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Background. Staphylococcus aureus, is a major pathogen causing infections 
in both hospital and community settings. Multi-drug-resistant strains, particularly 
Methicillin-resistant Staphylococcus aureus (MRSA), complicate treatment, as these 
strains can evade antibiotics. Biofilm formation by S. aureus protects bacterial cells from 
immune responses and antibiotics, making infections difficult to treat. This study evalua­
tes the synergistic effect of silver nanoparticles (AgNPs) and cefotaxime in inhibiting 
biofilm formation by clinical S. aureus isolates, especially multi-drug-resistant strains. 

Materials and Methods. Thirty clinical S. aureus isolates were obtained from 
patients with skin infections. Identification was confirmed using biochemical tests and 
the VITEK2 system. Antimicrobial susceptibility testing was performed using the disk 
diffusion method on antibiotics including ciprofloxacin, imipenem, amoxicillin-clavulanic 
acid, cefotaxime, and chloramphenicol. Minimum inhibitory concentrations (MICs) were 
also determined. Biofilm formation was quantified using crystal violet staining. Silver 
nanoparticles (AgNPs) were synthesized using sodium borohydride and characterized 
by atomic force microscopy (AFM) and field emission scanning electron microscopy 
(FE-SEM). 

Results. All isolates were susceptible to ciprofloxacin and imipenem. Ninety per-
cent were susceptible to amoxicillin-clavulanic acid, while 70% were susceptible to 
cefotaxime. All isolates were resistant to chloramphenicol. Biofilm formation assays 
showed variability in biofilm production. AgNPs alone demonstrated superior efficacy 
in inhibiting biofilm formation. The combination of AgNPs and cefotaxime exhibited the 
strongest inhibition, suggesting a synergistic effect.
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Conclusion. This study suggests that AgNPs alone are more effective than cefo-
taxime in inhibiting biofilm formation. The combination of AgNPs and cefotaxime showed 
the most potent effect, providing a promising strategy for treating multi-drug-resistant 
S. aureus infections. AgNPs may serve as an adjunct to antibiotics in overcoming bio-
film-associated infections.

Keywords:	 Staphylococcus aureus, biofilm, silver nanoparticles (AgNPs), 
cefotaxime 

INTRODUCTION
Staphylococcus aureus is a Gram-positive, spherically shaped, facultative anaero-

bic bacterium known for its ability to cause a wide range of infections, including skin, 
respiratory, and bloodstream infections. S. aureus bacteria cause many infections and 
are widespread in both hospital and community settings; their management and treat-
ment remain challenging because of the appearance of multi-drug-resistant strains 
such as MRSA (Methicillin-resistant Staphylococcus aureus) (Atta et al., 2023; Centers 
for Disease Control and Prevention, 2003; Boucher et al., 2008). S. aureus is commonly 
present in the environment and as a part of the normal human microbiota, particu-
larly on skin and mucous membranes such as nasal area (Atta et al., 2023). S. aureus 
doesn’t usually cause infection on healthy skin; though, these bacteria can cause many 
serious infections if allowed to enter the internal tissues or bloodstream (Atta et al., 
2023). Transmission usually occurs through direct contact, although, other ways of 
transmission may also be involved in some infections (Rasigade et al., 2014). S. aureus 
is among the most prevalent bacterial pathogens in humans and is responsible for  
a variety of infections, such as infective endocarditis, bacteremia, skin and soft tis-
sue infections (e.g., folliculitis, impetigo, carbuncles, furuncles, scalded skin syndrome, 
cellulitis, and more), septic arthritis, osteomyelitis, pulmonary infections (e.g., empy-
ema and pneumonia), prosthetic device infections, meningitis, gastroenteritis, and UTI  
“urinary tract infections” (Tong et al., 2015) Silver has recently gained attention due to 
its well-known antibacterial properties. It has been used for centuries in the treatment 
of various conditions, ranging from burn wounds and typhoid to anthrax and bacte-
rial conjunctivitis in infants (Amirulhusni et al., 2012, Bruna et al., 2021). Antibiotics 
are regularly used to treat all bacterial infections. However, the widespread emergence 
of multi-antibiotic-resistant bacteria has made it more and more difficult to treat these 
infections with conventional antibiotics (El-Fouly et al., 2015; Yonathan et al., 2022).

