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HIGHLIGHTS

e Evaluation of a new method for preparing bacterial cell-free extract to develop a simple, cost-
effective, biocompatible and environmental approach

¢ NADH-dependent nitrate reductase enzyme is present as the most important factor for silver ion
reduction and silver nanoparticle production.

e There is a significant difference between the antioxidant activity of nanoparticles compared to the
extract.

e Biosynthesized nanoparticles have a stronger antibacterial potential than drug-resistant bacteria.

e Biosynthesized nanopatrticles have cytotoxic effects in some human cell lines (breast cell line
(MCF-7) and liver cancer (HepG-2).

Abstract: Microorganisms have been studied as potential biological factories for the synthesis of silver
nanopatrticles. In the present study, the cell-free extract of Aeromonas hydrophila was used to synthesize
silver nanoparticles because the extract has a dual role in reducing and stabilizing silver nanoparticles. In
this study, silver nanoparticles were synthesized using Aeromonas hydrophila. Synthetic nanoparticles were
examined using ultraviolet-visible spectroscopy, X-ray diffraction, Fourier transform infrared (FT-IR),
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transmission electron microscopy (TEM) and X-ray diffraction (EDX) spectroscopy. In this study, antimicrobial
properties of Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa and
anti-cancer properties (MCF-7, HepG-2) of silver nanopatrticles were investigated. The synthesis of silver
nanoparticles was confirmed by ultraviolet-visible spectroscopy and X-ray diffraction. TEM images detected
the spherical shape of nanoparticles of various sizes in the range of 1-20 nm. FT-IR analysis demonstrated
that enzyme, protein and carbohydrate compounds can be proven as stabilizing agents on the surface of
silver nanopatrticles. The resulting nanoparticles had strong antibacterial activity against drug-resistant
bacteria. Silver chloride nanoparticles were also toxic to MCF-7 and HepG-2 cancer cells. The green
synthesis method is cost-effective, environmentally friendly and an easy alternative to conventional silver
nanoparticle synthesis methods.

Keywords: Silver nanoparticles; green synthesis; Aeromonas hydrophila; antimicrobial activity.

INTRODUCTION

Nanoparticles are defined as particles in the size range of 1-100 nm that have unique chemical and
physical properties such as high surface to volume ratio in comparison with their bulk materials [1]. One of
the most important and widely used nanoparticles is silver nanoparticle. Silver nanoparticles have been
considered by researchers due to their wide application in various scientific fields such as circuits, tracking
in biological systems, sensors, filters, antibacterial fibers, electrochemical electrodes and antimicrobial
properties [2]. Monovalent silver compounds have been widely used for decades to treat bacterial infections,
and studies have shown that silver nanoparticles also have these properties [3]. Special methods have been
developed for the synthesis of silver nanoparticles. Physical and chemical techniques are able to produce
large amounts of nanoparticles of a certain size and shape in a relatively short time, but are complex, costly
and inefficient and produce hazardous toxic wastes that are harmful [4]. Among the green methods of
nanoparticle production, biological methods are suitable alternatives for making nanoparticles that are cost-
effective and environmentally friendly. In this method, the extracts obtained from biological organisms
(including plants, algae and microorganisms) are used as both stabilizing and reducing agents to make
nanoparticles. Among biological organisms, bacteria have been considered more than other microorganisms
due to their ease of use and the possibility of genetic manipulation [5].

The microbial synthesis of metal nanoparticles can be intracellular or extracellular [6]. The intracellular
synthesis of nanopatrticles requires appropriate methods for cell lysis [7] while the extracellular biosynthesis
is cheaper and easier [8]. For this reason, in many studies, the biosynthesis of nanoparticles has been done
extracellularly so that the researchers could produce silver and gold nanoparticles using culture supernatant
of various bacteria such as Escherichia coli and Sporosarcina koreensis [9,10].

The culture medium may contain reducing agents such as yeast extract and tryptone. These compounds
can synthesize AgNP without the need for bacteria. The nanoparticles produced by this method are
surrounded by organic compounds of the culture medium. As a result, the dispersion, recovery and properties
of the nanoparticle are disrupted, which prevents the use of the nanoparticle in its normal applications.
Considering the problems in the fabrication of nanoparticles using bacterial culture supernatant, an alternative
method for extracellular production of nanoparticles is the use of bacterial cell-free extracts [11]. This study
aimed to investigate a new method for the preparation of a bacterial cell-free extract to develop a simple,
cost-effective, biocompatible and environmental approach for the extracellular biological synthesis of AgNPs
using Aeromonas hydrophila and the evaluation of the antibacterial activity of synthesized AgNPs against S.
aureus, B. subtilis, E. coli and P. Aeruginosa.

