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Abstract: Silver nanoparticles (AgNPs) find a wide range of use in many fields, and the biosynthesis
of AgNPs via biological routines has recently gained currency. In this study, Bacillus licheniformis
TTO1 strain was isolated from quail feces collected in Vietnam and evaluated for its ability to
synthesize AgNPs. Through visual confirmation and ultraviolet and visible (UV-Vis) spectrum
analysis, we found that the biosynthesis of AgNPs was realized in the process in which biomass
of B. licheniformis TT01 was incubated with AgNOj solution. Obtained AgNPs were then assayed
for antibacterial activity against three species of bacteria, namely Escherichia coli, Bacillus cereus and
Ralstonia solanacearum, showing better inhibitory action than the AgNOj3 solution and the bacterial
extracellular fluid. The minimum inhibitory concentration (MIC) of AgNP solution was 206 ppm
against E. coli and R. solanacearum and 343.3 against B. cereus. X-ray diffraction (XRD) and transmission
electron microscopy (TEM) revealed that the obtained AgNPs had a spherical shape and sizes ranging
from 2 to 22 nm, in which particles from 2 to 10 nm appeared with the highest frequency.

Keywords: Bacillus licheniformis TT01; biosynthesis; AgNP; nanosilver; quail manure

1. Introduction

Silver nanoparticles (AgNDPs) offer a great bioavailability in medical applications due
to their capability to permeate human organs and penetrate cell membranes [1-4]. In recent
years, AgNPs have been widely used in biotechnology, medicine, electronics, agriculture
and environmental treatment; this has been accompanied by fruitful developments in
AgNP synthesis methods, including chemical, physical and biological procedures. A typical
technique for the chemical routine is the use of agents to reduce silver ions to metals [5]. For
the particles to have good dispersion in the solvent without agglomeration, an electrostatic
charge is applied to the surface of the nanoparticles, or an anticlumping agent is used to
enclose the nanoparticles [6]. The nanoparticles produced by this method might have a
wide size distribution, ranging from a few nanometers to 100 nm [5,7]. In physical methods,
high-energy electromagnetic waves such as gamma rays, ultraviolet rays and lasers are
used to reduce silver ions to metals. Under the effect of electromagnetic waves, there are
many processes of converting solvents and additives in the solvent to produce chemical
radicals that reduce ions to metals [8,9]. Besides, it is possible to use the electrolysis method
combined with ultrasonic nanoparticle generation [10] or bacteria as metal-deionizing
agents [11].

In the biosynthesis pathway, the focus has shifted to using microorganisms that are
capable of synthesizing AgNPs. This strategy also addresses two shortcomings of the
chemical synthesis methods: (a) the potential environmental consequences and (b) health
risks arising from the use of AgNPs exposed to different harmful media. Bacterial species
that are capable of producing extracellular AgNPs have been extensively documented, such
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as Bacillus subtilis [12], Fusarium oxysporum [13], Pseudomonas stutzeri AG259 [14], Penicillium
fellutanum [15], Fusarium oxysporum PTCC 5115 [16], Klebsiella pneumonia [17], Escherichia
coli [18], Bacillus licheniformis [19] and Pseudomonas sp. THG-LS1 [20]. Additionally, some
microorganisms have been shown to possess the ability to synthesize intracellular silver
nanoparticles, including Aneurinibacillus migulanus 141 [21], Aspergillus fumigatus NCIM
902 [22], Bacillus licheniformis [12] and Streptomyces sp. ERI-3 [23]. In the biosynthesis
approach, strains of microorganisms are cultured under optimal growth and development
conditions. When the number of microorganisms in the growth phase is balanced in
the proliferating fluid, the cell and supernatant are recovered by centrifugation and then
incubated with AgNOs, usually as silver nitrate solution with varying concentrations of
about 1 mM [12,15,17,19,24], 3 mM [19] or 5 mM [25] depending on the study.

