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a b s t r a c t

This study presents a novel design for an easily stripped polyelectrolyte complex (PEC), which consists of
chitosan as a cationic polyelectrolyte and �-poly (glutamic acid) (�-PGA) as an anionic polyelectrolyte, as a
wound dressing material. The physical and chemical properties of the chitosan/�-PGA PECs are fully inves-
tigated. Experimental results show that the physical and chemical properties and the in vitro degradation
of the chitosan/�-PGA PECs directly reflect the degree of complex formation. In addition, chitosan/�-PGA
eywords:
hitosan
-PGA
olyelectrolyte complex (PEC)

PECs provide suitable moisture content and exhibit good mechanical properties, both favorable for allow-
ing dressing to be easily stripped off from the wound surface without damaging newly regenerated tissue.
Furthermore, in vivo experiments are conducted on a mouse model to study wounds treated with the
chitosan/�-PGA PECs. Histological examinations reveal that, more than 50% of re-epithelialization and
regeneration of the wound are achieved by dressing it with the chitosan/�-PGA PECs. On the basis of

hitos

ressing
egeneration wound-healing efficacy, c

. Introduction

In medical practice, dressing is usually required in the treat-
ent of an open wound to achieving closure as soon as possible

s infections delay healing and increase scar formation (Liu, Yao,
Fang, 2008). Generally, an effective wound dressing has the fol-

owing properties: protecting the wound from foreign microbes;
apable of absorbing any body fluids exuded from the wound area;
ermitting evaporation of moisture at a certain rate; and not adher-

ng excessively to the wound in order to allow easy removal after
ealing. If the removal of the dressing is not correctly performed,
dditional damage to the wound prolongs the recovery period. A
igh water content material can prevent adhesion problems, which

n turn promotes the tissue regeneration process.
Hydrogels are three-dimensional hydrophilic polymeric net-

orks capable of absorbing and retaining a large amount of water

Dai, Ravi, & Tam, 2008). Their hydrophilic surface has low interfa-
ial free energy when in contact with body fluids, rendering good
iocompatibility. Thus, hydrogels have recently generated much

nterest as a drug carrier and an artificial tissue scaffold (Peppas,

∗ Corresponding author. Tel.: +886 2 3366 3043; fax: +886 2 3366 3044.
E-mail address: khhsieh@ntu.edu.tw (K.H. Hsieh).

144-8617/$ – see front matter. Crown Copyright © 2010 Published by Elsevier Ltd. All ri
oi:10.1016/j.carbpol.2010.04.034
an/�-PGA PECs can be potentially applied as a wound dressing material.
Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

Bures, Leobandung, & Ichikawa, 2000). A hydrophilic polymeric
backbone prevents hydrogels from dissolution in water by rad-
ical, chemical, or physical crosslinking (Hamidi, Azadi, & Rafiei,
2008). Radical crosslinking, though giving its high crosslinking
qualities, also has the potential problem of residual radicals exist-
ing in the hydrogels (Hennink & van Nostrum, 2002). Chemical
crosslinking, i.e. covalent bonds existing between different poly-
mer chains, will induce unexpected bonding, which will lead to
unfavorable results (Dai et al., 2008). Due to these safety concerns,
the interest in physically crosslinked hydrogels is growing. These
physical interactions are utilized to prevent dissolution between
different polymer chains. Several physical modalities are exploited
to design physically crosslinked hydrogels, including coiled–coil
interactions (Yang, Xu, Kopeckova, & Kopecek, 2006; Zhang, Furst,
& Kiick, 2006), hydrophobic interactions (Qu, Wirsen, & Albertsson,
2000), antigen–antibody interactions (Zhang, Bowyer, Eisenthal, &
Hubble, 2007), stereo–complex interactions (Bos et al., 2005), and
ionic interactions (Lin et al., 2005; Lin et al., 2007). Among the vari-
ous ionic interactions, polyelectrolyte complex (PEC) hydrogel with

two opposite charged agents is chosen for this study.

