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a b s t r a c t
In the present work chitosan–silver (CS/Ag) nanocomposites, either in the form of nanoparticles (AgNP) or as ionic dendritic structures (Ag+), are synthesized by a simple and
environmentally friendly in situ chemical reduction process. The antibacterial activity of
the resulting nanocomposites in the form of ﬁlms is studied against two bacteria, Grampositive Staphylococcus aureus and Gram-negative Escherichia coli. The relationship
between electrical, structural and antibacterial properties of CS/AgNP and CS/Ag+
nanocomposites are studied by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction, and UV–Vis, impedance, infrared and X-ray photoelectron spectroscopies. The results demonstrate that in contrast to CS/Ag+ ion ﬁlms, the
CS/AgNP composites ﬁlms (average particle size less than 10 nm) showed a signiﬁcantly
higher antibacterial potency. The collective action of AgNP and Ag+ ions facilitate the
enhancement and synergetic antibacterial activity below certain critical concentration.
The bactericide activity of both CS/AgNP and CS/Ag+ ion composite ﬁlms increases by
increasing the concentration of Ag. The composites containing 1 wt.% of silver nanoparticles and about of 2 wt.% of silver ions exhibit a maximum antibacterial activity, which is
close to their electrical percolation threshold. The concentration of AgNP and Ag+ ions
above the threshold level greatly diminish the antibacterial potential.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years the development of efﬁcient and greener
routes for metal nanoparticles syntheses has gained considerable interest in various areas of nanotechnology.
Among metal nanoparticles, silver nanoparticles (AgNP)
have attracted much attention due to their potential as
antimicrobial agent; they are widely applied in many
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biological and medical ﬁelds such as biosensors, wound
healing, treat burns and cancer therapeutics [1–4].
Several AgNP based composites have been demonstrated
enhanced performance through the stabilization and support of nanoparticles [5,6]. Regarding silver-based
nanocomposites, chitosan–silver nanoparticles (CS/AgNP)
nanocomposites represents an emerging group of bionanostructured hybrid materials because of its
biocompatibility and biodegradability. CS is considered a
non-toxic biopolymer, aside of its excellent antimicrobial
and antifungal activities against a wide range of

