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Abstract

A chito-oligosaccharide (COS) with the number average degree of polymerizatigh D% was immobilized on poly(vinyl alcohol)
(PVA) by crosslinking with a bifunctional compounid;methylolacrylamide (NMA). The reaction was composed of two successive steps,
the reaction of COS with NMA in an acidic medium in the first step and the reaction of the COS—NMA with PVA in an alkaline medium in
the second step. The reaction products were characterizéd ByIR, differential scanning calorimetry (DSC), and X-ray diffractometry.
The relative crystallinity of PVA containing COS side chain (PC) was found to be lower than that of PVA due to the bulky and rigid COS
backbones. The tensile modulus of PC film was lower than that of PVA film, but its tensile strength was higher. The antimicrobial activity of
PC was excellent in spite of its low COS content. The PC is considered to be a good candidate for a new biomaterial having various functional
properties of chitosan coupled with good mechanical properties of R/#99 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction to prepare a biomaterial having both good biocompatibility
and mechanical properties.

Poly(vinyl alcohol) (PVA) is generally prepared by the For this reason, the blends of PVA/chitosan [13—15] (or
saponification of poly(vinyl ester)s, such as poly(vinyl acet- chitin [16]) and cellulose/chitosan [17—-20] (or chitin [21])
ate) (PVAc). PVA fibers and films are known to possess have been extensively studied. Since Miya et al. [13]
high tensile and impact strength, high tensile modulus, reported that PVA and chitosan formed a clear homoge-
and excellent resistance to alkali, oils and solvents [1,2]. neous blend of which the tensile strength was greater than
Also, PVA has gained increasing attention in the biomedical the sum of the component values, a PVA/chitosan blend has
field due to its bioinertness [3—5]. PVA hydrogels resemble become a topic of great interest in the biomedical field.
organic tissue and have a high elastic modulus even thoughNakatsuta and Andrady [14] studied the permeability and
their water content is very high. diffusion of vitamin B-12 through a PVA/chitosan blend

Chitosan is 8(1 — 4)-2-amino-2-deoxyp-glucan which membrane. Chandy and Sharma [15] studied immobiliza-
is manufactured biN-deacetylation of chitin. It shows good tion of bioactive molecules on a PVA/chitosan blend
antimicrobial activity [6,7] and has biocompatibility for membrane, which showed good permeability for small
most tissues including skin and bone. It accelerates woundmolecules and blood compatibility. Lee et al. [16] reported
healing [8] and exhibits good blood compatibility and that PVAR-chitin blends prepared using formic acid as a
hemostatic activity [9]. It has been expected to be used in cosolvent showed improved mechanical properties in
such industrial and biomedical applications as an antibac- comparison with those of homopolymer. A cellulose/chito-
terial fiber, drug carrier, immobilizer of biological mole- san blend was studied by Hasegawa et al. [17-19]. A cellu-
cules, membrane, wound-healing agent, and artificial skin lose/chitosan blend film prepared by dissolution in chloral/
[10—12]. However, applications of chitosan fibers and films dimethlyformamide showed improved mechanical proper-
are limited mainly due to its poor mechanical properties ties and higher solute permeability. Yang and Ko [21]
such as brittleness and rigidity. Therefore, it is interesting reported that a cellulose/chitin blend was prepared using

dimethylacetamide/LiCl as a cosolvent and spun by wet

spinning method. However, no study has been reported on
*Corresponding author. Tel 82-2-880-7185; fax:+ 82-2-885-1748. the synthesis of biomaterials on which chitosan is linked
E-mail addresssohkwonk@gong.snu.ac.kr (S.-W. Ko) through covalent bonding.
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In this study we synthesized a new biopolymer containing added to the PVA solution. Reaction mixtures were stirred
chito-oligosaccharide (COS) side chain. Poly(vinyl acetate) for different reaction time at different temperatures. The
(PVAc) was prepared by the bulk polymerization of vinyl reactant was neutralized with 1 M hydrochloric acid solu-
acetate (VAc). The PVA was produced by the saponification tion and poured into acetone. The precipitate was filtered,
of the PVAc. Chitosan was depolymerized by sodium washed with water/acetone mixture and cold water. It was
nitrite. The COS was immobilized on PVA by crosslinking then dissolved in DMSO. Insoluble substances (unreacted
with the bifunctional compoundN-methylol acrylamide COS-NMA) were removed by centrifuge. The solution was
(NMA). The PVA containing the COS side chain (PC) poured into acetone and its precipitate was filtered, washed
was characterized by NMR, differential scanning calori-  with acetone, and dried under vacuum at@o
metry (DSC), and X-ray diffractometry, and its mechanical

properties and antimicrobial activity were investigated. 2.5. Preparation of PVA and PC films
_ PVA was dissolved in water for 6 h at 95 to prepare
2. Experimental 3 g/dl solution. The homogeneous solution was poured into
_ _ a stainless steel plate and dried in a drying oven for 1 day at
2.1. Deacetylation of chitosan [22,23] AQ°C. The obtained film was evacuated in a vacuum oven

