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Summary

Chitosan based semi-interpenetrating polymer network (semi-IPN) hydrogels
containing different amounts of poly(ethylene glycol) (PEG) were prepared. The
crosslinking of the hydrogels was achieved by using a naturally occurring nontoxic
cross-linking agent genipin. The swelling behaviour of these hydrogels was studied by
immersing the films in deionized water at 25, 37 and 45°C and in media of different
pHs at 37°C. Swelling was found to be dependent on temperature, pH of the medium
and the amount of PEG in the gel. States of water in the hydrogels swollen in
deionized water at 37°C were determined using Differential Scanning Calorimetry
(DSC). The equilibrium water content and the amount of freezing water in the swollen
hydrogels increased with the increase in PEG concentration in the gels.
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Introduction

Hydrogels are macromolecular networks, which can absorb large amounts of water
while maintaining a distinct three-dimensional structure. Depending on the nature of
the networks, hydrogels can be divided into three classes, namely entangled networks,
covalently crosslinked networks and networks formed by secondary interactions [1].
Hydrogels are sensitive to environmental parameters such as pH, temperature, solvent
composition, ionic concentration and electric fields. These properties make hydrogels
an ideal class of materials for medical applications such as drug delivery [2] or
scaffolds for cell or tissue culture [3,4]. For applications in the medical field,
hydrogels prepared from natural polymers are preferred as these are known to be
biodegradable and biocompatible.

Hydrogels of chitosan are currently receiving a lot of attention for medical and
pharmaceutical applications, as chitosan is biocompatible, biodegradable, non-toxic
and easily available. It is a deacetylated derivative of chitin, one of the most abundant
polysaccharides in nature. It has been widely utilized, alone or in combination with
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other polymers, for preparing hydrogels. It has been blended with hydrophilic
polymers such as poly(vinyl alcohol) [5] and poly(vinylpyrrolidone) (PVP) [6,7] for
improving hydrophilic character of the hydrogels.

Poly(ethylene glycol) (PEG) is also used in many biomedical applications due to of its
outstanding physico-chemical and biological properties such as hydrophilicity,
biocompatibility, and lack of toxicity [8]. Several studies have been published on
hydrogels containing chitosan and PEG. Jiang and Han concluded from their
viscometric studies that chitosan/PEG blends are compatible due to attractive
intermolecular interactions between the polymer chains [9].

Chitosan and PEG based membranes were prepared using glucose mediating process
[10]. The swelling measurements showed that the membrane swelled at pH 1.2 and
shrank at pH 7.4. Recently a simple method for covalently crosslinking chitosan using
PEG diacid as crosslinking agent has been proposed [8]. Networks were obtained by
heating solutions of chitosan in aqueous PEG diacid solutions. In another approach PEG
was grafted on chitosan and resulting material was used for preparing hydrogels [11].

In most of the studies on chitosan-based hydrogels, glutaraldehyde has been used as
the crosslinking agent. However, the toxicity of this crosslinker has adverse effects on
the biocompatibility of the obtained materials [12]. Thus, there is a need for a non-
toxic and biocompatible crosslinking agents. We have been studying chitosan based
hydrogels using a naturally crosslinking agent genipin which is known to be far less
cytotoxic than glutaraldehyde [13]. Genipin effectively crosslinks polymers
containing amino groups and the crosslinking mechanism has been well described by
Butler et al [14]. We have reported the preparation and properties of genipin
crosslinked hydgrogels of chitosan/PVP [7] and chitosan/PVA [15]. During the
present study we prepared genipin crosslinked semi-interpenetrating networks of
chitosan and PEG and studied the swelling behavior under different conditions.

Experimental

Materials

Chitosan with 85% degree of deacetylation was obtained from Fluka, U.K.
Poly(ethylene glycol) with molecular weight 6000 and buffer tablets of pH 2, 4, 7, 9
and 10 were obtained from Aldrich. Genipin was purchased from Challenge
Bioproducts Company. All chemicals were used as such without further purification.

