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a b s t r a c t

Chitosan-poly(ε-caprolactone) (CPC) copolymers were synthesized via an amino-group-protection
method. Selected CPCs with poly(ε-caprolactone) content less than 50 wt.% were further modified by
introducing quaternary ammonium groups. It was found that the maximum degree of quaternization for
some quaternized CPCs (q-CPCs) could reach around 38% under present synthesis conditions. The opti-
mized q-CPCs showed various antibacterial activities in vitro, and they were able to completely prevent
growth of Staphylococcus aureus and Escherichia coli at different concentrations of about 0.2% and 0.25%,
respectively. At lower concentrations, these optimal q-CPCs had higher antibacterial activities against
hitosan
opolymer
uaternization
ntibacterial activity
echanical property

both bacteria as compared to chitosan. The optimized q-CPCs were also processed into membranes for
tensile mechanical investigations, and the resulting membranes exhibited notably higher strength and
modulus in wet state but much lower strength and modulus in dry state when they were compared with
chitosan membranes. Results suggested that the optimal q-CPCs with proper compositional proportions

for ce
could have the potential
in wet state is required.

. Introduction

Chitosan has been widely used in different biomedical areas
ue to many of its advantageous properties (Lim & Hudson, 2003).
evertheless, its mechanically weak features in wet state limit its
pplications (Madihally & Matthew, 1999). One of the main strate-
ies for improving mechanical strength of chitosan-based materials
s to blend it with other mechanically strong polymers such as poly-
actide (PLA) (Chen, Dong, & Cheung, 2005; Wan, Wu, Yu, & Wen,
006) and poly(ε-caprolactone) (PCL) (Cruz, Ribelles, & Sanchez,
008; Wan, Lu, Dalai, & Zhang, 2009). However, the reported results
evealed that these blends showed inferior miscibility. Apart from
irectly blending chitosan with above mentioned polyesters, graft-

ng PLA or PCL onto chitosan chains has also been tried (Liu, Chen,
Fang, 2006; Qu, Wirsen, & Albertsson, 1999). It has been found

hat chitosan-poly(ε-caprolactone) (CPC) copolymers could have
ailorable properties with the merits of both chitosan and PCL com-
onents, depending on their composition.
One of the important characteristics of chitosan is its antimi-
robial properties against a variety of bacteria and fungi because
f polycationic features of chitosan (Muzzarelli, 2009). However,
he antimicrobial activity of chitosan is limited to acidic conditions

∗ Corresponding author. Tel.: +86 27 87792216; fax: +86 27 87792205.
E-mail address: ying x wan@yahoo.ca (Y. Wan).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.08.062
rtain kinds of antibacterial applications where desirable tensile strength

© 2010 Elsevier Ltd. All rights reserved.

due to its poor solubility above pH ∼ 6.5, where chitosan starts to
lose its cationic nature. To improve solubility of chitosan in aqueous
media, many studies have been focused on the preparation of solu-
ble chitosan derivatives over a wide pH range (Lim & Hudson, 2004).
Some reports have suggested that quaternary ammonium salts of
chitosan with appropriate degrees of quaternization are soluble in
neutral or even slightly alkaline aqueous solvents, and meanwhile,
they also show markedly improved antimicrobial activities as com-
pared to unmodified chitosan in pH-regulated environments (Jia,
Shen, & Xu, 2001; Jintapattanakit, Mao, Kissel, & Junyaprasert, 2008;
Sadeghi et al., 2008; Seong, Whang, & Ko, 2000). However, in spite of
merits of the enhanced antibacterial activity, the increasing soluble
or highly swelling properties of quaternized-chitosan derivatives in
aqueous environments would in turn make themselves nearly inap-
plicable to some instances where the basic mechanical strength in
the wet state is essential. Based on the adjustable properties of CPCs
aforementioned, in the present study, selected CPCs were quat-
ernized to aim at achieving desirable antimicrobial materials and
their antimicrobial activity and mechanical properties were mainly
investigated.
2. Experimental

2.1. Materials

Chitosan was purchased from Fluka. To obtain highly deacety-
lated chitosan, the obtained chitosan powder was treated in a

dx.doi.org/10.1016/j.carbpol.2010.08.062
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:ying_x_wan@yahoo.ca
dx.doi.org/10.1016/j.carbpol.2010.08.062
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0 wt.% NaOH solution at 100 ◦C for 2 h, and the alkali treatment
as repeated again using a method described elsewhere (Wan, Cao,
u, Zhang, & Wang, 2008). The degree of deacetylation and viscos-

ty average molecular weight of chitosan were measured as 93.8
±1.9) % and 1.04 (± 0.15) × 105 according to our previous method
Wan et al., 2006). Escherichia coli (E. coli, ATCC 25922) and Staphylo-
occus aureus (S. aureus, ATCC 29213) bacteria were obtained from
TCC. Other chemicals were purchased from Sigma–Aldrich and
isher, and used as received.