microorganisms when compared to other polymers and
biopolymers [7,8].
Several physical and chemical approaches have been
established to prepare CS/AgNP composite ﬁlms. Recent
studies reported about direct dispersion of AgNPs into chitosan matrix for antibacterial applications [9]. However,
common methods involve the chemical reduction of silver
salts by different reducing agents such as NaBH4, sodium
citrate, or ascorbic acid [10–12]. However, in such chemical processes the nanoparticles tend to aggregate due to
the high surface energy inherent to the synthesis. The
reducing agents used for the preparation might exhibit
environmental toxicity. Residuals of the chemical reduction processes could also affect the interaction with OH
and NH+3 (or NH2) functional groups of chitosan biopolymer. Therefore the composite’s physicochemical and electrical properties can be greatly affected, and in
consequence its antibacterial properties may eventually
be affected as well. It was found that AgNP prepared from
sodium borohydride reduction process causes cytoprotective effect on human immuno-deﬁciency virus infected
cells [13]. Hence, a greener and environmental friendly
approach for the synthesis and stabilization of nanoparticles
using
biopolymers
present
clear
beneﬁts.
Biopolymers such as chitosan offer control over the rate
of the chemical reduction process, thus enabling the synthesis and stabilization of nanoparticles with different size
and shapes without the use of additional capping agents
[14]. The stability of silver nanoparticles against
agglomeration is considered the most important factor
for their antibacterial efﬁcacy in nanocomposites; the
interaction of bacteria with AgNPs is more intensive when
AgNPs are well dispersed [15]. It was reported in previous
studies with phosphotriazine/diamine polymers that such
type of stabilization together with an in situ greener synthesis route of polymer/silver nanocomposites exhibited
higher antibacterial efﬁcacy against many bacterial species
[16]. On the other hand, some reports show that fabrication of asymmetric or porous chitosan ﬁlm impregnated with AgNPs enhances the controlled release
antibacterial activity [17–19].
Silver is commonly used in both ionic form and silver
nanoparticles as antibacterial agents. Several studies have
previously reported on the antibacterial activity of silver
nanoparticles and the effect of size, concentration, temperature or ionic strength over its antibacterial properties
[20–22]. Those properties are extensive to polymer–silver
nanocomposites. For instance, Triebel et al. [23] reported
polyurethane/silver nanocomposites with enhanced silver
ion release using multifunctional invertible polyester.
Tamboli et al. [24] evaluated the antibacterial activity of
Ag–PANI nanocomposites against B. subtilis. The releasing
of silver ions plays a crucial role in the antibacterial activity of AgNP by generating reactive oxygen species (ROS)
upon exposure to the cells [25]. In addition, silver ions
alone have profound antibacterial action towards Grampositive Staphylococcus aureus and Gram-negative
Escherichia coli [26]. Recently reported by Greulich et al.
[27], there is evidence that the antibacterial activity of
AgNP and Ag+ ions (such as silver acetate) occurs in the
bacteria and human cells in the same concentration range.
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Sotiriou and Pratsinis [28] showed the antibacterial activity of silver ions and silver nanoparticles immobilized into
SiO2 support. Additionally, several studies propose that
metallic AgNP may attach to the surface of the cell membrane disturbing permeability and respiration functions
of the cell [29,15]. Another scenario is that metallic AgNP
not only interact with the surface of membrane but they
can also penetrate the bacteria [30]. However, the mechanism of antibacterial action of AgNP and Ag+ ions are
poorly understood and there is a few knowledge on the
toxicity of metallic AgNP by direct comparison with Ag+
ions due to difﬁculties in controlling size, shape and
agglomeration effects.
In this work we report a simple and efﬁcient greener
route to synthesize CS/metallic AgNP and CS/Ag+ ions
(silver acetate form) composite ﬁlms using dilute acetic
acid as a reducing agent, mediated by the biopolymer chitosan. The antibacterial activity of both silver metallic
nanoparticle and silver ion containing chitosan ﬁlms with
different concentration were tested on Gram-positive and
Gram-negative bacterias, S. aureus and E. coli respectively.
Our method allows the in situ synthesis and stabilization
of CS/AgNP and Ag+ ions in a chitosan matrix while providing a direct comparison of antibacterial activity of silver
metallic nanoparticles and silver ions in the same concentration range. To the best of our knowledge, this is the ﬁrst
report where the bactericidal effect of silver ions dendritic
structures and silver nanoparticles reduced by dilute acetic
acid and chitosan-mediated is evaluated through direct
comparison. Also, a correlation between AgNP and Ag ions
concentration in the nanocomposites with electrical properties and its antibacterial activity is proposed.
2. Materials and methods
2.1. Materials
Chitosan medium molecular weight (Mw = 300 kDa and
82% of degree of deacetylation) was purchased from
Sigma–Aldrich (St. Louis, MO). Silver nitrate (AgNO3) and
acetic acid (glacial, 99–100%: Merck) were also purchased
from Sigma Aldrich. Chitosan solution was obtained by dissolving 1 wt.% of CS powder in 1% aqueous acetic acid solution and was subsequently stirred to promote dissolution.
All reagents are analytical grade and used without further
puriﬁcation. All glass containers were washed and rinsed
with deionized water.
2.1.1. Preparation of CS/AgNP composite ﬁlm
The synthesis was carried out by adding 100 ll of different concentrations of silver precursor AgNO3 (0.01,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 M) to 10 ml of chitosan solution in acetic acid (1%) and the ﬁnal solution
was magnetically stirred at 95 °C, then allowed to react
for an additional 8 h. The color of the solution progressed
from colorless to light yellow within 30 min, and ﬁnally
to dark yellow after the reaction completed. This change
of color indicates the formation of AgNP. The temperature
of the reaction plays an important role as it has a strong
inﬂuence on the particle size and dispersion of AgNP in
the chitosan solution. CS/AgNP ﬁlms were obtained by
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2.1.2. Preparation of CS/Ag+ ion composite ﬁlm
The CS/Ag+ ion colloidal solution was obtained by adding 100 ll of different concentrations of prepared AgNO3
(0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 M) to 10 ml
of chitosan solution in acetic acid (1%), and the ﬁnal solution was allowed to magnetically stirred for 4 h at room
temperature (25 °C). Composite ﬁlms were obtained by
the solvent cast method by pouring the ﬁnal solution into
a plastic Petri dish and allowing the solvent to evaporate
for 24 h at 60 °C. It is noteworthy that both CS/AgNP ﬁlms
and CS/Ag+ ion composite ﬁlms are non-neutralized.
Conﬁrmation that in this case the CS/Ag+ ion composite
ﬁlms (CS/silver acetate as a source of silver ions [27]) have
been obtained will be described below based on UV–Vis,
XRD and XPS measurements.
2.2. Methods
The formation of AgNP was monitored by UV–Vis spectroscopy (UV–Vis spectrophotometer: Agilent 8453). The
morphology of CS/AgNP ﬁlms was analyzed by JEOL
JEM-1010 transmission electron microscope (TEM) operated at 80 kV. CS/Ag+ ion ﬁlms were analyzed by JEOM
JSM-7401F ﬁeld emission scanning electron microscope
(SEM). The weight percent of silver in CS nanocomposite
ﬁlms have been analyzed by energy dispersive analysis
(EDS). Analysis of the composites structure was performed
by Fourier transform infrared spectroscopy (FTIR) on a
Perkin Elmer spectrophotometer using an ATR accessory
in the range 4000–650 cm1. Films were dried at 60 °C
for 24 h before performing the FT-IR measurements to
decrease the inﬂuence of moisture content. Impedance
measurements, in the frequency range of 100 Hz to
110 MHz, were carried out using an Agilent Precision
Impedance Analyzer 4294A. X-ray diffraction was performed using a Rigaku diffractometer ULTIMA IV, equipped
with the Cu Ka radiation (k = 1.5406 Å). X-ray photoelectron spectroscopy (XPS) was carried out using the
Alpha110 instrument from ThermoFisher Scientiﬁc with a
monochromatic Al ka1 (1486.7 eV) X-ray source, and a
hemispherical electron analyzer with seven channeltrons.
The calibration of the binding energy of the spectra was
performed with the C1s peak of the carbon due to CAC
bonding at 284.8 eV. The peaks were ﬁtting with the software AAnalyzerÒ v 1.1.
2.3. Bactericidal activity of CS/AgNP and CS/Ag+ composite
ﬁlms
Strains of Gram-positive S. aureus (ATCC 8923) and
Gram-negative E. coli (ATCC 25922) were tested. Squares
of each ﬁlm (1  1 cm) were aseptically obtained with a
sanitized scalpel. Each square was inoculated with 10 ll
(8 log CFU/square) and placed inside sterile glass tubes,
and incubated at 22 °C for up to 24 h with the time interval