Metal or non-metal NPs such as silver, gold, copper, selenium, and metal oxide 
NPs such as ZnO, TiO2, CaO, and MgO nanoparticles, often referred to as nano-anti­
biotics, have emerged as promising antimicrobial agents for the treatment and preven-
tion of infectious diseases, demonstrating efficacy against antibiotic-resistant bacteria 
(Frei et al., 2023).

Silver nanoparticles (AgNPs) have garnered significant attention for their antimicro­
bial properties, with research indicating that the development of silver resistance in 
microorganisms is less likely due to AgNPs’ ability to interact with various cellular targets 
(Jaber et al., 2023; Yonathan et al., 2022). While the precise mechanisms of action are 
still being explored, several studies suggest that AgNPs exert their antibacterial effects 
through multiple pathways, including the generation of reactive oxygen species (ROS), 
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disruption of bacterial cell membranes, and interference with DNA replication and pro-
tein synthesis (Yin et al., 2020; Jaber et al., 2023).

The aim of this study was to investigate the synergistic effect of silver nanoparticles 
(AgNPs) and cefotaxime in inhibiting biofilm formation by Staphylococcus aureus clini-
cal isolates, particularly those resistant to multiple drugs, to improve treatment strate-
gies for biofilm-related infections.

MATERIALS AND METHODS
Collection of Staphylococcus aureus isolates. Isolates (not stored in a col-

lection) were gathered from Al-Yarmook and Al-Kindi Teaching Hospitals, also from 
Baghdad Medical City laboratories, then cultivated on MacConkey agar and incubated 
for 18 to 24 hours at 37 °C. 

Identification of bacteria by cultural characteristics and biochemical tests.  
Various culture media, including mannitol salt agar and nutrient agar, were inoculated 
with isolates and incubated at 37 °C for 18 to 24 hours. Suspected colonies were identi-
fied using morphological and biochemical methods. Also Gram staining was preformed 
to examine the potential colonies and observe their characteristic bacterial morphol-
ogy under a light microscope. Additionally, catalase and oxidase tests were conducted 
(Benson, 2002). 

Using Vitek-2 system for bacterial identification. Vitek-2 system identified and 
validated bacterial isolates as Staphylococcus aureus after they had been positively 
identified by a preliminary biochemical test, assessing their susceptibility to antibiotics.

Antibiotic susceptibility test. The S. aureus antimicrobial susceptibility profiles 
were assessed according to Kirby Bauer’s approach and the Clinical and Laboratory 
Standards Institute (CLSI) recommendations. The disk diffusion test (DDT) was pre-
formed to assess the antibiotic resistance profiles of Staphylococcus aureus isolates 
(Wayne, 2015).

Synthesis of AgNps. The chemical reduction method is commonly used to synthe-
size silver nanoparticles (AgNPs) by reducing silver ions (Ag+) to metallic silver (Ag⁰) 
using reducing agents such as sodium citrate, sodium borohydride, and others. These 
agents cause silver to agglomerate into clusters, which form colloidal nanoparticles. 
Stabilizing agents, such as surfactants with thiol, amine, or alcohol groups, are added to 
prevent aggregation and maintain nanoparticle dispersion (Iravani et al., 2014).

Characterization of AgNPs by atomic force microscope (AFM). This method 
was used to assess the topography of silver nanoparticle surfaces. AFM was performed 
using a Bruker Dimension Icon. Silicon cantilever probes (e.g., Bruker RTESPA) with  
a spring constant of 40 N/m were used. Scans were conducted in tapping mode at  
a scan size of 5 µm, scan rate of 1 Hz, and resolution of 512 pixels per line. On the cover 
slide, a few drops of silver nanoparticles (AgNPs) solution were applied, and they were 
then allowed to dry at room temperature in the dark; the glass plate was then scanned 
with the AFM (Agnihotri et al., 2013).

