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The unfolding of bacterial drug resistance poses a significant threat to public health globally, requiring novel and effective antimicrobial
strategies. Knowing the necessity of this situation, the current study explores the biosynthesis of silver nanoparticles as potent
antibacterial agents. The biosynthesis was explored by a green approach mediated by the endophytic actinomycete Streptomyces
rochei, 16S rRNA sequencing helped identification of the actinomycete and assigned the GenBank accession number ON142045.
The synthesized silver nanoparticles (AgNPs) were characterized for their formation by using various techniques, which included
FE-SEM, EDS, FT-IR, UV-Vis spectroscopy, and DLS. UV-Vis analysis confirmed nanoparticle formation with an absorption peak at
400 nm. The FT-IR analysis shows existence of multiple functional groups such as O—H, C-N, and C=C, which explains biomolecules
in nanoparticle stabilization. The biosynthesized AgNPs exhibited notable antimicrobial and bactericidal activity against both MTCC
strains and clinically isolated Gram-negative bacterial pathogens. The above results show that the biosynthesized AgNPs possess
significant potential as alternative antibacterial agents, offering a promising approach for combating multidrug-resistant bacterial
infections. Utilizing endophytic actinomycetes for nanoparticle synthesis promotes environmentally sustainable methods while
offering promising opportunities for biomedical use, particularly in antimicrobial treatments. This study highlights the effectiveness
of biosynthesized silver nanoparticles in inhibiting bacterial growth, underscoring their potential role in addressing the ongoing
challenge of antibiotic resistance through green nanotechnology-based solutions.
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( Srikar et al 2016, Crisan et al., 2021; Rania et al., 2021).
Researchers have focused a lot of attention on different metal

nanoparticles because of their effective physics, chemistry,

In the recent era of nanomaterials, metallic nanoparticles
(NPs) are becoming increasingly significant due to their
distinctive properties based on form, size, and dispersion
(El-Baz et al., 2016; Mourdikoudis et al., 2018). Among
these novel qualities are excellent physicochemical,
electrical conductivity, catalytic, and mechanical stability
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and biological characteristics. Nanoparticles have proven
useful in a variety of fields, including bioaugmentation
of environmental contaminants, delivery of gene for the
treatment and circumvention of genetic diseases, imaging,
catalysis, and medical applications such as vaccine antigen
administration, novel bioelectronics devices like nano-
biosensors, metal optics, or enhanced drug delivery methods.
Since multi-drug resistant bacteria are currently poorly
managed, this is a serious worldwide problem. Therefore, the



need for innovative antibacterial agents is essential. The lack
of efficacious treatments for multi-drug resistance bacteria
poses a serious worldwide threat. Finding new antimicrobial
medications is therefore essential. In this regard, AgNPs
have been suggested as a novel class of antibacterial agents.

Current treatments do not have the capacity to completely
eradicate multi-drug resistant bacteria, posing a severe
global threat (Wypij et al., 2018). Therefore, the need to
develop innovative bactericides is very high. In many
healthcare institutions, Gram-negative bacteria have been
seen as the most frequent pathogens, there has been an
upsurge in the incidence of nosocomial infection causing
multidrug-resistance pathogens ( Saeid et al 2011, Ahmed
Elsadek Fakhr & Fayza Fathy, 2019; Rania etal., 2021).The
antibiotic resistance among patients revealed the prevalence
of methicillin-resistant S. aureus (MRSA), extended-
spectrum beta-lactamase bacteria, cephalosporin resistant
K. pneumoniae, carbapenem resistant K. pneumonia, and
multidrug resistant P. aeruginosa, E. coli, and Acinetobacter
baumannii spp. (Ahmed Elsadek Fakhr & Fayza M. Fathy,
2019; Rania et al., 2021).

The antibacterial properties of AgNPs have led to their
increasing popularity and even the suggestion that they
represent a new class of antimicrobial drugs. As a result,
numerous uses for Ag-NPs have been discovered, such as
medical device coatings, household, wound dressings, and
healthcare products, and cosmetics (Martinez et al., 2020).
Majorly, two techniques for employed for synthesizing
metal nanoparticles: "bottom-up" and "top-down." The
methods involved are carried out by a number of chemical,
biological, and physical processes. Many physical and
chemical techniques are essential for the production of metal
nanoparticles in view of their selectivity and capacity to
produce monodisperse nanoparticles (Iravani & Zolfaghari,
2013).

