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Objective: This study reports on the green synthesis of silver nanoparticles (AgNPs) using Moringa 

oleifera leaf extract as a natural reducing and stabilizing agent. The AgNPs were combined with some 
antibiotics to determine the antibacterial mode of inhibition. 

Methods: The synthesized AgNPs were comprehensively characterized by UV–visible spectroscopy, 
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field emission scanning 

electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDX), transmission electron 
microscopy (TEM), and zeta potential (ZP) analysis followed by combination with some selected 
antibiotics by soaking the designated antibiotic discs in to the AgNPs colloidal and assessed their mode 
of inhibition. 

Results: The characterization confirmed the formation of uniformly distributed, spherical AgNPs with 
size ranging from 15 to 30 nm, and a negative surface charge of –27.1 mV, indicating a high colloidal 
stability. To investigate their biomedical relevance, AgNPs were combined with conventional antibiotics 
through soaking of the antibiotic discs into colloidal AgNPs, and tested against Staphylococcus aureus 
(S. aureus), methicillin-resistant S. aureus (MRSA), Escherichia coli (E. coli), and Pseudomonas 
aeruginosa (P. aeruginosa) using the Disc diffusion test (DDT). The result of combining AgNPs with 
an antibiotic showed a reduction in inhibition zones compared to the zones observed when the antibiotic 
was used alone against all bacterial strains tested. 

Conclusion: The results of AgNPs–antibiotic combinations showed decreased in inhibition zones which 
is refers to antagonistic behaviour instead of increase in the zones diameter indicating a synergistic 
behaviour as often reported. These results highlight the potential of M. oleifera-mediated AgNPs as an 
environmentally friendly nanomaterial to enhance antibiotic activity but also emphasize the need for 

critical evaluation of nanoparticle–drug interactions prior to clinical application. 
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Introduction

The swift rise of multidrug-resistant (MDR) pathogens has 

become a critical global health threat [1]. This situation could 

undermine the effectiveness of conventional antibiotics and 

complicating infection management. The indiscriminate use of 

antibiotics in clinical settings has accelerated the development 

of resistance instruments such as efflux pumps [2], enzymatic 

degradation, and biofilm development [3]. As a result, once 

treatable infections are becoming increasingly difficult to 

control, leading to prolonged hospitalization, higher treatment 

costs, and significant mortality rates [4]. Addressing this crisis 

requires the development of innovative antibacterial strategies 

that can restore or improve the efficacy of existing antibiotics. 

The synthesis of AgNPs using plant-derived materials offers a 

sustainable, eco-friendly approach. The phytochemicals in M. 

oleifera leaves (flavonoids, phenols, alkaloids, and proteins) act 

as natural reducing and stabilizing agents, eliminating the need 

for toxic chemicals [5]. Nano-based antimicrobials, particularly 

AgNPs, have gained attention as promising candidates due to 
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their broad-spectrum antibacterial activity and unique 

physicochemical properties. AgNPs can interact with microbial 

cells through multiple pathways, including disruption of 

membranes, generation of reactive oxygen species (ROS) [6], 

and release of silver ions (Ag⁺), that interfere with proteins and 
nucleic acids [7]. These combined effects eventually lead to 

denaturation of proteins, inhibition of essential enzymatic 

processes, impairment of DNA replication and transcription and 

finally to cell death. In contrast to single-target antibiotics, this 

multi-coated mechanism reduces the likelihood of rapid 

resistance development. However, AgNPs alone are not without 

limitations, including dose-dependent cytotoxicity and potential 

instability in biological environments, emphasizing the need for 

hybrid approaches that balance efficacy and safety. 

One strategy that has attracted considerable interest is the 

combination of AgNPs with conventional antibiotics to exploit 

potential synergistic effects [8]. Theoretically, such 

combinations can enhance antibacterial activity through 

complementary mechanisms, thus lowering the required dosage 

of each drug, reducing toxicity, and overcoming resistance 
barriers. However, recent studies show that these interactions 

are not always synergistic. Some combinations lead to neutral 

or even antagonistic effects, where antibacterial activity is 

reduced compared to the agents used alone. This two-fold nature 

highlights a complex interplay between the surface chemistry of 

the nanoparticles, the antibiotic class, and the microbial 

physiology, that is not yet fully understood. 

