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Abstract

Background: The biosynthesis of silver nanoparticles (AgNPs) is an area of interest for researchers due to its eco-
friendly approach. The use of biological approaches provides a clean and promising alternative process for the synthe-
sis of AgNPs. We used for the first time the supernatant of Leclercia adecarboxylata THHM under optimal conditions to
produce AgNPs with an acceptable antimicrobial activity against important clinical pathogens.

Results: In this study, soil bacteria from different locations were isolated and screened for their potential to form
AgNPs. The selected isolate, which was found to have the ability to biosynthesize AgNPs, was identified by molecular
methods as Leclercia adecarboxylata THHM and its 16S rRNA gene was deposited in GenBank under the accession
number OK605882. Different conditions were screened for the maximum production of AGNPs by the selected bacte-
ria. Five independent variables were investigated through optimizations using one variable at a time (OVAT) and the
Plackett-Burman experimental design (PBD). The overall optimal parameters for enhancing the biosynthesis of AgNPs
using the supernatant of Leclercia adecarboxylata THHM as a novel organism were at an incubation time of 72.0 h, a
concentration of 1.5 mM silver nitrate, a temperature of 40.0 °C, a pH of 7.0, and a supernatant concentration of 30%
(v/v) under illumination conditions. The biosynthesized AgNPs have been characterized by UV-visible spectroscopy
(UV=Vis), transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). The biosynthe-
sized AgNPs showed an absorption peak at 423 nm, spherical shape, and an average particle size of 1743 nm. FTIR
shows the bands at 3321.50, 2160.15, and 1636.33 cm™! corresponding to the binding vibrations of amine, alkyne
nitrile, and primary amine bands, respectively. The biosynthesized AgNPs showed antimicrobial activity against a vari-
ety of microbial pathogens of medical importance. Using resazurin-based microtiter dilution, the minimum inhibitory
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concentration (MIC) values for AGNPs were 500 ug/mL for all microbial pathogens except for Klebsiella pneumoniae

ATCC13883, which has a higher MIC value of 1000 ug/mL.

Conclusions: The obtained data revealed the successful green production of AgNPs using the supernatant of
Leclercia adecarboxylata THHM that can be effectively used as an antimicrobial agent against most human pathogenic

microbes.
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Introduction

Nanotechnology is the science of materials, which
involves manipulating matter on a very small scale, with
a size in the range of 1-100 nm [1, 2]. Nanotechnology is
one of the most vital research fields in materials science
focusing on the synthesis and applications of nanopar-
ticles [3]. At the nanoscale level, materials have unique
chemical, physical, optical, magnetic, and electrical prop-
erties due to their large surface area to volume ratio [3, 4].
The new properties of nanoparticles depend on their size,
shape, and morphology, allowing them to interact with
plants, animals, and microbes [5]. Metal nanoparticles are
important as they have potential applications in catalysis,
photonics, biomedicine, antimicrobial activity, and optics
[6]. Among all the novel metals, silver has been used
as an antimicrobial agent since ancient times [3]. It has
gained a lot of attention due to its medicinal, clinical, and
culinary properties, with recently observed enormous
effectiveness as an anticancer agent [7]. The biosynthe-
sis of nanoparticles, like silver nanoparticles (AgNPs), is
an important area of nanotechnology research [8]. How-
ever, AgNPs are gaining considerable interest due to their
diverse use in various areas such as drug delivery [9],
gene delivery systems [10], nanodevice manufacturing,
and medicine [11, 12]. In addition, it is used extensively
because of the therapeutic perspective, such as antibac-
terial, antifungal, inflammatory response, antiviral, and
anticancer activities [13-16]. Biosynthesis of AgNPs has
advantages over physical and chemical synthesis meth-
ods as being eco-friendly, feasible, and easily scalable for
extensive quantities of synthesis [3, 17]. Moreover, bio-
synthesized AgNPs reduced the time, temperature, size,
shape, and toxicity levels [18]. Many scientists have made
efforts to make use of various microorganisms, includ-
ing fungi, bacteria, yeasts, and actinomycetes, which can
produce AgNPs by intracellular or extracellular pathways
[3]. Numerous scientists have used bacterial strains in the
biosynthesis of AgNPs due to their rapid growth rate and
highly efficient enzymatic system [19]. The biosynthesis
of AgNPs with distinct size and morphology by using
bacteria is reported for the first time for the bacterium
Pseudomonas stutzeri AG 259, which was isolated from a
silver mine [20-22]. Extracellular production is more pri-
oritized than intracellular, which requires extraction and

purification of AgNPs from the microbial growth [23]. In
addition, the extracellular production was confirmed to
include high amounts of proteins, which acted as capping
agents [24]. One of the mechanistic aspects of AgNPs
biosynthesis is the secreted enzymes by bacteria that
act as reducing agents for silver ions [25]. AgNPs have
a strong bactericidal effect against a broad spectrum of
bacteria such as Pseudomonas sp., Escherichia sp., Vibrio
sp., and Salmonella sp. [26]. Furthermore, the biosyn-
thesized AgNPs showed significant antifungal potential
against Candida tropicalis and C. albicans, as reported by
[27]. The goal of our research work was to isolate, screen,
and identify the most potent bacteria that reduce silver
ions into AgNPs by their aqueous bacterial supernatant.
To the best of our knowledge, the present study reports,
for the first time, the biosynthesis of AgNPs using Lecler-
cia adecarboxylata cultural supernatant. The biosynthe-
sized AgNPs were characterized by different methods,
including UV-visible spectroscopy, TEM, and FTIR. In
addition, this work will investigate the findings relating
to optimization of different experimental parameters, the
antimicrobial effect, and the MIC of the biosynthesized
AgNPs against clinically microbial pathogens.

Results and discussion

Nanotechnology is a broad term referred to all advanced
technologies involving the nanoscale [28]. There are three
different methods for the production of nanoparticles,
physical, chemical, and biological methods [29], but the
best one, that is nontoxic and eco-friendly, is the biologi-
cal technique [30]. In the current study, soil bacteria from
different locations were isolated and screened for their
potential to form AgNPs. The selected isolate, which was
found to have the ability to biosynthesize AgNPs, was
subjected to identification by molecular methods. The
reduction of silver ions was checked by visual inspection
as well as by measuring its UV-visible absorption. Fur-
ther characterization by transmission electron micros-
copy confirmed the synthesis of stable AgNPs.

Isolation of soil bacteria

A total of twenty collected soil samples were serially
diluted in sterile normal saline solution and were then
plated onto nutrient agar plates. The selected colonies
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were further subcultured on nutrient agar plates. A total
of 25 bacterial isolates representing different colony mor-
phologies were isolated from the twenty soil samples and
were encoded by the symbols from S1-S25.

Screening for extracellular production of AGNPs

The current study was focused on the extracellular syn-
thesis of AgNPs by bacterial supernatant. A total of 25
isolates that had been previously isolated and purified
were checked for their ability to produce AgNPs through
the separate inoculation into LB broth that lacks NaClL
The biosynthesis of AgNPs using bacterial supernatants
was investigated primarily through the observation of
color change of the experimental samples in the pres-
ence of 1.0 mM AgNO; final concentration. Observation
of color change is a method generally used for screening
microbial isolates for silver nanoparticle’s biosynthesis
[31-35]. The screening revealed that, among 25 tested
isolates, only one isolate number 3 (S3) showed the abil-
ity to synthesis AgNPs. After 48 h of incubation of the
bacterial supernatants with AgNO, solution, the color of
the supernatant of isolate S3 was changed from yellow to
dark brown, in contrast to the negative control (Fig. 1).
At the same time, the experimental negative control con-
taining supernatant without AgNO,; showed no color
change. This suggests that the color change observed in
the bacterial supernatant sample was due to the forma-
tion of AgNPs. The positive result as observed by the for-
mation of brown color was maintained throughout the
168 h period of observation. The obtained results are in
agreement with those obtained by Abd-elnaby et al. [36],
who reported that the formation of AgNPs by actinomy-
cetes was observed by color change from pale yellow to
yellowish-brown. A similar observation was previously

Page 3 of 24

reported for the extracellular filtrate of Bacillus mega-
terium, where a pale yellow to brown color was formed
due to the reduction of AgNO; solution to AgNPs [37].
Similarly, Nayaka et al. [38] reported that a change in
the color from pale yellow to brown after incubation of
the culture supernatant of Streptomyces sp. NS-33 with
AgNO, was obtained by the synthesis of AgNPs.

