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A B S T R A C T

Silver-iron-zinc trimetallic nanocomposites (Ag-Fe-Zn TMNCs) were synthesized via a one-step, eco-friendly 
process utilizing Tinospora cordifolia (TC) leaf green extract as a versatile multifunctional agent. Silver nitrate, 
iron oxide (III), and zinc nitrate served as precursor materials for the trimetallic nanocomposite formation. 
Comprehensive characterization was performed using XRD, UV–Vis, FTIR, FE-SEM, EDS, VSM, and Zetasizer. 
FTIR spectra confirmed the presence of bio-functional groups from the TC extract on the surface of the metal 
nanocomposites (MNPs), while SEM and XRD analyses confirmed the topology and multi-phase crystalline 
structure of the TMNCs, dominated by a cubic spinel ZnFe2O4 phase. Zetasizer results indicated enhanced 
colloidal stability for the TMNCs and VSM measurements demonstated magnetic behaviour. The antimicrobial 
activity of the synthesized TMNCs was evaluated against Escherichia coli (EPEC) and probiotic Lactobacillus (Lb) 
through growth and viability assays, using Gentamicin as a reference standard antibiotic. The Ag-based bime
tallic nanoparticles (BMNPs) and Ag-Fe-Zn TMNCs exhibited superior antibacterial activity compared to their 
monometallic counterparts, with 1:1:1 Ag-Fe-Zn TMNCs showing the strongest inhibition, likely due to enhanced 
synergistic interactions at the bacterial membrane interface. Notably, AgNPs, Ag-Zn BMNPs, Ag-Fe BMNPs, and 
Ag-Fe-Zn TMNCs demonstrated significant inhibitory effects against pathogenic EPEC and probiotic Lb, whereas 
FeNPs and Zn-Fe BMNPs selectively inhibited EPEC without affecting probiotic Lb. The Ag-Fe BMNPs and Ag-Fe- 
Zn TMNCs exhibit magnetic properties, suggesting potential for future exploration in targeted therapeutic ap
plications in addition to their robust antibacterial activity. These findings highlight the potential of green- 
synthesized Ag-Fe-Zn TMNCs as potent, multifunctional agents for biomedical and antibacterial industrial 
applications.

1. Introduction

The rapidly evolving field of bio-nanotechnology bridges diverse 
disciplines across basic sciences and engineering, with metal nano
particles exhibiting unique properties that enable a variety of 

biomedical and pharmaceutical industrial applications, including po
tential solution for targeted drug delivery using external magnetic fields 
for antibacterial therapies [1–3]. Metal nanoparticles synthesized 
through a variety of techniques demonstrate remarkable versatility, 
finding applications in pharmaceutical formulations, targeted delivery 
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systems for anticancer and antimicrobial agents, as well as in energy 
storage, agriculture, sensing technologies, and advanced materials for 
smart electronics [4–7]. Due to the health concerns linked to traditional 
antibiotics and the growing problem of antimicrobial resistance, there is 
a pressing demand to develop novel antimicrobial agents. Special 
attention is being given to alternatives produced through an eco-friendly 
synthesis methods, as these may offer effective ways to treat infections 
and address global health challenges [8–10]. To address the growing 
demand for safer antimicrobial strategies and reduce global health risks, 
green-synthesized mono metal nanoparticles (MMNPs), bimetallic 
nanoparticles (BMNPs) [11–13], and trimetallic nanoparticles (TMNCs) 
have emerged as highly promising alternatives to conventional antibi
otics for targeted antibacterial applications [14–18].

The strategic selection of constituent metals is critical to designing 
TMNCs with enhanced functionality. In this study, silver (Ag), iron (Fe), 
and zinc (Zn) were chosen leverage their unique and synergistic attri
butes. AgNPs are renowned for their potent antibacterial action, pri
marily mediated through the disruption of microbial cell membranes 
and the induction of oxidative stress [19]. FeNPs contribute essential 
ferrimagnetic behavior, which is fundamental for applications in 
magnetically guided targeting and drug delivery [20,21]. ZnNPs not 
only exhibit inherent antimicrobial properties but also enhance the 
stability of the nanocomposite [16,22,23]; significantly, formulations 
containing ZnNPs have demonstrated the efficacy to selectively inhibit 
pathogenic bacteria while exhibiting minimal effects on beneficial 
probiotic strains [24]. The confluence of these three metals is designed 
to produce a synergistic enhancement, yielding a multifunctional agent 
with superior antibacterial potency, selective action, and capabilities for 
targeted therapy. Recent research and technology have focused on 
developing environmentally benign and cost-effective methods for 
synthesizing metal nanoparticles (MNPs) [25–27]. A variety of synthesis 
techniques are currently employed for the fabrication of metal nano
particles [28], including chemical reduction, microwave-assisted pro
cesses, and biosynthetic techniques utilizing plant materials such as 
leaves, fruits, and peels [29–31]. Chemical synthesis methods for metal 
nanoparticles often involve complex procedures and significant finan
cial investment, which can result in toxic byproducts, environmental 
hazards, and potential health risks, including compromised immune 
function in humans [32–37].

