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Abstract: Gold nanoparticles (AuNPs) were synthesized
using edible mushroom Agaricus bisporus extract as both
reducing and stabilizing agents via microwave irradia-
tion method. The effects of the microwave exposure time
and the amount of HAuCl, solution (1 mm) on the mean
particle size, concentration, and polydispersity index
(PDI) of the synthesized AuNP solution were investigated
using response surface methodology. Mushroom extract
was characterized by Fourier transform infrared. The
synthesized AuNPs were characterized by dynamic light
scattering, UV-Vis spectroscopy, and transmission elec-
tron microscopy. Well-dispersed and spherical AuNPs
with the minimum mean particle size and PDI, and maxi-
mum concentration and zeta potential of 33.56 £1.8 nm,
0.855+0.02 ppm, 148.88 +2.7 ppm, and +17.2 mV, respec-
tively, were obtained using 2.62 ml of HAuCl, and 0.2 ml
of mushroom extract for 55 s. The antibacterial activity of
the fabricated AuNPs was assessed against both Gram-
negative (Escherichia coli) and Gram-positive (Staphylo-
coccus aureus) bacteria and was found to be possessing
high bactericidal effects.
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1 Introduction

Gold nanoparticles (AuNPs) have gained much more
attention because of their biocompatibility, noncytotox-
icity, and fascinating properties such as facile synthesis
and surface modification. These unique properties make
them much usable in the fields of biotechnology and
biomedicine. In fact, AuNPs have considerable poten-
tial applications in nanomedicine, new category cataly-
sis medicine, nano-optoelectronics, and drug delivery
[1, 2]. Furthermore, AuNPs also pose bactericidal and
fungicidal activity against many different microorgan-
isms [3, 4]. AuNPs can be produced using the top-down
(physical) and the bottom-up (chemical and biological)
methodologies [5]. The chemical synthesis methods are
simple and easy control. However, they generate toxic-
ity because of unwanted harmful interactions with bio-
logical systems [6, 7]. Numerous physical methods (i.e.
sonochemical, ultrasound irradiation, ultraviolet [UV]
irradiation, and hydrothermal) have been applied to syn-
thesis nanoparticles (NPs). However, these techniques
are expensive and unsustainable [7-10]. The microwave
irradiation represents a relatively new strategy in NP syn-
thesis [11]. Microwave heating has numerous advantages
over the conventional heating methods such as achieving
high temperatures within a limited time (under a pres-
sure controlled environment), greater control on heating
rates, and uniform heat distribution [12, 13]. Furthermore,
moving of the metal NPs is accelerated in the microwave
electric field because they carry electrical charges. There-
fore, the growth of particles by coagulation is decreased
in microwave plasma [11]. Several studies have been con-
ducted to synthesize uniform and more stable metal NPs
using microwave [11, 13, 14]. However, a few studies have
synthesized AuNPs using microwave heating [15, 16].
Recently, AuNP synthesis by using plant extracts
and microorganisms has gained much attention as an
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alternative approach [17, 18]. Edible mushrooms have
received much attention in NP synthesis because of their
numerous reducing biomolecules such as flavonoids, phe-
nolic acids, tannins, and oxidized polyphenols [19, 20].
Furthermore, mushroom extract contains high protein
content, and the carbonyl group of its amino acids has a
high capability to prevent the agglomeration of the NPs
and, consequently, stabilize them in aqueous solution [5].
Few studies have been conducted on the production of
AuNPs using different edible mushroom extracts such as
Pleurotus florida and Volvariella volvacea [20, 21].

Up to now, there is no comprehensive study on
AuNP synthesis using edible mushroom extract under
microwave irradiation. Therefore, the main objectives
of the present study were (i) to evaluate the potential of
mushroom extract as a green reducer and stabilizer for
AuNP synthesis, (ii) to optimize the synthesis conditions
to fabricate stabilized AuNPs with smaller particle size
and PDI and high concentration, and (iii) to investigate
the final antibacterial activity of the synthesized AuNPs.