The color change from yellow to dark brown observed
for the supernatant of isolate S3 was further confirmed
by UV-vis spectral analysis as a part of the primary con-
firmation. The UV-vis absorption spectrum in the range
of 200—-800 nm of the supernatant of isolate S3 that was
changed from yellow to dark brown color is illustrated
in Fig. 2. The obtained absorption indicated a strong
SPR band maximum at 420 nm, a characteristic peak for
AgNPs, which confirms the formation of AgNPs. Meth-
ods based on UV-vis spectroscopy have been shown to
be an effective technique for the analysis of nanoparticles
[35, 39]. The isolate S3 was selected as the successful can-
didate for the synthesis of AgNPs and was used through-
out the rest of the work after its submission for molecular
identification.

Molecular identification of the bacterial isolate

The most potent isolate, S3, that produced silver nanopar-
ticles, was further subjected to molecular identification
by a 16S rRNA sequencing-based method. Nowadays,
the 16S rRNA gene sequencing of microorganisms has
become a useful method for the identification and clas-
sification of microorganisms up to the species level [38].
The main goal of this experiment was to verify the bac-
terial isolate based on genotypic traits. The PCR analy-
sis revealed that the primers succeeded in amplifying the
targeted gene with the proposed specific length. The 16S

Fig. 1 Visual observation of the biosynthesis of silver nanoparticles by bacterial isolates supernatants. a: Screening for biosynthesis of silver
nanoparticles using various bacterial supernatants. b: Control, bacterial supernatant of S3 isolate without AgNOj; solution (no color change). ¢
Biosynthesis of AGNPs by S3 supernatant with AgNO; solution (The color changed from yellow to dark brown)
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Fig. 2 The UV-visible spectra of AgNPs biosynthesized by S3 bacterial supernatant. The absorption of AgNPs was recorded after 48 h of incubation
following the addition of 1 mM AgNO; to the bacterial supernatant. The absorption spectrum of AgNPs exhibited a strong peak at 420 nm

rRNA PCR product was purified and sequenced to obtain
the identity of the isolated strain. The obtained 16S rRNA
partial sequence was 1282 bp in length. The sequence
data were subjected to BLAST analysis, and the results
revealed a maximum identity of 99% to other Leclercia
spp. genes deposited in GenBank. Accordingly, our iso-
late was named as Leclercia adecarboxylata THHM and
its sequenced gene was subsequently submitted in the
GenBank with the accession number OK605882. The
phylogenetic tree of Leclercia adecarboxylata THHM
with other revealed strains according to the similarity of
their sequences is shown in Fig. 3.

Leclercia adecarboxylata is a motile Gram-negative
bacillus that was first described by Leclerc in 1962 as
Escherichia adecarboxylata [40], but was reclassified as
Leclercia adecarboxylata after further studies showed
that it belonged to a different genus of the family Enter-
obacteriaceae [41-43]. Numerous scientists have used
bacterial strains in AgNPs biosynthesis due to their
unique ability to reduce metallic ions into nanoparticles.
To the best of our knowledge, the present study reports,
for the first time, the biosynthesis of AgNPs using Lecler-
cia adecarboxylata cultural supernatant.

Optimization of the biosynthesized AgNPs

The optimization of the physicochemical parameters
plays a very important role in the production of nano-
particles at a higher rate with better physical, mor-
phological, and biochemical attributes [44]. Different
parameters have been optimized for the biosynthesis
of AgNPs, including contact time, silver nitrate con-
centration, pH, temperature, and bacterial supernatant
concentration.

Leclercia adecarboxylata strain THHM (OK605882)

Enterobacter kobei strain BONA-E64 (MN636677)

Leclerca adecarboxylata strain YHBG13 (MG516179)

Enterobacter cloacae stran Atecer9E (MT386196)

Leclercia adecarboxylata strain FITM-26 (MN625852)

Leclercia sp. stramn Ecaf-3 (MK764945)

Leck Aanad

ylata strain TPY2 (KT766079)

Leclerca adecarboxylata strain LJ-16 (KX959963)

Leclercia adecarboxylata strain LG-H5 (OL757770)

Leclercia adecarboxylata strain As3-1 (MK033470)

Leclercia adecarboxylata strain LSRBMoFPIKRGCFTRIA7 (MT133354)
» |: Enterobacter ludwigii strain SMB4 (KU556159)

Fig. 3 The phylogenetic analysis of the 165 rRNA sequence of the
bacterial isolate S3 with other selected sequences from the database.
The analysis was conducted using the neighbor-joining method

in MEGA 11.0 program. Among the various species of Leclercia, the
bacterial isolate S3 indicates high similarity to Leclercia adecarboxylata

Effect of the incubation periods

The incubation period was the first factor to consider
for optimizing the biosynthesis of AgNPs. The incuba-
tion time is a vital parameter to steer the reaction con-
ditions to tailor the size and shape of the nanostructures
[44]. At different time intervals of 0.0, 1.0, 2.0, 4.0, 8.0,
12.0, 24.0, 48.0, and 72.0 h; the biosynthesis of AgNPs
using Leclercia adecarboxylata THHM supernatant was
monitored. The time-dependent extracellular biosynthe-
sis of AgNPs using a 1.0 mM AgNOs final concentration
solution is shown in Fig. 4, and represents the plot of the
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absorbance at 420 nm at different time intervals of the
reaction. It was found that no considerable change in the
color of the reaction mixture was seen when the incuba-
tion time was less than 24.0 h, indicating that no AgNPs
were produced, because the redox potential of the silver
nitrate was reduced [45]. Furthermore, it was observed
that by increasing the time of the reaction, the color of
the reaction mixture was changed and the absorption
was increased, which means more AgNPs were formed
until 48.0 h, but did not increase thereafter, which indi-
cates the stability of the AgNPs colloidal solution [46].
Due to the highest intensity of the measured AgNPs was
observed at 48.0 h; this time was considered the optimum
time for the current OVAT optimization. In accordance
with our findings, similar results were reported by Tham-
ilselvi and Radha [47], who showed that the maximum
biosynthesis of AgNPs using Pseudomonas putida NCIM
2650 occurred at 48.0 h of incubation.

At the same time, our results are also in agreement with
those reported by El-Saadony et al. [45], who mentioned
that the maximum biosynthesis of AgNPs was achieved
at an incubation time of 40 h using the supernatant of
Bacillus pseudomycoides MT32, whereas by increasing
the incubation time to more than 40.0 h, the biosynthesis
of AgNPs did not increase significantly. Other research-
ers have recorded other incubation times for the biosyn-
thesis of AgNPs, such as 72.0 h [48], 30.0 min [49], and
12.0 min [50].

Effect of silver nitrate concentration

To obtain the optimum concentration of AgNO, that
yields the maximum and stable production of AgNPs;
AgNO; at different concentrations (1.0, 2.0, 3.0, 4.0, 5.0,
and 6.0 mM) was added separately to the Leclercia ade-
carboxylata THHM supernatant. The absorbance of
the resulting colloidal AgNPs solution was monitored

spectrophotometrically. As illustrated in Fig. 5, the
absorption spectra showed that by increasing the con-
centration of the silver nitrate solution, the absorbance
of the resulting AgNPs solution was increased. This
was reflected by an increase in the measured absorb-
ance at 420 nm. The maximum yield of AgNPs was
obtained when the concentration of the AgNO; solution
was 6.0 mM, indicating that the rate of bio-reduction is
directly proportional to the AgNO, substrate concen-
tration [51]. These results matched those obtained by
Nindawat and Agrawal [50], who found that increasing
the concentration of AgNO, from 0.5 to 5 mM resulted
in an increase in the absorbance during the study of the
effect of the AgNO, concentrations on the biosynthesis
of AgNPs. In accordance with our findings, similar results
were reported by Dwivedi and Gopal [52], who observed
that the absorbance peak increased with an increase in
the silver nitrate concentration from 0.1 to 5.0 mM, using
Chenopodium album leaf extract. Our results were cor-
related with the findings obtained by Saxena et al. [53],
who reported that the maximum production of AgNPs
by the extracellular filtrate of Sclerotinia sclerotiorum
MTCC 8785 was at 2.0 mM AgNO; The biosynthesis of
AgNPs from bacterial metabolites was found to be better
at 1.0 mM AgNO, concentration [54]. Moreover, accord-
ing to a previous study, the optimal concentration of sil-
ver ions in most cases of AgNPs biosynthesis is 1.0 mM
[55, 56]. When the concentration of AgNO, exceeds this
limit, the amount of AgNO; is not completely reduced.
The most stable synthesis of AgNPs was found at an
AgNOj, concentration of 1.0 mM with no agglomeration
for a longer period of time [57]. There was an increase in
AgNPs aggregation with an increase in metal ion concen-
tration [58]. Based on the results cited above from many
previous researchers [50, 52, 54, 56—59], they observed
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an increase in silver nanoparticle size, aggregation, and
chemical instability as the concentration of silver nitrate
ions was increased. Therefore, in the current optimiza-
tion, a silver nitrate concentration of 1.0 mM was chosen
as the recommended concentration for the biosynthesis
of AgNPs.

