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Abstract
The employment of plant extracts for green production of bimetallic nanoparticles (BNPs) has gotten significant 
consideration because of its cheap, ecological, single–step, and easily scalable procedures. This methodology 
enables the manufacture of biocompatible nanoparticles (NPs) with improved activity. In this study, an 
environmentally friendly approach was utilized to biosynthesize manganese oxide–silver BNPs (MnO–Ag BNPs) 
using Cucumis melo (C. melo) peel extract (CPE), which served as the source of the required reducing and 
stabilizing materials. Several spectroscopic analytical methods, including ultraviolet–visible (UV–vis) spectroscopy, 
Fourier transform infrared (FTIR) spectroscopy, energy–dispersive X–ray (EDX) spectroscopy, X–ray diffraction 
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM), were applied for careful 
confirmation and characterization of successful MnO–Ag BNPs assembly. This work introduces a novel green 
route employing CPE for MnO–Ag BNPs synthesis, providing distinct phytochemical efficiency and multifunctional 
bioactivity compared with previously reported plant–based systems. The biosynthesized MnO–Ag BNPs bacterial 
inhibitory capability as well as free radical scavenging effect were evaluated. Also, human kidney normal epithelial–
derived cells (Vero cell line CCL–81) was employed for assessment of the cytotoxic outcome of MnO–Ag BNPs 
at various concentrations. Regarding the elemental composition, the manganese (Mn) and Ag contents were 
detected by the UV–vis, XRD, and EDX studies with consequent validation of MnO–Ag BNPs biosynthesis. The 
range of the assessed BNPs size was 2 to 10 nm with average diameter of 5.8 ± 1.7 nm and an average area of 
22.7 nm2. Analysis based on EDX technique revealed the presence of Mn and Ag metals with 23.7–46.6% of the 
atomic percentages and 32.2–28.0% of the weight percentages, respectively. The biosynthesized NPs showed 
strong free radical scavenging, achieving 85–90% inhibition at higher concentrations. The cytotoxic activity 

Eco-friendly biosynthesis of manganese 
oxide-silver bimetallic nanoparticles using 
Cucumis melo peel extract: characterization, 
antioxidant, antimicrobial, and antiviral 
activities
Ebrahim Saied1*, Nosiba S. Basher2, Bahaa M. Badr3,4, Fathy M. Elkady5, Ahmed Gouda Mostafa6, Nasir A. Ibrahim2, 
Omar Awad Alsaidan7, Sami I. Alzarea8, Albraa Adel6, Mahmoud A Diab6, Fahd A. Nasr2, Ahmed Abdelhay Nahool6, 
Gomaa H Abdou6, Sulaiman A. Alsalamah2 and Amr H. Hashem1

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s40643-025-00987-1
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-025-00987-1&domain=pdf&date_stamp=2026-3-2


Page 2 of 19Saied et al. Bioresources and Bioprocessing           (2026) 13:19 

Introduction
Nanotechnology has revolutionized modern science, 
providing innovative solutions in medicine, materials 
science, and environmental remediation (Tabrez et al. 
2022a). Among various applications of nanomaterials 
(NMs), their biological potential particularly antioxidant 
and antiviral activities has received increasing attention 
(Bhattacharyya et al. 2023). However, monometallic NPs 
(MNPs) often suffer from drawbacks such as high sur-
face energy, oxidation susceptibility, and limited reus-
ability, which restrict their broad applicability (Crawley 
et al. 2022). Recent research aimed to overcome such 
drawbacks has focused on the development of BNPs 
which involve the integration of two metals within a 
single nanostructure to achieve enhanced physicochemi-
cal and biological properties. These BNPs exhibit supe-
rior catalytic, antimicrobial, and antioxidant characters 
compared with monometallic equivalents which resulted 

from their synergistic interactions (Idris and Roy 2023). 
For instance, Ag–copper and gold (Ag)–palladium BNPs 
demonstrate improved stability and reactivity, leading to 
promising results in biomedical and environmental appli-
cations (Nanda and Yi 2024). The combination of Ag's 
strong antimicrobial properties with Mn's potent anti-
oxidant and catalytic activity creates a multifunctional 
system suitable for combating oxidative stress (OS), 
infections, and environmental pollutants (Ahmad et al. 
2025). Furthermore, MnO–Ag BNPs have shown poten-
tial in catalysis, sensing, and energy storage, benefiting 
from Ag's optical properties and Mn's redox characteris-
tic (Ipadeola et al. 2024).