2 Materials and methods

2.1 Materials

Fresh mushroom Agaricus bisporus (white button mush-
room) was provided from local market in Tabriz, Iran.
Gold salt (HAuCl4) was purchased from Sigma-Aldrich
(Sigma-Aldrich Co., St. Louis, MO). The standard solution
of AuNPs (with particle size of 10 nm and concentration of
100 ppm) was obtained from Tecnan-Nanomat (Navarra,
Spain). To prepare all aqueous solutions, deionized dou-
ble-distilled water was used.

Escherichia coli (PTCC 1270) and Staphylococcus
aureus (PTCC 1112) were purchased from microbial Persian
type culture collection (PTCC, Tehran, Iran). Nutrient agar
(NA) and nutrient broth (NB) were purchased from Biolife
(Biolife Co., Milan, Italy).

2.2 Preparation of aqueous mushroom
extract

The mushrooms were washed thoroughly three times with
distilled water to remove the impurities and then shade
dried for 3 days and powdered using domestic miller (MX-
GX1521; Panasonic, Tokyo, Japan). Five grams of the mush-
room powder was added into 100 ml of distilled water

DE GRUYTER

and boiled for 10 min. After that, it was filtered through
Whatman No. 1 filter paper, and the resulting mushroom
extract was collected and kept in the refrigerator at 4°C.

2.3 AuNP synthesis using mushroom extract

The AuNP solution was obtained by a domestic micro-
wave-assisted synthetic approach. HAuCl, solution (1 mm)
was provided by dissolving 0.392 g of its powder in 100 ml
of deionized double-distilled water. In a typical synthe-
sis, different amounts of HAuCl, (1-11 ml) was mixed with
0.2 ml of mushroom extract, and then the mixture solu-
tion was heated using microwave oven (MG-2312W, LG
Co., South Korea) at constant power of 800 W at different
microwave exposure times (30-60 s).

2.4 Physicochemical assay
2.4.1 Fourier transform-infrared (FT-IR) spectra analysis

To identify the possible reducing and stabilizing biomol-
ecules of mushroom extract, Fourier transform-infrared
(FT-IR) measurements were conducted. The FT-IR spectra
of mushroom extract were recorded on a Bruker Tensor 27
spectrometer (Bruker, Germany) using KBr pellets in the
4000-400-cm™ region [22].

2.4.2 pH determination

Generally, NP formation is greatly affected by the pH value
of the plant extract. The pH level of the prepared mush-
room extracts was measured using a pH meter (DELTA
320, Shanghai, China).

2.4.3 Surface plasmon resonance

AuNP synthesis was investigated by scanning the reacting
mixture under a spectrophotometer because of their surface
plasmon resonance (SPR), which can induce a strong
absorption of the incident light. Therefore, the absorption
spectrum of the solutions were taken with a UV-Vis spec-
trophotometer using a Jenway UV-Vis spectrophotometer
6705 (UK) in a 1-cm optical path quartz cuvette. It can be
observed that broad emission peaks (kmax) were centered
(510-570 nm) because of the presence of surface plasmon
vibration bands, which in turn can change the color of the
mixture solution to a striking ruby red in various media [15].
The intensity and wavelength of the SPR band of NPs can
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be related to some factors such as the metal type, shape,
and size of the NPs, dielectric constant, and composition
of the mixture solution, which may influence the density of
the electron charge on the surface of NPs [1].

2.4.4 Concentration of the AuNP synthesis

UV-Vis spectroscopy measurements may also be used to esti-
mate the concentration of AuNPs in the solution. In fact, the
concentration of formed AuNPs is proportional to the absorb-
ance of the AuNP solution. To measure the concentration of
synthesized AuNPs, the standard curve has been established
using several serial dilute solutions of AuNPs (10-100 ppm)
from a standard solution of AuNPs (100 ppm). The concen-
tration of the sample was achieved by comparison of the
absorbance of the synthesized NPs with the standard curve.

2.4.5 Particle size and particle size distribution

A dynamic light scattering (DLS) particle size analyzer
(Nanotrac Wave, Microtrac, USA) was used to assess the
mean particle size, the particle size distribution (PSD),
and the polydispersity index (PDI) of the produced AuNPs
at 25°C. DLS technique scatters a laser light beam at the
surface of dispersed NPs, which results in the detection of
the backscattered light. PDI is a dimensionless value that
shows the uniformity of the synthesized NPs. Fine and
narrow PSD can be obtained when it shifts toward 0 [23].

