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Abstract | This research was conducted to isolate Staphylococcus aureus from mastitis-affected sheep that are resistant to 
most antibiotics and aimed to study the synergistic effect of antibiotics combination along with AgNPs nanoparticles. 
The results obtained were the isolation of 18 isolates. Representing (18%) were found S. aureus, 10(10%) were seen 
as E. coli. Most isolates from mastitic sheep in the current study shared high resistance to the antimicrobial drugs 
used. Their resistance to Ampicillin (100%), Cefepime (100%), Gentamicin (100%), and Sulfamethoxazole (100%). 
In contrast, their resistance to other antibiotics (Ceftriaxone, Ceftazidime, and Norafloxacin) varied in degree. The 
minimum inhibitory concentrations (MICs) of the silver nanoparticles tested against S. aureus and E. coli isolates were 
determined by using a microdilution method. The results show that a MIC concentration of 0.15μg/ml inhibited the 
growth of S. aureus isolates, while a concentrations 0.07 μg /ml inhibited visible growth for E. coli isolates. The findings 
indicated that amalgamating Ampicillin, Cefepime, and Gentamicin with AgNPs exhibits a superior antimicrobial 
effect on synthesizing bacterial cell walls when investigated against S. aureus and E. coli. It is more isolated from 
sheep mastitis than silver nanoparticles alone. The antimicrobial effect of AgNPs increased with higher concentrations 
of AgNPs and showed a maximum synergistic antimicrobial effect. When AgNPs were used in combination with 
any of the antibiotics (Ampicillin, Cefepime, Gentamicin), the reaction mixture exhibited antimicrobial activity, as 
indicated by the minimum inhibitory concentration (MIC) of Ag. Ampicillin against S. aureus inhibited the growth 
of isolates at a concentration of 0.03μg/ml. In contrast, concentrations of 0.3μg/ml were inhibitory for E. coli isolates, 
while the combination of cefepime and nanoparticles showed a synergistic effect against S. aureus and E. coli. The 
concentration 0.03μg/ml inhibited the growth of S. aureus, while concentrations 0.07 μg /ml were inhibitory for E. coli, 
while Gentamicin showed an MIC value for Both S. aureus and E. coli were at a concentration of 0.07 μg/ml.
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INTRODUCTION

Mastitis is significant disease that impacts the safety 
and productivity of animals due to its widespread 

occurrence and the large substantial economic losses it 
entails. There are many pathogenic causes of mastitis, 
including bacterial, fungal, and mycoplasma infections. 
Due to the multiplicity of pathogens, especially bacteria, 
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it is not easy to control (Eberhart et al., 1987; Capurro et 
al., 2010; Yaseen et al., 2025; Obaid et al., 2025). Research 
in nanotechnology has unveiled numerous new avenues, 
yielding innovative, practical, and occasionally unforeseen 
applications (Nafea et al., 2025; Yaseen et al., 2024; Obaid 
et al., 2020). Bacterial mastitis is a widespread condition, 
often caused by Staphylococcus aureus. In dairy ruminants, 
Staphylococcus aureus is an opportunistic pathogen that 
can cause mastitis in these animals. It is also present in 
healthy carriage. Numerous mastitis control programs 
have been implemented to address the issue, yet they 
have not consistently demonstrated efficacy ( Judge et 
al., 1997; Obaid et al., 2020; Kareem and Hussain, 2023; 
Altemeemi et al., 2021; Ali et al., 2024; Al-Sailawi et al., 
2024). Antibiotic resistance is prevalent in many countries 
( Jasim et al., 2025; Al-Khuzaay et al., 2024). Stressed the 
necessity of developing comprehensive control programs 
for the disease and limiting its spread in fields, as it 
depends on early and rapid diagnosis of all infected udder 
quarters in the early stages of the disease, as its spread 
leads to the infection of other animals without visible 
symptoms appearing on them. It is not easy to diagnose 
except by relying on field and laboratory tests. Due to 
the indiscriminate use of antibiotics in recent years, many 
bacterial isolates have developed resistance to most of these 
antibiotics. In addition to the responsibility of antibiotics 
for causing many side effects, mainly if they are used in 
high and incorrect doses, some researchers have resorted 
to finding alternatives to these drugs ( Jasim et al., 2021; 
Kadhim et al., 2024; Yahya et al., 2024). Indicated for 
treatment with plant extracts and medicinal herbs because 
they contain many active substances that have proven their 
effectiveness.