Integrating insights from materials science, chemis-
try, and biology, nanotechnology offers a unique plat-
form to address biomedical and ecological challenges 
(Malik et al. 2023a). Nanoparticles are particularly effi-
cient in reactive oxygen species (ROS) scavenging with 

findings indicated no significant harmful effects, at concentration range of 31.25–250 µg/mL, on Vero cell line. 
Additionally, the viability of the tested cell line infected with herpes simplex virus type–1 (HSV–1) significantly 
increased from 43% (untreated) to 78–99% when treated with 125 µg/mL MnO–Ag BNPs and acyclovir, respectively. 
Moreover, the inhibition rates achieved against the tested virus were 73% for MnO–Ag BNPs and 99% for acyclovir. 
These outcomes highlight the potential of MnO–Ag BNPs as promising candidates for biomedical and antiviral 
applications.
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consequent reduction of OS, processes strictly associ-
ated with chronic diseases and cellular damage (Patel et 
al. 2024). Traditional antioxidants, though effective, often 
suffer from instability and poor bioavailability (Demirci-
Çekiç et al. 2022). In contrast, NPs provide superior sta-
bility, controlled release, and enhanced bio–interaction, 
making them attractive alternatives for biomedical use 
(Liu et al. 2023). Moreover, the antiviral activity of NPs 
through disruption of viral envelopes, inhibition of rep-
lication, and modulation of immune responses has fur-
ther broadened their therapeutic potential (Ahmed et al. 
2025; Bhatti and DeLong 2023). Conventional physical 
and chemical methods for NPs synthesis, while effective, 
based on hazardous reagents, high cost, with environ-
mental and health risks (Kirubakaran et al. 2026). Con-
versely, biosynthesis has emerged as an ecological and 
sustainable alternative that utilizes plant–derived mate-
rials with high phytochemical constituents, including 
phenolics, alkaloids, and flavonoids, that employed for 
natural reduction and stabilization of the produced NPs 
(Edo et al. 2025). This method not only minimizes toxic-
ity but also provides NPs with improved stability and bio-
compatibility and consequently appropriate for various 
medical applications (Raudone and Savickiene 2024).

Plant–mediated synthesis has been extensively 
explored for fabrication of Ag NPs with extraordinary 
bioactivity and stability when combined with natural or 
polymeric stabilizers (Shahzadi et al. 2025). Recent exam-
ples include the use of Equisetum diffusum extract for 
mercury detection and cellulose–based compounds for 
Ag NPs stabilization (Jabbar et al. 2023). (Alserihi et al. 
2023) inspected the therapeutic potential of epigallocat-
echin gallate (EGCG) and its nano–formulation for pros-
tatic cancer management. Such study focus the increased 
prominence of green nanotechnology for development of 
cheap, biocompatible, as well as sustainable NMs. Differ-
ent plant parts including leaves, seeds, peels, and stems 
have been utilized as bio–factories in NPs biosynthesis 
(Kirubakaran et al. 2026). Cucumis melo L. (muskmelon), 
a member of the Cucurbitaceae family, is well known for 
its phytochemical richness and pharmacological prop-
erties, including antimicrobial, antiviral, antidiabetic, 
and antioxidant activities (Yadav et al. 2025). Accord-
ingly, CPE may represent a natural, renewable, and 
eco–friendly source for the biosynthesis of BNPs, offer-
ing a sustainable route for NPs production. Theoretical 
models such as classical nucleation theory and the syn-
ergistic effect model provide valuable insights into the 
mechanisms underlying BNPs formation, explaining their 
enhanced reactivity and stability. Furthermore, NPs mor-
phology, size, and surface chemistry interpreted through 
quantum and ligand exchange theories are key determi-
nants of their biological behavior (Tabrez et al. 2022b; 
Zhdanov 2025).

