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Abstract: Biologically synthesized nanoparticles are gain-
ing importance as they offer several advantages, such as
the ease with which they can be scaled up, the cost-effec-
tiveness of the process and the green route of production.
In this study, silver (Ag) nanoparticles were biosyn-
thesized using the cellular extract of Penicillium oxali-
cum GRS-1 and then characterized by ultraviolet visible
spectroscopy, X-ray diffraction, field emission scanning
electron microscopy, transmission electron microscopy
(TEM) and Fourier transform infrared spectroscopy. The
biosynthesis of nanoparticles was optimized by follow-
ing the one factor at a time approach, wherein the tem-
perature of 60°C, pH 7.0 and 1.5 mM silver nitrate (AgNO,)
concentration were found to be most favorable factors
for the production of Ag nanoparticles. Upon statisti-
cal optimization, the maximum production of Ag nano-
particles with a concentration of 136 ppm was achieved
at pH 7.2, AgNO, concentration 1.975 mM and 86 h using
the crude cellular extract of P. oxalicum GRS-1 having
nitrate reductase activity. TEM analysis showed that the
Ag nanoparticles were spherical in shape with sizes rang-
ing from 10 to 40 nm. The biosynthesized nanoparticles
showed strong antimicrobial activity against the common
food-borne, pathogens including Staphylococcus aureus,
Escherichia coli and Salmonella typhimurium with respec-
tive minimum bactericidal concentrations of 32, 16 and
32 ug/ml.
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1 Introduction

Nanotechnology involves the control of matter at the
sub-atomic nanoscale level [1], wherein the proper-
ties of matter are altogether different from their plainly
visible mass properties [2]. Nanoparticles are the funda-
mental building blocks for producing numerous nano-
structured materials and gadgets. [3]. Nanoparticle
production is a vital part of the quickly thriving research
endeavors in the fields of nanoscience and nanoengi-
neering [2]. There is a growing urgency of employing
environment-friendly technology for nanoparticle pro-
duction that does not produce toxic wastes. To achieve
this, we are inclined to adopt economical production
processes, which appear to be of biological origin [2].
Nanoparticles synthesized by a biological approach are
more desirable, in copious ways, to those synthesized
by chemical methods [4, 5] and has several advan-
tages, including easy scaling up of the procedure, cost-
effectiveness and its green nature.

Numerous biological agents, including bacteria,
yeasts, fungi and plant extracts, play an essential role
in remediation of toxic metals through metal ion reduc-
tion. These agents can act as eco-friendly nanofactories
for the biosynthesis of cadmium, gold and silver nano-
particles [6-9]. Fungi appear to be a good candidate for
the biosynthesis of metal nanoparticles because of the
presence of a range of bio-catalysts and reducing agents
in their cells. Fungi secrete large amounts of proteins
compared with bacteria, which results in the biosyn-
thesis of large amounts of nanoparticles. Of the various
nanoparticles, Ag nanoparticles have attracted the great-
est attention because of their wide range of applications
for the welfare of the society [10]. In all the life forms
that can biosynthesize Ag nanoparticles, nitrate reduc-
tase may be an indispensable part. The reduction medi-
ated by the presence of this enzyme in the organism has
been observed to be responsible for the biosynthesis of
nanoparticles [11-14].

Ag nanoparticles have emerged as a principal product
from the field of nanobiotechnology. Due to the expand-
ing microbial resistance against antibiotics and the evo-
lution of resistant strains, the biosynthesis and use of Ag
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nanoparticles is an important field of interest for many
researchers [15, 16]. The high efficiency of Ag nanoparticles
is mainly due to the scope of a larger surface area to
volume ratio for interactions, which facilitate the attach-
ment of Ag nanoparticles to the cell membrane and also
penetration inside the bacteria [17-19]. Ag nanoparticles
interact with the sulfur, which contains membrane pro-
teins of the bacteria, as well as with the phosphorous,
which contains compounds like DNA. The nanoparticles
preferably attack the respiratory chain, cell division and
finally lead to cell death. The Ag ions are released by the
nanoparticles inside the bacterial cells, which intensify
their bactericidal activity [20]. Aside from its major use as
an antimicrobial agent, Ag nanoparticles are recognized
to have the toxic effects in many different species. There-
fore, substantial test trials are required to understand the
toxicity of such nanoparticles. In the present study, the
crude cellular extract from Penicillium oxalicum GRS-1 was
successfully employed for the biosynthesis of Ag nano-
particles. Results indicated its inhibitory activity against
common food-borne pathogens.

2 Materials and methods
2.1 Microorganism

The fungal strain of P. oxalicum GRS-1, used in the present study, was
isolated from soil after an extensive screening of natural biodiversity
of Chandigarh City and identified on the basis of microscopic and
molecular analysis of 18S rDNA sequencing.

