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ABSTRACT: A nanocomposite of silver nanoparticles
(AgNPs) embedded in chitosan (Cts) matrix was success-
fully synthesized by crosslinking technology. Colloidal
AgNPs formed in situ by chemical reduction of silver ions
in presence of Cts showed a good stability. Transmission
electron micrographs, X-ray diffraction patterns, and UV-
visible spectra of Ag-Cts composite particles confirmed the
formation of silver nanocrystals. Fourier transform infra-
red spectroscopy verified the presence of Cts as a stabiliz-
ing agent surrounded AgNPs. Thermogravimetric-
differential scanning calorimeter analysis revealed Ag-
Cts nanocomposite had a higher thermal stability than Cts.

X-ray photoelectron spectroscopy suggested that the Ag-O
bond in the nanocomposite coule lead to the tight combi-
nation between silver and Cts. Microbial experiments
showed the nanocomposite had excellent and wide spectrum
antibacterial properties, and were more efficient than either
AgNPs or Cts alone for inactivating bacteria. Therefore, the
resultant nanocomposite could be used as antimicrobial
materials for medical and biological applications. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 120: 3180–3189, 2011
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INTRODUCTION

Silver nanoparticles (AgNPs) have long been known
to have powerful antimicrobial activities to nearly
650 trends of bacteria.1,2 Because of the wide spec-
trum of antimicrobial property and the high activity
with a low concentration,3 they are widely applied
in many biological and medical fields such as bio-
sensors, wound healing materials, dental resin com-
posites, cancer therapeutics,4–7 and so on. Unlike
pharmaceutical antibiotics, which provoke much
bacterial resistance and destroy beneficial enzyme,
AgNPs can leave these beneficial enzymes intact.
The antimicrobial mode of AgNPs is that they attach
to the bacterial cell wall and penetrate into cell
membranes with compromised permeability, after
that they bond DNA via thiol-containing proteins.
Therefore, silver is absolutely safe for humans,
plants, and all multi-celled living matters.8,9

Since more bacteria trends have demonstrated an
increasing resistance toward antibiotics, AgNPs, as
an antimicrobial agent, cannot do best singly and
should be synthesized in the presence of other solid
supports, such as polymers which can provide
powerfully antimicrobial activity at the same envi-
ronments.10,11 Cts, being one of such nontoxic poly-
mer, has attracted considerable interest due to its
antimicrobial and antifungal activities.12,13 Cts is one
of the most abundant natural biopolymer derived by
the deacetylation of chitin and the properties of bio-
compatibility, biodegradability, and bioactivity make
Cts very attractive for a wide range of biomaterial,
pharmaceutical, and medical applications.14–16

According to hard and soft acid theory, polysaccha-
ride is very efficient at chelating noble metals and
widely used for extracting noble metals.17,18 It has
been reported that Cts can be used as stabilizing
agent for silver and gold nanoparticles in the chemi-
cal reduction preparation method.19–21 Twu et al.
reported an approach to the preparation of Ag/Cts
composite by using basic Cts suspension as stabiliz-
ing agent and reductant in the absence of other
chemicals. They indicated that the size and distribu-
tion of the resultant composite were strongly de-
pendent on the concentration of Cts and sodium
hydroxide.22

In the work, the AgPNs in Cts colloid were
synthesized by chemical reduction with AgNO3 as
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precursor, Cts as stabilizing agent and sodium boro-
hydride as reducing agent, respectively. Ag-Cts
composite were successfully prepared by crosslink-
ing technology. The Ag colloidal nanoparticles and
Ag-Cts composite were characterized with UV-vis
diffuse reflectance spectroscopy (UV-vis), transmis-
sion electron microscopy (TEM), scanning electron
microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction analysis (XRD),
thermogravimetric-differential scanning calorimeter
analysis (TGA-DSC), and X-ray photoelectron spec-
troscopy (XPS). In addition, antibacterial activities of
the composite against different species bacteria were
examined by the viable cell counting method.