One advantage of synthesizing AgNPs using microbial sources is that they can pro-
duce small-sized AgNPs, which have favorable mechanical and biological properties
(i.e., conductivity, chemical stability, catalysis and antimicrobial activity). AgNPs of re-
duced sizes also show better cytotoxicity against microorganisms since the nanoscaled size
facilitates the binding and passing of AgNPs to the bacterial cells and their interaction with
the cell’s enzymes [19]. This was demonstrated in a previous study where biosynthesized
AgNPs showed approximately 31% better antibacterial activity against E. coli compared
to AgNPs obtained in a chemical reduction pathway [2]. Syed et al. (2019) found that
Aneurinibacillus migulanus 141, an endophyte isolated from Mimosa pudica L., was able
to perform biosynthesis of nanocrystalline silver from silver nitrate [21]. The obtained
nanobactericides also displayed significant inhibitory activities against some pathogens
due to their small size of around 20-25 nm. Regarding in vitro antifungal capabilities
of AgNPs synthesized via biological processes, previous studies have highlighted their
efficacy against crop pathogens, including Bipolaris sorokiniana and Magnapothe grisea [26],
and fruit pathogens, including Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina
phaseolina, Rhizoctonia solani, Botrytis cinerea and Curvularia lunata [27].

In this study, we attempted to extend the AgNP biosynthesis pathway by examining
the AgNP synthesis capability of Bacillus licheniformis, a bacterial strain of great significance
in the poultry industry due to its ability to aid in quail manure composting, treat odors in
quail farms and control pests and diseases. In addition, B. licheniformis is heat-resistant and
has been shown to produce many valuable extracellular enzymes, such as protease, amylase
and cellulase [3]. We first isolated a particular strain of B. licheniformis from composted
quail manure. Then, the cultured bacteria were examined for AgNP synthesis capability
in three different incubation processes. Lastly, AgNPs obtained from the most productive
process were assayed for antimicrobial activities against some pathogenic strains, including
E. coli, Bacillus cereus and Ralstonia solanacearum. Current results are expected to aid in
further developments in processing and utilizing quail feces for practical uses.

2. Materials and Methods
2.1. Isolation of the B. licheniformis Strain

Quail feces were collected in the Dien Thang commune, Dien Ban town, Quang Nam
province, Vietnam. The raw manure was first piled up outdoor and allowed to compost
naturally for 25 to 30 days. From the obtained compost, a particular strain of B. licheniformis
(TTO1) was then isolated and identified following the procedure of an earlier report [28].
The culture medium was the Luria—Bertani (LB) (HiMedia, Mumbai, India) agar medium
at pH 7.0. The strain was stored at 0—4 °C for regular use. To preserve the strains, we stored
them in a 15% solution of glycerol in Eppendorf tubes held in a —80 °C soundproof cabinet.

The isolated bacteria were allowed to grow optimally in the liquid LB medium at 40 °C
in pH from 7.0 to 7.5 for 2 days under shaking at 150 rpm (SI500, Staffordshire, UK) [19].
The culture liquid was then centrifuged (Hettich MIKRO 120, Hettich, Westfalen, Germany)
at 6000 rpm for 15 min to separate the supernatant (upper layer) from the biomass (bottom
layer). Both layers were then used in three different processes for the biosynthesis of AgNPs.
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2.2. Biosynthesis of AgNPs

The established mechanism for bacterial synthesis of nanosilver is via NADH-dependent
nitrate reductase [12]. However, there is no agreement about the optimal experimental
strategy for the effective utilization of this mechanism in earlier studies. Regarding bacterium
B. licheniformis, while some studies suggested the use of bacterial biomass for synthesis, others
succeeded in synthesizing nanosilver from extracellular fluid or a combination thereof [12,19].
In this investigation with the new strain of B. licheniformis (TT01), we conducted three different
experimental procedures in parallel to identify the most productive biosynthesis routine for
this strain.

In the first routine (process A), the supernatant from the material preparation process
was mixed with 100 mL of AgNO3 (99.0% purity, Merck, Darmstadt, Germany) of either
1 or 2 mM in a 250 mL glass narrow-mouth bottle. The bottle was then covered with
silver foil and incubated for 6 days under shaking at 150 rpm (SI500, Stuart Equipment,
Staffordshire, UK). After 2, 4, 5, and 6 days, a liquid sample (0.5 mL) was taken from the
bottles for analysis.