2.2 Production of nitrate reductase by P. oxalicum GRS-1
and the biosynthesis of Ag nanoparticles

Fungal biomass was produced by inoculation with spore suspension
(1.7 x 107 spores/ml) from a 4-day old culture of P. oxalicum GRS-1 in
50 ml MGYP broth (malt extract, 0.3%; glucose 1%, yeast extract,
0.3%; peptone, 0.5%; pH 5.0) (Hi-Media, Mumbai, India) dispensed
in 250 ml Erlenmeyer flasks and incubated on a rotary shaker
(Bio-age, India) (150 rpm, 28°C) for 96 h. Fungal biomass was filtered
and washed properly with distilled water and 10 g of the same was
dispensed in 100 ml of distilled water taken in 250 ml Erlenmeyer
flask, incubated on a rotary shaker (150 rpm, 28°C) for 48 h. The cell
filtrate was obtained by the separation of fungal beads through the
whatman filter paper no. 1 and analyzed for nitrate reductase activ-
ity. This was then mixed with AgNO, solution at a final concentration
of 1 mm incubated on a rotary shaker (150 rpm, 28°C) for 72 h and cell
filtrate without AgNO, was used as a control [21]. The transforma-
tions of the Ag ions into Ag nanoparticles were monitored by the UV-
visible spectrophotometer and the nanoparticles were collected by
ultracentrifugation (Hitachi Himac, CS 120GX, Japan) at 100,000 g
for 30 min, purified by giving washings in alcohol and stored for
further characterization.
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2.2.1 Nitrate reductase assay in the cell-free supernatant: The
nitrate reductase assay was performed by using the procedure as
laid down by Gilliam et al. [22]. The enzyme activity was expressed in
terms of International Units (IU) equivalent to the nanomoles KNO,
produced from KNO, per hour under assay conditions (40°C, pH 7.5).

2.3 Characterization of the Ag nanoparticles

The nanoparticles were characterized by X-ray Diffraction (XRD)
(Panalytical.s X.Pert Pro, Malvern Panalytical, Malvern, UK), field emis-
sion scanning electron microscopy (FESEM) (Model JSM6100, Jeol,
Peabody, MA, USA), transmission electron microscopy (TEM) (Hitachi,
H-7500, Japan) and Fourier transform infrared spectroscopy (FTIR)
(Model RZX, Perkin Elmer, Billerica, MA, USA) [23] at the sophisticated
analytical instrumentation facility, Panjab University, Chandigarh.

2.4 Optimization of the biological synthesis of the
Ag nanoparticles

There are several factors that affect the biosynthesis, shape and size
of metal nanoparticles. The effect of various factors like pH and tem-
perature, substrate (AgNO,) concentration and biomass concentra-
tion on the biosynthesis of Ag nanoparticles was studied by using
one variable at a time approach.

2.5 Statistical optimization of the Ag nanoparticle
production by P. oxalicum GRS-1 using response
surface methodology (RSM)

The effects of changes in various environmental parameters and their
interactions were evaluated by employing a statistical modeling with
RSM. RSM uses a statistical approach to assess the effect of changes in
the conditions of different environmental factors on Ag nanoparticle
production in order to find out the optimum conditions for their pro-
duction. Three factors, including pH (X,), AgNO, concentration (X,) and
incubation time (X,), which affect nanoparticle production was chosen
for further standardizing the Ag nanoparticle biosynthesis by Penicil-
lium oxalicum GRS-1. A 2* factorial central composite trial configuration
bringing about 20 trial runs were produced by Design Expert, Version
10.0 (Stat-Ease Inc. Minneapolis, MN, USA). The connection amongst
coded and genuine values is depicted by Equation (1)

Xi - (Xi - Xoi )/SXi ’ 1)
where X, =coded (dimensionless) estimation of variable X,, which is
the actual estimation of the ith variable; X =the value of X, at the
center point and 86X =is the step change in value. The conduct of the
framework was clarified by the following second order polynomial
equation:

Y=h, +Xh, xi+22bii X, Xi+2bu X, i+e, )]

where Y=measured reaction; bo, bi, bij and bii are the constant and
regression coefficients of the model; x, and X, are the levels (code val-
ues) of independent values and e is random error. The Design Expert,
Version 10.0 (Stat-Ease Inc. Minneapolis, MN, USA) was utilized for
the regression analysis of the information obtained and to measure
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the coefficients of the regression equation. 3D surface graphs were
designed by using the Design expert software to analyze the relation-
ship between the factors. The accuracy of the general ability of the
polynomial model was assessed by the coefficient of determination
(R?). The statistical significance of the model coefficient was evalu-
ated by one-way analysis of variance (ANOVA). The response in all
the 20 flasks was expressed in terms of the concentration (ppm) of
the biosynthesized Ag nanoparticles.

2.6 Invitro assessment of the anti-bacterial activity
of the Ag nanoparticles

The inhibitory impact of the Ag nanoparticles against the common
food-borne pathogens, including Staphylococcus aureus, Escherichia
coli and Salmonella typhimurium, was evaluated by agar well diffu-
sion test [24]. The cultures were grown separately overnight in 50 ml
nutrient broth (NB) dispensed in 150 ml Erlenmeyer flasks and incu-
bated as shake cultures at 37°C. Next, 100 ul of each actively grown
culture with cell count of approximately 10° cfu/ml was spread over
the nutrient agar plates, in which three wells (7 mm) were punched
for the addition of fungal filtrate and Ag nanoparticle solution. The
Ag nanoparticle solutions (50 and 100 pg/ml) were placed in their
respective wells and the plates were incubated for 24 h at 37°C, and
the antibacterial effectiveness was assessed on the basis of the zones
of inhibition around the wells.