In this context, the current research aimed for develop-
ment of a novel, environmentally benign, and economi-
cally viable synthetic procedures for MnO–Ag BNPs 
bio–fabrication using CPE. The obtained BNPs were 
comprehensively characterized based on several analyti-
cal techniques. Also, their biological activities including 
antioxidant, antibacterial, and antiviral potentials were 
systematically evaluated to explore their biomedical 
relevance.

Materials and methods
Materials
All of the compounds were analytical grade with no addi-
tional purification requirement. All subsequent experi-
mental studies, including the production of MnO–Ag 
BNPs, employed deionized water (dH2O). Cucumis melo 
was purchased at the Carrefour local market during the 
summer season in July, as the time of collection is a well–
known factor influencing its constituents. Silver nitrate 
(AgNO3, 98%), manganese acetate tetrahydrate (Mn 
(CH3COO)2. 4H2O, 99%), and 2,2–diphenyl–1–picrylhy-
drazyl (DPPH) were the product of Sigma Aldrich, Cairo, 
Egypt. Additionally, the tested normal cell line and viral 
strain were obtained from VACSERA, Cairo, Egypt.

Preparation of CPE
Fresh fruits were collected and peeled in order to make 
fresh CPE. After thoroughly cleaning the peels with tap 
water, they were then rinsed using dH2O. The fresh peels 
weighing 500 gm were air–dried at room temperature 
under indirect sunlight. To obtain the fresh extract, the 
C. melo peels were extracted in dH2O at 70 °C for 50 min. 
The extract was filtered using Whatman filters to remove 
any remaining peel pieces. The final powder obtained 
from the dried peels weighed 80 gm, resulting in a fresh 
plant–to–powder ratio of 6.25:1. The CPE was imme-
diately placed in dark and cool until the beginning of 
MnO–Ag BNPs fabrication (Khan et al. 2025).

Synthesis of MnO–Ag BNPs
Thirty milliliters of Mn(CH3COO)2.4H2O and 10 mL of 
AgNO3 (3.0  mM), were mixed together and stirred for 
about 30 min at room temperature followed by addition 
of the prepared CPE (70 ml). When we checked the pH of 
the mixed solution after it had been prepared, we found 
that it was 10.0. For optimal synthesis of MnO–Ag BNPs, 
we fixed the reaction parameters at agitation (250  rpm) 
in a shaking incubator for about 6  h, incubation was 
performed at 35  °C. The weakly bound biomolecules 
were extracted from the peels by washing the resulting 
MnO–Ag BNPs 5 times with dH2O. Centrifugation was 
then used for approximately 5 min at 10,000 rpm to fur-
ther clean the BNPs. The resulting NPs were carefully 
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oven–dried at 50 °C after being cleaned with dH2O (Chen 
et al. 2025).

Characterization of MnO–Ag BNPs
Different analytical procedures were employed for deter-
mination of the obtained BNPs' size and shape. A UV–vis 
Spectrophotometer (JENWAY 6305 Spectrophotome-
ter, Staffordshire, UK) was utilized to record absorption 
spectra in the 200–800  nm range at room temperature. 
For FTIR analysis, the Cary 630 model was employed. 
The XRD (XRD–6000, Shimadzu Scientific Instruments, 
Japan) was employed for examination of phase structure 
of the BNPs using CuKα radiation (λ = 0.154 nm) with a 
2θ range of 10° to 90°.

Moreover, MnO–Ag BNPs surface morphology was 
studied based on SEM imaging (SEM, ZEISS, EVO–
MA10, Germany). The composition, purity, and elemen-
tal distribution of the biogenic MnO–Ag BNPs were 
examined using EDX (Bruker, Germany). Likewise, the 
average and exact sizes of the produced MnO–Ag BNPs 
were determined using TEM (JEM–2100 Plus, JEOL, 
Japan). The DLS analysis (Malvern, UK) with the Zeta-
sizer Nano Series (Nano ZS) was applied to decide the 
sizes and distribution of MnO–Ag BNPs in the examined 
colloidal suspension (Bekmezci et al. 2023).

