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a b s t r a c t

Novel chitosan/Ag/ZnO (CS/Ag/ZnO) blend films were prepared via a new method of sol-cast transforma-
tion. The blend films were characterized by UV–vis absorption spectroscopy (UV–vis), X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and Energy Disper-
sive X-Ray Fluorescence Spectrometry (EDX). The results revealed that ZnO and Ag nanoparticles (NPs)
eywords:
hitosan
nO
g
anoparticles
ntimicrobial activities

with spherical and granular morphology had uniform distribution within chitosan polymer. The product
had excellent antimicrobial activities against B. subtilis, E. coli, S. aureus, Penicillium, Aspergillus, Rhizopus
and yeast. And CS/Ag/ZnO blend films had higher antimicrobial activities than CS/Ag and CS/ZnO blend
films. Moreover, the blend films almost maintained the initial color of chitosan, which have potential
application as antibacterial materials.

© 2010 Elsevier B.V. All rights reserved.

lend films

. Introduction

Chitosan is one such polymer with antimicrobial activity, which
s the second most plentiful natural biopolymer and has the
dvantages of biodegradability, biocompatibility and excellent
lm-forming ability [1–4]. However, as a monocomponent antimi-
robial agent, chitosan has been far from meeting requirements for
ome special conditions. So, hybrid materials that were based on CS
ith other antibacterial materials have attracted much attention
uring the last few years. For instance, the combination of inor-
anic agents Ag, Zn, SiO2, TiO2 has been reported [5–10]. Among
hem, chitosan–Ag nanoparticle composite had significantly high
ntibacterial activity with the presence of a small content (2.15%,
/w) of Ag NPs in the composite [5]. But the composite suffered

rom a change in color as a result of high content of Ag, which seri-
usly limited their applications. On the other hand, the antibacterial
ctivities of the composite were not ideal when the content of Ag
as low. If there is other white metal oxide that can partly replace
g and be simultaneously incorporated into the chitosan matrix,

t would not only enhance the antibacterial property, but also still

aintain the color of the chitosan.
Zinc oxide has attracted wide interest because of its good

hotocatalytic activity, high stability, antibacterial property and
on-toxicity [11–13]. Nevertheless, it is well known that CS is only

∗ Corresponding author. Tel.: +86 731 58292229; fax: +86 731 58292477.
E-mail address: djcwye@163.com (J.-C. Deng).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.03.051
soluble in aqueous solutions of organic or mineral acids. Zinc oxide
reacts easily with acidic substance, and it is difficult to synthesis
CS/ZnO composite.

In this study, novel chitosan/Ag/ZnO (CS/Ag/ZnO) blend films
with high antibacterial activities were successfully prepared for the
first time via a mild one-step method of sol-cast transformation. In
this method, Ag NPs were generated by using chitosan as the reduc-
ing agent under hot alkaline condition and at the same time ZnO
NPs successfully formed in the composite. Especially, the product
with low concentration of Ag maintained the initial color, which
may have potential application as antimicrobial materials.

2. Experimental and materials

2.1. Materials

Chitosan, with degree of deacetylation of 85.46% and molecu-
lar weight of 2.6 × 105, was purchased from Jinan Haidebei Marine
Bioengineering Co., Ltd. (China). Zinc oxide, silver nitrate, sodium
hydroxide, sodium chloride, sucrose, glucose and acetic acid (>99%)
were analytical grade and purchased from Guangdong Xilong
Chemical Co., Ltd. Beef extract, peptone and agar powder were

bacteriological grade. Potatoes were purchased from the nearby
market. Bacillus subtilis (B. subtilis), Escherichia coli (E. coli), Staphy-
lococcus aureus (S. aureus), Penicillium, Aspergillus, Rhizopus and
yeast were prepared by Microorganism Lab of Xiangtan University.
Deionized water was used to prepare for all the solutions in this
paper.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:djcwye@163.com
dx.doi.org/10.1016/j.cej.2010.03.051
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Table 1
The amounts of added ZnO and AgNO3 and mass ratios of Ag and ZnO to CS (the chitosan amount was 1.0 g).