Preparation of hydrogels

1.5 (w/v) % solution of chitosan in 1 (w/v) % acetic acid was obtained by stirring the
contents at room temperature. The resulting viscous pale yellow chitosan solution
was filtered to remove any undissolved matter. 5 (w/v) % solution of PEG and
0.5 (w/v) % solution of genipin were prepared in deionized water and were added to
chitosan solution to obtain different mass ratios as shown in Table 1. The solutions
were continuously stirred for approximately 30 minutes and then poured into
polystryrene Petri dishes and left for 12 hours to dry at room temperature. The
hydrogels were obtained in the form of thin films. The films were further dried in
vacuum oven for a week and stored in a desiccator.
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Table 1: Compositions of the semi-IPN prepared

Gel chitosan (g) PEG (g) genipin (g) Mass % of PEG
designation in the gel
C6P1 0.60 0.10 0.02 14.3
C4P1 0.60 0.15 0.02 20.0
C3P1 0.60 0.20 0.02 25.0

Swelling Measurements

The swelling behavior of the hydrogels was measured in deionised water at 25°C,
37°C and 45°C. Pre-weighed hydrogel films of surface area approximately 100 mm?
were placed in beakers containing deionised water and beakers were immersed in
a water bath maintained at 25°C, 37°C or 45°C. The films were withdrawn from the
solutions at different time intervals and the wet weight was determined after gently
wiping the surface water with a filter paper and immediately weighing the films.
Measurements were conducted in triplicates. The swelling ratio (SR) was calculated
from the following equation:

SR(%):(WJ x 100 )

d

where W and W, are the wet and dry weights of the films.

The above procedure was continued till no weight increase was observed for at least
five measurements. Constant weight indicated that the gel had reached equilibrium
swelling state. Equilibrium water content (EWC) of the hydrogels was calculated
using the following equation:

(W, =W,
EWC (%) = W x 100 ()

eq

W, , represents the weight of the swollen sample in the equilibrium state.

For studying the swelling behavior of the gels in media of different pHs at 37°C, pre-
weighed hydrogel samples were immersed in buffer solutions of pH 2, 4, 7, 9, and 10.
The films were withdrawn and the SR and EWC were determined after removing the
surface water as stated above.

Differential Scanning Calorimetry

The states of water in the hydrogels were investigated using Differential Scanning
Calorimetry (Perkin-Elmer DSC 6). 1-5 mg of the gels swollen in deionized water at
37°C were placed in DSC pans and were scanned from —50°C to 20°C at a heating
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rate of 1°C/min under nitrogen atmosphere. The amount of total freezing water was
calculated from the melting enthalpies of endothermic peaks near 0°C.

Results and Discussion

Time dependent swelling behaviors of the hydrogels in deionised water (pH 7) at
25°C, 37°C, and 45°C have been plotted in Figures 1 - 3. All the hydrogels swelled
rapidly and reached equilibrium within one hour. The swelling behavior plotted in
these figures is the average of three trials.
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Figure 1: Swelling behaviour of chitosan/PEG hydrogels at pH 7 and 25°C

300 -
- . » C3P1
250 A
o o} O C4P1
& 200 1 o
8 v v y C6P1
=4 i
o0 150 v
g
E
»x» 100 4
50 A
0 T T T T T T 1
0 20 40 60 80 100 120 140
Time (min.)

Figure 2: Swelling behaviour of chitosan/PEG hydrogels at pH 7 and 37°C
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Figure 3: Swelling behaviour of chitosan/PEG hydrogels at pH 7 and 45°C

Figure 4 shows the equilibrium swelling behavior of the hydrogels in deionized water
(pH 7) at different temperatures. The swelling ratios of the gels increased as the
temperature increased indicating that at higher temperatures the secondary interactions
between the polymer chains broke thus allowing more water to move into the matrix
of the gel.
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Figure 4: Swelling ratios of chitosn/PEG hydrogels at different temperatures at pH 7
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The swelling response of the hydrogels exposed to media of pH 2, 4, 7, 9 and 10 is
shown in Figure 5. It can be seen that the hydrogels swelled the most in acidic
medium compared to the neutral or basic. In all the hydrogels, maximum swelling was
observed at pH 2 and minimum at pH 10. The amount of PEG in the gel influenced
the swelling and the hydrogel containing highest percentage of PEG (C3P1) swelled
the most followed by C4P1 and C6P1.
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Figure 5: Swelling ratios of chitosn/PEG hydrogels at different pH’s at 37°C

The effect of pH on the swelling of the chitosan hydrogels is explained on the basis of
protonation of the amino groups of chitosan. In 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 animo 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.

Differential Scanning Calorimetry (DSC) can provide information about the states of
water in the swollen hydrogels. Generally, the state of water in the polymer hydrogel
can be divided into free water, freezing bound water and non-freezing bound water
[16, 17]. Free water is the freezing water, which does not take part in hydrogen
bonding with polymer chains and show a similar transition temperature and enthalpy
of fusion in the DSC curves, as pure water does. Freezing bound water (intermediate
water) is the water which interacts weakly with polymer molecules and has a melting
endotherm below 0°C. Bound water is the non-freezing water as its molecules form
hydrogen bounds with polymer chains. These water molecules are immobilized and
show no freezing peak even up to —100°C.