Antibacterial activity
The biosynthesized MnO–Ag BNPs were screened 
against 5 microbial strains: Bacillus subtilis (B. subtilis) 
ATCC 6633, Staphylococcus aureus (S. aureus) ATCC 
6538), Pseudomonas aeruginosa (P. aeruginosa) ATCC 
9027, Escherichia coli (E. coli) ATCC 25922, and Candida 
albicans (C. albicans) ATCC 10231. With the help of an 
agar diffusion method, each investigated pure microbial 
strain grown in Mueller–Hinton broth was equally spread 
on sterile petri plates containing Mueller–Hinton agar. 
Sterilized cork borer used to make 4 circular holes of 
7 mm diameter in each plate. The inhibitory effects of the 
MnO–Ag BNPs (200 µg/mL), manganese acetate tetrahy-
drate (200 µg/mL), silver nitrate (200 µg/mL), and stan-
dard antimicrobial agents [ampicillin/sulbactam (200 µg/
mL) in case of bacterial species and nystatin (200 µg/mL) 
in case of fungal species] were tested by adding 100 µL of 
each tested solution into separate well. The Mn and Ag 
monometallic precursors were used as comparative con-
trols to determine the synergistic antibacterial effect of 
the MnO–Ag BNPs. Consequently, all plates were incu-
bated for 24 h at 37 °C for bacteria and for 72 h at 30 °C 
for fungi followed by measurement of each treatment's 
inhibitory zone diameter (IZD). Also, evaluation of the 
minimum inhibitory concentration (MIC) against micro-
bial strains was carried out using different concentrations 
of MnO–Ag BNPs, ampicillin/sulbactam, and nystatin 
ranged from 200 to 3.12 µg/mL (Hashem et al. 2023a). All 

assays were performed in triplicate and the outcomes are 
expressed as the mean ± standard deviation (mean ± SD). 
Using specialized software (SPSS version 21), one–way 
ANOVA, Duncan's multiple series, and the least signifi-
cant difference (LSD) were used to statistically analyze 
the inhibitory findings.

DPPH radical scavenging capacity
The DPPH radical scavenging assay was conducted to 
quantify MnO–Ag BNPs antiradical potential. Differ-
ent concentrations of bio–synthesized MnO–Ag BNPs, 
Mn salt, Ag salt, CPE, and ascorbic acid standard (1000, 
500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.9 and 1,95  μg/
mL), were employed to assess DPPH radical scavenging 
capacity. The preparation of DPPH solution and experi-
mental procedure were conducted following the protocol 
described by (Hasanin et al. 2022).

Using 95% ethanol, a DPPH radical solution (1  mM) 
was made. Each tested concentration (200 µL) was mixed 
with 800 µL of DPPH solution with well shaken followed 
by incubation in dark for 30 min at 25 °C. Centrifugation 
was then carried out for 5 min at 13,000 rpm. Each con-
centration's absorbance (A), at 517 nm, was measured in 
comparison to the ascorbic acid standard and untreated 
experiment as a blank. All assays were performed in trip-
licate and the experiment findings showed the DPPH 
inhibition percentage was calculated according to Eq. (1)

	

Antioxidantactivity(%)

=
Absorbance for ascorbic acid - Absorbance for tested sample

Absorbance for ascorbic acid
× 100� (1)

Cytotoxic activity
The effectiveness of acyclovir and MnO–Ag BNPs on 
Vero cell line was determined following MTT assay. The 
ecologically synthesized MnO–Ag BNPs and acyclo-
vir maximum non–toxic concentration (MNTC) were 
measured using normal Vero cells CCL–81 (as host 
cells) by implementing them into a 96–well plate. In this 
procedure, 100 µL of growth medium containing 104 
Vero cells/well was incubated in a CO2 incubator (5%) 
at 37 °C for 24 h until formation of confluent cell sheet. 
After discarding the excess medium, the attached Vero 
cells were exposed to serially diluted concentrations of 
MnO–Ag BNPs (1000 to 31.25  µg/mL). Acyclovir was 
treated under the same conditions. All tests were per-
formed in triplicate using dimethyl sulfoxide (DMSO) as 
the solvent. Untreated cells were employed as the nega-
tive control, while acyclovir–treated cells were used as 
the positive control. After 48  h of incubation at 37  °C, 
the plates were examined under an inverted microscope 
for cytopathic effects, including monolayer rupture, cell 
granulation, rounding, and shrinkage. Subsequently, 20 
µL of MTT solution (5 mg/mL) was added to each well 
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with constant shaking at 150 rpm for 5 min followed by 
incubation at 37 °C for 5 h. Following the disposal of the 
well contents, DMSO (200 µL) was used to dissolve the 
formed MTT metabolic product, namely formazan crys-
tals (Abdel-Rahman et al. 2024). An ELISA reader was 
utilized to determine the absorbance at 570 nm. Cell via-
bility was then calculated following Eq. (2). On the other 
hand, Eq.  (3) was applied to calculate the cell toxicity 
percentage.