The usage of a biological system is required for nanoparticles
biological synthesis. Biosynthesis is a bottom-up strategy
in which nanoparticles are formed as a consequence
of metal reduction/oxidation and enzymes released by
microbial systems and different metabolites from plants are
responsible (Prabhu & Poulose, 2012). The bioproduction
mechanism of AgNPs was reported according to which the
enzyme of nitrogen cycle i.e., nitrate reductase is in charge
of converting nitrate to nitrite. The nitrate reductase enzyme,
is known to play a noteworthy role in the bioproduction of
AgNPs. The silver ions are formed due to enzymatic metal
reduction mechanism. Nitrate reductase reduces silver
ions to metallic silver and therefore silver nanoparticles is
formed (Karthik et al., 2014).

Many attempts have been made to synthesise metal
nanoparticles utilising microorganisms and plants. In
regards of biological synthesis, there is an entire list of
bacteria and plants. Many kinds of bacteria, including
Bacillus sp. and Pseudomonas sp., are being used
to reduce silver ions to silver nanoparticles. AgNPs
have been manufactured using various actinomycetes
which include Streptomyces sp. (Alani et al., 2012),
Streptomyces sp. JAR1 (Chauhan, 2013), Nocardiopsis
sp. MBRC-1 (Manivasagan et al., 2013), Rhodococcus

sp. (Otari et al., 2012), Streptomyces albidoflavus CNP10
(Prakasham, 2012) Streptomyces hygroscopicus BDUS
49 (Sadhasivam et al., 2010), Streptomyces sp.VITPK1
(Sanjenbam et al., 2014), Streptomyces rochei (Kim et
al., 1998), Streptomyces sp. BDUKAS10 (Sivalingam et
al., 2012), Streptomyces sp. VITBT7 (Yingst et al., 1998),
Streptomyces sp. 1, Streptomyces sp. 11, (Sukanya et al.,
2013), Streptomyces glaucus 71MD (Tsibakhashvili et al.,
2011), Streptomyces aureofaciens MTCC356 (Liossis et al.,
1998) , Streptomyces sp. ERI-3 (Faghri Zonooz & Salouti,
2011), and Streptomyces sp. LK3 (Karthik et al., 2014).

Because of their promising bioactivities, such as antioxidant,
antifungal, antibacterial, and anticancer effects, AgNPs have
proved to be efficient metallic nanoparticles. The potential
antimicrobial properties of these nanoparticles can be used
in medical device industry to reduce microbial infections
and prevent bacteria colonisation on medical equipment
such as dental materials, catheters, vascular grafts, stainless
steel materials, and human skin (“The Clinician and the
Microbiology Laboratory,” 2015). The present work
involves the green biosynthesis of AgNPs by endophytic
actinomycete Streptomyces rochei as an excellent
alternative route, its characterization and evaluates the
antimicrobial and anti-biofilm activities of the synthesized
silver nanoparticles.

Materials: Isolation of the actinomycete Streptomyces
rochei was done from root tissue of Bryophyllum pinnatum
(Lam.) Oken and the GenBank accession number
ON142045 was assigned after 16S rRNA sequencing
(Yadav et al., 2023). Himedia, Mumbai, India provided the
chemicals used for preparing media (ISP-4 broth and NAM)
and 2,3,5- Triphenyl tetrazolium chloride (TTC). Silver
nitrate (AgNO3) was bought from Merck, Mumbai, India.

Silver nanoparticles biosynthesis: The endophytic
actinomycete Streptomyces rochei was isolated (GenBank
accession no. ON142045) (Yadav et al., 2023) and incubated
in 250 ml of ISP-4 broth (pH 7.0) for 21 days at 29°C at
120 rpm. The obtained culture was filtered twice using a
Whatman filter paper to remove any actinobacterial cell
content, and the bio-extract was obtained. 200 mM AgNO3
was added to of above extract (1:1); to make a concentration
of 100 mM of solution.

Centrifugation of the incubated solution was done at 10000
rpm at 4°C for 10 days, during which time it was surveilled
for colour changes each day. After 10 days, pellet of the
incubated solution was taken by centrifugation at 10000 rpm
at 4°C. The pellet was then washed 3 times with ethanol
and distilled water mixture and air dried. The obtained dried
pellet was crushed in a mortar pestle to obtain fine powder
and was further characterized. The detailed biosynthesis
procedure of AgNO3 has shown in Scheme 1.