2.7 Determination of the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC) of the biologically synthesized Ag
nanoparticles against common food borne pathogens

The MIC of Ag nanoparticles was determined by using the broth
micro dilution method against the common food-borne pathogens,
including S. aureus, E. coli and S. typhimurium. About 2 ml of the geo-
metric concentrations of nanoparticles (32, 64, 128, 256, 512, 1024,
2048 pg/ml) in Mueller Hinton broth (MHB) were used in test tubes
(12x100 mm) and then inoculated separately with each of actively
grown cultures with a cell count of approximately 10° cfu/ml. The
positive control consisted of inoculated MHB broth and the nega-
tive control contained only uninoculated MHB medium. The incuba-
tion time and temperature were taken 24 h and 37°C. The MIC was
determined as the lowest concentration of Ag nanoparticles, which
repressed the noticeable development of bacteria after overnight
incubation. The MBC was determined by plating the substance of
the tubes containing MIC and a higher concentration of biosynthe-
sized Ag nanoparticles on nutrient agar plate and incubated at 37°C
for 24 h. MBC was defined as the lowest concentration of Ag nano-
particles resulting in the >99.9% reduction of the initial inoculums.
All analyses were carried out in triplicates.

2.8 Data analysis

All the values are expressed as mean *+standard deviation of three
independent experiments with three replicates each. The results
were statistically analyzed using ANOVA with the Holm-Sidak
method using a sigma plot (Systat Software, San Jose, CA, USA).

DE GRUYTER

3 Results

3.1 Morphological and molecular analysis of
the strain GRS-1

The microscopic examination of the fungal strain iso-
lated from the natural biodiversity showed smooth myce-
lium with branched conidiophores having ellipsoidal
conidiospores and smooth walls in a long chain, which
are the typical characteristics of the genus Penicillium
[25]. On the basis of the nucleotide homology and phy-
logenetic analysis of the 18S rDNA sequence, the strain
GRS-1 was found to be close to P. oxalicum BT (Gen Bank
Accession Number: KT189509.1) and hence was named as
P. oxalicum GRS-1.

3.2 Production of the nitrate reductase by
P. oxalicum GRS-1 and the biosynthesis
of Ag nanoparticles

The reduction of Ag* to Ag® was mediated by the bio-mole-
cules present in the cell filtrate of P. oxalicum GRS-1, which
revealed the nitrate reductase activity of 94.61 1U/ml.
The biosynthesis of Ag nanoparticles was visually rec-
ognized by the appearance of brown color in the solu-
tion containing cell filtrate and AgNO,. The presence of
Ag nanoparticles was confirmed by the ultraviolet (UV)-
visible spectra of the cell filtrate with AgNO,, which dem-
onstrated a strong wide peak between 410 and 450 nm
(surface plasmon resonance band). The power of the SPR
band continuously increased from 4 to 96 h as a function
of time of response.

3.3 Characterization of the Ag nanoparticles
3.3.1 X-Ray diffraction analysis

XRD analysis demonstrated the development of Ag nano-
particles, which was affirmed by various diffraction crests
in the XRD investigation, as indicated in Figure 1. Bragg’s
reflection was clearly depicted and distinctly exhibited in
the XRD pattern of the biosynthesized Ag nanoparticles,
the peaks were recorded on the basis of face-centered
cubic (FCC). The XRD graph exhibited sharp peaks at 9, 11,
21, 22, 27, 32, 38 and 46 positions relating to the diffractions
from the planes of Ag with FCC cross sections. The patterns
absolutely showed that Ag nanoparticles were synthesized
by the reduction of metal ions by P. oxalicum GRS-1. The
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| | sharpening of peaks clearly demonstrated that the parti-
l cles were in nanoregime. The average size of the nanocrys-
talites, as estimated from FWHM using the Scherrer’s
formula, D=0.94 A/ cos, was in the range of 19-36 nm.
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Figure 1: The XRD analysis of the biologically synthesized Ag The shape of the biosynthesized Ag nanoparticles as
nanoparticles. determined by FESEM micrographs was spherical and
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Figure 2: The FESEM images of the biologically synthesized Ag nanoparticles using cellular extract of Penicillium oxalicum GRS-1. (A) Ag
nanoparticles attached with fungal mycelium at 1.0 um, (B) Ag nanoparticles in cluster at 500 nm, (C) Ag nanoparticles in cluster at 400 nm,
(D) Separated Ag nanoparticles at 500 nm, (E) Ag nanoparticles at 1.0 um and (F) Ag nanoparticles at 300 nm.



148 — G.K.Rose et al.: Biosynthesis of silver nanoparticles with Penicillium oxalicum DE GRUYTER

12

T S

Ag

[«2]
TR TN T A W S W T

. e

keV

Figure 3: The EDX spectra of the biologically synthesized Ag
nanoparticles using cellular extract of Penicillium oxalicum GRS-1.

monodispersed (Figure 2A-E). The elemental profile of the
biologically synthesized Ag nanoparticles, as analyzed by
EDX graphs, showed the optical absorption peak at 3 KeV,
which corresponds to metallic Ag and hence confirms the
biosynthesis of the Ag nanoparticles (Figure 3).

3.3.3 TEM analysis

Nanoparticles of different sizes running from 10 to 100 nm
(Figure 4) were observed as separated and aggregated in
TEM analysis. The morphology of the nanoparticles was
highly variable and they were not in coordinate contact
even within the aggregates, thus demonstrating the stabi-
lization of the nanoparticles by a capping agent.

3.3.4 FTIR spectroscopy analysis

The FTIR analysis of the biologically synthesized Ag nano-
particles revealed peaks corresponding to the N-H stretch
at 3638.59, 3699.59 and 3787.59 cm, alkyl C-H stretch at
2854.54 cm™ and 2924.52 cm™ as well as the C=0 stretch
of ester at 1742.54 cm™. The vibrational bands at 1551.54
and 1464 cm™ corresponded to the N-H stretch and C-N
(amines) asymmetric stretch in the amide linkages of the
proteins, respectively (Figure 5).

