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INTRODUCTION

taphylococcus aureus (S. aureus) infection is of the
mammary gland deserves special attention owing to
the bacteria's diverse virulence factors, which induce
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ABSTRACT

The goal of this study was to assess the antibacterial efficiency of biogenic silver
nanoparticles (AgNPs) and gentamicin against Staphylococcus aureus that can form biofilms.
The characterization of AgNPs was confirmed by the scanning electron microscope (SEM)
which was spherical and homogenous in form, with a diameter between 25 and 45 nm. The
X-ray diffraction (XRD) presented the size of AgNPs to be 50 nm. Energy dispersive
spectroscopy (EDS) was used to examine the presence of elemental silver. The three-
dimensional structure of silver nanoparticles was discovered using an atomic force
microscope (AFM), with a diameter of 47.18 nm on average. The minimum inhibitory
concentrations (MIC) and minimum bactericidal concentrations (MBC) of AgNPs and
gentamicin against S. aureus isolated from caprine mastitis were determined using the
microdilution assay. The checkerboard microdilution technique was utilized to inspect the
synergistic antibacterial activity of AgNPs with gentamicin utilizing the fractional inhibitory
concentration index (FICI). The antibiofilm capability of AgNPs was also investigated. The
results indicate that AgNPs generated by biosynthesis are antibacterial against S. aureus.
Moreover, AgNPs and gentamicin exhibit synergistic action. The study's findings suggest
that biogenic AgNPs may act as anti-biofilm agents and treat mastitis caused by S. aureus. In
conclusions biosynthesized AgNPs exhibit strong antibacterial and antibiofilm effectiveness
and synergistic activity when combined with gentamicin.
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together acute clinical mastitis in lactating goats
(gangrenous mastitis) and subclinical mastitis (1).

One possible explanation for repeated infections is S.
aureus' capacity to survive as a biofilm in mammary tissue.
Biofilm-forming ability has been gradually recognized as an
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effective virulence factor in staphylococci (2). Most
pathogenic bacterial species aggregate, attach, reproduce,
and create a three-dimensional (3D) composite grid on
biotic or biotic surfaces. The term "biofilm" alludes to this
complex three-dimensional multidimensional network (3).
After maturation, inactive bacteria in biofilms might
migrate to additional surface and create a new biofilm.
Biofilm extracellular components, such as nucleic acids,
polysaccharides, proteins, and fats, interrelate with one
another and with the implanted bacterial cells (4).

The limits and inefficiency of the existing treatment for
S. aureus biofilm implant-accompanying infections led
research to alternate methods. Nanotechnology is a
potential technique for treating biofilm-associated
infections (5). Silver nanoparticles (AgNPs) have recently
been investigated as substances capable of suppressing
microorganism activity (6). Another benefit of AgNPs is that
it has a broad spectrum of bactericidal or bacteriostatic
action at low doses and do not activate bacterial resistance
mechanisms (7). Although the precise mechanism of
AgNPs' bactericidal effect is still unknown, various
publications proposed mechanisms for AgNPs antibacterial
action, the most common of which are ATP synthesis
interruption, defects in DNA duplication, the generation of
reactive oxygen species (ROS), the breakdown of the proton
motivated power system, and direct cell membrane damage
(8). The toxic effect of silver ion on wide range of
microorganisms combined with minimum toxic effects on
host cells. However, excessive silver consumption causes
silver accumulation in skin tissues, which can lead to
argyria or argyrosis when are exposed to sunlight. AgNPs
have also been found to be toxic to fibroblasts, hepatocytes,
osteoblasts, and bone marrow cells (9).

To the best of our knowledge, there are scanty studies
on just the effect of AgNPs on S. aureus, that leads to
biofilm-related infections associated with mastitis in local
breed goats. This study's purpose was to assess the
antibacterial activity of biogenic AgNPs and gentamicin
versus Staphylococcus aureus biofilms.