Effect of pH

pH is one of the key factors that plays a major role in the
biosynthesis of nanoparticles [60, 61]. The effect of vary-
ing pH values on the maximum and stable production of
AgNPs was monitored by spectrophotometric analysis.
It has been documented that changes in pH influence
the shape and size of the nanoparticles, as pH has the
ability to alter the charge of biomolecules, which might
affect their capping as well as stabilizing abilities [62—64].
Optimization studies with respect to pH revealed that
the maximum production of AgNPs occurred at pH 7.0.
The results indicated that neutral medium was more suit-
able for the biosynthesis of AgNPs than acidic or alkaline
medium, as the rate of silver ion reduction was higher at
pH 7.0 when compared to other pH values, as illustrated
in Fig. 6. This indicates that the most favorable pH for the
biosynthesis of AgNPs using the supernatant of Leclercia
adecarboxylata found at pH 7.0 could have been due to
the metabolites secreted in the supernatant and capping
the nanoparticles. The best conditional pH value was
7.0, which resulted in regular and stable biosynthesis of
AgNPs [65]. On the contrary, the acidic and basic pH val-
ues reduce the reduction of silver ions into AgNPs. When
the pH decreased or increased to 5.0 or 10.0, respectively,
there was no production of AgNPs. At low pH, the pro-
tein structure is affected and the protein gets denatured
and loses its activity, resulting in aggregation of the nano-
particles [59, 66]. Our results were in agreement with
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those previously reported by Sarsar et al. [67], who found
that a sharp peak at pH 7.0 was observed during the bio-
synthesis of AgNPs. Similarly, El-Dein et al. [23] reported
that stable and monodispersed AgNPs were synthesized
at pH 7.0 using the supernatant of Escherichia coli D8.
Other researchers reported that acidic conditions [68, 69]
or alkaline conditions [70] are the optimum conditions
for biosynthesis of AgNPs.

Effect of temperature

Temperature is one of the important factors in any chem-
ical and biological reaction as it affects the rate of reac-
tion and plays a major role in controlling the nucleation
process during the biosynthesis of AgNPs [1]. The super-
natant of Leclercia adecarboxylata THHM containing
1.0 mM AgNO; was incubated separately at (30, 37, 40,
and 45 °C) to evaluate the effect of temperature on the
biosynthesis of AgNPs. The production of AgNPs was
monitored spectrophotometrically as shown in Fig. 7.
The results revealed that as the temperature of the reac-
tion mixture increased; the rate of the biosynthesis of
AgNPs increased to reach the maximum production at
40 °C, and thereafter decreased at higher temperatures.
This temperature was considered the optimum tem-
perature for the current study. The temperature below
and above this temperature did not favor the synthe-
sis of AgNPs. The results showed that with a continu-
ous increase in temperature, the production of AgNPs
decreased, and this reduction could be due to the inacti-
vation or degradation of biomolecules responsible for the
biosynthesis process [45]. Our findings were in complete
correlation with Khan and Jameel [71], who reported that
the maximum extracellular biosynthesis of AgNPs medi-
ated by the supernatant of Fusarium oxysporum occurred
at 40 °C. Our findings were also in agreement with those
previously reported by Mittal et al. [72], who found that
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the absorbance of the biosynthesis of AgNPs reaction
mixture increased with increasing temperature from 25
to 45 °C and thereafter decreased at higher temperatures.
On the other hand, many studies on the effects of tem-
perature on the biosynthesis of AgNPs were conducted
for optimum temperature values and reported different
optimum temperatures of 48.5 °C, 25 °C, and 60 °C, using
Bacillus cereus [73], Bacillus stearothermophilus [48],
and the cellular extract of Penicillium oxalicum GRS-1
[74], respectively.

Effect of the different supernatant concentrations

of the bacterial isolate

Large numbers of microbes have been found to be capa-
ble of biosynthesizing nanoparticles as their cellular
extracts act as both reducing as well as capping agents
[74]. The effect of different concentrations (10, 20, 40,
60, 80, and 100% (v/v)) of the supernatant of the bacterial
isolate was investigated, and the optimal concentration
for the maximum production of AgNPs was chosen. It
has been shown that the production of AgNPs increased
as the supernatant concentration of Leclercia adecar-
boxylata THHM was increased from 10 to 20%. A fur-
ther increase in the bacterial supernatant concentration
of greater than 20% caused a decrease in the biosynthesis
of AgNPs. As shown in Fig. 8, among the different tested
supernatant concentrations of Leclercia adecarboxylata
THHM, the 20% supernatant concentration was shown
to be the most favorable concentration for the biosyn-
thesis of AgNPs. Increasing the concentration of the
bacterial supernatant results in high localized amounts
of reducing agents, which leads to the formation of
larger clusters or macromolecules and thus the agglom-
eration of AgNPs [75]. As a result, the 20% supernatant

Absorbance at 420 (nm)
5

0 20 40 60 80 100
Bacterial supernatant concentration (%)

Fig. 8 Effect of bacterial supernatant concentration on the

biosynthesis of AGNPs using the supernatant of Leclercia

adecarboxylata THHM bacterial strain
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concentration of the Leclercia adecarboxylata THHM
was chosen as the optimal supernatant concentration for
the biosynthesis of the AgNPs in the current optimiza-
tion. The exact mechanism beyond the supernatant bac-
terial culture mediated biosynthesis of AgNPs is poorly
understood [76]. However, reports suggest that extracel-
lular bio-molecules like enzymes, proteins, amino acids,
and carbohydrates secreted by bacteria in their culture
supernatant play an important role in the reduction of
Ag" ions to AgNPs and their subsequent stabilization
by capping [77-79]. The mechanism widely acknowl-
edged is the presence of a nitrate reductase enzyme in
the microbial metabolites, which serves as a reducing
agent in the biosynthesis of AgNPs [31, 74, 80]. A bacte-
rium belonging to Leclercia adecarboxylata was capable
of producing the enzyme nitrate reductase and efficient
N removal [81]. In agreement with our results, Aboelfe-
toh et al. [82] found that the activity of the biosynthesis
of AgNPs increased with increasing the concentration of
Caulerpa serrulata extract from 5 to 20%, and a further
increase in the extract concentration reduced the biosyn-
thesizing activity. Also, our results were correlated with
those Balakumaran et al. [56], who reported that among
the different concentrations of fungal biomass tested, the
10% (w/v) biomass of the fungus Aspergillus terreus sup-
ported the better biosynthesis of AgNPs.

Optimization of the biosynthesis of AgNPs using Plackett-

Burman design (PBD)

Plackett—Burman factorial designs (PBD) is very simple
and requires less time when compared with other sta-
tistical methods used in experimental design [83]. PBD
experiments were effective in determining variables
that significantly affected the biosynthesis of AgNPs
[84]. This design was used to define the most optimal
levels of factors affecting the biosynthesis of AgNPs
[35] using the supernatant of Leclercia adecarboxylata
THHM. In general, this design is a two-factorial one,
which identifies the critical parameters required for the
elevated production of AgNPs by screening n variables
in an n+1 experiment. The biosynthesis of AgNPs
was determined by measuring the spectrophotometric
absorbance (as a response) of the resulting solution at
420 nm. Table 1 shows the predicted and actual val-
ues of the biosynthesis of AgNPs along with eight dif-
ferent combinations of experimental factors. Each row
in the table represents an experiment involving all the
five independent variables. The relationship between
a set of independent variables and the response was
determined by a mathematical model called a multiple
regression model using Microsoft Excel 2007 to esti-
mate ¢-value, P-value, and confidence level. The analy-
sis of the regression coefficients and ¢-values of five
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Table 1 Plackett-Burman design matrix represents the coded values of five independent variables and the absorbance readings at

420 nm as a response reflecting the AgNPs concentration

Trials A B C D E Responses
Actual’ Predicted

1 +1 —1 —1 +1 —1 0442 0434
2 +1 +1 —1 —1 +1 2.199 2.081
3 +1 +1 +1 —1 —1 1.098 1216
4 —1 +1 +1 +1 -1 0.302 0.184
5 +1 -1 +1 +1 +1 1.523 1.531
6 —1 +1 —1 +1 +1 0.931 1.049
7 —1 —1 +1 —1 +1 1.192 1.184
8 —1 —1 —1 —1 —1 0.079 0.087

Where the five variables (A-E) are, in order, AQNO; concentration, bacterial supernatant concentration, time, pH, and illumination, respectively. For each variable, —1
represents the low concentration level and + 1 represents the high concentration level

*The experimental values were the mean absorption replicates at 420 nm

Table 2 Regression statistical analyses of the Plackett-Burman experimental results

