drug
delivery systems. To prove the swelling properties
of the PEG/TA-crosslinked CS hydrogel films, swel-
ling experiments were carried out at different tem-
peratures and various pH values.

MATERIALS AND METHODS
Materials

CS (highly viscous) (Fluka Cat.No. 48165) and PEG
(M,, = 1450) (Cat.No. P5402) were purchased from
Fluka and Sigma-Aldrich (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), respectively. L(+) TA
(Cat.No. 411127) obtained from Carlo Erba (Roda-
no(MI), Italy). All other chemicals used in this work
were analytical grade. Ultrapure water from Milli-Q
water system was used to prepare the aqueous solu-
tions. Lysozyme from chicken egg white (50,000 U/
mg) was purchased from Sigma-Aldrich and was used
without further purification.

Synthesis of novel CS hydrogel

CS was dissolved in 2% (v/v) acetic acid. It was
taken one night to dissolve CS completely, and the
solution was filtered with cheesecloth to remove
undissolved CS. TA was dissolved in water and
then adjust pH = 6.5 with 0.1M NaOH solution
because of tartarat form uses as crosslinker. After the
addition of water soluble PEG, the reaction was stirred
at 4°C for 30 min and subsequently mixed with CS so-
lution. Then the reaction mixture was stirred further
at room temperature for 24 h. After that, the mixture
was castled on Petri dish, which was placed later in
vacuum oven at 60°C for 24 h. Then, the dried sam-
ples were immersed in 1M NaOH solution for 5 h for
the removal of residue (unreacted) acetic acid. In the
preparation of the samples, the numbers of moles of
NH, groups of CS were taken into account. In the
preparation of the samples, 1 g of CS and 0.75 g of
TA were remained constant. The amount of PEG was
varied as 0.75, 1.25, and 2.5 g. The ratio of the compo-
nents was 4:3:3; 4:5:3, and 4:10:3 for CP3T3, CP5 T3,
and CP10T3 samples, respectively.

Characterization techniques

FTIR measurements

FTIR spectra were recorded on the Perkin-Elmer
FTIR spectrophotometer Spectrum BX-II to analyze
the chemical structure of the PEG/TA-crosslinked

CS. Before the FTIR measurements, crosslinked CS
hydrogel film was brought to constant weight in a
drying oven at 60°C for 24 h. The spectra were
recorded with the sum of 25 scans at a resolution of
4 cm ™' in the range of 4000400 cm '. The sample
for FTIR measurement was prepared by slicing the
film along its thickness direction using microtome.

NMR spectroscopy analysis

®C and 'H measurements were performed on
Bruker DRX-300 and DRX-500 NMR spectrometers
by Dr. R. Meusinger in Darmstadt Technical Univer-
sity/Germany. Samples (5-20 mg) were dissolved in
1.5 mL of 20 wt % DCl/D,0 at 80°C.

Thermal properties

The thermal properties of crosslinked CS hydrogel films
and CS film were investigated by thermogravimetric
analysis (TGA). TGA was performed under nitrogen
flow at a flow rate of 10°C/min from 30 to 500°C with a
Perkin-Elmer Diamond TG/DTA instrument. The
weights of the samples varied from 2 to 3 mg.

Thermal properties of the hydrogel films were also
characterized by a differential scanning calorimeter
(Perkin—Elmer Diamond DSC). The dried samples
were heated first from 10°C and 300°C under nitro-
gen atmosphere at heating rate of 10°C/min and then
cooled down to 0°C then heated again to 300°C.

Scanning electron microscope (SEM) morphology

The surface morphologies of the samples were studied
using a SEM at an accelerating voltage of 10 kV. All
samples were dried and coated with gold before SEM
photographs were taken at different magnifications
(in the range of 50-3000x) by using Jeol JSM 60 model
SEM apparatus equipped with energy dispersive
X-ray (EDX) in Metallurgy and Materials Engineering
Department of Dokuz Eyliil University /Izmir.

Enzymatic degradation

The in vitro degradation of the CPT hydrogel films
was followed in 2 mL phosphate buffered solution
(PBS, pH = 7.4) at 37°C containing 1 mg/mL lyso-
zyme [hen egg white (HEW)]. The samples, after
some minutes of degradation, were removed from
the medium, dried overnight under vacuum oven at
60°C, and weighed. To distinguish enzymatic degra-
dation from the dissolution, the control samples
were tested under the same condition as described
above, but without adding lysozyme.