.2. Synthesis of CPCs

CPCs were synthesized following a protection–grafting–
eprotection route and using reported methods (Liu, Wang, Shen,
Fang, 2005; Liu et al., 2006). In brief, 5 g of chitosan and 13.8 g

f phthalic anhydride were dispersed in 100 mL of anhydrous
MF and the mixture was stirred at 90 ◦C for 8 h to produce
hthaloylchitosan (PHCS). The collected products were washed
ith water, ethanol and diethyl ether, consecutively, and dried

n vacuum. Grafting caprolactone onto PHCS was carried out
nder N2 in the medium of DMF with stirring at 100 ◦C for vari-
us periods of time. The obtained PHCS-poly(ε-caprolactone) was
xtracted with acetone in a Soxhlet apparatus for at least 24 h to
emove the homopolymer. After that, PHCS-poly(ε-caprolactone)
as deprotected by eliminating phthaloyl groups using hydrazine
onohydrate under nitrogen and the resulting CPCs were repeat-

dly washed with water and ethanol, lyophilized at −75 ◦C and
ried again in vacuum.

.3. Synthesis of quaternized CPCs (q-CPCs)

CPCs were cryogenically milled into very fine powder in a mill
ooled with liquid nitrogen and vacuum-dried prior to grafting
ynthesis. In a typical experiment, 5 g of selected CPC powder
as dispersed in 60 mL of distilled water and various amounts of

lycidyl trimethyl-ammonium chloride (GTMAC) were introduced
ith stirring under N2 atmosphere at 80 ◦C for at least 12 h. The

esulting products were cooled down to 0 ◦C in an ice-water bath,
nd a given amount of precooling acetone was added with addi-
ional stirring. The collected precipitates were washed twice with
ooled acetone and ethanol, and filtered. The unreacted GTMAC and
ligomer were removed by extracting the products with ethanol
sing a Soxhlet apparatus for 24 h. The final products of q-CPCs
named as q-CPC-I(i), i = a, b, c, d; and q-CPC-II(j), j = a, b, c, d) were
ried until to the constant weight. Some quaternized-chitosan sam-
les (referred as q-CH-(k), k = a, b, c, d) were also synthesized using
he same method and used as controls.

.4. Preparation of membrane samples

Chitosan, CPCs and selected quaternized samples were pro-
essed into membranes for the measurements of X-ray diffrac-
ograms and tensile test. They were dissolved in 0.15% acetic acid
HAc) to prepare 2.0 wt.% solutions, respectively. Complete dissolu-
ion of samples was ensured by using a Tissuemiser Homogenizer
Fisher Scientific). The resulting solutions were cast onto Teflon
ishes and dried in air. The resulting membranes were immersed in
1.0% NaOH aqueous solution for their neutralization. These mem-
ranes were then washed thoroughly with deionized water until a
eutral pH was reached, dried in air and again in vacuum. All dry
embranes had a mean thickness of about 220 �m.
.5. Characterization

IR spectra of q-CPCs were recorded on a spectrometer
IRPrestige-21, Shimadzu) in transmission mode. All samples were
mers 83 (2011) 824–830 825

prepared as KBr pellets and scanned against a blank KBr pellet
background.

Chitosan, CPC or q-CPC samples were dissolved in D2O/CF3COOD
(98:2, v/v), respectively, and introduced into a 5-mm NMR tube.
1H NMR measurements were performed on a Bruker Advance 600
spectrometer 60 ◦C.

The weight percent of PCL in CPCs was measured using a Perkin
Elmer PE 2400 II elemental analyzer. PCL content in CPCs was also
measured via a gravimetric method described elsewhere (Feng &
Dong, 2006) for comparison.

Degree of quaternization (DQ) was determined via a titration
method. q-CPC was dissolved in 0.1 M HAc solution and DQ was
determined by titrating the amount of Cl− ions on the q-CPC with
an aqueous AgNO3 solution according to a reported method (Wu,
Su, & Ma, 2006).

