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Novel nanocomposites consisting of genipin-crosslinked chitosan (GC), poly(ethylene glycol) (PEG), zinc
oxide (Zn0O), and silver (Ag) nanoparticles were prepared for biomedical applications as the wound-
healing materials. Various amounts of ZnO and Ag nanoparticles were dispersed in the GC/PEG hydrogel
matrix without severe aggregation. The effects of composition and ZnO nanoparticles on the physico-
chemical properties of nanocomposite samples were evaluated by infrared analysis, X-ray diffraction,
and scanning electron microscopy. GC/PEG/ZnO/Ag nanocomposite showed the pH-sensitive swelling

Iég:gg;i’f: behavior and the improved mechanical properties. The antibacterial activities of nanocomposite films
Poly(ethylene glycol) were tested toward the bacterial species Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
Zinc oxide and Bacillus subtilis. GC/PEG/ZnO/Ag composite films had higher antibacterial activities than GC/PEG and

Silver GC/PEG/ZnO nanocomposite films. GC/PEG/ZnO/Ag composite films have potential application as wound

Antibacterial activity and burn dressings.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Dressing materials may inhibit bleeding, protect the wound
from environmental irritants as well as water and electrolyte dis-
turbances, and prevent invasion of microorganisms. Even though
antibiotics have been greatly improved to deal with the increasing
drug resistance of pathogens, it is also necessary to find advanced
dressing materials which increase the drug resistance of pathogens
effectively (Nagarajan & Rajagopalan, 2008; Seil & Webster, 2010;
Zvekic, Srdi¢, Karaman, & Matavulj, 2011).

Zinc oxide (ZnO) has attracted wide interest because of its good
photocatalytic activity, high stability, antibacterial property, and
non-toxicity (Cohen, 2000; Sharma, Rao, Mathur, & Ameta, 1995;
Wang, 2004). It was also reported that ZnO was found not to
be cytotoxic to cultured human dermal fibroblasts (Zaveri et al.,
2009). ZnO nanostructures have many important applications in
biomedical fields (Riggio, Raffa, & Cuschieri, 2010), piezoelectric
biosensors, food additives, and catalysis (Behnajady, Modirshahla,
& Hamzavi, 2006; Brunner et al., 2006; Lu et al., 2011). Previous
studies have demonstrated that ZnO exhibited antimicrobial activ-
ities on a broad spectrum of bacteria (Huang et al., 2008; Jones,
Ray, Ranjit, & Manna, 2008; Li, Chen, & Jiang, 2007; Li et al., 2008).
ZnO nanoparticles exert biocidal effects on bacterial, fungal, and
viral species (Adams, Lyon & Alvarez, 2006). ZnO nanoparticles have
recently received considerable attention due to their antimicrobial
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capabilities (Shafei & Abou-Okeil, 2011; Tayel et al.,2011; Vicentini,
Smania, & Laranjeira, 2010). For economical and efficient use of
Zn0, ZnO nanoparticle composites have been developed and tested
for antimicrobial purposes. Additionally, doped silver (Ag) reduced
the ionization energy of acceptors in ZnO and thus enhanced the
emission (Chen, Zou, Bian, Sandhu, & Gao, 2011). Therefore, Ag ions
can enhance the antimicrobial activity of ZnO.

Due to its intriguing biological properties, chitosan has long
been known and used in pharmaceutical and biomedical applica-
tions (Enescu & Olteanu, 2008; Muzzarelli, 2009). Because of its
unusual bioactivity, the formulation of chitosan with drugs has
dual therapeutic effects, which make chitosan a novel candidate
for drug carriers and antimicrobial activity (Muzzarelli et al., 1990).
However, chitosan is difficult to apply to tissue engineering and
artificial scaffolds because the chitosan film is very rigid and needs
the plasticization. Poly(ethylene glycol) (PEG) is frequently used in
the production of polymer blends. PEG could improve the flexibility
and ductility of polymer by blending with the rigid polymer. PEG
has many attractive properties, such as a wide range of molecular
weights, excellent solubility in an aqueous medium, low toxicity,
biocompatibility, and chain flexibility. PEG is readily excreted from
the body via kidneys and forms non-toxic metabolites. The incor-
poration of PEG was expected to improve the biocompatibility of
blend film (Zhang, Li, Gong, Zhao, & Zhang, 2002).