MATERIAIS AND METHODS

Materials and microorganisms

AgNOs, glucose, potassium nitrate, Propanol, Sodium nitrite, sulfanilamide, HCI, ethylene
dihydrochloride dihydrochloride, ethanol, Phosphoric acid, acetone, ninhidrine, potassium cyanide, Glycine,
Citrate buffer, sulfuric acid, DPPH, comassi brent blue, Albumin serum bovine and phenol blue were
purchased from Sigma Aldrich (St. Louis, MO, USA) and Mueller-Hinton agar, Mueller-Hinton broth and LB
were purchased from Merck Millipore Company (Germany). Multidrug-resistant bacteria, including
Staphylococcus aureus (ATCC 25923), Bacillus subtilis (ATCC 6633), Escherichia coli (ATCC 25922) and
Pseudomonas aeruginosa (ATCC27853), were used to show antimicrobial activity of silver nanoparticles.
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These strains were obtained from the laboratory of Tehran Pasteur Institute. For further evaluation, bacterial
strains of nutrient agar slant were kept at 4 °C.

Bacterial strain and growth conditions

To prepare the bacterial cell-free extract, the standard strain of Aeromonas hydrophila (IBRC-M 10814)
obtained from Iran Genetic Resources Center was used. To isolate maximum nitrate reductase (NR), LB
medium was used by adding glucose (15 g/mL) and potassium nitrate (3.5 g/ml). This culture was incubated
in a shaker at 150 rpm at 37 °C. Each bacterial culture was centrifuged after 18 hours in the logarithmic
growth stage (12000 rpm, 20 minutes, 4 °C). The supernatant was discarded and 1 g of bacterial biomass
was suspended in 10 ml of sterile distilled water and was centrifuged after 72 hours of incubation (37° C,
12000 rpm). Bacterial cell-free extract adjusted to pH 11 to 1 mM final concentration of AQNO3 was placed
in the dark at room temperature. The color changes of each sample were periodically examined by UV-Vis
spectroscopy. AgNOs (1 mM) and bacterial cell-free supernatant were used as controls and were kept under
the same conditions.

Optimization of silver nanoparticle synthesis

The bioproduction of silver nanoparticles was investigated and compared in terms of the impact of
different parameters on the reaction. These factors include pH (6-12), different concentrations of AQNO3
(1, 3, 5, 10 mM) and temperature (25-60-80). All factors were tested sequentially and the result of each
experiment was performed in the next experiment. The results were analyzed by UV-Vis spectroscopy.

Evaluation and characterization of synthesized nanoparticles

Reduction of silver ions by measuring the UV-Vis spectrum (Analytic Jena Spectrophotometer, German)
of the reaction medium was examined at different time intervals through diluting a small amount (100 ul) of
the sample 10 times in deionized water. UV-Vis spectroscopic analysis was performed by continuous
scanning from 300 nm to 700 nm and 1 mM AgNO3 solution was used for the blank. Characterization of
AgNPs was performed by X-ray diffractometer (Philips PW1730) with a voltage of 40 kV and a current of 30
mA with Cu Ka radiation at position 28. The amount of the crystal amplitude of the width of the XRD peak is
calculated using the Scherrer formula, assuming that they are of non-uniform types:

D = 0.94 1/ Bcos6 (1)

In which, D is the crystal mean size perpendicular to the reflective plates, A is the X-ray wavelength, (3 is
the full width half maximum (FWHM) and the diffraction angle [12]. To evaluate the morphology of the size of
the synthesized silver nanopatrticles, imaging was performed with a transmission electron microscope. The
nanoparticle powder sample was ultrasonized for 15 minutes and was placed on a grid with carbon film. After
cooling the grid without dry heat and in the vicinity of room air, imaging was performed using Philips
transmission electron microscope.

In order to determine the functional groups in the synthesized nanopatrticles, FT-IR spectroscopy was
used as a suitable analytical method. FT-IR was measured by Thermo AVATAR spectrometers (America).
FT-IR spectrum of dried nanoparticle samples in the infrared spectrum (4000 cm-! to 400 cm-1) with a
resolution of 4 cm-! was examined in the absorption state of 10-120 scans at a temperature of 25° C.

Determination of bacterial extract reducing agents

NR enzyme test

Nitrate reductase converts nitrate to nitrite. According to Harley’s method [13], by placing the enzyme
substrate (nitrate) and then measuring the amount of nitrite after 1 hour, the enzyme activity was determined.
An increase in pure nitrite in 1 hour indicates the level of nitrate reductase activity. Reagents are as follows:
Assay medium: 30 mM KNOs3 and 5% propanol in 0.1 M phosphate buffer pH 7.5; nitrite solution: 25 uM
NaNO2 solution (nitrite); nitrite assay reagents: Sulfanilamide solution: 1% (w/v) in 25% (v/v) hydrochloride
and 0.02% (w/v) ethylenediamine dihydrochloride solution (NEED) in distilled water. Five tubes, each
containing 2 ml of Aeromonas hydrophila culture supernatant, were prepared from the 72 h reaction. Tubes
“a” and “b” (two replicates) were placed in a boiling water bath to kill the enzyme as soon as assay medium
of 2 mL enzyme was added. After boiling for 5 minutes, the tubes were kept at room temperature to measure