Journal of Applied Polymer Science DOI 10.1002/app
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Swelling measurements

Swelling test

The swelling behavior of the dried sample films
were observed in phosphate buffer saline solution at
pH = 7.4 and in KCI/HCI buffer solution at pH =
1.2 at 37°C. After the dried films were weighed, they
were conditioned at 37°C in the buffer solution at
each pH condition. The samples were taken from
the medium when they were reached to the equilib-
rium swelling, wiped with filter paper, and
weighed. The water content of the film sample was
determined according to the following equation:

M; — My

5% =
M;

x 100 1)

where M; and M, represent the weights of swollen
and dried state samples, respectively.

pH-sensitivity of hydrogels

Dried hydrogels were left to swell in buffer solution
of desired pH (2.6-8.3, I = 0.01) at 37°C. Swollen
gels removed from the swelling medium at regular
intervals were dried superficially with filter paper,
weighed, and placed into the same bath. The meas-
urements were continued until a constant weight
reached for each sample. The swelling ratios were
calculated on a dry basis by using eq. (1).

In addition, the reversible swelling behavior of
hydrogels was also investigated. The samples that
reached equilibrium at pH = 2.6 were allowed to reach
pH = 8.3 and then back to pH = 2.6 medium again.

Temperature sensitivity of hydrogels

To determine the temperature sensitivity of hydro-
gels, dynamic swelling measurements were done by
gravimetric means at 4 and 37°C. The samples were
dried to the constant weight in vacuum and than
immersed in a constant temperature bath filled with
PBS (pH = 7.4, I = 0.2). The samples were removed
from the PBS at appropriate intervals, blotted with
filter paper, weighed, and then returned to PBS.
This procedure was repeated, until the equilibrium
was reached. The swelling ratios were calculated on
a dry basis using eq. (1). All swelling experiments
were repeated in an incubator (GLF 1086) at least
three times, and the results reported as averages.

RESULTS AND DISCUSSION
FTIR spectra of the samples

The structure of CPT hydrogels was analyzed by
using FTIR spectroscopy. Figure 1 shows FTIR spec-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectra of chitosan and its hydrogels.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

tra of CS and its hydrogels. The spectrum of CS
film exhibits an absorption around 1647 and 1555
cmfl, which represent the amide I (C=O stretching)
and amid II (N—H deformation) bands, respec-
tively.”'* Although standard CS showed bands at
1309 cm™' and 1430 cm™' (C—H bending). The
absorption bands at 1133 cm ™' (asymmetric stretch-
ing of C—O—C bridge) and 1056 cm ' (C—O
stretching) were characteristics of its saccharine
structure.””” Pure PEG has characteristic bands at
1280, 947, and 843 cm .18 Compared to the amide I
band at 1647 cm™', the band intensity of amide II
significantly decreased. This resultant spectrum
showed that the —NH, groups of CS were partially
interacted with PEG. The characteristic bands associ-
ated with PEG in CPT at 1280, 948, and 841 cm ™!
were significantly increased with the increasing
amounts of PEG. The bands at 1120 and 2880 cm™'
in CPTs were attributable to the superposition of
C—0O and C—H stretching vibrations of CS and PEG.
In addition, the formation of the crosslinked structure
was also confirmed by the absorption band at 1380
cm ' (Fig. 1). The intensity at 1380 cm ' increased
with the content of PEG of the CPT hydrogel films.
This 1380 cm ' absorption band caused by the PEG
CH, deformation vibration, because the number of
the CH, groups was increased with preceding the
crosslinked reaction.
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TABLE I
Thermal Analysis Report of the Samples

First stage

Second stage Third stage

Sample T, °C) AH, (/g) T, (°C) T (°C) m (%) T (°C) m (%) T (°C) m (%)
cs 35 0.7 198 25-105 13 230-270 38 - -
CP3T3 40.0 1.3 271 53-146 6 235-332 22 432-477 14
CP5T3 404 273 274 68-144 10 235-285 33 370-402 33
CP10T3 43.0 58.7 279 75-83 2 243-310 18 372-477 40

NMR spectroscopy

Typical peaks at 3.4 ppm and 3.6 were assigned to
the ring methane and methylene protons of CS sac-
charide units and methylene groups of PEG."” Peaks
at 2.8 ppm and 2.1 ppm attributed to —CHNH, and
—COCH;, but these peaks were not observed at
NMR spectrum. Methylene protons and —OCH;
peaks from PEG were appeared at 1.6 ppm and 3.4
ppm, respectively.