Field emission scanning electron microscope (FE-SEM). The diameter and 
form of nanoparticles were measured using scanning electron microscopy. SEM ima­
ging was conducted with a JEOL JSM-7100F. Samples were sputter-coated with gold. 
Imaging was performed at an accelerating voltage of 10 kV and pressure of 10–6 Pa, 
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with magnifications ranging from 1,000x to 50,000x. A little drop of the sonicated AgNP 
solution sample was put on a glass slide and left to dry after being sonicated with dis-
tilled water (Vladár & Hodoroaba, 2020).

Biofilm formation assay. Staphylococcus aureus bacteria strains, which show 
greater resistance to antibiotics, were studied to evaluate their ability to form biofilms 
according to (Najim et al., 2024). Biofilm production was assessed by standardiz-
ing a bacterial suspension to a 0.5 McFarland using sterile tryptic soya broth (TSB). 
Subsequently, 300 μL of the suspension was introduced into three wells of a 96-well 
microtiter plate, with three additional wells containing only sterile TSB serving as nega-
tive controls. After a 4-hour incubation period, the wells were washed, and fresh TSB 
medium was added. This procedure was repeated after additional 24-hour incubation. 
The wells were then fixed with methanol, stained with a 0.1% crystal violet solution, and 
the dye was resolubilized using 30% acetic acid. Biofilm production was quantified by 
measuring absorbance at 590 nm using a spectrophotometer.

Determination of minimum inhibitory concentration (MIC). A 96-well microti-
ter plate approach was used to assess the MIC of the antibiotic, silver nanoparticles, 
and their synergism against S. aureus (Kowalska-Krochmal et al., 2021). A suspen-
sion of 5·105 CFU/mL (dilution of 0.5 McFarland suspension (9.9 mL broth + 0.1 mL 
0.5 McFarland suspension) 100× to give a final concentration of 1·106 CFU/mL) was 
used to determine the minimum inhibitory concentration (MIC) using the broth microdilu-
tion method. This suspension is subsequently inoculated in microtiter wells containing 
a range of antibiotics by mixing 50 μL of the bacterial inoculum with 50 μL of antibiotic 
solution or by adding 10 μL of the inoculum to 100 μL of diluted antibiotic. Stock solutions 
of antibiotics are diluted twice and added into the wells (for assessing bacterial growth 
in the presence of different antibiotic concentrations). The microtiter plate can be used 
immediately for MIC testing or stored in plastic bags at ≤ -60 °C for up to three months. 

Estimation of sub-MIC effect of cefotaxime, silver nanoparticles, and syner-
gism between them on biofilm formation. The choice of sub-minimum inhibitory con-
centration (Sub-MIC) synergism between cefotaxime and silver nanoparticles was based 
on previous studies that suggest combining sub-inhibitory concentrations of antibiotics 
with silver nanoparticles can enhance their antimicrobial effects without promoting resis-
tance. This approach is often used to explore the potential for synergistic interactions 
that improve efficacy while minimizing side effects or resistance development (Malawong 
et al., 2021). The assay for biofilm formation followed the same technique. On the other 
hand, tryptic soy broth included cefotaxime and silver nanoparticles and synergistic inter-
actions between them at their sub-MICs. The plates were incubated at 37 °C for 24 hours. 
Each well was washed, stained, and then read at 630 nm. The positive controls were 
prepared by adding 200 mL of fresh bacterial solution, free of cefotaxime, silver nanopar-
ticles, and cefotaxime in accordance with the 0.5 McFarland standards.

Estimation of biofilm inhibition. As mentioned by (Chen et al., 2020), cefotaxime, 
silver nanoparticles, and their synergism as antibiofilm agents were tested on S. aureus 
biofilm using a sterile 96-well microtiter plate method.