2.4.6 Zeta potential

The zeta potential (surface charge) measurement is an
approximation value related to the NPs surface electric
charge, which is an indirect description of the physi-
cal stability of the synthesized NPs in the mixture solu-
tion. The zeta potential of green synthesized AuNPs was
determined at 25°C using DLS (Nanotrac Wave, Microtrac,
USA). Water was used as dispersant, and measurements
were conducted in triplicates.

2.4.7 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
evaluate of the synthesized AuNPs morphology. A drop
of formed AuNP solution was placed on a carbon-coated
copper grid, and its morphological assay was conducted
using a TEM (CM120, Philips, Amsterdam, Netherlands)
with an acceleration voltage of 120 kV.
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2.5 Antibacterial assay

For the evaluation of the antibacterial activity of synthe-
sized AuNPs, the effect of NPs was tested on the provided
bacterial suspensions. In fact, the bacterial species were
inoculated on an NA media plate for 1824 h at 37°C. Three
to five well-isolated colonies of the same morphological
type were mixed in 10-15 ml of sterile normal saline solu-
tion. Bacterial suspension density was adjusted to 0.5
McFarland standard, which has an absorbance of 0.08—
0.10 at 625 nm. This is equivalent to 1.5 x 108 colony-form-
ing units of bacteria in 1 ml of prepared inoculums [24].
In a 96-well plate, 130 pl of double-strength NB, 10 pl
of AuNPs, and 10 pl of prepared bacterial suspensions were
mixed. Positive control wells contained 140 pl of NB and 10
pl of standard inoculum, whereas negative control wells
contained 150 pl of NB. The provided 96-well plate was then
shaken for 15 s, and the absorbance (turbidity) of the wells
was measured using a microplate reader (DA-3200; DANA,
Tehran, Iran) at 26.1°C. After that, the provided 96-well
plate was incubated at 37°C for 24 h, and the absorbance
(turbidity) of the wells was measured again. The antibacte-
rial activity of synthesized AuNPs was judged by the lack
of turbidity in the wells. In other words, during the incuba-
tion of the 96-well plate, the bacteria grew in the wells and
increased their population, which in turn increased the tur-
bidity of the well media. However, the presence of AgNPs
in the well media inhibited the growth of bacteria because
of their antibacterial activity, and the turbidity of the well
media did not change after the incubation of the plate.

2.6 Experimental design and statistical
analysis

The experiment was planned using a central composite
design, and response surface methodology (RSM) was used to
evaluate the effects of two independent parameters, namely,
microwave exposure time (Xl) and amount of HAuCl , Solution
(X)), on the prepared AuNPs. The studied response variables
were concentration (Y,, ppm), mean particle size (Y,, nm),
and PDI (Y)) of the synthesized AuNPs. As clearly observed
in Table 1, 13 experimental treatments were assigned with
five different levels for each independent parameter using
the Minitab software (v.16 statistical package; Minitab Inc.,
State College, PA). In the randomized experimental runs,
the center point (X, =45 min and X,=6 ml) was repeated five
times to minimize pure error. RSM has numerous advantages,
making it highlighted as compared with the classic one-varia-
ble-at-a-time optimization. For example, it generates numer-
ous valuable data using a few experimental runs to obtain
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Table 1: Experimental runs according to the central composite design and response variables for AUNP synthesis.