Chitosan, derived from chitin by alkaline deacetylation, is a
type of polysaccharide constituted by N-glucosamine and N-acetyl-
glucosamine units, in which the number of N-glucosamine units
exceeds 50% (Hsieh, Tsai, Wang, Chang, & Hsieh, 2005). Chitosan

ghts reserved.
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s a slightly crystalline polysaccharide, which is insoluble when
he pH value is around or above 7. However, the free amino
roups of chitosan become protonated in an acidic environment,
hich makes the molecule soluble with a positive charge (Rinaudo,

006; Sashiwa & Aiba, 2004). The high positive charge numbers of
hitosan in a dilute acidic solution allows the formation of a poly-
lectrolyte complex hydrogel with polyanionic species (Rinaudo,
008). Chitosan has been reported to have good hemostatic and
ntibacterial properties (Ishihara et al., 2001). Chitosan has also
ecently been used as a wound dressing in veterinary medicine
wing to its ability to accelerate the healing process (Muzzarelli,
009). Chitosan oligosaccharides have a stimulatory effect on
acrophages, and both chitosan and chitin are chemo-attractants

or neutrophils in vitro and in vivo (Chen, Wang, Liu, & Wang, 2008).
hitin oligomers and chitosan oligomers, generated by enzymatic
egradation in a wound environment, exert significant biochemical
ffects, as studies have shown the migratory activity of mouse peri-
oneal macrophages are significantly enhanced (Moon et al., 2007;

ori et al., 2005; Okamoto et al., 2003).
�-Poly(glutamic acid) (�-PGA) is an unusual anionic, natural

olypeptide made of d- and l-glutamic acid units, connected by
mide linkages between the �-amino and �-carboxylic acid groups.
ith microbial fermentation, �-PGA is currently produced on an

ndustrial scale in high yield (Richard & Margaritis, 2001). �-PGA is
ater soluble, biodegradable, and edible, and with its good tissue

ffinity, gains interest for biological applications (Ashiuchi, Kamei,
Misono, 2003; Prodhomme, Tutt, Glennie, & Bugg, 2003; Shih &

an, 2001). Its high anionic charge number allows �-PGA to form
EC hydrogel with chitosan in an appropriate pH range.

In this study, chitosan/�-PGA PECs with different compositions
ere prepared via a simple complex formation by varying the

epeated unit ratios of chitosan to �-PGA. The physicochemical
roperties of the PECs were examined by Fourier transform infrared
pectroscopy (FTIR) and scanning electron microscopy (SEM). Also,
he water uptake, the compressive modulus, the water vapor trans-

ission rates, and the in vitro degradation of the chitosan/�-PGA
ECs were fully investigated. In vivo evaluation of the chitosan/�-
GA PECs as wound dressing materials was conducted using a
ouse model.

. Experimental

.1. Reagents

Chitosan (average molecular weight: 300 kDa; degree of
eacetylation: 97%, PDI = 1.47) was purchased from the G-HT Co.,
sinchu, Taiwan. �-PGA calcium salt (average molecular weight:
250 kDa) was purchased from the VEDAN Co., Taichung, Tai-
an. Acetic acid (CH3COOH), sodium hydroxide (NaOH), phosphate

uffered saline (PBS), ethyl ether (C2H5OC2H5), and all other chem-
cals were purchased from the Sigma–Aldrich Corp., St. Louis, MO,
SA.

.2. Preparation of chitosan/�-PGA polyelectrolyte complexes
PECs)

The chitosan/�-PGA PECs containing varied molar ratios of
mine groups of chitosan to carboxylic acid groups of �-PGA
[–NH2]: [–COOH] = 75/25, 50/50, 25/75) were prepared for this
tudy. First, chitosan powder was well dispersed in a previously

repared �-PGA aqueous solution. The weight percentage of chi-
osan and �-PGA in the prepared solution was 4%, and then 1% acetic
cid was added, the chitosan powder dissolved immediately due to
he protonated amine groups of chitosan. The homogeneous PEC is
ubsequently formed through a complex formation between –NH2
ymers 84 (2011) 812–819 813

of chitosan and –COOH of �-PGA. These PECs was then immersed in
a 1N NaOH aqueous solution and washed with deionized water to
a pH value around 7. The neutral PECs were further freeze-dried to
a porous structure of the PECs; the freeze-dried PEC was found to
shrink to 75–80% of its original size. The PECs were categorized into
five groups, according to the molar ratios of amine groups (–NH2)
of chitosan (named C) to carboxylic acid groups (–COOH) of �-PGA
(named P), and thus, the degree of complex formation was defined
as complex formed in an ionic solution:

