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Biofilm formation is one of the major problems associated with pathogenic bacteria besides drug resistance. In
this study, the potential of the bacterial strain of mine soil in the biosynthesis of silver nanoparticles with
antibacterial and anti-biofilm activities was investigated. The study revealed that the isolated Bacillus thur-
ingiensis is an efficient bacterial strain in the biosynthesis of silver nanoparticles. Based on the results, the
spherical biosynthesized silver nanoparticles with a 42 nm average size have good antibacterial properties at low
concentrations (MIC = 6.25-12.5 ug/mL). Moreover, these nanoparticles not only inhibited the formation of

biofilm, but were also able to interfere in biofilm metabolic activity and its degradation. Besides, with increasing
concentrations of nanoparticles, degeneration of bacterial biofilm also increased so that the highest rate of
bacterial biofilm degeneration (> 90%) was observed at 6 ug/mL concentration.

1. Introduction

Nowadays, besides the issue of drug resistance, one of the major
problems associated with pathogenic bacteria is the formation of bio-
film, an organized community of bacteria adherent to a surface. It
contains an extracellular polymeric substance made of exopoly-
saccharides and nucleic acids, retains the nutrients, and protects the cell
from antimicrobial agents (Yahyaei and Pourali, 2017). Biofilm ex-
pansion has been introduced as the leading cause of nosocomial in-
fections and 80% of human infections because these bacteria not only
are protected against different types of antibiotics and other environ-
mental stresses, but also escape from the host immune response; hence,
biofilm increases bacterial dispersion and pathogenesis. It is said that
killing the bacteria in a biofilm matrix requires 1000 times as much
antibiotics as compared to planktonic cells (Dufour et al., 2012; Singh
et al., 2015). Therefore, there is an urgent need to search for a cost-
effective and more efficient strategy for a combating bacterial biofilm.

Using products of nanotechnology is one of the promising ap-
proaches to eliminating bacterial biofilm. Nowadays, nanomaterials are
widely used in various industries. Among different types of nanoma-
terials, nanoparticles, especially silver nanoparticles, have attracted
special attention because of their unique physicochemical properties.
Moreover, anti-oxidant, anti-fungal, anti-cancer and anti-microbial
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features are the most relevant aspects of silver nanoparticles. In addi-
tion, the anti-biofilm behavior of these nanoparticles has recently been
reported in some cases (Deljou and Goudarzi, 2016; Mostaghasi et al.,
2018; Prasad et al., 2007; Singh et al., 2015).

Currently, physical, chemical, and particularly biological methods
are being used in the synthesis of nanoparticles. Among them, biolo-
gical methods have recently received more attention because they are
nontoxic, eco-friendly, bio-safe, and relatively easier to synthesize at
ambient conditions (Deljou and Goudarzi, 2016; Singh et al., 2015).
Nanoparticles can be synthesized from multicellular organisms like
plants to unicellular ones like bacteria (Das et al., 2014; Natarajan
et al., 2010; Nithya and Ragunathan, 2009; Pourali and Yahyaei, 2016).
Depending on microorganism features, this can be done intracellularly
or extracellularly; however, extracellular synthesis of metallic nano-
particles by the microorganism is simpler and more economical (Abd
El- Aziz et al., 2012; Kalishwaralal et al., 2010b; Shahverdi et al., 2007).
Search for a robust microorganism in the biosynthesis of desirable na-
noparticles, as the interface of microbiology and nanotechnology, is
continuing.

In this study, the biosynthesis of silver nanoparticles (AgNPs) was
investigated using isolated bacterial strains from the soil of Sirjan Gol-
Gohar Mine located in Kerman Province, Iran. In addition, anti-
microbial properties of synthesized AgNPs against some pathogenic
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bacteria were investigated. Moreover, the inhibitory effect of these
AgNPs on bacterial biofilm formation and the effect of their removal on
pre-formed biofilm were evaluated. Biofilm destruction was achieved
using microtiter plate and staining with crystal violet (CV) because CV
is suitable for the evaluation of biofilm amount, not for the examination
of its activity (Pitts et al., 2003). In this research, respiratory dye, tri-
phenyl tetrazolium chloride (TTC), was also used to measure the active
metabolism of bacteria.