An X-ray diffractometer (SCINTAG X1) was used to inspect
diffractograms of the membranes. The X-ray source was Ni-filtered
Cu-K� radiation. Dry membranes were mounted on aluminum
frames and scanned at a speed of 2◦/min from 5◦ to 40◦ (2�). To mea-
sure the relative crystallinity percentage (Xc) of the membranes,
the amorphous areas and the areas of the crystalline peaks were
measured, and Xc was calculated from the diffractograms of the
membranes based on the following relationship (Wan et al., 2006):

Xc =
[

Ac

Ac + Aa

]
× 100% (1)

where Ac and Aa are the areas of the crystalline and amorphous
regions, respectively.

2.6. Evaluation of antibacterial properties

A loopful of E. coli or S. aureus was spread on nutrient agar and
incubated at 37 ◦C for 24 h to give the single colonies. A represen-
tative bacteria colony was picked off with a wire loop, placed in
pre-sterilized DifcoTM nutrient broth and then incubated overnight
at 37 ◦C for 12 h. Cells were harvested by centrifugation. By appro-
priately diluting with sterile distilled water, the cultures of E. coli
and S. aureus containing ∼108 CFU/mL were prepared according to
McFarland standards. Each bacterium suspension was diluted with
autoclaved nutrient broth and sterile distilled water, and the sus-
pension was adjusted to the matched optical absorbance of 0.2 prior
to the antibacterial test (Liu et al., 2006).

Selected antibacterial agents (chitosan, CPC-2, CPC-3, q-CH-(a),
q-CPC-I(c) and q-CPC-II(d)) were respectively dissolved in sterile
nutrient broth containing pre-sterilized 0.15% acetic acid to prepare
different solutions with varied concentrations. Complete dissolu-
tion of the antibacterial agents was ensured by using a Tekmar
Tissuemiser that has a sonicating function and is able to grind up
those gelled particles. After that, these solutions were inoculated
with E. coli or S. aureus and incubated with shaking at 37 ◦C for 48 h.
The optical density (OD) of samples was measured spectropho-
tometrically on a Cary 5000 UV-vis-NIR spectrometer at 610 nm.
All experiments were performed in triplicates against each tested
bacterium. The agent-control groups contained antibacterial agent
and nutrient broth, and the bacterium-control groups consisted of
bacterium suspension and nutrient broth without any antibacterial
agents (Sajomsang, Tantayanon, Tangpasuthadol, & Daly, 2009).

2.7. Tensile properties of membranes

Tensile mechanical parameters of the membranes were mea-

sured using an INSTRON universal testing machine (model 5865)
at ambient temperature. Dry specimens were cut into strips with
50 mm length and 20 mm width. The strips were strained to fail-
ure on employing a crosshead speed of 2 mm/min. In the cases
of hydrated samples, after being immersed in water for 2 h, the
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Table 1
Parameters of CPC copolymers.

Samples PCL content in CPC (wt.%)a Soluble featureb

Gravimetric
method

Elemental
analysis

DMSO 0.5% HAc Water

CPC-1 25.4 (±1.37) 26.3 (±1.41) − + ±
CPC-2 36.6 (±1.48) 35.5 (±1.39) ± + −
CPC-3 45.3 (±1.53) 46.1 (±1.45) ±± ±± −
CPC-4 54.7 (±1.61) 53.8 (±1.27) ±± ±± −
CPC-5 63.2 (±1.46) 62.3 (±1.42) + ± −
CPC-6 72.8 (±1.59) 73.5 (±1.53) + − −

the amino groups of chitosan were reserved.
The IR spectrum of q-CPC in Fig. 2 shows evidence of the intro-

duction of quaternary ammonium groups on chitosan backbone,
which appeared at 1478 cm−1, corresponding to the C–H bend-
Fig. 1. 1H NMR spectrum of chitosan–PCL (PCL content: 44.2 wt.%).

amples were taken out and the excess of water on the surface of
embranes was removed using blotting paper. The hydrated sam-

les were also cut into strips with the same dimensions described
bove and tested under the same conditions.

.8. Statistical analysis

Analysis of variance (ANOVA), using commercially available
tatistical software (SPSS 15.0 for Windows), was performed to
etermine whether significant differences existed among the mea-
ured data. The differences in the data were considered as statistical
ignificance at p < 0.05.

. Results and discussion

.1. CPCs and relevant parameters

To leave amino groups at the C-2 sites free for further quat-
rnization, in the present study, PCL side chains were selectively
rafted onto the C-6 sites using a group-protection method in which
he amino groups at C-2 sites of chitosan were protected before-
and by phthaloyl groups.