In the second procedure (process B), 5 g of wet biomass from the material preparation
process was mixed with 100 mL of AgNOj3 (1 or 2 mM) in a 250 mL glass narrow-mouth
bottle. The bottle was then covered with silver foil and incubated for 6 days under shaking
at 150 rpm. Sample withdrawal was performed identically to process A. However, the
obtained sample was subjected to ultrasonic treatment (Elmasonic S 180, ElIma, Germany)
(5 cycles, 3 min each, frequency of 37 kHz) to break down the bacterial cells before analysis.

In the third procedure (process C), 5 g of wet biomass was introduced into 100 mL of
distilled water. The suspension was incubated for 24 h (Memmert IN30 Plus, Schwabach,
Germany) before being centrifuged. Afterward, the supernatant was mixed with 100 mL of
AgNO;3 (1 or 2 mM) in 250 mL glass narrow-mouth bottles. The bottle was then covered
with silver foil and incubated for 6 days under shaking at 150 rpm at 40 °C. The liquid
samples were withdrawn for analysis using the same procedure as process A.

2.3. Ultraviolet—Visible (UV-Vis) Spectroscopy Analysis

The formation of AgNPs was confirmed by a UV-Vis absorption spectrometer (Jasco
V-750, Deutschland GmbH, Fohren, Germany). Samples were scanned with the UV-Vis
spectra at 300 to 700 nm. The blank sample was placed in an AgNOj; solution at an
appropriate concentration.

2.4. Evaluation of the Antimicrobial Activity of Synthesized AgNPs

The antimicrobial activity of synthesized AgNPs, AgNOj solution and extracellular
fluid of B. licheniformis TT01 was performed according to the well diffusion assay method.
The strains of microorganisms used for testing were Escherichia coli (Institute of Microbiol-
ogy and Biotechnology, VNU-Hanoi, Vietnam), Bacillus cereus (ATCC 11778) and Ralstonia
solanacearum (self-isolated), grown separately in liquid LB medium in conical flasks. Then,
100 pL of bacterial liquid (108 CFU/mL) was spread on the Petri dishes containing agar.
Two wells with a diameter of about 1 cm were perforated symmetrically under sterile con-
ditions on each agar plate. Afterward, 300—400 uL of liquid sample was pipetted from the
AgNP-containing bottles into the wells. The agar plates were first placed in a fridge (4 °C)
for 90 min and then incubated in an incubator at a temperature of 30 °C. After 24 h, the
inhibitory zone was measured and recorded. The antibacterial zone diameter was calculated
by subtracting the well’s diameter from the diameter of the whole inhibitory region.

The antimicrobial activity of biosynthesized AgNPs against the three microorganisms
was then confirmed via a minimum inhibitory concentration (MIC) assay. Briefly, a 24 h
culture of E. coli, B. cereus and R. solanacearum was placed in a liquid LB medium to obtain
a density of 108 CFU/mL (0.5 McFarland) [29]. The prepared liquid cultures were then
diluted with NaCl 0.9% to a density of 10° CFU/mL. The tested AgNP solution was diluted
with Tween 80 (Sigma-Aldrich) solution (2%) to different ratios of 1/2,1/3,1/4,1/5,1/6,
1/8 and 1/10. Tween 80 (2%) was used as control.



Processes 2021, 9, 584

40f13

A total of 10 mL of prepared AgNP solutions was added to the liquid bacterial culture
(90 mL) in 250 mL conical flasks and incubated with agitation (150 rpm/min) for 24 h.
The samples were collected after 0, 10 and 24 h and then diluted with distilled water. The
diluted samples (1 mL) were spread onto a Petri dish containing LB agar and subjected to
incubation at 30 °C for 24 h. The number of bacterial colonies grown on agar surfaces was
counted to determine the MIC value.

2.5. Morphological Analysis of AQNPs Using X-ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM)

The sample was first dried to powder form before being analyzed by XRD and TEM.
An X-ray diffraction pattern elucidated the crystalline structure of the AgNPs in the sample.
The instrument was the BTX III Benchtop XRD Analyzer (Olympus, Center Valley, VA,
USA). The obtained spectral peaks were compared with the standard peaks of the silver
element to precisely confirm the existence of silver nanocrystals.

