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Abstract
Our study specifically explores the biosynthesis of copper–silver bimetallic nanoparticles (Cu–Ag BMNPs) using Argyreia 
nervosa (AN) plant leaf green extract as a versatile agent for capping, reducing, and stabilizing. This biosynthesis method 
is characterized by its simplicity and cost-effectiveness, utilizing silver nitrate (AgNO3) and cupric oxide (CuO) as precur-
sor materials. Our comprehensive characterization of the Cu–Ag BMNPs, employing techniques such as X-ray diffraction 
(XRD), UV–Vis spectrometry, scanning electron microscopy (SEM), Zetasizer, and Fourier transformed infrared spec-
trometry (FTIR). FTIR analysis reveals biofunctional groups and chemical bands, while SEM and XRD analyses provide 
morphological and structural details. To evaluate the antimicrobial properties of the Cu–Ag BMNPs, we conducted disc 
diffusion and minimum inhibitory concentration (MIC) assays against Escherichia coli (E. coli), with results compared to 
the standard gentamicin antibiotic. It is observed that the 2% and 5% CuO concentrations of AN Cu–Ag BMNPs exhibit 
substantial antibacterial activity in comparison to AN extract when tested on EPEC. Among these, the Cu–Ag BMNPs at 
a 2% concentration demonstrate higher antibacterial activity, potentially attributed to the enhanced dispersion of BMNPs 
facilitated by the lower CuO doping concentration. These two assays showcased the improved antimicrobial activity of Cu–Ag 
BMNPs, highlighting their synergistic effect, characterized by high MIC values and a broad zone of inhibition in the disc 
diffusion tests against E. coli. These results emphasize the significant antibacterial potential of the synthesized BMNPs, with 
a medicinal plant AN leaf extract playing a pivotal role in enhancing antibacterial activity.
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Graphical abstract
Novelty:
The most important aspect of this research project is the role of the Argyreia nervosa plant leaf extract in improving and 
enhancing the antibacterial activity of the Cu–Ag BMNPs. This underscores the novel synergy between plant extracts and 
nanomaterials for practical applications. Also, this study’s novelty arises from its innovative approach to biosynthesis, the 
pivotal role of AN plant leaf extract, and the potential for addressing real-world challenges related to bacterial infections 
and resistance. The enhanced antibacterial properties brought about by this unique synergy have far-reaching implications 
in diverse applications and underscore the potential of bimetallic nanoparticles in nano-biotechnology.

Keywords  Bimetallic nanoparticles · Green synthesis · Synergetic effect · Disc diffusion · Antimicrobial activity · 
Escherichia coli

Introduction

Nano-biotechnology stands as a swiftly expanding field 
that taps into the distinctive characteristics of nanoparticles 
for diverse biomedical applications, encompassing roles as 
antimicrobial agents and carriers for drug delivery [1, 2]. 
Metal nanoparticles, especially those synthesized through 
nanotechnology, find applications across biomedicine, drug 
delivery systems, energy, agriculture, and in the combat 
against microbial infections and cancers [3–10]. Given the 
growing resistance of bacteria to conventional antibiotics, 
there arises an urgent need to seek out alternative antimicro-
bial agents to address pathogenic infections, which present 
substantial global health risks. Within this context, mono/bi-
nanoparticles have emerged as highly promising candidates 
for specific antimicrobial applications over the antibiotics.

Recent endeavors have been focused on the creation of 
environmentally friendly and economically viable tech-
niques for manufacturing metal nanoparticles (MNPs). 
Presently, synthesis methodologies encompass chemical 
reduction processes, microwave-assisted procedures, elec-
tron irradiation techniques, and biogenic methods mediated 
by plants [11–20]. Nevertheless, challenges persist in terms 
of effectively regulating the stability, output, and structural 
features of the resulting MNPs [21–23]. Chemical synthe-
sis routes require significant energy and financial resources, 
leading to adverse environmental consequences such as pol-
lution, ecological toxicity, and public health risks.