. o ~ for 3 days at 4€C to remove the residual solvent inside the
A chitosan of an initial 83.9% degree of deacetylation i pc film was prepared by the same method.
(DD) was obtained from Kumho Chemicals Co., Ltd.,

Korea. The chitosan was treated with a 50% aqueous?2 g. Measurements

sodium hydroxide solution under,Mlow for 2 h at 100C.

After cooling, the mixture was filtered and washed with ~ The'H and**C NMR spectra were obtained using an FT
water several times. The above procedure was repeatedNMR spectrometer (UNITY 300, Varian).

The DD of chitosan was measured by the alkaline titration ~ X-ray diffraction patterns were recorded on a MXP-18 X-

method. ray diffractometer (Mac Science) using Ni-filtered GuK
o . radiation at 40 kV and 200 mA.
2.2. Depolymerization of chitosan [24,25] The thermal properties of products were measured using a

differential scanning calorimeter (DSC7, Perkin—Elmer)
with a heating rate of Z&/min.

Tensile tests were carried out using a UTM (LR10K,
oyd). The distance between the two grips was 5 cm and
the crosshead speed was 5 cm/min. The tensile modulus was

Two grams of chitosan was dissolved in 100 ml of a 2%
aqueous acetic acid solution. Sodium nitrite (0.125 mol with
respect to 1 mol of glucosamine), was slowly stirred into the Ll
chitosan solution for 3 h at room temperature. The reactant

was poured into me.thanol. The precipi_tate was filtered, determined within 0.5% elongation. The tensile modulus
washed thoroughly with methanol, and dried under vacuum and strength given were the average values of 10 samples.

at40c. The molecular weight of COS was detgrmineq with AATCC Test Method 100-1993 was used for determining

aWatershqwd chromatograph (Waters Associates Milford, antimicrobial activity of the PC. In this method, a gram-

MA) with puIIuI.an standard (column, Waters hydr_ogel positive bacterium, Staphylococcus aureugAmerican

linear, 30 cmx 2; e.luent, 0.15M Cb{.:(?OH bufiered with Type Culture Collection No. 6538), was used. One gram

0.5 M CH,COONa; flow rate, 1 mi/min; temperature°&). of sample was placed in 1 ml of a culture medium contain-

2 3. Reaction of COS with NMA ing Staphylococcus aurewmnd then kept for 24 h at 3C.
The medium was diluted with 100 ml phosphate buffer solu-

One gram of COS with Dfof 9 was dissolved in 5 ml of ~ tion (pH 7.2) and cultivated on an agar for 24 h atG7The

a 4% aqueous acetic acid solution. NMA (0.5 mol with results were expressed as reduction in bacteria (%) by the

respect to 1 mol of glucosamine) and a small amount of following formula:

polymerization inhibitor were stirred into the COS solution Reduction in bacterig?6) = [(C — A)/C] x 100

for 0.5 h at 70C. The reactant was poured into acetone. The

precipitate was filtered, washed with acetone, and dried whereA is the number of bacteria recovered from the test

under vacuum at 4C. specimen an€, the number of bacteria recovered from the
control (at “0” contact time).

2.4. Reaction of acrylamidomethyl chito-oligosaccharide

(COS—NMA) with PVA
3. Results and discussion

One gram of PVA was dissolved in 100 ml of water for
6 h at 95C. The PVA solution was then slowly cooled down PVA was prepared by the saponification of PVAc. DP
to room temperature. COS—NMA was dissolved in water for and DS of the PVA were 3300 and over 99%, respectively.
2 h at room temperature. The COS—NMA solution and an The chitosan with DD 94.5% was produced by alkaline
aqueous sodium hydroxide solution were successively treatment. Sodium nitrite, which is able to perform
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Fig. 1. Synthesis of PC.

depolymerization reaction under mild conditions, was used used for crosslinking of cellulose. Numerous studies have
to depolymerize chitosan. Sodium nitrite and amino groups been reported on the reactions of NMA with cellulose [26—
of chitosan react with 1:1 stoiochiometry according to the 30]. The reaction, as shown in Fig. 1, was composed of two

depolymerization mechanism [24,25]. The [a? COS was
about 9.