Metal nanoparticles are widely utilized in bio-nanotechnology owing 
to their diverse multifunctional properties [38]. The integration of 
magnetic nanoparticles with those exhibiting strong optical, catalytic, 
and thermoelectric characteristics enhances targeted drug delivery, 
sensing, and antimicrobial applications, primarily due to their high 
surface-to-volume ratio and the synergistic interactions among different 
nanoparticles [39–44]. Previously, mono and bimetallic nanoparticles 
(BMNPs) have been studied as potential antibacterial agents due to their 
core shell structures and synergistic effect between the constituent ions 
[21,45–47]. Recently, various bimetallic combinations have been used 
to study potential antibacterial activity and sustainable water purifica
tion process as a part recycling of used water [48–51]. BMNPs showed 
greater potential antibacterial activity compared to monometallic 
nanoparticles owing to the enhanced energy afforded by the presence of 
two metal ions [19,52–56].

In this study, we report for the first time, the synthesis of Ag-Fe-Zn 
TMNCs using a green extract from medicinal TC leaves and evaluated 
their antibacterial properties against both EPEC pathogen and Lb pro
biotic. While previous research has explored the synthesis and antimi
crobial properties of mono- and bimetallic nanoparticles, the eco- 
friendly fabrication of TMNCs employing TC plant leaf extract remains 
unexplored. The TC plant is particularly notable for its medicinal value 
and its effectiveness as a capping and stabilizing agent during the 
nanoparticle synthesis process. Herein, Ag-Fe-Zn TMNCs were synthe
sized via a green route, and their antibacterial efficacy was systemati
cally assessed through disc diffusion and growth viability assays. 
Additionally, the magnetic properties of both BMNPs and TMNCs were 

investigated to demonstrate their potential utility in targeted drug de
livery applications under an external magnetic field. Our findings 
highlight the promise of synthesized Ag-Fe-Zn TMNCs as potent anti
bacterial agents and underscore the advantages of this green, energy- 
efficient, and cost-effective approach for scalable production, with 
broad implications for commercial biomedical and industrial 
applications.

2. Methods and characterizations

2.1. Materials

Iron(III) oxide (Fe2O3), silver nitrate (AgNO3), Zinc nitrate (Zn 
(NO3)2) and all other basic solvents were procured from Sigma-Aldrich 
Pvt.Ltd, Hyderabad, India. The TC fresh leaves were collected from the 
medicinal garden, Hyderabad, TG, India.

2.2. Synthesis of nanoparticles

The biosynthesis method used in this study is based on our earlier 
research [37]. For the preparation of TMNPs, 100 mL of green extract 
from TC leaves was gradually introduced into a 1:1:1 mixture of AgNO3, 
Zn(NO3)2, and Fe2O3 salts in a 300 mL beaker using a standard burette. 
The 1:1:1 metal salt ratio was selected based on the molarity of the metal 
ion precursors. The synthesis was conducted under controlled condi
tions: a temperature of 90 ◦C, stirring at 800 rpm, and a reaction time of 
1 h. After synthesis, the filtered or washed nanoparticles were dried in 
an oven to obtain a fine powder. Fig. 1 illustrates the overall biosyn
thesis process, and each experiment was performed in triplicate to 
ensure reproducibility.

2.3. Characterization of synthesized nanoparticles

The formation of TMNCs was confirmed using UV–visible spectros
copy. FTIR was employed to identify the surface bio-functional groups 
that are responsible for the nucleation & growth of NPs. SEM and EDS 
were utilized to characterize surface topology and the elemental 
composition of the sample. The phase and crystallite size of the NPs were 
estimated using XRD analysis. The magnetic properties of the nano
composites were assessed with a vibrating sample magnetometer (VSM), 
while the colloidal stability was evaluated based on zeta potential 
measurements. These characterizations encompassed the NPs their op
tical properties, magnetic properties, chemical composition, 
morphology, and crystal phase details.