MATERIALS AND METHODS

The biogenic silver nanoparticles were employed in this
study were generated utilizing Bacillus clausii in a green
environmentally friendly manner. Biosynthesized AgNPs
were inspected using the scanning electron microscope
(FEI, Netherland), AgNPs were round and uniform in shape,
with a size range of 25 to 45 nm. The AgNPs had a diameter
of 50 nm as was measured by X-ray diffraction (Shimadzu
XRD-6000). Energy dispersive spectroscopy (Broker,
Germany) was used to find out if there was any elemental
silver. The atomic force microscope (Broker, Germany) was
used to reveal the silver nanoparticles’ three-dimensional
structure, which averaged 47.18 nm in diameter.
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Bacterial Isolates

Twenty-two S. aureus were isolated from milk of
lactating local breed goats aged 1.5 to 5 years which
suffered from clinical mastitis. All preliminary discovered S.
aureus isolates were evaluated using the VITEK-2 Compact
System (BioMeirieux, France) as per the company's
guidelines. Finally, the findings were automatically
evaluated and tallied by the gram-positive identification
(GP-ID) library.

Antibacterial Activity

Gentamicin's antibacterial activity alone and in
combination with AgNPs was evaluated employing the disc
diffusion procedure. The Clinical and Laboratory Standards
Institute recommends a discriminatory concentration of
gentamicin of 10 pg (10). To make the bacterial suspension,
a colony was cultured overnight in nutrient-rich broth
(Sigma-Aldrich). McFarland Standard 0.5 was used to
match turbidity. The colony was then grown on Mueller
Hinton (MH) agar medium (Sigma-Aldrich) and six-
millimeter disks were permeated with gentamycin and
AgNPs at standardized concentrations. The disks were
placed in the culture medium. The disks steeped in
gentamicin ata standardized concentration which was used
to make mixed disks containing 10 pg/mL of Nano silver.
The plates were then incubated for 24 h at 37°C. The
diameter of the disc was subtracted from the diameter of
the growth inhibitory zone to estimate the diameter of the
growth inhibitory zone. Experiments were performed in
triplicate.

Minimal Bactericidal Concentration Determination

The minimal bactericidal concentration (MBC) of AgNPs
was evaluated by using the colony forming unit (CFU) test.
The microorganisms used in the experiment were cultured
in freshly prepared MH medium at 37°C in a shaking
incubator (Genex-USA) at 135 round per minute (rpm) for
18 h to achieve an optical density (OD) of 0.5
(corresponding to 108 cell/mL) at 600 nm. Different
concentrations of AgNPs ranging from 1, 2, 4, 8, 16, 32, 64,
128, 256, 512, 1024 pg/mL were added to 10 mL of the
aforementioned medium. Experiments were comprised
control cultures that did not include nanoparticles, and the
amount of colony- forming unit (i.e., the numeral of bacteria
existing) recuperated following an 18 h incubation was
counted by a set volume of media that were taken from the
above-mentioned incubated cultures and serially saline-
diluted (0.85% NaCl, w/v). Then incubation at 37°C for 18-
24 h or until colonies emerged, was performed with
samples (100 pL) distributed uniformly on MH agar plates,
at which point the quantity of colony- forming unit was
manually calculated. The number of viable colonies was
multiplied by the dilution factor to get the final CFU. MBC
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was determined to be the culture that demonstrated a
99.9% reduction in CFU following incubation (11, 12).

AgNPs with Gentamicin: MIC and Synergistic Effects

The synergistic impact of AgNPs and gentamicin was
evaluated using the broth microdilution checkerboard
technique. The fractional inhibitory concentration (FIC) is a
communal way to express the degree of synergy between
antibacterial drugs. The FIC is calculated by dividing the
minimum inhibitory concentration (MIC) of the medication
in conjunction with the MIC of the agent acting
independently. Gentamicin was utilized to test the
combination synergistic effects with prepared AgNPs
against the pathogenic S. aureus bacteria that has been
chosen. These compounds were produced as stock
solutions in sterile Millipore water at concentrations
ranging from 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024
pg/mL.

The microdilution “checkerboard” technique was used
in microwell-containing plates to ascertain the fractional
inhibitory concentration (FIC). The minimal inhibitory
concentration (MIC) of both antibiotic and AgNPs alone, as
well as their matched combinations, were determined (13).
The test range for gentamicin and AgNPs was 1-1024
pug/mL. The produced microwell plates were tested for
sterility by incubating them at 37°C for 24 h. The test
organism was incubated on Muller-Hinton broth (MHB) for
18-24 h to produce bacterial inoculum. Then, the bacteria
were collected and immersed in sterilized MHB to create
turbidity, 0.5. Before inoculating the microwells with 0.01
mL of the 0.5 McFarland's solution, it was dissolved in
freshly MH broth to reach a final colony- forming unit of
5x106. The microtiter plates with bacterial inoculation
were incubated for 18 h at 37°C.