Fig. 1 shows a representative 1H NMR spectrum of CPC samples.
he chemical shifts at ı: 3.1 (H-2), 3.6–3.9 (H-3, -4, -5, -6), and 4.8
H-1) can be attributed to the chitosan, and the others at ı: 1.2 (c-
H2), 1.35–1.42 (b, d-CH2), 2.3 (e-CH2) and 3.5 (a-CH2) should be
scribed be to the PCL component. These data are well in agreement
ith the reported results (Liu et al., 2005b, 2006), suggesting that

CL side chains have been successfully grafted on the chitosan main
hains.

It was found that PCL content in CPCs was notably dependent
n both the feed ratios of caprolactone to chitosan and the synthe-
is conditions. The maximum weight percent of PLC in CPCs could
each around 74 wt.% by using present synthesis technique. Differ-
nt CPCs with various PCL weight percentages were synthesized
nd relevant parameters are summarized in Table 1. Since PCL is a
ydrophobic component, as expected, CPCs showed quite various
oluble properties in different solvents, depending on PCL content.
lthough the weight percentage of PCL in CPCs could reach higher
han 70 wt.%, the PCL content has to be well controlled because
he resultant CPCs would show the characteristics more similar
o pure PCL if PCL content is too high. To take full advantages of
oth chitosan and PCL components, and consider the feasibility
or quaternization by using aqueous solvent, some CPCs contain-
a PCL content was controlled by mainly changing the ratios of caprolactone to
phthaloylchitosan, reaction time and the volume of media;

b DMSO (dimethyl sulfoxide), “−”, “±”, “±±”, and “+” indicate that CPCs are insol-
uble, partially swelled, partially soluble or highly swelled, and soluble, respectively.

ing PCL less than 50 wt.%, namely, CPC-2 and CPC-3, were hence
selected for the followed quaternization. In addition, as mentioned
in the experimental section, PCL content was measured using either
a gravimetric method or an elemental analysis technique. Results
in Table 1 indicate that data obtained by two different methods for
PCL content exhibited reasonable consistency, confirming that the
present synthesis technique was stable and well controllable.

3.2. IR and NMR analysis of q-CPCs

Fig. 2 shows IR spectra of chitosan, CPC-2 and q-CPC. There was
a shoulder-like absorption peak at around 1656 cm−1 for chitosan,
which corresponds to the C O stretch of the secondary amide and
is usually shown for chitosan with a high DDA (Wan et al., 2006);
another clear absorption peak at 1592 cm−1 is belonged the N–H
bending of the primary amine of chitosan (Wan et al., 2006). Several
new absorption bands at 2928, 1726, 1240 and 1178 cm−1 appeared
in the spectrum of CPC-2 as compared to that of chitosan and they
could be assigned for the characteristic absorption of ester corre-
sponding to PCL side chains (Liu, Li, Fang, & Chen, 2005). It should
be also noted from Fig. 2 that the peak situated at about 1588 cm−1

and originally corresponding to the amino groups in chitosan was
still well remained, suggesting that PCL chains were grafted onto
the hydroxyl groups at C-6 positions of chitosan backbone, while
Fig. 2. IR spectra of chitosan (A), CPC-2 (B, PLC content in CPC: 36.7 wt.%) and q-CPC
(C, PCL content in CPC: 35.9 wt.%, DQ: 35.1%).
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Table 2
Parameters of q-CPC.

Samples Feed ratio of GTMAC to
chitosan or CPCa (wt/wt)

DQ (%) Soluble featureb

0.15% HAc Water

q-CH-(a)c 2.5:1 34.3(±2.41) + ±±
q-CH-(b) 3.5:1 59.7(±2.68) + ±±
q-CH-(c) 4.5:1 81.4(±3.05) + +
q-CH-(d) 5.5:1 92.6(±3.12) + +
q-CPC-I(a)d 2.5:1 17.2(±1.59) ±± ±
q-CPC-I(b) 3.5:1 29.6(±2.07) ±± ±
q-CPC-I(c) 4.5:1 34.8(±2.36) ±± ±
q-CPC-I(d) 5.5:1 37.9(±2.13) ±± ±
q-CPC-II(a)e 2.5:1 13.5(±1.42) ± ±
q-CPC-II(b) 3.5:1 25.1(±2.16) ± ±
q-CPC-II(c) 4.5:1 31.3(±2.21) ±± ±
q-CPC-II(d) 5.5:1 35.2(±2.29) ±± ±
a CPC-2 (PCL content in CPC-2: 35.4 wt.%) and CPC-3 (PCL content in CPC-3:

45.1 wt.%) were selected for quaternization (see Table 1 for CPC-2 and CPC-3).
b “+”, “±±” and “±”: soluble; partially soluble or highly swelled; partially swelled,

respectively.
c Control set.
d

ig. 3. 1H NMR spectrum of q-CPC (PCL content in CPC: 35.2 wt.%, DQ: 34.3%).

ng of trimethylammonium group (Lim & Hudson, 2004; Wu et
l., 2006). A shoulder originally matched to the secondary amide
f chitosan component (see Fig. 2(A)) turned to a clear absorption
and at 1653 cm−1, and the peak initially corresponding to the pri-
ary amine of chitosan became a shoulder, implying that GTMAC

lready connected with amino groups on chitosan backbone so that
ome primary amine was changed into secondary amine (Pavia,
ampman, & Kriz, 1996).

Fig. 3 presents 1H NMR spectrum of q-CPC. A very strong peak
t around 3.2 ppm was observed, which confirms the presence of
ethyl groups in the quaternary ammonium side chains (Lim &
udson, 2004). Several other peaks at ı: 2.8, 3.21 and 4.53 could be
scribed to protons in quaternized side chains, respectively (Kim,
hoi, & Yoon, 1998; Seong et al., 2000). The signals in the spectrum

or chitosan backbone and PCL side chains were maintained almost
he same with exception of a small shift for H-2 (ı: 2.93) which
riginally positioned at ı: 3.1 (see Fig. 1). On the basis of IR and
H NMR spectra of q-CPC, it can be reached that some amounts
f amino groups on the C-2 sites of chitosan backbone have been
uaternized.

.3. Basic parameters of q-CPCs

Based on many trials, it was attained that by changing
TMAC/CPC feed ratio and selecting appropriate reaction tempera-

ure and time, DQ of q-CPCs could be effectively controlled. Two sets
f q-CPCs were synthesized by using CPC-2 and CPC-3 and altering
he GTMAC/CPC ratios, and relevant data are summarized in Table 2.
nother set of quaternized-chitosan (q-CH) samples was also pre-
ared with the same method and used as controls. Their parameters
re concomitantly listed in Table 2. Data for the samples in the con-
rol set revealed that chitosan could be easily quaternized and DQ
f q-CH increased with GTMAC/chitosan feed ratio until the ratio
eached a value of around 4.5, and after that, it showed a slow-
own change. In contrast to these observations, it is noted that
Q of q-CPCs in set-one or set-two was much lower than that of

he matched one in the control set even the GTMAC/CPC ratio was
rranged to increase in a same proportional manner. In addition,

Q of samples in the set-one was measurably greater than that of

he corresponding one in the set-two.
As indicated in Table 1, CPC-2 or CPC-3 had its PCL content up

o 35 wt.% or higher. The PLC side chains in CPC-2 would inevitably
enerate steric hindrance to hinder some GTMAC molecules from
Set-one was denoted by letter “I”; samples in the set-one were synthesized using
CPC-2.

e Set-two was denoted by letter “II”; samples in the set-two were synthesized
using CPC-3.

reacting with amino groups on chitosan main chains, leading to
much less effective quaternization of q-CPC samples in set-one as
compared to that of q-CH. As regards the relatively low DQ of q-
CPC samples in set-two when comparing with that of the matched
one in set-one, it should be reasonable because the PCL content in
CPC-3 was higher than that of CPC-2, and the increased PCL con-
tent would contribute enhanced steric hindrance, resulting in lower
DQs.

Table 2 indicates that q-CPCs were only partially swollen in
water, and on the other hand, q-CHs with different DQs could be
soluble in water, partially soluble or highly swelled in water, imply-
ing that the presently obtained q-CPCs will have better mechanical
strength in the wet state than q-CHs. It can be seen from Table 2 that
under the present synthesis conditions, the maximum DQ for q-CPC
samples in set-one or set-two could reach around 38%. To evalu-
ate the antibacterial properties of these quaternized derivatives on
the same baseline, q-CH-(a), q-CPC-I(c) and q-CPC-II(d) were thus
selected for the following examinations because they had a similar
DQ of around 35%.