2.4. Antibacterial activity

The antimicrobial activity of the NPs, including mono/BMNPs/Ag- 
Fe-Zn TMNCs was processed within a clean sterile laboratory, using a 
biosafety cabinet and the procedure is mentioned in our previous 
research work [47]. To ensure reliability, the antibacterial activity as
says against both EPEC and probiotic Lactobacillus (Lb) were performed 
in triplicate.

2.4.1. Bacterial culture
The pathogenic organism used was EPEC, and the probiotic organism 

was Lb. EPEC was grown in LB (Luria Bertani) broth, while Lb was 
cultivated in De Man-Rogosa-Sharpe (MRS) broth. Both cultures were 
incubated overnight at 37 ◦C in an incubator shaker. Overnight cultures 
were adjusted to an optical at OD1 at 600 nm for use in assays.

2.4.2. Evaluating antibacterial activity of NPs using disc diffusion, bacterial 
growth and viability assays

The antibacterial activity of the NPs, including mono, BMNPs and 
TMNCs, was estimated against EPEC and gram-positive probiotic Lb 
using disc diffusion, and bacterial viability assays. A 30 μg concentration 
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of monometallic nanoparticles (AgNPs, ZnNPs, FeNPs), bimetallic 
nanoparticles (Ag-Zn, Ag-Fe, Zn-Fe BMNPs) and trimetallic nano
particles (Ag-Zn-Fe TMNCs) were incubated with 107 CFU of EPEC and 
Lb in 100 μl of respective media Luria Bertani (Lb) for EPEC and De Man- 
Rogosa-Sharpe (MRS) for Probiotic (Lb) bacterial strains for 6 h at 37 ◦C. 
untreated EPEC and untreated Lb were used as the negative controls and 
Gentamicin was used as the positive control to test the antimicrobial 
effect. The growth kinetics of both the EPEC and Lb strains were 
determined before and after incubation with nanoparticles by measuring 
their optical density values at a wavelength of 600 nm. Following the 
disc diffusion assay, where 30 μg of the NPs were dried on the disc and 
placed on the Petri plates overlaid with EPEC pathogen and the diameter 
of the clear zone of inhibition around each disc was measured to 
quantify the inhibitory effect of the nanoparticles.

To investigate the bacterial growth and viability in the presence of 
nanoparticles, cultures of EPEC and Lb were adjusted to an inoculum of 
107 CFU in 100 μl of their respective media and incubated with mono, 
BMNPs and TMNCs at a concentration of 30 μg/ml for 6 h at 37 ◦C. 
Untreated EPEC and Lb were kept as negative controls and Gentamicin 
(30 μg) was used as a reference positive control, while sterile LB broth 
served as the blank control. All samples were diluted serially up to 10, 
100, 1000, 10,000, and 1,00,000-fold dilutions; then 10 μl of each was 
plated on respective agar plates and incubated at specified conditions. 
The bacterial growth and viability of NPs bacterial activity were quan
tified by the colony number per dilution and compared to untreated 
EPEC and Lb controls. After the incubation period, colonies were 
counted and growth of EPEC and Lb was determined by colony forming 
unit (CFU) counts. The efficacy and safety profile of the TMNCs should 
be further explored through cytotoxicity assays and in vivo studies to 
better understand their anti-pathogenic activity.

3. Results

3.1. UV–VIS spectroscopy

The UV–Vis absorption spectrum of the Ag-Fe-Zn TMNCs synthesized 
using TC leaf extract is presented in Fig. 2. The spectra were collected in 
the wavelength range of 250–700 nm. The TMNCs spectrum exhibits a 

broad absorption band centered around 330–530 nm, with a shoulder 
peak absorption on the lower wavelength side (~280–380 nm for 
FeNPs). The highest absorbance value is observed at the short- 
wavelength end (270–320 nm), followed by a decrease and stabiliza
tion between 330 and 530 nm. The broad nature of the absorption band 
suggests the successful formation of TMNCs, with possible overlapping 
surface plasmon resonance (SPR) peaks corresponding to AgNPs, FeNPs, 
and ZnNPs. Typically, AgNPs exhibit SPR peaks around 400–530 nm, 
while FeNPs (280 nm) and ZnNPs (350 nm) contribute to absorption in 
the UV region. The observed absorption features suggest the formation 
of Ag-Fe-Zn TMNCs. The broadening and slight shift of the SPR band 
compared to monometallic nanoparticles indicate possible synergistic 
interactions and complexation process among the three metals, influ
enced by the capping effect of phytochemicals from the TC extract.

Fig. 1. Biosynthesis process of TC leaf extracts mediated mono/bi/TMNCs.