This study systematically evaluates the antibacterial effects of 

selected antibiotic-AgNP combinations, highlighting the 

antagonistic behaviour of interaction when some antibiotics are 

combined with AgNPs instead of showing synergistic effect as 

previous studies reported. Understanding whether such 

interactions lead to synergistic enhancement or antagonistic 

interference is crucial for rational application in biomedical 

contexts. The present study therefore investigates the 

antibacterial inhibitory effects of selected antibiotic–AgNPs 
combinations and provides experimental evidence for 

antagonistic outcomes. By elucidating these opposing 

interactions, the work closes an important knowledge gap and 

contributes to the informed development of hybrid therapeutics 

of nanoparticles and antibiotics to combat antimicrobial 

resistance. 

 

Material and Methods 

Materials and Chemicals 
Moringa oleifera leaves powder from Nanomaterial laboratory 
1, T02, UTM, microbial strains from American Type Culture 
Collection (ATCC), antibiotic discs (Thermo Scientific), silver 
nitrate (AgNO3) (VWR), Mueller Hinton agar (MHA) (Sigma 
Life Science), sodium hydroxide (NaOH) QReC (Asia), 
distilled water filtrate of sartorius filter (Malaysia Sdn Bhd, 
98806). 

 

Extraction of plant resource 
A measured quantity of 5 g of M. oleifera leaf powder was added 
to 50 mL of distilled water and heated with a magnetic stirrer 

while stirring continuously until the mixture reached the boiling 
point. The solution was kept at the boiling point for 15 minutes 
to facilitate the extraction of the phytoconstituents. The mixture 
was allowed to cool to room temperature prior to filtration 
through Whatman No. 1 filter paper. The filtrate was adjusted to 
a pH of 8 to enhance the ionization of the reducing species for 
subsequent applications.  

 

Preparation of silver precursor 
A stock solution of silver nitrate (AgNO₃) was prepared by 
dissolving 0.85 gram of AgNO₃ in 500 mL of distilled water 
with constant stirring to ensure complete solubilization. The 
solution was then covered with aluminium foil to prevent 
photodegradation of silver ions and subsequently stored under 
suitable conditions for prior use. 

 

Preparation of AgNPs  
A volume of 5 mL of M. oleifera leaf extract was added to 500 
mL of AgNO₃ solution and the mixture was incubated in the 
dark for 24 hours to facilitate the reduction of Ag+. The 
formation of AgNPs was indicated by the presence of a dark 
brown colour, after which the colloid was subjected to 
characterization. For the antimicrobial test, each antibiotic disc 
was immersed in 1 mL of the AgNPs colloid suspension 
followed by oven dried at 50 °C for 15 minutes. The AgNP-
impregnated discs were then used for the subsequent 
antibacterial analysis. 

 

Characterization techniques 
The synthesized AgNPs was characterized using techniques 

such as UV– visible spectrophotometry, FTIR, XRD, FESEM, 

EDX, TEM, and ZP measurements as seen in Table 1. All the 
analyses were conducted at University Laboratory Management 

Centre, T03, UTM except for UV-visible which was performed 

at Nanomaterial Laboratory 1, T02, UTM using Janway 7200 

spectrophotometer. FTIR spectra were recorded using a Nicolet 

IS5 IR spectrometer (Thermo Scientific, USA) and OMNIC 

software. Sample preparation was performed using the KBr 

pellet method to ensure reliable and reproducible infrared 

absorption data. X-ray diffraction patterns were recorded using 

a Bruker D8 Advance diffractometer with Cu Kα radiation (λ = 

1.5406 Å). The device was operated at 40 kV and 20 mA, with 

data acquired over a 2θ angle range of 5°-90°. Scans were 

performed with a step size of 0.05°, a scan speed of 0.05° per 
second and using 0.5° divergence [9], and anti-scattering slits to 

improve resolution and reduce background noise. 

The elemental composition was determined using EDX in 

conjunction to enable spatially resolved elemental mapping of 

the sample surfaces. The EDX data was collected in a multi-step 

procedure that included large-area imaging of the sample, 

targeted spot analyses and both qualitative and quantitative 

elemental assessments. All EDX measurements were performed 

using a Hitachi SU8020 field emission scanning electron 

microscope equipped with an integrated EDX detector to ensure 

high-resolution elemental mapping and compositional analysis. 
TEM was performed with a Hitachi HT7700 device operating at 

an accelerating voltage of 120 kV. This microscope offers 

nanoscale imaging capabilities with a grating resolution of 0.204 

nm (at 100 kV) and supports magnifications up to 200,000×. 