Genipin is manufactured from geniposide, a glucoside, by using
beta-glucosidase. On the other hand, genipin is isolated in large
quantity by a microbiological process involving Penicillium nigri-
cans that produces beta-glucosidase that in turn hydrolyzes the
geniposide into the aglycone genipin. It has been used over the
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years in traditional Chinese medicine to treat symptoms of type 2
diabetes (Danbuo, 1984; Zhang et al., 2006).

Films made from pure chitosan are very rigid (Budtova et al.,
2002). Chitosan/PEG blend films may provide additional func-
tionality as well as the flexibility compared to the pure chitosan
films. Chitosan improves the mechanical properties and decreases
water solubility of the PEG films, while PEG contributes to the
formation of more flexible films. Chitosan and PEG-based mem-
branes were prepared using glucose-mediating process (Wang &
Hon, 2005). Genipin can form stable crosslinked products with
enzymatic degradation resistance that is comparable to that of
glutaraldehyde-fixed tissue.

This study aims to investigate the feasibility of a novel
nanocomposite of genipin-crosslinked chitosan (GC)/PEG film in
which various amounts of ZnO nanoparticles were embedded for
the wound-dressing applications. In this study, GC/PEG/ZnO/Ag
nanocomposite films with high antibacterial activities were
successfully prepared via sol-cast transformation. The antibac-
terial efficiency of ZnO nanoparticles in GC/PEG hydrogels was
investigated in terms of the characteristics of GC/PEG/ZnO/Ag
nanocomposites. The antibacterial efficiency of the nanocompos-
ites against Escherichia coli was analyzed for judging the feasibility
of their use as wound dressings.

2. Experimental
2.1. Materials

Genipin and chitosan (medium molecular weight,
200 <viscosity <800 cP, 1% in 1% acetic acid, Brookfield) were
purchased from Sigma-Aldrich. ZnO and Ag nanoparticles
(<100 nm, 99.5% trace metals basis) were obtained from Aldrich
Chemicals. PEG (Mw 4000) was purchased from Sigma. Acetic acid
was purchased from Samchun Pure Chemical.

2.2. Microorganisms

The antibacterial activity of GC/PEG/ZnO/Ag nanocomposites
was tested against four strains. Staphylococcus aureus (ATCC 25923)
and Bacillus subtilis (ATCC 6633) are the Gram-positive bacteria.
E. coli (ATCC 29522) and Pseudomonas aeruginosa (ATCC 27853) are
the Gram-negative bacteria.

2.3. Preparation of GC/PEG/Zn0O/Ag nanocomposites

Aqueous chitosan solution of 0.2% (w/v) was prepared by dis-
solving chitosan powder in aqueous 1% (v/v) acetic acid solution.
Chitosan/PEG/ZnO/Ag solutions were prepared by mixing chitosan
solution and PEG with various amounts of ZnO and Ag nanoparti-
cles. 0.4wt% of genipin was dissolved in 3 ml of water and then
was added to the chitosan/PEG/ZnO/Ag mixed solutions under
stirring for 8 h at room temperature to obtain a uniformly dis-
tributed and viscous solution. Films were prepared by casting the
GC/PEG/ZnO/Ag nanocomposites onto plastic dishes. They were
dried at room temperature for 48 h, and then further vacuum dried
to remove any residual solvent. All films were neutralizedina 0.1 M
NaOH solution for about 10 min, washed thoroughly with distilled
water, and dried again. GC/PEG/ZnO/Ag nanocomposite films were
stored in a desiccator at room temperature for further experiments.
The formulation of GC/PEG/ZnO/Ag nanocomposites is shown in
Table 1.