3.4 Optimization of the biological synthesis
of Ag nanoparticles

Figure 4: The TEM images of the Ag nanoparticles synthesized
using the cellular extract of Penicillium oxalicum GRS-1. (A) TEM
image of Ag nanoparticles at a scale of 100 nm. (B) Selected area
pH is one of the major environmental factor that influences  |ectron diffraction pattern (SAED) of Ag nanoparticles. (C) High

the production of Ag nanoparticles. The Ag nanoparticls Resolution TEM image of biologically synthesized Ag nanoparticles.

3.4.1 Effect of pH
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Figure 5: The FTIR spectrum of the Ag nanoparticles synthesized using the cell-free extracts of Penicillium oxalicum GRS-1.

production was very slow in an acidic range where smaller
and broader peaks were observed. With the increase in
pH of the solution, the absorbance peaks were found to
be narrower and sharper, indicating the spherical and
smaller sized production of Ag nanoparticles. At pH 7.0
and 8.0 the peak was found to be highly symmetrical,
thus confirming the uniform distribution of nanoparticles
(Figure 6A). The maximum peak intensity corresponding
to 1.333 was observed at 450 nm at pH 7.0, indicating the
higher concentration of Ag nanoparticles produced in the
solution (Table 1).

3.4.2 Effect of temperature

Temperature is one of the key controlling factor affecting
the formation of Ag nanoparticles. With an increase in
temperature from 20°C to 60°C, there was shifting of peak
towards a lower wavelength, which revealed a reduction
in particle size (Figure 6B). Broader peaks were observed
at a low temperature, which indicated the existence of
different sizes of Ag nanoparticles. In comparison, the
narrower peaks were obtained at a higher temperature,
which showed the presence of a narrow range of Ag nano-
particles in the solution. The highest and narrower peak
was obtained at 60°C. The peak intensity was found to be
maximum (3.063) at 418 nm, indicating the presence of a
large number of Ag nanoparticles in the solution (Table 1).
The peak was found to be most symmetrical at 40°C,

which indicated that the biosynthesized Ag nanoparticles
were monodispersed in nature.

3.4.3 Effect of the AgNo, concentration

The influence of AgNo, concentration on the production of
Ag nanoparticles was evaluated by varying the concentra-
tion of AgNo, (Figure 6C). There was a gradual increase in
the production of Ag nanoparticles by up to 1.5 mm AgNO,
concentration. The maximum value of peak intensity cor-
responding to 2.149 in the presence of 1.5 mm AgNO, was
found to be at 414 nm, which indicated the higher produc-
tion of Ag nanoparticles (Table 1). With an increase in the
AgNO, concentration, there was distortion in the peak
symmetry and the peak became flattened, thus indicating
non-uniformity in particle size.

3.4.4 Effect of the fungal biomass concentration

With an increase in biomass concentration from 5 to 25 g,
more symmetrical, sharp and narrower absorbance peaks
were obtained, indicating the small sized and uniform dis-
tribution of Ag nanoparticles (Figure 6D). The maximum
value of peak intensity corresponding to 1.979 was found
to be at 414 nm with 25 g biomass (Table 1), thus indicating
the highest production of Ag nanoparticles.
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Figure 6: The effects of pH (A), temperature (B), AgNO,
concentration (C) and fungal biomass concentration (D) on the
biosynthesis of Ag nanoparticles using the cellular extract from
Penicillium oxalicum GRS-1.

3.5 Statistical optimization of Ag
nanoparticle production by response
surface methodology (RSM)

The experimental designs resulting in 20 experimental runs
with the examined responses for Ag nanoparticles genera-
tion are presented in Table 2. The regression equation was
created to investigate the interacting factors by recogniz-
ing the critical factors adding to the regression model and
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determining the optimal values of the most noteworthy
independent factors. To choose the right sufficiency of
model for Ag nanoparticles production, two different tests
viz., sequential model sum of squares and model summary
statistics were carried out. Different models, including
linear, 2F1, quadratic and cubic, were employed to try to
improve the Ag nanoparticles biosynthesis on the premise
of their F-value, p-value, determination coefficient (R?),
standard deviation and PRESS values. Of the consider-
able number of models examined, the quadratic regression
model was observed to be noteworthy. The ANOVA analy-
sis indicated a linear relationship between the significant
effects of pH, AgNo, concentration and incubation time;
the interactions between pH and AgNo, concentration,
between AgNo, and incubation time and between pH and
incubation time; the quadratic relationship with pH; AgNo,
concentration and incubation time. By applying multiple
regression analysis on the trial data, the following second-
order polynomial equation was found to clarify the Ag nan-
oparticle biosynthesis by just considering the noteworthy
terms and is shown in Equation (3).