Degree of complex formation = –NH3
+ −OOC–

[–NH2]C + [–COOH]P
× 100%

The description of the chitosan/�-PGA PECs is listed in Table 1. As
an example of the nomenclature used herein, C50P50 indicates that
the molar ratio of amine groups (–NH2) of chitosan to carboxylic
acid groups (–COOH) of �-PGA in this specimen was 50/50; the
degree of complex formation = 50, which indicates that a complex
formation between –NH2 of chitosan and –COOH of �-PGA was
theoretically completed without free –NH2 or –COOH groups in
the PECs.

The neat chitosan (C100) were prepared by the immersion-
precipitation method (Denkbas & Ottenbrite, 2006). In brief, the
C100 was formed with solification by immersing the chitosan solu-
tion (4 wt% in 1% acetic acid) into 1N NaOH. The C100 was then
neutralized with deionized water, and freeze-dried to remove any
excess water. The neat �-PGA (P100) cannot be formed as hydogel,
as it is water soluble.

2.3. Characterization of the PECs

2.3.1. Chemical structure
Fourier transform infrared spectroscopy (FTIR, Spectrum 100,

PerkinElmer, Fremont, CA, USA) was used to examine the peak vari-
ation of the amine and carboxylic acid groups of the chitosan/�-PGA
PECs. Powdered PEC was mixed with dry KBr and pressed into a
transparent disc, with a ratio of 1/10.

2.3.2. Morphology
To investigate the morphology, the cross-sections of the

chitosan/�-PGA PECs and the neat chitosan were observed using
scanning electron microscopy (SEM, JSM-6700, JOEL Ltd., Tokyo,
Japan), operated at an accelerating voltage of 20 kV. The PECs were
first coated with an ultrathin layer of gold–palladium in an ion
sputter and then examined by SEM.

2.3.3. Water uptake
To calculate the water uptake of the chitosan/�-PGA PECs and

the neat chitosan, the dry PECs were weighed and then immersed in
0.05 M PBS at room temperature. After a specific time interval, the
excess water was removed with filter paper and the swollen PECs
were weighed again. The water uptake was calculated through the
following equation:

Water uptake = Ws − Wd

Wd
× 100% (1)

where the water uptake is expressed in %, and Wd and Ws are the
weights of the PECs, before (dry) and after (swollen) being placed
in PBS, respectively. The results are presented as a mean value with
a standard deviation (n = 6).

2.3.4. Compressive modulus

A universal testing machine was used to determine the com-

pressive modulus of the chitosan/�-PGA PECs and the neat chitosan,
in both dry and swollen states, by compressing the sample discs
(13 mm diameter and 3 mm thickness) at a constant rate of
5 mm/min (Tangsadthakun et al., 2007). The swollen counterpart
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Table 1
Description of the chitosan/�-PGA PECs.

Nomenclature Composition Degree of complex formation (%)

Weight ratio chitosan/�-PGA Molar ratio [–NH2] of chitosan/[–COOH] of �-PGA

C100 4/0 100/0 0
C75P25 3.06/0.94 75/25
C50P50 2.09/1.91 50/50
C25P75 1.07/2.93 25/75
P100 Water soluble
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ig. 1. (a) Photograph of permeability cup. (b) Schematic representation of the water
apor transmission rate test.

as prepared by immersion in 0.05 M PBS at room temperature for
h. The slopes of the compressive stress–strain curves from 5% to
5% deformation were used to calculate the compressive modulus.
he results are presented as a mean value with a standard deviation
n = 6).