nitrite. 2 mL of the assay medium was added to tubes c, d and e (three replicates) and was kept in the dark
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for 60 minutes before placing the tubes in the boiling water bath. After cooling the samples, 1 mL of
sulfanilamide solution was added to each. Then, 1 mL of NEED solution was added and mixed quickly by
inverting the tubes. After 20 minutes, the absorbance rate at 540 nm was measured using German Analytic
Jena spectroscopy. The nitrite content in tubes “a” and “b” is deducted from the nitrite content in tubes c, d
and e to calculate the amount produced by enzyme activity during 60 minutes. The standard sodium nitrite
curve was prepared by inserting known amounts of nitrite (0 to 250 nmol NO;) and after that by 1 mL of
sulfanilamide and 1 mL of NEED solution. After mixing and incubation for 20 minutes at room temperature,
the absorption was measured at 540 nm. Enzyme activity was calculated based on the increase in nitrite for

more than 60 minutes for a sample amount of 2 mL and was expressed as nmol nitrite/h/mL [14].

Protein concentration assay

Protein concentration in the bacterial extract was determined by Bradford method [15]. Bradford reagent
containing comassi brent blue G-250 and ethanol and phosphoric acid with final concentrations of 0.01, 4.7
and 8.5% (W/V) were prepared, respectively. This protein was red reactant and after combining with the
protein, its color changed to blue and the maximum absorption was read at 595 nm. 1 mg/mL bovine serum
albumin is used as the standard protein. About 100 pL of different concentrations of BSA (0.1-1 mg) of the
bacterial extract was prepared in test tubes and 5 mL of Bradford reagent was added to each concentration
and then, pipetting and mixture absorption were measured at 595 nm after 2 minutes.

Amino acid content assay

Amino acid content in the bacterial extract was determined by the ninhydrin method [16]. The test
medium of ninhydrin consists of two parts; A: 5% ninhydrin in acetone and B: 1 ml of potassium cyanide (0.01
mM in ethanol 60% v/v) which reached a volume of 50 mL by acetone. To prepare ninhydrin acetone KCN
medium, 10 mL of solution A was diluted by 50 mL of solution B. An amount of 1-100 ug/mL glycine in citrate
buffer (0.2M, pH=5) was prepared as a standard curve solution. 2 mL of each dilution of glycine and bacterial
extract was combined with 1 mL of ninhydrin reagent. The resulting solution was mixed well and placed in a
boiling water bath for 20 minutes. After cooling the tubes, the volume of each tube was increased to 10 mL
with water and its absorbance was read at 570 nm. According to the standard curve line equation, the amino
acid concentration in the bacterium was determined based on pg/mL.

Carbohydrate content assay

In order to measure carbohydrate content (including monosaccharide, oligosaccharide and
polysaccharide) in the bacterial extract, phenol sulfuric acid method was performed [17]. Carbohydrates
produce furfural derivatives in a reaction mixture with 97% sulfuric acid. Furfural can react with phenol to form
a molecule with a maximum absorption of 490 nm. Glucose solution with a concentration of 10-70 ug/mL was
used for the standard curve. A volume of 200 uL of 5% aqueous phenol solution (W/V) was added to 400 uL
of bacterial extract. Then, 1 mL of sulfuric acid was immediately added to the mixture and was kept at room
temperature for 10 minutes. The samples were vortexed for 30 seconds and the absorbance was recorded
at 490 nm after 20 minutes.

Characteristics of DPPH radical scavenging

The free radical scavenging capacity of the bacterial extract was measured by 1-1 diphenyl-2-picryl
hydrazyl method [18]. DPPH is a stable free radical with missing electron that, when dissolved in methanol
or ethanol, turns violet and has a maximum absorption of about 517 nm. When DPPH is released into a
component, hydrogen changes its color to yellow and thus absorption is reduced to 517 nm. Different volumes
of bacterial extract and nanoparticle (100-500 pg in methanol) were mixed with 1 mL of freshly made
methanolic solution of DPPH radical (80 ug/mL) and were kept in ice for one hour in the dark. The absorbance
was then read at 517 nm. In this experiment, methanol was used as the blank and a mixture of methanol and
DPPH solution without the test sample was used as a control sample. The ability of samples in DPPH radical
scavenge is demonstrated by the following formula:

Control OD—-Sample OD
Control OD

DPPH scavenging ef fect = x 100 (2)
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Determination of released silver ions

To remove reaction-free Ag*® ions from the nanoparticle sample, NaCl solution was used. After the
addition of NaCl, Ag* reacts with CI" to form a white precipitate of AgCl. The precipitate was then removed by
centrifugation at 4000 rpm for 15 minutes. After removal of the precipitate, the supernatant was centrifuged
at 14000 rpm for 30 minutes to concentrate the silver nanoparticles concentration and then, they were dried
at 50° C. After that, their dry weight was estimated. For further study, silver nanopatrticles were resuspended
in deionized water to achieve their desired concentration [19].