Ag nanoparticle yield =138.20+6.19x A +10.44 xB
+12.56XC+10.88XxAXB-6.12x AxC—-2.87xBxC
—16.77 x A* -15.65xB* -10.77 x C?, 3

where A, B and C are pH, AgNo, concentration and incu-
bation time, respectively. The ANOVA for the Ag nanopar-
ticle biosynthesis, as depicted in Table 3, demonstrates
the model F-value of 89.30, showing that the model is
significant. There is just a 0.01% possibility that a “Model
F-Value” this extensive could happen due to noise. The
p-values less than 0.0500 showed the significance of the
model terms. The estimation of correlation coefficient
(R2=0.9877) demonstrated that 98.7% inconstancy can be
revealed by the model. The value signal to noise proportion
(S/N), which is a measure of the satisfactory accuracy is
25.090. A value greater than 4 is desirable in support of the
fitness of the model. The coefficient of variation (CV) indi-
cates the degree of precision with which the treatments are
compared. Usually, the larger the value of CV, the lower the
dependability of the experiment is. In this experiment, a
lower value of CV corresponding to 4.54 indicated a greater
reliability of the analysis performed. The thus investigation
demonstrated that the form of the model chosen to reveal
the relationship between the factors and the response
was correct. In this case A, B, C, AB, AC, A?, B?> and C? are
significant model terms. However, some regression coeffi-
cients (i.e. BC) were found to be unnecessary, having p-val-
ues>0.05, thus suggesting their insignificance. However,
this was still included in order to improve the model.
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Table 1: The effects of various parameters on the peak intensity of the biosynthesized Ag nanoparticles.

pH Peak intensity Temperature Peak intensity AgNO, Peak intensity Biomass  Peak intensity

°0) concentration (mm) concentration (g)
5 0.229+0.05012b< 20 0.275+0.0322° 0.5 1.236+0.118 5 0.12+0.0425
6 0.888+0.0872>¢m 30 0.52+0.0432° 1.0 2.089+0.3b4f 10 0.847+0.0843
7 1.333+0.578%¢hs 40 1.847+0.1717 1.5 2.149+0.26%<f 15 1.102+0.108°
8 1.003+0.08878nk 50 2.146+0.1322 2.0 1.84+0.0972be 20 1.288+0.198°
9 0.936+0.044fik! 60 3.063+£0.222 2.5 1.922+0.095%4¢ 25 1.979%0.0388
10  0.854+0.0832¢4Mim

=mV/alues with the same letter in the same column do not differ significantly based on the Holm-Sidak test (p>0.001). All the other values

differ significantly from each one another with p<0.001.

Table 2: The central composite design matrix with the experimental
values of the Ag nanoparticles produced with Penicillium oxalicum
GRS-1.

Runs pH AgNO, Incubation Ag nanoparticles

concentration (mm) time (h) (ppm)
1 7.00 1.50 72.00 136
2 7.00 1.50 72.00 139
3 8.00 2.00 96.00 131
4 6.00 1.00 48.00 69
5 8.00 1.00 48.00 74
6 7.00 1.50 120.00 119
7 7.00 1.50 72.00 138
8 7.00 0.50 72.00 55
9 7.00 1.50 72.00 135
10 8.00 2.00 48.00 125
11 6.00 2.00 48.00 78
12 9.00 1.50 72.00 79
13 6.00 2.00 96.00 107
14 8.00 1.00 96.00 90
15 6.00 1.00 96.00 111
16 7.00 1.50 72.00 138
17 7.00 2.50 72.00 90
18 7.00 1.50 24.00 65
19 7.00 1.50 72.00 137
20 5.00 1.50 72.00 57

3.5.1 Interactions among the factors

Student’s t-test was used to analyze the knowledge of the
error mean square that is crucial in examining the signifi-
cance of the predicted coefficient of the regression equa-
tion. The greater the magnitude of the t value and the
smaller the p value, the more significant is the correspond-
ing coefficient. The coefficient estimates and t values in
the quadratic model, as depicted in Table 3 revealed that
factors A, B and C had direct effects on Ag nanoparticle
production with incubation time, revealing the maximal
effect. The inter communication between the factors AC
and BC revealed the opposing effects on nanoparticle pro-
duction, whereas the interactions between AB had posi-
tive effects on Ag nanoparticle production. The 3D surface
graphs (Figure 7) revealed the interconnection between
the two factors for the optimization of conditions for the
Ag nanoparticle production. From the plots, we can easily
see the interactions between two factors and locate the
optimum levels. Each curve exhibits an immense number
of combinations of two test variables with the other vari-
ables sustained at the constant level. The surface graph,
which was accomplished as a function of pH versus

Table 3: The ANOVA results for the response surface quadratic model employed for the biosynthesis of the Ag nanoparticles.

Source Sum of squares Coefficient estimate t-test Fvalue p-Value
Model 17789.21 138.2045 73.51 89.30 <0.0001 Significant
A-pH 612.56 6.1875 5.24 27.68 0.0004
B-AgNO3 1743.06 10.4375 8.845 78.75 <0.0001
C-incubation time 2525.06 12.5625 10.646 114.08 <0.0001
AB 946.13 10.875 6.55 42.75 <0.0001
AC 300.13 -6.125 -3.689 13.56 0.0042
BC 66.13 -2.875 -1.73 2.99 0.1146
A? 7073.30 -16.7727 -17.84 319.57 <0.0001
B2 6156.26 -15.6477 -16.64 278.14 <0.0001
C? 2917.87 -10.7727 -11.46 131.83 <0.0001
Residual 221.34 138.2045
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Figure 7: The 3D surface graphs representing the Ag nanoparticle
yields from the crude cellular extracts of Penicillium oxalicum GRS-1
as affected by pH and AgNO, concentration (A), pH and incubation
time (B), incubation time and AgNO, concentration (C) keeping the
other variables at 0 coded values.