The nanoparticle size and size distribution were determined by analyzing TEM images.
The TEM instrument was the JEM-2010 (Jeol Ltd., Tokyo, Japan) operating at 200 kV. The
AgNP-containing sample was dripped on a carbon-coated copper mesh and allowed to
dry naturally for 15 min. The image of the powder sample was taken on the transmission
electron microscope. Photos and data from TEM were analyzed using Image] software.
The particle size distribution of AgNPs was plotted using the R Core Team 2017 software.

2.6. Statistical Analysis

Disk diffusion assay and UV-Vis measurement were performed in triplicate. The Dun-
can’s test (p < 0.05) was used to compare the results in the Origin 2019 software.

3. Results and Discussion
3.1. Visual Confirmation of AQNP Formation

AgNPs are formed when the microorganism strains reach their maximum growth
rate. The B. licheniformis TTO1 strain was cultured in a liquid LB medium at a constant
temperature of 40 °C, with pH adjusted to the range from 7.0 to 7.5 over 15 to 25 h [30].
Figure 1 shows images of the culture media obtained after 6 days of incubation. After
incubation, only the culture media resulting from process B showed a color change from
milky white (image not shown) to a yellow-brown color (Figure 1C,D). According to
previous reports [15,30], the color change is indicative of the presence of nanosilver and its
surface plasmon resonance stimulation [2,18]. In the subsequent analysis, further UV-Vis
characterizations were made to confirm the presence of nanosilver in the solution after
synthesis in these experimental procedures.

P

Figure 1. Images of silver nanoparticle (AgNP) solutions produced by (A) process A + 1 mM AgNOj3, (B) process A + 2 mM AgNO;3,
(C) process B + 1 mM AgNO;3, (D) process B + 2 mM AgNO;, (E) process C + 1 mM AgNO; and (F) process C +2 mM AgNO;.
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3.2. UV-Visible Spectrophotometry

UV-Vis scanning was performed at wavelengths from 300 to 700 nm for samples
obtained from the three processes after 6 incubation days. The obtained UV-Vis spectra
corresponding to the processes A and C showed no presence of characteristic spectral
peaks of nanosilver, suggesting that the AgNP synthesis performance of extracellular fluid
incubated with AgNOj3; was negligible (Figure 2). This could be explained by the absence
of extracellular nitrate reductase or the interference of metabolism products with electron
shuttle processes that caused the reduction of Ag* into Ag®. The absence of AgNPs in the
third process also suggests that the biosynthesis of silver nanoparticles of the B. licheniformis
TTO1 strain is independent of culture conditions and that the strain was unable to secrete
enzyme nitrate reductase and NADH (an electron donor) [2].

In contrast, the occurrence of intracellular reduction processes in process B was
confirmed by the second UV-Vis spectrum (Figure 2B,C). In this experiment, wet biomass
was introduced into AgNOj3 at two concentrations (1 mM and 2 mM), and the obtained
sample was ultrasonicated to break down bacterial cells. Further UV-Vis results of process
B are presented in Table 1.

Table 1. The absorption peak positions and absorption intensity of AgNPs synthesized from process B.

Samples Reaction Time Absorption Peak Absorption Intensity

(days) (nm) (Abs)

2 4162 0.251

AgNPs synthesized from 4 419b 0477
process B (1 mM AgNO3) 5 4195¢ 0.65 %
6 42054 0.98!

2 416.5¢ 026"

AgNPs synthesized from 4 4165 041m™
process B (2 mM AgNO3) 5 4188 0.55P
6 418 0.6

Note: Results were obtained with triplicate measurements. Values with different superscript letters
(a, b, c... ) are significantly different by Duncan’s test (p < 0.05).
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Figure 2. Ultraviolet and visible (UV-Vis) spectra of AgNP solutions produced by (A) process A + 1 mM AgNO3, (B) process
A +2mM AgNO;3, (C) process B + 1 mM AgNO;3, (D) process B + 2 mM AgNO;3, (E) process C + 1 mM AgNOs and (F)

process C + 2 mM AgNOs.

