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a  b  s  t  r  a  c  t

New  chitosan  nanocomposites  doped  with  silver  nanoparticles  were  synthesized  by  a  simple  method.
The  chitosan  particles  were  prepared  by desolvation  followed  by  crosslinking  with  poly(ethylene  glycol-
di-aldehyde),  this  was  prepared  with  poly(ethylene  glycol)  in the  presence  of  a  silver  nitrate  solution.
The  developed  nanocomposites  were  characterized  using  UV–visible,  FTIR,  XRD,  TGA,  SEM  and  TEM  to
vailable online 28 July 2011
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understand  their  physico-chemical  properties.  These  nanocomposites  were  shown  to have  anti  bacterial
activity  towards  Escherichia  coli.

© 2011 Elsevier Ltd. All rights reserved.
anocomposite
ntimicrobial activity

. Introduction

The design of metal nanoparticles/polymer composites has
ttracted much attention in the last few years, due to their wide
ange of applications, for example as catalysts and in the biomed-
cal field (Barbucci, Consumi, Lamponi, & Leone, 2003). Many of
hese nanocomposites use a polymer as a stabilizer and supporting

aterial. Considering the potential of such polymer composites for
iological applications (Dornish, Aarnold, & Skaugrud, 1996), it is
ery surprising that the number of metal nanoparticle/bio-polymer
etworks reported so far is very limited. Indeed, this rare occur-
ence strongly contrasts with the abundance of published data on
iopolymer network preparation in the pharmaceutical science lit-
rature (Peppas, 2004).

Certain medical applications of chitin require initial insolubil-
ty accompanied by a defined biodegradability of the polymer.
his is the case, for instance, for wound dressings suitable for
reventing tissue adhesion in internal surgery. These materi-
ls should ideally be insoluble when positioned in the surgical

ound, and undergo progressive bio-erosion leading to com-
lete resorption, as soon as they are no longer needed. Therefore,
hey should be enzymatically degradable (Jolle‘s & Muzzarelli,
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1999; Muzzarelli, 1977, 1980). For development of chitosan
gels the common and frequently used crosslinker is glutaralde-
hyde. This crosslinked material has subsequent application in
biomedical field, such as enzyme immobilization and drug
delivery(Giunchedi, Genta, Conti, Muzzarelli, & Conte, 1998; Zhu,
Ma,  Jia, Zhao, & Shen, 2009). Muzzarelli and coworkers docu-
mented the cytotoxic nature of this system and proposed different
dialdehydes and polyaldehydes as crosslinkers. In this direction,
many research groups have been using PEG dialdehydes and
dicarboxylic acids as crosslinking agents in chitosan based bioma-
terials.

Among the bioactivity glycosaminoglycans, chitosan [1(4) 2-
amino-2-deoxy-d-glucan] is a polyaminosaccharide, with good
mechanical strength. They are acid-soluble deacetylated deriva-
tive of chitin obtained from N-deacetylation of chitin with strong
alkali (Crescenzi & De Angelis, 1997). Chitin a naturally occur-
ring polysaccharide, is found in the cuticles of arthropods, in the
endoskeletons of cephalopods and fungi. Earlier studies reported
that chitosan is bio-absorbable (Muzzarelli et al., 1988) and has
good biocompatibility (Hirano & Noishiki, 1985). In addition, it has
been demonstrated to be haemostatic (Malette, Quigley, Gaines,
Johnson, & Rainer, 1983; Rao & Sharma, 1997) and bacteriostatic
(Tarsi, Muzzarelli, Guzman, & Pruzzo, 1997). Moreover, it plays an
important role in the cell regulation and tissue regeneration (Cho,
Lee, & Song, 2005; Klokkevold, Vandemark, Kenney, & Bernard,

1996; Muzzarelli et al., 1989, 1993), it is a linear polyamine con-
taining number of free amine groups that are readily available for
crosslinking. Its cationic nature allows for ionic crosslinking with
multivalent anions.

dx.doi.org/10.1016/j.carbpol.2011.07.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:drksvkrishna@yahoo.com
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Scheme 1. Schematic represen

Recently Vimala et al. (2010) synthesized porous chitosan–silver
anocomposite membranes of 500 �m thickness which were
rosslinked with glutaraldehyde for biomedical applications. In this
resent study, we prepared a novel nanocomposite, using silver
anoparticles CS–PEG as a polymeric shell. The morphology, ther-
al  structure and characteristic of the CS–PEG–Ag were studied by
V, FTIR, XRD, TGA, SEM, and TEM. The CS–PEG–Ag nanocomposite
as been investigation for its biocidal action against Escherichia coli
Scheme 1).