Among the array of synthesis techniques available, green 
synthesis or biogenic methods have gained great promi-
nence due to their eco-friendly attributes, low toxicity, 
cost-efficiency, and streamlined synthesis procedures. These 
approaches make use of plant extracts, derived from sources 
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like leaves, fruits, or peels, as well as microorganisms, to 
both reduce and stabilize MNPs [24–27]. While microor-
ganism-driven synthesis routes tend to be time-consuming 
and necessitate intricate aseptic conditions, the utilization 
of plant extracts presents a more energy-efficient and eco-
nomically viable alternative. Plant extracts boast abundant 
natural biomolecules and intricate molecular structures with 
significant medicinal value, effectively serving as capping 
agents for MNPs and augmenting their antibacterial attrib-
utes [28–31].

MNPs are highly sought after in the field of 
nanotechnology due to their multifunctional properties. 
These properties encompass optical, electrical, catalytic, 
magnetic, and antimicrobial characteristics, which 
emanate from their nanoscale dimensions and the resulting 
large surface area-to-volume ratio [32–36]. Bimetallic 
nanoparticles, such as the copper–silver (Cu–Ag) 
combination, form core–shell nanostructures, demonstrating 
multifunctional attributes owing to the synergistic effects 
between the constituent metal ions [37–41]. Despite reports 
of monometallic nanoparticle synthesis using Argyreia 
nervosa (AN) plant leaf extract, this plant has not yet been 
harnessed for the creation of copper–silver bimetallic 
nanoparticles (Cu–Ag BMNPs) [42–46]. Notably, the AN 
plant is renowned for its medicinal properties, including 
anti-inflammatory and stress reduction effects [47].

This study marks the pioneering use of AN plant leaf 
green extract as a trifunctional agent, encompassing 
reduction, capping, and stabilization, for the synthesis 
of stable Cu–Ag BMNPs. While prior research has 
established the efficient antimicrobial properties of AgNPs 
against Escherichia coli bacteria, we anticipate that 
Cu–Ag BMNPs will exhibit even more potent antibacterial 
characteristics [47]. AgNPs have been widely explored for 
a spectrum of technological applications, including their 
use as antimicrobial agents, carriers for drug delivery, 
components in water purification, and additives in the 
textile industry. They are notably acclaimed for their 
remarkable stability and low toxicity toward human cells. 
Despite numerous investigations reporting the synthesis and 
antimicrobial features of diverse MNPs, the green synthesis 
of Cu–Ag BMNPs utilizing AN plant extract, along with 
their antibacterial attributes, remains an uncharted territory.

In this study, we successfully synthesized Cu–Ag 
BMNPs with the aid of AN plant leaf extract and assessed 
their antibacterial efficacy against enteropathogenic E. coli 
(EPEC), a specific Escherichia coli serotype, employing 
disc diffusion and minimum inhibitory concentration 
(MIC) assays. Our findings yield valuable insights into 
the potential of these environmentally synthesized Cu–Ag 
BMNPs as potent antibacterial agents. Furthermore, we 
assert that the green synthesis approach employed in 
this study, utilizing AN plant leaf extract, represents a 

promising, energy-efficient, and cost-effective avenue for 
the large-scale production of Cu–Ag BMNPs, catering to 
various commercial antibacterial applications.

Methods and characterizations

Materials

We procured copper (II) oxide (CuO), silver nitrate 
(AgNO3), and all standard solvents from Sigma-Aldrich, 
located in Bangalore, India. The AN plant leaves were 
meticulously collected from the herbal garden at EPTRI, 
Hyderabad.

Synthesis of silver–copper bimetallic nanoparticles 
(Cu–Ag BMNPs)

The green synthesis process is simple and economic for 
evaluating the practical feasibility of the Cu–Ag bimetallic 
nanoparticles’ production for industrial applications. The 
AN leaves were carefully cleaned in a vial, undergoing 
multiple rinses with water to eliminate all dust particles. 
Following this, the leaves were air dried under ambient 
conditions and finely ground into a powder. Subsequently, 
1.5 g of the AN leaf powder was mixed with 75 mL of 
deionized (DI) water and stirred at 500 rpm, maintaining 
a temperature of 75 °C for a duration of 20 min. This 
process yielded the AN extract, which was then subjected 
to filtration using filter paper and subsequently centrifuged 
for 20 min at 3000 rpm.