AgNo, concentration, showed that Ag nanoparticle pro-
duction was enhanced with the increase of both pH and
AgNo,; however, at high concentration, the nanoparticle
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production decreased. The maximum production of Ag
nanoparticles corresponding to 141.563 ppm was obtained
in the optimized medium, where the pH and AgNo, concen-
tration were 7.33 and 1.72 mM, respectively (Figure 7A) while
incubation time was held at the O code level. The surface
graph obtained as a function of pH of reaction mixture
versus incubation time showed that the nanoparticle pro-
duction increased with the increase in pH and incubation
time. The maximum production of Ag nanoparticles corre-
sponding to 141.974 ppm occurred at a pH 7.09 and 85.50 h
of incubation time while the AgNo, concentration was held
at the 0 code level (Figure 7B). Figure 7C shows the effect
of the AgNo, concentration and incubation time on the Ag
nanoparticle production. As can be seen, an increase in the
concentration of AgNo, and duration of incubation time
promoted the Ag nanoparticle production. However, the
Ag nanoparticle production decreased at a high concentra-
tion of AgNo, (1.64 mm) and incubation time duration of
85.04 h. The maximum production of the Ag nanoparticles
corresponding to 143.108 ppm was obtained at 1.64 mm
of AgNo, and the incubation time of 85.04 h while the pH
value was held at the 0 code level.

3.5.2 Model validation

In order to determine the precision of the statistical exper-
imental model of RSM, efforts were made to develop the
process parameters of reaction mixture for augmenting
the Ag nanoparticle production using different variables.
The numerical optimization for Ag nanoparticle produc-
tion was attempted with Design expert using A (pH, 7.2),
B (AgNo, concentration, 1.975 mM) and C (incubation
time, 85.775 h), incubated at 40°C in shaking condition at
150 rpm. This procedure predicted the yield correspond-
ing to 139.069 ppm. To substantiate the optimum con-
centrations, an experiment with the above particularized
conditions was carried out and the result corresponded to
136 ppm, which was found to be very close to the antici-
pated value. This high degree of precision affirmed the
reliability of the model with only an insignificant error
due to the negligible deflection in experimental condi-
tions. The statistical interpretation of environmental con-
ditions thus intensifies the production of Ag nanoparticles
to a considerable amount.

3.6 In vitro assessment of the anti-bacterial
activity of the Ag nanoparticles

The biologically synthesized Ag nanoparticles at a con-
centration of 100 pg/ml showed very strong inhibitory
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Table 4: The inhibitory effect of the Ag nanoparticles against
various pathogens achieved though the well diffusion test method.

Pathogen Zone of Zone of Zone of
inhibition inhibition  inhibition
(fungalcell (50 ug/ml (100 pg/ml
filtrate) of AgNPs)  of AgNPs)
Staphylococcus aureus - 10 mm 14 mm
Salmonella typhimurium -  10mm 14 mm
Escherichia coli - 12mm 15 mm

effect against common food-borne pathogens, including
S. aureus, E. coli and S. typhimurium revealing 14, 15 and
14 mm zones of inhibition, respectively (Table 4).

3.6.1 Determination of the MIC and MBC of the
biologically synthesized Ag nanoparticles

After 24 h of incubation at 37°C, turbidity was seen in the
test tubes containing 8 and 16 pug/ml Ag nanoparticles,
indicating the growth of S. aureus and S. typhimurium,
while in the case of E. coli, turbidity was observed in the
test tube containing 8 ug/ml of Ag nanoparticles only.
Further, no turbidity was observed in the test tubes con-
taining 32-256 ug/ml of Ag nanoparticles in the cases of S.
aureus and S. typhimurium and 16-256 ug/ml of Ag nano-
particles in the case of E. coli, thus indicating the inhibi-
tion of bacterial growth.

To confirm the growth, the suspension from all the
test tubes, including negative and positive controls, was
inoculated in nutrient agar plates and incubated for
24 h. Bacterial growth was observed in the area marked
positive control, 8 and 16 ug/ml of Ag nanoparticles
in case of S. aureus and S. typhimurium, whereas in the
case of E. coli, bacterial growth was observed in the area
marked positive control and 8 pg/ml of Ag nanoparticles.
Further, no growth was observed in the area marked

Table 5: The minimum bactericidal concentration of the Ag
nanoparticles after 24 h on agar plates.

Pathogen Negative Positive AgNOPs (ug/ml)
control  control

16 32 64 128 256
Salmonella - + + + - - - -
typhimurium
Staphylococcus - + + o+ - - - -
aureus
Escherichia coli - + o+ - = = - -
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32-256 pg/ml of Ag nanoparticles in the cases of S. aureus
and S. typhimurium and 16-256 pg/ml of Ag nanoparticles
in the case of E. coli. The MBC of Ag nanoparticles against
S. aureus, and S. typhimurium was found to be 32 ug/ml
and that for E. coli was 16 ug/ml, indicating that Ag nano-
particles have both bacteriostatic and bactericidal activi-
ties (Table 5).