2. Materials and methods
2.1. Isolation of bacterial strains

Soil samples were collected at 5cm depth from Sirjan Gol-Gohar
Mine located in Kerman, Iran. They were taken to the laboratory in
sealed sterile containers, and serial dilutions were prepared for each
collected sample. Each dilution was incubated on Nutrient agar bac-
terial medium culture (Merck, Germany) at 30 °C for 24-48 h. Based on
size, color, and shape, each colony was isolated to obtain a pure culture.
Then, these colonies were named GL-1 to GL-48 and were stored in 20%
glycerol stock solution at —20 °C for future tests.

2.2. Molecular identification

Genomic DNA of GL22 strain, as the best strain in the biosynthesis
of nanoparticles, was extracted according to phenol extraction; and its
purity was checked by the A260/A280 ratio. Universal 16S rRNA PCR
primer sets, including U8F (5’-AGAGTTTGATCCTGGCTCAG-3’) as the
forward primer and U1390R (5-GACGGGCGGTGTGTACAA-3’) as a
reverse primer, were used to amplify 16S rRNA gene. The PCR was
accomplished in a total volume of 50 pL including 50 ng of genomic
DNA, 1.25 Units of Taq DNA polymerase, 20 pmol of each primer, 10x
PCR buffer and 200 uM of each dNTPs as components. The PCR was
done as follows: for 35 cycles with the primary denaturing for 3 min at
94 °C, recurring denaturing for 30 s at 94 °C, recombining in the double-
stranded form for 30 sat 58 °C and extension for 2 min at 72 °C with a
final extension of 7minat 72°C. PCR products underwent electro-
phoresis on agarose gel (1%); afterwards, they were amplified 16S
rRNA bands, and were purified by DNA extraction kit (Cinaclone,
Tehran, Iran, Cat. No.: PR881613). Then, DNA sequencing was directly
done on both strands by Bioneer Company (South Korea). The sequence
data of 16S rRNA was then used for BLAST analysis, and a phylogenetic
tree was made on Molecular Evolutionary Genetics Analysis software
(MEGA4) (Tamura et al., 2007).

2.3. Isolation of silver nitrate reducer bacteria

In order to explore the possibility of synthesizing AgNPs using su-
pernatant, each isolated bacterium was separately incubated in 100 mL
Luria-Bertani (LB) broth medium at 120rpmat 30°C for 48h. The
bacteria were then centrifuged at 8000 rpm for 10 min at 4 °C so that
supernatant was collected and filtrated through 0.22 pm filters. Then,
the supernatant was added to silver nitrate (5 mM) (AgNO;, Merck,
Germany) at 30°C for 24h under dark conditions. The bacterial su-
pernatants containing AgNPs were centrifuged at 15000 rpm for 20 min
in order to collect AgNPs. The obtained pellets were re-suspended in
sterile Phosphate-buffered saline (PBS) and centrifuged again, and this
step was repeated three times (Pourali and Yahyaei, 2016; Singh et al.,
2016). The obtained AgNPs were then dried overnight at 60 °C, and
their properties were examined.

2.4. Evaluation of AgCl precipitate formation
For initial verification of the AgNPs synthesis, pure sodium chloride

(NaCl) was added to the color-changed solution containing these na-
noparticles at 1:10 (w/v). If the milky-color precipitate of AgCl is not
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observed, it indicates that all of the silver ions are reduced to AgNPs
(Levard et al., 2013).

2.5. Characterization of AgNPs

UV-vis spectrophotometer (Shimadzu, Kyoto, Japan) was applied to
record UV-Vis spectrum of the mixture in the range of 300-700 nm. The
synthesized AgNPs X-Ray Diffraction (XRD) spectrum (30-80° in 26)
was recorded by Bruker, Madison, USA, X-ray Diffractometer at a vol-
tage of 40kV and a current of 30 mA with CuKa X-ray source.