To synthesize Cu–Ag BMNPs, 75 mL of the AN leaf 
extract was carefully dispensed drop by drop (at a rate of 
one drop per second) from a burette into various mixtures. 
These mixtures comprised 200 mL of 0.05 M AgNO3 and 
50 mL of (0.005–0.01 M) CuO (with CuO concentrations 
at 2%, 5%, 10%, and 20% in AgNO3) within a 300 mL 
beaker. The solutions were combined and maintained at 
80 °C for 15 min while stirring at a rate of 500 rpm. The 
addition of leaf extract from the burette was meticulously 
controlled as it dropped into the solution being stirred at 
500 rpm, all at a consistent temperature of 80 °C. The 
combined solution was heated on a hot plate until a visible 
change in color was observed. Subsequently, the result-
ing solution underwent centrifugation at 3000 rpm for 
20 min and was then dried in an oven at 60 °C to obtain 
the powdered nanoparticles. A schematic representation 
of the Cu–Ag BMNPs synthesis procedure is depicted in 
Fig. 1. All experiments are repeated to see consistency in 
the results.
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Characterization of synthesized Cu–Ag BMNPs

The formation of Cu–Ag BMNPs was confirmed through 
UV–visible spectroscopy, which analyzed wavelengths 
ranging from 200 to 800  nm. This analysis revealed 
the characteristic absorption peaks of Cu–Ag BMNPs. 
Furthermore, FTIR was employed to identify the 
specific functional phytochemical groups responsible 
for the formation of Cu–Ag BMNPs. The FTIR analysis 
yielded valuable insights into the functional groups 
and vibrational chemical bonds involved in stabilizing, 
reducing, and capping Cu–Ag BMNPs. To examine the 
surface morphology, grain sizes, and size distribution 
of Cu–Ag BMNPs, SEM was utilized. SEM allowed 
for the visualization of Cu–Ag BMNPs and facilitated 
the determination of their surface size distribution. 
Additionally, the crystal structure details of Cu–Ag 
BMNPs were investigated using XRD, which provided 
information about the crystalline structure of these 
nanoparticles.

The zeta potential of the Cu–Ag BMNPs was ascertained 
using a Zetasizer Nano ZS instrument. Zeta potential values 
were calculated by employing the Smoluchowski equation 
based on electrophoretic mobility. This analysis offered 
valuable insights into the surface charge and stability of the 
nanoparticles. In summary, the combination of UV–vis-
ible spectroscopy, FTIR, SEM, XRD, and zeta potential 
measurements provided a comprehensive characterization 
of the synthesized Cu–Ag BMNPs. This characterization 

encompassed their optical properties, chemical composition, 
morphology, crystal structure, and surface charge.

Antibacterial activity

The assessment of the antimicrobial activity of the Cu–Ag 
BMNPs took place within a sterile laboratory environment, 
utilizing a biosafety cabinet. All equipment and glassware 
used for monitoring antimicrobial activity were sterilized 
through autoclaving. To evaluate the antibacterial properties 

Fig. 1   Nucleation process of 
AN leaf extract-mediated Cu–
Ag BMNPs

Fig. 2   UV–Vis absorption spectra of Cu–Ag BMNPs showing peak 
absorbance
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of the synthesized Cu–Ag BMNPs, we conducted and 
repeated experiments involving EPEC, in comparison with a 
reference antibiotic, gentamicin. In the subsequent sections, 
we provide a brief overview of the two methods employed 
to evaluate the antibacterial activity of the Cu–Ag BMNPs.

