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Abstract: A facile and green synthesis of silver nano-
particles (AgNPs) by aqueous chitosan solution and 
microwave irradiation is proposed as a cost effective 
and environmentally benevolent alternative to chemical 
and physical methods. With this aim, different amounts 
of chitosan solution (3–9 ml) with several concentration 
(4–6% w/v) and 3 ml of the silver salt solution (0.5% w/v) 
were mixed and microwave irradiated for 100 s. Response 
surface methodology (RSM) was used to evaluate the 
effects of the amount and concentration of chitosan solu-
tion on the particle size and concentration of the synthe-
sized AgNPs. The optimum AgNPs synthesis process was 
obtained using 9 ml of 0.4% (w/v) chitosan solution. The 
spherical and more stable AgNPs synthesized at opti-
mum conditions had particle size, concentration, poly-
dispersity index (PDI) and zeta potential values of 37 nm, 
69 ppm, 0.557 and +50 mV, respectively. The synthesized 
AgNPs indicated strong antifungal activity toward Asper-
gillus flavus and high antibacterial activity against both 
Gram-positive (Staphylococcus aureus) and Gram-negative  
bacteria (Escherichia coli).

Keywords: antimicrobial activity; chitosan; microwave 
irradiation; optimization; silver nanoparticles.

1  �Introduction
Synthesis and application of nanoscale materials has 
emerged as one of the most intensively studied areas in 
nanoscience and nanotechnology in recent years, due to 
the significant degree of difference in their physico-chem-
ical and biological properties as compared to macroscale 
[1, 2]. Interest in metal nanoparticles (NPs) as antimicro-
bial agents has increased during the last decade. Among 

the noble metal NPs, silver NPs (AgNPs) have indicated 
the highest antibacterial, antifungal and antiviral activi-
ties toward numerous species of microorganisms [3, 4]. 
In fact, Ag NPs can be easily attached to the microorgan-
ism’s membrane, change its permeability and cause cell 
death [5].

Several physical and chemical methods have been 
developed for formation of AgNPs [6–8]. In the chemi-
cal reduction method, as a most popular technique in 
NPs synthesis, fabricated AgNPs have been achieved in 
aqueous solution by the reduction of silver ions using 
chemical compounds such as sodium borohydride. Fur-
thermore, in order to avoid agglomeration of AgNPs, 
stabilizer agents such as synthetic polymers (i.e. polyvi-
nylpyrrolidone, polyethylene glycol and polyacrylamide) 
have been added into the solution [6]. Due to non-bio-
degradability and toxicity of the chemical reducing and 
stabilizing compounds used in the chemical reduction 
method, the utilization of the resulting colloidal solution 
of the AgNPs drastically decreases, especially in medical 
applications [1, 3].

Several studies have been successfully done on 
“green” synthesis of colloidal AgNPs using natural poly-
mers such as polysaccharides (i.e. chitosan, guar gum 
and Arabic gum) [6, 9, 10]. Among the natural polysaccha-
rides, chitosan is very attractive for use as both a reduc-
ing and a stabilizing agent in the fabrication of AgNPs 
[1, 2, 11]. Chitosan is a cationic renewable polymer with a 
number of functional groups in its structure such as -NH2 
and -OH. Hydroxyl groups of chitosan strongly participate 
in reducing silver ions and converting them into silver 
elements and AgNPs, and its primary amine group has a 
strong effect on the stabilizing of the formed NPs. Further-
more, due to high antimicrobial properties of chitosan, it 
is expected that it in the synthesis of AgNPs colloidal solu-
tions can result in a synergy of their antiseptic properties 
for potential biomedical applications [6, 12, 13]. Several 
studies have been done on synthesis of AgNPs using chi-
tosan [2, 7, 14, 15]. However, numerous researches have 
indicated that the rate of synthesis of AgNPs using chi-
tosan could be increased drastically in combination with 
different heating methods such as gamma ray irradiation  
[1, 9], ultrasound [6], autoclave [15] and microwave  
irradiation [13].
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Microwave-assisted green synthesis of metal NPs in 
solution has been getting much more attention in recent 
years due to its short reaction time, low energy consump-
tion and better product yield [16]. As compared to other 
heating methods, microwave heating offers fast uniform 
nucleation and growth of NPs during the reaction, which 
in turn leads to fabrication of NPs with different shapes, 
high concentrations and more uniform size distributions 
[17, 18]. Several studies have been completed based on 
green synthesis of AgNPs and microwave heating using 
pectin [19], Eucalyptus globulus leaf extract [20], Rhizome 
extract of Alpinia galanga [21] and Fraxinus excelsior leaf 
extract [22].