This research was designed to investigate the isolation 
and characterization of S. aureus bacteria from milk 
samples from sheep suffering from mastitis. Also, we 
aim to assess the antibiotic sensitivity and determine 
the minimum inhibitory concentration value. Finally, we 
aimed to investigate the synergistic effects of antibiotics 
administered individually and in combination with AgNPs.

MATERIALS AND METHODS

The California Mastitis Test (CMT) was conducted on 
milk samples to identify clinical and subclinical mastitis. 
One hundred milk samples were gathered from sheep 
farms located in Baghdad Governorate. After cleaning and 
disinfecting with 70% alcohol, the sheep breasts were dried 
with sterile cotton and throwaway towels. Ten milliliters 
of milk were obtained in a sterilized BHI container after 
initial milking of the teat was discarded. All samples were 
transported and stored at 4 °C. Straight to the lab for a 
follow-up assessment, the samples were shaken well for 

bacteriological culture first, and the remaining part of 
each milk sample was used to carry out chemical tests 
(Mellenberger, 2001; Hameed et al., 2025).

Staph aureus isolation and identification
A 100 μl milk specimen was inoculated onto mannitol 
salt agar (Oxoid, England)and incubated for 24 hours at 
37°C. S. aureus related colonies were chosen and moved 
to 5% sheep blood agar (Himedia India). All isolates 
were presumed to be determined through Gram staining, 
cultural characteristics, and coagulase testing using fresh 
rabbit plasma (tube method) (Omran et al., 2024; Abd 
El-Rahmana et al., 2024). Eight isolates of S. aureus were 
examined from mastitis milk samples of 100 sheep.

S. aureus molecular diagnosis
DNA of S. aureus was extracted using the manufacturer’s 
protocol for a DNA purification kit (Intron Korea) 
from a 24-hour bacterial culture in BHI medium. 
PCR was used to amplify the 16S rRNA gene for 
accurate identification of S. aureus (Yang et al., 2007). 
For 16S rRNA gene amplification, the F primers 
(5’-GCGATTGATGGTGATACGGGT-3’) and R 
primers  (5’-AGCCAAGCCTTGACGAACTAAAGC-3’) 
were utilized. A PCR reaction was performed using the 
CinnaGen PCR Master Kit, with a final volume of 25µL. 
The composition consisted of 12.5µl of mix master (2X 
concentration), 0.4 mM of each (F and R) primer, and 2 
µl of DNA sample. The total volume of the mixture was 
adjusted to 25 µl using deionized distilled water. DNA was 
extracted and utilized as the positive control, and sterile 
water was used as the negative control. DNA replication 
was carried out using the following protocol: 35 heat 
cycles, each lasting one minute at 94°C for denaturation, 
30 seconds at 55°C for the annealing stage, and one minute 
at 72°C for extension. The last stage involved completing 
the reaction for 3.5 minutes at 72°C. For every isolate of 
S. aureus, an identical-sized PCR result was produced. The 
dimensions of the PCR products were determined utilizing 
1.2% agarose gel electrophoresis alongside a 100 bp DNA 
ladder marker.

Sequences of isolates
The 16s rRNA gene from eight Staphylococcus aureus isolates 
was analyzed and sequenced as part of the experiment. 
Sequence alignment results obtained through BLAST 
and BioEdit were compared with data from the GenBank, 
available online at NCBI.

Antimicrobial susceptibility testing
Bauer et al. (1966) have stated that antimicrobial 
susceptibility testing was performed on all Staphylococcus 
aureus using the disk diffusion technique. Bacterial 
samples were cultivated at 37°C in Mueller Hinton 
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broth medium (Oxoid, England) for 24 hours as the 
culture medium (Abdula et al., 2024). Following growth, 
the samples were compared using a 0.5 McFarland 
turbidity tube. The 48 microplate wells, four wells.  
 The Disk Agar Diffusion method was employed on Muller 
Hinton Agar to determine per row were considered the 
resistance patterns of isolates against Amoxicillin (30μg), 
Ceftriaxone (10μg), Ceftazidime (30 μg), Cefepime (10μg), 
Imipenem (10 μg), Meropenem (10μg), Gentamycin 
(10μg), Amikacin (10 μg), Sulfamethoxazole (25μg), and 
Norfloxacin (30 μg). After incubation, the diameter of the 
inhibition zones was measured and categorized as sensitive, 
resistant or intermediate using the guidelines provided by 
(The Clinical and Laboratory Standards Institute, 2021).