Sample Added ZnO amount (g) Added AgNO3 amount (mg) Mass ratio of ZnO to CS (wt.%) Mass ratio of Ag to CS (wt.%)

CS-1 0.01 1.6 1 0.1
CS-2 0.03 1.6 3 0.1
CS-3 0.05 1.6 5 0.1
CS-4 0.1 1.6 10 0.1
CS-5 0.01 7.9 1 0.5
CS-6 0.03 7.9 3 0.5
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pure CS membrane was not obvious in that there were not conju-
gated double bonds in the CS molecules. Compared with pure CS
film, CS/Ag/ZnO blend films showed two absorption bands (Fig. 2b).
One absorption band at 343 nm in Fig. 2b was attributed to the
presence of ZnO. Compared with that of the macrocrystalline ZnO
CS-7 0.05 7.9
CS-8 0.1 7.9
CS-9 0 1.6
CS-10 0.1 0

.2. Preparation

Appropriate amounts of AgNO3 and ZnO powders were dis-
olved in 100 mL of 1% (v/v) acetic acid to obtain silver and
inc cations. And 1.0 g of chitosan was added to the above solu-
ion. Then the mixture was sonicated for 30 min after magnetic
tirring and then adjusted acidity by 0.1 M NaOH solution (pH
.8) to obtain the clear sol. The resulting sol was cast onto
lass plates and the transparent films were obtained after sol-
ent evaporating slowly in air. Lastly the transparent films with
lass were immersed in 0.1 M NaOH solution for 12 h at 333 K.
fter being removed from the glass plates, CS/Ag/ZnO blend films
ere obtained through sufficiently washing with deionized water

nd drying in an infrared oven. The amounts of added ZnO and
gNO3 and mass ratios of Ag and ZnO to CS were shown in
able 1.

.3. Characterization

The structure of the blend films was measured using
V–vis spectrophotometer (UV-2450, Shimadzu, Japan) and X-

ay diffractometer (D 8 Advance, BRUKER, Germany) of Cu K�
� = 0.15406 nm) radiation in the 2� ranging from 5◦ to 80◦. The
ure CS film and CS/Ag/ZnO blend films with approximately 20-
m thickness were prepared for the XRD test. The morphologies
f the films were studied using HITHACH-4300 scanning electron
icroscope (Japan Electronic Company, Japan) equipped with EDX

lemental composition analyzer. The dried samples were freeze-
ractured in the liquid nitrogen and then coated with gold before
bserving. TEM was carried out using FEI TECNAI G2 20 TEM oper-
ting at 200 kV.

.4. Antimicrobial activities

The agar plate method was taken to evaluate the antimicrobial
ctivities of chitosan/Ag blend films and chitosan/Ag/ZnO blend
lms, compared with the positive control and pure chitosan film
14]. The antimicrobial activities of the films were tested against
even strains of microorganism, i.e., B. subtilis, E. coli, S. aureus,
enicillium, Aspergillus, Rhizopus and yeast. The culture of each
icroorganism was diluted by sterile distilled water to 107 to

08 CFU/mL. A loop of each suspension was inoculated on nutri-
nt plates with the sample films spread (size: 2 cm × 2 cm). Then
he plates with bacteria and fungus were incubated under light
t 310 K for 72 h and at 301 K for 48 h, respectively. A corre-
ponding plate without any films was used as a positive control.

specially, antimicrobial test of CS-4, CS-9 and CS-10 in the dark
as taken to provide useful data for synergistic effects of Ag

nd ZnO NPs. Finally, the antimicrobial activities of the sam-
les were evaluated by the diameter of the test microorganism.
ll the experiments were repeated five times. The results were
veraged.
5 0.5
10 0.5