Bacterial culture

EPEC, a rod-shaped Gram-negative pathogen, was 
cultured by reviving glycerol stocks stored at −80 °C in 
Luria–Bertani (LB) broth. The bacteria were cultivated 
at 37 °C for 12–14 h in a shaker incubator at 180 rpm. 
To facilitate growth and maintenance for subsequent 
assays, EPEC bacterial culture was streaked on LB agar 
plates. Subsequently, the overnight culture of EPEC 
with an optical density at 600 nm (OD600 nm) of 1 was 
employed in conducting the disc diffusion and minimum 
inhibitory concentration assays.

Disc diffusion assay

To assess the antibacterial activity of the synthesized 
Cu–Ag BMNPs, a disc diffusion method was employed 
against Gram-negative enteropathogenic E. coli (EPEC). 
Initially, 100 µL of EPEC culture at OD 600 = 1 was evenly 
spread on LB agar media plates. Sterile 6 mm filter paper 
discs, impregnated with 50 µL of AN leaf extract, as well 
as AN Cu–Ag BMNPs at concentrations of 2%, 5%, 10%, 
and 20% (solution-based), were carefully placed on the 
LB agar media plates already coated with EPEC. These 
plates were then incubated overnight at a temperature of 
37 °C following the drying of the impregnated discs. As a 
control, LB broth media was added as a negative control, 
while gentamicin (30 µg), a known effective antibiotic 
against Gram-negative bacteria, including E. coli, served 
as a positive control. The zones of inhibition resulting 
from bacterial clearance due to the action of the Cu–Ag 
BMNPs were quantified by measuring their diameter in 
millimeters.

Minimum inhibition concentration (MIC) assay

To determine the MIC of the synthesized Cu–Ag BMNPs, 
a series of experiments were conducted. In a 96-well plate, 
50 µL of enteropathogenic E. coli at an approximate 
concentration of 1.22 × 108 CFU/mL (OD600 = 1) was 
incubated with 50 µL of AN leaf extract, along with 
varying concentrations of AN Cu–Ag BMNPs, specifically 
2%, 5%, 10%, and 20%. As controls, LB broth and 
gentamicin (30 µg) were used as negative and positive 
controls, respectively. The plate was then incubated for 6 h 

at 37 °C. Following incubation, samples were subjected to 
serial 10-fold dilutions, resulting in dilutions up to 106-
fold. From each dilution, 10 µL was extracted and plated 
onto LB agar media plates. Subsequently, these plates were 
incubated overnight at 37 °C. The MIC was calculated by 
comparing the bacterial colony-forming units per milliliter 
(CFU/mL) using a designated formula.

The outcomes derived from both the disc diffusion and 
MIC assays offer significant insights into the antimicrobial 
capabilities of the synthesized Cu–Ag BMNPs. The disc 
diffusion assay enables a qualitative assessment of the 
Cu–Ag BMNPs’ effectiveness in curtailing bacterial 
proliferation, manifested by the presence of inhibition 
zones. Conversely, the MIC assay furnishes quantitative 
information regarding the minimum concentration of Cu–Ag 
BMNPs required for bacterial inhibition. We explore further 
studies with other methods such as time-kill kinetics, biofilm 
inhibition assays, and cytotoxicity assessments would 
offer a more comprehensive understanding of the efficacy, 
mechanism of action, and safety profile of the Cu–Ag 
bimetallic nanoparticles against bacterial pathogens.

Results

UV–VIS spectroscopy

In our investigation, we delved into the optical characteris-
tics of metal nanoparticles, acknowledging their susceptibil-
ity to variations in surface morphology, size, and shape. Dur-
ing our analysis using UV–Vis spectroscopy, we honed in 
on the intensity of absorption peaks associated with surface 
plasmon resonance (SPR). What we found intriguing were 
the broad absorption peaks spanning from 350 to 550 nm, 
their width expanding in tandem with the rise in copper con-
centration within the Cu–Ag BMNPs. Of particular interest 
was the peak at 450 nm, exhibiting the highest absorption 
intensity. We hypothesize that this phenomenon may signify 
an augmented interaction among nanoparticles within the 
Cu–Ag BMNPs, potentially spurred by copper complexation 
[48]. This observation is further elucidated in Fig. 2.