EXPERIMENTAL

Materials

Cts (deacetylation degree 92%, Mw ¼ 130,000), pur-
chased from Fluka, was used as received. Silver
nitrate (AgNO3), sodium borohydride (NaBH4), and
acetic acid were obtained from Shanghai Sanpu
Chemical Co., Ltd. (China). Glutaraldehyde, sup-
plied by Beijing Fuxing Chemical Reagent Factory
(China), was diluted to a 30% (v/v) aqueous solu-
tion and used as crosslinking agents. All aqueous
solutions were prepared with double distilled water.
Pure AgNPs (average diameter < 20 nm) was
obtained from Wuhan Chemical Co., Ltd (China), for
comparison study. All low-molecular weight materi-
als are analytical-reagent grade and are used as
received without further purification. Double dis-
tilled water was used throughout the experiment.
E. coli (ATCC 44752), B. subtilis (ATCC 63501),
S. aureus (ATCC 26003), and P. aeruginosa (ATCC
10110) were purchased from Beijing Center for
Disease Prevention and Control.

Synthesis of AgNPs in Cts colloids

Acetic acid was diluted to a 0.02 g/mL aqueous so-
lution and 4 g Cts was added to 100 mL of the
above solution to form Cts solution. 1–5 mL of aque-
ous solution of AgNO3 (0.1 mol/L) was mixed with
50 mL of the Cts solution, the obtained mixture solu-
tion was stirred at 30�C for 30 min until a pink solu-
tion formed. After that, freshly prepared aqueous
solutions of NaBH4 were added quickly into the
above mixture solution, keeping stirring for another
90 min. To ensure the entire reduction, the amount
of NaBH4 was 1–5 times of metal salt. In the proce-
dure, Ag-Cts colloids were obtained by chemical
reduction of Agþ to the corresponding Ag0 with
NaBH4 in the acetic acid solution of Cts. Then the
Ag-Cts colloids were precipitated out with acetone,
filtered, and washed, then dried in vacuum at 60�C

for 48 h. After crosslinking in the glutaraldehyde gas
at 37�C for 24 h, the yellow Ag-Cts composite were
obtained.

Characterization experiments

Particle size and morphology were detected by a
TEM (Tecnai G2 F20) and a SEM (Philips XL-30).
Size distribution and number-average particle diam-
eters were obtained via a laser particle size distribu-
tion instrument (3000HSA, Malvern Instr Co.). FTIR
of the samples were recorded on spectrometer (Nico-
let Impact NEXUS-670) in the range of 400–
4000cm�1. XRD patterns were recorded at 40 kV and
100 mA on Rigaku D/MAX-2500 diffractometer
using Cu-Ka radiation (k ¼ 0.15406 nm). The pat-
terns were taken over the diffraction angle range
2y ¼ 10–90�. A Varian Cary 100 Scan UV-visible sys-
tem equipped with an integrating sphere (USRS-99-
010) attachment was used to obtain UV-vis spectros-
copy of AgNPs over a range of 300–500 nm. A UV-
visible spectrophotometer (SP-723, Shanghai spectrum
instruments Co., Ltd, China) was used to determine
optical densities of the cultures at 460 nm (O.D.460)
during aerobic incubation. XPS measurement was
conducted with a PHI 5000C ESCA spectrometer
(Perkin-Elmer) with an Al Ka radiation as the X-ray
source, the C, N, O, F, and Ag contents on the surface
of samples were determined by the instrument. TGA-
DSC was performed in a NETZSCH STA 449C ther-
moanalyzer in air at a heating rate of 10�C/min from
the room temperature to 220�C.

Assay for antimicrobial activities of resultant
composite against microorganisms

Microbial tests were performed to examine the anti-
microbial properties of the Ag-Cts composite against
E. coli, B. subtilis, S. aureus, and P. aeruginosa. In the
antimicrobial experiment the minimum inhibitory
concentration (MIC) and the minimum bactericidal
concentration (MBC) of the composite were deter-
mined. MIC is considered to be the lowest concen-
tration of the composite that completely inhibits
against bacteria comparing with the control, disre-
garding a single colony or a faint haze caused by the
inoculum. MBC is taken to be the minimum concen-
tration of the composite in the initial cultures that
give cultures but the bacteria do not grow when re-
inoculate into the nutrient broth.23 The O.D. value
method was used to determine the MIC and MBC of
the Ag-Cts composite.24 The minimum concentration
of the composite that give cultures (or re-inoculated
cultures) that did not become turbid was taken to be
the MIC (or MBC).23