.3.5. Water vapor transmission rate
The water vapor transmission rate (WVTR) across the

hitosan/�-PGA PECs and the neat chitosan was determined
ccording to ASTM (F-1249-06), and a permeability cup was applied
Sheen Instruments Ltd. Surrey, England). The chitosan/�-PGA PECs
nd the neat chitosan were cut into 20 mm × 20 mm with a thick-
ess of 3 mm, and mounted on the mouth of cylindrical aluminium
ups (38 mm diameter) containing 10 ml water, and then placed in
n incubator at 37 ◦C, as schematically shown in Fig. 1. The WVTR
as calculated using the following equation:

VTR = Wo − Wf

A × 106
(g/m2/day) (2)

here, WVTR is expressed in g/m2/day, A (mm2) is the bottle mouth
rea, Wo (gram) and Wf (gram) are the weights of the device before
nd after being placed in an incubator for 24 h, respectively. The
esults are presented as a mean value with a standard deviation
n = 6).

.3.6. In vitro degradation
The in vitro degradation of the chitosan/�-PGA PECs and the

eat chitosan was performed according to ASTM (F-1635-95), by
easuring weight changes throughout the degradation time under

imulated physiological conditions. The dry PECs were weighed,
hen immersed in 0.1 M PBS containing 58,1 00 units/ml lysozyme
t 37 ◦C. After a specific time interval, the PECs were removed from
he simulated medium and thoroughly rinsed with distilled water
efore being placed in a freezer. The PECs were freeze-dried for 24 h

o remove excess water, and weighed again. The weight remaining
as calculated using the following equation:

eight remaining(%) = 100 −
(

Wo − Wd

Wo × 100

)
(3)
25
50
25

0

where, weight remaining is expressed in %, and Wo and Wd are the
weights of the PECs before and after degradation for a specific time
interval, respectively. The results are presented as a mean value
with a standard deviation (n = 6).

2.4. In vivo study for wound dressing application

Animal use and care was performed in compliance with the
“Guide for the Care and Use of Laboratory Animals,” as prepared
by the Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press, revised
1996. ICR mice (male, 6 weeks-old) were anesthetized with ethyl
ether. A 1-cm-wide wound was cut with scissors on the back of each
shaved mouse down to the panniculus carnosus layer. Mice were
dressed with chitosan/�-PGA PECs or neat chitosan and wrapped
with surgical tape. Wound closure observation was assessed by
digital camera. The wound closure rate was calculated using the
following equation:

Wound closure rate = Lo − Lf

Lo
× 100% (4)

where, the wound closure rate is expressed as a percentage %, and Lo

and Lf are the length of the originally created wound, and the length
of the wound postoperative for a specific time interval, respectively.
The results are presented as a mean value with a standard deviation
(n = 6).

In addition, the wounds and the surrounding skin
(1.5 cm × 1.5 cm) were fixed with 4% formaldehyde solution
and stained with hematoxylin–eosin (H&E) reagent for histological
examinations.

3. Results and discussion

3.1. Characterization of the PECs

3.1.1. Chemical structure
Fig. 2 shows the FTIR spectra of neat chitosan, the various ratios

of chitosan/�-PGA PECs and neat �-PGA. The characteristic peaks
of neat chitosan (C100) appeared at 3450, 3300, and 1560 cm−1,
corresponding to its hydroxyl (–OH), free amine (–NH2), and N–H
bending vibrations coupled with C–N stretching vibrations, respec-
tively (Brugnerotto et al., 2001). Those of the neat �-PGA (P100)
appeared at 3400, 1620, and 1560 cm−1, corresponding to the N–H
bending, carbonyl (C O) bond vibrations, and amide II bands (Lin et
al., 2005). The FTIR spectra of the chitosan/�-PGA PECs for C75P25,
C50P50, and C25P75 featured characteristics similar to those of
their parent polymers. However, the intensity of the free amine
peak at 3300 cm−1 of the chitosan/�-PGA PECs decreased, as com-
pared with those of neat chitosan. Furthermore, a peak, which arose
in each chitosan/�-PGA PECs but not observed in neat chitosan or

�-PGA, was observed at 1400 cm . It was attributed to the –NH3
of chitosan complexing with –COO−of �-PGA (Simsek-Ege, Bond,
& Stringer, 2003). As the degree of complex formation increased,
the peak intensity of the complex formation at 1400 cm−1 in
chitosan/�-PGA PECs also increased. These results suggest that a
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ig. 2. FTIR spectra of neat chitosan, different chitosan/�-PGA PECs and neat �-PGA.

omplex formation existed between chitosan and �-PGA, which
esults in the chitosan/�-PGA PECs.