	 Cell viability (%) = Treated cells absorbance
Untreated cells absorbance

× 100� (2)

	 Inhibition % = 100 − Viability %� (3)

Furthermore, using regression analysis, CC50 (the con-
centration of the BNPs that inhibits 50% of Vero cell 
growth in comparison to untreated cells) was deter-
mined. Experiments were conducted in triplicate, and 
statistical significance was determined using one–way 
ANOVA (P < 0.05).

Antiviral assay
The antiviral activity of the MnO–Ag BNPs and acyclovir 
was assessed against HSV–1 using the MTT cell viability 
assay. Vero cells were seeded in 96–well plates at a den-
sity of 1 × 104 cells/well followed by overnight incubation 
at 37 °C in a humidified atmosphere containing 5% CO₂ 
for permission of the tested cell attachment. The tested 
concentrations of MnO–Ag BNPs and acyclovir were 
selected based on preliminary cytotoxicity assays, where 
non–lethal doses maintaining more than 80% Vero cell 
viability were considered safe. This concentration range 
was further used to establish the antiviral dose–response 
curve, consistent with previously reported NPs–based 
antiviral studies. A non–lethal concentration of the tested 
BNPs was mixed with the viral suspension at a ratio of 1:1 
(v/v) and incubated at 35 °C for 1 h. Subsequently, 100 µL 
of the virus–sample mixture was inoculated to each well 
with gentle plates shaken for 5 min at 150 rpm to ensure 
even distribution followed by incubation at 37 °C in pres-
ence of 5% CO₂ for 24–48 h to allow viral infection. After 
that, 20 µL of MTT solution (5  mg/mL in phosphate 
buffered saline) was inoculated into each well followed 
by incubation for about 3 h which allow the formation of 
formazan crystals. Careful removal of the medium was 
then was performed followed by solubilization of the 
resulting crystals in 200 µL of DMSO with gentle shaking 
for 5  min at 150  rpm. The optical density (OD) of each 
well was measured at 560 nm using a microplate reader, 
with background correction at 620 nm (Alshallash et al. 
2024).

Consequently, the viability of the tested cell was mea-
sured relative to the untreated controls to determine the 

antiviral efficacy of the tested samples. Control wells con-
taining only cells (non–infected) and virus–infected cells 
without treatment were included in each experiment. All 
treatments were performed in triplicate to ensure repro-
ducibility. The assay procedure was adapted from (Alshal-
lash et al. 2024), with slight modifications. The antiviral 
activity of MnO–Ag BNPs against HSV–1 was evaluated 
via determination of inhibition percentage using Eq. 4.

	
Inhibition (%)
= [1 − (OD (infected + treated) / OD (infected))] × 100� (4)

Different concentrations of MnO–Ag BNPs and acyclo-
vir were used to generate dose–response curves. The 
concentration that achieved 50% viral inhibition (IC₅₀ 
or EC₅₀) was determined using regression analysis per-
formed in SPSS version 21 (IBM Corp., Armonk, NY, 
USA).

Statistical analysis
The mean ± SD was used for all triplicated findings 
expression. Statistical analyses were conducted using 
SPSS software, version 21 (IBM Corp., Armonk, NY, 
USA). One–way analysis of variance (ANOVA) followed 
by Tukey's post hoc test was performed to determine sig-
nificant differences among groups, with P < 0.05 consid-
ered statistically significant.