Preparation of AgNPs
 The synthesis of AgNPs utilized included silver nitrate (p.a., 
Fagron), ammonium (28–30% [w/w], p.a., Sigma–Aldrich), 
sodium hydroxide as the solvent (p.a., Lach–Ner), and 
D-maltose (p.a., Sigma–Aldrich) (Gokulakrishnan et al., 
2012). Selected multi-resistant bacterial strains were used 
to assess the synergistic effects of AgNPs in combination 
with six antibiotics including amoxicillin, ceftriaxone, 
ceftazidime, cefepime, imipenem, and meropenem. 

AgNP synthesis and characterization
The tollens technique, which has been previously 
documented and involves reducing the complex cation 
[Ag(NH3)2]+ by D-maltose in alkaline conditions, was 
followed in the synthesis of AgNPs for this investigation 
(Kvitek et al., 2009). The concentrations of each component 
involved in the reaction were as follows: Ammonia at 
5·10–3 mol· dm3, sodium hydroxide at 9.6·10–3 mol·dm–3, 
silver nitrate at 1·10–3 mol· dm3 (mass concentration equal 
to 108 mg/L of Ag), and D-maltose as a reducing agent 
at 1·102mol· dm3. A magnetic stirrer was used to stir the 
reaction mixture continuously. AgNPs were synthesized 
at room temperature, or roughly 21 °C. AgNPs were 
additionally stabilized during production by adding 
gelatin to the dispersion at a final concentration of 0.05%, 
which helped prevent partial aggregation by introducing 
a stabilizing agent into the culture medium. Using the 
90 Plus Particle Size Analyzer (Brookhaven Instruments 
Co.), dynamic light scattering was used to measure the 
particle diameter of the prepared AgNPs. 

Transmission electron microscopy (TEM) was used to 
confirm the nanodimensions of the AgNPs using the 
JEM 2010 apparatus ( Jeol, Japan). Using a Specord S 
600 spectrophotometer (Analytik Jena, Germany), the 
ultraviolet-visible (UV-Vis) light spectra and surface 
plasmon resonance of AgNP dispersions diluted 10-fold 
were recorded.

Preparation of antimicrobial agents and 
assessment of (MIC) and (MBC) for silver 
nanoparticles
In 1.5 ml micro-centrifuge tubes, a stock solution of pure 
Ag nanoparticles was made by dissolving in DW to a final 
concentration of 10 mg/ml and filtering with a 0.22 μm 
Millipore filter. Two-fold serial dilutions were performed 
from the stock solution to achieve concentrations ranging 
from 5 mg/ml to 0.009 mg/ml. The stock solution was 
diluted to 2.5 mg/ mL by aseptically transferring 100μL 
into microtiter plate A1, along with 100 μL aliquots of 
sterile Mueller-Hinton broth (MHB). Once the contents 
of each well have been sufficiently mixed, one hundred μl 
aliquots of A1 will be transferred to the equivalent wells in 
B1, which also contain 100 μl aliquots of MHB. This will 
result in another 50% antimicrobial dilution (1.25 mg/ml). 
The procedure was repeated for each row to generate the 
following dilutions: 0.6 mg/mL, 0.3 mg/mL, 0.15 mg/mL, 
0.07 mg/mL, 0.03 mg/mL, 0.01 µg/mL, and 0.009 mg/
Ml.

Preparation of inoculum
Bacteria were cultured overnight on agar to yield the 
isolates. Three to five well-isolated colonies of the same 
morphological type were selected from the agar plate 
culture to prepare the inoculum for the MIC test. Each 
colony’s tip was brushed with a sterile loop, and the 
growth was then transferred into a tube holding four to 
five milliliters of MHB. The colony was then incubated at 
35 °C for approximately two hours, or until it reached the 
0.5 McFarland Standard. Normal saline or sterile MHB 
was used to regulate the turbidity actively developing 
broth culture. After that the suspension was diluted (100 
μL of bacterial suspension added to 9,900 μL of MHB) 
to achieve a bacterial cell count of approximately 108 
CFU/mL. The optical density measurement of a bacterial 
cultivation solution with varying concentrations of silver 
nanoparticles after 24 hours was used to determine 
the minimum inhibitory concentration (MIC) and the 
minimum bactericidal concentration (MBC) of silver 
nanoparticles against S. aureus, thereby assessing the 
antimicrobial effectiveness of silver nanoparticles on 
bacterial growth. Each experiment was performed thrice 
on distinct days.