. Materials and methods

.1. Materials

Chitosan (CS) low molecular weight with 84% degree of
eacetylation, sodium borohydrate (NaBH4), silver nitrate (AgNO3),
oly(ethylene glycol) (Mw  = 400), glacial acetic acid and ethanol
ere purchased from Aldrich Chemical Co. and used without fur-

her purification.

.2. Preparation of chitosan nanogels
The Ag nanoparticles loaded chitosan nanogels were prepared
y the one-step desolvation method. In brief, 0.25 g of chitosan was
issolved in 100 mL  of 2% aqueous acetic acid and stirred overnight
o obtain clear solution. The chitosan solution was desolvated by
 of CS–PEG–Ag nanocomposite.

drop wise addition to 1000 mL  of ethanol under constant stir-
ring. After 5 min  of stirring, 1 mL  of freshly prepared poly(ethylene
glycol) dialdehyde containing silver nanoparticles and catalytic
quantities of HCl was added to crosslink the nanoparticles in situ.
To this a catalytic amount of NaBH4 was  added to reduce silver
ions into silver particles. This dispersion was  stirred overnight until
most of the ethanol was  evaporated and then purified by centrifug-
ing three times and redispersing in 30% ethanol in double distilled
(DD) water. After the third centrifugation, the nanocomposite par-
ticles of chitosan–poly(ethylene glycol)–silver (CS–PEG–Ag) were
redispersed in pure DD water (Scheme 1).

2.3. Fourier transform infrared spectroscopic studies

FTIR spectra were recorded on a Jasco, FTIR-430 (Japan). About
2 mg  of the samples were ground thoroughly with KBr and pel-
lets were prepared using a hydraulic press under a pressure of
600 kg/cm2. Spectra were scanned between 500 and 4000 cm−1.

2.4. UV–visible spectroscopy
UV–visible spectra of CS–PEG–Ag nanocomposite (10 mg  in 1 mL
of distilled water) were recorded on an Agilent 8453 UV spec-
trophotometer.
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Fig. 2. UV–visible spectra of PEG (a), CS–PEG–Ag (b) and PEG–Ag nanocomposite

incubation, respectively.
Fig. 1. FTIR spectra of chitosan (a) and PEG–CHO crosslinked CS (b).

.5. X-ray diffraction (XRD) studies

Wide-angle X-ray diffractograms of CS–PEG–Ag nanocomposite
as recorded on a Rigaku diffractometer (Philips, X’pert-PW3040)

quipped with a Ni-filtered CuK�́ radiation (� = 1.5418 Å). Samples
ere mounted on a sample holder and XRD scans were recorded

n the angle range of 0–60◦ at the speed of 5◦/min to estimate the
rystallinity of the samples.

.6. Thermogravimetric analysis

TGA curves of CS and CS–PEG–Ag nanocomposite were recorded
sing TA instruments sequential thermal analyzer (Model-SDT
600, USA). Analysis of the samples was performed at heating rate
f 10 ◦C/min under N2 atmosphere at a purging rate of 100 mL/min.

.7. Scanning electron microscopic (SEM) studies

The SEM images of nanocomposites were obtained by using a
SM-5610 (JEOL, Japan) Scanning Electron Microscope. Working
istance of 10 mm was maintained and the acceleration voltage
sed was 5 kV with different magnification. CS–PEG–Ag nanocom-
osite were coated with gold by sputtering prior to measurements.

.8. Transmission electron microscopic (TEM) study

Transmission electron microscopy images for CS–PEG–Ag
anocomposites were recorded using a JEM 2100F transmission
lectron microscope operating at an acceleration voltage of 15 kV.
or TEM measurements, samples were prepared by dropping
0–20 �l of finely ground hydrogel solution on a copper grid and
ried at room temperature.