The main objectives of the present study were: (i) to 
use microwave radiation to accelerate nucleation and syn-
thesis of AgNPs, (ii) to optimize the amount and concen-
tration of chitosan solution to fabricate stabilized AgNPs 
with smaller particle size and polydispersity index (PDI), 
and high concentration, and (iii) to evaluate antifun-
gal and antibacterial activities of the synthesized AgNPs 
colloid against several microorganisms.

2  �Materials and methods
2.1  Materials

Chitosan with medium molecular weight as both reducing and 
stabilizing agent was obtained from Aldrich (Aldrich Co. Steinheim, 
Germany). Silver nitrate (AgNO3) as silver ions precursor was 
provided from Dr. Mojallali (Dr. Mojallali Chemical Complex Co., 
Tehran, Iran). Standard AgNPs solution, concentration of 1000 ppm 
and particle size of 10  nm, was purchased from Tecnan-Nanomat 
(Navarra, Spain).

Aspergillus flavus (PTCC 5004), Escherichia coli (PTCC 1395) and 
Staphylococcus aureus (PTCC 1189) were obtained from microbial 
Persian type culture collection (Tehran, Iran). Potato dextrose agar 
(PDA) and nutrient agar as culture media were provided from Oxoid 
(Oxoid Ltd., Hampshire, England) and Biolife (Biolife Co. Milan, 
Italy), respectively. Deionized double distilled water was used to pre-
pare all the aqueous solutions.

2.2  �Chitosan solution preparation and its use 
in synthesis of AgNPs

According to the literature, chitosan solutions with different concen-
trations (4–6% w/v) were prepared by dissolving 4–6 g of chitosan in 
100 ml of the 1% acetic acid solution [6, 7, 10]. Different amounts of 
the chitosan solutions (3–9 ml) were then mixed with 3 ml of the silver 
salt solution (0.5 g AgNO3 in 100 ml deionized water) and the mixture 
solutions were exposed to microwave irradiation using a microwave 
oven (MG- 2312W, LG Co., Seoul, South Korea) at a constant power of 
800 W and constant microwave exposure times (100 s).

2.3  �Analysis

2.3.1  Surface plasmon resonance: Due to surface plasmon 
resonance (SPR) of the synthesized AgNPs, their formation can be 
easily monitored and recorded by scanning the mixture solutions 
under a spectrophotometer. A UV-Vis spectrophotometer (Jenway 
UV-Vis spectrophotometer 6705, UK) was used to characterize the 
AgNPs solution SPR. In fact, due to the excitation of surface plasmon 
vibration bands, the color of the reaction solution is changed and 
broad emission peaks (λmax) are centered (380–450 nm) [4].

2.3.2  Fourier transform-infrared spectra: In order to evaluate of the 
reducing and stabilizing potential of chitosan to synthesis AgNPs, 
Fourier transform infrared (FT-IR) spectra of chitosan containing 
AgNPs and pure chitosan were monitored in KBr pellets using an 
FT-IR spectrophotometer (Bruker Optics, Germany). The range 4000–
400 cm−1 was used to record the FT-IR spectra [23].