The results in Table 1 indicate the presence of AgNPs after 2 days of incubation at both
AgNOj3 concentrations. The UV-Vis measurement was performed in triplicate, and the
results showed a low absorption intensity of AgNPs in the initial 4-day period. This might
be attributed to the coverage of protein around particles. There was a small fluctuation in
the intensity of the adsorption peak as the incubation time was prolonged from 2 to 6 days.
Specifically, in samples incubated with 1 mM of AgNOj3, the peak position ranged from
416 to 420.5 nm. In contrast, a less considerable fluctuation, from 416.5 to 418 nm, was
detected in samples incubated with 2 mM of AgNOs. The fluctuation of peak intensity
could be attributed to the dielectric medium and surface-adsorbed species [31,32]. After
5 days, the AgNP biosynthesis in process B was almost complete and produced particles
of a stable size [12,13,19]. The range of wavelength corresponding to the peak with high
intensity was between 416 and 420.5 nm, which is in close agreement with the ranges
reported by Kalimuthu et al. (2008) (420440 nm), Gurunathan et al. (2009) (420 nm) and
Sarangadharan and Nallusamy (2015) (400-500 nm) [12,18,19]. This outcome suggests that
microbial biosynthesis might be more advantageous than chemical reduction methods
where shifts with larger wavelengths are frequently observed in prolonged incubation
times and aggregation often takes place [2]. The observed phenomena are consistent with
evidence shown in some studies that also recommended biological processes for AgNP
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synthesis because they can produce AgNPs with a smaller size compared to chemical
methods [18,28].

To summarize, only the samples prepared following process B at both 1 mM AgNOj3
and 2 mM AgNOs concentrations showed characteristic peak spectra of AgNPs. The sample
synthesized at the concentration of 1 mM AgNO; showed a stronger absorption intensity
than the sample incubated with 2 mM AgNO; concentration. Therefore, subsequent
investigations evaluated the AgNPs produced by process B (bacterial biomass incubated
with 100 mL of 1 mM AgNOj solution and 2 mM for 6 days).

3.3. Antibacterial Activity of Synthesized AGQNPs

AgNPs synthesized from process B were recovered and tested for antibacterial activity
against some microorganisms. On each dish, around 300400 pL of AgNP-containing
fluid was transferred into two wells, and 100 uL of microorganism solution was uniformly
spread on the LB medium agar surface plate. The dishes were incubated in incubators at a
temperature of 30 °C for 24 h. Inhibition zones are shown in the Supplementary Materials
(Figures S51-S5), and data are presented in Table 2.

Table 2. The diameters of antibacterial zones (cm) against various bacterial strains generated by various samples: 1 mM
AgNOs3, 2 mM AgNO;, extracellular solution of B. licheniformis TT01 and AgNP solutions obtained in process B.

Tested Bacteria

2mM Extracellular Fluid of ~ AgNPs Solution Incubated ~ AgNPs Solution Incubated

AgNO;s;  B. licheniformis TT01 with 1 mM AgNO; with 2 mM AgNOs;
E. coli 1.01° 0.64°¢ 3.754 3.03¢
B. cereus 0.51P 0.52P 3.25¢ 2634
R. solanacearum 1.09b 0.76 ¢ 3.674 2.85¢

Note: In each row, values with different superscript letters (a, b, c ... ) are significantly different by Duncan’s test (p < 0.05).

The antibacterial data revealed that the inhibition zone created by the AgNP-containing
solution was larger than that created by the extracellular fluid for all three tested microor-
ganisms: E. coli, B. cereus and R. solanacearum. Among all tested samples, the 1 mM AgNO;
solution showed the weakest antagonistic effects, while the biosynthesized AgNP solution
produced when incubating B. licheniformis TT01 biomass with 1 mM AgNOs3 exhibited the
largest inhibitory zone. The differences in zone diameter between the control solutions
and the AgNP extracellular fluid from B. licheniformis TTO1 were statistically significant,
suggesting an interaction between the bacterial biomass and the AgNOj solution to pro-
duce a new product that could be presumed to be AgNP, which is capable of inhibiting the
growth of the tested microorganisms.