Fourier transform infrared spectroscopy (FTIR)

The FTIR analysis provides insights into the functional 
groups and chemical bands present in the Cu–Ag BMNPs. 

Colony forming units per mL

=
(

number of colonies counted ∗ dilution factor
volume of culture plated in mL

)

.
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The infrared spectra, as shown in Fig. 3, revealed the pres-
ence of specific functional biomolecules responsible for 
reducing the bimetallic ions and stabilizing the nanopar-
ticles. The observed peaks were compared with standard 

values to identify the surface functional groups. The peaks at 
496 cm−1 were attributed to the stretching vibration of Cu–O 
bands, while the bands at 1450 cm−1 and 1630 cm−1 were 
assigned to N–H stretch vibration and C–N/C–C stretching 
vibrations, respectively, indicating the presence of proteins. 
Additionally, the peak at 3308 cm−1 suggested the presence 
of phenolic compounds in the plant extract, which played 
a crucial role in the synthesis and formation of Cu–Ag 
BMNPs. Notably, the FTIR spectra confirmed the absence 
of surfactants on the nanoparticle surface.

Morphology: scanning electron microscopy (SEM)

Figure 4 displays the size and surface morphology features 
of the Cu–Ag BMNPs [48–51]. The micrograph images of 
the Cu–Ag BMNPs depict diverse irregular shapes with 
sizes ranging from 200 to 500 nm, whereas the AgNPs 
display distinct spherical shapes with an average size of 
approximately 100–300 nm [36, 50, 51]. The SEM images 
of Cu–Ag BMNPs reveal irregular clusters with rough 

Fig. 3   FTIR spectra of AN leaf extract-mediated Cu–Ag BMNPs

Fig. 4   SEM image of the a CuNPs, b AgNPs, c and d Cu–Ag BMNPs
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surfaces and varying sizes. The formation of these agglom-
erated clusters could be attributed to the differing crystal-
lization growth patterns of CuNPs and AgNPs [48, 52–54]. 
It is required to modify surface strategies inorder to prevent 
or minimize nanoparticles aggregation. Our future research 
directions aimed at further elucidating and mitigating nan-
oparticle aggregation issues. This could involve exploring 
alternative formulation strategies, optimizing surface func-
tionalization approaches, or investigating novel nanoparticle 
stabilization techniques.

X‑ray diffraction (XRD)

XRD measurements and analysis were employed to 
determine the details of the crystallite structure of the 
Cu–Ag BMNPs. The XRD diffraction patterns disclose that 
the Cu–Ag BMNPs are of composite crystallite structures 
and free of impurities. The XRD diffraction pattern of 
individual CuNPs and AgNPs reveal that are crystallite 
structure (Fig. 5a) and hybrid composite XRD spectrum 
observed polycrystallite structure (Fig. 5b). The diffraction 
pattern of Cu–Ag BMNPs show broader peaks, which 
confirms that the produced synthesized Cu–Ag BMNPs 
possess polycrystallite nanomaterial. Scherer’s formula 

was used to estimate the crystallite size details of Cu–Ag 
BMNPs. The strong peak intensities were observed at 37.5°, 
45.6°, 64°, and 77°, which suggest the crystallite phases of 
CuO and Cu–Ag BMNPs. The reflection planes 111 (37.5°), 
111(43.6°), 200 (45.6°), 200 (53°), 220 (64°), 220 (74°), 311 
(77°) verified the crystallite phase of Cu–Ag BMNPs. The 
high intense peak is noticed at (111) and the lattice details 
were calculated using Bragg’s equation [51].

The Cu–Ag BMNPs composite crystallite size was 
calculated using Debye-Scherr’s equation (D = 0.9λ/βcosθ) 
where λ is the wavelength of X-rays (used in the experiment), 
β is the full width of half maximum (FWHM), and θ is the 
angle of diffraction. The composite polycrystallite size of 
nanoparticles was determined about 25–100 nm and it also 
depends on doping levels od CuO [50, 51, 55, 56].