Statistical analysis. The statistical analysis used in this study included descriptive 
statistics, correlation coefficients (Pearson), and graphical representation to evaluate 
antibiotic susceptibility, biofilm formation, and the synergistic effects of cefotaxime and 
silver nanoparticles, with no significant correlations found between treatments and bio-
film reduction, and data analysis was performed using Excel 2019.
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RESULTS AND DISCUSSION
Samples isolation and identification. All of the isolates grown on mannitol salt agar 

were utilized, S. aureus ferments mannitol, causing the medium to turn yellow, while most 
non-pathogenic staphylococci do not ferment mannitol (Aryal, 2016). The composition 
of mannitol salt agar includes beef extract and peptones, which provides the necessary 
nitrogen, vitamins, minerals, and amino acids for bacterial growth. The 7.5% sodium chlo-
ride concentration inhibits the growth of most bacteria except for staphylococci. Sodium 
chloride also provides critical electrolytes for osmotic balance and transport. As mannitol, 
a fermentable carbohydrate, produces acid, which if detected by the phenol red indicator, 
it will help to differentiate staphylococcal species (Selim et al., 2014). When the oxidase 
and catalase activity of all bacterial isolates grown on this medium was examined, the 
results showed that catalase activity was positive, while oxidase activity was negative.

Identification of bacteria by Vitek-2 compact system. The Vitek-2 compact sys-
tem was employed for the identification of each isolate, and the results confirmed that 
all isolates were Staphylococcus aureus Table 1.

Table 1. Identification of Staphylococcus aureus using the VITEK system

Biochemical details
AMY - PIPLC - dXYL - ADH1 + BGAL - AGLU +
APPA - CDEX - AspA - BGAR - AMAN - PHOS -
LeuA - ProA - BGURr - AGAL - PyrA + BGUR -
AlaA - TyrA - dSOR - URE + POLYB - dGAL -
dRIB - ILATk + LAC - NAG + dMAL + BACI +

NOVO - NC6.5 + dMAN + dMNE + MBdG + PUL -
dRAF - O129R + SAL - SAC + dTRE + ADH2s -
OPTO +

Selected organisms – 96%; Probability – Staphylococcus aureus; Bionumber – 050002012763231

Notes:	 AMY – amylase; PIPLC – phosphatidylinositol-specific phospholipase C; dXYL – D-xylose; ADH1 – alcohol 
dehydrogenase; BGAL – beta-galactosidase; AGLU – alpha-glucosidase; APPA – aminopeptidase A; 
CDEX – cyclodextrin; AspA – aspartase; BGAR – beta-glucuronidase; AMAN – alpha-mannosidase; 
PHOS – phosphatase; LeuA – leucine aminopeptidase; ProA – proline aminopeptidase; BGURr – 
beta-glucuronidase, resistant; AGAL – alpha-galactosidase; PyrA – pyrroline-5-carboxylate reductase; 
BGUR – beta-glucuronidase; AlaA – alanine aminopeptidase; TyrA – tyrosine aminopeptidase; dSOR – 
D-sorbitol; URE – urease; POLYB – poly-beta-hydroxybutyrate; dGAL – D-galactose; dRIB – D-ribose; 
ILATk – inositol lactate kinase; LAC – lactose; NAG – N-acetylglucosamine; dMAL – D-maltose; BACI – 
bacitracin; NOVO – novobiocin; NC6.5 – specific strain used in certain tests; dMAN – D-mannose; 
dMNE – D-mannitol; MBdG – methyl-β-D-glucuronide; PUL – pullulanase; dRAF – D-raffinose; 
O129R – resistant to O129; SAL – salicin; SAC – sucrose; dTRE – D-trehalose; ADH2s – alcohol 
dehydrogenase 2; OPTO – optochin sensitivity

Antibiotic susceptibility testing for S. aureus. A total of thirty S. aureus isolates 
underwent susceptibility testing for five antibiotics (imipenem, ciprofloxacin, cefotaxime, 
chloramphenicol, and amoxicillin-clavulanic acid) using disc diffusion technique, follo­
wing the guidelines set by the Clinical Laboratory Standards Institute (CLSI, 2013). 
The results showed that (100%, 100%, 90% and 70%) of the isolates were sensitive to 
(ciprofloxacin, imipenem, amoxicillin clavulanic acid and cefotaxime), respectively. In 
contrast, all isolates were resistant to chloramphenicol as shown in Figure. 
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The percentage of antibiotic susceptibility against S. aureus isolates (CTX – cefotaxime; CIP – cip-
rofloxacin; IMP – imipenem; AMC – amoxicillin-clavulanic acid; C – chloramphenicol). A – sensitivity 
percentage %; B – types of antibiotics