Disruption of silver nanoparticles was performed with an ultrasonic processor (Sonics Vibra Cell VC-
505/220, Newtown, USA) over three periods of 15 seconds with an interval of 45 seconds between periods.
Then, ultrasonic samples were taken and the resulting solution was filtered through a 0.22 mm filter
(Millipore).

Antimicrobial activity of AgNP

Antibacterial activity of AQNPs was examined by agar well diffusion method against Staphylococcus
aureus (ATCC 25923), Bacillus subtilis (ATCC 6633), Escherichia coli (ATCC 25922) and Pseudomonas
aeruginosa (ATCC 27853). Bacteria were spread with 0.5 McFarland turbidity in Muller-Hinton (MH) agar
medium. 6 mm diameter agar wells were prepared and loaded with 50 uL of Ag NPs solution from dilutions
of 100, 50, 25, 12.5, 6.25 and 50 uL of AgNO3-free bacterial cell suspension as a control. The plates were
incubated at 37° C for 24 hours and the diameter of the inhibition zone was measured as shown by the clear
zone without growth of the experimental strains. Each experiment was performed in three replications [20].

Determination of minimum inhibitory concentration (MIC) of AgNPs

The MIC of AgNPs was determined using microplate dilution method [16]. 100 pL of broth culture solution
was added to each well and 100 uL of AgNP from dilutions of 100, 50, 25, 12.5, 6.25, 3.125 and 1.56 uL/mL
of the nanoparticle were added to 96-well plates. Four bacterial strains including Staphylococcus aureus
(ATCC 25923), Bacillus subtilis (ATCC 6633), Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa
(ATCC 27853) with the amount of 10° x 5 CFU/mL were incubated for 18 to 24 hours at 37 °C. Bacterial
suspension culture medium was used as positive control and culture medium and the nanopatrticle were used
as negative control. Optical density at 600 nm (OD600) was used to estimate the bacterial population
concentration. The well whose turbidity was clearer due to lack of bacterial growth was also reported as MIC
of nanoparticles.

Determining cell viability

3-(4 5-dimethylthiazol-2 yl)-2 5-diphenyltetrazolium bromide (MTT) was used to determine live cells after
treatment. This is a competitive mitochondrial metabolic test that demonstrates the function of mitochondrial
dehydrogenase enzyme in Tetrazolium decomposition by living cells [21]. Reductase enzymes in living cells,
especially those that are NADH-dependent in mitochondria, reduce MTT to insoluble formazan crystals which
are soluble in dimethyl sulfoxide (DMSO) with a maximum absorption at 570 nm. Liver cancer cell (HepG-2)
and breast cancer cell (Mcf-7) lines were cultured in DMEM (Dulbecco’s Modified Eagle Medium) with 10%
fetal PBS and 1% antibiotics (penicillin and streptomycin) at 37 °C in the presence of 5% carbon dioxide
(CO2). The number of each cell type was counted by neubauer slide and 2 x10* cells from each cell line were
cultured in 96-well microplates and the culture medium was added to a final volume of up to 100 ul per well.
To investigate the effect of NP on cell growth, 100 pL of nanoparticles diluted by culture medium from dilutions
of 100, 50, 25, 12.5, 6.25, 3.125 and 1.56 yL/mL of the nanoparticle were added to each well and were
incubated in the presence of 5% CO2. The culture medium in each well was discarded after 24 hours. MTT
solution (1 mg/ml) in phosphate-containing salt (pH 4.7) with culture medium was added (0.5 mg/mL and 200
ul of it) to each well and was incubated for 2-4 hours. Formazan crystals were dissolved in 100 yL of DMSO.
After 30 minutes of incubation and ensuring that the paint particles dissolved, the light absorption of the wells
was read at 570 nm using an ELISA reader. The concentration that inhibited cell growth up to 50% was
considered as IC50. Cell survival percentage was calculated according to the following formula:

Cell survival rate = (treated sample OD / control OD) x 100% 3)
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Data analysis

Statistical analysis was performed using SPSS-16 software (SPSS Inc., Chicago, IL, USA) and the
results were evaluated by one-way ANOVA (Tukey’s test). Further, all experiments were performed in three
replications and the mean of standard errors was calculated and p <0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

AgNPs were synthesized with AgQNO3 using cell-free extract of Aeromonas hydrophila. The formation of
Ag-NPs in colloidal solution was investigated using UV-Vis spectral analysis. Brown color changes show
AgNP synthesis with a maximum absorption of 380-450 nm, which is due to surface plasmon resonance
(SPR). This phenomenon is related to the energy equivalence between the conductive electrons in the last
metal layer and the energy of the electromagnetic waves emitted to the nanoparticles. The SPR peak in
AgNP depends on its size, shape and environment. Sufficient amounts of AQNP can be obtained by using a
suitable growth medium, synthesis conditions, pH, substrate concentration, temperature and reaction time
[22]. On the other hand, reduction of silver ions did not occur in the absence of bacterial cells. This clearly
shows that the reducing agents released in the bacterial supernatant play a role in reducing silver.