Zeta potential

The analysis of zeta potential for the dispersed Cu–Ag 
BMNPs offers valuable insights into the surface charge inter-
actions and long-term stability of these nanoparticles. Fig-
ure 6 illustrates the variation in zeta potential as a function 
of copper doping concentration in the Cu–Ag BMNPs. The 
recorded zeta potential values fell within the range of −20 
to −10 mV when dispersed in deionized water. Zeta potential 
values spanning from +25 mV to −25 mV are indicative of a 
high degree of dispersion stability, while extremely low zeta 
potential values suggest the formation of aggregates due to 
inter-particle attractions.

a = �

�
√

h2 + k2 + l2

2 sin �

�

A
0.

Fig. 5   a Stacked XRD pattern of CuNPs and AgNPs. b XRD pattern 
of AN Cu–Ag BMNPs Fig. 6   Zeta potential of Cu–Ag BMNPs
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Antibacterial activity of Cu–Ag BMNPs

Disc diffusion assay

EPEC, a known pathogen responsible for persistent diar-
rhea in humans, presents a formidable global health chal-
lenge. The emergence of antibiotic resistance, antibiotic-
associated diarrhea, and rising toxicity levels underscore 
the urgent need for new, effective antimicrobials with low 
toxicity. This study investigated the antibacterial efficacy 
of AN-mediated bimetallic Cu–Ag BMNPs against EPEC 
using the disc diffusion assay, with gentamicin serving as a 
reference antibiotic. Notably, the antibacterial activity of AN 
Cu–Ag BMNPs was most pronounced at the 12-h incuba-
tion mark, as opposed to 16 h. After 16 h, AN extract failed 
to produce a clear zone of inhibition, unlike at 12 h. This 
observation suggests that bimetallic nanoparticles offer an 
added advantage in inhibiting and eliminating bacteria for 
an extended period, as compared to using only AN extract. 
Figure 7 illustrates the variation in antibacterial activity of 
Cu–Ag BMNPs relative to the concentration of Cu doping 
in these nanoparticles. The synthesized Cu–Ag BMNPs 
exhibited significant activity against EPEC, and this activity 
slightly intensified with higher concentrations of Cu doping, 
as demonstrated in Fig. 8, which provides a graphical rep-
resentation of the antibacterial activity of Cu–Ag BMNPs 
against the EPEC pathogen, correlated with the concentra-
tion of Cu doping in the composite Cu–Ag BMNPs.

Minimum inhibition concentration (MIC) assay

Figure 9 illustrates the antimicrobial activity of Cu–Ag 
BMNPs against the EPEC pathogen, corroborated through 
the MIC assay. In Fig.  10, a histogram provides a 

comparative analysis of the antibacterial activity of Cu–Ag 
BMNPs against EPEC bacteria across various Cu doping 
concentrations. Significantly, it is evident that the 2% and 
5% CuO concentrations of AN Cu–Ag BMNPs exhibit sub-
stantial antibacterial activity in comparison to AN extract 
when tested on EPEC. Among these, the Cu–Ag BMNPs 
at a 2% concentration demonstrate higher antibacterial 
activity, potentially attributed to the enhanced dispersion 
of BMNPs facilitated by the lower CuO doping concentra-
tion. This underscores the importance of the MIC at which 
EPEC growth is effectively inhibited by 2% Cu–Ag BMNPs 
at this optimum concentration. The heightened antibacterial 
efficacy of Cu–Ag BMNPs may be attributed to the syner-
gistic effects of both metal ions, Cu and Ag, present in this 

Fig. 7   Antibacterial activity of 
AN Cu–Ag BMNPs on EPEC 
via disc diffusion assay

Fig. 8   Histogram showing zone of inhibition against EPEC as the 
function of Cu doping in Cu–Ag BMNPs
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hybrid metal nanocomposite, rendering it a potent antibacte-
rial agent.