Determination of MIC and MBC for silver 
nanoparticles in conjunction with antibiotics
The minimum concentration of an antimicrobial agent that 
can inhibit visible bacterial growth without causing cell 
death is referred to as the MIC. The broth micro-dilution 
utilizing a 96-well polystyrene plate is the most suitable 
approach for determining MIC values. This method was 
employed for quantitative assessment to investigate the 
in vitro antimicrobial activity of Ag nanoparticles against 
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bacterial isolates, following the guidelines established by 
the Clinical and Laboratory Standards Institute (CLSI), 
as detailed by Balouiri et al. (2016) and Sabee et al. (2020). 
To ascertain the MIC and MBC of silver nanoparticles 
in conjunction with antibiotics, 100 μl of a standardized 
bacterial suspension at a concentration of 1× 108 CFU/
mL was introduced into each well containing 100 μl of 
diluted AgNPs previously prepared. This resulted in an 
overall volume of 200 μL per well. To assess the sensitivity 
of the bacterial isolates, a positive control was performed 
in column 11 of the microplate, which included broth, the 
solvent for antimicrobial agents, and bacterial inoculation. 

Conversely, A broth and an antibacterial solution without 
inoculum functioned as the negative control in column 
12 of the microplate. The microtiter plates have been 
incubated overnight at 37 ºC for 18 to 24 hours. Following 
incubation, MIC values were assessed visually by adding 30 
mL of Alamar blue dye to microplate wells and incubating 
at 37 ºC for 1 hour. Alamar Blue dye served as an indicator, 
utilizing a resazurin-based solution that quantitatively 
assesses cell viability through the reducing capacity of 
living cells. Resazurin, the active component of Alamar 
Blue reagent, is a non-toxic, cell-permeable substance that 
appears blue and is nearly non-fluorescent. Resazurin is 
reduced to resorufin upon entering living cells, resulting 
in a red, highly fluorescent compound. The minimum 
inhibitory concentration (MIC) was defined as the 
minimal concentration of each fraction that demonstrated 
no visible growth. MIC values were ascertained in duplicate 
to guarantee precision (Sabee et al., 2020).

RESULTS AND DISCUSSION

Phenotypic characterization 
As shown in Table 1, Staphylococcus aureus (8 %) was 
identified in 100 samples taken from 40 clinical and 60 
subclinical mastitic sheep. Additionally, several mixed 
infections were found (Table 2).

Table 1: Clinical, subclinical, and total mastitis incidence.
Milk 
samples

Number of positive 
Staph aureus

%

Clinical mastitis 40 2 31.81
Subclinical mastitis 60 6 8.30
Total No. 100 8 14.16

Table 2: Types of bacteria isolated from the milk of sheep 
suffering from mastitis and their percentages.
% No. Isolates
8% 8 Staphylococcus aureus
10% 10 Escherichia coli

The diagnosis is based on the results of bacterial culture 
and microscopic examination. Each type was classified 
based on the shapes of the colonies, lysis on blood agar, and 
biochemical tests, as shown. Every bacteriological analysis 
aligns with identifying the Staph genus and its species. 
These findings align with data regarding the isolation of S. 
aureus species as documented in (Quinn et al., 2004). 

The most important principles used in diagnosing these 
germs are based on Quinn et al. (2004). The colonies are 
resembled to those of Staphylococcus spp., which appear 
on nutrient agar within 24 hours of incubation at 37°C. 
They were circular, convex, shiny, and opaque, with a 
smooth circular non-toothed edge resembling oil droplets 
and colors ranging from white to dark orange, they were 
positive for coagulase yeast. S.aureus spp. produce distinct 
colonies on selective media that. grow on Manitol salt agar 
plates (Figure 1A) shows the characteristic golden colonies 
Microscopically, they appeared as Gram-positive cocci and 
formed clusters. While colony morphology of isolates of 
S. grew after 24 hours of incubation on blood agar under 
aerobic conditions at 37˚C, the culture exhibited shiny, 
convex, hemolytic white colonies measuring 2-3 mm in 
diameter after 48 hours (Figure 1B).