Fig. 2. UV–Vis absorption spectrum of AgNPs, FeNPs, ZnNPs and Ag-Fe-Zn 
trimetallic nanocomposites (TMNC) synthesized with TC leaf extract.
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3.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of AgNPs, FeNPs, ZnNPs, and Ag-Fe-Zn TMNCs 
synthesized using TC leaf extract reveals distinct functional groups and 
metal-oxygen bonds, confirming successful nanoparticle formation and 
stabilization. The IR spectra, as shown in Fig. 3, shows that all samples 
exhibit a broad O-H stretching band at approximately 3400 cm− 1, 
indicating the presence of O-H groups from plant phytochemicals [57]. 
This band is characteristic of phenolic compounds and polysaccharides, 
which are abundant in TC extract [58] and these compounds are 
well-known for their role in the reduction & stabilization of metal ions of 
NPs through hydrogen bonding. A strong C=O stretching near 1630 
cm− 1 is observed in all spectra [58], suggesting the involvement of 
carbonyl-containing compounds in nanoparticle capping and stabiliza
tion. For the monometallic nanoparticles, characteristic Zn-O and Fe-O 
stretching vibrations appear below 600 cm− 1 in ZnNPs and FeNPs, 
respectively, while AgNPs show prominent O-H and C=O stretches [19]. 
Notably, the Ag-Fe-Zn TMNCs spectrum exhibits both Zn-O and Fe-O 
stretching bands below 600 cm− 1, along with a distinct C-N stretching 
band around 1380 cm− 1, indicating the synergistic integration of all 
three metals and the enhanced interaction with plant-derived amine 
groups. These results collectively confirm the successful green synthesis 
and stabilization of monometallic (MNPs) and trimetallic nanoparticle 
composites (TMNCs) by TC extract.

3.3. Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS)

The morphology and size of the Ag-Fe-Zn TMNCs were examined 
using FE-SEM, which revealed densely aggregated structures with pri
mary clusters measuring approximately 120 nm (Fig. 4 A and B). For 
comparison, the average hydrodynamic diameter of the particles in 
suspension was determined to be 181.8 ± 16.6 nm via Zetasizer anal
ysis. This larger hydrodynamic size is typical for nanoparticles stabilized 
by a biological capping agent, as the measurement includes the layer 
of phytochemicals from the extract surrounding the metal core. The 
significant difference between the dry-state cluster size (SEM) and the 
hydrated dynamic diameter (Zetasizer) is well-established and accounts 
for the solvation layer and the inherent principles of each technique. The 
formation of these aggregated sheet structures and clusters may be 
attributed to different crystal growth kinetics and complexation of the 
three metal nano particles Ag, Fe, Zn. The EDS spectrum (Fig. 4C) 
confirms the presence of silver, iron, and zinc as the main elements. The 
quantitative analysis (Fig. 4 D) reveals iron as the predominant 
component (52.91 wt%), followed by silver (32.47 wt%) and zinc 
(14.62 wt%). The observed elemental composition deviates from the 
initial stoichiometry primarily due to the distinct reduction potential of 
the metal ions. Silver ions (Ag+), possessing a higher reduction poten
tial, are preferentially reduced and incorporated over iron (Fe3+) and 
zinc (Zn2+) ions, leading to an enriched silver content in the final 
nanocomposite. This combination of morphological diversity and well- 
defined elemental composition demonstrates the successful and uni
form integration of all three metals in the nanocomposite material 
(TMNCs). Uniquely, the biosynthesis process yielded a trimetallic sys
tem with a notably high iron content, distinguishing these nano
composites from previously reported plant-mediated systems.

3.4. X-RAY diffraction (XRD)

The XRD profile of the NPs confirms the crystalline nature and phase 
composition of AgNPs, FeNPs, ZnNPs, and the Ag-Fe-Zn trimetallic 
nanocomposite (TMNCs) (Fig. 5). For AgNPs, distinct peaks at 2θ values 
of approximately 38.1◦, 44.3◦, and 64.5◦ correspond to the (111), (200), 
and (220) planes of an FCC structure (PDF: 01-090-7293) [59], while 
FeNPs display broad reflections at 35.6◦, 43.2◦, 57.1◦, and 62.7◦, 
indexed to the (311), (400), (511), and (422) planes (PDF: 
04-006-9059), which are characteristic of the spinel phase of iron oxide. 
ZnNPs show sharp peaks at 31.7◦, 34.4◦, 36.2◦, 47.5◦, and 56.6◦, 
attributable to the (100), (002), (101), (102), and (110) (PDF: 
04-004-4120) planes of hexagonal wurtzite zinc oxide [60,61].