Discussion

Metall ic  nanopar t icles (MNPs),  encompassing 
monometallic, bimetallic, trimetallic, and multi-metallic 
varieties, have emerged as promising candidates for 
the diagnosis and treatment of chronic infections. The 
incorporation of multiple metal ions into the hybrid 
nanostructure of MNPs has paved the way for exploring 
their synergistic effects, resulting in the generation of 
multifunctional physiochemical properties and heightened 
antimicrobial activity. In this study, our focus was on the 
synthesis of Cu–Ag BMNPs through a biogenic approach. 

We utilized AN(elephant creeper) medicinal plant leaf 
extract as a reducing, capping, and stabilizing agent. The 
physiochemical properties of Cu–Ag BMNPs underwent 
extensive characterization using various analytical 
techniques. UV–Vis spectroscopy served to confirm the 
successful formation of Cu–Ag BMNPs, substantiated by the 
presence of characteristic absorption peaks. Furthermore, 
XRD and FTIR analyses shed light on the crystalline 
nature of the Cu–Ag BMNPs and offered insights into their 
structural intricacies. Importantly, the vital role of AN 
plant leaf extract in facilitating the formation of complex 
nanostructures was evident. It significantly contributed to 
the enhancement of antibacterial activity in these composite 
nanoparticles, as substantiated.

The antibacterial properties of Cu–Ag BMNPs were 
assessed against Enteropathogenic E. coli, in comparison to 
the standard reference antibiotic gentamicin, known for its 
effectiveness against this strain. The results unequivocally 
demonstrated that the synthesized Cu–Ag BMNPs exhib-
ited significantly higher antimicrobial activity against enter-
opathogenic E. coli, underscoring their potential as formida-
ble antimicrobial agents. These findings are in concordance 
with prior studies emphasizing the advantages of bimetallic 
nanoparticles, which boast enhanced physiochemical prop-
erties and heightened antimicrobial efficacy. The superior 
antibacterial activity of Cu–Ag BMNPs can be attributed 
to the synergistic effects arising from the incorporation of 
different metal ions. This synergy serves to augment the 
overall antimicrobial efficacy. To shed light on the potential 
mechanisms underlying this enhanced antibacterial activity, 
Fig. 11 illustrates four possible interactions between Cu–Ag 
BMNPs and E. coli pathogenic cells. These mechanisms 
encompass the following: 1. Cu–Ag BMNPs adhering to the 
bacterial cell surface and disrupting the cell membrane; 2. 
Cu–Ag BMNPs infiltrating the bacterial cell membrane and 

Fig. 9   Effect of AN leaf extract-
mediated Cu–Ag BMNPs 
against EPEC via the MIC assay

Fig. 10   Effect of AN leaf extract-mediated Cu–Ag BMNPs against 
EPEC via the MIC assay
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interacting with cellular organelles; 3. Cu–Ag BMNPs trig-
gering an increase in reactive oxygen species (ROS) within 
the cell membrane, leading to cell damage; and 4. Cu–Ag 
BMNPs modulating the cellular signaling system, ultimately 
deactivating the cells and resulting in cell death. Further elu-
cidation of the molecular interactions and pathways involved 
could provide valuable insights into their mode of action 
and enhance their therapeutic potential with bacteria cell.
The Cu–Ag bimetallic nanoparticles showed potentialanti-
bacterial effect which could be helpful for understanding 
their long-term effectiveness and safety, warranting further 
research into the mechanisms underlying bacterial adapta-
tion and resistance aquasition.

Within the realm of green synthesis methods, our study 
brings to the forefront the utilization of AN plant extracts as 
a robust resource for the eco-friendly production of Cu–Ag 
BMNPs. AN is a medicinal plant renowned for its rich array 
of minerals and vitamins [36–39, 52, 57]. In our research, 
the plant’s leaf extract proved to be a highly efficient 
capping, reducing, and stabilizing agent, facilitating the 
successful production of high-quality Cu–Ag BMNPs. These 
results align with recent studies underscoring the potential 
of biogenic BMNPs when combined with phytochemicals 

or phenolic compounds derived from medicinal plants 
as promising alternatives for the treatment of chronic 
infections.