Results and discussion
Biosynthesis of MnO–Ag BNPs using CPE
The biosynthesis of BNPs utilizing plant extracts offers 
numerous advantages compared to microbial methods. 
These benefits include being cost–efficient, reducing the 
risk of contamination, enabling rapid synthesis, utilizing 
a straightforward single–step process, and ensuring safe 
handling. Furthermore, the process is environmentally 
friendly, suitable for large–scale production, requires 
minimal laboratory infrastructure, and results in NPs 
with enhanced stability resulted from the presence of 
abundance plant metabolites (Saleh and Hassan 2023). 
Plant–derived secondary metabolites, including alka-
loids, phenols, flavonoids, proteins, carbohydrates, 
tannins, and terpenoids, not only aid in reducing and 
stabilizing NPs but also enhance their antimicrobial 
and antiviral properties (Dlamini et al. 2023). This eco–
friendly and efficient method holds significant ability to 
synthesizing both single–metal and BNPs for various bio-
medical applications.

The present work investigates the biosynthesized 
MnO–Ag BNPs using CPE. The active metabolites in 
this extract demonstrated fundamental role in reduc-
tion of silver nitrate and manganese acetate. Throughout 
the synthetic process, these metabolites also contributed 
to BNPs capping and stabilization. The peel extract was 
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adopted a green method for BNPs biosynthesis, which 
reflects key advantages over conventional methods that 
rely on toxic chemicals or organic solvents (Edo et al. 
2025). In recent years, melon peel extract has become a 
popular source in environmental and nanotechnology 
research, particularly for the sustainable synthesis of NPs 
(Ali et al. 2024). The use of CPE helps for reduction of 
environmental impact associated with traditional NPs 
synthesis processes, as the extract serves as both a reduc-
ing and stabilizing agent, thereby minimizing chemical 
waste and enhancing the sustainability of the manufac-
turing process (Shameem and Ahmad 2025). Similarly, 
(Al-Hamoud et al. 2025) successfully obtained Ag–Mn 
BNPs utilizing Euphorbia cactus extract, while (Alshal-
lash et al. 2024) utilized Zingiber officinale to mediate 
the biosynthesis of Au/Ag nanoalloys. Malik et al. (Malik 
et al. 2023b) showed biogenic synthesis of Ag–Cu BNPs 
using Salvia officinalis plant extract. Furthermore, a 
green chemistry approach was utilized by (Khormi et 
al. 2025) to simultaneously synthesize Ag-Se BNs using 
an extract from Salvia hispanica seeds. (Ali and Abdul 
Karem 2024) explored biosynthesis of MnO2 NPs using 
leaf extracts of Punica granatum and in vitro evaluation 
of their biological applications. Additionally, Ag NPs have 
been synthesized from CPE by (Rani et al. 2023), further 
emphasizing the versatility of plant–based NPs synthesis.

Characterization
UV–vis spectroscopy
The biosynthesized BNPs were initially characterized 
using a UV–Visible spectrophotometer. A notable color 
change to pale brown in the aqueous CPE, upon mix-
ing with Mn(CH3COO)2·4H2O and AgNO3, served as 
the first visual indicator of MnO–Ag BNPs synthesis. 
This color change confirmed the role of metabolites in 
metal ions reduction and promoting nanoscale struc-
tures formation. The solution's absorbance was analyzed 
within the 200 to 800 nm wavelength range for identifica-
tion of maximum surface plasmon resonance (SPR). As 
shown in Fig. 1, the MnO–Ag BNPs exhibit two separate 
absorption peaks at about 340  nm and 410  nm, corre-
sponding to MnO and Ag NPs, respectively. These peaks 
are indicative of the successful synthesis of phase–sepa-
rated Mn and Ag NPs, with each metal contributing to 
the observed plasmon resonance at their characteristic 
wavelengths.