3.4. X-ray diffraction analysis

X-ray diffractograms of chitosan, CPC and q-CPC membrane
samples are illustrated in Fig. 4(a). Chitosan membrane showed
two typical peaks at around 10◦ and 20.5◦ (Wan et al., 2006). CPC-2
and CPC-3 membranes exhibited similar diffraction patterns. Two
narrow peaks at angle 2� of around 21◦ and 23◦ in Fig. 4(a) (B and
C) for CPC-2 and CPC-3 appeared to be superposed over the rem-
nant wide peak of chitosan component, which can be attributed
to the crystalline PCL component (Liu et al., 2005b). In the case
of q-CH membrane, the original peak of chitosan at around 10◦

completely vanished, and the strength of another typical peak
originally situated at about 20.5◦ was significantly decreased. The
X-ray patterns of q-CPC-I(c) and q-CPC-II(d) membranes became
quite flat and only displayed a trace of the peak of chitosan
component. The crystallinity of different membrane samples was

calculated and relevant data are presented in Fig. 4(b). These bar-
graphs showed that crystallinity of CPC-2 or CPC-3 membranes was
remarkably lower than that of pure chitosan membrane; after quat-
ernization, crystallinity of quaternized membranes was further
significantly reduced, and the very low crystallinity of q-CPC-I(c)
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Fig. 4. X-ray diffractograms (a) and crystallinity (b) of different membranes ((a): (A)
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at lower concentrations (p < 0.05) than that of chitosan.
hitosan, (B) CPC-2, (C) CPC-3, (D) q-CH-(a), (E) q-CPC-I(c) and (F) q-CPC-II(d)).

nd q-CPC-II(d) membranes indicated that they became almost
morphous. It is known that both chitosan and PCL are crystalline
olymers. However, the interactions resulted from intermolecu-

ar entanglement between PCL side chains and chitosan chains
n CPCs could obstruct crystallization of each component, lead-
ng to notably lower crystallinity in CPC-2 and CPC-3 membranes.
he rigid structure of chitosan is known to be mainly stabi-
ized by hydrogen bonds (Nishimura, Kohgo, Kurita, & Kuzuhara,
991). In the case of unmodified chitosan, the intramolecular
ydrogen bonds are usually formed by amino groups at C-2 and
ydroxyl groups at C-3 positions, and the intermolecular hydro-
en bonds can be created between hydroxyl groups at C-6 and C-3
ositions through absorbed water molecules. However, after quat-
rnization, these hydrogen bonds would be drastically destroyed,
esulting in great decrease in crystallinity of q-CH-(a) membranes.

ith respect to q-CPC-I(c) and q-CPC-II(d) membranes, as com-
ared to their precursors, namely, CPC-2 and CPC-3, the further
eduction in their crystallinity is reasonable because introduction
f quaternary ammonium side chains onto the C-2 positions of
hitosan backbone would inevitably escalate the entanglement
mong chitosan chains, PCL side chains and quaternary ammo-

ium side chains, which can become so tangly that q-CPC-I(c)
nd q-CPC-II(d) membranes are endowed with almost amorphous
eatures.
Fig. 5. Antibacterial activity of selected antibacterial agents against S. aureus (a) and
E. coli (b).

3.5. Antibacterial properties

Fig. 5(a) shows concentration dependence of the antibacterial
activities of selected agents against S. aureus. It can be observed
from Fig. 5(a) that when concentrations were higher than 0.2%,
all antibacterial agents were able to completely prevent growth
of S. aureus. The inhibitory concentration of chitosan was about
0.1% and it is basically in agreement with reported results (Li et al.,
2007). CPC-2 and CPC-3 had significantly lower (p < 0.01) antibac-
terial activities as compared to chitosan, which can be ascribed to
their much lower content of amino groups due to the substitution of
PCL side chains. q-CH-(a) exhibited remarkable enhancement on its
antibacterial activities when comparing with chitosan, which can
be attributed to the contribution of quaternary ammonium groups
because amino groups on chitosan can only function as relatively
weak positive charge centers whereas the grafted trimethylammo-
nium groups on q-CH-(a) have much greater positively electronic
strength than that of amino groups. It is specially worth noting
that q-CPC-I(c) and q-CPC-II(d) acquired notably improved antibac-
terial activities in contrast to CPC-2 and CPC-3, respectively, and
they even showed effectively inhibitory abilities against S. aureus
The effect of concentrations on the antibacterial activity of
selected agents against E. coli is illustrated in Fig. 5(b). OD values of
these agents showed trends closely similar to that shown in Fig. 5(a)
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Table 3
Tensile parameters of dry and hydrated membranesa.