of 0, 24 and 48 h. Films were removed from storage and
placed in tubes containing 3 ml of Dey-Engley (DE) neutralizing broth (pH 7.6; BBL/Difco) and were homogenized
using vortex for 1 min.
Inocula and inoculated CS/AgNP ﬁlms and CS/Ag+ ions
ﬁlms were analyzed for populations of bacteria. Cell suspensions were serially diluted in sterile 0.1% peptone and
surface plated (0.1 ml) on tryptic soy agar supplemented
with rifampicin (TSAR, 100 mg/ml). Inoculated plates were
incubated at 35 °C for 24 h before colonies were counted.
Colonies from each sample were chosen randomly and
subjected to biochemical conﬁrmation.
3. Results and discussion
3.1. UV–Vis spectroscopy analysis
The formation of AgNP obtained by reduction of different concentrations of AgNO3 in the chitosan–dilute acetic
acid solution at 95 °C was monitored by UV–Vis spectroscopy. Typical UV–Vis absorption spectra of the resulting solution are shown in Fig. 1. Speciﬁcally, in the case
of sample prepared at 95 °C, the ﬁnal solution starts to
change from colorless to light yellow color within 20 min
of reaction and further change to stable dark yellow color
in 8 h after addition of AgNO3 solution. It can be observed
that all spectra display the characteristic surface plasmon
resonance (SPR) absorption maximum between 412 nm
and 416 nm, indicating the formation of spherical silver
nanoparticles [31]. At the same time, it is evident from
Fig. 1 that, as the concentration of precursor (AgNO3)
increases, a progressive increment in the intensity of the
SPR band is observed which is related with an increase of
AgNP concentration in the chitosan solution. It was found
that the concentration of acetic acid in CS and temperature
play an important role in the reduction process. These
results are consistent with the previous studies of gold
nanoparticles synthesis by dilute acetic acid used as reducing agent and chitosan as mediator of the reaction [32]. In
contrast, the ﬁlms prepared at room temperature exhibited
a transparent aspect because silver nanoparticle formation
0.8
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on XRD and XPS measurements.
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Fig. 1. UV–Vis absorption spectrum of CS/AgNP ﬁlms obtained by
reduction under different concentration of precursor (AgNO3) at 95 °C.
Inset shows UV–Vis absorption spectrum of CS/Ag + ﬁlms obtained at
25 °C.

is not promoted by temperature. Accordingly, UV–Vis
absorption spectra of such ﬁlms did not show absorption
peaks with maximum between 412 nm and 416 nm
indicative of formation of metallic silver nanoparticles
(inset in Fig. 1). Absorptions peaks centered between 270
and 300 nm are in place of those related to nanoparticles
and can be assigned to different clusters of silver ions such
as Ag+, Ag2+, Ag3+ [33–35]. This means that the majority of
Ag+ ions chemically interact with the dilute acetic acid and
form CS/silver acetate as a source of silver ions [27].