Furthermore, the analysis of CPT *C-NMR spec-
trum showed the peak at 71 ppm attributed to
—CH,— groups of the —O—CH,—CH,—O— chain.*’
Also the peaks at 173 ppm and 184 ppm referred to
—NH—CO— and C=0 groups of TA.

Thermal analysis

Differential scanning calorimeter (DSC) and TGA
were selected to characterize the thermal properties
of CPT film. Thermal decomposition behaviors of
CPT films and CS films were performed by TG/dif-
ferential thermogravimetric (DTG) analysis. There
were three degradation stages in the thermograms.
The first stage showed decomposition of water at
56°C, 119°C, 122°C, and 76°C for CS, CP3T3, CP5T3,
and CP10T3, respectively. The temperature of degra-
dation (T,;) of CS film was 250°C. In the thermo-
grams, CPT films have two stages of mass losses,
which were due to the degradation of the samples.
The first stage mass loss was observed at the tem-
perature range of 257-286°C with a total of 33-18%
mass loss. On the other hand, the samples were then
completely degraded at 402-473°C, which might be
attributed to the PEG and TA onto CS.

It has been observed in the DSC profiles of CS
that it did not melt or degraded between 20 and
200°C as shown.?! However, in this study, a broad
endothermic peak centered at the temperatures
between 40 and 130°C were observed for the DSC
curves of the CS film and CP3T3 samples. This peak
was caused by the overall endothermic process con-
nected with the evaporation of bound water. In gen-
eral, polysaccharides have a strong affinity for water
and can be easily hydrated in the solid state.”” For
this reason, the broad peak was also observed for

the hydrogel films. Whereas, CPT film samples also
showed a sharp endothermic peak centered at the
temperatures between 40 and 50°C. This may be
attributed to the melting of the PEG moiety. The in-
tensity of this endothermic peak of the CPT hydro-
gel films was increased with the increase in the
amounts of PEG. The endothermic enthalpy (AH)
values were calculated from the area under the
endothermic peak caused by the melting of the CPT
hydrogels. The melting enthalpies of these samples
were determined by DSC, measurements were dif-
ferent in some respect from that of the PEG/CS
blend samples. TG/DTG and DSC analysis results
were summarized in Table 1.

SEM images

SEM images of CS and CPT hydrogel films were
given in Figure 2. As shown in Figure 2a, CS on the
surface has a spherical structure and a regular sur-
face. On the other hand, SEM images of the CP3T3
in Figure 2b showed increasing amounts of rough-
ness. At the same time, the small holes on the sur-
face were disrupted, and different structures, such
as fibrous morphology, have begun to create. As
shown in Figure 2c and d, by the increase in the
amounts of PEG caused fibrous structure. In addi-
tion, these fibrous structures may be an indication of
the interaction between PEG and CS.

Swelling measurements

Swelling test

To investigate the time-dependent swelling behavior
of CPT hydrogels in solutions with different pH, we
performed dynamic swelling studies. The swelling
5% is calculated from the following relation:

M; — My
— X

5% =
M,

100

where M, is the mass of dry gel at time 0, M; is the
mass of swollen gel at time t. Swelling curves of CPT
hydrogels in solutions with pH = 1.2 and pH = 7.4 at
37°C were shown in Figure 3 A and B, respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The SEM images of chitosan and CPT hydrogel films. (A) Chitosan, (B) CP3T3, (C) CP5T3, and (D) CP10T3.

As can be seen in these figures, the values of equi-
librium swelling of CPT hydrogels have decreased
with increasing PEG concentrations in hydrogels. The
swelling degree of a hydrogel depends on its network
structure, which is controlled by the concentration of
the crosslinker. Also, the swelling of hydrogels are
depended on the pH of the medium.