.9. Antibacterial activity

The antimicrobial activity of developed pure CS, CS–PEG–Ag
anocomposite (1 mg/mL  and 2 mg/mL) against Escherichia coli
E. coli). The quantitative growth inhibition was measured by disc
iffusion and LB broth method. Nutrient agar medium was pre-
ared by mixing peptone (5.0 g), beef extract (3.0 g), and sodium
hloride (5.0 g) in 1000 mL  distilled water and the pH was  adjusted

o 7.0. Finally, agar (15.0 g) was added to the solution. The agar

edium was sterilized in a conical flask at a pressure of 15 lbs for
0 min. This medium was transferred into sterilized petri-dishes

n a laminar air flan. After solidification of the media, E. coli cul-
(c).

ture was  streaked on the solid surface of the media. Nanocomposite
solutions (10 mg/10 mL  and 20 mg/10 mL  distilled water) absorbed
discs were placed on cultured agar plates (water used as control)
and incubated for 12 h at 37 ◦C in the incubation chamber. At the
end of the incubation period, the diameters of inhibition zones
occurred on the medium were evaluated in millimeters.

In the LB broth method, 3.0 mL  of the bacteria medium added
into tubes contains different concentrations of nanocomposite
solutions (10 mg/10 mL  and 20 mg/10 mL  distilled water), and the
incubation was continued for 2 days. Culture with pure LB broth
served as control. The bacterial viability was  checked using their
OD values by UV-visible spectrometer at 600 nm.  The inhibition
ratios for the CS–PEG–Ag were calculated as follows:

Inhibition ratio (%) = 100 − 100 ×
(

At − A0

Acon − A0

)

where A0 is the OD for bacterial broth medium before incubation;
At and Acon are the ODs for nanocomposite and control sample after
Fig. 3. XRD spectra of CS–PEG–Ag nanocomposite.
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Fig. 4. TGA curves of CS (a) and CS–PEG–Ag (b) nanocomposite.

. Results and discussions

Fig. 1 shows the IR spectra of crosslinked CS and non-crosslinked
S. As like many organic compounds, CS presents a characteristic
bsorption in the IR domain. At 1650 cm−1, its spectrum shows a
and corresponding to an amide function, i.e., acetylated amine,
hereas the band at 1590 cm−1 corresponds to a free amine I func-

ion, i.e., deacetylated amine. When CS is chemically cross-linked
ith PEG aldehyde, the aldehyde reacts with the amine I functions

o give a Schiff’s base, creating covalent bridges between the poly-
er  chains. The amide amount is not affected during crosslinking

f CS, hence the band intensity at 1650 cm−1 was considered as
n internal reference. In contrast, intensity of the amine I band at
590 cm−1 is altered.

UV–visible spectroscopy is a valuable tool for structural charac-
erization of silver nanoparticles. It is well known that the optical
bsorption spectra of metal nanoparticles are dominated by sur-
ace plasmon resonances (SPR), which shift to longer wavelengths
ith increasing particle size (Sosa, Noguez, & Barrera, 2003). The
V–visible spectra for all the preparations are shown in Fig. 2. All

amples presented a minimum at ∼320 nm that corresponds to the
avelength at which the real and imaginary parts of the dielectric

unction of silver almost vanish (Bradley, 1994). The sample with

olymeric silver nanoparticles exhibited peaks ranging between
80 and 450, as shown in Fig. 2, which confirms the formation of
ilver nanoparticles.

Fig. 5. SEM photograph of CS–
Fig. 6. Transmission electron microscopy image of CS–PEG–Ag nanocomposite.

Fig. 3 illustrates the X-ray diffraction patterns of CS–PEG–Ag
nanocomposite. The diffractogram of CS–PEG–Ag nanocomposite
is assigned to diffractions at 2� values of about 34◦, 46◦, 55◦ and 58◦

plane of face centered cubic (fcc) structure of silver nanoparticles.
Such sharp peaks correspond to highly crystalline silver nanostruc-
tures formed in CS–PEG matrix.