It is well known from literature that chitosan is able to sorb
silver ions through different mechanisms (e.g. ion
exchange and chelation) [36,37]. The interaction of silver
ions with chitosan takes place through the amino and
hydroxyl groups (see Section 3.3). That is why in the initial
stages of reduction, small clusters of silver ions (Ag+) are
formed as well as silver metal particles. These clusters present typical absorption between 270 and 300 nm, while
the metallic particles absorb at 412 nm [38,39]. In the next
step of reduction these clusters grow and assembly into
dendritic structures due to electrostatic attraction between
ACOO and ANH3 groups of chitosan with the Ag+ ions [35].
Those structures have been previously observed using
atomic force microscope [40].
As mentioned above, the nanocomposite ﬁlms were
prepared from precursor solutions with different AgNO3
concentration. In order to compare the electrical and antibacterial properties of both types of ﬁlms, i.e. CS/AgNP and
CS/Ag+, nanocomposites were obtained by two different
methods to assure the same wt.% of silver. By using EDS
analysis, the concentration of silver in the CS ﬁlms was
then calculated (Fig. 4).

3.2. Morphology analysis (TEM and SEM)
Transmission electron microscope (TEM) images of CS/
AgNP composite ﬁlms are shown in Fig. 2. TEM results
revealed that in ﬁlms with low concentration of silver
(0.5 wt.%) the formation of spherical silver nanoparticles
with size ranging from 3 to 11 nm are distributed homogeneously in the CS matrix (Fig. 2a). However, for 1 wt.%
(Fig. 1b and c) AgNP agglomerates was observed. SEM
micrographs of the ﬁlms obtained from CS/Ag+ ion ﬁlms
with the same concentration range as CS/AgNP composite
are shown in Fig. 3. Interestingly CS/Ag+ ions ﬁlms showed
a dendritic structure and dendritic ﬂowerlike structure in
the chitosan ﬁlms at higher concentrations e.g. 1, 3 and
4 wt.% (Fig. 3a–c).
According to UV–Vis spectroscopy analysis, these dendritic structures consist of chitosan–Ag+ ions structures.

(a)

3.3. FTIR analysis
To understand the molecular interactions of AgNP and
Ag+ ions with chitosan, Fourier-transform infrared spectroscopy (FTIR) analysis was performed. Fig. 5a shows
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Fig. 2. TEM microphotograph of synthesized CS/AgNP composites: (a) 0.5 wt.% AgNP, (b) 1 wt.% AgNP, (c) higher magniﬁcation of 1 wt.% AgNP, and (d) size
distribution of AgNP. The TEM micrographs were taken from colloidal suspension of AgNP in CS.
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Fig. 3. SEM microphotograph of CS/Ag+ ion composites: (a) 1 wt.%, (b) 3 wt.% and (c) 4 wt.% of Ag+ ions in chitosan ﬁlm (silver acetate form).
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Fig. 4. Silver content by EDS analysis of (a) CS/AgNP composite and (b)
CS/Ag + ion composite.