Sample Microwave Amount of Particle size (nm) Concentration (ppm) PDI
number exposure time (s) HAuCL, (ml)

Exp Pre Exp Pre Exp Pre
1 45.0 6.00 42.3 41.0 149.47 151.21 1.22 1.23
2 34.4 2.46 38.3 36.7 132.02 135.12 0.89 1.01
3 55.6 2.46 31.6 33.1 150.00 146.90 0.78 0.87
4 45 6.00 41.6 41.0 152.45 151.21 1.22 1.23
5 45 6.00 39.2 41.0 151.70 151.21 1.60 1.30
6 34.4 9.53 20.0 18.5 83.09 86.19 0.82 0.86
7 55.6 9.53 65.6 67.2 144.68 141.58 1.11 0.80
8 45.0 11.00 48.6 44.77 151.70 151.21 0.56 0.71
9 45.0 1.00 47.6 38.7 149.57 151.21 0.89 0.76
10 45.0 6.00 41.0 41.0 151.21 151.20 1.23 1.23
11 45.0 6.00 41.0 41.0 151.21 151.20 1.23 1.23
12 30.0 6.00 37.0 39.2 97.13 92.74 1.48 1.39
13 60.0 6.00 73.3 71.1 135.85 140.23 0.51 0.47

Exp, experimental values of studied responses; Pre, predicted values of studied responses.

suitable models, which can predict responses in the defined
independent variable ranges. Furthermore, RSM is a feasible
method to estimate the interactions of independent variables
on the responses. Therefore, it is a proper technique that can
be used to optimize the main independent parameters of the
process [25, 26]. To correlate the mean particle size (Y), con-
centration (Y,), and PDI (Y)) of the synthesized AuNPs to the
studied synthesis variables, a second-order polynomial equa-
tion (Equation 1) was used:

Y:ﬁ0+ﬁ1X1+ﬁ2X2+ﬁ11X12+ﬁ22X22+ﬂ12X1X2’ oy
where 3, is a constant, and 3, §;, and §; correspond to
the linear, quadratic, and interaction effects, respectively.
The suitability of the model was studied accounting for
the coefficient of determination (R?) and adjusted coeffi-
cient of determination (R*adj). Analysis of variance was
also used to provide the significant determinations of
the resulted models in terms of p value and F ratio. High
values of F ratio and small p values (lower than 0.05) were
considered as statistically significant. On the basis of the
fitted polynomial equations, three-dimensional surface
plots and two-dimensional contour plots were designed
to visualize the independent variable interactions [27]. It
should be considered that the responses can be predicted
thoroughly using the obtained models within the defined
ranges for the independent variables.

2.7 Optimization and validation procedure

To obtain the optimum values for microwave exposure
time and the amount of HAuCl, solution with the desired

response variables, numerical multiple response and
graphical optimizations were used [25]. In fact, optimal
conditions for the independent parameters were obtained
by estimating the resulted surface plots with limitations on
the responses of a minimum value for mean particle size
and PDI as well as a maximum value of AuNP concentra-
tion. Finally, for verification of the validity of the statistical
experimental approaches, three additional approval tests
were performed at obtained optimum synthesis conditions.

3 Results and discussion

3.1 Mushroom extract specifications

The FT-IR spectrum of mushroom extract is shown in
Figure 1. As clearly observed in the spectrum, several
absorption peaks were centered at 1150.07, 1450.23, 1637.84,
2066.60, and 3476.69 cm™. The absorption peak centered
at 1150.07 cm™ referred to the C-O stretch vibration, which
could be related to the Ester linkages. The wave number of
1450.23 cm™ was corresponded to the carbonyl, NH, and
NH,. The intense peak at 1637.84 cm™ was related to amide
I, which was created because of the vibrations of carbonyl
stretch bonded to the protein. It seems that the proteins
have binding ability with Au ions, which in turn creates
a surrounded layer on the AuNPs and acts as a capping
agent to decrease AuNP agglomeration and increases their
stability in the medium [21]. The peak at 2066.60 cm™ cor-
responded to the C=N bond, and the most wide spectrum
absorption peak was observed at 3476.69 cm™. It can be
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Figure 1: FT-IR spectrum of mushroom extract.

referred to the stretching vibration of primary amines and
hydroxyl groups (—OH), which were related to the pro-
teins, and flavonoids, phenolic acids, tannins, and car-
bohydrate of the mushroom extract were responsible for
reducing the Au ions to atoms [20]. The obtained results
were in agreement with the finding of Narasimha et al.
[28]. They indicated that the main compounds and func-
tional chemical groups of A. bisporus were proteins, car-
bohydrates, dietary fibers, carbonyl groups, hydroxyl, and
carboxylic acids, which acted as reducing and stabilizing
agents in the silver NP synthesis. The mean pH of the pre-
pared mushroom extract was approximately 6.02, indicat-
ing that the mushroom extract is an acidic solution.