Optimization of AQNP synthesis

Optimization of important factors in nanoparticle synthesis can control the morphology and other
properties of nanoparticles. Conditions such as pH, temperature and AgNO3 concentration affect the size
and shape of nanoparticles. pH is one of the most important factors in the formation of nanopatrticles. The
shape and size of the nanoparticles depend on the solution pH. pH has the ability to change the loads of
biological molecules, which can affect their coating as well as the ability to stabilize. To investigate the effect
of pH on the formation of silver nanopatrticles, solutions of the bacterial extract were prepared at different pHs
(6-12) (Figure 1a). With a gradual increase in the solution pH to 10, the absorption of the solution has
increased dramatically, which is related to the increase in the amount of silver nanoparticles synthesis. At pH
10, the absorption peak changed from 450 nm to 430 nm. This decrease in the absorption spectrum indicates
a decrease in AgNP size. With increasing pH to 12, we see a decrease in absorption due to the instability of
silver nanoparticles or the lack of a stabilizing agent. In order to investigate the effect of silver nitrate
concentration on the formation of silver nanoparticles, solutions of the bacterial extract were prepared in
different concentrations of silver nitrate (1, 3, 5, 10 mM). The effect of metal ion concentration on nanoparticle
synthesis is shown in Figure (1b). As observed previously, in 1mM solution of silver nitrate, the rate of
nanoparticle formation is higher than other concentrations. Therefore, in subsequent experiments, this
concentration was considered as the optimal concentration. Figure (1c) displayed that at 60 and 80° C,
nanoparticle formation is higher than other temperatures. Considering that there was no significant difference
between the two temperatures, 60° was chosen as the optimal temperature. So, the final concentration of 1
mM and pH 10 and temperature of 60b °C were selected as the best conditions for the synthesis of silver
nanoparticles. According to Mie theory, spherical nanoparticles have a SPR peak while asymmetric particles
and different forms with one or more shoulder are at their SPR peak [23]. Therefore, the presence of a single
SPR peak indicates spherical AQNPs [24].
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Figure 1. Absorption spectra of silver nanoparticles; 2a: Absorption spectra of silver nanoparticles at different pH values
(pH 5, 6, 7, 8, 9, 10, 11, 12) of the reaction mixture; 2b: Absorption spectra of silver nanoparticles at
various concentrations of silver salt (1, 2, 3, 5, 10 mM); 2c: Absorption spectra of silver nanoparticles obtained at
different reaction temperatures of 25, 45, 60 and 80 °C.
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Study of silver nanoparticle properties

Study of the structure of silver nanoparticles with XRD

The crystalline nature of silver nanoparticles was confirmed by XRD pattern analysis (Figure 2a). This
figure shows the peaks in values of 29, 28.05, 32.43, 46.54, 55.07, 57.66, 67.70, 74.80 and 76.97 according
to plates (111), (200), (220), (311), (222), (400), (331) and (420) of Bragg reflection and their comparison
with the standard pattern of silver chloride with the code JCPDS. 00-006-0480. It is displayed that compared
to the produced nanopatrticle, the nanoparticle is made of silver chloride. Peak 200 is more intense than other
peaks, so the crystal plates of silver nanoparticles are more formed in this direction. The average size of the
synthesized crystalline particles was estimated by calculating Debye-Scherrer formula of 24 nm. The
difference in size reported by transmission electron microscopy (TEM) may be due to the preparation steps.
The results obtained by Paulkumar and coauthors [16,25] and Somee and coauthors [16] were consistent
with our findings.

(@)

10000
2000
2000 -
000 S
GO0 -
s000 -
4000 -
3000 -
2000
1000 -

0

(b)

Figure 2. (a) X-ray diffraction (XRD) pattern of silver chloride nanoparticles (AgCl NPs) obtained. (b) EDAX analysis of
silver chloride nanopatrticle synthesized by A. hydrophila.

Brazilian Archives of Biology and Technology. Vol.64: €21210010, 2021 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

8 Hadad Sabzevar, A; et al.

EDX Energy

The EDX spectrum of the produced nanoparticles shows the percentage of elements in the sample
relative to the total elements present (Figure 2b). EDX analysis of the produced nanoparticle displayed the
presence of a high intensity absorption peak at 3 kV, in which silver constitutes 53.88% of the elements and
was a proof of the presence of silver nanoparticle in the medium. The chlorine in the sample was 36.40%,
suggesting the presence of AgCl NP. Nitrogen and oxygen have 8.73% and 1.08%, respectively, probably
due to the release of coating proteins.