The size distribution and morphology of AgNPs were determined
using field emission scanning electron microscopy FE-SEM (JEOL JSM
6700F, Germany) and transmission electron microscopy (TEM) (Zeiss-
CEM-902A, Germany). The AgNPs were also analyzed using EDX-
spectroscopy (by the same instrument).

In this study, the stability of the biosynthesized AgNPs was ex-
amined by keeping the reaction mixture at room temperature for 3
months, and it was evaluated by UV-vis spectroscopy in the range of
300-700 nm (Anjum and Abbasi, 2016; Singh et al., 2016).

2.6. Antibacterial activity

In order to determine the antimicrobial activity of synthesized
AgNPs, 6 bacterial strains including Staphylococcus aureus PTCC 1112,
Escherichia coli O157H7, Listeria monocytogenes PTCC 1298,
Pseudomonas aeruginosa PTCC 1310, Klebsiella pneumoniae PTCC 1053,
and Enterococcus faecalis PTCC 1237 were purchased from Pasteur
Institute of Iran, and they were employed in the study. Antimicrobial
activity of synthesized silver nanoparticles was measured using
methods of agar well diffusion. For good diffusion, the wells were
created on Muller-Hinton Agar (MHA) plates with a sterile cork-borer
(6.0 mm diameter). Microbial strains were cultured after achieving a
turbidity of a 0.5 McFarland standard on each plate using a sterile swab.
Next, 50 pL of (50 pg/mL) of AgNPs solution was poured into each well,
and the plates were incubated at 37 °C for 24 h. The inhibition zone
diameter (mm) was measured after the incubation period, and the filter-
sterilized supernatant without AgNO;3; solution was used as negative
control. The experiments were done in triplets, and the results were
explained in terms of mean standard deviation.

2.7. MIC and MBC of AgNPs

Silver nanoparticles solution was made in sterile 96-well plates by
serial two-fold dilution in the range of 0.78-50 ug/mL in order to de-
termine minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC). The wells were then inoculated with an
overnight culture of pathogenic strains adjusted to 0.5 McFarland, di-
luted at a 1:100 ratio, and then incubated at 37 °C for 24 h. The mean of
live pathogenic cells was recorded using ELISA reader (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) at 600 nm. MBC, the lowest
concentration of nanoparticles that kills over 99% of the bacteria, was
determined by spreading the broth from the non-growth wells onto
nutrient agar plates, and was incubated at 37 °C for 24h. MBC was
distinguished based on the concentration without any growth of the
pathogenic strains (Balouiri et al., 2016; Khorrami et al., 2018).

2.8. Evaluation of the anti-biofilm activity of AgNPs

2.8.1. Biofilm inhibition

To examine the inhibition of biofilm formation (IBF) effect of
AgNPs, Microtiter plate adhesion assay was used. Biofilm formation in
this assay was determined using the method reported earlier
(Stepanovic et al., 2007) with some modifications. The overnight cul-
ture of bacterial strains adjusted to 0.5 McFarland were diluted at the
1:100 ratios in fresh medium in wells of a sterile 96-well microtiter
plate. Each well was then inoculated with 100 uL of AgNPs dilution
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(0.78-50 pg/mL). As a control, 100 uL. of phosphate-buffered saline
(PBS) was added to certain wells instead of AgNPs suspension. The plate
was incubated for 24 h at 37 °C. After incubation, the media were re-
moved and the wells were washed three times with 200 uL of sterile
distilled water. Next, the microtiter plate was kept to be air dried for
45 min. Afterwards, 200 uL of 0.1% (v/v) crystal violet was added to
each well and kept for 45 min. The wells were then washed three times
with 300 pL of sterile distilled water to remove the extra stain. The dye,
combined with the adherent cells, was solubilized with 200 pL of glacial
acetic acid 33% (Merck, Germany). The absorbance of each well was
measured at 492nm using a microtiter plate ELISA reader. The per-
centage of inhibition was calculated according to Equation (1) (Pitts
et al., 2003).