The MIC values of the test agents, both alone and in
combination, were determined as the lowest concentration
during which time no observable growth development. The
FIC was computed using the MIC of test ingredient A as well
as the MIC of test ingredient A in conjunction with test
ingredient B. As a result, the FIC of antimicrobial
gentamicin= MIC of antimicrobial gentamicin in
conjunction/MIC of antimicrobial gentamicin separately.
The FIC of antimicrobial ingredient AgNPs was computed in
the similar way and the summation of the two FIC
ingredients was combined to create the £FIC index.

YFIC index = FIC of antimicrobial gentamicin+ FIC of
antimicrobial AgNPs

The estimated FIC index was utilized to determine the
kind of interplay between the two ingredients under test
(gentamicin and AgNPs), which may be synergism,
indifference, or antagonism type. The values from the
American Society of Microbiology were utilized to identify
the category of interaction FICI < 0.5 synergy, 0.5 <FICI < 1
partial synergy, FICI = 1 additive, 1 < FICI < 4 indifferent,
and FICI >4 denoting antagonism (14, 15).
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Biofilm Formation Using Congo Red Agar Method
(CRA)

The CRA screening procedure was used to determine
whether or not the Staphylococcal isolates form biofilm.
Congo red agar was a particularly prepared medium
consisting of brain heart infusion (BHI) broth (37 g/L)
added with sucrose (50 g/L), agar No1 (10 g/L) and Congo
red (0.8 g/L). A concentrated aqueous CR stain solution was
made and then autoclaved for 15 min at 12°C. Lastly, it was
transferred to autoclaved BHI agar containing sucrose at
55°C. The S. aureus isolate was injected into the prepared
CRA plates and then incubated at 37°C for 24 h in an aerobic
environment. According to the development of black dry
crystal-like colonies on the CRA plates, biofilm generation
was taking place, whereas nonproducer colonies remained
pink or red in hue (16).

Antibiofilm Activity of AgNPs

The activity of AgNPs in biofilm generation was
evaluated utilizing a 96-wells microtiter plate method (17).
Individual microtiter plate wells were stuffed with 180 uL
of MH broth and 10 pL of a 24-hour period S. aureus growth
culture were inoculated. The mixture received 10 pL of
stock AgNPs, resulting in an ultimate concentration of
nanoparticles varying amid 1, 2, 4, 8, 16, 32, 64, 128, 256,
512, 1024 pg/mL. Twenty-four hours were spent
incubating the microtiter plates at 37°C. Following
incubation, to exclude free-floating 'planktonic’ bacteria,
each well's contents was carefully removed then rinsed
three times with 0.2 mL of phosphate buffer saline (PBS, pH
7.2). They used sodium acetate (2% w/v) to keep biofilms
that were made by 'sessile’ organisms from sticking to the
walls of the plates. They also used crystal violet (0.1% w/v)
to color the biofilms. Residual discoloration was removed
from the plates by carefully washing them in sterile
Millipore water and allowing them to dry. Following drying,
the wells were filled with 200 pL of 95% (v/v) ethanol. An
ELISA reader was used to measure the absorbance at 620
nm, and the results were interpreted as a sign of bacteria
sticking to the well wall's surface and forming biofilms.
Three replicated investigations were conducted, and the
results were reported as absorption means. The following
equation was used to calculate the percentage of biofilm
inhibition:

Percent biofilm inhibition equals [1 - (0OD620 of cells
treated with AgNPs /OD620 of cells not treated with
AgNPs) 100].

Statistical Analysis

The collected data was analyzed using SPSS (IBM SPSS;
version 26.0, IBM Corp., Armonk, NY, USA) software. All
data were subjected to one-way analysis of variance
(ANOVA). Significant differences among group means were
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tested using the least significant differences (LSD) test at
P<0.05.