Synthesized AgNPs at a concentration of 1 mM AgNO3 showed a larger antibacterial
ring than AgNPs synthesized at a concentration of 2 mM. This could be explained by
the smaller shape of AgNPs when being biosynthesized at lower AgNO3 concentrations,
leading to enhanced antibacterial activities [17,19]. The antimicrobial activity of AgNPs
is possibly explained by their soft acidity when existing in bacterial cells, which damages
DNA and membrane, in turn causing cell death [3,33-35]. The current results highlight the
antagonistic activity of AgNPs formed via the biosynthesis process with B. licheniformis
TT01 and are in line with evidence shown in a previous study where AgNPs synthesized via
Pseudomonas sp. THG-LS1.4 were found to possess increased antibacterial and antibiofilm
activities against pathogenic bacteria [20]. Based on the results, the sample obtained via
process B under incubation with 1 mM AgNO3; was selected for use in MIC assay, XRD
and TEM studies.

The antimicrobial activity of AgNP solution obtained under incubation with 1 mM
AgNOs was determined by using MIC assay. The MIC value is defined as the lowest AgNP
concentration at which no bacterial colonies are observed. The results are shown in Table 3.
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Table 3. The densities of liquid bacterial cultures (CFU/mL) after treatment with AgNP solution biosynthesized in process
B under incubation with 1 mM AgNOs.

Tested Incubation Concentration of AgNPs (ppm)

Bacteria Time (h) 1030 515 343.3 257.5 206 171.7 126.8 103

0 100 100 100 100 106 106 106 106
E. coli 10 0 0 0 0 0 0.3 x 10° 10° 0.4 x 10°
24 0 0 0 0 0 103 10° 0.2 x 10°

0 106 100 10° 10° 10° 10° 10° 10°
B. cereus 10 0 0 0 10 10% 10° 12 x10° 0.2 x 10°
24 0 0 0 102 0.5 x 10% 10° 10° 0.3 x 10°

R 0 100 100 100 10° 10° 10° 10° 10°
Solmc'emm 10 0 0 0 0 0 102 10° 42 x 10°
24 0 0 0 0 0 02x102 03x10* 13 x10°

The MIC results of the control remained unchanged across the different tested bacteria
at around 10® CFU/mL, implying that Tween 80 solution (2%) did not affect the growth
of the bacteria. The MIC value of the AgNP sample against E. coli and R. solanacearum
was 206 ppm. Samples that were diluted with a concentration of lower than 171.7 ppm
were unable to completely kill the two species of bacteria. For B. cereus, the MIC value was
343.3 ppm, suggesting that B. cereus is more resistant against AgNPs. This is corroborated
by the previous agar diffusion result where the inhibition zone of B. cereus was the smallest
compared to those of the other two species of bacteria.

3.4. XRD Results

Figure 3 shows the diffraction spectra of the sample obtained via process B at 1 mM
AgNO;. Four characteristic peaks of silver nanoparticles with angles of 20 of 38.2, 44, 64.5
and 77.5° appeared on the spectrum peak arrays. These peaks corresponded to the planes
(111), (200), (220) and (311) of the silver metal’s face-centered cubic lattice (FCC), which is
in accordance with previously reported works [1,23]. The above peak results confirmed the
presence of AgNPs in the sample.

(Coupled TwoTheta/Theta)

3000

2000

Counts

1000

1 Mau 1.brml

T T T T T
40 50 60 70

84

20 100

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 3. The XRD spectrum of the AgNPs produced in process B under incubation with 1 mM AgNO3.
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3.5. TEM Results

A morphological analysis of nanoparticles was carried out by taking TEM images on
the transmission electron microscope. The diameters (nm) of AgNPs were measured from
TEM images by using the Image] software.

The TEM image results and the frequency distribution of the particle size are presented
in Figures 4 and 5, respectively. Visually, nanoparticles are distinctly distributed, and no
aggregation occurred in the solution. The stability of the solution is possibly due to the
presence of proteins in the biomass bound to the nanoparticles, which encapsulates AgNPs
and therefore stabilizes them in the water environment [24].