2.3.3  Formed AgNPs characteristics: Concentration of the 
synthesized AgNPs can be easily estimated using UV-Vis spectroscopy 
and based on the standard curve (equation), which was fitted and 
generated using serial dilute solutions of AgNPs (10–1000  ppm). 
This curve correlated the absorbance of the formed AgNPs to their 
concentration. Particle size, PDI, particle size distribution and zeta 
potential values of the synthesized AgNPs were measured using 
a dynamic light scattering particle size analyzer (Nanotrac Wave, 
Microtrac, USA). To study the morphology of the synthesized AgNPs, 
including their shape and size, a transmission electron microscope 
(CM120, Philips, Amsterdam, The Netherlands) with an acceleration 
voltage of 120 kV was used.

2.3.4  Antimicrobial assay: The well diffusion method was carried 
out to examine antibacterial activities of the synthesized AgNPs. In 
fact, 0.1 ml samples of the provided bacterial suspensions adjusted to 
0.5 McFarland standard, containing 1.5 × 108 colony forming units of 
bacteria in 1 ml of prepared suspensions, were inoculated on nutrient 
agar culture media at the plates (90 ml in diameter) and then some wells 
(with diameter of 5 mm) were created in the inoculated culture media. 
Some 10 μl of the synthesized AgNPs solutions were poured in each 
hole. The provided plates were then placed in the incubator at 37°C 
for 24 h. The antifungal activity of the fabricated AgNPs was evaluated 
using a method based on radial mycelia growth of Aspergillus flavus 
inhibition on the culture media containing PDA incorporated with 
AgNPs [4]. A pure culture of the A. flavus was isolated from a 5 mm 
in diameter agar disk and located in the center of a plate containing 
PDA, as the control sample, and plates containing PDA and chitosan, 
and PDA and chitosan amended with AgNPs. The provided plates were 
then incubated at ambient temperature 26 ± 2°C for 1  week. Mycelia 
growth diameters of the fungus on the plates were measured daily 
during 7 days of incubation, and antifungal activity of the synthesized 
AgNPs was stated as inhibition of the fungal hyphae growth (mm).

2.3.5  Design of experiments, statistical analysis and optimization 
procedure: Based on central composite design and two independent 
variables (synthesis parameters), namely concentration of chitosan 
solution (0.25–1% w/v) (X1) and amount of chitosan solution (3–9 ml) 
(X2), 13 experiment runs, including four factorial points, four star 
points and five central points were generated (Table  1). Response 
surface methodology (RSM) based on a second-order polynomial 
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equation [Eq. (1)] was used to study the main, quadratic and 
interaction effects of synthesis parameters on the response variable, 
namely, broad emission peak (λmax, nm) (Y1) and concentration (ppm) 
(Y2) of the synthesized AgNPs. RSM has several advantages including 
creating numerous valuable data using a small run of experiments 
and the ability of estimating the independent variables interactions 
on the response variables [4]. The λmax could be related to the particle 
size of the fabricated NPs as the longer wavelengths correspond to 
increase in particle size [3, 4].

	 2 2
0 1 1 2 2 11 1 22 2 12 1 2         Y X X X X X Xβ β β β β β= + + + + + � (1)

In Eq. (1), Y is the response variable, X1 and X2 are synthesis 
parameters, β0 is a constant, β1 and β2 correspond to the linear terms, 
β11, β22 represent the quadratic terms and β12 indicates the interaction 
terms. The fitness of the obtained model was evaluated using the 
coefficient of determination (R2), adjusted coefficient of determina-
tion (R2-adj) and lack of fit (p-value) [24, 25]. Significance determina-
tions of the resulted models were studied using analysis of variance 
in terms of p-value and F ratio. In fact, lower p-values (p < 0.05) and 
high values of F ratio were considered as statistically significant [26]. 
In order to obtain the optimum levels of independent synthesized 
variables with the desired response variables (minimum particle 
size, λmax, and maximum concentration of the synthesized AgNPs) 
numerical response optimization and graphical optimization using 
a two dimensional contour plot were used. Three additional approval 
tests were performed at obtained optimum synthesis conditions to 
verify the obtained results. Central composite design, RSM, analysis 
of variance and optimization processes were run using the software 
Minitab v.16 statistical package (Minitab Inc., PA, USA).