Variable Coefficient Standard error Main effect Main effect (%) t-Stat P-value Lower 95.0% Upper 95.0%
Intercept 0.9708 0.0591 - - 16416 0.0037 0.7163 1.2252
AgNO; conc 0.3448 0.0591 0.6895 39 5.8298 0.0282 0.0903 0.5992
Bacterial super-  0.1618 0.0591 03235 18 27352 01117 —0.0927 04162
natant conc
Time 0.0580 0.0591 0.116 7 0.9808 04301 —0.1964 03124
pH —0.1713 0.0591 —0.3425 —19 —2.8959 0.1014 —04257 0.0832
lllumination 0.4905 0.0591 0.981 56 8.2945 0.0142 0.2361 0.7449
Analysis of variance (ANOVA)

df SS MS F-test Significance F (P-value)
Regression 5 3.3464 0.6693 23.923 0.0406 Significant
Residual 2 0.0559 0.0280
Total 7 34023

Where t Student’s test, P corresponding level of significance, df degree of freedom, SS sum of squares, MS mean sum of squares, F Fisher’s function; and significance. F
corresponding level of significance. Multiple R: 0.9917. R square: 0.9835. Adjusted R square: 0.9424

variables is presented in Table 2. In the current study,
a total of five independent variables were screened in
eight runs using the PBD. The PBD results in Table 1
showed a markedly wide variation in the production
of AgNPs in the eight trials in the absorbance range
of 0.079-2.199 at 420 nm. This variation reflected the
importance of factor optimization to increase the pro-
duction of AgNPs. The maximum absorbance (2.199)
was achieved in the run number 2, while the minimum
absorbance (0.079) was observed in the run number 8.
The coefficients of each variable represent the level of
effect, either positive or negative, of these variables on
the biosynthesis of AgNPs. When the sign of the effect
of the tested variable is positive, the biosynthesis of
AgNPs is greater at a high level of the variable.

When the sign is negative, the biosynthesis of AgNPs
is greater at a low level of the variable. On the other
hand, if an effect is close to zero, it means that a factor
has little or no effect [83, 85]. The main effects of each
variable on the biosynthesis of AgNPs were calculated.
The t-values for each variable were estimated to iden-
tify the statistical significance of the measured response
and determine the main effects for the biosynthesis of
AgNPs using the supernatant of Leclercia adecarboxy-
lata THHM. The coefficient of determination of R* was
found to be 0.9835, implying that the 98.35% sample
variance for the biosynthesis of AgNPs was attributed
to the independent variables. This value provides a
measure of how much of the variability in the observed
response values can be explained by the analysis. The
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coefficient of determination of (adjusted R?) was cal-
culated to be 0.9424, indicating a good agreement
between the experimental and predicted values of the
biosynthesis of AgNPs. Figure 9 represents the relation-
ship between the values of the actual biosynthesis of
AgNPs using the supernatant of Leclercia adecarboxy-
lata THHM and the statistically predicted values. The
parity chart indicated a strong correlation between the
actual and the statistically predicted values of the bio-
synthesis of AgNPs. The variables with points near the
diagonal line through zero were not significant, while
those deviating from the straight line were significant
[86]. With respect to the main effect of each variable
(Fig. 10), among the five variables, illumination, AgNO,
concentration, bacterial supernatant concentration,
and time showed a positive sign of the effect on the bio-
synthesis of AgNPs, while only pH showed a negative
sign of the effect. Based on the present results, higher
levels of illumination, AgNO; concentration, bacterial
supernatant concentration, and time, respectively, and
the low level of pH can increase the biosynthesis of the
AgNPs using the supernatant of Leclercia adecarboxy-
lata THHM. As a result, the optimal parameters for
improving the biosynthesis of AgNPs and will be used
in the final production of AgNPs were at an incubation
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time of 72.0 h, a concentration of 1.5 mM silver nitrate,
a pH of 7.0, and a supernatant concentration of 30%
(v/v) under illumination conditions at a temperature
of 40.0 °C. The analysis of the results yielded the stand-
ardized Pareto chart of the main effects, which showed
the order of the effects on the biosynthesis of AgNPs
in Fig. 11. The Pareto chart showed that illumination,
AgNO, concentration, and pH are the most impor-
tant significant factors influencing the biosynthesis of
AgNPs. Time was the most insignificant factor. Both
of the statistical parameters, ¢t-value and P-value, were
used to confirm the significance of the factors studied.
The model F value of 23.923 (Table 2) indicates that
the model was significant. The values of significance
P<0.05 (0.0406) indicate that the model terms were
significant with confidence levels greater than 95%. In a
similar study conducted by Trivedi et al. [87], six differ-
ent variables were screened with the PBD to investigate
the effect of variables on the biosynthesis of AgNPs
using citrus peel extract. Temperature, pH, volume of
reductant, volume of reaction vessel, illumination, and
silver nitrate concentration were the variables chosen.
They reported that temperature was the most signifi-
cant factor affecting the biosynthesis of AgNPs, fol-
lowed by illumination and pH, while the concentration

Predicted vs. Actual

Color points by value of
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o.079 [ 219°
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Fig. 9 The parity plot implies the correlation between actual/experimental and predicted values of the biosynthesis of AGNPs using the

supernatant of Leclercia adecarboxylata THHM
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of silver nitrate was the least significant factor. Inparal-
lel to our findings, Halima et al. [88] reported that opti-
mization of nine factors influencing the biosynthesis
of AgNPs from leaf extract of Piper betel and Jatropha
curcas using PBD appeared that plant extract, silver
nitrate concentration, and sunlight has the greater

13 120%
. Standardized Effect ——Cumulative (%)

114
- 100%

Mumination

0.9

80%

0.7 4

60%

0.5 1

Bacterial supernatant conc.
Cumulative (%)

40%
0.3 -

Standardized effect (Absolute value)

Time

20%
0.1+

0.1 0%
Main effects

Fig. 11 Pareto chart showing the amount of influence of each factor
on the biosynthesis of AgNPs

influence on the biosynthesis of the AgNPs with signifi-
cant F and P-values.

Characterization of the synthesized AgNPs

For the characterization purpose of biosynthesized
AgNPs (bio-AgNPs), several analytical techniques were
employed, including UV-visible spectroscopy, TEM, and
FTIR [89, 90]. Metallic nanoparticles experience color
changes depending on their size in the nanoscale region
[91]. Visual observation of the supernatant of Leclercia
adecarboxylata THHM incubated with AgNO,; under
optimized conditions showed a color change from yellow
to dark brown of the biosynthesized AgNPs (Fig. 12).

UV-vis spectroscopy

The AgNPs were characterized by UV-vis spectroscopy,
one of the most widely used techniques for structural
characterization of AgNPs. It is generally recognized
that UV-vis spectroscopy could be used to verify the
synthesis of AgNPs, so the test samples were subjected
to UV-vis spectrophotometric analysis. In the UV-vis
spectrum of the bio-AgNPs under optimized conditions,
a single, strong, and broad peak was observed at 423 nm
(Fig. 13), with a slightly red shift than the observed peak
of the bio-AgNPs before optimized conditions at 420 nm.
Similar results were observed by Akter and Huq [92],
who observed a strong peak at around 423 nm of SPR
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Fig. 12 Visual observation of the bio-AgNPs using the supernatant
of Leclercia adecarboxylata THHM under optimized conditions. a
Bacterial supernatant in the absence of an AgNO; solution (no color
change). b Biosynthesized AgNPs (the color has changed from yellow
to dark brown)

Bacterial supernatant
Biosynthesized AgNPs
1.5 mM AgNO,

3.5+

3.0

2.5+

2.0+

Absorbance

0.5+

0.0

-0.5
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Fig. 13 The UV-vis absorption spectra of bio-AgNPs, AQNO;, and the

supernatant of Leclercia adecarboxylata THHM show the SPR peak of

bio-AgNPs at 423 nm

of AgNPs synthesized using Sphingobium sp. MAH-11.
In addition, similar findings were reported by Abo-State
and Partila [93], who biosynthesized AgNPs with strong
SPR centred at 423 nm using the supernatant of Bacillus
cereus MAM-1.11.