Sample Dry state Hydrated state

Tensile strength
(MPa)

Breaking-
elongation
(%)

Young’s modulus
(MPa)

Tensile strength
(MPa)

Breaking-
elongation
(%)

Young’s modulus
(MPa)

Chitosan 25.3 ± 2.4 14.2 ± 3.1 189.4 ± 19.3 0.31 ± 0.06 52.5 ± 4.9 3.9 ± 0.5
CPC-2 12.7 ± 1.4 27.6 ± 3.8 96.6 ± 8.7 6.2 ± 0.9 61.9 ± 6.3 53.4 ± 5.7
CPC-3 13.5 ± 1.2 29.9 ± 4.2 114.2 ± 10.8 8.3 ± 1.1 65.2 ± 6.7 87.1 ± 6.1
q-CH-(a)b 8.1 ± 1.1 24.7 ± 3.5 63.1 ± 8.4 − − −
q-CPC-I(c) 6.4 ± 0.9 32.5 ± 3.2 48.3 ± 5.1 1.09 ± 0.08 68.2 ± 7.4 8.4 ± 1.1
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q-CPC-II(d) 72.3 ± 1.1 34.1 ± 3.6 56.7 ± 5

a Dry membranes had a mean thickness of about 220 �m; the thickness of hydra
b Hydrated q-CH-(a) membranes were highly swelled so that the tensile measure

ut it can be seen in Fig. 5(b) that the plots were integrally moved
owards higher concentrations, and the concentration of agents for
ompletely inhibitory growth of E. coli was about 0.25%, possibly
evealing that these agents impose stronger antibacterial effects
n S. aureus than on E. coli. These observations are rational and
upported by some other reports in which chitosan was found to
how higher antibacterial activity against S. aureus than against E.
oli due to the main differences between the cell wall structures of
. aureus and E. coli (No, Park, Lee, & Meyers, 2002).

It is noted in Fig. 5(a) and (b) that OD values for q-CH-(a) and
hitosan were slightly increased when their concentrations were
ower than 0.025%. It has been reported that chitosan is quite
usceptible to a wide range of enzymes originated from various
acteria and fungi (Hirano, Tsuchida, & Nagao, 1998). Therefore,
hitosan and q-CH-(a) could be hydrolyzed by some enzymes syn-
hesized by S. aureus and E. coli and used as a kind of energy when
heir concentrations are lower than a critical value, resulting in a
light increase in their OD values.

As shown in Table 2, q-CPC-I(c) and q-CPC-II(d) were partially
wollen in water while q-CH-(a) was not fully soluble in water,
0.15% HAc solution was thus employed for these agents during

he antibacterial test in the present study. As a result, the plots in
ig. 5(a) and (b) should reflect the cooperative effect of antibacte-
ial agents and 0.15% HAc since acetic acid also has antibacterial
ctivity. Many other studies on the antibacterial activity of chi-
osan in HAc solutions with various concentrations ranging from
.25 to 1.0% have been done and results indicate that the antibac-
erial effect mainly comes from chitosan (Avadi, Sadeghi, Tahzibi,
ayati, & Pouladzadeh, 2004; Liu et al., 2006; Qi, Xu, Jiang, Hu, &
ou, 2004). In the present instance, the concentration of HAc solu-
ion was very low, therefore, results presented in Figs. 5(a) and
b) should suggest that these tested agents mainly contribute their
ntibacterial activity against S. aureus and E. coli and q-CPC-I(c) and
-CPC-II(d) could be suitable for antibacterial applications due to
heir higher antibacterial activity as compared to chitosan.

.6. Tensile properties

Since these antibacterial agents will possibly be used in a
et environment their tensile properties therefore, become an

mportant issue. Chitosan, CPC-2, CPC-3, q-CH-(a), q-CPC-I(c) and
-CPC-II(d) were thus processed into membranes and tensile prop-
rties of these membranes were examined in both dry and wet
tates. Relevant parameters obtained from mechanical measure-
ents are provided in Table 3.
The data in Table 3 reveal that in the case of dry state, chitosan
embranes had much higher (p < 0.01) tensile strength and
odulus but significantly lower (p < 0.01) breaking-elongation

han other membranes; and after quaternization, tensile strength
nd modulus of q-CH-(a), q-CPC-I(c) and q-CPC-II(d) membranes
urther decreased and their breaking-elongation was lengthened
1.16 ± 0.09 72.2 ± 7.2 9.5 ± 1.2

embranes was measured using a vernier caliper.
s for them were not able to be conducted.