0 0.1
10 0

3. Result and discussion

3.1. XRD analysis

Fig. 1 depicts the X-ray diffraction patterns of pure CS film and
CS/Ag/ZnO blend films. Two crystal forms existed in pure CS film
(Fig. 1a): form I and form II depicted the major crystalline peaks at
10.2◦ and 19.9◦, respectively [15]. However, these two main peaks
(Fig. 1b) of CS at 10.3◦ and 20.3◦ were affected by doping Ag and
ZnO. This indicated that the incorporation of Ag and ZnO particles
disrupted the regular order of polymer chains [9]. Compared with
Fig. 1a, the diffraction pattern of the CS/Ag/ZnO blend films exhib-
ited six additional peaks at 31.9◦, 34.6◦, 36.4◦, 56.8◦, 62.9◦ and 68.2◦

(Fig. 1b), which were assigned to the (1 0 0), (0 0 2), (1 0 1), (1 1 0),
(1 0 3) and (1 1 2) planes of hexagonal zinc oxide (JCPDS No. 36-
1451). Besides, the peak at 38.3◦ indicated the presence of Ag as
shown in Fig. 1b. These data revealed the formation of Ag and ZnO
in blend films by the method of sol-cast transformation.

3.2. UV–vis analysis

Fig. 2 presents UV–vis absorbance spectra of pure CS film and
CS/Ag/ZnO blend films. As shown in Fig. 2a, the absorption peak of
Fig. 1. X-ray diffraction patterns of the samples: (a) pure CS film and (b) CS/Ag/ZnO
blend films with 0.5 wt.% Ag and 10 wt.% ZnO.
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Fig. 3 presents surface and cross-section SEM photographs of
ig. 2. UV–vis spectra of the samples: (a) pure CS film and (b) CS/Ag/ZnO blend films
ith 0.5 wt.% Ag and 10 wt.% ZnO.

about 372 nm) [16], it blue-shifted by 29 nm. This indicated that
nO within chitosan was in the size of nanometer, which was con-

istent with the SEM analysis. The other absorption band at about
25 nm was due to the presence of silver NPs [17]. Therefore, it fur-
her identified Ag and ZnO generated within chitosan, which agreed
ell with the above analysis.

Fig. 3. Surface (a, b) and cross-section (c) SEM photographs of the samples: (a) pur
Journal 160 (2010) 378–382

3.3. The mechanism of ZnO and silver generation

Chitosan, zinc oxide and silver nitrate were dissolved in dilute
acidic solvent. Through adjusting acidity of the solution, the sol con-
taining Zn2+ and Ag+ ions was obtained. The –OH and –NH2 groups
of CS chain reduced Ag+ ions to Ag under hot alkaline condition [8].
The possible reactions of the reduction of Ag+ to Ag by the chitosan
in hot alkaline solution took place as follows:

AgNO3 + aq.CS → Ag+ + CS
OH−,�−→ Ag0/CS (1)

In order to make Zn2+ ions transform into ZnO, the films were
immersed in dilute alkaline solution at 333 K. The possible reac-
tions of ZnO formation in hot alkaline solution took place as follows
[18–20]:

Zn2+ + OH− � Zn-O-H+ (2)

Zn-O-H+ + OH- �−→ZnO + H2O (3)

Since Zn2+ disperses homogeneously in chitosan sol, ZnO was
generated homogeneously within chitosan polymer.

3.4. Surface morphologies of the blend films
pure CS film and CS/Ag/ZnO blend films. The pure chitosan film
displayed a smooth surface (Fig. 3a). With doping Ag and ZnO, the
surface of blend films became uneven and studded dense granule
(Fig. 3b). As shown in Fig. 3c, Ag and ZnO NPs were observed and the

e CS film and (b, c) CS/Ag/ZnO blend films with 0.1 wt.% Ag and 10 wt.% ZnO.
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ig. 4. EDX spectrum of CS/Ag/ZnO blend films with 5 wt.% Ag and 10 wt.% ZnO.

article size was in the range of 10–70 nm. Moreover, the particles
ad uniform distribution within chitosan polymer.