TEM analysis

TEM is one of the most adapted techniques to study the
size and shape of the nanoparticles and provide their dis-
tribution [94]. The TEM micrographs of bio-AgNPs con-
firmed the formation of AgNPs, and these micrographs
showed that nanoparticles were generally spherical in
shape, well dispersed, and properly separated without
any agglomerations (Fig. 14a, b). The TEM images of the
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particles thus obtained with high magnification power
confirmed the spherical morphology of AgNPs (Fig. 14c,
d). The particle size of the AgNPs was calculated by
Image] software with sizes ranging from 3.48 to 39.02 nm
with an average particle size of 17.43 nm. This was in
agreement with TEM observations of Pallavi et al. [3],
who found that the AgNPs synthesized using the super-
natant of Streptomyces hirsutus strain SNPGA-8 obtained
by TEM micrograph were spherical in shape with a diam-
eter ranging from 18 to 39 nm. In accordance with our
results also, Lotfy et al. [35] reported that AgNPs synthe-
sized using the supernatant of Aspergillus terreus showed
a spherical shape with a narrow size distribution ranging
from 7 to 23 nm. Furthermore, the histogram in Fig. 15
showed a narrow particle size distribution, and the most
frequent size of AgNPs was from 10 to 15 nm, meas-
ured from more than 100 nanoparticles with a standard
deviation of 8.11. Detailed information on the AgNPs
microstructure with magnified lattice fringes has been
gathered by the fast Fourier transform (FFT) and inverse
fast Fourier transform (IFFT) of HRTEM micrographs
(Fig. 16a and b). HRTEM micrographs revealed that the
AgNPs were crystalline in nature, typically character-
ized by multiple twinning planes. The obtained results
typically resembled the observed results for the crystal-
line structure of the AgNPs by Gonzalez-Castillo et al.
[95]. The profile of IFFT with a d-spacing value for a
specified plane was displayed in Fig. 16c. The analysis of
d-spacing values have been carried out by using Image]
software, which resulted in d;;; values of 0.846 nm for
crystal planes on the surface of the AgNPs. The selected
area electron diffraction (SAED) pattern of biosynthe-
sized AgNPs (Fig. 16d) contained four spots, each cor-
responding to specific crystal planes. The SAED pattern
from the sample revealed well-defined diffraction spots
in the form of rings, which indicate the polycrystalline
nature of silver, and with agreement to that found by
Murthy et al. [96].

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was conducted to identify the possible
biomolecules that are responsible for capping, reduc-
ing, and stabilizing AgNPs [97]. To explore the reduction
process of AgNO; by the culture supernatant of Lecler-
cia adecarboxylata THHM in the biosynthesized AgNPs,
FTIR measurements were carried out to identify possible
interactions between silver salts and protein molecules,
which could account for the reduction of Ag" ions and
stabilization of AgNPs (Fig. 17). In the current study, the
FTIR spectra of bio-AgNPs showed three distinct peaks.
The position and sharpness of any peak are referred to
as group contributions in the synthesis of silver nano-

particles. The sharp peak observed at 3321.50 cm ™! was
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Fig. 14 Biosynthesized AgNPs using the supernatant of Leclercia adecarboxylata THHM characterized by HRTEM micrographs with different scale
bars.a 200 nm. b 100 nm. ¢ 50 nm. d 10 nm showing the lattice planes inside the crystal
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Fig. 15 A histogram of the size distribution of the bio-AgNPs

attributed to amine N-H stretching vibrations of pep-
tide linkages and hydroxyl O-H stretching vibrations of
carboxylic acid groups, indicating the presence of poly-
phenols [68, 98]. The broad peak at 2160.15 cm™" was
referred to alkynes C=C stretching and nitrile C=N
groups in aliphatic/aromatic compounds [99]. The sharp
peak at 1636.33 cm™! has been attributed to the N-H
primary amine group; however, it could also be due

to carbonyl C=0 stretch in polyphenols [98] or alk-
ene C=C groups from aromatic compounds [100]. The
overall finding confirms the presence of proteins in the
bio-AgNPs samples. According to earlier reports [65],
proteins can bind to nanoparticles through their free
amine groups or cysteine residues. Therefore, stabiliza-
tion of AgNPs by proteins is a clear possibility.

Our findings were in agreement with those obtained by
Sarsar et al. [67], who reported that the FTIR spectrum of
biosynthesized AgNPs using the filtrate extract of novel
fungal strain Penicillium atramentosum KM showed
three distinct peaks, 3360.72, 1643.82, and 462.86 cm™!,
which are attributed to the stretching vibrations of pri-
mary amines, carbonyl stretch vibrations in the amide
linkages of proteins, and the fingerprint, respectively.
Mobaraki et al. [101] reported that the obtained biosyn-
thesis AgNPs using green tea have similar characteristic
peaks at 3441 and 1635 cm™! for stretching vibrations of
the O—H and N-H primary amine groups, respectively.

The antimicrobial activity of the synthesized AgNPs

The bio-AgNPs were examined for their antimicrobial
activity compared with six different antibiotics belong-
ing to six different antibiotic classes, which were used as
positive controls. The antimicrobial activity of the AgNPs
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Fig. 16 HRTEM micrographs with high resolution of bio-AgNPs and SAED pattern. a A crystalline structure of AGNPs with multiple twinning planes.
b A crystalline structure of AGNPs with a distance between lattice planes inside the crystal. c The profile of inverse fast fourier transform with a

d-spacing value. d SAED pattern with crystal plane spots
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Fig. 17 FTIR spectrum of the biosynthesized AgNPs
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and the antibiotics was investigated against seven clini-
cally isolated pathogens using the disc diffusion method
by an inhibitory zone [102]. As indicated in Fig. 18 and
Table 3, the effect of the bio-AgNPs on the seven tested
microbes was slightly varied. The most affected bacterial
pathogen was Vibrio cholera ATCC700 strain, which was
highly affected compared to Pseudomonas aeruginosa
ATCC9027 strain, which was the least affected one. The
bio-AgNPs were able to form clear zones with 16 mm
and 10 mm diameters for Vibrio cholera ATCC700 and
Pseudomonas aeruginosa ATCC9027 strains, respec-
tively. However, it showed the same antimicrobial
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pattern towards Staphylococcus aureus ATCC6538 and
Klebsiella pneumoniae ATCC13883 group or Bacil-
lus cereus ATCC6633, Escherichia coli NCTC10418,
and Candida albicans ATCC700 group. Their effect on
Staphylococcus aureus ATCC6538 and Klebsiella pneu-
moniae ATCC13883 was somehow higher than that
recorded for Bacillus cereus ATCC6633, Escherichia coli
NCTC10418, and Candida albicans ATCC700. It almost
showed a 14 mm clear zone against the first group and
a 12 mm clear zone against the second. It is worth men-
tioning that the bio-AgNPs’ pattern of activity against
the tested pathogens was as follows: Vibrio cholera

Klebsiella pneumoniae ATCC13883, and g: Candida albicans ATCC700

Fig. 18 Antimicrobial activity of bio-AgNPs (center disc) at a concentration of 1000 pg/mL against human pathogenic microbes. a: Staphylococcus
aureus ATCC6538, b: Bacillus cereus ATCC6633, ¢: Escherichia coli NCTC10418, d: Vibrio cholera ATCC700, e: Pseudomonas aeruginosa ATCC9027, f:

Table 3 Measurements of clear zones obtained by bio-AgNPs and different commercially antibiotics against seven human

pathogenic microbes

Microbial strain Clear zone (mm)

bio-AgNPs Antibiotic

GEN AMP CTR VA clp TE
Staphylococcus aureus ATCC6538 14 16 36 0 26 26 34
Bacillus cereus ATCC6633 12 16 36 0 26 30 36
Escherichia coli NCTC10418 12 16 36 0 26 30 34
Vibrio cholera ATCC700 16 16 34 15 24 30 34
Pseudomonas aeruginosa ATCC9027 10 18 34 0 26 30 33
Klebsiella pneumoniae ATCC13883 14 16 38 22 22 32 10
Candida albicans ATCC 700 12 16 36 12 24 26 35

Where bio-AgNPs biosynthesized AgNPs, GEN gentamicin (10 ug), AMP ampicillin (10 pg), CTR ceftriaxone (30 pg), VA vancomycin (30 ug), CIP ciprofloxacin (5 pg), and

TE tetracycline (30 pg)
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ATCC700 > Staphylococcus  aureus ATCC6538 = Kleb-
siella pneumoniae =~ ATCC13883> Bacillus  cereus
ATCC6633 =Escherichia  coli ~ NCTC10418 = Can-
dida albicans ATCC700 > Pseudomonas aeruginosa
ATCC9027. A wide variation was found in the activi-
ties of the various types of antibiotics against the seven
microbial pathogens, which is interpreted in terms of
the diameter of zones of inhibition. The results showed
that ampicillin (10 pg) had the highest overall antimi-
crobial activity against the seven microbial pathogens,
followed by tetracycline (30 pg), ciprofloxacin (5 pg),
vancomycin (30 pg) gentamicin (10 ug), and ceftriax-
one (30 pg) as shown in Fig. 18 and Table 3. The results
were comparable and followed the previous studies
based on the antimicrobial activity of AgNPs [67, 103].
Our findings of the antimicrobial activity are corrobo-
rated by the earlier report of Ma et al. [61] wherein they
investigated the antimicrobial activity of AgNPs against
Escherichia coli ATCC-8739, Pseudomonas aeruginosa
ATCC-15442, Staphylococcus aureus ATCC-6538, Bacil-
lus subtilis ATCC-6633, and Candida albicans ATCC-
10231. In agreement with our results, Bawskar et al. [104]
reported that antimicrobial assay against Escherichia coli
and Staphylococcus aureus has proven that the biosyn-
thesized AgNPs using the culture filtrate of Fusarium
oxysporum and the leaf-extract of Azadirachta indica
have a potent antibacterial activity. Similarly, Ghe-
tas et al. [105] reported that the biologically produced
AgNPs using leaves extract of Origanum vulgare showed
antimicrobial activity against Streptococcus agalactiae,
Aeromonas hydrophila, and Vibrio alginolyticus. Several
mechanisms have been reported for the antimicrobial
activity of AgNPs, but the exact mechanism has not been
established yet [77].