Characterization of biosynthesized silver nanoparticles:
FESEM imaging: The biosynthesized AgNPs were ultra-
sonicated in an ultrasonic cleaner (Aczet, Mumbai) with
ethanol and drop casted on ITO glass plates to increase their
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conductivity for visualizing using Field Emission Scanning
Electron Microscopy (FESEM). At a magnification of 60.00
K X, FESEM images were recorded using FESEM (Carl
Zeiss UHR, Gemini SEM 500 Kmat). Energy Dispersive
X-Ray Spectroscopy (EDS) was also executed on the same
sample to determine elemental composition.

UV-Vis spectroscopy: Using ethanol at a concentration of
1.0 mg/ml the biosynthesized AgNPs were ultra-sonicated
in an ultrasonic cleaner (Aczet, Mumbai) and the genesis
of AgNPs was analysed using UV-Vis Spectrophotometer
(Thermo Scientific, Evolution 201) against ethanol as blank
at a wavelength range of 300-700 nm.

Dynamic light scattering (DLS): The biosynthesized
AgNPs were ultra-sonicated in an ultrasonic cleaner (Aczet,
Mumbai) with double distilled water to for a clear aqueous
solution and was analysed using the DLS method to estimate
the hydrodynamic size and the zeta potential of AgNPs
using zeta sizer pro (Malvern).

Fourier transform infrared spectroscopy: FT-IR spectra of
the dried biosynthesized AgNPs sample was performed on
an FT-IR spectrometer (Perkin-Elmer Spectrum IR Version
10.7.2), with KBr in the wave number region of 4000-400
cm—1. The identification of functional groups was done by
collation of the spectral data recorded with the available
reference database.

Antimicrobial activity screening: The antimicrobial activity
screening of the biosynthesised AgNPs was conducted
against MTCC and clinical cultures of four Gram-negative
bacteria (Escherichia coli, Proteus mirabilis, Salmonella
typhimurium, and Pseudomonas aeruginosa) . Every
bacterial strain was cultivated on nutritional broth. In order
to create fresh stock inoculum suspensions of the pathogenic
strains, colonies from 24-hour cultures grown at 37°C were
selected, and the colonies were then suspended in sterile
saline solution (0.9% NaCl, w/v). By adjusting the optical
density of pathogens, the turbidity was brought to the 0.5
McFarland standard or approximately 1x108 CFU/mL for
bacteria. Bacterial cultures were inoculated on Nutrient
Agar Media plates and wells were created with 0.1 mg/ml
of the bacteria. Next, three copies of the silver nanoparticle
were inoculated to all the wells and the incubation was done
at 37 °C for 24 h and observed.

MIC, MBC method, and tolerance level: In ELISA plates,
the lowest concentration of AgNPs that can stop bacterial
growth known as minimum inhibitory concentration, or
MIC was measured. A silver nanoparticle was used against
the bacterial cultures of Escherichia coli, Proteus mirabilis,
Salmonella typhimurium, and Pseudomonas aeruginosa in
an ELISA plate and incubation was processed for 24 hours
at 37 °C after adding a serial dilution by 2-fold ranging
from 1 mg/ml to 0.0019 mg/ml to each well. To quantify
the amount of inhibition, 2,3,5-Triphenyl tetrazolium
chloride (TTC) was added after incubation. Both negative
control and positive control with bacteria but no AgNPs
were examined.
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The least concentration at which bacteria are eliminated is
the minimum bactericidal concentration (MBC) of AgNPs.
The procedure involved inoculating a sample from every
well in the previously conducted experiment onto a Nutrient
Agar plate, followed by a 24-hour incubation period at 37
°C. The substance's bacteriostatic and bactericidal qualities
are assessed in relation to the tolerance level. The material
is bacteriostatic if the tolerance level is greater than 16, and
bactericidal if it is <4. The tolerance threshold is calculated
using the MBC/MIC method.

RESULTS AND DISCUSSION

In this work, the culture supernatant of fresh Streptomyces
rochei was successfully used to manufacture AgNPs
extracellularly, within 6 hours of incubation, the biosynthesis
of AgNPs was mediated by the culture supernatant treated
with 100 mM AgNO3. The reaction mixture's colour
changed from yellow to a dark reddish-brown colour,
signifying the creation of AgNPs. In contrast, neither the
uninoculated media with AgNO3 as a control nor the culture
supernatant without AgNO3 showed any colour change.
After ten days, the colour remained constant, signifying
that AgNO3 had entirely decreased and the reaction had
come to a stop which is depicted in Figure 1.