3.2 Fitting the response surface models

According to the achieved values for the designed experi-
ments (Table 1) and by applying multiple regression anal-
ysis, second-order polynomial models for studying two
AuNP synthesis parameters were fitted. The estimated
regression coefficients and the corresponding signifi-
cance of regressions for the models are given in Table 2.

F ratio and p values of all the main, quadratic, and
interaction terms of the obtained final models are also
shown in Table 3. Generally, higher F ratio and lower p
value indicate higher importance of the chosen term on
the responses.

High values of the R? and R*adj for the obtained
models were a good measure for the overall performance
of the models and their accuracy. Moreover, the obtained
insignificant lack of fits for achieved models confirmed
their sufficient fitness to the synthesis parameter effects

Table 2: Regression coefficients, R?, R?-adj, and probability values
for the fitted models.

Regression Particle PDI Concentration
coefficient size (nm) (ppm)
B, (constant) 181.145 -2.643 -149.39
B, (main effect) -6.675 0.127 13.73
B, (main effect) -5.729 0.660 -10.78
B, (quadratic effect) 0.063 -0.001 -0.154
B,, (quadratic effect) -0.737 -0.037 -0.512
B,, (interaction effect) 0.349 -0.006 0.291
R? 98.86% 93.38% 98%
R?-adj 97.72% 85.11% 97.16%
Lack of fit 14.67 4258.67 64.04
p-Value (regression) 0.019 0.000 0.001

B, is a constant, and 8, B, and B, are the linear, quadratic, and
interaction coefficients of the quadratic polynomial equation,
respectively.

1, microwave exposure time (s); 2, amount of HAuCl, (ml).

Table 3: p-Value and Fratio of the regression coefficients in the
obtained models.

Main effects Main effects Quadratic Interacted
effects effects
Xl XZ Xll XZZ Xl XZ
Particle size (Y,, nm)
p-Value 0.000 0.032 0.001 0.001 0.000
Fratio 75.52 8.62 57.68 40.45 138.43
Concentration (Y,, ppm)
p-Value 0.000 0.029 0.000 0.060 0.003
Fratio 96.40 9.20 105.30 5.90 29.09
PDI (Y,)
p-Value 0.033 0.014 0.034 0.006 0.057
Fratio 10.13 17.47 10.00 28.74 7.03

1, microwave exposure time (s); 2, amount of HAuCl, (ml).
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(Table 2). As clearly observed in Table 3, the main terms
of the synthesis variables had significant (p < 0.05) effects
on all responses of the synthesized AuNPs. The obtained
results indicated that the main term of microwave expo-
sure time (X)) had the most significant (p<0.05) effect
on AuNP concentration and mean particle size of the
formed AuNPs because of their small p values. However,
the amount of HAuCl, solution (X,) was the most effective
parameter on the PDI of the produced AuNPs. The results
also indicated that the quadratic term of the microwave
exposure time had a significant effect (p<0.05) on all
studied responses. However, the amount of HAuCl4 solu-
tion had an insignificant effect on the synthesized AuNP
concentration. The results also revealed that the interac-
tion effect of independent parameters had an insignifi-
cant effect on the PDI of the synthesized AuNPs.