Characterization of AgNPs. Atomic force microscopy (AFM) characterized silver 
nanoparticles (AgNPs). The generation of AgNPs was confirmed when the predicted size 
and shape of the AgNPs were examined using a scanning electron microscope (SEM). 
The SEM revealed that the nanoparticles were spherical, and their average size was 
29.17 nm. A. Daphedar and T. C. Taranath in 2018 showed that the AgNPs are spheri-
cal, with an average size of 10 to 25 nm (Daphedar & Taranath, 2018). Another study  
in 2016 by Ali et al. estimated that the average size of the AgNPs was 30.25±5.26 nm 
(Ali et al., 2016).

Biofilm formation assay. All bacterial isolates were chosen for the biofilm assay 
because biofilm formation is thought to be a sign of virulence. Several new methodolo-
gies have recently been created or modified for biofilm studies, which have helped to 
provide deeper insight into physiology, structure, and composition (Sharma et al., 2023). 
In this study, 96-well (pre-sterilized) polystyrene microtiter plates, which are commonly 
used for assessing biofilm biomass, were employed to assess the biofilm-forming ability 
of S. aureus isolates. A microplate reader measured absorbance at 630 nm to evaluate 
the biofilm concentration. Consequently, the absorbance readings indicated the degree 
of biofilm formation by the isolates on the surface of the microtiter wells (Chen et al., 
2020). Our findings were classified into three groups: seven isolates as strong biofilm 
producers, eighteen isolates as moderate, and five isolates as weak, based on the cri-
teria outlined in Table 2.

Based on the criteria outlined in Table 2, the present study found that 7 (23.30%) 
of the S.aureus isolates were strong biofilm producers, while 18 (60%) were mode­
rate producers and 5 (16.70%) were weak producers. Variations in biofilm thickness 
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may be attributed to differences in isolates’ capabilities. Signaling molecules named 
“Autoinducer” produced by each isolate play crucial roles in biofilm development. 
Differences may arise from the initial number of cells that successfully adhered, as well 
as variations in the quality and quantity of quorum sensing (Sharma et al., 2023).

Table 2. Biofilm forming capacity of Staphylococcus aureus isolates

Strong biofilm 
isolates

Mean 
OD630

Moderate 
biofilm isolates

Mean 
OD630

Weak biofilm 
isolates

Mean 
OD630

S9 0.295 S1 0.198 S2 0.115

S14 0.310 S3 0.194 S17 0.09

S16 0.342 S4 0.196 S18 0.083

S20 0.395 S5 0.159 S26 0.091

S23 0.289 S6 0.181 S30 0.073

S25 0.421 S7 0.199

S28 0.314 S8 0.197

C 0.038 S10 0.211

S11 0.152

S12 0.149

S13 0.131

S15 0.182

S19 0.191

S21 0.129

S22 0.158

S24 0.112

S27 0.151

S29 0.160

S – Staphylococcus aureus; C – control; Cut off value 0.05324924

Minimal inhibitory concentration test of (cefotaxime, silver nanoparticles) for 
S. aureus. The results showed that the MICs of cefotaxime against S. aureus were 
distributed between 8 and 32 g/mL, while MICs of silver nanoparticles were between 4 
and 63 g/mL. Seven strong biofilm-producing S. aureus isolates were tested to deter-
mine the MIC for cefotaxime and silver nanoparticles using the microdilution method, 
as recommended by the Clinical and Laboratory Standards Institute (CLSI, 2013) as 
shown in Table 3. D. Swolana and R. D. Wojtyczka in 2022, reported that the MIC of sil-
ver nanoparticles against Staphylococcus aureus was 10 μg/mL (Swolana & Wojtyczka, 
2022), while K. E. Aldridge (1995) reported that cefotaxime is the stable third-generation 
cephalosporin against the staphylococcal β-lactamases (Aldridge, 1995).
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Table 3.	Minimum inhibitory concentrations of cefotaxime, silver nanoparticles, and 
synergism between them against Staphylococcus aureus