Figure 1: Biosynthesized of nanoparticles: (a) control; (b)
and (c) colour change observed after 10 days of incubation.
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Because AgNPs are environmentally friendly, there has
been a great deal of interest in their cost-effective biological
production. Ag-NPs are surface-coated with various
biomolecules from the Streptomyces supernatant, which
increases their biocompatibility and safety. Consequently,
intriguing uses of biological synthesis can be advantageous
for the fields of biology and other related sciences.
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At a magnification of 60.00 KX the FESEM images
showed the nanoparticles formed were nanosized (1-100
nm) and the shape observed was spherical as depicted in
Figure 2a. The EDS showed the elemental composition
which confirms the existence of Silver shown in Figure
2b. At 400 nm, a sharp and wide UV-Vis band maxima
peak was seen shown in Figure 3a, which is typical for
AgNPs. The DLS represents the value of how the particle
diffuses within water. Generally, the hydrodynamic size
of a particle is larger than its original diameter. The DLS
pattern showed the Z-average diameter of the Ag-NPs
biosynthesized by S. rochei was 146.17 nm, and its Zeta
potential was 0.4 displayed in Figure 3b&3c respectively.
Multiple functional groups were seen on the surface of
biosynthesized Ag-NPs was verified by the FT-IR analysis
displayed in Figure 4. Results revealed distinct, strong
absorption bands at 2921.27 cm-1 (O-H stretch), 1636 cm-1
(C=C alkenyl stretch), 1041 cm-1 (C-N stretch), and 594.10
cm-1 (wagging region), which indicated that phenols and
alcohols were the capping agents. The increased ability of
proteins to bond with metals and to create a surface layer on
metallic AgNPs via their amide and aromatic group residues
proves that they serve as a binder for metals.

Figure 2: (a) SEM Images of biosynthesized AgNPs; (b)
Energy Dispersive X-Ray spectroscopy of biosynthesized
AgNPs.

oK By B2
oK 71 175
MK 26 18
5K 12 07
cIK &3 30
bF]

Figure 3. Characterization of biosynthesized silver
nanoparticles: (a) UV-Vis spectra; (b) zeta size; (c) zeta
potential.
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Figure 4: FT-IR Spectra of biosynthesized silver
nanoparticles

[==] [==] [==]
(] =] =
1 1 1

BT

Transmittance (%)
o B

163629

'

o
1waton 3

=]
PFud
1

4000 3500 3000 2500 2000 1500 4000 500
-1
Wavenumber (cm )

Resistance mechanisms have been observed in bacteria
for many generations; chemical antimicrobial treatments
are limited in the current situation. When it comes to
the problem of multidrug resistance, AgNPs are a great
improvement over conventional chemical antimicrobial
agents since metallic NPs are less likely than traditional
antibiotics for bacterial resistance.

The biosynthesized AgNPs showed exceptional dose-
dependent antibacterial effectiveness in MTCC and clinical
cultures of numerous different Gram-negative bacteria,
Escherichia coli, Salmonella typhimurium, Proteus
mirabilis, and Pseudomonas aeruginosa shown in Figure
5(a-f). With an inhibitory zone diameter of 24 mm for
Escherichia coli and 22 mm for Proteus mirabilis in the
MTCC culture, antimicrobial activity was demonstrated
by biosynthesized Ag-NPs against all pathogens shown
in Figure 5 (g). MTCC cultures of Escherichia coli and
Salmonella typhimurium exhibited the least activity, with
inhibitory zone diameters of 14 and 18 mm, respectively. The
biosynthesized Ag-NPs partially inhibited the advancement
of the clinical strain of Pseudomonas aeruginosa.

To find out if the biosynthesized AgNPs have a bacteriostatic
or bactericidal impact against tested pathogenic strains,
the intensity of tolerance should be assessed. According
to (Das et al., 2014), an antibacterial agent is classified
as bacteriostatic when the ratio of MBC/MIC is >16 and
bactericidal when the ratio is < 4. According to National
Clinical Committee for Laboratory Standards, if an agent
reduces CFU/mL by 99.9% after a day of incubation in
broth media it is deemed bactericidal. Also, if the microbe's
MBC is 32 times or more greater than its MIC, it is deemed
tolerant (Woods and Washington 1995).