The suspensions of pure AgNPs, Cts powder, and
Ag-Cts composite, were prepared in 0.01 g/mL
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acetic acid. Duplicate serial dilutions of each sample
were added to nutrient broth (beef extract 5 g, pep-
tone 10 g, sodium chloride 5 g to 1000 mL distilled
water, pH 7.2) for the final concentrations of 100–800
lg/mL. Control experiments were performed with
0.01 g/mL of acetic acid. Then they were autoclaved
at 121�C for 25 min. The culture of E. coli was
diluted by sterile distilled water to approximately
106 CFU/mL. A loop of each suspension was inocu-
lated on nutrient medium with the sample or the
control added. After inoculation, the plates were
incubated at 37�C for 24 h. During the aerobic incu-
bation, the optical densities at 460 nm (O.D.460) of
the cultures were determined by a UV-visible spec-
trophotometer, and then the MIC and MBC values
were obtained.

To study the bactericidal activity of the composite,
each kind of microorganisms was grown overnight
in 150 mL nutrient broth. All cells were harvested
by centrifugation and suspended in 300 lg/mL nu-
trient broth. Three 100 lL portions of each cell sus-
pension were inoculated into 50 mL volumes of nu-
trient broth, with original Cts or with Ag-Cts
composite at a concentrations of 700 lg/mL. During
aerobic incubation at 37�C for 24 h, the optical den-
sities at 520 nm (O.D.520) of the cultures were deter-
mined using the UV-visible spectrophotometer. The
numbers of colonies were counted according to the
O.D. standard curves and the antimicrobial rates
were obtained from the following equation:

Antimicrobial rate ¼ ðN0 �N1Þ=N0 � 100% (1)

where, N0 and N1 were referred to as the number of
microorganism groups in the control culture plates
and the experiment culture plates after aerobic incu-
bation at 37�C for 24 h, respectively.

RESULTS AND DISCUSSION

Synthesis of AgNPs

Actually, the high performance of nanomaterials is
achieved by controlling their phase structure in the
nanosized range. The size and microstructure of
nanoparticles are firmly dependent on the reaction
conditions of synthesis system, such as the concen-
tration of precursor (AgNO3) and the ratio of oxi-
dant and reducer (AgNO3 : NaBH4). The UV-vis
absorption spectra of Ag-Cts composites prepared
with various concentrations of silver nitrate
(AgNO3 : NaBH4 ¼ 1 : 3) are shown in Figure 1(a).
It could be seen that the absorption peaks at approx-
imately 410–430 nm corresponded well with that of
pure AgNPs.25 The color and the UV-vis absorption
spectra density of the AgNPs colloid were depend-
ent on the AgNO3 concentration. As the concentra-

tion of AgNO3 increasing, the color of the resultant
colloid changed from bright yellow to light red and
the absorption intensity increased accordingly,
which meant the formation of more AgNPs. The
final wavelength for the maximum absorption was
also dependent on the initial silver ion concentra-
tion. They blue shifted from 415.8 nm to 409.4 nm
when the AgNO3 concentration increased from 0.27
g/L to 0.41 g/L, meaning that the particle size
decreased. After that, the maximum absorption red
shifted slightly when further increasing the AgNO3

concentration to 0.51 g/L, suggesting that particle
size increased due to the aggregation.26

These phenomena were believed to come from the
reason that when AgNO3 was mixed with Cts solu-
tion, Cts could chelated with Agþ by hydroxyl or
amidogen groups and Agþ could be embedded in
the Cts matrix, so AgNPs could disperse evenly in
the colloids after Agþ reduced by NaBH4 and
AgNPs were in nanosize at the studied concentra-
tion range. The size of AgNPs was influenced by the

Figure 1 UV-vis absorption spectra of Ag-Cts composite
prepared with various (a) concentrations of silver nitrate
(AgNO3 : NaBH4 ¼ 1 : 3) and (b) molar ratio of AgNO3

and NaBH4 (CAgNO3 ¼ 0.41 g/L).
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formation rate of Ag nuclei and the growth rate of
Ag nanocrystals. At lower AgNO3 concentration, the
former was higher than the latter, so the size of
AgNPs was decreased when AgNO3 concentration
added. When adding more AgNO3 solution into
reaction system, the case reversed.

