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Swelling Behavior of Semi-Interpenetrating
Polymer Network Hydrogels Based on
Chitosan and Poly(acryl amide)

SEON JEONG KIM,! SU RYON SHIN,' NAM GYUN KIM,?
AND SUN I. KIM!

"Department of Biomedical Engineering, Hanyang University, Seoul, Korea
*Department of Bionics and Biomedical Engineering, Chonbuk National
University, Chonju, Korea

Semi-interpenetrating polymer networks (semi-IPNs) composed of chitosan and poly-
acrylamide (PAAm) hydrogels have been prepared, and the effect of changing pH,
temperature, ionic concentration, and applied electric fields on the swelling of the
hydrogels was investigated. The swelling kinetics increased rapidly, reaching equili-
brium within 60min. The semi-IPN hydrogels exhibited a relatively high swelling
ratios of 385%—-569% at T = 25°C. The swelling ratio increased with decreasing
pH below pH = 7 due to the dissociation of ionic bonds. The swelling ratio of the
semi-IPN hydrogels was pH, ionic concentration, temperature, and electric field
dependent. Differential scanning calorimetry (DSC) was used to determine the
volume of free water in the semi-IPN hydrogels, which was found to increase with
increasing PAAm content.

Keywords chitosan, polyacrylamide, swelling behavior, ph sensitivity, electric field

Introduction

Hydrogels can be defined as three dimensional hydrophilic polymer networks that swell,
but do not dissolve, when brought into contact with water (1, 2). Hydrogels have been
actively studied, with particular emphasis on their reversible volume changes in
response to external stimulus, such as changes in pH, solvent composition, temperature,
ionic concentration, and electric field (3—6). Hydrogels are mainly used in the fields of
medicine, pharmacy, biotechnology, and agriculture. In recent years, due to their
versatile application in biomedicine and biotechnology, hydrogels have been used for
the immobilization of enzymes, proteins, antibodies, and antigens (7, 8).
Semi-interpenetrating polymer networks (semi-IPNs) are defined as compounds in
which one or more polymers are cross-linked (either linearly or branched). Cross-linked
polymers exhibiting high equilibrium swelling in water or aqueous solutions can be
based exclusively on macromolecules with a high hydrophilicity and flexibility, which
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are often a function of the polyelectrolytic nature of the chains. Cross-linked polymers are
one component that can be used to improve the wet strength. Chitosan is a high molecular
weight carbohydrate polymer that is manufactured from chitin (9, 10). It owes its cationic
nature to the free amino groups left by the partial removal of the acetyl groups of chitin.
Chitosan is more useful in biomedical applications and for the dehydration of aqueous
solutions than chitin, since it has both hydroxyl and amino groups that can easily be chemi-
cally modified (11, 12). For these uses, the key properties of chitosan are: its biocompati-
bility, nonantigenicity, nontoxicity (its degradation products are known natural
metabolites), its ability to improve wound healing and/or blood clotting, its ability to
absorb liquids, its ability to form protective films and coatings, and its selective binding
of liquids. Therefore, it can be used for lowering serum cholesterol levels (13).

Polyacrylamide is a well-known hydrogel, with a swelling capacity that is not very
sensitive to pH or to electrolytes (14). Polyacrylamide hydrogels that are commonly
used as support matrices are readily fabricated by an aqueous free radical polymerization
of the monomer acrylamide and cross-linked N,N'-methylenebisacrylamide (MBAAm)
using a redox initiator system, such as ammonium persulfate (APS) and N,N,N',N'-tetra-
methylethylenediamine (TMEDA) (15-18). The pH of the reaction medium is also
important, since hydrolysis of amide groups occurs at high pH, whereas imidization is
favored at low pH and high temperatures (19).

Many researchers have reported specific polymer-water interactions. Yao et al. (20)
reported on the swelling kinetics of chitosan/polyether semi-IPN hydrogels cross-
linked by glutaraldehyde. Sun et al. (21) reported on hydrogel fibres composed of
chitosan and poly(propylene glycol). Kim et al. (22) reported on the drug release
behavior of electrical-responsive PVA /PAAc IPN hydrogels under an electric stimulus.
In regards to using pH as another external stimulus for stimuli-sensitive hydrogels, Yao
et al. (23), have studied pH-sensitive hydrogels.

In this study, semi-IPN hydrogels composed of chitosan and PAAm were prepared,
and the characterization of the pH, temperature, ionic concentration, and electric field
dependence of their swelling behavior, resulting from the chitosan and PAAm amino
groups is described. In addition, DSC studies were performed to gain an understanding
of the nature of the swollen semi-IPN hydrogels.