Isolates MIC cefotaxime MIC silver 
nanoparticles

MIC synergism between cefotaxime  
and silver nanoparticles

S9 9 31
Cefotaxime	 1.5

Ag NPs	 10.2

S14 8 63
Cefotaxime	 2.7

Ag NPs	 15.5

S16 8 4
Cefotaxime	 1.1

Ag NPs	 2.2

S20 32 8
Cefotaxime	 8.0

Ag NPs	 2.6

S23 33 31
Cefotaxime	 7.8

Ag NPs	 1.8

S25 16 8
Cefotaxime	 2.2

Ag NPs	 1.0

S28 8 62
Cefotaxime	 3.2

Ag NPs	 3.9

The impact of sub-minimum inhibitory concentrations (sub-MIC) of cefo-
taxime, silver nanoparticles, and their combined effect on biofilm formation by 
S. aureus. Due to multidrug resistance and the limited number of alternative medicines 
available, treating infections is becoming increasingly difficult. The condition becomes 
more problematic when multidrug-resistant organisms build a 3D structure called a bio-
film. Most infections develop biofilms, particularly chronic infections, which are chal-
lenging to treat with standard methods (Chhibber et al., 2017; Rasool et al., 2025).  
In this investigation, strong biofilm isolates of S. aureus were treated with sub-MIC 
concentrations of cefotaxime and silver nanoparticles, and synergism between them 
as presented in Table 4 altered the isolates’ ability to create thick biofilms. The findings 
showed that this weakened their biofilms and reduced their ability to build biofilms, as 
presented in Table 5. At the same time, it is evident that the highest inhibition effect was 
achieved after treating isolates with a combination of sub-MICs of cefotaxime and silver 
nanoparticles. The combination of them gave a synergistic action which inhibited biofilm 
formation even when it reached 100%; the biofilm inhibition under the effect of silver 
nanoparticles sub-MIC was higher than it under cefotaxime sub-MIC in most isolates, 
as shown in Table 5.

The correlation coefficients for biofilm reduction after treatment with sub-MICs of 
cefotaxime, silver nanoparticles, and their combination on S9, S14, S16, S20, S23, S25 
and S28 isolates, shows that all correlations are weak and insignificant, Table 6.



85SYNERGISM EFFECT OF SILVER NANOPARTICLES AND CEFOTAXIME TO TREAT BIOFILM FORMATION...

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2025 • Том 19 / № 2 • С. 77–90

Table 4.	Sub-minimum inhibitory concentration of (cefotaxime, silver nanoparticles) and 
synergism between them on biofilm formation by Staphylococcus aureus

Isolates Sub MIC 
cefotaxime

Sub MIC silver 
nanoparticles

Sub-MIC synergism between cefotaxime 
and silver nanoparticles

S9 2 16
Cefotaxime	 1.1

Ag NPs	 7.8

S14 4 31
Cefotaxime	 1.9

Ag NPs	 6.8

S16 4 4
Cefotaxime	 1.6

Ag NPs	 1.2

S20 16 4
Cefotaxime	 3.2

Ag NPs	 2.1

S23 16 4
Cefotaxime	 1.5

Ag NPs	 2.0

S25 16 16
Cefotaxime	 2.2

Ag NPs	 4.6

S28 4 31
Cefotaxime	 1.1

Ag NPs	 3.4

Table 5. The biofilm formation reduction in Staphylococcus aureus

Isolates
Biofilm reduction 

after being treated 
with cefotaxime

Biofilm reduction after 
being treated with silver 

nanoparticles

Biofilm reduction 
after being treated 

with a combination of 
cefotaxime and silver 

nanoparticles 

S9 34% 21% 69%

S14 25% 43% 100%

S16 44% 62% 64%

S20 63% 75% 78%

S23 49% 67% 75%

S25 35% 76% 97%

S28 44% 69% 74%
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Table 6. Correlation matrix
Correlations