MAU_1[TEM] ' ) m— 20 0nm MAU_1 [TEM]

JEM-1400 100KV x200k 100% 24/04/2019 JEM-1400 100}

Figure 4. TEM images of the AgNPs produced under incubation in process B with 1 mM AgNO3.

10 12 14

Frequency (%)
8
|

1t 1 T 1 T T T T T T 1
0 2 4 6 8 10 14 18 22

Diameter(nm)

Figure 5. The size distribution of AgNPs produced under incubation in process B with 1 mM AgNO3
and calculated by measuring the diameters of 63 silver nanoparticles in the TEM result.

AgNP morphology was spherical with a frequency of size mainly within the range of
2-10 nm, averaged at 8 £ 5.43 nm. Both the size and the shape of AgNPs have been proven
as contributing factors in determining their bactericidal activities. To be specific, Pal et al.
(2007) [3] and Dong et al. (2012) [4] proposed that the antibacterial activity of AgNPs is in
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part due to the high-atomic-density {111} crystal plane. In our case, the XRD peak with
the greatest intensity was located at {111} lattice plane, at 20 = 38.2°, indicating that the
sphere of AgNPs had the top basal plane with {111} facets. Previous reports also found
that spherical AgNPs with 50 nm diameter exhibited a moderately better permeability
against skin cells when compared to triangular AgNPs with 50 nm side length [36] and
suggested that a small, spherical shape is the most suitable morphology for AgNPs to act
as an antibacterial agent [37].

The current size distribution (8 & 5.43 nm) shows clear advantages over the results of
other studies using B. licheniformis strains. To be specific, Sarangadharan and Nallusamy
(2015) reported that the size range of AgNPs produced by B. licheniformis supernatant that
contained both fluid and biomass under incubation with 1 mM AgNO3 and 3 mM AgNOs3
was 3-130 nm and 45-170 nm, respectively [19]. Similar results were also obtained in the
same study when the supernatant was substituted with B. licheniformis biomass. In another
study, the mean size of AgNPs reached approximately 50 nm when incubating biomass
of B. licheniformis with 1 mM AgNOs [12]. However, it is worth noting that both studies
did not consider the possibility of intracellular biosynthesis of AgNPs because bacterial
cells were not broken after incubation. Therefore, ultrasonic treatment is suggested as an
additional step to reduce the size of AgNPs synthesized by biomass of B. licheniformis.

4. Conclusions

A particular strain of B. licheniformis bacteria (TT01) was isolated from quail feces, and
its AgNP biosynthesis capability was evaluated. Different biosynthesis processes utilizing
bacterial biomass and extracellular fluids were tested. The results indicated that only
the use of B. licheniformis biomass resulted in successful AgNP synthesis. The obtained
AgNDPs were able to inhibit various pathogenic bacteria, including E. coli, B. cereus and R.
solanacearum. AgNPs collected via bacterial biomass incubation with AgNO3 1 mM solution
showed stronger antibacterial activity than AgNPs recovered from the same process but
at the AgNOj; concentration of 2 mM. Through XRD analysis, it was demonstrated that
the obtained AgNPs exhibited the planes (111), (200), (220) and (311) of the face-centered
cubic network (FCC). TEM analysis revealed that the AgNPs were spherical, with a size
distribution ranging from 2 to 22 nm. Notably, the AgNPs smaller than 10 nm appeared
at the highest frequency, accounting for 24.14% of the total number of particles. The
current results suggest that quail manure could act as a material source for the biosynthesis
of AgNPs with favorable bioactivity. To contribute to the management of poultry waste,
further studies should contemplate the possibility of scalability and the further optimization
of the biosynthesis process.
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solanacearum. Figure S3. Inhibition of 2 mM AgNOj3 against (a) E. coli; (b) Bacillus cereus; (c) Ralstonia
solanacearum. Figure S4. Inhibition of 1 mM AgNOj3 against (a) E. coli; (b) Bacillus cereus; (c) Ralstonia
solanacearum. Figure S5. Inhibition extracellular fluid of Bacillus licheniformis TT01 against (a) E. coli;
(b) Bacillus cereus; (c) Ralstonia solanacearum.
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