3  �Results and discussion

3.1  �Formation of AgNPs

Metal NPs have free electrons, which cause an SPR 
absorption band. Due to the excitation of surface plasmon 

vibration bands, broad emission peaks (λmax) can be 
observed for AgNPs between 380  nm and 450  nm wave-
length and this causes the changes in the color of the 
synthesized AgNPs solution [3, 4, 23]. By the formation 
of the AgNPs, the solution color turned to yellow-brown. 
The yellow-brown color of the mixture solutions, after 
exposure to microwave irradiation, was related to the 
SPR and indicated that AgNPs were formed (Figure 1). As 
clearly observed in Figure 2, λmax of the synthesized AgNPs 
at center point synthesized conditions was obtained at 
415 nm which was in the favorable range for AgNPs. This 
indicated that chitosan solution successfully reduced 
silver ions and formed AgNPs. Figure  3 shows the FT-IR 
spectra of pure chitosan and chitosan containing AgNPs 
solutions. The IR spectrum of chitosan absorption bands 
at 3453.67 cm−1 and 2073.08 cm−1 represent the -NH2, -OH 
and N=C groups. Absorption bands at 1638.06  cm−1 and 
1422  cm−1 are related to the amino group bending vibra-
tions and the -OH group of the primary alcoholic group, 
respectively. The amino group has a characteristic absorp-
tion band in the region of 3400–3500 cm−1. The absorption 

Table 1: Central composite design (CCD) and response variables for synthesis of silver nanoparticles (AgNPs).

Sample 
number

  Concentration of 
chitosan solution (w/v)

  Amount of chitosan 
solution (ml)

 
 

λmax  
 

(nm) 
 

Concentration 
 

(ppm)

Experimental Predicted Experimental Predicted

1   0.500  6.00  415  415  33  31
2   0.500  6.00  414  415  28  31
3   0.500  6.00  416  415  32  31
4   0.400  6.00  405  407  22  26
5   0.570  8.12  418  418  76  78
6   0.500  6.00  414  415  34  31
7   0.500  6.00  416  415  27  31
8   0.500  3.00  401  402  19  20
9   0.429  8.12  417  415  56  54
10   0.570  3.87  406  405  27  29
11   0.500  9.00  419  420  78  80
12   0.600  6.00  408  410  53  51
13   0.429  3.87  404  402  21  18

Chitosan solution Silver nitrate AgNPs solution

Figure 1: Color and appearance of the chitosan, silver nitrate and 
mixture solution containing silver nanoparticles (AgNPs).
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band at 1277.09 cm−1 and 1015.64 cm−1 is attributed to the 
-CH2X alkyl group of chitosan. The FT-IR spectrum of chi-
tosan containing AgNPs is the same as the FT-IR spectrum 
of pure chitosan and the differences in intensity of peak 
indicate synthesis of AgNPs by chitosan. The variation 
in the shape and peak positions of the -NH2 and -OH at 
3428.85 cm−1 occurred because of contribution toward the 
reduction and stabilization process.

3.2  �Models generation

According to the experimental data obtained for the 
response variables (Table 1), final models were generated. 
The predictable regression coefficients and the terms 
related to the accuracy (R2, R2-adj and lack of fit) of the 
models are given in Table  2. F ratio and p-values of all 
terms in the obtained models are also shown in Table 3. 
The quite high values for R2 and R2-adj of λmax (0.9584 and 
0.9237, respectively) and concentration (0.9830 and 96.88, 
respectively) of the synthesized AgNPs confirmed the 
suitability of the resulting models. Furthermore, attained 

non-significant lack of fits for the models (p > 0.05) 
approved its adequate fitness to the synthesis parameter 
effects (Table 2). As clearly observed in Table 3, the main 
and quadratic effects of synthesized parameters, concen-
tration of chitosan solution (X1) and amount of chitosan 
solution (X2) had significant (p < 0.05) effects on both λmax 
(particle size) and concentration of the formed AgNPs, 
while their interaction had non-significant effects on the 
response variables.