Imaging was performed with an 8-megapixel camera system, 
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which enables detailed structural characterization of the 

morphology and distribution of the nanoparticles. The ZP was 

measured with the Malvern Zetasizer using electrophoretic light 

scattering and laser Doppler velocimetry [10]. The device 

applies an electric field to a sample, causing charged particles to 

move. Based on the speed of this movement, and the properties 

of the sample, such as viscosity and dielectric constant, the 

Zetasizer can calculate the zeta potential. The characterization 

techniques used are summarized below:  

 
Table 1. Characterization techniques used for synthesized AgNPs 

 

Technique Instrument/Model Operating Conditions/Details Purpose/Information 

Obtained 

Location 

UV–

Visible  

Janway 7200 

spectrophotometer 

Conducted at room temperature Surface plasmon resonance 

(SPR) analysis to confirm 

AgNP formation and optical 

properties 

Nanomaterial 

Laboratory 1, 

T02, UTM 

FTIR  Nicolet IS5 IR 

spectrometer (Thermo 

Scientific, USA) with 

OMNIC software 

KBr pellet method; spectra 

recorded in mid-IR region 

Identification of functional 

groups involved in capping, 

stabilization, and reduction 

of AgNPs 

University 

Laboratory 

Management 

Centre, T03, 

UTM 

XRD Bruker D8 Advance 

diffractometer with Cu 

Kα radiation (λ = 1.5406 

Å) 

40 kV, 20 mA; 2θ = 5°–90°; step 

size = 0.05°; scan speed = 0.05°/s; 

0.5° divergence and anti-

scattering slits 

Determination of crystalline 

structure, phase purity, 

crystallite size 

University 

Laboratory 

Management 

Centre, T03, 

UTM 

FESEM- 

EDX 

Hitachi SU8020 FESEM 

with integrated EDX 

detector 

EDX analysis included large-area 

imaging, spot analysis, and 

qualitative/quantitative elemental 

mapping 

Morphological analysis and 

elemental composition of 

AgNPs 

University 

Laboratory 

Management 

Centre, T03, 

UTM 

TEM Hitachi HT7700 TEM Accelerating voltage: 120 kV; 

resolution: 0.204 nm (at 100 kV); 

magnification: up to 200,000×; 8 

MP camera system 

High-resolution imaging of 

nanoparticle morphology, 

size distribution, and 

structural features 

University 

Laboratory 

Management 

Centre, T03, 

UTM 

 ZP  Malvern Zetasizer Electrophoretic light scattering 

and laser Doppler velocimetry 

Surface charge, colloidal 

stability, and dispersion 

behavior of AgNPs 

University 

Laboratory 

Management 

Centre, T03, 

UTM 

 

 

Antibacterial Test 
Disc Diffusion Test 

The antibacterial activities of AgNPs, Chloramphenicol (CHL) 

and cefoxitin (FOX) singly and in combination with AgNPs 

were evaluated using disc diffusion technique (DDT) against 

American Type Cell Culture (ATCC) S. aureus (6538), E. coli 

(11229), Pseudomonas aeruginosa (65442), and MRSA 

(43300). Bacterial cultures were grown on Mueller–Hinton agar 

(MHA), and standardized inoculum were prepared by 

suspending isolated colonies in sterile saline and adjusting 
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turbidity to 0.5 McFarland standard, which corresponds to ~1.5 

× 10⁸ CFU/mL. The suspensions were spread evenly onto fresh 

MHA plates using sterile cotton swabs to ensure uniform 

inoculation for proper antimicrobial testing. CLSI M100: 

Performance Standards for Antimicrobial Susceptibility Testing 
was used as reference guidelines. 

The inoculated plates with the test samples were incubated at 37 

°C for 18–24 hours. After incubation, the antibacterial activity 

was evaluated by measuring the diameter of the inhibition zone 

around each disc in millimeters (mm) using a ruler performed in 

triplicates. The resultant was reported as mean and standard 

deviation of the mean. This measurement served as an indicator 

of the effectiveness of the test samples in inhibiting bacterial 

growth. 