Figure 1: Colony characteristics of Staph aureus on selective 
media (A) mannitol salt agar, (B) Blood agar.

Molecular study 
As shown in Figure 1, the bacteriological isolation of 
Staphylococcus aureus from the milk samples obtained from 
mastitic sheep revealed the presence of S. aureus organisms 
in them. Every fecal sample that tested positive for bacteria 
had its positivity verified by PCR, which revealed the 
amplification of 370 bp fragments, as shown in Figure 2.

Sequencing the isolates 
The sequencing analysis results were promptly submitted 
to GenBank with accession numbers MZ429309.1 
and MZ429310.1. A compilation of S. aureus kDNA 
sequences, comprising two S,aureus records, was acquired 
from GenBank for phylogenetic analysis. The positive 
sample in this study was closely associated with Taiwan.
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Figure 2: PCR product, with a band size of 370 bp for 16S 
rRNA. The product was electrophoresed on 1.5% agarose 
at 70 volt/cm2—1x TBE buffer for 1:30 hours. N: DNA 
ladder (100), lane 2-4, 8, 9, 15, 16 represents Staph aureus. 
PCR product of band size 370bp, visualized under UV 
light.

Staph aureus kDNA with accession number ON041097.1 
and it matched with Staph aureus from ChinaON222796.1 
Japan AP025693.1and USA CP064772.1, Nigeria 
CP051191.2, CanadaCP078521.1, Australia CP093933.1, 
India OM936855.1 Egypt OM920074.1 China: 
Guangzhou: CP088157.1: 

This was determined by phylogenetic analysis.

Figure 3: Phylogenetic analysis indicating genetic diversity 
between isolates based on kDNA sequence analysis.

Susceptibility of isolated bacteria to 
antibiotics
After using standard strains to evaluate the effectiveness of 
antibiotic tablets, the efficiency of these tablets was noted 

before they were used for this test. Then the sensitivity of 
bacteria isolated from cases of clinical mastitis to antibiotics 
was tested, as shown in (Tables 1 and 2), and their sensitivity 
was recorded. Their resistance to Ampicillin (100%) was 
higher than that of Cefepime (100%), Gentamicin (100%), 
and Sulfamethoxazole (100%), while their resistance 
to other antibiotics (Ceftriaxone, Ceftazidime, and 
Norfloxacin) varied. Figure 4 illustrates that Ceftazidime, 
Amikacin, and Ceftriaxone exhibited moderate sensitivity 
towards the majority of Staph aureus isolates.

Figure 4: Antibiotic susceptibility testing of Staphylococcus 
aureus isolates from sheep on Mueller-Hinton agar.

Characterization of the Ag nanoparticles
We were employed to create AgNPs. AFM confirms 
that this technique yields AgNPs. It was found that the 
average diameter was about 21 nm, with a very narrow size 
distribution (Figure 5). Additionally, the average diameter 
was found to be about 56.00 nm.

Figure 5: (A and B) showing atomic force microscopy 
image of AgNPs after stirring for 20min at 75 °C.

Scanning electron microscopy (SEM)
The results indicate that nanoparticle morphology exhibits 
significant variability in size and shape. The surface-
deposited silver nanoparticles are visible at a magnification 
of 100,000 X. The SEM image indicates a high density 
of silver nanoparticles, confirming the formation of silver 
nanostructures. Figure 6 presents the SEM analysis of the 
synthesized silver nanoparticles. The synthesized particle 
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exhibited an average size of 43 nm, consistent with the 
findings of Jithesh (2013). The nanoparticles exhibited 
both spherical and irregular shapes, consistent with 
the findings of Promy (2018), which also noted these 
morphological characteristics. Davi et al. (2013) noted 
that the AgNPs synthesized from Sargassum longifolium 
exhibited a cubical morphology. The morphology of 
metal nanoparticles significantly alters their optical and 
electronic properties (Xu and Kall, 2002). A comparable 
phenomenon was documented by Chandran et al. (2006).

  
Figure 6: SEM image of AgNPs synthesized after stirring 
for 20min at 75 °C at 100000X magnification.