.1.2. Water uptake
The water uptakes for the various ratios of chitosan/�-PGA

ECs and the neat chitosan are presented in Fig. 3. All chitosan/�-
GA PECs became saturated after being immersed for 5 h. The
ater uptake decreased as the degree of complex formation of the

hitosan/�-PGA PECs increased. The water uptake of C50P50, with
he highest degree of complex formation, had the lowest water
ptake (232 ± 44%). With the same degree of complex formation,
he water uptake of C25P75 (959 ± 97%) was larger than that of

75P25 (675 ± 55%) which is due to the higher hydrophilicity and
reater water absorption capabilities of the free –COOH groups in
-PGA than that of the free –NH2 groups in chitosan existing in the
hitosan/�-PGA PECs.

Fig. 4. SEM photographs of cross-sections of neat
Fig. 3. Water uptake of neat chitosan and different chitosan/�-PGA PECs as a func-
tion of incubation time.

3.1.3. Morphology
In tissue engineering, biomaterials must have a porous structure

to ensure cell attachment and proliferation as well as tissue growth,
in addition to providing a passage for nutrient flow. The morpholo-
gies of the various ratios of chitosan/�-PGA PECs and the neat
chitosan, as revealed by SEM photographs in Fig. 4, indicate that
there were interconnected porous structures throughout the PECs.
The three-dimensional porous structure was achieved through the
processes of complexing interactions, which squeezed out water
and subsequently induced solidification, as described in Section
2. Therefore, the pore size of the chitosan/�-PGA PECs decreased
as the degree of complex formation of the chitosan/�-PGA PECs

increased. The neat chitosan (C100), having no complex formation,
had the largest pore size, estimated at 175 ± 15 �m. C50P50, with
the highest degree of complex formation, had the smallest pore
size of 50 ± 10 �m. As previously mentioned, C25P75 and C75P25

chitosan and different chitosan/�-PGA PECs.



816 C.T. Tsao et al. / Carbohydrate Polymers 84 (2011) 812–819

Table 2
Compressive modulus of neat chitosan and different chitosan/�-PGA PECs.

Compressive modulous (MPa)

Dry Swollen

C100 0.45 ± 0.085 0.084 ± 0.012
C75P25 0.59 ± 0.079 0.116 ± 0.017
C5OP50 1.91 ± 0.176 0.182 ± 0.026
C25P7S 0.33 ± 0.125 0.039 ± 0.009
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ig. 5. Weight remaining of different chitosan/�-PGA PECs and neat chitosan as a
unction of degradation time.

ad the same degree of complex formation; however, C25P75
110 ± 10 �m) had a larger pore size than C75P25 (80 ± 10 �m), as
hown in Fig. 4. The different pore sizes of C25P75 and C75P25 can
e reasonably explained by the different water absorption capabil-

ties between the free –COOH groups in C25P75 and the free –NH2
roups in C75P25. Due to the greater water absorption character-
stic of the free –COOH groups than that of the free –NH2 groups,
25P75 absorbed much more water than C75P25 in the preparation
rocess. Thus, C25P75 resulting in a larger pore size than C75P25,
pon being freeze-dried.

.1.4. Compressive modulus
The mechanical properties of the various ratios of chitosan/�-

GA PECs and neat chitosan, in both dry and swollen states,
ere illustrated as compressive modulus, as depicted in Table 2.

he compressive modulus of dry chitosan/�-PGA PECs was about
ne order larger than that of their swollen counterparts. The
ompressive modulus increased as degree of complex formation
f the chitosan/�-PGA PECs increased. The results suggest that
omplex formations between polyelectrolyte polymers influenced
he mechanical properties of the chitosan/�-PGA PECs. At the
ame degree of complex formation, the compressive modulus
ncreased as the chitosan content increased, as seen in C75P25,
hich is attributed to the higher modulus of chitosan through
he chemical structure of a 6-member ring in the chitosan main
hain.

able 3
ater vapor transmission rate of neat chitosan and different chitosan/�-PGA PECs.