Because the Ag content in the chitosan/Ag/ZnO blend films was
ower beyond the detection limit of EDX and Ag signals and the
ignals of noise coexisted, it only indicated the presence of Ag
ualitatively. If the Ag content was increased, Ag signals could
e detected. Thereby, CS/Ag/ZnO blend films with 5 wt.% Ag and
0 wt.% ZnO were prepared by the same method. Fig. 4 illustrates
he EDX spectrum of CS/Ag/ZnO blend films with 5 wt.% Ag and
0 wt.% ZnO. As shown in Fig. 4, that C, Zn, O and Ag elements were

dentified. This result agreed well with XRD analysis.
Fig. 5 depicts TEM photograph of CS/Ag/ZnO blend films that

ere prepared in dark. Samples for inspection by TEM were pre-
ared by dissolving in 1% acetic acid and coating onto a copper TEM
rid. CS and ZnO were dissolved after being treated by acetic acid.
s observed in Fig. 5, the nanoparticles were Ag NPs, which were
mall granular and had a uniform distribution. And the particle size
as typically in the range of 10–20 nm.

.5. Antimicrobial activities

Table 2 presents the diameters of the bacteria colonies on pure
S film and CS/Ag/ZnO blend films with different mass ratios of Ag
nd ZnO to CS under light. As shown in Table 2, with the increase of
g and ZnO contents, the diameter (D) of B. subtilis, E. coli, S. aureus,

enicillium, Aspergillus, Rhizopus and yeast colonies decreased grad-
ally. However, CS/Ag/ZnO blend films were not as effective at

nhibiting the growth of Aspergillus as at inhibiting the growth of
ther microorganism.

able 2
he diameters of the bacteria colonies on pure CS film and CS/Ag/ZnO blend films with di

Sample D (mm)

S. aureus E. coli B. subtilis

Positive control 18.5 ± 0.2 16.8 ± 0.2 14.8 ± 0.2
CS 3.6 ± 0.1 12.0 ± 0.2 6.5 ± 0.2
CS-1 2.5 ± 0.1 4.0 ± 0.1 3.8 ± 0.2
CS-2 2.5 ± 0.1 2.5 ± 0.1 2.5 ± 0.2
CS-3 2.2 ± 0.1 2.0 ± 0.1 2.0 ± 0.1
CS-4 0 0 0
CS-5 0 0 0
CS-6 0 0 0
CS-7 0 0 0
CS-8 0 0 0
CS-9 6.1 ± 0.2 14.0 ± 0.3 8.3 ± 0.2
CS-10 4.2 ± 0.2 6.3 ± 0.1 2.6 ± 0.2
Fig. 5. TEM photograph of CS/Ag/ZnO blend films with 0.1 wt.% Ag and 10 wt.% ZnO
after being treated by acid solvent.

The antimicrobial mechanism of chitosan was attributed to
interaction with the strongly electronegative microbial surface
[21]. CS with doping Ag and ZnO depicted the enhanced antibacte-
rial property due to the photocatalysis and metal release process
[10,22–26]. When ZnO NPs (Eg = 3.37 eV) were under light irradi-
ation, electron–hole pairs were generated. The hole (h+) reacted
with OH− on the surface of NPs, generating hydroxyl radicals (OH•),
superoxide anion (O2

−) and perhydroxyl radicals (HO2
•). These

highly active free radicals damaged the cells of microorganism as a
result of decomposition and completely destruction [27,28].