Experimental

Materials

Chitosan samples with an average molecular weight of 2.0 x 10° and a 76% degree of
deacetylation was supplied by the Jakwang Co., Korea. The acetic acid used was
supplied by the Duksan Pure Chemical. Co. Ltd, Japan. The acrylamide (AAm), N,N'-
methylenebisacrylamide (MBAAm) and ammonium peroxydisulfate (APS) used were
purchased from the Aldrich Chem. Co., US. The N,N,N',N'-tetramethylethylenediamine
(TMEDA) used was purchased from the Yakuri Chem. Co., Japan. All the other
chemicals used were of reagent grade, and were used without further purification.

Preparation of the Semi-IPN Hydrogels

The crosslinked PAAm was prepared by free radical solution polymerization. Individual
mixtures of AAm, MBAAm (2 wt% of the AAm monomer), and TMEDA (3 wt% of the
AAm monomer) were dissolved in an aqueous solution, and stirred for 1h at room
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temperature. The chitosan was completely dissolved in 1 wt% acetic acid (i.e., the solid
content in the solution was 1 wt%), and was then mixed with the AAm using mechanical
stirring for 24 h. The APS initiator (1 wt% of the AAm monomer) was added to the
mixture, which was then stirred for a further 12 h. The detailed compositions and designa-
tions of the chitosan/PAAm semi-IPNs are listed in Table 1. The mixed solutions were
then poured into petri dishes and kept in an oven maintained at 30°C for 24 h. The
samples were then dried in an oven at 40°C for a further 24 h. The obtained products
were then soaked in distilled water for one week to remove any unreacted monomer
and formic acid. The films were then dried at 40°C in a vacuum oven for 24h.
Scheme 1 shows structure of chitosan/PAAm semi-IPN hydrogel.

Characterization

The dried gels were immersed in 50 ml of deionized water maintained at various tempera-
tures. The swelling ratios were obtained by weighing the samples’ initial and swollen state
at various time intervals. To measure the swelling ratios, preweighed dry samples were
immersed in deionized water. After the excess surface water had been removed with
filter paper, the weight of the swollen samples was measured at various temperatures,
pH, ionic strength, electric field, and time intervals. The swelling ratio was determined
according to the following Equation 1 (24):

Swelling ratio (%) =

wx 100 (1)

d

where Wy and W represent the weight of swollen and dry state samples, respectively.
The equilibrium water content (EWC) was calculated using the following

Equation 2 (3):

(We - Wd)

— X

[

EWC (%) = 100 (2)
where W, and W represent the weight of the swollen state at equilibrium and the dry state
samples, respectively.

A TA Instruments 2010 differential scanning calorimeter (DSC) was employed to
examine the state of the water in the swollen hydrogels with different water contents.
The samples were sealed in aluminium pans that were cooled to —30°C and then
heated to 30°C using a heating rate of 5°C/min under 60 ml/min of flowing nitrogen

Table 1
The states of the water present in the chitosan and PAAm semi-IPN hydrogels, as
estimated by DSC analysis

Weight ratio EWC Free water Bound water
Sample (Chitosan/PAAm) (%) (%) (%)
PAAmM N/A 95.20 39.30 55.90
CSPM18 1:8 85.07 29.80 55.27
CSPM16 1:6 79.78 24.70 55.08
CSPM 14 1:4 79.41 24.67 54.74
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Scheme 1. The schematics of the synthesis of chitosan/PAAm semi-IPNs.

gas. The fraction of free water in the total water was estimated using Equation 3 from the
ratio of the endothermic peak area for the water-swollen hydrogels to the melting point
endothermic heat of fusion (Qf = 79.7 cal/g) for pure water. The bound water due to
hydrogen bonds is expressed as the difference between the total water and the free
water content (25).

Wy(%) = Wi — (Wi + Wp) = Wi — (Qepgo/Qr) x 100 (3)

where Wy, is the percentage of bound water, Wy and Wy, are the volumes of free and frozen
bound water, respectively; and W, is the equilibrium water content (EWC (%)). When
swollen, the semi-IPNs were placed between a pair of electrodes (supplying a non-
contact DC electric field in deionized water) (3), and exhibited deswelling on the
application of an electric field. The deswelling water ratios of each semi-IPN in an
electric field were evaluated using the following Equation 4 (26):

Deswelling water ratio = W,/W,, 4)

where W,, and W, are the weight of the fully swollen semi-IPN and the weight of the semi-
IPN upon the application of an electric field, respectively.

Results and Discussion

Figure 1 shows the water swelling behavior of the PAAm and chitosan/PAAm semi-IPNs.
As can be seen in Figure 1, the water swelling occurred rapidly, reaching an equilibrium in
water uptake in a time of about 60 min. The swelling ratios of the semi-IPNs were between
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Figure 1. The swelling behavior of chitosan/PAAm semi-IPNs hydrogels at 25°C. Key:
(V) =PAAm, (A) = CSPM 18, (@) = CSPM 16, and (H) = CSPM 14.