FTIR spectra of pristine CS, CS/AgNP and CS/Ag+ ion composites ﬁlms. The pure chitosan ﬁlms exhibits characteristic transmittance band at 3000–3500 cm1 assigned to the
overlapped NAH and OH stretching vibrations [41] as well
as vibration band at 1643 cm1 band for amide I (C@O
stretching), 1556 cm1 for amide II (NAH bending), bands
at 1410 cm1 for OH bending vibrations, 1326 cm1 for
CH2 wagging vibration, 1261 cm1 for amide III vibration
mode due to combination of NAH deformation and CAN
stretching, and 1154 cm1 for anti-symmetrical stretching
of CAOAC bridge [42,43].
In the FTIR spectra of CS/AgNP nanocomposite ﬁlm, the
bands at 3370 cm1 (amine and hydroxyl groups) and
1556 cm1 (bending vibrations of NH3) decrease in intensity and slightly shift to lower wave number evidencing
the interaction of primary amino groups in chitosan with
AgNP surface [42,44]. Other transmittance bands at
1643 cm1 (amide I group), 1410 cm1 (bending vibration
of AOH group) and 1326 cm1 (CH2 wagging vibration)
were not changed, suggesting that these transmittance
bands are not sensitive to the metal nanoparticle surface
[42].
In contrast to the CS/AgNP composite, the CS/Ag+ ions
ﬁlms showed a signiﬁcant decrease in transmittance in
the band at 3370 cm1, it also shifts to 3430 cm1. The
prominent NAH bending vibration bands around
1556 cm1 shifted to 1539 cm1 along with a decreasing
in intensity, suggesting that the NAH vibration is strongly
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Fig. 5. (a) FTIR spectra of pristine CS, CS/AgNP and CS/Ag+ ion composites.
(b) X-ray diffraction pattern of CS/AgNP composites and (b) CS/Ag+ ion
(silver acetate) composites.

affected by the interaction with Ag+ ions. On the other
hand, the band at 1410 cm1 (that corresponds to OH
bending vibration), the bands near 1077 cm1 (that are
usually attributed to the CAO and CAN stretching vibrations) and the bands at 1326 cm1 corresponded to CH2
wagging vibrations, all showed a remarkable intensity
reduction [42]. These changes are due to the interaction
of hydroxyl groups with Ag+ ions through oxygen [41].
Similar results have been reported in CS/Ag+ ion ﬁlms
[45]. CS/Ag+ ion composite ﬁlm shows a new band about
821 cm1 assigned to NO
3 absorption, which conﬁrms
the existence of NO
3 as a residual ion from silver salt.
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X-ray photoelectron spectroscopy (XPS) analysis was
performed by focusing on the changes of silver spectra to
gain further insight into the speciﬁc interaction of AgNP
and Ag+ ions with chitosan. Two peaks (a doublet)
characterize the Ag3d region of the silver; this is a consequence of spin orbital splitting that corresponds to
Ag3d3/2 and Ag3d5/2 core levels. These two peaks are
observed in the Ag3d region in CS/AgNP composite
(Fig. 6a). The doublet can be further resolved into two components. In Fig. 6a, the peaks at 368.5 and 374.5 eV correspond to 3d5/2 and 3d3/2 core levels of metallic silver
respectively [49], the spin–orbit components are separated
by 6 eV, and the other component at lower binding energy
(367.6 and 373.6 eV) indicate the presence of silver ions in
Ag2O with binding energy between 367.3 and 367.6
[50,51]. These results mean that 89.5% of silver is in metallic state. Conversely, in CS/Ag+ ions composites (Fig. 6b) the
deconvolution of Ag3d peak at 369.7 and 375.7 eV correspond to 3d5/2 and 3d3/2 core levels of Ag+ ions, indicating
that unreduced Ag+ ions remain in the nanoparticles surface [52]. The peaks at lower binding energy (368.3 and
374.3) indicate the presence of metallic AgNP [49]. It is
clear that 15% of original silver cations have been reduced
to Ag0 and the remaining 82.5% of silver exists in the ionic
state. As a general conclusion from the XPS analysis, in CS/
AgNP composite the majority of silver exists in Ag0 state
(lower oxidation states) and in the CS/Ag+ ions composite
ﬁlms case, it exists as Ag+ [53], in agreement with the
UV–Vis observations. The additional 2.5% of peak observed
at 366.7 eV can be related to higher oxidation state of silver
as Ag3O4 [54].
A peak with binding energy at 406.5 eV (not shown) in
the N 1s core-level has been observed in CS/Ag+ ions
composites, but not in CS/AgNP ﬁlms. This peak can be
attributed to NO
3 ions [53]. These results relate well with
FTIR measurements and conﬁrm the thermal decomposition of NO
3 ions at high temperature.
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Fig. 6. XPS spectra for Ag3d region obtained on (a) CS/AgNP composites
and (b) CS/Ag+ ion composites.