X-ray diffraction analysis of the Ag-Fe-Zn trimetallic nanocomposite 
shows that ZnFe2O4 (JCPDS: 00-022-1012) [62,63] is the dominant 
crystalline phase, as indicated by strong reflections from the (220), 
(311), (222), (400), (422), (511), and (440) planes (Fig. S1), charac
teristic of the cubic spinel structure with Zn2+ ions primarily occupying 
tetrahedral sites and Fe3+ ions in octahedral sites, forming a normal 
spinel arrangement [64]. The intensity of these 7 peaks confirms high 
crystallinity and phase purity of ZnFe2O4 (87.7 % from PA Nalytical 
X’Pert high score software), while the broadening of peaks in the com
posite indicates nanoscale crystallite size. This size was estimated using 
the Scherrer equation to be in the nanometer range typically 10–25 nm 
[28]. Uniquely, the TMNCs pattern displays additional peak overlap and 
intensity modulation, reflecting synergistic interactions among the three 
metal components and the formation of a well-integrated, multi-phase 
nanocomposite (Zinc oxide (ZnO, 4.4 %, Metallic silver (Ag, 1.1 %, 
Fe~2.67~O4, 1.4 %) that is distinct from the individual monometallic 
nanoparticles (Fig. S2). This structural integration is expected to impart 
enhanced physicochemical and antibacterial properties to the TMNCs, 
setting them apart from their monometallic analogs. The crystalline size 
details of the Ag-Fe-Zn TMNCs are shown in Table .1.

The crystallite size (D) was calculated using the Debye Sherrer 
Fig. 3. FTIR spectra of TC leaf extract mediated AgNPs, FeNPs, ZnNPs and Ag- 
Fe-Zn TMNCs.
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equation: D = Kλ/(β cosθ). This analysis confirms that the nano
composite is nanocrystalline, with an average crystallite size of 
approximately 13.2 nm, which is consistent with the broadened peaks 
observed in the XRD pattern. The variation in size between different 
phases and planes is expected due to differences in crystal growth ki
netics and the complex multiphase nature of the composite.

3.5. Zeta potential

The Fig. 6 illustrates the zeta potential values for different nano
materials, showing that all samples possess negative surface charges, 
which is indicative of electrostatic stability in colloidal suspensions [65,
66]. Among the materials, monometal nanoparticles (AgNPs, FeNPs, 
ZnNPs) exhibit moderately negative zeta potentials, with FeNPs having 
the least negative value. In contrast bimetallic nanoparticles (Ag-Zn 
BMNPs, Ag-Fe BMNPs, Zn-Fe BMNPs) display increasingly negative 
values (− 20 to − 30mV), suggesting that these composites have good 
colloidal stability. The trimetallic nanocomposite (Ag-Fe-Zn TMNCs) 
demonstrates the most negative zeta potential, approaching − 30 mV, 
which implies good colloidal stability among the tested materials. This 
superior stability is attributed to stronger electrostatic repulsive forces 
associated with higher absolute zeta potential values, which effectively 
reduce the risk of aggregation in suspension.

3.6. Vibrating sample magnetometry (VSM)

Magnetic behavior of all the TC leaf extract mediated Ag-Zn BMNPs, 
Ag-Fe BMNPs and Ag -Fe-Zn TMNCs were characterized using a 
vibrating sample magnetometer (VSM) (Make Lakeshore 8404) [67]. It 
is evident from Fig. 7 that magnetization measurements were performed 
in the magnetic field range of − 2 T to +2 T (a 10 mg sample was used for 
measurements). The magnetization of Ag-Fe BMNPs and Ag-Fe-Zn 
TMNCs did not saturate at the maximum magnetic field. Nevertheless, 
the presence of an open hysteresis loop at the origin (inset) indicates 
ferrimagnetic behavior with a low coercivity of ~20 Oe for both the 
Ag-Fe BMNPs and Ag-Fe-Zn TMNCs. In contrast, Ag-Zn BMNPs com
posite exhibits diamagnetic behavior. It is also clear from Fig. 7 that the 
magnetization value of Ag-Fe BMNPs is marginally higher than that of 
Ag-Fe-Zn TMNCs, which may be due to the presence of Zn in the latter 

composite. As they exhibit reasonably good magnetic characteristics, 
these composites may be useful for the targeted drug delivery applica
tions in addition to antibacterial applications. The magnetic behavior of 
these composites, combined with their antibacterial efficacy, positions 
them as promising candidates for future research into magnetically 
guided therapies.