3.3  �Effect of the synthesized parameters 
on λmax of the formed AgNPs

The experimental value of the λmax for the synthesized 
AgNPs changed between 401  nm and 419  nm (Table 1), 
which was in a favorable range for AgNPs. The particle 
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Figure 2: Surface plasmon resonance spectrum of the synthesized 
silver nanoparticles (AgNPs) at center point synthesis conditions.
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Figure 3: Fourier transform infrared (FT-IR) spectrum of chitosan 
and chitosan containing silver nanoparticles (AgNPs).

Table 2: Regression coefficients, R2, adjusted R2 (R2-adj) and prob-
ability values for the generated models.

Regression coefficient λmax (nm) Concentration (ppm)

β0 (constant) 222.793 245.487
β1 (main effect) 603.306 −781.500
β2 (main effect) 9.042 −26.775
β11 (quadratic effect) −571.967 775.375
β22 (quadratic effect) −0.436 2.163
β12 (interaction effect) −1.667 21.630
R2 95.84% 98.30%
R2-adj 92.37% 96.88%
Lack of fit 1.724 3.751
p-Value (regression) 0.000 0.000

β0 is a constant, βi, βii and βij are the linear, quadratic and interaction 
coefficients of the quadratic polynomial equation, respectively.
1, Concentration of chitosan solution (% w/v); 2, amount of chitosan 
solution (ml).

Table 3: Significance probability (p-value, F ratio) of regression 
coefficients in the second-order polynomial models.

 
 

Main effects 
 

Quadratic 
effects

 
 

Interaction 
effects

X1  X2 X1
2  X2

2 X12

λmax (Y1, nm)      
p-Value   0.011  0.038  0.014  0.027  0.782
F value   12.96  7.04  11.58  8.41  0.08
Concentration (Y2, ppm)     
p-Value   0.044  0.011  0.040  0.001  0.134
F value   6.50  13.00  6.38  43.09  2.99

1, Concentration of chitosan solution (% w/v); 2, amount of chitosan 
solution (ml).
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size of the synthesized AgNPs could be correlated with 
their λmax, where longer wavelengths in λmax of AgNPs was 
associated to their bigger size [4]. The obtained results 
illustrated that AgNPs could be easily synthesized using 
natural reductants existing in chitosan solution without 
applying other chemical-reducing agents. Figure  4 indi-
cates the effects of concentration and amount of chi-
tosan solution on the λmax of the synthesized AgNPs. 
As clearly observed in Figure 4, minimum particle size 
(λmax) was obtained at both minimum concentration and 
amount of chitosan solution, and maximum particle size 
was obtained at maximum amount of chitosan solution. 
The obtained result can be explained by the fact that at 
constant concentration of chitosan solution, by increas-
ing the amount of chitosan solution, the concentration 
of reducing agents and volume of the mixture solution 
increased, which in turn increased the opportunities of 
the nucleation and growth of the AgNPs [27]. The obtained 
results indicated that at a constant amount of chitosan, 
by increasing the chitosan concentration, the particle size 
of the formed AgNPs was decreased due to increasing the 
stabilizing potential of the mixture solution, which pre-
vented the accumulation of the formed NPs. It seems that 
at high concentrations of chitosan, the hydroxyl group 
(band at 3447  cm−1 in Figure 3) formed a covering layer 
around the metal ions that prevented their agglomeration 
and enhanced the stability of the solution. The obtained 
results were in agreement with the finding of Venkate-
sham et  al. [15]. They observed that the amine group in 
chitosan solution adsorbed strongly to silver metals and 
reduced the agglomeration of the synthesized NPs.