385% and 569%, and these changed with PAAm content. In contrast, the water uptake of
the initially dry PAAm took a long time to reach equilibrium. The swelling ratios of the
PAAm hydrogels were higher than those of the hydrogels of Samples CSPM14,
CSPM16, and CSPM18. Higher equilibrium swelling ratios were obtained by increasing
the PAAm content of the hydrogel structures. This was attributed to the PAAm having
a large hydrophilic content. This behavior may be due to the degree of crosslinking of
the chitosan/PAAm network, but also to the mass of PAAm present, which has a large
number of water-binding sites (5). Therefore, the water molecules could penetrate into
the polymer chains more easily, resulting in an improvement of the semi-IPN hydrogel
water-swelling properties in aqueous solution. Generally, the state of water in the
polymer can be distinguished as “free water” and as “bound water”. The free water is
that portion of water not associated with, or not bound to the polymer, which means
that it undergoes no interaction with the polymer chains. However, bound water is the
most popular term used to describe any associated water, and particularly, that associated
with secondary forces, such as that hydrogen bonded to the polymer matrix. The heat of
melting of the frozen water (i.e., intermediate and free water) was determined from the
area under the endothermic peak, and was calibrated using pure distilled water as a
standard, as was described in the work of Mansor and Malcolm (25).

Figure 2 shows the DSC thermograms of a water-swollen semi-IPN sample as a
function of the PAAm content. An endothermic peak appeared between —20 and 10°C,
which was attributed to the presence of free water in the semi-IPN hydrogels. The
EWC values and the free and bound water contents were calculated, and are listed in
Table 1. The bound water was expressed as the difference between the total and free
water contents. The bound water content of the semi-IPN samples ranged between
54.74% and 55.90% of the total water content. The volume of free water was observed
to increase with increasing PAAm content in the semi-IPN hydrogels. This indicates
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Figure 2. DSC thermograms of the swollen PAAm and chitosan/PAAm semi-IPN hydrogels in
aqueous solution at 25°C.

that the increase in the swelling ratio could be mainly attributed to the free water content of
the semi-IPN hydrogels.

The swelling behavior of the semi-IPN hydrogels was investigated as a function of
temperature. As shown in Figure 3, all the hydrogels exhibited significant changes in
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Figure 3. The equilibrium swelling ratios as a function of temperature (T = 25, 35, and 45°C) for
the chitosan/PAAm semi-IPNs in aqueous solution. Key: (A) = CSPM 18, (@) = CSPM 16, and
(W) = CSPM 14.
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their swelling ratios over the temperature range 25 to 45°C. It is clear that this type of
polymer network has a positive thermosensitivity, i.e., they exhibit higher swelling
levels with increasing temperature. When the mass of PAAm in the hydrogels was
increased, the swelling ratios also increased. The water molecules associated with the
polymer will increase their enthalpies when the temperature increases, and the hydrophilic
groups on the chitosan and PAAm will form intramolecular hydrogen bonds under these
conditions. All the chitosan/PAAm networks exhibited a temperature-responsive swelling
behavior, which was due to the association and dissociation of the hydrogen bonds formed
by the amine groups on both the chitosan and PAAm molecules (3).

Figure 4 shows the swelling ratios of different samples in various pH buffered
solutions at 25°C. The semi-IPNs swelled at pH = 2, and shrank at pH = 7. The protona-
tion of the amino groups of the hydrogels became easier in acidic rather than basic media.
Because the positively charged amine groups of the chitosan and PAAm are incorporated
into the polymer network, the gel swells at low pH due to the ionic repulsion of the pro-
tonated amine groups. The shrinkage at high pH is due to the unprotonated amine groups.
Conversely, alkaline hydrogen bonds tend to associate because —NHZ groups can change
into —NH, groups at low H" concentrations. In an acidic solution, the protonation of the
amino groups (—NH,) in the hydrogels, and the dissociation of the hydrogen bonds,
induce the hydrogel to swell and develop an internal ion osmotic pressure (13). The
swelling capacities of the hydrogels increases as the acidity of media increases, and
the highest swelling ratios were obtained at pH = 2, the lowest pH used in these exper-
iments.

Figure 5 shows the ionic strength dependency of the swelling of semi-IPN hydrogel
Sample CSPM18. The effect of salt concentration on the swelling ratio of the hydrogel
was investigated by increasing the ionic strength of the external solution by the addition
of sodium ions to the external solution in the concentration range [Nat] = 0.2-1.2 wt%.
Increasing the ionic strength of the solution caused a deswelling of the hydrogels.