3.3 Particle size of synthesized AuNPs

The mean particle size of the synthesized AuNPs ranged
from 20.0 to 73.3 nm (Table 1). The obtained results indi-
cated that AuNPs could be synthesized using natural
reductants existing in mushroom extract without applying
other chemical-reducing agents. The AuNP size changes
could also be explained as a function of microwave expo-
sure time and the amount of HAuCl, solution (Figure 2).
The resulted regression coefficients and their p values and
Fratios revealed that the main effects of both independent
variables had a negative effect on the mean particle size of
the synthesized AuNPs. However, the quadratic terms of
the amount of HAuCl, solution and microwave exposure
time affected the particle size, negatively and positively,
respectively (Table 2). It means that increasing either
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microwave exposure time or amount of HAuCl, solution at
their lower levels, and also the amount of HAuCl, at high
levels, led to a small decrease in the mean particle size of
the formed NPs. However, at high levels, the mean particle
size of the created AuNPs was increased considerably by
increasing the microwave exposure time. The interaction
effect of synthesis parameters was also found to be signifi-
cant (p <0.05) on the mean particle size of AuNPs (Table 3).
As clearly observed in Figure 2A, at either low or high
amounts of HAuCl,, by increasing the microwave expo-
sure time, the particle size of the formed AuNPs decreased
and increased, respectively. In fact, minimum particle
size was obtained at minimum microwave exposure time
and maximum amount of HAuCl, solution, and maximum
particle size was formed at maximum microwave expo-
sure time and HAuCl, amount (Figure 2B). The obtained
result can be explained by the fact that at high amounts
of HAuCl, solution, by increasing the microwave exposure
time, the temperature of the colloidal solution increased.
The higher kinetic energy of the Au ions at higher tem-
perature increased their collision rate, which in turn
increased the opportunities of the nucleation and growth
of the NPs [29]. Therefore, the particle size of AuNP syn-
thesis was decreased by increasing the microwave expo-
sure time during the synthesis procedure. The obtained
results were in agreement with the finding of Zhang et al.
[29]. They found that the particle size of AuNP synthesis
with aqueous aloe vera leaf extract was increased with
the increasing of temperature of synthesis procedure.
However, it seems that at low amounts of HAuCl " the car-
bonyl group of proteins (band at 1637.84 cm™ in Figure 1)
formed a covering layer around the metal ions that pre-
vented their agglomeration and enhanced the stability of
the solution. Medda et al. [30] found similar results during
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Figure 2: Response surface (A) and contour plots (B) for the mean particle size of produced AuNP solution as function of significant
(p<0.05) interaction effects of microwave exposure time and amount of HAuCl, solution.
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the biosynthesis of AgNPs using aloe vera extract. They
observed that the carbonyl group of proteins in aloe vera
leaf extract adsorbed strongly to silver metals and reduced
the agglomeration of the synthesized NPs.

3.4 Concentration of synthesized AuNPs

The concentration of the obtained AuNPs ranged from
83.09 to 152.45 ppm for different samples (Table 1). The
changes in the concentration of AuNPs could also be
explained as a function of microwave exposure time and
the amount of HAuCl4 solution (Figure 3). The main effect
of microwave exposure time was retained in the model
because of its significant interaction effect (p<0.05)
with HAuCl, (Table 3). As clearly observed in Table 3, the
microwave exposure time affected the AuNP concentra-
tion of systems more significantly as compared with the
amount of HAuCl,. Therefore, microwave exposure time
showed to be the most vital parameter in the determina-
tion of this response. As clearly observed in Figure 3A, at
low amounts of HAuCl, solution, by increasing the micro-
wave exposure time, the concentration of the formed
AuNPs increased and then decreased. However, at high
amounts of HAuCl,, the concentration of the synthesized
AuNPs was increased by increasing the microwave expo-
sure time. In fact, the minimum concentration of the syn-
thesized AuNPs was obtained at minimum microwave
exposure time and maximum amount of HAuCl, solution.
Maximum AuNP concentration was formed at the central
range of microwave exposure time and minimum amount
of HAuCl, solution (Figure 3B). The obtained result can be
explained by the fact that at low amounts of HAuCl, by the
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addition of constant mushroom extract, all the free gold
ions were rapidly reduced to AuNPs. After that, by increas-
ing the microwave radiation time, the temperature of the
colloidal solution increased, which in turn enhanced the
moving speed of the formed AuNPs and the collision fre-
quency between NPs [14, 31].