2.4. Characterization of GC/PEG/ZnO/Ag nanocomposites

Fourier transform infrared attenuated total reflectance (FTIR-
ATR) spectra of chitosan, PEG, GC/PEG interpenetrating polymer

Table 1

Feed compositions of GC/PEG/Zn0O/Ag nanocomposite films.
Sample name Chitosan (g) PEG (g) Zno (g) Ag (mg)
GC/PEG-1 04 0.1 0 0
GC/PEG-2 0.4 0.1 0.01 0
GC/PEG-3 0.4 0.1 0.02 0
GC/PEG-4 0.4 0.1 0.04 0
GC/PEG-5 04 0.1 0.01 1
GC/PEG-6 0.4 0.1 0.02 1
GC/PEG-7 0.4 0.1 0.04 1
GC/PEG-8 04 0.1 0 1

network (IPN), GC/PEG/ZnO/Ag nanocomposite films were
recorded at room temperature by FTIR spectroscopy (FTS 175C,
Bio-Rad, USA) in the range 4000-500cm~! at a resolution of
2cm~!. The morphology of GC/PEG/ZnO/Ag nanocomposite films
was investigated by scanning electron microscopy (SEM, JEM-
1010, Jeol, Japan). Small pieces of nanocomposite films were cut
and immersed in distilled water for 8 h. The SEM samples were
prepared by freeze-drying at —70°C under vacuum for 2 days,
followed by coating with gold. Identification and quantitative
determination of the various crystalline phases were studied using
X-ray diffraction (XRD, RINT2000, Rigaku, Japan). The scanning of
diffraction angle 20 was between 5° and 40°.

2.5. Swelling study

The swelling behavior of GC/PEG/Zn0O/Ag nanocomposite films
was investigated by swelling the samples in the buffers of vari-
ous pHs at room temperature. The wet weights of swollen samples
were measured after blotting with a filter paper to remove the sur-
face water, followed by immediate weighing. The swelling ratio of
sample was expressed by the following equation:

(Wi — Wp) N

Wo 100

Swelling ratio (%)=
where W; and W, are the weights of the samples in the swollen and
dry states, respectively. Each swelling experiment was repeated
three times and the average values were reported.

2.6. Mechanical properties of GC/PEG/Zn0O/Ag nanocomposites

The tensile strength and the elongation were measured
using a universal testing machine (Instron 4200, Instron, USA).
GC/PEG/ZnO/Ag nanocomposite films were cut to a size of
30 mm x 7 mm x 0.5 mm. The extension rate was 10 mm/min. The
tensile strength and the elongation at failure were obtained from
the load extension curves.

2.7. Evaluation of antibacterial activities

In vitro antibacterial activities of GC/PEG/Zn0O/Ag nanocompos-
ite films against E. coli as the indicator bacteria were evaluated by
adopting the cell-counting method. Nutrient broth (Difco) was used
as a growing medium for the microorganism. E. coli was grown
aerobically in the nutrient broth at 37 °C for 24 h. GC/PEG/ZnO/Ag
nanocomposite films of 10 mm diameter were then added and the
mixtures of GC/PEG/Zn0O/Ag nanocomposite and E. coli were placed
at 37°C in a shaking incubator for 6 h. The diluted bacterial solu-
tion was then spread on an agar dish. The bacteria were cultured
for another 24 h and counted using the counter. The agar plate is
divided into 3 sections GC/PEG, GC/PEG/Zn0O, and GC/PEG/ZnO/Ag
sample. Then the antibacterial activities of the samples were eval-
uated by the diameter of the intact region in agar plate.
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Fig. 1. FTIR spectra of (a) GC/PEG and (b) GC/PEG/ZnO/Ag (GC/PEG-6) films.