The UV-vis spectra for Ag-Cts composites pre-
pared at different molar ratios of AgNO3 : NaBH4

(N) are shown in Figure 1(b). The absorption peaks
at approximately 410–440 nm corresponded to that
of AgNPs. When a small amount of NaBH4 was
used and N shifted from 1/1 to 1/3, the absorption
intensity increased and the maximum absorption
blue shifted, suggesting that the size of AgNPs was
reduced. The reason was probably that the more
amount of NaBH4, the higher the reduction velocity
and then the smaller size AgNPs formed. As N
shifted from 1/4 to 1/6, the absorption intensity
decreased and the maximum absorption position red
shifted, suggesting the size of AgNPs increased due
to the particle aggregation. It was because that when
further increasing the amount of NaBH4, the redun-
dant BH�

4 ion could penetrate into Cts chains and
break down the networks of Cts, which partly
resulted in the aggregation of AgNPs.

Particle size and morphology

Transmission electron microscopy has provided the
morphology and size details of AgNPs embedded in
Cts matrix. A representative TEM image recorded
from Ag-Cts composite is shown in Figure 2(a). In
the image, the particles embedded in crosslinking
Cts matrix are well separated and reasonably dis-
persed. An enlarged micrograph of the colloidal
AgNPs in the inset box provided further insight into
the morphology of the AgNPs in Cts colloids. The
particles presented an elliptical spherical structure
and their size was no more than 20 nm. The particle
size distribution histogram of colloidal AgNPs in
Figure 2(b), which obtained by measuring the size of
about 1000 nanoparticles via a laser particle size dis-
tribution instrument, could be reasonably well fitted
by a Gaussian curve. With the help of the histogram,
the average particle size of AgNPs was counted to
be 9 6 5 nm and the result was consistent with that
of XRD patterns (10.8 nm). As no other protective
agents added in the synthesis system, Cts molecules
acted as dispersant to prevent the growth and aggre-
gation of particles in the synthesis process of
AgNPs.

The resultant Ag-Cts particles were rather large
and could be conveniently imaged using SEM.
Figure 3 shows SEM picture of Ag-Cts particles pre-
pared by crosslinking technology in the presence of
AgNPs. The particles exhibited a regular spherical
shape with the size of less than 10 lm. The surface

of the particles was smooth and no Ag beads were
detected on the whole surface of the samples. These
observations could lead to the conclusion that the
AgNPs were encapsulated into the Cts particles in
the course of the crosslinking process.

FTIR analysis

To determine if chemical bond between the Cts ma-
trix and the Ag nanoparticles exists, FTIR measure-
ments of Ag-Cts composite, pure AgNPs, and origi-
nal Cts were performed. The corresponding spectra
are shown in Figure 4. The characteristic peaks of
pure AgNPs at 1452 cm�127 and original Cts at
1081 cm�1 representing CAO stretching bond could

Figure 2 TEM images of colloidal Ag-Cts composite. An
enlarged micrograph of the colloidal AgNPs was in the
inset box (a) and histogram of particle size distribution
shows the polydisperse nature of AgNPs (b).
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be found in the spectrum of the resultant compos-
ite.28 The absorption peaks in the region 2800–3000
cm�1 corresponded to the ACH2 and ACH3 groups
of Cts and the composite. It could be seen from Fig-
ure 4(c) that the peak of AgNPs at 1492 cm�1 [Fig.
4(a)] disappeared while the stretching peaks of
ANH2 group at 1598 cm�1 [Fig. 4(b)] shifted to
1567cm�1. Such shifts in the IR values could be con-
sidered that ANH2 or AOH groups of Cts combi-
nated with Agþ/Ag0 by electrostatic bond similar to
that described by Vigneshwaran et al.29 Addtionally,
the NAH scissoring band at 1659 cm�1 from the pri-
mary amine disappeared and the intensity of O-H
stretching band at 3461 cm�1 from the hydroxyl
decreased when silver loaded to the Cts chains, sug-

gesting the chelation of Ag with both amino groups
and hydroxyl of Cts, as shown in Figure 4(c). The
above results confirm that the chemical bond exists
between Cts molecules and Ag nanoparticles.