3.5 Optimization of synthesis parameters for
the AuNPs production

The AuNP synthesis would be optimized when the process
resulted to the synthesized AuNPs with the smallest PDI
and mean particle size and the highest concentration.
For this reason, graphical optimization based on an over-
laid contour plot was used to find the optimum region for
the synthesis parameters (Figure 4). The indicated white
colored area in Figure 4 demonstrated the desired micro-
wave exposure time and the amount of HAuCl, solution
to get the optimum AuNPs. A numerical multiple optimi-
zation was also used to find the exact optimum values of
studied synthesis variables. The results also demonstrated
that the synthesis conditions with a 2.62-ml HAuCl, and
a 55-s microwave exposure time for the preparation of
AuNPs would give the most desirable NPs. At the optimum
conditions, AuNPs were fabricated with a mean particle
size of 35.32 nm, a PDI of 0.876, and a concentration of
146.10 ppm. Moreover, three AuNP solutions were synthe-
sized based on the suggested optimal values by numeri-
cal multiple optimization and characterized in terms of
studied response variables. The measured experimental
values for the mean particle size, PDI, and concentration
of the synthesized AuNPs were 33.56 + 1.8 nm, 0.855 % 0.02
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B 50-75

75-100
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W 125-150
B 150

35

40 45 50
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Figure 3: Response surface (A) and contour plots (B) for AuNP concentration of produced NPs solution as function of significant (p <0.05)
interaction effects of microwave exposure time and amount of HAuCl, solution.
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Figure 4: Overlaid contour plot of AuNPs particle size, concentra-
tion, PDI with acceptable levels as function of microwave exposure
time, and amount of HAuCl, solution.

ppm, and 148.88 £ 2.7 ppm, respectively. The insignificant
differences found between the predicted and the experi-
mental values of the optimum suggested a sample that
was reconfirmed by the adequacy of the fitted models for
studied responses.

3.6 Physicochemical characteristics of
synthesized AgNPs at obtained optimum
conditions

3.6.1 Color of AuNP solution

By synthesis of the AuNPs at the optimum conditions, the
color of the reaction mixture was turned into ruby red.
The color change of the mixture, containing mushroom

Aushroom extract

AuNPs solution

Figure 5: Schematic of color change in AuNP synthesis using mush-
room extract.
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extract, HAuCl, solution, and synthesized AuNPs, is sche-
matically shown in Figure 5. The color change occurred
because of the presence of the active molecules in the
mushroom extract, which could reduce the gold metal
ions into AuNPs. The formation of AuNPs from the 1-mMm
solution of HAuCl, was confirmed by using UV-Vis spec-
tral analysis (Figure 6).

UV-Vis spectroscopy involves the absorption of light
by molecules in the UV-Vis region and can be used to
determine the color changes and concentration of the
formed NPs solution based on the absorbance [18]. Gener-
ally, AuNPs absorb in the visible region of the electromag-
netic spectrum at 510-570 nm because of SPR transition
[32]. Metal NPs have free electrons, which cause an SPR
absorption band because of their combined vibration in
resonance with the light wave [1, 33]. An SPR spectrum for
AuNPs was obtained at 552 nm, as shown in Figure 7.

3.6.2 Particle size and zeta potential of synthesized
AuNPs

The size distributions of these samples were also shown in
Figure 8. The size distribution of the produced AuNPs was

Absorbance

Figure 6: UV-Vis spectra of the mixture solution containing HAuCl,
and mushroom extract, after synthesis with exposure to microwave
irradiation at obtained optimum synthesis conditions.
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Figure 7: Dynamic light scattering (DLS) of the synthesized AuNPs.
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Figure 8: Size distribution of synthesized AuNPs at obtained
optimum synthesis conditions.

monomodal (Figure 8). The monomodal size distribution
was favored as compared with polymodal distribution
because the polymodal particle distribution can speed up
the Oswald ripening of particles and decrease the physi-
cal stability of NPs systems [23]. Therefore, the obtained
monomodal NPs systems would have better long-term sta-
bility than the polymodal ones.