Water vapor transmission rate

C100 2110 ± 115
C75P25 1952 ± 85
C50P50 1775 ± 78
C2SP7S 2034 ± 48
Fig. 6. (a) Macroscopic photographs of the wounds treated with neat chitosan, dif-
ferent chitosan/�-PGA PECs and the control. (b) Wound closure rate of the wounds
treated with neat chitosan, different chitosan/�-PGA PECs and the control.

3.1.5. Water vapor transmission rate
Table 3 presents the water vapor transmission rate (WVTR)

of the various ratios of chitosan/�-PGA PECs and neat chitosan.
As indicated, the WVTR for the neat chitosan (C100) was about
2110 g/m2/day; whereas, the chitosan/�-PGA PECs was between
1775 and 2034 g/m2/day. This is attributed to the largest pore size
existing in the neat chitosan. C50P50 with the highest degree of
complex formation had the lowest WVTR of around 1775 g/m2/day.
At the same degree of complex formation, the transmission of water
vapor through the PECs increased as the �-PGA content increased.
Therefore, the WVTR of C25P75 was larger than that of C75P25,
which is resulted from the free –COOH groups high content of

�-PGA in C25P75. An ideal dressing should maintain evaporative
water loss from the skin at an optimal rate. The evaporative water
loss rate for normal skin is 204 ± 12 g/m2/day, while that for injured
skin can range from 279 ± 26 g/m2/day for a first-degree burn to
5138 ± 202 g/m2/day for a granulating wound. The water vapor
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Fig. 7. Histological examinations of mice skin showing healing in the wounds treated with neat chitosan, different chitosan/�-PGA PECs and the control, at hour 6
postoperatively.

Fig. 8. Histological examinations of mice skin showing healing in wounds treated with neat chitosan, different chitosan/�-PGA PECs and the control, on day 3 postoperatively
(K: keratin, Epi: epidermis, N: neovascularization. Arrows refer to keratin).

Fig. 9. Histological examinations of mice skin showing healing in the wounds treated with neat chitosan, different chitosan/�-PGA PECs and the control, on day 7 postoper-
atively (K: keratin, Epi: epidermis, N: neovascularization, F: hair follicle. Arrows refer to keratin).
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ermeability of a wound dressing should prevent excess dehydra-
ion and the buildup of exudates. It is recommended that a rate
f 2000–2500 g/m2/day, which is the mid-range of the evapora-
ive water loss rate from injured skin, would provide an adequate
evel of moisture without the risk of wound dehydration (Kim et
l., 2007). In this study, the WVTR of the chitosan/�-PGA PECs was
bout 1700–2100 g/m2/day, which falls in the mid-range of the rec-
mmended evaporative water loss rate of injured skin. Therefore,
he chitosan/�-PGA PECs could control evaporative water loss at a
uitable rate to yield a moist environment.

.1.6. In vitro degradation
The in vitro degradation of the various ratios of chitosan/�-PGA

ECs and neat chitosan, shown as weight remaining after degra-
ation, is depicted in Fig. 5. Overall, all the chitosan/�-PGA PECs
C25P75, C50P50, C75P25) showed milder degradation than the
eat chitosan (C100) after 28 days of incubation. This suggests
hat, unlike neat chitosan, the complex formation between chi-
osan and �-PGA had a physical crosslinking effect that prevents
he cleavage of PECs. As the degree of complex formation increased,
he degradation rate reduced. C50P50, with the highest degree of
omplex formation, lost very little weight throughout the entire
rocess, as compared with C25P75 and C75P25. Under identical
egrees of complex formation, C25P75 and C75P25 showed dif-
erent degradation trends. C25P75 had the faster degradation rate
f 21% weight loss after 28 days incubation, while C75P25 had a
lower degradation rate of only 7% weight loss after 28 days. This
ay be attributed to the local excess of –COOH of �-PGA in C25P75,
hich catalyzed the degradation reaction of the chitosan (Liu et al.,

006). This may also be attributed to the larger pore size of PEC
25P75, which allows the low network structures to be exposed to

ysozyme, resulting in increased degradation rates.