TGA is important for formation and thermal stability of
CS–PEG–Ag nanocomposite (Fig. 4). Starting decomposition tem-
perature CS (303 ◦C) greater than CS–PEG–Ag nanocomposite
(185 ◦C). In addition, a clear variation has been observed in TGA
experiments in that CS–PEG–Ag nanocomposite exhibit better ther-
mal  stability than pure CS. The weight loss difference between
the CS and CS–PEG–Ag nanocomposite is 15% represents the pres-
ence of silver nanoparticles (weight percent) in the CS–PEG–Ag
nanocomposite.

Fig. 5 presents SEM micrographs of CS–PEG–Ag nanocom-
posites. This micrograph illustrates the formation of defined
nanostructures of Ag in the CS–PEG matrices. This indicates that sil-
ver nanoparticles are formed along with the polymer chains rather
than just Ag entrapment in the gel networks.

The properties of nanoparticles are strongly dependent upon
their interactions with capping agent molecules (Kerker, 1985).
Indeed, the surface chemistry of the nanoparticles can modify
their interactions with external systems. TEM image of CS–PEG–Ag

nanocomposite is presented in Fig. 6. TEM samples were prepared
by dispersing the nanocomposite in deionized water by ultra-
sonication. A drop of this dispersion is taken on copper grids and

PEG–Ag nanocomposite.
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ig. 7. Photograph of for 1 mg/mL  sample (A) and for 2 mg/mL  sample (B) on Escheric

mages were recorded. TEM images showed that the silver nanopar-
icles tend to be finely dispersed inside CS–PEG matrix.

TEM examination demonstrated that the sample is composed
f metal core and polymer shell with multiple symmetry. Silver
anoparticles directly conjugated to CS–PEG matrix were synthe-
ized in aqueous/ethanol solution. CS and PEG have oxygen- and
itrogen-bearing groups that can stabilize the nanoparticle surface.
he strongest interactions with silver likely involve with oxygen
nd nitrogen. By using sodium borohydride, a strong reducing
gent, CS–PEG matrix via direct bonding with these electron donor
ites, and provides steric protection due to the network and bulki-
ess of the matrix. The optical signature of this sample can be better
nderstood in terms of the distribution of sizes and shapes observed

n the TEM.
Fig. 7 illustrates the antibacterial effect of pure chitosan and

S–PEG–Ag nanocomposite on E. coli. The results suggest that
he CS–PEG–Ag nanocomposite showed a toxic effect on E. coli
hereas pure chitosan does not involve much in the growth inhi-

ition process. The antibacterial activity is due to the release of
ilver nanoparticles from CS–PEG–Ag nanocomposite. The diame-
er of growth inhibition zone is A (11 mm  diameter for 2 mg/mL
S–PEG–Ag), which is greater than B (8 mm  diameter for 2 mg/mL

S–PEG–Ag). LB broth medium is used for the quantitative deter-
ination of antimicrobial activity of CS, CS–PEG–Ag (1 mg/mL)

nd 2 mg/mL  are shown in Fig. 8. The antibiotic ability to
. coli,  expressed in terms as inhibition ratio, was enhanced with

ig. 8. Quantitative evaluation of inhibition ability to E. coli of pure CS, CS–PEG–Ag
1  mg/mL) and (2 mg/mL).
li.  Abbreviations are ‘C’ is for control, ‘CS’ is for chitosan and ‘SNCS’ is for CS–PAG–Ag.

increasing concentration of silver nanocomposite. The maximum
inhibition ratio is 88% (2 mg/mL  CS–PEG–Ag) at 48 h. This pre-
liminary study indicates that the polymer material composite
CS–PEG–Ag can be used for antibacterial applications.

4. Conclusion

In conclusion, an easy and simple method has been developed
for preparing CS–PEG–Ag nanocomposites. It is clearly illustrated
that the silver nanoparticles are being formed not only on the
surface of CS–PEG matrices but also throughout the networks.
Nanocomposites are characterized using spectral, thermal, and
electron microscopy methods. These nanocomposites showed good
antibacterial activity towards E. coli.
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