Acomrol - Asample

X 100

Inhibition percentage =
Aconlrol (1)

Acontrol = absorbance average of the control wells
Asample = absorbance average of the sample wells

2.8.2. Biofilm degeneration

AgNPs ability to eliminate and destroy biofilm structures was
evaluated by using microtiter plate according to the method described
by Singh et al. (2016) with some modifications. Bacterial suspensions
with turbidity of 0.5 McFarland were prepared. 200 pL of each micro-
bial suspension was added into wells, and they were then incubated at
37 °C for 24 h. To examine AgNPs ability to destroy biofilm structure,
the media were removed, 200 puL. of AgNPs 1-6 ug/mL concentrations
were added, and the plates were incubated at 37 °C for 24 h 200 pL of
PBS was added to certain wells as a control. After removing the media,
the wells were washed three times with 200 uL of sterile water. Then,
they were dried at room temperature and stained by crystal violet 0.1%.
After removing the extra stain and adding 200 pL of glacial acetic acid
33%, the absorbance of each well was measured at 492 nm. The per-
centage of biofilm destruction was also determined by Equation (1)
(Pitts et al., 2003; Sonak and Bhosle, 1995).

2.8.3. Inhibition of biofilm metabolic activity

Dehydrogenase activity was examined in order to measure the
survival rate of biofilms bacteria treated with AgNPs (1-6 pg/mL). The
biofilms formed by pathogens in 96-well microtiter plates were treated
with 150 pL AgNPs at concentrations of 1-6 g/mL, and were incubated
at 37 °C for 24 h again. 50 pL aliquot of the electron acceptor solution,
triphenyltetrazolium chloride (TTC) (0.25g TTC in 100mL of tris
buffer, pH = 7), was added to each well, and the plates were incubated
at 37 °C for 24 h for color change. The OD was measured against a blank
at 490 nm (Babu et al., 2012; Bai et al., 2019; Suresh et al., 2016).

2.9. Statistical analyses

The data were exposed to One-way Analysis of Variance (ANOVA)
to determine the importance of individual differences at p < 0.05
level. Important means were compared by Duncan's multiple range
tests. All statistical analyses were performed using SPSS Version 16.

3. Results
3.1. Isolation of silver nitrate reducer bacteria

After preparing serial dilutions and culturing, 48 isolates of different
bacterial colonies (GL1-GL48) were obtained. Based on the primary
signs, time, color change rate and UV-Vis spectrum of the mixture,
GL22 was selected as a favorable strain to reduce silver ions extra-
cellularly at 24 h. Therefore, subsequent studies were conducted on this
strain.
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Fig. 1. The phylogenetic tree, based on partial 16S rDNA sequences, represents
the relationship between GL22 strain and other species belonging to the genus
Bacillus. The analysis was constructed using the neighbor-joining method in
MEGA4.

3.2. Molecular identification of GL22 strain

The desirable bacterial species were identified by using information
obtained by sequencing 16S rRNA gene. The results of sequence
alignment and phylogenetic tree revealed that the AgNO3 reducer strain
(GL22) was 97% similar to Bacillus thuringiensis (Fig. 1).

3.3. AgCl precipitate formation

NaCl was added to the final mixture to confirm the completion of
silver ions reduction by bacterial extracellular components. Lack of
white precipitate of AgCl indicates that all of the silver ions in the
medium were reduced to silver nanoparticles (Levard et al., 2013).

3.4. Characterization of AgNPs

3.4.1. UV-vis spectroscopy

The synthesis of nanoparticles by the isolated B. thuringiensis was
verified by the color change of mixture from light yellow to dark brown
(Fig. 2, b). Fig. 2, a, UV-Vis absorption spectrum of the mixture
(300-700 nm), demonstrates an intensive absorption peak at 443 nm
related to AgNPs colloid (Khorrami et al., 2018). Results of stability
examination of synthesized AgNPs revealed that there was no change in
color and UV-Vis absorbance of the mixture, and no deposit was ob-
served.