3.5. Conductivity measurements
The DC conductivity of the composites was obtained
from the extrapolation of impedance measurements to
zero frequency and by using the dimensions of each ﬁlm
[55]. Neat chitosan exhibits low ionic conductivity that
can be related to the presence of small concentration of
conductive species in the form of OH+ and H+ ions [55].
At ambient conditions, ﬁlm’s water content is ca. 10 wt.%,
which reduces the resistance of ﬁlms and masks the real
conductivity behavior of composites. Fig. 7a shows the
plots of the DC electrical conductivity obtained from impedance measurements as a function of the AgNP and Ag ions
wt.% in dry ﬁlms at room temperature [55]. At low concentration of AgNP and Ag+ ions, a decreasing in conductivity
was observed. The decrease of conductivity in low concentration is explained by the strong interactions of AgNP and
Ag+ ions with free NH+3 groups of CS ﬁlm, which in turns
decrease the free H+ and OH and are responsible for the
conduction in CS [56]. An abrupt increasing of conductivity
with increasing of both AgNP and Ag+ ions wt.% and a subsequent saturation is typically observed for percolation
phenomena.
CS/Ag+ ion (silver acetate) composite ﬁlms exhibited
higher conductivity (approximately one order of magnitude) compared with CS/AgnP’s composite ﬁlms with the
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3.4. XPS analysis
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Intensity (a.u.)

Such band is not observed in CS/AgNP ﬁlms, likely due to
thermal decomposition of NO3 to NO and O2 [46].
Fig. 5b shows the X-ray diffraction patterns of CS/AgNP
and CS/Ag+ ion composite ﬁlms. Typical XRD pattern of CS/
AgNP composite ﬁlm (5 wt.% of AgNP’s) shows peaks at 2h
values of 38°, 44.2°, 64.3° and 77.7° that correspond to the
(1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of face centered
cubic (fcc) for Ag0 [47]. The broad peak at 2h equal 22.5°
related to crystalline form of chitosan [48]. The crystalline
size of nanoparticles d was estimated from XRD measurements using the Scherer formula. The calculated value of
d was about of 9 ± 0.5 nm, which is close to TEM
measurements.
In CS/Ag+ ion composites, the characteristic peaks at 2h
values of 8.94°, 29.2° and 30.6° corresponded to the (0 1 0),
(0 0 1) and (0 1 1) planes of silver acetate respectively.
Typical peaks of AgNP at 2h values of 38°, 44.2°, 64.3°
and 77.7°, were not identiﬁed suggesting that silver was
essentially in the form of silver acetate. The crystalline size
of silver acetate was estimated from XRD measurements
and equal to 14.6 ± 0.6 nm.
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critical exponent 1.21 ± 0.16. Values of critical exponent
between 1 and 1.33 imply that the CS/silver nanoparticles
system is two-dimensional according to well-established
values [60]. The same value of critical exponent
(1.32 ± 0.09) has been calculated in ﬁlms obtained by
direct dissolved silver nanoparticles in chitosan solution
[57]. Such low value of the critical exponent clearly suggests that a 2D conductive network is formed and that
charge must ﬂow along surfaces and interstitial spaces of
polymer matrix [60].
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Fig. 7. Electrical conductivity of (a) CS/AgNP ﬁlms as a function of the
AgNP wt.% and (b) CS/Ag+ ﬁlms as a function of the Ag+ wt.%. Inset shows
a double log–log plot of the electrical conductivity versus x  xc.

same Ag content (Fig. 7b). This enhanced conductivity is
due to an increase in the concentration of Ag+ ions, as
expected. The XPS (X-ray photoelectron spectroscopy)
analysis of CS/Ag+ ions composites indicates the presence
of 82.5% of silver in Ag+ form.
It is important to note that CS–silver nanocomposites
demonstrated low conductivity even in the saturation
region. Such effect has been observed in ﬁlms obtained
by direct dissolved of silver nanoparticles in chitosan solution and has been explained by the presence of a thin polymer layer that coexists between silver nanoparticles [57].
In the vicinity of the percolation threshold a simple
power law describes the DC conductivity as follow [58]:

r / ðx  xc Þt ; for x > xc

ð1Þ

where x is the wt.% of conductivity phase, xc is the critical
AgNP concentration at the percolation threshold, and t is a
critical exponent that only depends on the dimensionality
of the percolation system. The insets in Fig. 7 show the
log–log dependence of the conductivity of the CS composites on x  xc. The least-square ﬁtting analysis according to
Eq. (1) results in a percolation threshold of 0.85 ± 0.31 wt.%
of silver nanoparticles and a critical exponent t equals to
1.24 ± 0.11 for CS/AgNP ﬁlms; whereas for CS/Ag+ ions
ﬁlms the percolation threshold is 1.51 ± 0.21 wt.% and the