3.4  �Effect of the synthesized parameters  
on AgNPs concentration

The experimental value of the concentration for the syn-
thesized AgNPs ranged from 19 ppm to 80 ppm (Table 1). 
The effects of concentration and amount of chitosan 
solution on the concentration of the fabricated AgNPs 
are shown in Figure  5. As clearly observed in Figure 5, 
minimum AgNPs concentration was obtained at both 
minimum concentration and amount of chitosan solu-
tion, and maximum concentration was obtained at both 
maximum concentration and amount of chitosan solu-
tion. The results can be explained by the fact that at 
high concentration and amount of chitosan solution, the 
reducing potential of the synthesis solution containing Ag 
ions is higher than that of the synthesis solution based on 
the low concentration and amount of chitosan solution. 
By microwave exposing of such synthesis solution, the 
opportunities of the nucleation and growth of the AgNPs 
increased due to the increasing collision rate of the fast 
reduced Ag ions and preserve of the Ag elements in the 
synthesis solution [27]. According to Figure 5, the signifi-
cant (p < 0.05) effect of the amount of chitosan solution 
on the concentration of the AgNPs was higher than the 
second synthesis parameter, concentration of chitosan 
solution. The obtained result was reconfirmed by other 
results indicated in Table 3. As clearly observed in Table 
3, the lower p-value of the amount of chitosan solution as 
compared to the concentration of chitosan solution, indi-
cated its higher significant (p < 0.05) effect on the AgNPs 
concentration.
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3.5  �Optimization of the process for AgNPs 
synthesis

The optimum process parameters for AgNPs synthe-
sis would be attained when the formed AgNPs have the 
smallest mean particle size (λmax) and highest concen-
tration. The results of the numerical multiple optimiza-
tions demonstrated that the synthesized AgNPs obtained 
using 9 ml of 0.4% (w/v) chitosan solution had minimum 
λmax (412.6  nm) and maximum concentration (69  ppm). 
Graphical optimization based on an overlaid contour 
plot also indicated the optimum region for the synthesis 
parameters (Figure  6). The indicated white colored area 
in Figure 6 demonstrated the desired concentration and 
amount of chitosan solution to get the optimum AgNPs. In 
order to evaluate the adequacy of the obtained and fitted 
models by RSM, three AgNPs solutions were produced at 
the obtained optimal level of the synthesis conditions and 
were characterized in term of the λmax and concentration. 
The measured experimental mean values for the λmax and 
AgNPs concentration of these solutions were obtained at 
412 ± 1  nm and 72 ± 4  ppm, respectively. Non-significant 
differences observed between the experimental and pre-
dicted values of the synthesized AgNPs in turn indicated 
the sufficiency of the generated models.

3.6  �Characteristics of the formed AgNPs at 
obtained optimum process parameters

The results of the dynamic light scattering indicated that 
the synthesized AgNPs at obtained optimum synthesis 
conditions had mean particle size, PDI and zeta potential 

values of 37 nm, 0.557 and +50 mV, respectively. As shown 
in Figure 7, the particle size distribution curve related to 
the synthesized AgNPs at optimum conditions indicated 
that all the particles are in the interval of 30–80 nm. High 
zeta values of the formed AgNPs at obtained optimum 
process conditions indicated that the synthesized NPs had 
high stability. This result can be explained by the fact that 
the fabricated AgNPs were covered with a thin layer of the 
hydroxyl group (band at 3447 cm−1 in Figure 3) around the 
AgNPs and enhanced their stability in the solution. This 
layer contained the amino groups and the positive value 
of the zeta was related to the positive charges of those 
groups. The obtained results were in agreement with the 
finding of Yoksan and Chirachanchai [28]. They indicated 
that chitosan could be used to biosynthesize spherical 
AgNPs with a zeta potential value of +40.4 mV. The trans-
mission electron microscopy analysis indicated that the 
synthesized AgNPs were dispersed with spherical struc-
tures (Figure  8). This spherical shape indicated that the 
synthesized NPs had minimum surface energy and high 
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thermodynamic stability, which confirmed the high value 
of the zeta potential of the synthesized AgNPs [3, 4].