As shown in Table 2, under the condition of doping the same
contents of Ag and ZnO, CS/Ag/ZnO blend films presented much
higher antimicrobial properties than CS/Ag blend films and CS/ZnO
blend films. Table 3 shows the diameters of the bacteria colonies
on CS-4, CS-9 and CS-10 in the dark. As shown in Tables 2 and 3,
the antimicrobial properties of blend films in the dark were not
as good as those under light. These phenomena were explained as
follows: the presence of transition metals Ag improved the charge
transfer, reduced the chance of electron–hole pairs to recombine
and promoted the generations of perhydroxyl radicals and other
strong oxidizing materials [29,30]. Therefore, the presence of Ag
and ZnO enhanced antimicrobial ability of chitosan significantly.
Among all the samples, the CS-8 sample (CS/Ag/ZnO blend
films with 0.5 wt.% Ag and 10 wt.% ZnO) showed excellent antimi-
crobial activities. But considering the color of blend films and
the toxicity of silver metal, the CS-8 sample was not perfect for

fferent mass ratios of Ag and ZnO to CS under light.

Penicillium Aspergillus Rhizopus Yeast

10.5 ± 0.2 31.0 ± 0.4 70.0 ± 0.9 10.0 ± 0.2
6.0 ± 0.1 32.0 ± 0.4 70.0 ± 0.8 5.0 ± 0.2
4.2 ± 0.2 30.7 ± 0.3 70.0 ± 0.5 4.0 ± 0.2
2.0 ± 0.2 25.0 ± 0.3 41.0 ± 0.3 2.6 ± 0.2
1.8 ± 0.1 24.0 ± 0.5 0 0.8 ± 0.1
1.5 ± 0.1 16.0 ± 0.2 0 0
0 15.5 ± 0.1 0 0
0 9.6 ± 0.2 0 0
0 7.0 ± 0.2 0 0
0 3.4 ± 0.1 0 0
8.5 ± 0.2 15.7 ± 0.4 21.4 ± 0.2 2.3 ± 0.1
9.6 ± 0.3 23.7 ± 0.3 55.1 ± 0.3 8.3 ± 0.2
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Table 3
The diameters of the bacteria colonies on CS-4, CS-9 and CS-10 in the dark.

Sample D (mm)

S. aureus E. coli B. subtilis Penicillium Aspergillus Rhizopus Yeast

Positive control 17.8 ± 0.23 16.1 ± 0.2 15.2 ± 0.2 10.8 ± 0.2 33.0 70.0 ± 0.7 9.5 ± 0.2
CS 3.4 ± 0.2 11.7 ± 0.1 6.5 ± 0.1
CS-4 2.0 ± 0.2 8.5 ± 0.1 5.4 ± 0.1
CS-9 9.5 ± 0.3 15.8 ± 0.2 15.3 ± 0.2
CS-10 13.2 ± 0.2 15.0 ± 0.2 13.6 ± 0.1
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ig. 6. The optical images of the samples: (a) pure CS film and (b) CS/Ag/ZnO blend
lms with 0.1 wt.% Ag and 10 wt.% ZnO.

he further applications. By contrast, the CS-4 sample (CS/Ag/ZnO
lend films with 0.1 wt.% Ag and 10 wt.% ZnO) also exhibited high
ntimicrobial activities and translucent appearance (as shown in
ig. 6), indicating a better potential in medical and food packaging
elds.

. Conclusion

Novel chitosan/Ag/ZnO blend films were prepared via the
ethod of sol-cast transformation. Ag and ZnO NPs with spherical

nd granular morphology had uniform distribution within chi-
osan polymer. The test of antimicrobial activities showed that
S/Ag/ZnO blend films had higher antimicrobial activities than
S/Ag and CS/ZnO blend films, indicating that the composite of
g and ZnO enhanced the antimicrobial activities of chitosan.
oreover, CS/Ag/ZnO blend films showed a wide spectrum of

ffective antimicrobial activities. Especially, the blend films with
.1 wt.% Ag and 10 wt.% ZnO exhibited high antimicrobial activi-
ies and translucent appearance. It suggested that CS/Ag/ZnO blend
lms had potential application in medical and food packaging
elds.
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