Correlations

Biofilm 
reduction 

after being 
treated with 
cefotaxime

Biofilm 
reduction after 
being treated 

with silver 
nanoparticles

Biofilm reduction 
after being 
treated with  

a combination 
of cefotaxime 

& silver 
nanoparticles

Biofilm reduction 
after being treated 
with cefotaxime

Pearson 
correlation 1 0.580 -0.488

Sig. (2-tailed) – 0.172 0.267
N 7 7 7

Biofilm reduction 
after being 
treated with silver 
nanoparticles

Pearson 
correlation 0.580 1 0.138

Sig. (2-tailed) 0.172 – 0.768
N 7 7 7

Biofilm reduction 
after being treated 
with a combination of 
cefotaxime and silver 
nanoparticles

Pearson 
correlation -0.488 0.138 1

Sig. (2-tailed) 0.267 0.768 –

N 7 7 7

This study showed a notable decrease in biofilm formation in all bacterial isolates, 
especially under the synergistic effect of cefotaxime and silver nanoparticles. Before 
treatment, the isolates formed biofilm, and the results showed that seven isolates were 
strong, eighteen moderate, and five isolates were weak. In contrast, the biofilm was 
reduced after synergistic treatment, and all isolates were weak. Silver nanoparticles 
alone, as well as in combination with gentamicin, were effective in eliminating biofilm of 
Klebsiella pneumoniae. Sliver nanoparticles functionalized with amino acid effectively 
broke down the biofilm in vitro and enabled a reduced gentamicin dosage when used 
together. This aligned with our findings, where the use of silver nanoparticles also con-
tributed to a decreased antibiotics dosage (Taraszkiewicz et al., 2013).  AgNPs exhibi­
ted excellent antibacterial activity at 125 μg/mL for MF953599 while for MF953600 at 
62.5 μg/mL. AgNPs exhibited antibiofilm activity against two MDR strains MF953599 
and MF953600. Therefore, the nanoparticles might be useful for various purposes such 
as pharmaceutical product development, water purification, drug delivery, and many 
other commercial processes (Siddique et al., 2020). A bacterial biofilm referred to  
a community of bacteria encased in a self-produced polymeric matrix, adhering to 
either inert or living surfaces (Hemati et al., 2016). Biofilm-forming bacteria generally 
exhibit lower antibiotic sensitivity compared to planktonic cells. This reduced sensitivity 
is thought to results from the exopolysaccharide structure and a decreased metabolic 
activity (Sharma et al., 2020). While antibiotics can reduce biofilm formation, some stud-
ies have shown that antibiotics may actually stimulate biofilm formation, depending on 
the antibiotic class and the bacterial strain (Hemati et al., 2016). High level of biofilm 
formation may be associated with specific phenotypes traits and gene complexes in bio-
film, such as capsules, lipopolysaccharides, and fimbriae (Zhao et al., 2023). The ability 
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of low concentrations of natural compounds to inhibit biofilm formation is likely due to 
their interference with receptors and molecules found in the quorum sensing pathway, 
which is essential for biofilm development (Shariati et al., 2024).

CONCLUSION
In conclusion, the study demonstrated that sub-MIC concentrations of cefotaxime, 

ciprofloxacin, imipenem, amoxicillin-clavulanic acid, and silver nanoparticles signifi-
cantly reduced biofilm formation in Staphylococcus aureus. The combination of silver 
nanoparticles (ranging from 4–63 µg/mL) with cefotaxime (8–32 µg/mL) showed the 
most effective biofilm inhibition, with up to 100% reduction in some isolates. This syn-
ergistic effect indicates that silver nanoparticles can enhance the efficacy of antibiotics 
such as cefotaxime, potentially allowing for reduced antibiotic dosages while effectively 
combating biofilm-related infections. The correlation coefficients for biofilm reduction 
after treatment with sub-MICs of cefotaxime, silver nanoparticles, and their combination 
on S9, S14, S16, S20, S23, S25 and S28 isolates, shows that all correlation are weak 
and insignificant. 
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