3.4.2. X-ray diffraction pattern of AgNPs

The XRD spectrum of nanoparticles was recorded in order to char-
acterize their crystal structure. As illustrated in Fig. 3, four distinct
diffraction peaks at 20 = 38.16°, 44.63°, 64.48°, and 77.02° appeared,
which index the plans (111), (200), (220), and (311) of the cubic face-
centered silver crystals. This is closely similar to the announced re-
ference value of International Centre for Diffraction Data (ICDD)
number 01-087-0718.

3.4.3. FE-SEM, TEM and EDS analyses of AgNPs

The EDS spectrum (Fig. 4, b) showed the highest peak of Ag at
3 keV, which indicates that the AgNPs were successfully produced by
the cell free supernatant of the isolated B. thuringiensis strain. FE-SEM
images revealed that the morphology of AgNPs is approximately
spherical and their average size is 42 = 7 nm. Moreover, no aggregation
was observed in this image. In addition, the TEM analysis result con-
firms the spherical morphology of nanoparticles (Fig. 5).
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Fig. 2. a, UV-Vis spectrum of biosynthesized AgNPs, and b, color change of the biosynthesized AgNPs mixture during reaction time. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

3.5. Biological aspects of AgNPs

3.5.1. Antibacterial activity of AgNPs

The antimicrobial effect of synthesized AgNPs was explored in six
reference microorganisms (including S. aureus, E. coli, L. monocytogenes,
P. aeruginosa, K. pneumoniae, and E. faecalis). The results indicated that
synthesized AgNPs exhibit a significant antibacterial behavior against
all the examined bacterial strains. Inhibition zone diameter (IZD),
minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of the synthesized AgNPs on pathogenic bacteria
have been provided in Table 1. The results clearly showed that AgNPs
not only inhibited bacterial growth, but also killed them even at low
concentrations. The minimum concentration of AgNPs for inhibiting
and killing pathogens was around 6.25-25 ug/mL.

3.5.2. Inhibition of biofilm formation and biofilm degeneration

Results of the anti-biofilm examination revealed that these AgNPs
could absolutely inhibit biofilm formation in all bacteria at sub-MIC
concentration except L. monocytogenes (Table 1). Additionally, the

results of biofilm degeneration indicate that over 50% of biofilm
formed by pathogenic bacteria was eliminated by these AgNPs at
4-6 ug/mL concentrations (p < 0.001) so that over 90% of bacterial
biofilm was destroyed at the concentration of 6 pg/mL (Fig. 6).

3.5.3. Inhibition of biofilm metabolic activity

The inhibitory function of synthesized AgNPs on metabolic activity
of biofilm is shown in Fig. 7. The results showed that the nanoparticles
had a remarkable impact on biofilm metabolic activity, which is dose-
dependent.

4. Discussion

In this study, although isolated strains were able to synthesize
AgNPs both intracellularly and extracellularly, the procedure was
continued using extracellular samples because extracellular synthesis
method was easier and more economical. However, the exact me-
chanism of extracellular synthesis of nanoparticles by microorganisms
is still unknown. It seems that microorganisms contribute to reducing

8000 —
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Fig. 3. XRD spectrum of biosynthesized AgNPs.
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Fig. 4. a, FE-SEM image of biosynthesized AgNPs, and b, EDS spectrum of biosynthesized AgNPs.

Fig. 5. TEM image of AgNPs. The spherical morphology of the nanoparticles is
clear in the image.

metal ions by producing enzymes such as nitrate reductase. El-Batal
et al. found that nitrate reductase enzymes existing in the culture su-
pernatant of Bacillus stearothermophilus play an important role in the
reduction of silver ions and formation of AgNPs (El-Batal et al., 2013;
Wang et al., 2018).