The antibacterial activity of as-synthesized CS/AgNP
and CS/Ag+ ions nanocomposites ﬁlms was evaluated
against Gram-positive bacteria S. aureus, and Gramnegative bacteria E. coli. We mainly focused on the concentration-dependent antibacterial activity of CS/AgNP and
CS/Ag+ ions nanocomposites, which provides direct toxicity comparison between AgNP and Ag+ ions. In order to
ensure the accuracy of the measurement, all ﬁlms were
subjected to antibacterial test simultaneously and under
the same conditions. Additionally, our previous study
demonstrated that dilute acetic acid present in the CS signiﬁcantly inﬂuences the bacterial growth, so neutralization
of ﬁlms was carried out by washing them with deionized
water until neutral pH (pH = 7).
The antibacterial activity of neat chitosan was reported
previously [61]. However, the exact mechanism of antibacterial action of neat chitosan is not fully understood while
several hypotheses have been proposed. Interaction of the
protonated amino groups of chitosan with the negatively
charged cell membranes surface [62], penetration into
the phospholipid bilayer of membranes, and disruption of
the cytoplasmic membrane are common explanations of
the action of neat chitosan [63]. For instance, it has been
observed a remarkably decreasing about two orders of
magnitude of CFU/cm2 of S. aureus after 48 h of cell culture
in pristine chitosan ﬁlms [64].
The antibacterial effect of both CS/AgNP and CS/Ag+ ion
composite ﬁlms against S. aureus and E. coli incubated after
48 h are shown in Fig. 8. It can be seen that there is a slight
difference in antibacterial effectiveness of both ﬁlms
against investigated Gram-positive S. aureus, suggesting
that the relatively ten times thicker Gram positive cell wall
with multiple murein layers and teichoic acid prevents the
interaction of AgNP with thiol group, resulting in a decrement in bactericidal effect [65]. A similar observation has
been reported in our previous studies of commercial
AgNP embedded into chitosan matrix [64]. However, the
CS/AgNP nanocomposites synthesized at 95 °C were found
to be more efﬁcient (approximately 2 orders of magnitude)
than those CS/Ag+ ion ﬁlms prepared at room temperature
(25 °C).
Additionally, Fig. 8 shows that the antibacterial effect
for CS/AgNP ﬁlms and CS/Ag+ ions composite ﬁlms clearly
increased as increasing concentration of AgNP’s and Ag+
ions until it reaches a maximum at certain critical concentration that correlates well with the percolation threshold
concentration determined by conductivity measurements
(Fig. 7). CS/AgNP ﬁlms with approximately 1 wt.% of silver
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Fig. 8. Log CFU/cm2 versus Ag concentration for CS/AgNP and CS/Ag+ ion
composites after 48 h of culture (a1, a2 for CS/AgNP composite ﬁlms and
b1, b2 for CS/Ag+ ion composite ﬁlms).