The escalating challenge of multi-drug-resistant microbes 
and superbugs necessitates a relentless quest for safer alter-
natives to mitigate the deadly impact of microbial infections 
compared other mono metal nanoparticles [52–54]. Specifi-
cally, the need for antibacterial agents that are non-toxic to 
patients and do not encourage microbial resistance is press-
ing. In response, mono/bi/tri/multi-metallic nanoparticles 
(MNPs) are under investigation for their diverse array of 
bioactive compounds with potent antibacterial properties. 
Recent advances in the biogenic synthesis of both mono-
metallic nanoparticles (MNPs) and bimetallic nanoparticles 
(BMNPs) have gained recognition as sustainable pathways 
[58–61]. This approach is characterized by its environmen-
tally friendly, non-toxic processes, and cost-effectiveness, 
providing a sustainable alternative to traditional synthesis 
methods that often entail the use of hazardous chemicals 
and energy-intensive procedures [62–64]. Furthermore, we 
underscore the potential therapeutic applications of the syn-
thesized Cu–Ag BMNPs in addressing chronic infections 

Fig. 11   The possible mechanism routes of the antibacterial action of Cu–Ag BMNPs nanoparticles



Bioprocess and Biosystems Engineering	

and microbial diseases, highlighting the need for further 
in vitro and in vivo cell-based and animal model studies.

The utilization of plant leaf extracts has emerged as 
a specialized synthesis technique for generating MNPs. 
These plant leaf extracts serve the triple purpose of 
reducing, capping, and stabilizing the metal nanoparticles 
during the synthesis process. Collectively, the results of 
our current study enrich the expanding pool of insights 
into the utilization of bimetallic nanoparticles for 
combatting chronic infections. This research sets the 
stage for future exploration and advancement in the 
field of nano-biotechnology. The study should help and 
incorporate a comprehensive life cycle assessment to 
evaluate the environmental impact (water purification 
through catalysis) of Cu–Ag bimetallic nanoparticles 
across their production, use, and disposal stages [46–48, 
57]. The study would also benefit from comparative 
analysis with other types of nanoparticles to assess the 
performance of Cu–Ag bimetallic nanoparticles in terms 
of their physicochemical properties, stability, and efficacy 
in relevant applications [52–54]. The study acknowledges 
limitations to scaling up large-scale production of these 
nanoparticles, but suggests that overcoming these hurdles 
may be feasible with further investigation, particularly 
focusing on optimizing extract consumption, both salts 
concentration, and synthesis time.

Conclusion

In summary, this study presents a pioneering single-
step biosynthesis method for the production of Cu–Ag 
BMNPs using the medicinal rich plant AN leaf extract. 
The study employed XRD and SEM techniques to examine 
the morphological and structural characteristics of the 
bimetallic nanoparticles, while FTIR and UV spectroscopy 
were utilized to identify functional groups and confirm 
plasmonic absorption, validating their bimetallic nature. 
Furthermore, the optimization of copper concentration 
within the Cu–Ag BMNPs hybrid composite demonstrated 
potential antibacterial activity, highlighting the multifaceted 
approach taken to characterize and assess the bimetallic 
nanoparticles’ properties and their potential applications. 
The Cu–Ag BMNPs displayed substantial antibacterial 
activity against Enteropathogenic E. coli, as validated 
through disc diffusion and MIC assays. The importance of 
this research is underscored by the substantial promise of 
bimetallic nanoparticles with a synergistic effect and their 
environmentally friendly synthesis methods, contributing to 
the advancement of nano-biotechnology. Our findings pave 
the way for further exploration into the potential anticancer 
and antitoxic effects of the Cu–Ag BMNPs, along with 

their efficacy against both gram-positive and gram-negative 
pathogens. By elucidating the optical characteristics and 
potential mechanisms of action of these nanoparticles, 
our study sets the stage for broader investigations aimed 
at unlocking their therapeutic potential across various 
biomedical applications.
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