3.7. Antibacterial activity of nanoparticles

3.7.1. Disc diffusion assay
The disc diffusion assay results depicted in Fig. 8 and Fig. 9

demonstrate that all tested nanomaterials exhibit zones of inhibition 
against EPEC bacteria, indicating antibacterial activity, with the size of 
the clear zones varying among the samples. Notably, the Ag-Fe-Zn tri
metallic nanocomposites (TMNCs) produce the largest inhibition zone, 
suggesting superior antibacterial efficacy compared to both single-metal 
nanoparticles [11,17,27,45,48,52,64,67] (AgNPs, ZnNPs, and FeNPs) 
and bimetallic nanoparticles (Ag-Zn BMNPs, Ag-Fe BMNPs, and Zn-Fe 
BMNPs) [68–71]. In contrast, the control discs with PBS and untreated 
EPEC show no inhibition, confirming the specificity of the nano
materials’ antibacterial action. These results highlight the enhanced 
antibacterial potential achieved through the combination of multiple 
metals, particularly in the trimetallic formulation.

3.7.2. ANTT-BACTERIAL pathogenic growth activity
Antibacterial screening demonstrated that silver-based nanoparticles 

and their combinations (AgNPs, Ag-Zn BMNPs, Ag-Fe BMNPs, and Ag- 
Fe-Zn TMNCs) exerted strong inhibitory effects on the growth of the 
pathogenic EPEC strain, achieving reductions in bacterial density com
parable to Gentamicin (Fig. 10). FeNPs and the Zn-Fe BMNPs also sup
pressed EPEC growth, though their effects were somewhat less 
pronounced, while ZnNPs alone did not significantly impact EPEC under 
the tested conditions. In contrast, the beneficial Lactobacillus (Lb) strain 
was highly sensitive to AgNPs, Ag-Fe BMNPs, and Ag-Fe-Zn TMNCs, but 
remained unaffected by FeNPs and Zn-Fe BMNPs. These results highlight 
that while Ag-containing nanoparticles provide broad-spectrum anti
bacterial activity against both harmful and beneficial bacteria, FeNPs 
and Zn-Fe BMNPs offer a more selective approach, effectively targeting 
EPEC while sparing probiotic Lactobacillus. This selective inhibition 

Fig. 4. (A, B) FE-SEM images of Ag-Fe-Zn trimetallic nanocomposites (TMNCs) showing aggregated and irregular morphology; (C) EDS spectrum confirming the 
presence of Ag, Fe, and Zn elements in the TMNCs; (D) Quantitative elemental composition of the composite sample.
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suggests that FeNPs and Zn-Fe BMNPs may be preferable for applications 
where preservation of beneficial microbiota is desired alongside path
ogen control. The antipathogenic activity of nanomaterials against EPEC 
and beneficial Lactobacillus (Lb) are shown in Table .2.

3.7.3. Bacterial growth and viability assay
Assessment of bacterial growth and viability by colony forming unit 

(CFU) analysis revealed distinct antimicrobial responses of EPEC and 
Lactobacillus (Lb) to various nanoparticles. Silver-based NPs including 
AgNPs, Ag-Zn BMNPs, Ag-Fe BMNPs, and Ag-Zn-Fe TMNCs produced a 
significant reduction in EPEC CFU counts, achieving inhibition compa
rable to that of Gentamicin, as shown in both the spot dilution plates 

(Fig. 11) and bar graphs (Fig. 12). In contrast, ZnNPs alone did not 
significantly affect EPEC viability, while FeNPs,Zn-Fe BMNPs selectively 
inhibited EPEC without affecting probiotic Lb (as directly shown in the 
CFU counts in Fig. 12); Ag-Fe-Zn TMNCs demonstrated a more favorable 
selectivity profile compared to other Ag-containing formulations. For 
Lb, Ag-containing NPs also resulted in a drastic decrease in CFU, indi
cating broad-spectrum antibacterial action, whereas FeNPs, ZnNPs, and 
Zn-Fe BMNPs did not compromise Lb viability, maintaining high CFU 
levels similar the untreated control. These results demonstrate that Ag- 
based NPs are effective against both pathogenic and probiotic bacteria, 
while FeNPs and Zn-Fe BMNPs selectively inhibit EPEC without harming 
beneficial Lb, supporting their potential for targeted antimicrobial 
strategies that preserve the probiotic population.