showed a minimum in CF/cm2 (i.e. maximum bactericidal
effect), whereas CS/Ag+ ion ﬁlms with approximately
2 wt.% of silver content denoted a maximum in bactericide
effectiveness, thus suggesting that low concentration of
AgNP’s or Ag+ is sufﬁcient for cell death. These values correlated well with the percolation thresholds obtained from
electrical measurements (0.85 ± 0.31 wt.% of silver for CS/
AgNP’s ﬁlms and 1.51 ± 0.21 wt.% for CS/Ag+ ion ﬁlms).
Above this critical concentration the antibacterial activity
saturates or decreases against both Gram-positive S. aureus
and Gram-negative E. coli. Both type of ﬁlms showed the
maximum bactericidal effectiveness close to percolation
thresholds. The percolation effect helps to explain the
observed maximum bactericide activity of the CS/AgNP’s
composites, i.e. once the system percolate, a physical path
is formed through which the current can ﬂow thus
decreasing the effective surface area of nanoparticles
[64]. Additionally, at higher silver concentrations, clusters
start to appear which further decrease the surface area of
nanoparticles (see Figs. 2 and 3). A similar observation
has been reported in our previous studies with composites
of chitosan with commercial AgNP [64].
The published literature is controversial about antibacterial properties of silver nanoparticles and silver ions. The
various observed and hypothesized interactions between
AgNP, Ag+ ions and bacteria cells have been discussed in
a large number of publication [28,66,67]. Some investigation showed that AgNP affects more the bacteria than silver ions, and the dominating factor is the direct contact
of bacteria with nanoparticles [38]. In another publication
it is proposed that nanosilver alone has minimal toxicity
and it serves mostly as a source of Ag+ ions [28,68].
Other publication supported the hypothesis of similar biological response of AgNP and Ag+ ions [27].
Sotiriou and Pratsinis [28] proposed that the mechanism of antibacterial activity depends on nanoparticle size:
the smaller AgNP releases higher concentration of Ag+ ions.
Thus, the antibacterial activity is dominated by the release
of Ag+ ions rather than by the AgNP itself. However it has
been demonstrated that silver dendritic nanostructures
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possess a better antibacterial activity than that of silver
nanosphere due to the large surface area, which provides
an effective contact with the microorganisms (possibly to
release silver ions that can penetrate inside the bacterial
cell). Besides, such Ag dendritic nanostructures with
numerous tips and inﬂection points could enhance bactericidal activity as well [69,70].
Herein, the results showed that CS/AgNP ﬁlms (AgNP
size less than 10 nm) have higher antibacterial activity
than CS/Ag+ ion ﬁlms. In other investigation, CS/Ag0 membrane surface (metallic Ag produced by chemical reduction
with ascorbic acid) exhibited better antibacterial performance than the CS/Ag+ after 4 days of inoculation, in agreement with our work [53]. In Ag/SiO2 composite, the
antibacterial activity of nanosilver was dominated by Ag+
ions when Ag nanoparticles were less than about 10 nm
in average diameter [28]. Further, the results here presented do not contradict the fact that silver dendritic
nanostructures have showed a better antibacterial activity
than that of silver nanosphere [69,70]. Those dendritic
structures consisted of silver nanoparticles, but the dendritic structures in this work consist of silver acetate complex with chitosan as a source of Ag+ ions.
The exact mechanism in which silver nanoparticles
operate to cause antimicrobial effect is not clearly known.
One possible antibacterial mechanism involves the interaction of silver with the bacteria cell wall and subsequent
penetration; thereby causing structural changes in the cell
membrane. Another plausible scenario is that, because the
DNA of the bacteria has sulfur and phosphorus as its major
components, the nanoparticles can act on these soft bases
destroying the DNA and causing cell death [66,67].
CS/AgNP antibacterial properties can be explained as a
synergistic effect of chitosan (which causes a decrease of
about two orders of magnitude of CFU/cm2 of S. aureus
after 48 h of cell culture) and silver nanoparticles.
Chitosan stabilize the AgNP and prevent silver nanoparticle agglomeration below a critical concentration. It also
confers a positive charge to nanoparticles surface, enhancing their binding to the negative charges present at the cell
surface [42]. Moreover, the antibacterial activity increases
with the concentration of AgNP and Ag+ ions. We veriﬁed
that close to percolation threshold, the antibacterial activity attained a maximum, suggesting higher effective surface area of silver nanoparticles because chitosan
prevents AgNP aggregation. This in turns results in an
effective interaction against bacteria cell wall. Above
percolation concentration the presence of agglomerates
dramatically lowers the effective surface area of both
AgNP and Ag+ ions and thus the antibacterial efﬁcacy
greatly decreased.

4. Conclusion
In summary, stable CS/AgNP and CS/Ag+ ion bionanocomposite were successfully synthesized by a greener
in situ chemical approach. The resulting bionanocomposites exhibit antibacterial activity against Gram-positive S.
aureus and Gram-negative E. coli bacteria; the maximum
bactericidal effect was reached by ﬁlms containing 1 wt.%
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of silver nanoparticles and about of 2 wt.% of silver ions.
CS/AgNP composite showed a higher synergetic antibacterial action (ca. two orders of magnitude) compared to the
CS/Ag+ ion composites with the same concentration of silver. Thus, collective action of AgNP and Ag+ ions (the latter
present in the surface of AgNPs) facilitated the enhancement of synergetic antibacterial activity below critical concentration. On the other hand, chitosan helps stabilize the
AgNP and prevents AgNP agglomeration below a critical
concentration. Chitosan also confers a positive charge to
nanoparticles surface, enhancing their binding to the negative charges present in the cell wall. The electrical and antibacterial properties of CS/AgNP and CS/Ag+ ions
bionanocomposite depend on the concentration. Above
percolation threshold concentration, agglomeration of
AgNP and Ag+ ions is responsible for a decreasing in the
effective surface area of AgNP and consequently the antibacterial activity. Finally, the in situ greener synthesis of
CS/AgNP and CS/Ag+ ions nanocomposites showed the sufﬁcient antibacterial property against Gram-positive and
Gram-negative bacteria such that they can be used for food
and biomedicine industries.
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