3.7  �Antimicrobial activities of the formed 
AgNPs at obtained optimum process 
variables

The antibacterial activity of synthesized AgNPs on growth of 
Gram-positive (S. aureus) and Gram-negative (E. coli) bacte-
ria during incubation is shown in Figure 9. As shown in this 
Figure, the zones of inhibition for chitosan solution con-
taining AgNPs (well number 1) were observed with S. aureus 
(15 mm) and E. coli (14 mm). Moreover, the clear zones for 
the chitosan solution (well number 2) were observed with S. 
aureus (13 mm) and E. coli (12 mm). Well number 3 contain-
ing distilled water did not show clear zones (Figure 9).

The antifungal activity of the fabricated AgNPs, as 
inhibitory effect on A. flavus hyphae growth, is shown 
in Figure 10. The results indicated that, compared to the 
control plates, the growth of A. flavus hyphae was drasti-
cally inhibited by the chitosan solution containing AgNPs 
and pure chitosan solution (Figure 10). The obtained 
results showed higher antifungal activity of the chitosan 
and formed AgNPs. This was in line with the findings of 
Roller and Covill [29] and Pulit et al. [30]. Roller and Covill 
[29] indicated that chitosan had a strong detrimental effect 
on the filamentous fungus and because of high antifungal 
properties they assessed the potential for using chitosan 
as a natural food preservative [29]. Pulit et  al. [30] also 
indicated that synthesized AgNPs had a strong detrimen-
tal effect on the fungus Aspergillus niger. It was found that 
using nanosilver suspension at a concentration of 50 ppm 
inhibited the growth of A. niger by 70%. Filamentous fungi 

such as A. flavus have also been successfully used to syn-
thesize AgNPs. In our previous study, A. flavus was used 
in the synthesis of AgNPs [31]. Thereof, this fungus was 
chosen in the present study to evaluate the antifungal 
activity of the synthesized AgNPs.

4  �Conclusions
Microwave irradiation is developed as an alternative 
energy source powerful enough to complete NPs synthe-
sis in minutes, instead of hours or even days. The present 
work reports the facile, convenient and eco-friendly chi-
tosan-mediated green synthesis of biopolymer conjugated 

Figure 9: Created zones of inhibition with Staphylococcus aureus and Escherichia coli incubated at 37°C for 24 h for (1) chitosan solution 
containing silver nanoparticles (AgNPs), (2) chitosan solution and (3) distilled water.

0
0

10

20

30

40

50

60

70

80

90

100

1 2 3

Incubation time (day)

A
. f

la
vu

s 
hy

ph
ae

 g
ro

w
th

 (
m

m
)

PDA + Chitosan + AgNPs

PDA + Chitosan

PDA (control)

4 5 6 7

Figure 10: Antifungal effects of the synthesized silver nanoparticles 
(AgNPs) obtained at optimum conditions on Aspergillus flavus. Data 
are the mean value of three replicates.
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AgNPs using microwaves. As compared to other polysac-
charides and plant extract with high amounts of natural 
reducing and/or stabilizing biomolecules, chitosan as 
a natural biopolymer can be used as both a reducer 
and stabilizer in the synthesis of AgNPs and has unique 
properties including high antimicrobial activity and film 
forming. Finally, RSM was effectively used to enhance 
empirical models for the prediction of the concentration 
and particle size of the synthesized AgNPs solution, as 
a function of the concentration and amount of chitosan 
solution, under microwave irradiation.
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