The COS was immobilized on PVA using NMA
(CH,=CHCONHCHOH). The NMA with two different
functional groupsN-methylol and vinyl groups) has widely

successive steps. The first step is the reaction of COS with
NMA in an acidic medium.N-methylol group of NMA
reacts with hydroxyl group of COS under acidic condition.
The transfer of the proton from the acid catalyst to the
oxygen atom and elimination of hydroxyl group are

CH,OH H NH

T

CH,OCH>NHCOCH=CH 2
b a

4 3 ppm

Fig. 2.™H NMR spectrum of COS—NMA.
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Fig. 3.3C NMR spectrum of COS—NMA.

favorable due to the mesomerically stabilized amidomethy- Therefore, the redion between the NMA and hydroxyl
lene [carbonium—immonium] ion. Thus, the condensation group of COS is dominant. Fig. 2 shows thed NMR
reaction ofN-methylol group of NMA with hydroxyl group  spectrum of COS—NMA in BD [31]. The COS is insoluble

is much more facile than other alcohol condensation reac- to water, but the COS—NMA is soluble to water. The peaks
tions. Acetic acid is used not only as a catalyst in this reac- of vinyl groups of COS—NMA are observed at about 5.8 and
tion but also as a reagent, which transforms the amino 6.3 ppm. The amount of NMA linked to COS was deter-
groups of COS into ammonium salts. An ammonium salt mined from spectral integration of proton signals at peaks a,
has a positive charge and cannot act as a nucleophileb and c, showing that about 1.5 molecules of NMA was

S OH H

HOD CH,OCH;NHCOCHCH>

o}
b

—— CHpCHCH,CH—

|
M
! a/

6 5 4 3 2 ppm

Fig. 4.'H NMR spectrum of PC (COS content 7.51%).
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Effect of reaction conditions on the COS content of PC. PVA/COS—-NMA
0.85/0.15 (w/w) 5 5 g0
PC Time Temperature NaOH cos ° e
(h) (°C) concentration content E’ 240 - 170 Q
(mol/l H,O) (Wt%) 5 =}
© 235 =
[ 2 20 0.16 4.49 ] 60 Z
I 4 20 0.16 7.51 £ o30L =1
1 6 20 0.16 8.50 s =
Y, 8 20 0.16 8.23 2 sl S0 o
\ 6 15 0.16 4.20 =
vi 6 25 0.16 6.90 2 220 | a0
VIl 6 30 0.16 3.50
VIl 6 20 0.08 4.49
IX 6 20 0.12 7.21 215 : : : : 30
X 6 20 0.20 8.43 0 2 4 6 8 10

COS content (%)

linked to each COS. In théH NMR spectrum the other Fig. 6. Melting temperatures and heat of fusions of PVA and PCs with
. ) ' different COS contents.
proton signals except for a, b and ¢ were not separated

completely and difficult to interpret. Fig. 3 shows tfig Table 1 shows the effect of reaction conditions such as

NMR spectrum of COS-NMA. All carbon signals were ine temperature, and sodium hydroxide concentration on

separated completely and assigned [32,33]. Among theseg reaction of COS—NMA and PVA. It was observed that
carbon signals, C‘6and C-7 indicate the reaction between e reaction time more than 6 h had little effect on COS

COS and NMA. . , , content and the accelerating effect of temperature on the
The second step is the reaction of COS—-NMA with PVA o yition reaction was more pronounced at'@0 The

in an_alkal_ine medium. PVA un_dgrgoes_a Michael addition ¢qqium hydroxide concentration up to 0.16 mol/bQH
reaction with compounds containing activated double bonds;, .reased the COS content significantly with a minor

in an alkaline medium [34-36]. A double bond in conjuga- yecrease in the COS content beyond that level. Therefore,
tion with a carbonyl group is susceptible to nucleophilic j,-reasing the reaction temperature and sodium hydroxide

1 - . .
attack. The'H NMR spectrum of PC is shown in Fig. 4. ;oncentration beyond the optimum level may activate side
The peaks of the vinyl groups at 5.8 and 6.3 ppm in COS— o4 tions [36].