RESULTS AND DISCUSSION

Antibacterial Activity

The results revealed that the disks' growth-inhibition
zone impregnated with AgNPs plus gentamicin were
greater than the zone around disks that have been alone
impregnated with gentamicin. The diameters of S. aureus
isolates' growth inhibition zones were measured (Figure 1).
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Figure 1. The discs' growth inhibition zone (mm). 1=gentamicin 10 pg;
2=silver nanoparticles (AgNPs) 10 pug/mL, 3=gentamicin+AgNPs aginst
Staphylococcus aureus

Scientists have so far established the mechanism of
action of gentamicin (18). Several mechanisms of AgNPs
have been proposed. According to some hypotheses, these
particles disturb the cellular respiration chain via
interacting with oxygen. Furthermore, the interaction of
AgNPs with the bacterial cellular membrane whether by
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binding to respiratory enzymes or lowering intracellular
ATP levels, can cause the bacteria's cell wall to break down
and resulting in cell death (19). According to certain
research, the antibacterial action of AgNPs might be
exhibited through the binding to DNA and causing damage
(8). In general, all major models proposed include
disruption to cell membranes and intracellular structures
as a result of direct contact with NPs, as well as cationic
silver release from NPs within and outside the cells, which
initiates a chain reaction of intracellular reactions that
results in the generation of ROS, enzyme inactivation,
inhibition of DNA replication, and protein synthesis (20).

The interaction of gentamicin with AgNPs can be
described as previously stated, AgNPs and gentamicin may
all kill bacteria via various methods. If a strain of bacteria
develops resistance to one or more of the medicines, a novel
antimicrobial agent may be able to eliminate them via an
entirely different mechanism. This sort of medicines
mixture is commonly utilized, particularly when germs
develop resistant. Gentamicin has active hydroxyl and
amide groups. These groups react quickly with and attach
to Nano silver. It was known whenever an antibiotic agent
enters the bacterial cell; its action becomes increasingly
apparent. AgNPs medication delivery to the cell may be
responsible for the synergistic impact. Hydrophobic groups
are well-known to exist in biological membranes.
Gentamicin is a hydrophilic compound, whereas AgNPs are
a hydrophobic substance. As a result, unlike antibiotics,
AgNPs may easily penetrate through cellular membranes. It
is possible to deduce that combination of silver-
nanoparticle bound antibiotics may be administered to the
cell with ease. Some researchers also stated that silver
prevents DNA unraveling. When AgNPs interact with DNA,
nanoparticles-bound antimicrobial compounds hinder DNA
unwinding owing to spatial constraints, resulting in more
severe cell damage (21).

Determination of MIC, MBC, and Synergistic Effects
of AgNPs and Gentamicin

Antimicrobial properties of biogenic AgNPs and
gentamicin against S. aureus were assessed utilizing MIC
and MBC values. The MIC of biosynthesized AgNPs and
gentamicin against S. aureus was 16.1 pg/mL and 8.3
pg/mL, respectively (Figure 2), whereas MBCs were 32.2
pg/mL and 16.2 pg/mL, respectively. The outcomes of the
synergistic impact in the term of ZFIC are exhibited (Figure
2).

The MIC and MBC of our results are in close agreement
with certain previous studies, such as (22) and (23), but
differ with others, such as (24) and (25), Because of using
different manufacturing methods, different nanoparticle
sizes, and different nanoparticle shapes, many products
often are referred to that physical and chemical properties
of nanoparticles might completely be different
preparations (26). Our findings are consistent with the
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findings of a previous research (27) in which, it was
discovered the synergistic impact of AgNPs with various
antibiotics against S. aureus (28). It was also investigated
the combination antibacterial impact of antibiotics and
AgNPs, hypothesizing that the enhancement of the
synergistic action might occur owing to the linking
interaction involving antibiotics and AgNPs. Furthermore,
(29) discovered that when antibiotics such vancomycin,
gentamycin, streptomycin, ampicillin, and kanamycin were
combined with AgNPs, they acted synergistically against
Pseudomonas aeruginosa, Staphylococcus aureus, and
Escherichia coli. Several studies have discovered that
AgNPs can increase the efficiency of various antibiotics,

including vancomycin, gentamicin, rifampicin, and
levofloxacin (30).
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Figure 2. MIC, MBC and XFIC index for gentamicin and AgNPs