3. Results and discussion
3.1. FTIR spectroscopy

Fig. 1 shows the FTIR-ATR spectra of GC/PEG and GC/PEG/ZnO/Ag
films. GC/PEG film has shown absorption peaks at 1641cm™!,
1583cm1, and 1325cm™! relating to amide I, amide II of C=0
stretching vibrations, and N—H bending vibrations, respectively.
The bands due to N—H and O—H stretching vibrations overlapped
in the absorption peak at 3346 cm~!. The bands corresponding to
OH/NH, groups have shifted to 3328 cm~! and became broader and
stronger for GC/PEG/ZnO/Ag nanocomposite film. The favorable
intermolecular interactions between these groups and nanoparti-
cles caused the variations in the characteristic absorption bands.

3.2. Surface morphology

Fig. 2 presents the SEM micrographs of the surfaces of GC/PEG,
GC/PEG/ZnO, and GC/PEG/ZnO/Ag nanocomposite films. GC/PEG
film showed the smooth surface morphology. ZnO and Ag nanopar-
ticles were uniformly distributed on the surface of GC/PEG/ZnO
and GC/PEG/ZnO/Ag nanocomposites without severe aggregation.
GC/PEG/Zn0O/Ag nanocomposite film has smooth surface texture
and the spherical ZnO and Ag nanoparticles with diameters of about
25-65nm were observed.

3.3. X-ray diffraction
Fig. 3 shows the XRD patterns of GC/PEG, GC/PEG/ZnO, and

GC/PEG/Zn0O/Ag nanocomposite films. Two crystal forms existed
in GC/PEG film (Fig. 3a) depicting the major crystalline peaks at

Fig. 2. SEM micrographs of (a) GC/PEG, (b) GC/PEG/ZnO (GC/PEG-3) and (c) GC/PEG/ZnO/Ag (GC/PEG-6) nanocomposites.
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Fig. 3. X-ray diffraction patterns of (a) GC/PEG, (b) GC/PEG/ZnO (GC/PEG-3), and (c)
GC/PEG/ZnO/Ag (GC/PEG-6) nanocomposite films.

10.0° and 19.8°, respectively. These two main XRD peaks of GC/PEG
shifted t010.2° and 20.3° for GC/PEG/ZnO/Ag nanocomposite film
(Fig. 3¢). GC/PEG/ZnO/Ag nanocomposite film showed two addi-
tional peaks at 26 of 31.5° and 36.3° which were related to the ZnO
crystallite and another peak at 20 of 38.2° which was characteristic
of the Ag nanoparticles. These findings indicate the possible inter-
actions between free hydroxyl groups of chitosan and ZnO and Ag
nanoparticles in the nanocomposites.

3.4. Swelling behavior of GC/PEG/ZnO/Ag nanocomposites

The swelling behavior of GC/PEG, GC/PEG/ZnO, and
GC/PEG/ZnO/Ag nanocomposites at various pHs is shown in Fig. 4.
The swelling of GC/PEG matrix was pH-dependent. GC/PEG/ZnO/Ag
nanocomposite swelled greatly in the acidic medium compared
to the neutral or basic one. As ZnO and Ag nanoparticles were
incorporated in GC/PEG matrix, the swelling decreased to some
extent.

GC/PEG/ZnO/Ag nanocomposites swelled higher at a much
faster rate in a lower pH medium than in a higher pH medium. The
effect of pH on the swelling of the chitosan-containing hydrogels
is ascribed to the hydrolysis of amide linkages in the crosslinked
chitosan network by acid and the regeneration of amine groups in
networks (Huang, Sung, Tsai, & Huang, 1998; Sung, Huang, Chang,
Huang, & Hsu, 1999). Because the amino groups reformed in the
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Fig. 4. Swelling ratios of GC/PEG, GC/PEG/ZnO (GC/PEG-3), and GC/PEG/ZnO/Ag
(GC/PEG-6) nanocomposites at various pHs.