 
 

Results 

 
Figure 1. Shows the UV–Vis spectrum of AgNPs, 

demonstrating a SPR peak at 423 nm indicative of nanoparticle 
formation 

 

 

 

 

 
Figure 2. (a) FT-IR analysis showing the reduced bands 
upon comparing Moringa leaves powder (red), and (b) 

AgNPs (black) 

 
Figure 3. XRD analysis of AgNPs shows the crystallinity 

nature of the synthesized AgNPs 
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Figure 4. (a) FESEM image shows the shape, (b) EDX spectra shows the elemental composition, (c) HRTEM shows the size 

range and (d) Zeta potential shows the dispersity of AgNPs  
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Figure 2. Test samples showing the inhibition zones AgNPs alone, antibiotic alone, and in their 
combination state. 

 
Table 2. Disc diffusion result of antibiotic-silver nanoparticles 

Antibiotics/AgNP Zone of inhibition (mm) 
S. aureus MRSA E. coli P. aeruginosa 

FOX only 23 ±1.0 12 ± 0.0 23 ± 1.0 25 ± 0.0 
CHL only 28 ± 1.0 25 ± 0.0 27 ± 1.0 31 ± 1.0 
AgNP only 9 ± 0.0 8 ± 0.5 9 ± 0.0 10 ± 0.0 
FOX-AgNP 12 ± 0.0 11 ± 0.0 17 ± 0.0 12 ± 0.0 
CHL-AgNP 18 ± 0.0 13 ± 0.0 24 ± 1.0 20 ± 1.0 

FOX = Cefoxitin, CHL = Chloramphenicol, AgNP = Silver nanoparticle results; n =3, values are Mean ± SD 

 

Discussion 

AgNP formation was proven by adding 5 mL of M. oleifera 
leaf extract to 500 mL of 1.0 mM AgNO₃ solution, which 

produced a gradual colour shift from pale yellow to dark 

brown. This visual change serves as an initial confirmation of 

nanoparticle synthesis, attributed to surface plasmon resonance 

(SPR) generated by the collective oscillation of conduction 

electrons on the nanoparticle surface under light exposure [11]. 

UV–Visible spectrophotometric analysis also confirmed the 
successful reduction of Ag⁺ ions to AgNPs. As shown in Figure 
1, the absorption spectrum of the colloidal suspension revealed 
a characteristic SPR peak at 423 nm, which is within the well-
established range (400–480 nm) typically reported for spherical 
silver nanoparticles [12]. The sharpness and symmetry of the 
peak indicate the formation of nanoparticles with relatively 
uniform size distribution, while the absence of additional peaks 
rules out the presence of significant impurities or secondary 
products. 

The absorption intensity observed in the spectrum also reflects 
the concentration of nanoparticles formed in the reaction 
medium. Higher absorbance at the SPR peak indicates efficient 
nucleation and growth of AgNPs, which is favoured by the 
phytochemicals present in M. oleifera leaves extract acting as 
both reducing and stabilizing agents. Polyphenols, flavonoids, 
and other biomolecules present in the extract are known to 
donate electrons for Ag⁺ reduction while capping the 
nanoparticles, which prevents uncontrolled agglomeration [13]. 
Overall, the visible colour change coupled with the distinct SPR 
peak at 423 nm is strong evidence for the successful green 
synthesis of AgNPs with M. oleifera extract. These results 
confirm the dual role of the plant extract as a natural 
bioreductant and stabilizer and underline its potential as an eco-
friendly and cost-effective approach for the synthesis of 
nanomaterials. Further characterisations, such as DLS or ZP, 
FTIR, and TEM, would be necessary to elucidate particle size 
distribution, surface chemistry, and morphology to complement 
the spectrophotometric evidence. 
 
The table below shows the interpreted results of 
physicochemical parameters of the synthesized AgNPs which 
was confirmed by several physicochemical characterisation 
techniques as shown in Table 3. 

 
Table 3. Interpretation of physicochemical results of AgNPs synthesized using M. oleifera extract. 

Characterization 

Technique 

Key Findings Interpretation 

FTIR Spectroscopy Absorption bands at ~3290 cm⁻¹ (O–H), 1635 

cm⁻¹ (C=O), and 1040 cm⁻¹ (C–O), with shifts 

and intensity changes after nanoparticle 

formation. 

Confirms the involvement of phenolic, flavonoid, and 

protein groups in reduction and capping. 

Phytochemicals act as bioreductants and stabilizers, 

preventing agglomeration. 

X-ray Diffraction 

(XRD) 

Distinct peaks at 2θ ≈ 38°, 44°, 64°, 77°, 

corresponding to (111), (200), (220), and (311) 

planes of FCC silver (JCPDS No. 04-0783). 