The minimum inhibitory concentrations (MICs)

of bio-AgNPs

The antimicrobial activity and potency of AgNPs have
been quantitatively assessed by determining the MIC
values [106]. The MIC is defined as the minimum
concentration of the antibiotic substance required
to inhibit the growth of microbial pathogens com-
pared to the control [3, 106, 107]. Freshly grown cul-
tures of the tested microbial pathogens diluted in LB
broth were exposed separately to bio-AgNPs at con-
centrations ranging from 2000 pg/mL to 3.9 pg/mL
to determine the MICs of the tested pathogens using
a resazurin-based microtiter dilution assay. The used
procedure mainly depends on the microbial metabo-
lism that is responsible for converting the blue color
of resazurin to pink. Resazurin, a redox-sensitive dye,
was used as an indicator to determine cell growth and

Page 15 of 24

— Dilution direction (pLg/ml)

4 V" = VY Y

A>

’

7. O S -~ A -
X~ 2 - £ £ L == L. o
¢

Fig. 19 Determination of MIC values using resazurin microtiter
plates of bio-AgNPs against the tested human pathogenic
microbes. A: Staphylococcus aureus ATCC6538, B: Bacillus cereus
ATCC6633, C: Escherichia coli NCTC10418, D: Vibrio cholera ATCC700,
E: Pseudomonas aeruginosa ATCC9027, F: Klebsiella pneumoniae
ATCC13883, and G: Candida albicans ATCC700. The numbers above
the plate represent the concentration of AgNPs (ug/mL) applied to
each well of the column. Positive control: without the addition of
AgNPs, Negative control: only LB broth

Table4 The MIC of bio-AgNPs responsible for ceasing the
growth of the tested human pathogenic microbes

Microbial strain MIC (pg/mL)
bio-AgNPs
Staphylococcus aureus ATCC6538 500
Bacillus cereus ATCC6633 500
Escherichia coli NCTC10418 500
Vibrio cholera ATCC700 500
Pseudomonas aeruginosa ATCC9027 500
Klebsiella pneumoniae ATCC13883 1000
Candida albicans ATCC 700 500

to verify cell viability [106, 108]. The non-fluorescent
blue resazurin is reduced to fluorescent red resoru-
fin by oxidoreductases found in viable cells [108]. This
fluorescence and the visible change in color indicate
that the cells are viable. Dead cells do not reduce resa-
zurin and are indicative of cell death [109]. As shown
in Fig. 19 and Table 4, it was found that all the micro-
bial pathogens have the same MIC value of 500 pg/
mL with bio-AgNPs except for Klebsiella pneumoniae
ATCC13883, which has a higher MIC value of 1000 pg/
mL. Similar and comparative observations have been
documented in previous studies; as the biosynthesized
AgNPs have demonstrated notable MIC values against
pathogens by effectively inhibiting the bacterial growth
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[3, 110]. It has been reported that biomolecules acting
as stabilizing agents give better antibacterial activity
for biosynthesized AgNPs [5, 111]. The equivalent and
comparing observations were recorded in the earlier
study of Pallavi et al. [3], who reported that the biosyn-
thesized AgNPs manifested notable MIC values against
many microbial pathogens. Our results are consist-
ent with those previously reported by Bhat et al. [110]
who mentioned that the MIC of biosynthesized AgNPs
was determined for four bacterial pathogens including
Staphylococcus aureus MTCC6908, Bacillus subtilis
MTCC2393, Pseudomonas aeruginosa MTCC424, and
Escherichia coli MTCC40. The lowest MIC value was
recorded for Bacillus subtilis MTCC2393 at 6 ug/mL,
while the highest MIC value was recorded for Pseu-
domonas aeruginosa MTCC424 at 9 ug/mL. The mech-
anism behind the antibacterial activity of AgNPs may
be dependent on the capping and the concentration of
the AgNPs and their mode of entry into the bacterial
cell [104].

Suggested antibacterial mechanisms of biosynthesized
silver nanoparticles

The chemical or biological production of AgNPs is
mainly depending on the reduction of Ag™ ions into Ag®
particles. And hence, the antibacterial activity of AgNPs
is basically assigned to its Ag® basis [112]. The formed
AgNPs are known for their small-scale dimensions that
help for their attachment to the bacterial cell walls fol-
lowed by penetration inside the bacterial cells [113]. The
silver particles are subsequently bind with high affinity
to the bacterial proteins, and resulting in the damaging
of the DNA followed by the inhibition of the bacterial
proliferation which eventually leads to their death [114].
Furthermore, the cell wall and cell membrane are the first
barriers that help bacteria to resist the external environ-
ments. As known in Gram-negative bacteria, the cell wall
lacks a thick peptidoglycan layer, which in turn increases
the bactericidal action and causes the generation of more
reactive oxygen species (ROS), especially when exposed
to nanoparticles that have a higher specific area to vol-
ume ratio [115, 116]. The formed superoxide and hydrox-
ide ions have a negative charge that prevents them from
permeating into cells, but they remain on the bacterial
cell walls and disrupt their completeness, which leads to
the damage of the cell wall with subsequent discharging
of intracellular contents, causing cell death [117]. In addi-
tion, hydrogen peroxide is able to permeate into the cell
and damage its respiratory enzymes, causing cell death as
well [118]. However, it has been reported that the green
synthesis of nanoparticles has resulted in the capping of
the produced nanoparticles, which helps to prevent their
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toxicity and side effects when applied in the field of ani-
mal tissue culture [101].

Conclusion

The biosynthesis provides an eco-friendly, cost-effective
and efficient approach for the production of AgNPs,
which could act as excellent antimicrobial agents against
pathogenic microbes. The present study has isolated a
strain of Leclercia adecarboxylata THHM (accession
number OK605882) from soil, which showed the capabil-
ity of reducing Ag ions into AgNPs extracellularly with
the formation of a characteristic peak at 423 nm. The
biosynthesized AgNPs were characterized by UV-vis-
ible spectroscopy, TEM, and FTIR. The AgNPs exhibited
a uniform morphology of a spherical nature with sizes
ranging from 3.48 to 39.02 nm with an average particle
size of 17.43 nm. FTIR analysis revealed that different
functional groups present in the supernatant of Lecler-
cia adecarboxylata THHM caused the reduction of sil-
ver ions and helped in the formation of nanoparticles
in the biosynthesis procedure. The PBD was applied to
optimize the biosynthesis of AgNPs and showed that
the variables illumination, AgNO; concentration, bacte-
rial supernatant concentration, and time have a signifi-
cant positive effect on the production of nanoparticles,
while the variable pH showed a negative effect. The bio-
synthesized AgNPs were found to be effective against
important clinical pathogens, including Staphylococcus
aureus ATCC6538, Bacillus cereus ATCC6633, Escheri-
chia coli NCTC10418, Vibrio cholera ATCC700, Pseu-
domonas aeruginosa ATCC9027, Klebsiella pneumoniae
ATCC13883, and Candida albicans ATCC700 with MIC
values of 500 pg/mL for all microbial pathogens and
1000 pg/mL for Klebsiella pneumoniae ATCC13883. This
report presents data for the first time on the ability of the
supernatant of Leclercia adecarboxylata THHM under
optimum conditions to produce AgNPs of small size
that having an acceptable antimicrobial activity against
important clinical pathogens.