when they were correspondingly compared with chitosan, CPC-2
and CPC-3 membranes, respectively. These differences could
be ascribed to different structures and composition of mem-
branes. Fig. 4(a) and (b) indicates that chitosan membranes had
much higher crystallinity than others, and thus the mechanical
strength of chitosan membranes should be significantly higher
in contrast to other membranes because crystalline proper-
ties of polymer are highly linked to its strength, and usually,
higher crystallinity will endow a polymer material with higher
strength and modulus in comparison with those having lower
crystallinity. On the other hand, the much lower crystallinity due
to chain entanglement in CPC-2, CPC-3, q-CPC-I(c) and q-CPC-
II(d) membranes could allow them to partially reorganize the
molecule chains into an alignment arrangement during the tensile
test, leading to significantly lengthened breaking-elongation.
With respect to q-CH-(a) membranes, their lower strength and
modulus as well as longer breaking-elongation in the day state
when comparing with chitosan membranes could be assigned
to the effect of N-[(2-hydroxy-3-trimethylammonium)propyl]
side chains which certainly obstruct the formation of inter-
molecular and intramolecular hydrogen bonds inside the
membrane.

In the case of hydrated state, q-CH-(a) membranes swelled so
that they were not able to withstand any mechanical loadings.
Data in Table 3 indicates that tensile strength and modulus of
all other membranes sharply decreased and breaking-elongation
of membranes was greatly increased. It is known that chitosan
is hydrophilic because of its polar groups. In a wet state, some
microcrystalline domains originally formed in the dry chitosan
membrane through hydrogen bonds could be highly destroyed
due to hydration and followed swelling (Kumar, 2000), and
thus tensile strength and modulus of hydrated chitosan mem-
branes would be remarkably reduced, accompanied by increased
breaking-elongation. With respect to hydrated CPC-2 and CPC-3
membranes, their tensile properties should be closely associated
with the properties of PCL component because hydrated chitosan
was very mechanically weak, as indicated in Table 3. Since an acidic
aqueous solution was employed as the solvent to prepare CPC-2 and
CPC-3 membranes, PCL chains in CPC-2 or CPC-3 could turn inward
and aggregate together while chitosan chains would stretch out-
ward because PCL component is highly hydrophobic. As a result,
many hydrophobic domains constructed by PCL chains would pos-
sibly act as physically crosslinked sites, as described in the case
of chitosan-polylactide copolymers (Qu et al., 1999), resulting in
enhanced tensile strength and modulus for hydrated CPC-2 and
CPC-3 membranes. Their slightly lengthened breaking-elongation

can be partially attributed the excellent ductility of PCL compo-
nent (Wan et al., 2009). It is worthy of noting that the strength
and modulus of hydrated q-CPC-I(c) and q-CPC-II(d) membranes
were around three-fold higher (p < 0.01) than that of hydrated chi-
tosan membranes, suggesting that q-CPC-I(c) and q-CPC-II(d) have
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cceptable wet mechanical strength for biomedical applications in
oft tissues repair or regeneration (Shalaby, 1994).

On the basis of above examinations and considering mechanical
roperties and antibacterial activity of quaternized CPC copolymers
ogether, the obtained results may suggest that some of them, for
xample, q-CPC-I(c) and q-CPC-II(d), can serve as desirable candi-
ates for certain kinds of antibacterial applications where the basic
ensile strength in the wet state is required.

. Conclusions

Under the optimized synthesis conditions, a degree of quat-
rnization (DQ) of around 38% for selected q-CPCs with weight
ercentage of poly(ε-caprolactone) component less than 50 wt.%
ould be achieved. Some optimal q-CPCs with poly(ε-caprolactone)
ontent ranging from about 35 to 45 wt.% and having a DQ of
round 35% showed different in vitro antibacterial activities against
. aureus and E. coli, and they were able to completely prevent
rowth of the former at a concentration of about 0.2% and the latter
t around 0.25%, respectively. At lower concentrations, these opti-
al q-CPCs had higher antibacterial activities against both bacteria

s compared to chitosan. The result obtained from tensile evalua-
ions revealed that in a dry state, the membranes made from the
ptimal q-CPCs exhibited notably lower strength and modulus in
ontrast to chitosan membranes but hydrated q-CPC membranes
ad significantly higher strength and modulus when comparing
ith hydrated chitosan membranes. These optimal q-CPCs had
otential for antibacterial applications where mechanical strength

n the wet state is essential.
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