1200 -
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] —A—CSPM 18
900 4 . —e—CSPM 16
= —=— CSPM 14
32 7 L
< 800+
2 ]
5
® 700
o 5 [}
£ 600 .
3 ]
; . ‘\—*—A‘_A
@ 500
1 ®
00 e
300 ~
200 I I 1 1 1
2 4 6 8 10
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Figure 4. The pH-dependent swelling behavior of chitosan/PAAm semi-IPNs at 25°C. Key:
(A) = CSPM 18, (@) = CSPM 16, and (W) = CSPM 14.
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Figure 5. The effect of the medium’s ionic strength on the swelling ratio of semi-IPN hydrogel
Sample CSPM18 at 25°C. Key: (A) = NazPO,, (@) = Na,CO3;, and (W) = NaCl.

According to the Donnan osmotic pressure equilibrium (27), an increase in the movable
counterions of a solution leads to a decrease in the osmotic pressure within the hydrogel,
causing the gels to shrink. The osmotic pressure results from the difference in the
mobile ion concentrations between the interior of the hydrogel network and the external
immersion medium. Increasing the ionic strength of the solution shields the charge of
the polymeric network, therefore reducing the difference in mobile ion concentration
between the polymer gel and external medium (i.e., the osmotic swelling pressure),
which in turn reduces the gel volume, i.e. the gel shrinks. Our results show that the
relative effect of the addition of anions increases in the following order:

PO, < CO3™ < CI”

This series may be explained by the fact that the PO;  and CO3~ ions can form ion-
pairs with the sodium ions, and, therefore, reduce their effective concentration in the
external solution. This results in a decrease in the swelling capacity, but this is still less
than that produced by the Cl™ ions, which, because they are monovalent, have a greater
effective concentration in the external solution. This explains the observed order of the
relative effectiveness of the salt additions.

The deswelling water ratios of the semi-IPN were calculated using Equation 4 to
quantify the degree of deswelling. Figure 6 shows the remaining water ratio dependency
on the applied voltage and the PAAm ionic group content in the semi-IPN hydrogels. As
shown in Figure 6, the volume of remaining water in the semi-IPN hydrogels reduced with
the increasing applied voltage and PAAm content in the semi-IPN hydrogels. That is, the
semi-IPN hydrogel shrank when an electric field was applied. This phenomenon can be
explained by attributing the shrinkage to the osmotic ion pressure difference that
occurred as a consequence of mobile ion transport to the anode or cathode side of the
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Figure 6. The equilibrium retained water ratios of the chitosan/PAAm semi-IPN hydrogels with
applied electric field at 25°C. Key: (A) = CSPM 18, (@) = CSPM 16, and (l) = CSPM 14.

polymer, combined with local pH changes around the electrodes as a result of electro-
chemical reactions.

Figure 7 shows the remaining water ratio as a function of time, dependent on the
PAAm ionic group content in the semi-IPN hydrogels. Figure 7 indicates that the time
required to reach equilibrium deswelling was about 100 min, and the differences in
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Figure 7. The retained water ratio of chitosan/PAAm semi-IPNs in an electric field of 10 V at 25°C.
Key: (A) = CSPM 18, (@) = CSPM 16, and (l) = CSPM 14.
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the retained weight ratio is consistent with the trends shown in Figure 6. In particular,
the fully swollen Sample CSPM18 showed an approximate reduction in weight of 8%
from its original weight within 100 min in an applied voltage of 10 V. To examine the
effects of the ionic groups on the semi-IPNs, the remaining water ratio of semi-IPNs
with different compositions were measured for Samples CSPM14, CSPMI16, and
CSPM18. An increase in shrinkage was observed with time and PAAm content in
the semi-IPNs.

Conclusions

Differential scanning calorimetry was used in the quantitative determination of the
volumes of free and bound water contained in semi-IPNs. The free water in the semi-
IPN hydrogels increased with increasing PAAm content. The semi-IPN hydrogels
exhibited sensitivity to pH, temperature, ionic concentration, and an applied electric
field. They also exhibited higher swelling ratios with increasing PAAm content. Sample
CSPM18, which contained the highest PAAm content, showed the highest pH-
dependent swelling ratio behavior. The semi-IPN hydrogels were electro-responsive,
and shrank when an electric field was applied. The greatest electro-responsive volume
change was shown by Sample CSPM18. This phenomenon can be explained in terms of
the osmotic pressure difference caused by the redistribution of fixed and mobile ions.
The chitosan/PAAm semi-IPN hydrogels prepared in this study would be useful in biome-
dicine, in areas such as wound dressing materials or drug delivery systems.
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