FT-IR analysis of the synthesized AgCl NP

The FT-IR spectra of silver nanopatrticles synthesized by bacteria are also shown in Figure (4). Properties
of the surface of synthesized nanoparticles were demonstrated by FTIR analysis. This helps to identify
potential molecules that act as a coating and reducing agent. The bond related to each peak in these spectra
is summarized in Table (1).

Ag-bacteria
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Figure 3. FTIR spectrum of silver chloride nanoparticles.

Table 1. The bonds related to each peak in the FT-IR spectrum

Resources Bond Wavenumber (cm)
[26] Symmetric and asymmetric stretching vibration of Ag-O and Ag-N bonds 466
[27] Bending vibration of C-N bonds 586
[28] Symmetric and asymmetric stretching vibration of C-O bonds 1103
[29, 30] Bending vibration of C-H bonds in —CH:z groups 1390
[31] Bending vibration of H-O bonds and stretching vibration of C-N bonds 1641
[32, 33] Symmetric stretching vibration of C = O bonds 1728
[34] Stretching vibration of N-H in primary amines 2003
[35, 36] Symmetric stretching vibration of C-H bonds 2852
[35, 36] Asymmetric stretching vibration of C-H bonds 2919
[37, 38] Stretching vibration of H-O and N-H bonds (amine type 2) 3419

According to Table (1) and Figure (3), the presence of amines type 1 and 2 as well as C-N and C-H
bonds indicates the presence of nitrate reductase enzyme in the system. Moreover, the sharp peak found at
low wavenumbers (466 cm-1) indicates the stretching vibration associated with bonds containing a heavy
element (which is silver here). In fact, due to the great weight of the silver element, infrared rays emitted at
low energies can vibrate the oxide or nitride bonds of this element. With regard to the direct relationship
between the energy of the electromagnetic radiation and the wavenumber of that radiation, the bonds
containing the silver element vibrate at low wavenumbers [39]. Hence, the presence of enzyme compounds
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as a stabilizing agent on the surface of silver nanoparticles synthesized by bacteria can be proved from the
FT-IR spectrum of this sample.

TEM analysis of silver nanoparticles

To examine the shape of the silver nanoparticle produced and the patrticle size dispersion, transmission
electron microscopy was performed. Silver nanopatrticles have been shown to be well dispersed and mostly
spherical in shape while some nanoparticles have irregularly shaped structures. The uniformity and sphericity
of the nanoparticles correspond to the shape of the SPR band in the UV-Vis spectrum. The size range of
nanoparticles was between 1 and 20 nm and the average nanoparticle size was calculated to be 6 nm. There
are several studies in which the biological system has been applied for the synthesis of AgNP using the
culture supernatant of Klebsiella Pneumoniae, B. licheniformis, E. coli and B. cereus with average sizes of
52.5, 40, 50 and 10 nm, respectively [22,40-42]. This report and previous reports, FT-IR and TEM data reveal
that proteins and enzymes stabilize AgNPs and prevent their accumulation.

Figure 4. TEM images of AgNP indicating their spherical form. Size distribution histogram of NPs indicates 6 nm as
dominant size.

Identification of bacterial extract reducing agents

Reducing materials are effective in making all kinds of silver nanoparticles. The concentrations of
bacterial extract reducing agents have been provided in Table (2) and Figure (5). Reductase enzymes,
especially NADH-dependent enzymes such as NR, form the electron shuttle and may transfer electrons to
silver ions. Reports of AGNP synthesis by bacteria in the presence of reducing agents such as NR and amino
acids for AgNP synthesis by Bacillus subtilis have been presented [14, 16]. The nitrite content of the extract
was measured to determine the amount of nitrate reductase enzyme and a standard nitrite curve was drawn.
The linearity of the calibration curve from 0 to 250 nmol/ml was displayed for sodium nitrite. The amount of
nitrate reductase enzyme for the extract was calculated to be 54.54 nmol/mL. Saifuddin and coauthors [14]
in 2008, using Bacillus subtilis culture supernatant, El-Batal and coauthors [43] in 2013, using Bacillus
stearothermophilus culture supernatant, and Somee et al [16] in 2018, using Bacillus cell-free extract,
demonstrated that NADH-dependent nitrate reductase enzyme is the most important factor for silver ion
reduction and silver nanoparticle production [14, 16, 43]. The quantitative amount of nitrate reductase enzyme
can be affected by various factors such as the number of bacteria used, the difference in the source of
bacterial strains, the type of culture medium and the incubation time.