For extensive swelling of polymers, the following

relation can be written as below?>;

t
-=A+Bt 2
c=A+ @

where S is the degree of swelling at time ¢, B = Siax is

the inverse of the maximum swelling, A = (dSlWo =

ﬁ is the reciprocal of the initial swelling rate (r,)
the gel. The relation represents second-order kinetics.
The values of the initial swelling rate, 7, [g solution
(g CPT) ! s7'] and maximum swelling, Spmax [g solu-
tion (g CPT) '] were calculated from the slope, and
intersection of the lines and swelling rate constant, k;

[g CPT (g solution) ' s~ '] were presented in Table II.

Journal of Applied Polymer Science DOI 10.1002/app

pH-sensitivity of hydrogels

A number of factors that influence the degree of
swelling of hydrogel include the properties of the
polymer and swelling medium. This is why experi-
ments to determine the pH-dependent swelling
kinetics were performed in buffer solutions which
have various pHs between 2 and 8. Figure 4 repre-
sents the variation of the equilibrium swelling ratio of
hydrogel CPT as a function of the pH of the swelling
medium at 37°C. In all the hydrogels, maximum swel-
ling was observed at pH = 2 and minimum at pH =
6. There was a decrease in the equilibrium swelling
ratio of the samples with below pH = 6. However,
from the pH = 6, CPT hydrogel exhibited an increase
in equilibrium swelling ratio values. It can be seen
that the hydrogels swelled mostly in acidic medium
as compared with the neutral or basic medias.
Whereas, swelling ratio of the samples was
decreased with the increasing of the amounts of
PEG. On the other hand, the effect of pH on the
swelling of the CS hydrogels was explained on the
basis of protonation of the amino groups of CS. In
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Figure 3 Swelling ratio of CPT at 37°C (A) pH = 1.2 and
(B) pH = 7.4. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the acidic medium, the protonation of the amino
groups leads to repulsion in the polymer chains,
thus allowing more water in the hydrogel network.
At higher pH, deprotonation of the amino groups
takes place, and repulsion in polymer chains is
reduced. This results in the shrinking of the gels and
therefore, the amount of water in the gel decreases.
Swelling is important properties for drug release
study for hydrogel. The sudden and rapid swelling
causes degradation and rapid release. At acidic me-

TABLE II
Swelling Parameters of CPT at 37°C for Different
pH Values
ks x 10° 7, [g
Seq Simax [g CPT (g solution (gFY
Sample (%) (%) solution) ' s71] CPT) 's 1]
pH = 7.4
CP3T3 81 82 2091 141
CP5T3 66 68 1718 79
CP10T3 55 56 565 18
pH=1.2
CP5T3 353 355 42 53
CP10T3 323 324 44 46
CP3T3 293 295 48 42

300 -

250 -

200

130 4

S%

100 +

50 4

pH

Figure 4 Effect of pH on the equilibrium swelling ratio
of the samples. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

dium, swelling ratio of a gel which 960% and 840%
were synthesized.** These hydrogels were broken
after the immersion in the soaking phase. How-
ever, maximum swelling ratio of the hydrogels was
observed as 250%, whereas its minimum was 189% in
acidic medium. Furthermore, reversible swelling char-
acteristics and low response time of the samples may
be an advantage for drug release study. As can be
seen from Figure 5A, repeated changes in pH for the
CPT hydrogels responded reversible pattern with a
faster response in swelling than in deswelling.

Temperature sensitivity of hydrogels

Temperature-dependent reversible swelling behavior
was found, as shown in Figure 5B. At the first run,
the equilibrium swelling ratio was measured at
37°C. Then, the equilibrium swelling experiment
was done at 4°C for the same film sample. The equi-
librium swelling ratio increased with decreasing the
temperature to 4°C. When the temperature was
raised to 37°C again (3rd run), the equilibrium swel-
ling ratio increased to the level of the first run at
37°C. These heating/cooling runs were repeated two
times. The similar reversible and reproducible tem-
perature dependence of swelling-deswelling behav-
ior was observed for all samples. Thus, all samples
have almost the same temperature dependency,
higher swelling ratio was observed at higher temper-
ature and lower at lower temperature. It has been
well-known that the swelling-deswelling behavior is
mainly due to the interaction between polymer and
water molecules. In general, the strength and extent
of this interaction decrease with increasing the tem-
perature. The sample with higher PEG content was
more sensitive to the temperature changes, showing
more distinctive temperature-dependent swelling—-

Journal of Applied Polymer Science DOI 10.1002/app



1562

deswelling response. It would be a desirable charac-
ter for controlled-drug release system with swelling
property controllable by pH and temperature. So, it
can be expected that these hydrogel films are of
great interest for biomedical application, such as ar-
tificial muscles or switches and drug delivery
systems.