Figure 6 (a-g) and Table 1 displays the Minimum Inhibitory
Concentration (MIC) of silver nanoparticles against the
MTCC and clinical cultures of Salmonella typhimurium,
Proteus mirabilis, Escherichia coli, and Pseudomonas
aeruginosa. 2,3,5-Triphenyl tetrazolium chloride (TTC)
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for MIC measures the metabolic activity that bacteria are
undergoing and reacts by turning red if metabolites are
present. AgNPs' bactericidal action is indicated by absence
of red colouring. The Minimum Bactericidal Concentration
(MBC) of AgNPs against MTCC and clinical cultures
of Escherichia coli, Salmonella typhimurium, Proteus
mirabilis, Pseudomonas aeruginosa, and both positive and
negative controls is displayed in Figure 7 (a-g) and Table 2.

Figure 5. Antibacterial activity of biosynthesized silver
nanoparticles against (a) Salmonella typhimurium
(MTCC-98), (b) Escherichia coli (clinical), (¢) Proteus
mirabilis (clinical), (d) Proteus mirabilis (MTCC- 425), (e)
Pseudomonas aeruginosa (MTCC-424), (f) Pseudomonas
aeruginosa (clinical) and (g) Graphical representation of
antibacterial activity silver nanoparticles against Gram
negative pathogenic bacteria.
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While the negative control shows no bacterial growth, the
positive control shows bacterial growth in the absence
of AgNPs. Salmonella typhimurium, Escherichia coli,
and Proteus mirabilis have tolerance levels between
1-4, indicating bactericidal activity, while Pseudomonas
aeruginosa has a tolerance level of >16, indicating
bacteriostatic activity.
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Figure 6. Minimum inhibitory concentration of
biosynthesized silver nanoparticles against (a) Escherichia
coli (MTCC- 40), (b) Escherichia coli (clinical), (¢) Proteus
mirabilis (MTCC- 425), (d) Proteus mirabilis (clinical), (e)
Pseudomonas aeruginosa (MTCC-424), (f) Pseudomonas
aeruginosa (clinical) and (g) Salmonella typhimurium
(MTCC-98).
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Figure 7. Minimum bactericidal concentration of
biosynthesized silver nanoparticles against (a) Escherichia
coli (Clinical), (b) Escherichia coli (MTCC-40), (¢) Proteus
mirabilis (MTCC- 425), (d) Proteus mirabilis (clinical), (e)
Pseudomonas aeruginosa (MTCC-424) (f) Seudomonas
aeruginosa (clinical) and (g) Salmonella typhimurium
(MTCC-98).

Table.1. Minimum inhibitory concentration (MIC) of
biosynthesized silver nanoparticles.

Name of micro-organisms MIC

a. | Escherichia coli (MTCC- 40) 0.0625 mg/ml
b. | Escherichia coli (clinical) 0.0625 mg/ml
c. | Proteus mirabilis (MTCC- 425) 0.0312 mg/ml
d. | Proteus mirabilis (Clinical) 0.0625 mg/ml
e. | Pseudomonas aeruginosa (MTCC-424)| 0.0625 mg/ml
f. | Pseudomonas aeruginosa (clinical) 0.0312 mg/ml

g. | Salmonella typhimurium (MTCC-98) | 0.1250 mg/ml
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Table. 2. Minimum bactericidal concentration (MBC) of
biosynthesized silver nanoparticles.

Name of micro-organisms MBC

a.| Escherichia coli (MTCC- 40) 0.1250 mg/ml
b.| Escherichia coli (clinical) 0.1250 mg/ml
c.| Proteus mirabilis (MTCC- 425) 0.1250 mg/ml
d.| Proteus mirabilis (Clinical) 0.0625 mg/ml
e.| Pseudomonas aeruginosa (MTCC-424) | 1.000 mg/ml
f. | Pseudomonas aeruginosa (clinical) >1.000 mg/ml
g.| Salmonella typhimurium (MTCC-98) 0.125 mg/ml

CONCLUSION

In the studies mentioned above, the biosynthesized silver
nanoparticles (AgNPs) were spherical in shape, nanosized,
and demonstrated elevated antimicrobial activity against
Gram-negative bacteria. The tolerance range of 2-4 for
Escherichia coli, Salmonella typhimurium, and Proteus
mirabilis indicates their bactericidal properties, while a
tolerance level of 16 indicates their bacteriostatic effect
against Pseudomonas aeruginosa.
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