Sharp peaks indicate crystalline nature of AgNPs; 

minor additional peaks suggest residual plant-derived 

stabilizing compounds. 

FESEM & EDX FESEM: Nanoparticles aggregated but relatively 

uniformly distributed at nanoscale. EDX: Strong 

Ag signal (19.1 wt%) with C, O, N, and trace Cl, 

S, P, Mg. 

FESEM reveals morphology and distribution; EDX 

confirms elemental composition and phytochemical-

based capping. 

TEM Predominantly spherical nanoparticles with size 

range ~15–30 nm; clear lattice fringes visible. 

Confirms nanoscale dimensions, crystalline nature, 

and effective phytochemical stabilization consistent 

with UV–Vis and XRD results. 
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Zeta Potential (ZP) Average surface potential: –27.1 mV. Indicates good colloidal stability due to electrostatic 

repulsion and steric hindrance from plant stabilizers; 

suitable for biological applications. 

 

 
The antibacterial efficacy of cefoxitin (FOX), chloramphenicol 
(CHL), silver nanoparticles (AgNPs), and their respective 
combinations was assessed using the DDT against four 
representative bacterial strains: S. aureus, MRSA, E. coli, and 
P. aeruginosa as shown in figure 1 and Table 3 respectively. 
As expected, both antibiotics alone showed strong antibacterial 
activity, with inhibition zones of 12–31 mm. CHL showed the 
greatest efficacy in all strains, with inhibition diameter of 28 mm 
(S. aureus) and 31 mm (P. aeruginosa), consistent with its broad 
spectrum of activity [8]. In contrast, AgNPs alone showed 
relatively weak inhibition (8–10 mm), suggesting a moderate 
stand-alone antimicrobial effect, which is consistent with 
previous reports of lower efficacy of AgNPs in independent 
testing [14]. 
The antibacterial assay in Table 2 showed that both FOX and 
CHL exhibited significant inhibitory activity, with CHL 
consistently producing larger zones of inhibition than FOX, 
particularly against P. aeruginosa (31 mm) and MRSA (25 
mm). In contrast, AgNPs alone showed only weak antibacterial 
effects (8–10 mm) against all strains, indicating their limited 
efficacy as a stand-alone antimicrobial agent. Interestingly, the 

overall inhibitory activity decreased rather than improved when 
AgNPs, were combined with the antibiotics. Inhibition zones 
were significantly reduced with FOX-AgNPs compared to FOX 
alone for all bacteria tested (e.g., 12 mm vs. 23 mm for S. 
aureus; 11 mm vs. 12 mm for MRSA), clearly indicating an 
antagonistic interaction in which the presence of AgNPs reduces 
FOX activity. Similarly, CHL–AgNPs combinations showed 
reduced zones of inhibition compared to CHL alone, with 
decreased levels against E. coli (24 mm vs. 27 mm) and P. 
aeruginosa (20 mm vs. 31 mm). Although moderate inhibition 
was still observed against S. aureus (18 mm vs. 28 mm) and 
MRSA (13 mm vs. 25 mm), the reduction compared to CHL 
alone suggests partial antagonism rather than synergism. 
Overall, these results emphasize that, the tested AgNP-antibiotic 
combinations have antagonistic effects contrary to the often-
expected synergistic enhancement, which underlines the need 
for a critical evaluation of nanoparticle–drug interactions prior 
to therapeutic applications. Although the increase was not 
dramatic, the enhanced inhibition zones suggest that AgNPs 
improve drug uptake or facilitate membrane disruption, thereby 
modestly increasing the efficacy of chloramphenicol [15]. The 
literature in table 4 indicated the results obtained upon 
combination of antibiotics with AgNPs. 

 
 

Table 4. Some Related Literatures on Antibiotic-AgNPs effect against certain bacterial strains 

 

Bacterium/Context Antibiotic(s) tested 

with AgNPs 

Reported 

interaction 

Notes (assay/metrics) Reference 

Pseudomonas aeruginosa 
(ATCC + 11 CF isolates) 

Imipenem, ceftazidime, 
ciprofloxacin, 
levofloxacin, rifampicin 

Mostly synergistic; 
some indifferent (e.g., 
ceftazidime in a 
subset) 

Disc diffusion + MIC; 
combinations enlarged 
zones and lowered MICs; a 
few isolates showed no 
interaction with ceftazidime. 