The current study found that mixing gentamicin with
biologically synthesized AgNPs offered a beneficial
therapeutic method for S. aureus treatment, which agreed
with the results of (31) and (32), who revealed that
synergistic effects of silver nanoparticles and ampicillin or
gentamicin on S. aureus and P. aeruginosa when they were
combined. Synergistic effects of NPs and antibiotics were
almost certainly circumvent bacterial antimicrobial
resistance mechanisms, whereas antimicrobial nano-drug
vehicles, like AgNPs, did not only shield antibiotics against
molecular resistance mechanisms but also conferred a
complex synergistic antibacterial effect between the nano-
drug delivery system and antibiotics (33).

Formation of Biofilms by the Congo Red Agar method
(CRA)

All of the S. aureus in this study were grown on Congo
red agar for 24 hours at 37°C, which demonstrated the
capacity of creating biofilms by converting the red colony to
a black colony (Figure 3). The development of S. aureus
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biofilm is in consistent with earlier studies (34) showed
that S. aureus was known to generate biofilms under a
range of clinical circumstances

Figure 3. Staphylococcus aureus biofilm formation (black colony) on congo
red agar

It is a thick, sticky substance in which bacteria are
embedded, known as biofilm. One of S. aureus’ defensive
mechanisms is biofilm formation, which is defined as
surface-adhered phenotypically heterogeneous
communities of microorganisms which could be observed
in vitro and in vivo in infected tissues (35).

Antibiotics have little effect on established biofilms, and
they can avoid immune response, moreover, biofilm can
serve as infection reservoirs that are difficult to eradicate,
which leading to treatment failure and recurrent disease
episodes (36). Since, there were no appropriate anti-biofilm
antibiotics, nanoparticles were utilized as a prospective
anti-biofilm  material, which exhibit anti-biofilm
effectiveness (37, 38).

Anti-biofilm activity

The results showed that the AgNPs were used to inhibit
and eliminate biofilm activity in S. aureus. AgNPs have anti-
biofilm action; with =50 percent biofilm formation
inhibitory effect was observed at a concentration16 pg/ml
of S. aureus.

According to these findings, biogenic AgNPs were
superior anti-biofilm agent against S. aureus. Current
findings are in consistent with (39), who investigated
AgNPs-mediated biofilm eradication and discovered 89%
inhibition of S. aureus at 15 pug/mL, Furthermore, (40)
revealed that AgNPs had anti-biofilm potential against G+ve
bacteria; S. aureus biofilm formation was virtually
completely reduced when AgNP-coated catheters were
studied in vitro.

Anti-biofilm activity has become a required and
significant assessment in the development of nano
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antibiotics because it is a key virulence factor that merits
the creation of molecules with better penetrating capacity
and the ability to inhibit biofilm (41).

AgNPs had direct antimicrobial action because they had
the ability to interact with a diverse array of planktonic
microorganisms and biofilm constituents. They impaired
the metabolism of microorganisms and impeded biological
functioning on the outside through these interactions (42).
Overall antibacterial activity of AgNPs might be due to a
blend of cell wall disintegration, instabilities of structural
proteins, inactivation of membrane proteins, inactivation of
an enzyme, inhibition of the electron transport chain (ETC),
nucleic acid degradation, and oxidative damage that
induced by ROS (43). Hydroxyl radicals have the ability to
depolymerize polysaccharides, cause DNA disruptions, and
inhibit enzyme activity, all of which might jeopardize the
biofilm architecture's extracellular polymeric substances
(EPS) matrix (44, 45).

The results of this work showed that at therapeutically
feasible AgNPs can efficiently and quickly remove biofilm
formed by S. aureus. This suggests that these AgNPs might
be used as biofilm disruptors. The biosynthesized AgNPs
exhibited strong antibacterial and anti-biofilm activity
against S. aureus, which was clinically relevant in caprine
mastitis. The synergistic activity between gentamicin and
AgNPs  could be proposed to lessen the dosage rate of
gentamicin, but it needs a large scale of in vivo toxicological
studies. This study demonstrates how gentamicin and
silver nanoparticles work together to increase bactericidal
action and lessen the requirement for large dose of each
drugs reducing the possibility of their side effect.
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