4 Discussion

Nanoparticles play a significant role in various fields,
including environment, health care, energy, agriculture,
and so on. Large numbers of microbes have been found
to be capable of biosynthesizing nanoparticles as their
cellular extracts act as both reducing as well as capping
agents. The nitrate reductase-mediated biosynthesis of
Ag nanoparticles is the most acknowledged process, and
during this catalysis, nitrate is reduced to nitrite and an
electron is transported to the approaching Ag ions. The
direct evidence was reported by Anil Kumar et al. [14], who
straightforwardly utilized the purified nitrate reductase
from the Fusarium oxysporum for the production of the Ag
nanoparticles. In the present report, a natural isolate of P.
oxalicum GRS-1 was utilized for the production of Ag nano-
particles owing to the presence of nitrate reductase in its
cellular extracts. The reddish brown shade of the solution
was due to the SPR of the Ag nanoparticles formed [26].
These results are similar to the findings of Wiley et al. [27],
who revealed that the aggregate oscillation of conduction
electrons inside metal particles facilitated the diffusion
and assimilation of light at a specific frequency, giving
them shading on account of silver and gold. The UV-Vis
spectra of the cell filtrate with AgNO, demonstrated a
solid wide crest between 420 and 460 nm (SPR band),
which were particular for Ag nanoparticles. These results
are consistent with the reports of Verma et al. [28], who
revealed that the Ag nanoparticles can be biosynthesized
extracellularly using Aspergillus clavatus as the fungal
system.

The characterization of the Ag nanoparticles was
done by using different techniques like XRD analysis,
FTIR, SEM and TEM. The development and nature of the
biosynthesized nanoparticles were checked by XRD pat-
terns [29]. The XRD graphs of the biosynthesized Ag nano-
particles exhibited sharp peaks at the 9, 11, 21, 22, 27, 32,
38 and 46 positions corresponding to the diffraction from
the planes of Ag with the FCC lattice. The patterns indi-
cated that the Ag nanoparticles were formed through the
reduction of metal ions by cellular extract obtained from
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P. oxalicum GRS-1. The sharpening of peaks clearly indi-
cate that the particles are in nanorange.

FESEM analysis revealed that the biosynthesized Ag
nanoparticles are even shaped and spherical in nature.
These results strongly confirm the idea that the cellular
extract obtained from P. oxalicum GRS-1 might act as a
reducing and capping agents in the biosynthesis of Ag
nanoparticles [30]. The reduction of Ag ions into Ag nano-
particles is additionally confirmed by EDX analysis, which
revealed an optical absorption peak at 3 Kev correspond-
ing to metallic Ag [31].

Meanwhile, TEM results revealed further details about
the morphology and size of the biologically synthesized
Ag nanoparticles and the same were found to be in the
size range of 10-40 nm. Further, the TEM analysis of the
biosynthesized Ag nanoparticles confirmed the presence
of capping proteins around the Ag nanoparticles [32]. The
absorption peak obtained at 280 nm confirmed the pres-
ence of aromatic amino acids (tyrosine and tryptophan)
residues of proteins, which act as capping agent around
the Ag nanoparticles. The Ag nanoparticles were crystal-
line in nature, as can be seen from the chosen region dif-
fraction design recorded from one of the nanoparticles in
the cluster [31].

FTIR was employed for the detection of possible
functional groups within the capping proteins associated
with the nanoparticles, which may be responsible for the
reduction and stabilization of the Ag nanoparticles. The
appearance of peaks at 1551.54 and 1464 cm™ represented
the amide 1 and amide 3 bands in the FTIR spectra which
revealed the presence of protein around the Ag nano-
particles. The vibrational bands at 1551.54 and 1464 cm
corresponding to the N-H stretch and C-N (amines) asym-
metric stretch, respectively, were also found in the amide
linkages of the proteins (Figure 5). These functional
groups play important roles in maintaining stability and
capping of Ag nanoparticles, as reported in many studies
[30, 33]. Amide 1 and amide 3 spectral bands have been
found to be most sensitive to the variation in the second-
ary structure folding. Overall, the results affirm that the
capping protein stabilizes the metallic nanoparticle and
inhibits the agglomeration in the medium. This investiga-
tion confirms that the production and stabilization of the
Ag nanoparticles in the aqueous medium can be achieved
by utilizing biological molecules [31].

The biosynthesis of the Ag nanoparticles by cel-
lular extracts obtained from the mycelia of P. oxalicum
GRS-1 was optimized by standardizing the effects of pH,
temperature, AgNO, concentration and fungal biomass
concentration. In case of the effect of pH study, there was
no nanoparticle formation in the acidic range but there
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was gradual increase in nanoparticle production with an
increase in pH. The production of nanoparticles in the
alkaline region shows that the enzyme nitrate reductase
was active under the alkaline environment [34]. At pH 8.0,
the peak was found to be most symmetrical, indicating
the uniform distribution of nanoparticles. At pH 7.0 and
8.0, the nanoparticle production was most symmetri-
cal. Furthermore, nanoparticle production peak became
increasingly symmetrical with an increase in pH, which
can be explained by the fact that the OH- groups plays a
crucial role in the stabilization of Ag nanoparticles and
that more nucleation regions are formed due to the avail-
ability of OH-, which can prevent the aggregation and
assist in maintaining the symmetry with small-sized Ag
nanoparticles [35, 36].

With an increase in temperature of the nanoparticle
biosynthesis, there was a shifting of peak towards the
lower wavelength, which means that the increase in tem-
perature resulted in reduced particle size [37]. This can
be probably explained by the fact that, with the increase
in temperature, there was also an increase in nucleation,
which occurred at various places. The increase in tem-
perature also affects the rate at which the nanoparticles
were produced. In this report, the value of peak intensity
(3.115) was found to be maximum at 418 nm, thus dem-
onstrating that the yield of the Ag nanoparticles in the
current study is higher than that in previous reports. The
presence of a band at above 260 nm was attributed to the
electronic excitation in tryptophan and the tyrosine resi-
dues in protein, which indicated the presence of protein
molecules in colloidal solution [38].