Table 2
Mechanical properties of GC/PEG, GC/PEG/Zn0, and GC/PEG/ZnO/Ag nanocomposite
films.

Sample name Tensile strength (MPa) Elongation at break (%)

GC/PEG-1 56.7 16.2
GC/PEG-2 80.2 244
GC/PEG-3 70.4 14.3
GC/PEG-4 58.2 7.2
GC/PEG-5 85.5 255
GC/PEG-6 76.6 14.9
GC/PEG-7 62.1 7.4
GC/PEG-8 59.8 17.1

network could be protonated in acidic medium, the equilibrium
swelling ratio of chitosan-containing hydrogel in the acidic solution
was larger than that in the neutral one. The electrostatic repulsion
of the protonated —NH3™* groups along the chitosan chain could lead
to an expansion of the network and hence a higher swelling. Vari-
ous hydrogel films were used in treating the chronic wounds such
as burns and ulcers because good hydration was recognized to be
important for quick healing and reepithelialization of the wound
(Junichi, Norio, & Kensuke, 2008; Seabra & De Oliveira, 2004; Sen
& Avc, 2005; Yu et al., 2007). However, a distinctive disadvantage
of the commercially available wound dressing films is that they do
not provide a barrier against wound infection, which limits their
applicability.

3.5. Mechanical properties

Many synthetic and natural polymeric materials are developed
to treat the burn wounds as antibacterial materials. However, they
have limited applicability due to poor mechanical properties as
well as lower rates of water absorption. ZnO and Ag-containing
GC/PEG nanocomposites were developed in the present study to
have better mechanical strength. The mechanical properties of
GC/PEG, GC/PEG/ZnO, and GC/PEG/ZnO/Ag nanocomposite films
are presented in Table 2. Both GC/PEG/ZnO and GC/PEG/ZnO/Ag
nanocomposite films generally showed the higher tensile strength
compared to GC/PEG film.

Among the various nanocomposite films, the nanocomposite
films (GC/PEG-2 and GC/PEG-5) containing 0.01g ZnO showed
the highest mechanical properties. However, further increase in
the ZnO content resulted in the fast deterioration of both tensile
strength and elongation at break. Thus, the mechanical proper-
ties of GC/PEG film can be improved significantly by incorporating
a proper amount of ZnO because of the favorable interactions
between GC/PEG and ZnO nanoparticles. When ZnO was introduced
in GC/PEG matrix, the intermolecular hydrogen bonds between GC
and PEG were weakened and new hydrogen bonds were formed
between GC and ZnO, which made the movement of macromolec-
ular chain easier.

3.6. Antibacterial activity of GC/PEG/ZnO/Ag nanocomposites

Zn0 nanoparticles embedded in GC/PEG matrix were respon-
sible for the antibacterial activities. The antibacterial activities of
GC/PEG, GC/PEG/ZnO, and GC/PEG/ZnO/Ag nanocomposite films
were tested toward antibacterial activity against Gram-negative
and Gram-positive bacteria by the inhibition zone method and pre-
sented in Table 3. It was found that GC/PEG without ZnO was able
to inhibit the bacterial growth to some degree. However, the inhi-
bition zone increased significantly when ZnO was incorporated and
the content of ZnO increased. In addition, the antibacterial activity
was improved more effectively by doping ZnO with small amount of
Ag. The synergistic antibacterial activity of nanocomposites could
be obtained by combining ZnO and Ag nanoparticles. Yoon, Byeon,
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Table 3
Variation of diameters (mm) of the inhibition zone against bacteria.