Materials and methods

Isolation of bacteria

Bacterial isolates were extracted from twenty soil sam-
ples, which were collected from different locations in
Kafr El-Sheikh city. The soil samples were collected from
the soil surface (0—5 cm) and at a depth of approximately
20 cm. All samples were immediately transferred into
sterilized polyethylene bags using sterilized spatulas and
were subsequently stored at 4 °C until examination. Each
soil sample was passed through a sieve (1.7 mm mesh)
to remove large pieces. The samples were diluted serially
in sterile 0.8% NaCl. About 50 pL of each dilution was
spread over the surface of nutrient agar (Peptone 5.0 g,
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Beef extract 3.0 g, Sodium chloride 8.0 g, Agar 16.0 g,
and 1000 mL distilled water, pH 7.31+0.2) plates using
a sterile glass spreader [119]. After complete dryness,
the plates were incubated at 30 °C for 24 h. Single colo-
nies that represent every unique colony type were cho-
sen from each plate based on colonial morphology. The
isolated colonies were obtained in the form of pure cul-
tures and were latterly screened to explore their potential
to form AgNPs. The bacterial isolates were either kept
separately on nutrient agar at 4 °C and recultured every
4 weeks and/or were inoculated into sterile 60% glycerol
and kept for longer periods at —20 °C.

Screening of the most potent AgNPs-producing bacteria
The obtained bacterial isolates were screened for their
ability to produce AgNPs as follows:

Preparation of cell free extract

One miilliliter of overnight culture of each bacterial iso-
late was inoculated into 250 mL Erlenmeyer flask con-
taining 100 mL of sterile LB broth (Tryptone 10.0 g, Yeast
extract 5.0 g, and 1000 mL distilled water, pH 7.540.2)
free from NaCl. Inoculated flasks were incubated in a
rotating shaker set at 200 rpm for 72 h at 30 °C. After
incubation, each culture was centrifuged at 12,000 rpm
for 10 min, and its supernatant was used for further
experiments [8, 49].

Biosynthesis of silver nanoparticles (AgNPs)

The supernatant from each isolate was investigated
for extracellular synthesis of AgNPs. A total volume of
50 mL of each supernatant was mixed separately with
filter-sterilized AgNO; aqueous solution at a 1.0 mM
final concentration. All the reaction mixtures were incu-
bated on a rotating shaker at 200 rpm at 30 °C for 72 h in
the dark. Control experiments were performed with un-
inoculated media and silver nitrate solution to check the
role of bacteria in the synthesis of nanoparticles. Visual
observation was conducted periodically to check for the
synthesis of AgNPs by color change [32]. The reduction
of Ag' ions was monitored by a visual color change to
yellowish brown and its intensity was spectrophotomet-
rically determined by using a UV-vis spectrophotometer
(Double Beam Spectrophotometer 6800 JENWAY) in the
range of 200-800 nm [49].

Molecular identification of the targeted isolate

The selected bacterial isolate that showed a potent abil-
ity to biosynthesize AgNPs was subjected to DNA
extraction, PCR amplification, and sequencing of its
16S rRNA gene. The genomic DNA of the bacterial iso-
late was extracted using a DNA extraction kit (Qiagen,
USA) according to the manual instructions. The DNA

Page 17 of 24

extracted by the previous step was used as a template for
the PCR amplification of the 16S rRNA gene using uni-
versal primers. The sequence of the forward primer was
5-ACTCCTACGGGAGGCAGCAG-3’ and the sequence
of the reverse primer was 5-CCGTCAATTCATTG-3.
The PCR was carried out in a total volume of 50 puL con-
taining 10 ng of genomic DNA, 30 pmol of each primer,
2.5 units of 7Taqg DNA polymerase, 10 mM of each dNTPs
and 1X PCR buffer as components. The PCR was carried
out starting with a denaturation step at 94 °C for 5 min,
followed by 30 cycles at 94 °C for 1 min, 55 °C for 1 min,
and 72 °C for 2 min, followed by a final extension step
at 72 °C for 10 min. After program completion, a frac-
tion of the PCR mixture was examined using agarose gel
electrophoresis [120], and the remnant was purified to
remove excess primers and nucleotides using QIAquick
PCR purification reagent (Qiagen, USA) and was sub-
mitted for sequencing (Sigma, Germany). The obtained
sequence was then compared with a database library by
using analysis software. The Blast program was used to
assess the DNA similarities, and multiple sequence align-
ment and molecular phylogeny were performed using the
MEGA 11.0 program [121].

Optimization of the biosynthesis of AgNPs

Different reaction parameters may have a variable effect
on the reduction process of a metal ion and probably alter
the shape and size of the final product [1]. In reference to
the above-mentioned statement, the factorial design of
experiments, the one variable-at-time (OVAT) method,
was used. The investigational factors were changed one at
a time, with the left-over factors remaining constant. The
different parameters, such as contact time, silver nitrate
concentration, pH, reaction temperature, and superna-
tant percentage, were optimized to obtain the maximum,
rapid, and stable biosynthesized AgNPs. All of the reac-
tion mixtures were analyzed by a UV-vis spectropho-
tometer at 420 nm.

Contact time

The reaction time of the biosynthesis of AgNPs was opti-
mized as previously described [49]. The reaction time was
monitored at different time intervals from 0.0 to 72.0 h
to determine the time needed for maximum production
of AgNPs. About 250 mL of the selected bacterial isolate
supernatant at pH 7.0 was mixed with filter-sterilized
AgNO, aqueous solution at 1.0 mM final concentration.
The reaction mixture was incubated at 30 °C in the dark.
The absorbance of the resulting solution was measured
spectrophotometrically by sampling about two mL of the
reaction mixture at the end of each time interval.
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Concentration of silver nitrate

The effect of different AgNO, concentrations on the
biosynthesis of AgNPs was optimized as previously
described by Gurunathan et al. [65], with a few modifica-
tions. At pH 7.0, the supernatant of the selected bacterial
isolate was treated with AgNO; at final concentrations
ranging from 1.0 to 6.0 mM to determine the optimum
concentration that yields the maximum and stable pro-
duction of AgNPs. After incubation for 48.0 h at 30 °C,
the absorbance of the resulting solutions was measured
spectrophotometrically.

pH

The pH of the reaction mixture used in the biosynthesis
of AgNPs was optimized using different pH values, where
the reaction pH was adjusted at 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
and 10.0. The supernatant of the selected bacterial isolate
was adjusted at different pH values and treated separately
with AgNO; at a final concentration of 1.0 mM. The pH
of the reaction mixtures was maintained with the help of
0.1 N HCl and 0.1 N NaOH solutions. After incubation of
48.0 h at 30 °C, the absorbance of the resulting solutions
was measured spectrophotometrically [60, 122].

Temperature

The effect of different temperatures on the rate of biosyn-
thesis of AgNPs was studied. At pH 7.0, with AgNO; at
1.0 mM final concentration, the temperatures of the reac-
tion mixtures of the supernatant of the selected bacterial
isolate were investigated by incubating at (30, 37, 40, and
45 °C) for 48.0 h. The absorbance of the resulting solu-
tions was measured spectrophotometrically [67, 123].

Bacterial supernatant concentration

The effect of different supernatant concentrations of
the bacterial isolate on the biosynthesis of AgNPs were
investigated as described by Ma et al. [61] with some
modifications. The supernatant of the bacterial isolate
was dispensed into six Erlenmeyer conical flasks, and
their concentrations were adjusted as 10, 20, 40, 60, 80,
and 100% (v/v) using sterilized distilled water. At pH
7.0, all Erlenmeyer conical flasks were treated with a fil-
ter sterilized AgNO; aqueous solution at a final concen-
tration of 1.0 mM. After incubation at 40 °C for 48.0 h,
the absorbance of the resulting solutions was measured
spectrophotometrically.

Optimization of the biosynthesis of AgNPs using Plackett-

Burman design (PBD)

Plackett—-Burman fractional factorial design [124, 125]
was used to investigate various factors that affect the
biosynthesis of AgNPs by the supernatant of the selected
bacterial isolate. The five independent variables chosen
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Table 5 Experimental independent variables at two levels used
for the biosynthesis of AgNPs by the supernatant of the selected
bacterial isolate using Plackett-Burman design

Variable Symbol level

Low (—1) High (+1)
AgNO; conc. A 0.5 mM 1.5mM
Bacterial supernatant conc. B 10% 30%
incubation Time C 240h 720h
pH D 7.0 9.0
lllumination E Dark Light

for the current study were AgNO, concentration, super-
natant concentration, incubation time, pH, and illu-
mination. They were designated as A, B, C, D, and E,
respectively, and for each variable, high (+1) and low
(—1) levels were tested (Table 5). The upper and lower
limits of the analysis were decided after a series of ear-
lier optimization experiments. The five independent vari-
ables were organized according to the Plackett—-Burman
design matrix in eight trials. Each variable was exam-
ined in four trials at high level and in four trials at low
level. All trials were performed in duplicate to minimize
experimental errors. The biosynthesis of AgNPs was
determined by measuring the absorbance of the result-
ant solutions spectrophotometrically at 420 nm, and the
average absorbance of the biosynthesized AgNPs was
considered as a response. The main effect of each variable
was determined using the following equation:

Ba= (D M- > Mi)/N

where E; was the variable’s main effect, M;, and M,_
were the absorbance of the biosynthesis of AgNPs in
trails where the independent variable (xi) was present in
high and low concentrations, respectively, and N is the
number of trials divided by 2. A main effect figure with a
positive sign indicates that the high concentration of this
variable is near to the optimum and a negative sign indi-
cates that the low concentration of this variable is near
to the optimum. Based on the biosynthesized AgNPs,
the factorial experiment was analyzed using regression
analysis and ANOVA. From the regression analysis, the
variables that were significant (P<0.05) were considered
to have a greater impact on the biosynthesized AgNPs
[126]. Using Microsoft Excel, the statistical ¢-value for
equal unpaired samples, P-value, and confidence level
were calculated for the determination of the significance
of the variables [35, 125].
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Biosynthesis of AgNPs under optimized conditions

After optimization of various parameters for the biosyn-
thesis of AgNPs, the bio-reduction of AgNO, was carried
out using the supernatant of the selected bacterial isolate
under optimum conditions. The resulting reaction mix-
ture was centrifuged at 10,000 rpm for 30 min in order to
obtain the pellets of AgNPs. The produced pellets were
re-suspended in distilled water and further centrifuged.
The pellets were washed thoroughly at least three times
with distilled water to remove any biological contami-
nants present. The AgNPs were subsequently dried and
stored for further use [1].

Characterization of the prepared AgNPs

Preliminary characterization of the biosynthesized
AgNPs under optimized conditions (bio-AgNPs) was
performed through visual observation for changes in
color. The appearance of a yellow to brown color of the
reaction mixtures indicates the formation of AgNPs. The
synthesized AgNPs were further characterized using
ultraviolet—visible (UV-vis) spectroscopy, transmission
electron microscopy (TEM), and Fourier transform infra-
red (FTIR) spectroscopy.

Ultraviolet-visible (UV-vis) spectral analysis

The formation of AgNPs by reduction of AgNO; in col-
loidal solution was monitored using UV-vis spectral
analysis. Biosynthesized AgNPs absorption peaks were
observed in the UV-vis spectrophotometer (Double
Beam Spectrophotometer 6800 JEN'WAY, Japan) by scan-
ning the absorbance spectra in the 200-800 nm range of
wavelength at a resolution of 0.5 nm [127].

Transmission electron microscopy (TEM) analysis

The TEM technique was employed to visualize the mor-
phology and size of the biosynthesized AgNPs. The
200 kV high-resolution transmission electron microscope
(HRTEM) (JEOL-2010) was used. TEM grids were pre-
pared by placing a drop of the particle solution on a car-
bon-coated copper grid and drying under a lamp. TEM
images of AgNPs were obtained at an accelerating voltage
of 120 kV [65]. The average diameter and size distribu-
tion of nanoparticles were obtained from TEM micro-
graphs by using image analysis software (Image]). Values
and size distributions were calculated with the mean and
standard deviation.

Fourier transform infrared (FTIR) spectroscopy
FTIR spectra were used to investigate the functional
groups on the surface of the biosynthesized AgNPs
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under optimized conditions. In FTIR analysis, the bio-
transformed AgNPs sample was prepared by uniform
dispersion in a dry KBr powder and compression to
form a disc. A disc of 50 mg of KBr was prepared with
a mixture of 2% finely dried sample. The composition
of these powders and the surface functional groups
were examined under a Spectrum One Spectrophotom-
eter (Perkin Elmer, USA). An infrared spectrum was
recorded in the region of 400-4000 cm ™" with a resolu-
tion of 4 cm™! [128].

Determination of the antimicrobial activity

of the biosynthesized AgNPs compared with commercially
available antibiotics

The agar disc diffusion method was employed to
determine the antimicrobial activities of the biosyn-
thesized AgNDPs against clinically isolated pathogens
[129]. In bacterial pathogens, Gram-positive bacteria
such as Staphylococcus aureus ATCC6538 and Bacillus
cereus ATCC6633 and Gram-negative bacteria such as
Escherichia coli NCTC10418, Vibrio cholera ATCC700,
Pseudomonas aeruginosa ATCC9027, and Klebsiella
pneumoniae ATCC13883 were used. In addition to
the fungal pathogen Candida albicans ATCC700 as
a representative unicellular fungus. Clinical micro-
bial isolates were kindly provided by the Environmen-
tal Biotechnology Department, Genetic Engineering
and Biotechnology Research Institute (GEBRI), City
of Scientific Research and Technological Applications
(SRTA-City), New Borg El-Arab City, 21934, Alexan-
dria, Egypt. Initially, LB broth (Tryptone 10.0 g, Yeast
extract 5.0 g, Sodium chloride 10.0 g, and 1000 mL
distilled water, pH 7.54+0.2) and LB agar (Tryptone
10.0 g, Yeast extract 5.0 g, Sodium chloride 10.0 g, Agar
15.0 g, and 1000 mL distilled water, pH 7.540.2) were
prepared and sterilized at 121 °C and 15 psi for 20 min.
Pure colonies of the above mentioned microbial strains
were cultured in 5 mL of LB broth and were incubated
for 18 h with shaking at 200 rpm at 30 °C. After incuba-
tion, a 0.5 McFarland standard was prepared for each
strain, and 100 pL of each culture was separately plated
uniformly on the LB agar plates using sterile cotton
swabs. Sterilized circular paper discs with a diameter of
6 mm were placed in the center of Petri plates in con-
tact with the culture. Then, about 25 pL of 1000 pg/
mL of biosynthesized AgNPs were carefully pipet-
ted onto the discs. Commercially available antibiotic
discs belonging to different antibiotic classes, includ-
ing gentamicin (10 pg), ampicillin (10 pg), ceftriaxone
(30 pg), vancomycin (30 pg), ciprofloxacin (5 pg), and
tetracycline (30 ug) were placed on the plates all around
the previous discs. The antimicrobial activities of the
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antibiotic discs were used as a positive control to be
compared with the activity of AgNPs. The plates were
then kept for 1 h at 4 °C before being incubated for
24 h at 30 °C. The diameter of the inhibition zones was
checked, measured in millimeters, and photographed.
The experiments were carried out in duplicates.

Determination of the minimum inhibitory concentrations
(MICs) of the synthesized AgNPs

The MIC is the lowest concentration of an antimicro-
bial agent required to inhibit the visible growth of an
organism. The ability of different concentrations of
the biosynthesized AgNPs to inhibit the growth of the
tested microbial pathogens was examined. The micro-
bial pathogens utilized for the test were Staphylococcus
aureus ATCC6538, Bacillus cereus ATCC6633, Escheri-
chia coli NCTC10418, Vibrio cholera ATCC700, Pseu-
domonas aeruginosa ATCC9027, Klebsiella pneumoniae
ATCC13883, and Candida albicans ATCC700. The MIC
for each strain was determined by using the broth micro-
dilution method [107]. This was accomplished by tracing
the color change in the resazurin indicator from a blue/
non-fluorescent state to a pink/highly fluorescent state
that indicates the microbial metabolism, and hence,
growth. Initially, 100 pL of the biosynthesized AgNPs
from 2000 pg/mL of stock solutions were instilled into
the first column of a 96-well microtiter plate, while 50 puL
of the LB broth were added to the rest of the columns. A
series dilution of two folds then proceeded horizontally,
transferring and mixing 50 pL of each well in the first
column to the second well, continuously up to the tenth
columns. After that, 50 uL of 0.5 McFarland standard of
each microbial strain was added to all wells within the
same row until the tenth column, followed by the addi-
tion of 100 uL LB broth. Column 11 (medium with bac-
terial inoculum) wells were composed of 100 pL of 0.5
McFarland standard of each microbial strain, plus 100 puL
of LB broth, and column 12 (only medium) wells were
filled with 200 uL of LB broth, serving as positive and
negative controls, respectively. The highest concentration
of AgNPs was contained in column 1, whereas the low-
est concentration was contained in column 10. The plate
was incubated at 30 °C for 24 h, followed by the addi-
tion of 40 pL of resazurin (0.015%) to each well. All wells
were checked for color changes after 2 h of incubation at
30 °C. The lowest concentration of AgNPs at which the
resazurin blue color remained unchanged was recorded
as the MIC [109].

Statistical analysis

The obtained data were statistically analyzed using Orig-
inPro 2018 software (Origen Lab Corporation, North-
ampton, Massachusetts, USA) and the Microsoft Excel®
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Program. All values in the experiments were expressed
as the mean + standard deviation (SD) and were analyzed
with one-way Analysis of Variance (ANOVA). The signif-
icant level was set at p <0.05.
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