According to UV-Vis spectrophotometer results, one peak was ob-
served at 443 nm, which indicated the presence of AgNPs in the final
colloid. There was no difference in the UV-Vis spectrum of the solution
after 3 months, indicating the high stability of these nanoparticles. It
seems that the presence of secreted proteins in bacterial supernatant
contributes to the stability of synthesized nanoparticles (Nayak et al.,

Table 1

2016; Shankar et al., 2003). It is proven that proteins can bind to na-
noparticles as stabilizers either through their free amine groups or cy-
steine residues (Khorrami et al., 2018; Vinoj et al., 2015). Capping
proteins and other organic compounds prevent agglomeration of na-
noparticles and are responsible for forming highly stable silver nano-
particles.

The FE-SEM results showed that the average size of these spherical
nanoparticles was 45nm. Previously, it had been found that AgNPs
synthesized by various microorganisms have different sizes and shapes.
According to some evidences, AgNPs produced by different strains of
Bacillus mainly had spherical shapes, but different sizes ranging from 4
to 94nm (Das et al., 2014; Ganesh Babu and Gunasekaran, 2009;
Pourali and Yahyaei, 2016; Sathiyanarayanan et al., 2013).

Several unidentified crystalline peaks were observed in XRD spec-
trum, which might be because of the crystallization of bioorganic
compounds on the surface of AgNPs (Anjum and Abbasi, 2016;
Kalishwaralal et al., 2010b; Nayak et al., 2016). Besides, the energy-
dispersive X-ray spectroscopy (EDS) results (Fig. 4,b) confirmed the
XRD results.

Based on the evidences, AgNPs antibacterial activity against E. coli
strain (19.7 mm) is more than the others, and E. faecali is a more re-
sistant strain to AgNPs (16.2 mm) than other bacterial strains. The MIC
and MBC results showed that AgNPs synthesized by the isolated strain
had both inhibitory and killing effects on tested pathogenic strains.
Similar results demonstrated that AgNPs produced by microorganisms
had a broad range of antimicrobial effects on gram-positive and gram-
negative bacteria (Barros et al., 2018; Ebrahimipour et al., 2017;
Kushwaha et al., 2015; Levard et al., 2013; Nanda and Saravanan,
2009; Paul and Sinha, 2014; Pourali and Yahyaei, 2016). Although the
mechanism of AgNPs antimicrobial activity has not been completely
known, researchers believe that AgNPs possibly adhere to extracellular
proteins and damage cells by creating pores in cell membrane, dis-
rupting respiration function, interfering with DNA replications, and
forming reactive oxygen species (ROS) such as hydrogen peroxide, su-
peroxide anions, and hydroxyl radicals (Khorrami et al., 2018; Shanthi
et al., 2016; Singh et al., 2016). Results of a research recently published

Inhibition Zone Diameter, MIC, MBC and the concentration of AgNPs required to 100% inhibition of biofilm formation (IBF) against pathogenic bacteria. (Values of

AgNPs are pg/mL).

IBF (ug/mL) MBC (pg/mL) MIC (ug/mL)

Inhibition Zone Diameter (mm) Pathogenic strains

(Mean = SD)
3.125 25 12.5 18 + 1.15 K. pneumoniae PTCC1053
3.125 12.5 6.25 19.7 + 0.58 E. coli 0157:H7
3.125 12.5 6.25 17.7 = 0.58 P. aeruginosa PTCC 1310
15.3 12.5 6.25 17.3 £ 0.58 L. monocytogenes PTCC 1298
6.25 25 12.5 16.2 = 0.29 E. faecalis PTCC1237
3.125 12.5 6.26 187 £ 1.5 S. aureus PTCC 1112
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Fig. 6. Pathogenic bacteria biofilm degeneration by AgNPs (PBS was used as a control).

by Khorrami et al. show that S. aureus and P. aeruginosa bacterial strain
synthesize beta-carotene and phenazine pigments, respectively, to
counter the ROS resulted from silver nanoparticles (Khorrami et al.,
2018).