Sample name Gram-positive Gram-negative

S. aureus B. subtilis E. coli P. aeruginosa
GC/PEG-1 10.2 9.5 8.1 10.8
GC/PEG-2 119 104 10.1 124
GC/PEG-3 12.8 12.6 11.9 13.1
GC/PEG-4 16.5 15.6 15.1 154
GC/PEG-5 15.7 15.1 13.0 15.5
GC/PEG-6 18.1 17.4 17.2 18.6
GC/PEG-7 213 219 204 20.2
GC/PEG-8 11.1 114 9.2 11.0

Park, and Hwang (2007 ) observed that B. subtilis was more sensitive
thanE. coli to the nanoparticles, meaning that E. coli was more resis-
tive to nanoparticles than B. subtilis was. They concluded that the
lower sensitivities of E. coli as compared to B. subtilis was due to the
outer membrane of Gram-negative bacteria such as E. coli, which
was predominantly constructed from tightly packed lipopolysac-
charide molecules resulting in the effective resistive barrier against
nanoparticles. Fig. 5 shows the inhibition zone against E. coli formed
on the culture plates after the antibacterial test. The smallest inhi-
bition zone of 8.1 mm was obtained for GC/PEG film (Fig. 5a).
However, the nanocomposite showed significantly improved inhi-
bition effect on E. coli resulting in the inhibition zone of 11.9 mm
for GC/PEG/ZnO (Fig. 5b) and 17.2 mm for GC/PEG/ZnO/Ag (Fig. 5¢),
respectively. GC/PEG films containing ZnO and Ag nanoparticles
showed the highly improved antibacterial activity toward E. coli.
GC/PEG/Zn0O/Ag nanocomposite films prepared in this work may
be used as hydrophilic wound and burn dressings (Vicentini et al.,
2010).

3.7. Antibacterial mechanism

ZnO can produce electron-hole pairs under light irradiation of
higher energy than its band gap energy (Liu, Morishima, Yatsui,
Kawazoe, & Ohtsu, 2011). Electron-hole pairs (e~ h*) are created
to induce the redox reactions at the surface of ZnO. The hole (h*)
reacted with OH™ on the surface of ZnO nanoparticles, generating
hydroxyl radicals (OH*), superoxide anion (O, ™), and perhydroxyl

Fig. 5. Comparison of E. coli inhibition zones formed by (a) GC/PEG, (b) GC/PEG/Ag,
(c) GC/PEG/ZnO (GC/PEG-3), and (d) GC/PEG/ZnO/Ag (GC/PEG-6) nanocomposite
films.

radicals (HO,*). These highly active free radicals damaged the
cells of microorganism resulting in decomposition and complete
destruction. The holes split H,O molecules into OH~ and H*. Dis-
solved oxygen molecules in aqueous medium are transformed to
superoxide radical anions (*O,~), which in turn react with H* to
generate (HO,*) radicals, which produce hydrogen peroxide anions
(HO, ™) upon subsequent collision with electrons. Finally, various
active oxygen species can oxidize the organic components of cell
to carbon dioxide and water. Thus, ZnO can decompose common
organic matters such as bacteria and viruses effectively.

The presence of transition metals such as Ag improved the
charge transfer, reduced the chance of electron-hole pair recom-
bination, and promoted the generations of perhydroxyl radicals
and other strong oxidizing materials (Seki et al., 2010; Shchukin,
Ustinovich, Sviridov, & Pichat, 2004). Therefore, the presence of
Ag and ZnO enhanced the antimicrobial ability of chitosan signifi-
cantly.

4. Conclusions

ZnO0 nanoparticles were uniformly distributed in GC/PEG matrix
to form GC/PEG/ZnO nanocomposites. GC/PEG/ZnO nanocompos-
ites showed the higher swelling ratios as the pH decreased to
acidic condition. The presence of ZnO in GC/PEG matrix inhibited
the proliferation of bacteria effectively. The antimicrobial activ-
ity of GC/PEG/ZnO nanocomposites increased as the content of
ZnO increased. The antibacterial activity was improved more effec-
tively by doping ZnO with small amount of Ag nanoparticles.
GC/PEG/ZnO/Ag nanocomposites could be applied successfully as
the antibacterial wound-dressing films based on both swelling and
antibacterial characteristics.
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