[16] 

Mixed Gram-negatives 
(carbapenem-resistant: E. 
coli, Klebsiella spp., P. 
aeruginosa, A. baumannii, 
Proteus sp.) 

β-lactams (ceftriaxone, 
cefepime, ceftazidime, 
imipenem) 

Synergistic (FIC ≤ 
0.5) or partial synergy 
across panels; no 
antagonism observed 

Checkerboard FICI; 
cefepime + AgNPs showed 
the strongest synergy in 
several isolates.  

[17] 

Multiple species (focus on 
aminoglycoside potentiation) 

Amikacin, gentamicin (± 
other aminoglycosides) 

Synergistic (marked 
MIC reduction; ~22-
fold in some tests) 

MIC, growth kinetics; non-
toxic AgNP levels 
potentiated aminoglycosides 
substantially.  

[18] 

Pseudomonas aeruginosa (lab 
strain MPAO1) 

Meropenem, 
gentamicin, 
ciprofloxacin with 
AgNPs/AgNO₃ (as 
“silver” comparators) 

Antagonistic with 
meropenem + 
AgNP/AgNO₃; 
synergistic with 
gentamicin 

Bliss interaction scores from 
growth-rate assays; silver–
meropenem antagonism was 
strain- and biocide-specific. 

[19] 

 
Although the present disc diffusion assay provides preliminary 
evidence that the combination of antibiotics with AgNPs 
resulted in reduced zones of inhibition compared to antibiotics 
alone, it is important to emphasize that the CLSI and EUCAST 
guidelines do not provide interpretable breakpoints for AgNPs 
or for antibiotic–AgNPs combinations. Standardized 
breakpoints are only available for approved antimicrobial 

agents, and therefore the inhibition zones observed for AgNPs 
cannot be classified as susceptible, intermediate, or resistant. 
Furthermore, disc diffusion is not a validated method to assess 
antimicrobial interactions such as synergy or antagonism. 
According to internationally recognized standards, the 
assessment of interactions between drugs or between drugs and 
nanoparticles requires quantitative methods, such as 

 [
 D

O
I:

 1
0.

61
88

2/
pb

p.
8.

1.
12

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 p

bp
.m

ed
ila

m
.a

c.
ir

 o
n 

20
26

-0
2-

03
 ]

 

                               7 / 9

https://pbp.medilam.ac.ir/search.php?sid=1&slc_lang=en&author=Parsaei
http://dx.doi.org/10.61882/pbp.8.1.12
https://pbp.medilam.ac.ir/article-1-341-en.html


 

8 | Plant Biotechnology Persa Volume 8, Issue 1, 2026 

Evaluating Antagonistic Inhibitory Effect of Some Antibiotic–Silver Nanoparticle Combinations 

 

 
checkerboard microdilution tests, in which the interaction is 
expressed as a fractional inhibitory concentration index (FICI). 
Conventionally, FICI values of ≤0.5 indicate synergy, >0.5–4.0 
indicate indifference, and >4.0 indicate antagonism (CLSI M07; 
EUCAST, 2024). In addition, time–kill assays are 
recommended to confirm these interactions by assessing the 
kinetics of bacterial viability over time.  Nanoparticles, due to 
their high surface area and unique physicochemical properties, 
have recently attracted considerable attention in various fields, 
including pharmaceuticals, medicine, and microbiology, as 
effective agents for enhancing drug performance and 
bioactivity[20-26]. 

 
Conclusion 
Green synthesis of AgNPs using M. oleifera extract was 
successfully achieved, with phytochemicals mediating both 
reduction and stabilization, as confirmed by optical, structural, 
morphological, and stability analyses. The nanoparticles were 
crystalline, spherical (15–30 nm), and moderately stable, 
highlighting their potential for biomedical applications. 
However, when combined with FOX or CHL, AgNPs produced 
reduced inhibition zones compared to antibiotics alone, 
indicating predominantly antagonistic interactions, with only an 
indifferent effect observed for CHL–AgNPs against E. coli. 
These findings suggest that nanoparticle–antibiotic hybrids are 
not inherently synergistic, as their efficacy depends on 
nanoparticle surface chemistry, antibiotic mode of action, and 
microbial physiology. Given the study’s limitation to in vitro 
disc diffusion and a narrow antibiotic panel, further research 
using checkerboard, time–kill, and in vivo models is essential to 
accurately determine whether AgNPs enhance, diminish, or 
have no effect on antibiotic activity before advancing clinical 
applications. 
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