X-ray diffraction analysis

Figure 5 shows XRD patterns of AgNPs, Ag-Cts
composite, and original Cts. The broad reflexion at
22.57� is due to the crystallinity of original Cts.28

The Bragg reflections at 38.16�, 44.28�, 64.38�, 77.74�,
and 81.54� corresponded to the indexed planes of
the crystals (111), (200), (220), (311), and (222) of
Ag0, Which pertain to a face centered cubic (fcc) lat-
tice of silver.30,31 In Figure 5(b–d), the three major
characteristic peaks of Ag-Cts composite were corre-
sponding with the crystal face of (111), (200), and
(220) of AgNPs. The XRD of Ag-Cts composite
showed similar pattern with that of pure Ag nano-
crystal, which indicated the crystalline structure of

Figure 3 SEM image of Ag-Cts nanocomposite particles.

Figure 4 FTIR spectra of pure Ag, original Cts and Ag-
Cts composites in wave number between 4000 cm�1 and
500 cm�1. (a) pure AgNPs; (b) original Cts; (c) Ag-Cts
composite.

Figure 5 X-ray diffraction patterns of pure AgNPs, origi-
nal chitosan and Ag-Cts composite. (a) pure AgNPs (pur-
chased); (b), (c), and (d) are Ag-Cts composites with
CAgNO3 ¼ 0.51 g/L, 0.41 g/L, and 0.34 g/L in the synthe-
sis systems, respectively; (e) original Cts.
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AgNPs did not change when they were introduced
into Cts matrix. Since the content of AgNPs in Ag-
Cts composite was very low the diffraction intensity
of the silver was weak in the pattern of the
composite.

According to the full width at half-maximum
(FWHM) of the diffraction peaks, the average sizes
of AgNPs in the composite with initial AgNO3 con-
centrations of were estimated from the Scherrer

equation (formula 2) to be about 10.8 nm (CAgNO3 ¼
0.27 g/L), 7.36 nm (CAgNO3 ¼ 0.34 g/L), and 7.92nm
(CAgNO3 ¼ 0.41 g/L), respectively. The results were
consistent with the TEM images.

Dhkl ¼ k� k=ðbhkl � cos hhklÞ (2)

where Dhkl is the particle size perpendicular to the
normal line of (hkl) plane, k is a constant (it is 0.9),

Figure 6 XPS spectra for Ag-Cts composite. (a) survey spectrum; (b) C1s; (c) O1s; (d) N1s; (e) Ag3d.
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bhkl is the full width at half maximum of the (hkl)
diffraction peak (it is 0.81), yhkl is the Bragg angle of
(hkl) peak (it is 36.8�) and k is the wavelength of X-
ray (it is 0.15406nm).

XPS analysis

Figure 6(a) shows XPS spectrum of Ag-Cts compos-
ite after crosslinked by glutaraldehyde. The XPS
analysis of the composite showed the presence of sil-
ver, nitrogen, oxygen, and carbon for the samples.
The occurrence of an XPS peak at 399.2 eV for N1s
[Fig. 6(d)] assigned to CAN bond derived from Cts
in the composite. In Figure 6(e), the Ag3d peaks at
367.9 eV (3d5/2) and 374.0 eV (3d3/2) are characteris-
tic of metallic Ag and Ag ion.32 The presence of Agþ

could result from the combining of AgNPs with the
oxygen in the air or the solution. It also probably
resulted from the interaction between AgNPs and
the hydroxyl group in Cts molecules.

XPS spectra of C1s and O1s have been fitted by
multiple Gaussians. Three peaks at 284.3eV, 285.1eV,
and 286.0eV [Fig. 6(b)] for C1s can be assigned to
the bonds of CAC, CAN, and C¼¼O in the compos-
ite, respectively. In Figure 6(c), two peaks at
531.7eV, 532.8eV are for O1s.33 The signals of O1s
shifted to a higher binding energy, implying that the
electron density decreased. Because no other impur-
ities were detected within the sensitivity of the tech-
nique, the two peaks at 531.7eV, 532.8eV could be
assigned to the bond of CAO and AgAO in the com-
posite, respectively. The AgAO bond existing in the
composite formed by the tight combination between
a vacancy in the d-orbital of Ag and Cts molecules,11