Antibacterial activity of silver nanoparticles 
(Ag.NP) against S. aureus and E. coli 
The antimicrobial activity of the synthesized AgNPs 
was tested against S. aureus and E. coli. The observations 
indicate that the inhibition was close in concentration, 
resulting in reduced visible growth in both S. aureus 
(lane 1). The concentration of 0.15 μg/ml inhibited the 
growth of S. aureus isolates in 50% (2/4) of the cases. 
In comparison, concentrations of 0.07 μg/ml were 
inhibitory to visible growth for isolates of E. coli. These 
concentrations destroyed pathogenic strains of E. coli, as 
well as multiple-drug-resistant strains of S. aureus. Silver 
nanoparticles (AgNP) without antibiotics exhibited 
antimicrobial activity against several species of bacteria, 
including Gram-positive bacteria, such as S. aureus (Dung 
et al., 2009; Aljeboury et al., 2019) Gram-negative bacteria 
have been identified as an effective bactericidal agent (Rai 
et al., 2012; Kim et al., 2008; Lara et al., 2010; Chaudhari et 
al., 2012; Sondi, 2004). The results are shown in Figure 7. 

The process of action of AgNPs remains inadequately 
defined. Researchers have proposed various mechanisms 
for the antibacterial effect of silver ions (Yoon et al., 2007; 
Li et al., 2005; Razooki et al., 2019). The antimicrobial 
properties of nanomaterials are attributed to the 

photocatalytic production of reactive oxygen species 
(ROS), which harm cellular and viral structures and 
weaken bacterial cell walls and membranes. Moreover, 
these mechanisms involve disrupting energy transduction, 
inhibiting enzymatic activity, and interfering with DNA 
synthesis (Huang et al., 2008; Brett, 2006; Al-Maliki et al., 
2025). It is posited that silver nanoparticles initially adhere 
to the surface of the cell membrane and subsequently 
infiltrate the bacteria and cytoplasm, resulting in cellular 
destruction as the AgNPs permeate the cell. The chosen 
clinical bacterial isolates demonstrated resistance to 
conventional antibiotics, including Ampicillin, Cefepime, 
and Gentamicin (Aljeboury et al., 2019; Razooki et al., 
2025).

Figure 7: The results of the broth microdilution method 
for determining minimum inhibitory concentrations 
(MIC) are presented. (C-) Negative control (broth only), 
(C+) Positive control (bacteria in broth). Wells exhibiting 
blue coloration showed no growth or inhibited growth, 
whereas wells displaying red coloration.

Determination of minimum inhibitory 
concentrations (MIC) of the synergistic 
effect of ampicillin with nanoparticles against 
S. aureus and E. coli 
The antibacterial activities of Ampicillin were augmented 
in the presence of AgNPs. However, the highest synergistic 
effect was observed with Ampicillin. The observations 
indicated that the reaction mixture demonstrated 
antimicrobial activity in the MIC by combining Ag.NP 
and Ampicillin against S. aureus. The concentration of 0.03 
µg/ml inhibited the growth of isolates (lane 2), while the 
concentration of 0.3 µg/ml was inhibitory for E. coli isolates 
(lane 6). The hypothesis proposed that nanoparticles create 
a complex with Ampicillin, disrupting peptidoglycan in the 
cell wall (Fayaz et al., 2010). Due to their positive charge, 
they interact with the negative charges of transmembrane 
proteins, potentially compromising the integrity of the cell 
membrane and obstructing transport channels (Davies 
and Etris 1997). They might be able to enter the bacteria 
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and interfere with processes such as protein synthesis, 
transportation, and nucleic acid function (Yamanaka and 
Hara, 2005; Razooki et al., 2020). Additionally, our study 
aligns with Birla et al. (2009), who reported an increase in 
the efficacy (percentage) of antibiotics, such as Ampicillin, 
when combined with AgNPs against S. aureus and E. coli. 