4. Discussion

Various combinations of MNPs have shown promise as antibacterial 
agents for addressing the range of persistent infections. Integrating 
different BMNPs/TMNCs metal ions into BMNPs & TMNCs hybrid 
nanocomposites has enabled researchers to explore their synergistic 
effects, resulting in enhanced physicochemical properties and superior 
antimicrobial performance. In this work, we focused on comparing the 

Fig. 5. XRD spectra of TC leaf extract mediated AgNPs, FeNPs, ZnNPs and Ag- 
Fe-Zn TMNCs.

Table-1 
Crystallite size calculation for Ag-Fe-Zn TMNCs using the Debye-Scherrer 
equation.

Phase hkl 
Plane

2θ 
(deg)

FWHM (β) 
(deg)

FWHM (β) 
(rad)

Crystallite Size, D 
(nm)

ZnFe2O4 (311) 35.58 0.689 0.0120 12.8
ZnFe2O4 (400) 43.22 0.612 0.0107 14.9
ZnFe2O4 (511) 57.12 0.734 0.0128 12.9
ZnFe2O4 (440) 62.72 0.592 0.0103 16.6

Fig. 6. Zeta potential of TC leaf extract mediated AgNPs, FeNPs, ZnNPs and Ag- 
Fe-Zn TMNCs.

Fig. 7. VSM spectra of TC leaf extract mediated Ag-Zn BMNPs, Ag-Fe BMNPs 
and Ag-Fe-Zn TMNCs.
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antibacterial activity of mono/BMNPs/TMNCs against both EPEC and 
probiotic Lb. The optical, magnetic and structural properties of the 
mono/BMNPs/TMNCs were examined thoroughly using different char
acterization techniques. The successful synthesis of TMNCs was verified 
by UV–Vis absorption spectroscopy, which revealed broad absorption 
spectra. Further analysis using XRD and FTIR provided evidence of their 

Fig. 8. Antibacterial activity of TC mediated Ag-Fe-Zn TMNCs on EPEC via disc diffusion assay.

Fig. 9. Zone of inhibition of extract/untreated EPEC/mono/BMNPs/TMNCs 
nanomaterials via disc diffusion assay.

Fig. 10. Antibacterial pathogenic growth activity against EPEC and Lb probiotic as the function of mono/BMNPs and TMNCs.

Table 2 
Antipathogenic activity of nanomaterials against EPEC and beneficial Lactoba
cillus (Lb).

S.No % inhibition of EPEC % inhibition of Lb

AgNps 44.54767726 69.75438596
ZnNPs 37.55501222 0
FeNPs 15.94132029 0
Ag- Zn Nps 60.97799511 43.68421053
Ag- Fe Nps 88.60635697 88.45614035
Zn- FeNps 45.13447433 0
Ag-Zn- Fe Nps 84.05867971 94.38596491
Gentamicin 81.27139364 29.40350877
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crystalline nature and revealed the bio-functional groups on the surface 
the NPs. VSM analysis confirmed the ferrimagnetic behaviour of the 
composite, consistent with the presence of ZnFe2O4 identified as one of 
the ferrimagnetic phases within the material. Importantly, the use of TC 
leaf green extract played a crucial role in directing the assembly of 
complex nanostructures, while also significantly boosting the antibac
terial efficacy of the resulting nanocomposite.

The antibacterial activity of mono/BMNPs/TMNCs was studied 
against both EPEC and Lb and the standard antibiotic Gentamicin was 
used as a reference. The results show that the Ag-Fe-Zn TMNCs exhibited 
significantly higher antimicrobial activity against both EPEC and Lb 
[47]. The improved antibacterial activity of Ag-Fe-Zn TMNCs can be 
attributed to the synergistic effects arising from the incorporation of 
different metal ions present in the composite. The XRD and SEM data 

indicate a composite structure, not a core-shell. We hypothesize that the 
Fe/Zn oxide matrix acts as a scaffold, preventing the aggregation of Ag 
NPs (as seen in Zeta potential data). This improved dispersion increases 
the available surface area of Ag, potentially enhancing its biological 
activity. To further illustrate the possible mechanisms responsible for 
this increased antibacterial activity, Fig. 13 illustrates different possible 
interactions through which these nanomaterials interact and may 
disrupt pathogenic cells.

The antibacterial action of NPs involves several distinct mechanisms 
that may disrupt and halt cellular function in bacterial strains. Based on 
the literature review, we have proposed a possible mechanism to 
deactivate the bacterial cellular structure. Firstly, NPs may attach firmly 
to the surface of bacterial cells, compromising the integrity of the cell 
membrane; they may also penetrate the membrane and damage intra- 

Fig. 11. Bacterial growth and viability test against EPEC as a function of mono/BMNPs and TMNCs.