Enzymatic degradation

In human body, CS is mainly degraded by lysozyme.
But the degradation of CS film was not so clearly,
because its degradation was very slow.” The in vitro
degradation behavior of CS has been usually investi-
gated using HEW lysozyme, ™%’ because HEW lyso-
zyme as well as human lysozyme cleavages the b(1-
4)-linked GlcNAc and GlecN subunits of CS.”

In this study, the degradation behavior of the
hydrogel film in the presence and in the absence of
lysozyme was investigated in PBS at 37°C (Fig. 6).
Figure 6(a) showed the degradation behavior of the
CP3T3 film sample. The mass loss of CP3T3 at most

—&— CP10T3
A —a— CP3T3
) —a— CP3T3

300 4
2501

200 4

K 1504
e
1004
50
] pH=8
o T . T v T 4 T 1
50 100 150 200 250
Time (min)
R
100 - —m—CPL0T3
—4—CD5T3
—a—CP3T3 37°C
b4
e
50_
4°C
o T T

T T M T T T ¥ T ¥ T ¥ T ¥ T ¥
0 20 40 §0 80 W 120 KO0 1®

time {(min)

Figure 5 Swelling and deswelling behavior of CPT
hydrogel as a function of time. (A) pH (pH = 8.3 and 2.3,
at 37°C) and (B) temperature (at 37°C and 4°C in buffer at
pH = 7.4). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6 Mass loss of hydrogel films in 1 mg/mL lyso-
zyme/PBS and in PBS without lysozyme at 37°C as a
function of time (Ly refers to with lysozyme). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

59 even after 32 days in PBS without lysozyme,
whereas in the presence of 1 mg/mL lysozyme, the
mass loss reached to more than 73% after 32 days.
Similarly, the mass loss of CP5T3 at most 15% even
after 32 days in PBS without lysozyme, whereas in
the presence of 1 mg/mL lysozyme, the mass loss
was more than 78% after 32 days, and it was propor-
tional to the degradation time. The degradation
behavior of CP10T3 was shown in Figure 6(c). The
mass loss of CP10T3 degraded with 1 mg/mL lyso-
zyme was more than 81% after 32 days.

From these results, the tendency of the enzymatic
degradation rates the samples was found to be par-
alleled with that of the swelling ratio. On the other
hand, this tendency was not the same as far as the
samples with different ratio of PEG. This was due to
the fact that the CP10T3 has more dispersed cross-
linked point and lysozyme may easily access the
binding site of CS molecular chain. Thus, the swel-
ling ratio and the internal structure were influenced
the enzymatic degradation.

CONCLUSIONS

The PEG-TA crosslinked CS hydrogel films with dif-
ferent contents of PEG were prepared successfully.
The formation of the PEG-crosslinked structure was
confirmed by comparing absorption bands of amide
I (1650 cm™") and amide II (1580 cm™'). By meas-
uring the glass transition temperature by DSC, the
internal three dimensional structure of crosslinked
CS hydrogel film was turn out to become dense as
the increase of PEG content. The thermal stabilities
of the crosslinked CS samples were higher than CS
film sample.
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Swelling properties of the hydrogels were studied
at different temperatures as well as in media of dif-
ferent pH values. The swelling ratio increased with
the decrease of pH value of the surrounding buffer
solution. All films also showed similar reversible
temperature-dependent swelling behavior; the high
swelling ratio under high temperature. The swelling
rate would be controllable by changing the content
of PEG. These PEG/TA-crosslinked CS hydrogel
films will be useful in the field of controlled-drug
release studies. We can conclude that the hydrogel
sample with higher content of PEG was more sensi-
tive to the enzymatic degradation.
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