In terms of the influence of the AgNo, concentra-
tion, the maximum biosynthesis of Ag nanoparticles was
achieved at the AgNO, concentration of 1.5 mM. At lower
concentrations of AgNO,, the availability of substrate for
the enzyme was insufficient, which showed a decrease in
the production of Ag nanoparticles. At higher concentra-
tions of AgNO,, the peak symmetry was disturbed, and the
peak becomes flattened, indicating that the particles of
non-uniform sizes were formed. Such results are in accord-
ance with that of Anil Kumar et al. [14], who revealed the
effect of AgNO, concentration on the biosynthesis of the
Ag nanoparticles in E. coli.

One of the important factors responsible for the bio-
synthesis of the Ag nanoparticles is organism’s enzymes.
In the present study, we used the crude cellular extracts
obtained from fungal biomass for the biosynthesis of Ag
nanoparticles due to the ease in downstream processing
of nanoparticles. With increase in biomass concentra-
tion (5-25 g), more symmetrical, sharper and narrower
absorbance peaks were obtained, indicating the presence
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of the spherical, small-sized and uniform distribution
of the Ag nanoparticles [39, 40]. Further, the highest
peak intensity corresponding to 1.979 was found to be at
414 nm with 25 g biomass, indicating the highest produc-
tion of Ag nanoparticles. The pattern of increased Ag nan-
oparticle production with rise in biomass concentration
may be attributed to the release of more nitrate reductase
from mycelium in the supernatant in the latter (data not
shown).

The process of P. oxalicum GRS-1 mediating the
biological synthesis of the Ag nanoparticles was influ-
enced by various environmental factors, as observed in
the study, which employed the one variable at a time
approach. The effects of changes in various environmen-
tal conditions, including pH, temperature and incuba-
tion time, were also evaluated by employing statistical
modeling by RSM, which is an empirical modeling tech-
nique that is used to evaluate the relationship between
a set of controllable experimental factors and observed
results [41]. A second-order model like central compos-
ite design (CCD) is widely used in RSM because it can
take on a wide variety of functional forms, and such
flexibility allows it to predict the true response surface
more closely. This approach has already been success-
fully employed to maximize the productivities of various
enzymes [42-48]. The major environmental factors that
affect the production of Ag nanoparticles are pH and
temperature. The main goal of RSM is to optimize the
various environmental conditions to bring about the
increased production of the metal nanoparticles. Accord-
ing to our report, the maximum Ag nanoparticle produc-
tion amounting to 136 ppm was achieved when the crude
cellular extracts of P. oxalicum GRS-1 were incubated at
pH 7.2, AgNo, concentration of 1.975 mM and incubation
time of 85.775 h. This report demonstrated a higher pro-
duction of Ag nanoparticles than the previously reported
results [11, 13, 23, 30].

The antimicrobial efficacy of the biosynthesized Ag
nanoparticles in terms of MIC and MBC has been reported
in many studies [49-53]. The nanoparticles preferably
attack the respiratory chain, cell division and finally
lead to cell death. The Ag nanoparticles interact with the
sulfur containing membrane proteins of the bacteria as
well as with the phosphorous containing compounds like
DNA. The antimicrobial action of the Ag nanoparticles on
gram negative bacteria was based on the concentration
of Ag nanoparticles and was closely associated with the
arrangement of pits in the cell wall of bacteria [54]. Ag has
a solid antimicrobial potential, which has been used since
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the ancient times. However, with the advancement in the
field of antibiotics, the therapeutic applications of Ag as
antimicrobial were reduced [55, 56]. The antimicrobial
impact of Ag can be expanded by controlling their size at
the nano level. Due to the rapid progress in the optimi-
zation process, Ag nanoparticles have emerged as poten-
tial antimicrobial agents due to their high surface area to
volume ratio and unique physiochemical properties [20].
Ag nanoparticles with sizes ranging from 10 to 100 nm
have shown very effective antimicrobial behaviors against
both gram-positive and gram-negative bacteria [57, 58]. Ag
nanoparticles biologically synthesized from P. oxalicum
GRS-1 have also been found to be highly effective against
common food-borne pathogens, including S. aureus,
E. coli and S. typhimurium with MBC values of 32, 16 and
32 ug/ml, respectively.

5 Conclusion

Green synthesis provides an eco-friendly, cost-effective
and efficient approach for the production of Ag
nanoparticles, which could act as excellent antimicro-
bial agents against pathogenic microbes. The present
study has isolated a strain of P. oxalicum GRS-1 from
soil, which showed capability of reducing Ag ions into
Ag nanoparticles extracellularly with sizes ranging from
10 to 40 nm. The yield of Ag nanoparticles, as evident
from the peak intensity, was found to be higher than the
previous reports, thus imparting novelty in the study.
The biosynthesized Ag nanoparticles were found to be
effective against common food-borne pathogens, includ-
ing S. aureus, E. coli and S. typhimurium with MBC values
of 32, 16 and 32 ug/ml, respectively. Thus, the strain is
a potential candidate for developing a green technology
for the commercial biosynthesis of Ag nanoparticles.
The utilization of such biosynthesized nanoparticles
in bactericidal applications makes this approach pos-
sibly impressive for the large-scale biosynthesis of
nanomaterials.
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