It has already become clear that biofilm formation by pathogens on
different surfaces has an important role in chronic and recurrent dis-
eases. Therefore, inhibiting the formation of these structures or re-
moving them is highly important (Singh et al., 2015). This study re-
vealed that biosynthesized AgNPs using isolated Bacillus thuringiensis
not only inhibited the formation of biofilm, but were also able to in-
terfere in biofilm metabolic activity and its degradation. Besides, with

32 7 OK. pneumoniae

® L. monocytogenes

255 -

N

OD (490 nm)
=
(9]

0.5 -

increasing concentrations of AgNPs, degeneration of bacterial biofilm
also increased so that the highest rate of bacterial biofilm degeneration
(> 90%) was observed at 6 ug/mL concentration. It has already been
reported that the inhibition of biofilm formation in some bacteria strain
including E. coli, P. aeruginosa, S. aureus and V. parahaemolyticus Dav1,
is directly dependent on NPs concentration. Kalishwaralal et al. have
similarly reported anti-biofilm activity of bio-synthesized AgNPs and
found that 100 nM of AgNPs resulted in a 95%-98% reduction in bio-
film formation (Kalishwaralal et al., 2010a).

It seems that inhibition of biofilm formation by AgNPs is apparently
due to the inhibition of exopolysaccharides synthesis in pathogenic

E. coli
E. faecalis

B P. aeruginosa
O S. aureus

AgNPs (ug/mL)

Fig. 7. Biofilm metabolic inhibition activity of AgNPs (decreasing in OD indicates the inhibition of the metabolic activity of biofilm).
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bacteria (Radzig et al., 2013; Shanthi et al., 2016; Singh et al., 2016).
Ansari et al. demonstrated that S. aureus and 10 of S. epidermidis bac-
terial colonies were grown, as crystalline black colonies, indicating the
production of exopolysaccharides, which is a substrate for the synthesis
of biofilm. However, the organisms did not survive when they were
exposed to AgNPs. Thus, when the exopolysaccharide synthesis is
blocked, the organisms cannot form the biofilm (Ansari et al., 2015;
Stewart and Franklin, 2008). It is worth mentioning that different
mechanisms might be involved in cell survival and biofilm formation;
for example, Chaudhari et al. suggested that AgNPs might be involved
in neutralizing adhesive substances thus preventing biofilm formation
(Chaudhari et al., 2012; Gurunathan et al., 2014).

The results of biofilm metabolic activity assessments indicated that
AgNPs synthesized by strain GL22, Bacillus thuringiensis, had the most
inhibition effect on dehydrogenase enzyme activity at 6 ug/mL con-
centration. Crystal violet staining is the conventional method for
studying the bacterial biofilm, but it is suggested that the results ob-
tained from only crystal violet staining might be misleading because of
nonspecific staining. Pitts et al. announced that crystal violet is useful to
measure the biofilm amount, but not suitable for studying cell activity
(Pitts et al., 2003). Thus, other techniques like cell counting technique
along with this method should be used, leading to an increase in the
cost and time of the study (Brown et al., 2013). Furthermore, the me-
tabolic activity of biofilm's survived bacteria can be detected by mea-
suring cell respiration and dehydrogenase enzyme activity using re-
spiratory dye, and triphenyl tetrazolium chloride (TTC) (Mahdavi et al.,
2007). Using TTC staining, Reuter et al. showed that viable cells col-
laborate with the adherent cell population in biofilm in aerobic con-
ditions, and can recover from this biofilm (Reuter et al., 2010).

5. Conclusion

The present study reports identification of a novel strain of Bacillus
thuringiensis isolated from the mine soil. Also, potential of the strain in
the biosynthesis of silver nanoparticles has been examined. Based on
the results, the strain is very robust in the biosynthesis of spherical
silver nanoparticles with an average size of 42 nm. These nanoparticles
not only inhibit the formation of bacterial biofilm but are also able to
destroy pre-formed biofilm. On the other hand, they inhibit recovering
of the bacterial structure by reducing the number of live cells in the
biofilm. Therefore, the silver nanoparticles synthesized using B. thur-
ingiensis strain can be used in the biomedical applications to controlling
bacterial biofilm formation regarding their high anti-biofilm and anti-
bacterial properties.
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