Figure 6 shows the DSC heating scans of the hydrogels fully swollen in deionized
water at 37°C.
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Figure 6: DSC heating scans of the hydrogels swollen in deionised water at 37°C

The enthalpy values associated with the melting peaks (AHc,q,) for various hydrogels
were used to calculate the free and bound water in the hydrogels. EWC represents the
percentage of total water present in the hydrogel and is sum of the amount of the three
types of water.

EWC = Wy + (Wi+ Wyp) (3)

where Wy, is the amount of nonfreezing bound water, W; and W;; are the amounts of
free water and intermediate freezing water respectively.

The freezing water (intermediate and free water) in the gel was determined from the
ratio of the enthalpy change associated with the endothermic peaks near 0°C and the
enthalpy of fusion of pure water (333.7J/K).

It is assumed that the enthalpy of fusion of freezing water in the hydrogel is the same

as that of ice. Bound water was obtained by subtracting freezing water from the EWC
and these values are given in table 2.

Table 2: Water states of the hydrogels calculated from DSC analysis

Gel Mass % PEG EWC (%) Freezing water Bound Water
in the gel (%) (%)
C6P1 14.3 61.9 47.8 14.1
C4P1 20.0 69.4 58.0 114
C3P1 25.0 72.0 67.5 4.5

The results indicate that the EWC and the amount of freezing water in the gels
increase as the percentage of PEG increases. The highest EWC and freezing water
was observed in the hydrogel C3P1 containing the highest percentage of PEG. The
hydrogel C6P1, containing the lowest percentage of PEG, showed lowest EWC and
the amount of freezing water. This behavior suggests that PEG increases the
hydrophilic character of the hydrogels. The hydrogel containing higher percentage of
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chitosan seem to form a relatively compact structure. Since only chitosan is
crosslinked by genipin, higher percentage of chitosan would mean availability of more
crosslinking groups, thus resulting in a compact structure.

Conclusion

Chitosan hydrogels containing varying amounts of poly (ethelyne glycol) were
prepared by crosslinking using a naturally occurring nontoxic cross-linking agent;
genipin. Swelling properties of the hydrogels were studied at different temperatures as
well as in media of different pHs. The swelling ratio increased as the temperature
increased due to weakening of secondary interactions. At lower pH, more swelling of
the hydrogels was observed compared to high pH because of protonation of amino
acids in the acidic medium. The amounts of freezing water and bound water were
investigated using Perkin-Elmer DSC 6. The hydrogel with the highest percentage of
PEG showed the highest EWC and amount of free water. With the increase in the
percentage of PEG in the gels, the amount of freezing water as well as EWC increased
whereas the amount of bound water decreased.

References

1.  Ruel-Garie’py E, Chenite A, Chaput C, Guirguis S, Leroux JC (2000) Int. J. Pharm.

203:89.

Drury JL, Mooney DL (2003) Biomaterials 24:4337.

Matsuda T, Magoshi T (2002) Biomacromolecules 3:942.

Berger J, Reist M, Mayer JM, Felt O, Gurny R (2004) Europ J Pharm and Biopharm 57:35.

Wang T, Turhan M, Gunasekaran S (2004) Polym Int 53:911.

Risbud MV, Hardikar AA, Bhat SV, Bhonde RR (2000) J. Controlled Release 68:23.

Khurma JR, Rohindra DR, Nand AV (2005) Polym Bull, 54: 195.

Mincheva R, Manolova N, Sabov R, Kjurkchiev G, Rashkov I (2004) e-Polymers, no. 058.

Jiang WH, Han SJ (1998) J Polym Sci Part B:Polym Phys 36:1275.

10. Wang JW, Hon MH (2005) J AppL Polym Sci 96:1083.

11. Bhattarai N, Frederick A, Matsen FA, Zhang M (2005) Macromol Biosci 5:107.

12. Hennink WE, van Nostrum CF (2002) Adv Drug Del Rev 54:13.

13. Sung HW, Huang RN, Huang LL, Tsai CC, Chiu CT.(1998) J Biomed Mater Res 42:560.

14. Butler MF, Ng Y, Pudney PDA (2003) J Polym Sci Part A: Polym Chem 41: 3941.

15. Khurma JR, Rohindra DR and Nand AV (2006) J Macromol Sci Pure Appl Chem
43:749.

16. Qu X, Wirsen A, Albertsson AC (2000) Polymer 41: 4589.

17. Guan YL, Shao L, Yao KD (1996) J App Polym Sci 61: 2325.

e e Al ol




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