.2. Wound closure observation

Fig. 6a presents the macroscopic photographs of wounds treated
ith neat chitosan, the various ratios of chitosan/�-PGA PECs, and

he control. The wounds treated with chitosan/�-PGA PECs or neat
hitosan healed faster than those of the control. The chitosan/�-PGA
ECs were found to adhere more uniformly to the wound surface
han neat chitosan. The uniformly adhered chitosan/�-PGA PECs
bsorbed the wound exudates, thus, reduced the risk of dehydra-
ion. The phenomenon of inflammation was found in the control
Kondo & Ohshima, 1996). When the chitosan/�-PGA PECs were
emoved, they were easily stripped off without damage to the
egenerated wound. The wound closure rates of wounds treated
ith neat chitosan, chitosan/�-PGA PECs, and the control are illus-

rated in Fig. 6b. The wounds treated with the chitosan/�-PGA
ECs had healed 60% by day 3, postoperatively. On day 14, the
ounds treated with the chitosan/�-PGA PECs had healed almost

ompletely, whereas, this phenomenon was not observed in the
ontrol.

.3. Histological observation

Histological examinations of wounds treated with neat chitosan,
he various ratios of chitosan/�-PGA PECs, and the control, recorded
t hour 6, on day 3, and on day 7, postoperatively, are illustrated in
igs. 7–9, respectively. All chitosan/�-PGA PECs performed well to
lock inflammatory cell infiltration, as compared with the control at

our 6, postoperatively, as shown in Fig. 7. As the chitosan content

ncreased in the chitosan/�-PGA PECs, the suppression of inflam-
atory cells increased. Neat chitosan (C100) did not show excellent

uppression, which indicates that �-PGA plays an important role in
he reduction of inflammatory reaction.
lymers 84 (2011) 812–819

As shown in Fig. 8, the re-epithelialization was activated early
when wounds were treated with chitosan/�-PGA PECs, as com-
pared to the control on day 3, postoperatively. The epidermis
of wounds treated with neat chitosan (C100) seemed unable to
achieve a steady state. Furthermore, the keratin formation was
more integrated in those wounds treated with chitosan/�-PGA
PECs than with the neat chitosan or the control. It is reported
that wounds re-epithelialize more rapidly under moist condi-
tions (Chiu, Lee, Chu, Chang, & Wang, 2008). Chitosan has been
used in veterinary medicine owing to its ability to accelerate the
healing process. With the strong hydrophilic properties and good
tissue affinity of �-PGA, the chitosan/�-PGA PECs create a favor-
able environment for epithelial cells to proliferate. The extent
of epithelialization of a wound is increased with an increase of
�-PGA content in the chitosan/�-PGA PECs. Furthermore, neo-
vascularization occurred in wounds treated with C25P75 and
C50P50. Moist-state material covering a wound absorbs the exu-
dates and maintains the wound naturally with suitable moisture.
These results indicated that a chitosan/�-PGA PEC wound dressing
can provide the proper environment for wounds to heal, through
maintaining sufficient moisture, thus, reducing the risk of dehydra-
tion.

As shown in Fig. 9, on day 7, postoperatively, the histological
examinations of wounds treated with chitosan/�-PGA PECs showed
that the tissue is regenerated very well, as compared with the
control. Furthermore, new hair follicle formation could be seen.
These histological observations under in vivo assessment reveal
that chitosan/�-PGA PECs can meet efficacy requirements, and may
be a potential material for wound dressing.

4. Conclusion

In this research, chitosan and �-PGA formed structurally sta-
ble polyelectrolyte complexes through simple complex formations.
The results showed that, by increasing the degree of the com-
plex formation lowered the water uptake, reduced the pore size
of the porous structure, decreased the in vitro degradation, but
increased the compressive modulus of the chitosan/�-PGA PECs.
Furthermore, the chitosan/�-PGA PECs provided adequate mois-
ture, and thus, reduced the risk of dehydration in the presence
of �-PGA. Finally, animal studies revealed that wounds treated
with the chitosan/�-PGA PECs healed significantly faster than
wounds given no treatment. Inflammatory phenomena were sup-
pressed and reduced, and re-epithelialization was activated in
wounds treated with the chitosan/�-PGA PECs. After healing, the
chitosan/�-PGA PECs were easily stripped off from the wound sur-
face without damaging the newly regenerated tissue. The results of
this study indicated that chitosan/�-PGA PECs are potential mate-
rials for wound dressings.
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