Peptides are also another factor that is very important in the construction and stability of silver
nanoparticles. Peptides containing arginine, cysteine, glutamic acid, aspartic acid, lysine and methionine can
reduce Ag ions to nanoparticles [11]. Monosaccharides are also linear at high pH values. The functional
group of aldehydes is oxidized through reduction of silver ions and formation of silver nanoparticles [44].
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Based on the standard BSA curve, the amount of protein was quantified and the linearity of the calibration
curve was obtained to be 0-1 mg/mL. The protein content of the bacterial extract was 0.56 mg/mL. The results
of the studies by Punjabi and coauthors estimated the total protein content of the supernatant in the range of
3-5 pg/mL [45]. Besides, the standard glycine curve was plotted to measure the amino acid content and the
standard glucose curve was plotted to measure the carbohydrate content. The linearity of the calibration
curve was obtained from 0-100 pg/mL for glycine concentration and 0-80 mg/mL for glucose concentration.
The amino acid and glucose levels in the bacterial extract were 87.26 and 60.46 mg/mL, respectively. In this
research, the extract pH was adjusted with NaOH and no chlorine ion was added to the medium to adjust the
pH. The exact mechanism of AgCI NP synthesis is still unclear. It seems that carboxylic functional groups
are confined to amino acids and are negatively charged at high pH, so they can react with Ag cation and
prevent its reduction by reducing the groups. In the presence of chloride and under suitable conditions for
the formation of AgCI in colloidal form, chloride binds to Ag ion and forms AgCL nanoparticles [16, 46].
Further, linear monosaccharides are converted to the carboxylic form by reducing Ag ions (to produce small
amounts of AgNP) at alkaline pH, and then provide a surface for Ag ion binding and AgCl NP synthesis [16].
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Figure 5. Standard curve of extinction against (a) Nitrite concentration y= 0.0022x+0.01, r2= 0.9869; (b)
BSA concentration y= 0.7857x+0.0338, r2 = 0.9927; (c) Glycine concentration y= 0.0034x+0.0233 r2=0.9828; (d)
Glucose concentration y= 0.0043x+0.01, r2 = 0.9867

Table 2. Reducing agents in bacterial extract

Sample Nitrite production by NR Protein Amino acid Carbohydrate

Bacterial extract 54.54 nmol/mL 0.56 mg/mL 87.26 mg/mL 60.46 mg/mL

DPPH test was performed to determine the antioxidant activity of the bacterial extract. DPPH free radical
is violet and when absorbed in methanol, it has an absorption power approximately at 520 nm while it receives
electrons from any substance, such as antioxidants, that can give electrons and its color (DPPH) changes
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from violet to yellow. Therefore, the absorption rate is reduced to 520 nm. With increased percentage of
antioxidant activity, more DPPH free radicals are converted to molecular DPPH [47]. DPPH experiments
suggested that the extract and nanoparticles contain free radicals. DPPH scavenging assay compares
effective inhibitory activity of nanoparticles and extract with ascorbic acid standard. The results revealed that
the activity of DPPH nanoparticles increased in a dose-dependent manner. Thus, silver nanoparticles (37%)
had greater DPPH activity than plant extract (16%) at 500 pg/mL (Figure 6).

As the results indicate, the nanoparticles had higher antioxidant activity than the extract. This suggests
that the antioxidant activity of silver nanoparticles is not related to stabilizing agents but is due to the
properties of the element silver although the mechanism of action of silver nanoparticles at a more precise
level requires more complex experimental proof.
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Figure 6. DPPH free radical scavenging activity of cell-free extracts of Aeromonas hydrophila and AgNPs.

Study of antimicrobial effect of AgCl NP using well plate method

The results demonstrated that the intensity of antibacterial activity depends on the concentration of
nanoparticles. As shown in Table (3), the antibacterial effect of silver nanoparticles on E. coli and S. aureus
had, respectively, 21 £ 0.99 and 17 £ 2.2 mm diameter inhibition zones at a concentration of 100 ug/mL. The
results show that E. coli was more sensitive to nanoparticle stress compared to S. aureus. The lowest
antibacterial activity was reported for Pseudomonas aeruginosa (13 mm). The mechanism of action of silver
ion inhibition on microorganisms is somewhat known. It is believed that DNA loses its ability to replicate and
cell proteins are inactivated by Ag+ treatment. Moreover, it has been shown that Ag® binds to protein
functional groups, thereby denaturing the protein. Previous studies have demonstrated that when E. coli is
treated with highly reactive metal oxide nanoparticles, the bacterial membrane permeability increases,
resulting in disruption of the regulatory system of transmission through the plasma membrane and ultimately
cell death [48]. Previous reports indicate that nanopatrticles synthesized biologically by Thermophilic Bacillus
Sp. AZ1 had greater antibacterial activity against E. coli. (23 mm) relative to S. aureus (15 mm) [48].
Additionally, using the bacterial strain of cyanobacterium Oscillatoria limnetica, inhibitory diameters of 22 and
20 mm have been reported, respectively, for E. coli and B. cereus in the green synthesis of silver
nanoparticles [49].