which are consistent with those of IR absorption
values.
Based on the analysis results of XPS and FTIR, the

preparation procedure of Ag-Cts composite could be
summarized in Figure 7. In the structure of Cts the
electron-rich oxygen and nitrogen atoms of polar
hydroxyl and amidogen groups, respectively, are
easily to interact with electropositive transition metal
cations. Therefore, Agþ could interact with hydroxyl
or amidogen groups of Cts macromolecules probably
via electrostatic interactions at first. Then AgNPs
were formed by the reduction of AgNO3 with
NaBH4 in the presence of Cts and AgNPs were
adsorbed by Cts molecules. After Cts crosslinked by
glutaraldehyde, AgNPs dispersed evenly in the
polymer matrix and the corresponding Ag-Cts com-
posite were formed finally.

Thermal analysis of Ag-Cts composite

To study the thermal properties of the resultant com-
posite, the TGA curves and DSC curves of Ag-Cts

Figure 7 Schematic representation of in situ preparation
of Ag-Cts composite (The filled circle denoted AgNPs).

Figure 8 TGA curves (a) and DSC curves (b) of CS and
Ag-Cts composite.
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composite and original Cts are shown in Figure 8. As
seen in TGA curves [Fig. 8(a)], the decomposed rate
of Cts was significantly higher than that of Ag-Cts at
about 300�C and the mass loss of Ag-Cts was very
low. It also can be found from DSC curves in Figure
8(b) that the decomposed temperature of original Cts
was 319.8�C while the Ag-Cts composite did not
decompose before 341.6�C. These results demon-
strated that the thermal stability of Cts enhanced
when loaded with AgNPs, which are in agreement
with the thermal behaviors of Ag-polymer nano-
composites reported by Singh and Khanna11 and
Zhang et al.,34 respectively.

The higher thermal stability of Ag-Cts composite
could be attributed to the higher surface energy of
AgNPs. Because of the higher surface energy,
AgNPs combined with the oxygen in the air or
water and then the united oxygen could integrate
with hydrogen to form hydrogen bond, which could
reduce the mobility of Cts chains in the composite.
The chain mobility reduction could suppress the
chain transfer reaction and slow the degradation
process of Cts, and so the decomposition of Cts
could take place at higher temperatures. Similar con-
sequences about the synthesis of PVA-Ag nanocom-
posites have been explained by Mbhele et al.35 Since
there was only approximately 1 wt % content of
AgNPs in the composite, the elevation of the decom-
posed temperature was limited.

Antimicrobial activities of resultant composite
against microorganisms

The effects of the Ag-Cts composite (obtained with
0.41 g/L silver nitrate and the molar ratio of AgNO3

and NaBH4 was 1 : 3 in the synthesis system) on the
growth of E. coli, B. subtilis, S. aureus, and P. aerugi-
nosa were investigated by monitoring culture turbid-
ity. Inhibition with 0.01 g/mL acetic acid was negli-
gible and using it for the dispersion of the
nanocomposite did not have any additional adverse
effect on bacterial growth, so control experiments
were performed with acetic acid aqueous solution.
MICs and MBCs of the samples on four species of
bacteria are shown in Table I. Growth of bacteria
was controlled over the MICs of Ag-Cts. The MICs

and MBCs of the Cts alone for the bacteria
were higher than that of pure AgNPs, but the
corresponding data of Ag-Cts composite were lower
than that of pure AgNPs. For example, the MIC and
MBC of Ag-Cts nanocomposite for E. coli were 150–
200 lg/mL and 200–250 lg/mL, while those of pure
AgNPs were 200–400 lg/mL and 400–600 lg/mL,
respectively. Considering AgNPs were parts of the
composite, the actual MIC and MBC of AgNPs in
the antimicrobial suspension were only 1.54–2.05
lg/mL and 2.05–2.56 lg/mL, respectively. Thus the
MIC and MBC for AgNPs are less than the corre-
sponding values in other reports.36