Fig. 12. Bacterial growth and viability test against EPEC and Lb as the mono/BMNPs and TMNCs.
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cellular structures. NPs may induce the production of reactive oxygen 
species (ROS) within the bacteria cell, which may cause cellular damage. 
Lastly, they may interfere with cellular signalling pathways, ultimately 
leading to cell inactivation and death. Advancing our comprehension of 
the molecular interactions and signalling pathways governing 
nanoparticle-cell membrane interfacial dynamics is critical for eluci
dating the underlying mechanisms of nanomaterial biocompatibility 
and cellular response [20,72,73]. The observed antibacterial activity of 
TMNCs highlights their promise, but further investigation using simu
lation and in vivo models is needed to assess their long-term efficacy and 
safety, as well as to explore how bacteria might adapt or develop 
resistance to these compounds.

The selective antibacterial activity of FeNPs and Zn-Fe BMNPs, 
which target EPEC (Gram-negative) but spare probiotic Lactobacillus 
(Gram-positive), likely stems from fundamental structural and physio
logical differences between these bacteria. The complex, 
lipopolysaccharide-rich outer membrane of Gram-negative pathogens 
may be more susceptible to disruption by metal ions and may facilitate 
nanoparticle penetration. In contrast, the dense, multi-layered pepti
doglycan cell wall of Gram-positive bacteria like Lactobacillus could 
provide a robust protective barrier. Additional factors such as distinct 
membrane potentials, efflux pump efficiency, or differential oxidative 
stress response mechanisms may further contribute to this selectivity, 
highlighting the potential for targeted antimicrobial strategies that 
preserve beneficial microbiota.

In summary, this study highlights the unique advantages of Ag-Fe-Zn 
TMNCs, particularly their distinctive magnetic properties, which may 
open new avenues for targeted drug delivery in antibacterial applica
tions. Notably, the Ag-Fe-Zn TMNCs demonstrated enhanced efficacy 
against E. coli pathogens while showing a favorable profile toward 
probiotic Lb species, suggesting their potential for selective antimicro
bial therapy. These findings underscore the promise of Ag-Fe-Zn TMNCs 
as multifunctional agents, capable of both pathogen eradication and 
conservation of beneficial microbiota. While challenges remain in 
scaling up production, particularly in optimizing extract usage, metal 
salt concentrations, and synthesis control parameters, further research 
could focus on this aspects & facilitate broader clinical translation. 
Comparative studies with other MNP systems are warranted to fully 
establish the superior physicochemical stability and application-specific 
performance of Ag-Fe-Zn TMNCs. Overall, these insights pave the way 
for innovative, sustainable, and potentially useful targeted approaches 
to combat against resistant bacterial infections.

5. Conclusion

This study introduces a novel eco-friendly biosynthetic route for the 
fabrication of mono, bimetallic, and Ag-Fe-Zn trimetallic nano
composites (TMNCs) utilizing TC leaf extract, with comprehensive 
characterization confirming their unique structural, magnetic, and op
tical properties. Among the synthesized nanoparticles, Ag-Fe BMNPs 
and Ag-Fe-Zn TMNCs stand out due to their distinctive magnetic prop
erties, primarily attributed to the dominant ZnFe2O4 phase in the 
TMNCs and superior antibacterial efficacy, particularly against E. coli, 
while maintaining a selective profile that showed reduced impact to 
probiotic Lactobacillus (Lb) species. Comparative analysis revealed that 
& Ag-Fe-Zn TMNCs exhibited significantly greater antibacterial activity 
than their mono and bimetallic nanoparticles (BMNPs) counterparts, 
which is attributed to synergistic interactions among the constituent 
metal ions leading to effective membrane targeting, oxidative stress 
induction, and disruption of cellular signalling pathways. The combi
nation of potent antibacterial action, magnetic behaviour, and selective 
targeting underscores the novelty and versatility of Ag-Fe-Zn TMNCs as 
a promising candidate for antimicrobial therapies with demonstrated 
selectivity towards beneficial microbiota. The magnetic behavior of 
these composites, combined with their antibacterial efficacy, positions 
them as promising candidates for future research into magnetically 
guided therapies. Further, this work encourages the exploration of their 
broader biomedical applications, including in vivo models, as well as 
anticancer and antitoxic effects, and supports their development as 
sustainable solutions in nanobiotechnology. Further exploration of the 
efficacy and safety profile of the TMNCs can be done using cytotoxicity 
tests and a better understanding of their anti-pathogenic activity and 
mechanistic pathways using vivo studies and models.
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