Determination of minimum inhibitory 
concentrations (MIC) of synergistic effect of 
cefepime with nanoparticles against S. aureus 
and E. coli 
When tested together, the combination of Cefepime and 
nanoparticles worked effectively, and the combination 
showed a synergistic effect against S. aureus and E. coli. 
The concentration of 0.03 μg/ml inhibited the growth 
of S. aureus isolates (lane 3). In contrast, 0.07 μg/ml 
concentrations were inhibitory for E. coli isolates in 
lane 7 (Figure 7). Cefepime (CEF) is classified as an 
extended-spectrum cephalosporin, also known as a 
fourth-generation cephalosporin, which exhibits a broader 
range of antimicrobial activity than third-generation 
cephalosporins. CEF exhibited significant efficacy against 
both gram-negative and gram-positive bacterial strains 
(Afsaneh et al., 2021).

Determination of minimum inhibitory 
concentrations (MIC) of the synergistic effect 
of gentamicin with nanoparticles against S. 
aureus and E. coli 
The concentration of gentamicin tested on both S. aureus 
and E. coli ranged from 5 to 0.009 µg/ml, consistent with 
previous studies. The data indicate that the MIC value for 
both S. aureus and E. coli is 0.07 µg/ml, as observed in lanes 
4 and 8, respectively (Figure 7). The antibacterial activities 
of Gentamicin and AgNPs were enhanced, as evidenced 
by the inhibition of visible growth when the antibiotics 
were combined with the nanoparticles. Gentamicin 
is a protein synthesis inhibitor. Gentamicin works by 
irreversibly binding to the 30S subunit of the bacterial 
ribosome, thereby interrupting protein synthesis. The 
precise mechanism of action remains under investigation; 
nonetheless, multiple mechanisms have been suggested. 
Reports indicate that the combination of antibiotic and 
AgNPs complexes releases Ag+ at a higher rate compared 
to AgNPs alone. Additionally, it has been suggested that 
the conjugation of both molecules occurs through the 
active groups of antibiotics, such as hydroxyl and amine 
groups. This will enhance the effective concentration of the 
antibiotic at a targeted location (Sharma et al., 2016; Dixit 
et al., 2017).

The combination of gentamicin with biologically 
synthesized AgNPs resulted in increased susceptibility 
in the examined bacteria. The synergistic effect of silver 

nanoparticles (AgNPs) and antibiotics, such as gentamicin, 
was significantly demonstrated against E. coli and S. aureus.

These results align with the findings of Birla et al. (2009), 
who reported increased efficacy percentages of antibiotics 
such as gentamicin and Ampicillin when combined with 
AgNPs against S. aureus and E. coli. Fayaz et al. (2010) 
evaluated the antimicrobial properties of biologically 
synthesized AgNPs in comparison to commercially 
available antibiotics against both Gram-negative and 
Gram-positive bacteria.

The mixture of antibiotics with AgNPs demonstrated 
significant efficacy in bacterial inhibition; should bacteria 
develop resistance to one agent, the alternative bactericidal 
agent remains effective in eliminating the bacteria. The 
bactericidal effect in synergism is amplified through the 
interaction of active groups, such as hydroxyl and amino 
groups in these antibiotics, with AgNPs via chelation. An 
antibiotic–AgNP combination is formed, consisting of an 
AgNP core embraced by antibiotic molecules. Integrating 
antibiotics with metal nanoparticles may enhance the 
efficacy of antibiotics against resistant pathogens (Li et 
al., 2005; Jasim et al., 2025). Additionally, nanoparticle-
antibiotic conjugates decrease the required dosage of 
both components, thereby minimizing toxicity and 
enhancing antimicrobial efficacy. The conjugates exhibited 
effectiveness against resistant bacteria. This conjugation 
led to increased antibiotic concentrations at the site 
of antibiotic-microbe interaction, thereby enhancing 
the binding between microbes and antibiotics. Factors 
including particle size, dosage, duration of use, shape, 
temperature, and pH influence the synergistic effects 
of silver nanoparticles. However, limited research has 
explored the role of these synergistic effects in conjunction 
with antibiotics. Recent strains of bacteria, such as S. 
aureus, have emerged with significant levels of resistance. 
Addressing bacterial resistance requires measures that can 
prevent the emergence and dissemination of multidrug-
resistant bacterial strains, as well as the development of 
novel antimicrobial agents.

CONCLUSION

The mixture of antibiotics with AgNPs demonstrated 
significant efficacy in bacterial inhibition and nanoparticle-
antibiotic conjugates decrease the required dosage of both 
components, thereby minimizing toxicity and enhancing 
antimicrobial efficacy.
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