Figure 9 shows the antimicrobial effects of pure
AgNPs, Cts alone and Ag-Cts composite at a concen-
tration of 700 lg/mL on four species of bacteria.
Results showed that the antimicrobial rates of origi-
nal Cts were greatly improved by the introduction
of AgNPs and Ag-Cts composite had a wide spec-
trum of antimicrobial activities. Therefore, the com-
plex of AgNPs and Cts can improve antimicrobial
activities greatly in comparison with the single one
of them.
Much hypothesis for antimicrobial mechanism of

Ag on microorganisms has been reported. Recently,
Kim, et al. proposed the mechanism for the inhibi-
tory effects of Ag on microorganisms by electron

TABLE I
MIC and MBC of AgNPs, Original Cts and Ag-Cts Composite on Four Species of Bacteria

Bacteria

MIC (lg/mL) MBC (lg/mL)

AgNPs Cts Ag-Cts AgNPs Cts Ag-Cts

Escherichia coli (ATCC 44752) 250–300 800–1000 150–200 300–350 1200–1400 200–250
Bacillus subtilis (ATCC 63501) 200–250 800–1000 150–200 250–300 1200–1400 200–250
Staphylococcus aureus (ATCC 26003) 250–300 1000–1200 200–250 350–400 1400–1600 300–350
Pseudomonas aeruginosa (ATCC 10110) 400–500 1000–1200 300–400 600–700 1200–1400 500–600

Figure 9 Relationship of antimicrobial rates for pure
AgNPs, original Cts and Ag-Cts nanocomposites to four
species of microorganisms.
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spin resonance spectroscopy and antioxidant study
of AgNPs. They confirmed that free radicals could
be derived from the surface of AgNPs and uncon-
trolled generation of free radicals could attack
membrane lipids of microorganisms, then led to a
breakdown of membrane function.37 The AgNPs
embedded in the resultant composite were about or
less than 10 nm in diameter and the particles with
smaller sizes were known to be reactive and hence
could be efficient in their antimicrobial activities.9 In
fact, some AgNPs were encapsuled incompletely by
Cts. The possible structures of Ag-Cts nanocompo-
site particles are shown in Figure 10. Because of the
above mechanism, AgNPs in structure C and B are
better than that in structure A for bacterial inactiva-
tion or germicidal action. Moreover, in the antimi-
crobial experiment of Ag-Cts nanocomposite Cts
could adhere onto the microorganism cell wall to
destabilize it and alter cell permeability, at the same
time the networks of Cts let down and AgNPs
encapsuled by Cts (structure A and C) come out to
be responsible for subsequent free radical-induced
membrane damage.

Cts itself is known to have strong antibacterial
properties.38 The proposed mechanism for the inhib-
itory effects of Cts on microorganisms is that the
bacteria cell surfaces are negatively charged and
when the bacteria cell wall is adsorbed on the cati-
onic antimicrobial (Cts), it can bind and disrupt the
cytoplasmic membrane of bacteria. With consequent
destabilization of the cell envelope and altered per-
meability, the release of cytoplasmic constituents,
such as DNA and RNA, to take place continuously,
eventually the replication of DNA inhibited and all
these leading to the death of the bacteria.39,40 As Ag-
Cts nanocomposite particles can attach to the bacte-
ria cell wall by electrostatic interaction of Cts and
the negatively charged bacteria cell, the cationic bio-
cidal of it is expected to be antimicrobial. The pres-
ent investigation therefore indicated that the com-
posite was more efficient than either AgNPs or Cts
alone for inactivating bacteria, owing to synergistic
effect of both the AgNPs and Cts in the composite.

CONCLUSIONS

Results showed that AgNPs with well-controlled
shape and size had little aggregation with the protec-
tion of Cts colloids and they dispersed well in cross-
linking Cts matrix. SEM picture detected that Ag-Cts
particles exhibited a regular spherical shape with the
size less than 10 lm and AgNPs were encapsulated
in the Cts particles. Moreover, thermal analysis of
the resultant composite demonstrated that the ther-
mal stability of Cts could be improved by the present
of AgNPs since it could reduce the mobility of Cts
chains in the composite. Microbial experiment indi-
cated that the Ag-Cts composite exhibited excellent
antimicrobial properties with Ag nanoparticles par-
ticipating in the activities. The resultant Ag-Cts com-
posite could be suitable for biological applications
in medical treatment and sanitation fields.
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