NMA do not appear in the PC spectrum. The COS content  thermal properties of the PC were examined by DSC.
was determined from spectral integration of proton signals Fig. 5 shows the DSC curves of PVA and PC. In this figure

at peaks a and b, representing wt% of COS in PC. a thermogram of a PVA/COS blend (92.49/7.51) is also
given for comparison with the data of PC. The PVA has a
relatively large and sharp melting peak in comparison with
a that of the PC. With an increase in the COS content of PC,
the endothermic peak of PC tends to broaden and shift to
lower temperature. Fig. 6 shows the dependencg,aind
b the heat of fusion of PC on the COS content, respectively.
Heat of fusion was calculated from the thermogram area of
the DSC curve. Boti,, and heat of fusion of PC became
‘\/\ continuously lower as the COS content increased. The
decrease i, and heat of fusion are generally caused by
T~x //' a reduction in the crystal thickness or the crystal perfection.
N/ Wide-angle X-ray diffraction (WAXD) patterns of PVA
C ~ and PC are shown in Fig. 7. The spectrum a shows a typical
/—w‘\/‘\ peak for PVA that appears at arounél-2 20°. This peak is
assigned to a mixture of (101) and (200) [37]. The PC peak
| | | | | intensity is lower and its shape is broader than that of PVA.
160 180 200 220 240 Accordingly, we can see that the crystallinity and regularity
of the crystalline region of PC is decreased. This is the same
tendency as shown in the DSC thermogram.
Fig. 5. DSC curves of PVA and PCs with different COS contents. (a) PVA,; PVAis a fleX|_bIe chain crystalline polymer. The fI_eX|b|e
(b) COS content 4.49%: (c) COS content 7.51%) (PVA/COS blend PVA backbone is favorable for close molecular packing and
(weight ratio 92.49/7.51). crystallization. The decrease in the crystallinity of PC is due

e — — —

Endo —
)(.

Temperature ( °C)
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0 10 20 30 40
20 content. Miya et al. [13] reported that the tensile strength of

Fig. 7. X-ray diffractograms of PVA and PCs with different COS contents. a PVA/chitosan blend was _greater tha_‘n the sum of the
(a) PVA; (b) COS content 4.49%: (c) COS content 7.51%. component values, suggesting that this enhancement of

tensile strength should be caused by the hydrogen bonding

to the COS side chain which can hinder and retard the between —OH and —NHgroups in chitosan and —OH
crystallization of PC by its bulky and rigid structure. There- groups in PVA. The enhancement of tensile strength of
fore, the crystallinity and the regularity of the crystalline PC film may be due to intra- and inter-molecular interac-
region of PC decreased with an increase of COS content. tions between PVA and COS in the PC similar to the blend

The immobilized COS could produce some of the advan- system.
tages of chitosan such as biocompatibility, antimicrobial  Chitosan is known as an antimicrobial polysaccharide
activity, tissue repair property, hemostatic activity, and probably due to the amino group in the C-2 position of
adsorption properties for metal ions. However, there is a the glucosamine residue. Fig. 9 shows the antimicrobial
possibility that the mechanical properties of PVA may be activity of PC as reduction in bacteria. The growth of
reduced. bacteria was almost completely suppressed due to the

PVA and PC films were prepared in order to investigate COS immobilized on PVA. PC showed excellent antimicro-
their mechanical properties. Fig. 8 shows tensile strengthsbial activity. The enhanced antimicrobial property of PVA
and tensile moduli of the films. The tensile modulus of PC could be an important advantage in biomedical as well as
film was lower than that of PVA film due to its low crystal- fiber applications.
linity and decrease in regularity of its crystalline region.
However, the tensile strength of PC film was higher than

that of PVA film and it increased with an increase of COS 4. Conclusions

COS was immobilized onto PVA through two successive
36 360 steps using NMA. The relative crystallinity of PC was lower

than that of PVA due to the stiff molecular chain of COS
_ 320 o immobilized on PVA. The tensile modulus of PC film was
g 3 lower than that of PVA film due to its low crystallinity.
=3 1280 @ However, the tensile strength of PC film was higher than
5 3 that of PVA film, and it increased with increasing COS
& 240 g content. PC showed excellent antimirobial activity. The
z o PC is considered to be a promising candidate for new
2 200 = biomaterial having various functional properties of chitosan
2 1160 = coupled with good mechanical properties of PVA.
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