3.6.3 Morphology of synthesized AuNPs

TEM analysis was conducted to evaluate the shape and
microstructure of the synthesized AuNPs. A typical TEM
image of the synthesized AuNPs is shown in Figure 9.
As clearly observed, the synthesized NPs were well dis-
persed with spherical structures. In fact, spherical NPs
were more abundant than NPs of other shapes. This
spherical shape indicated that the synthesized NPs had
minimum surface energy and high thermodynamic sta-
bility, which confirmed the high value of the zeta poten-
tial of the synthesized AuNPs. The obtained results were
in agreement with the finding of Bhat et al. [21]. They
indicated that the edible mushroom P. florida extract
could be used to biosynthesize spherical AuNPs with the
particle size ranging from 10 to 50 nm. Philip [20] used
the edible mushroom V. volvacea for AuNP synthesis,
and the TEM images showed a successful synthesis of tri-
angular nanoprisms to nearly spherical and hexagonal
with different sizes between 20 and 150 nm. Das et al.
[15] used Calotropis procera latex by microwave method
for AuNP synthesis. They found that the particle size of
AuNPs was 1345 nm and the shape of them was spheri-
cal. Rastogi and Arunachalam [16] used aqueous garlic
(Allium sativum) extract in AuNP synthesis using micro-
wave irradiation. The produced NPs were 23.2 nm in size
and were mostly spherical in shape.
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Figure 9: TEM image of the synthesized AuNPs using mushroom
extract.

3.7 Antibacterial activity

The antibacterial activity of the synthesized AuNPs was
evaluated by bacterial growth inhibition (lack of turbid-
ity) in the 96-well plate. Table 4 shows the turbidity of
the 96-well plate before and after a 24-h incubation at
37°C for both Gram-negative and Gram-positive bacteria.
As clearly observed, there were insignificant differences
between turbidity values of the wells containing AuNPs
and E. coli and AuNPs and S. aureus. However, the mush-
room extract did not show antibacterial activity toward
both Gram-negative and Gram-positive bacteria, and
the synthesized AuNPs showed high antibacterial activ-
ity toward them (Table 4). The obtained results can be
explained by the fact that AuNPs have the potential to
kill the cells by entering the bacterial cell wall. In fact,
AuNPs could interact with the anionic groups of the
cell wall components and structurally change the cell
surface. A large number of AuNPs could strongly bond to
the polycyclic aromatic hydrocarbon on the bacterial cell
wall and create polyelectrolyte complexes, which could
prevent the transport of essential solutes into the cell [31,
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Table 4: Growth inhibition activity of the synthesized AuNPs against S. aureus (Gram-positive) and E. coli (Gram-negative).
Negative control Positive control Mushroom extract AuNPs
Gram positive (S. aureus)
Before incubation 0.042 0.047 0.091 0.067
After incubation 0.047 0.306 0.307 0.075
Difference 0.005 0.259 0.216 0.008
Gram negative (E. coli)
Before incubation 0.014 0.013 0.092 0.034
After incubation 0.018 0.211 0.311 0.038
Difference 0.004 0.198 0.219 0.004
Data are presented as the mean value of three replicates.
34, 35]. The results also demonstrated that the mean dif- References

ference of turbidity value for the wells containing AuNPs
and E. coli was less than that of the wells, including
AuNPs and S. aureus. Therefore, it seems that the anti-
bacterial activity of the synthesized AuNPs was stronger
on Gram-negative bacteria than Gram-positive bacteria.
Several studies have also shown that AuNPs were more
effective on the Gram-negative bacteria as compared
with the Gram-positive bacteria [36]. El-Sayed et al. [37]
reported that the 20-50-nm AuNPs indicated the most
efficient cellular uptake, and specific cell toxicity was
related to the AuNPs with particle size of 40-50 nm. The
small size of the synthesized AuNPs (33.56 + 1.8 nm) from
the present study can effectively increase their antibacte-
rial activity [37].

4 Conclusion

A rapid one-step green approach based on microwave
irradiation was developed for AuNP synthesis without
using any toxic chemicals. Edible mushroom (A. bispo-
rus) extract acted mainly as both reducing and stabiliz-
ing agents during AuNP synthesis. The results indicated
the usefulness of RSM for studying the effects of the
synthesis conditions on the dependent variables and
to optimize them to get the most desirable AuNPs. The
fabricated AuNPs showed significant antibacterial activ-
ity against E. coli and S. aureus. This rapid synthesis
method developed from the present study can be used
as a favorable technique for the synthesis of other noble
metal NPs.
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