Study of the effect of the produced nanoparticle on bacterial growth inhibition using microdilution
method (MIC)

The results suggest that the control sample has turbidity and with increasing the concentration of
nanopatrticles, the bacterium growth rate decreases. MIC values for Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa and Bacillus subtilis were presented in Table (3). Growth of E. coli and S. aureus
with concentrations of 12.5 and 25 pg/mL, respectively, was reported as minimum inhibition concentration
(MIC). Pseudomonas aeruginosa and Bacillus subtilis had a MIC of 50 pg/mL. These results show that silver
nanoparticles have an antibacterial effect by delaying the growth of bacteria. Gopinath and coauthors [50]
synthesized silver nanoparticles using Pseudomonas putida bacterial extract and investigated its antibacterial
effect on standard strains of Staphylococcus aureus, Escherichia coli, Bacillus cereus and Pseudomonas
aeruginosa by well plate and MIC methods. Based on the obtained results, silver nanoparticles were not toxic
to bacterial growth at concentrations less than 25 ug/mL. Different responses of bacterial strains to
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biosynthetic silver nanoparticles in different reports may be due to different factors, such as the number of
colony-forming units (CFUs) used in each bacterial sample, the difference in the source of bacterial strains,
the precursor used to synthesize silver nanoparticles, the use of different reducing and coating agents and
difference in size and shape of silver nanopatrticles [51, 52].

Table 3. Zone of inhibition and MIC of Ag NPs against Staphylococcus aureus (ATCC 25923), Bacillus subtilis (ATCC
6633), Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853)
Bacteria Diameter of inhibition zone (mm) +SD NP MIC,ug/mL

100 yg/mL 50 ug/mL 25 pug/mL  12.5ug/mL  6.25 pg/mL

Staphylococcus aureus 17+2.2 17+1.6 16+1.1 15+0.99 14+1.7 125
Bacillus subtilis 15+1.8 15+2.2 11+1.3 LG LG 50
Escherichia coli 21+0.99 17+2.1 16+1.1 16+1.5 12+2.2 25
Pseudomonas aeruginosa 13+1.2 13+1.9 10+1.1 LG LG 50

LG: lack of growth; SD: standard deviation

Cell viability assay in silver nanoparticles

Today, the biological role of silver nanopatrticles in the diagnosis and treatment of human cancers has
received much attention. In this study, the cytotoxicity of silver nanoparticles against two human cancer cell
lines (MCF-7 breast cancer and HepG-2 liver cancer) was investigated in vitro using MTT assay.
Nanoparticles displayed a cytotoxic effect against MCF-7 and HepG-2 cells as a dose-dependent reaction
with different concentrations (0, 3.15, 6.25, 12.5, 25, 50, 100 ug/mL) while cytotoxic action (IC50) was 10.6
and 10.4 ug/mL, respectively, in 24-hour and 48-hour culture of HepG-2 cells and 34.4 and 18.7 ug/mL in
MCF-7 (Figure 7). As a result, silver nanoparticles showed stronger cytotoxic action against HepG-2 than
MCF-7 cells. Silver nanoparticles penetrate mammalian cells through phagocytosis or endocytosis, which
significantly depends on the size of nanoparticles. Many attempts have been made to clarify the mechanism
of the cytotoxic effect of nanoparticles through the production of free radicals, which cause cell disintegration
and ultimately cell death. ROS production and oxidative stress are two possible mechanisms of the cytotoxic
effects of nanoparticles on eukaryotic cells. Rahman and coauthors [53] proposed that nanoparticles often
absorb available free electrons and thus increase the synthesis of reactive oxygen species (ROS). As a result
of this increase in the synthesis, harmful radicals attack the protein and cause oxidative stress, which leads
to partial or permanent damage to the integrity and function of the protein. It was also found that nanoparticles
regulate DNA-dependent kinase activity in repairing DNA damage [54]. Different sensitivities of breast cancer
cells to silver nanoparticles cause hyperthermia by which nanoparticles can act as a successful treatment
[55]. The current results are consistent with the findings obtained by Ranijithan and coauthors [56] and
Hamouda and coauthors [49]. They reported that the cytotoxic effect identified against MCF-7 cells with
different concentrations of nanoparticles is positively dose-dependent.
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Figure 7. In vitro cytotoxicity assay for AgCl NP; (a) Viability of MCF-7 cells exposed to AgCl NP; (b) Cell
viability of HepG-2 cells exposed to various concentrations of AQNP.

CONCLUSION

In this study, silver nanoparticles were synthesized using the cell-free extract of Aeromonas hydrophila
and the effect of various biochemical factors on the synthesis was investigated. The main difference between
the present research and previous studies is the use of bacterial cell-free extracts for the synthesis of
nanoparticles. The results revealed that the bacterial cell-free extracts produce stable silver nanopatrticles by
reducing Ag* ions to AgNP ions. Further, the bacterial extract contains stabilizing compounds such as
proteins and carbohydrates that are able to provide a stable colloidal space for silver chloride nanopatrticles.
The biological approach to AgNP synthesis has numerous benefits including non-toxicity, high efficiency,
rapid reduction and cost-effectiveness. Future perspectives of this research are large-scale production of
nanopatrticles using A. hydrophila cell-free extract and evaluation of its effectiveness against a wide range of
microbial populations.
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