Similar observations have been documented in ear-
lier studies. For example, (Alshallash et al. 2024) identi-
fied two prominent SPR peaks at 440  nm and 545  nm, 
attributed to Ag and Au NPs in the bimetallic Au/Ag 
nanoalloys. For instance, Ag–doped MnO₂ NPs exhib-
ited an SPR peak at 410 nm, while undoped MnO₂ NPs 
showed a peak at 348.0  nm, as reported by (Ali and 
Abdul Karem 2024). Similarly, (Malik et al. 2023b) noted 

Fig. 1  UV–vis spectra indicated the successful MnO–Ag BNPs biosynthesis using CPE based on the detection of SPR characteristic peaks
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an absorption peak at 409 nm for biosynthesized Ag–Cu 
NPs. In another study Aly Khalil et al. (Aly Khalil et al. 
2024) identified an SPR band at 238 and 374 nm for Se–
Au BNPs derived from Pluchea indica leaves. Moreover, 
(Hassanisaadi et al. 2022) observed a prominent SPR 
peak at 440  nm for Ag NPs synthesized using Aloysia 
citrodora leaf extract, while Losetty et al. (Losetty et al. 
2024) reported SPR bands in the range of 350–500 nm for 
Ag NPs obtained from Malachra alceifolia (wild okra). In 
the case of NPs synthesized using Ziziphus spina-Christi 
aqueous leaves extract, (Zohra et al. 2023) recorded the 
absorption spectra of the Zn/Mn2O4 NC showed a lower 
intensity absorbance band around 282 nm, in contrast to 
the absorption edge of pure MnO2 NPs at 268 nm.

For MnO NPs, an absorption maximum was detected 
around 410 nm in the visible region (Saod et al. 2022). In 
contrast, MnO₂ NPs showed broad absorption features 
spanning from 292 to 368  nm (Dileepan and Jeyaram 
2025). The SPR characteristics observed in UV–vis spec-
troscopy offer valuable information regarding NPs mor-
phology. Variations in peak intensity and wavelength 
position are often indicative of differences in particle size 
and geometry; smaller particles generally lead to red–
shifted peaks, whereas larger ones may cause a blue–
shift. Beyond confirming NPs formation, UV–vis spectral 
analysis plays a crucial role in predicting their functional 
properties (Ahmad 2024). Notably, the SPR behav-
ior is strongly associated with the NPs' performance in 
areas such as catalysis, antimicrobial action, and optical 

applications across environmental and biomedical fields 
(Arif et al. 2024). According to (Selim et al. 2025a), UV–
vis spectroscopy analysis of the biosynthesized MgO–
ZnO nanocomposite revealed a characteristic absorbance 
peak at 300 nm, indicating successful formation of NMs 
by using Pluchea indica leaf extract. Elkady et al. (Elkady 
2025) confirmed the successful synthesis of CuO–Se 
BNPs using Lagenaria siceraria leaf extract through the 
appearance of distinct SPR bands in the UV–vis spectra. 
The SPR peak was observed at a maximum wavelength of 
330 nm, indicating NPs formation.

TEM, FTIR, and DLS analysis
The TEM serves as a powerful tool for NPs morphologi-
cal characterization, offering high–resolution insights 
into their size, shape, and degree of aggregation. In this 
study, the TEM images demonstrated the capability of 
CPE to synthesize spherical MnO–Ag BNPs with diam-
eter range of 2–10 nm (Fig. 2A). Analysis of particle size 
distribution revealed a mean diameter of 5.8 ± 1.7 nm and 
an estimated average surface area of 22.7 nm2, reflecting 
the consistency and precision of the synthesis method 
(Fig. 2B,C). The TEM images clearly show that the MnO–
Ag BNPs exhibit excellent dispersion, with no observable 
aggregation, a crucial parameter for NPs stability and per-
formance in different applications. The well–dispersed 
nature of the BNPs is indicative of the effectiveness of the 
CPE in stabilizing the BNPs during the biosynthesis pro-
cess. This absence of aggregation enhances the potential 

Fig. 2  TEM image (a), size distribution (b), and surface area distribution (c) of the biosynthesized MnO–Ag BNPs

 



Page 8 of 19Saied et al. Bioresources and Bioprocessing           (2026) 13:19 

for these BNPs to be used in systems where uniformity 
and stability are key (Lashari et al. 2022). The combina-
tion of MnO and Ag in the BNPs leads to unique prop-
erties, such as improved catalytic activity, enhanced 
stability, and synergistic effects, which are often superior 
to those observed in MNPs (Liu and Corma 2023). These 
characteristics are attributed to the interaction between 
the two metals at the nanoscale, which can significantly 
alter the properties of the individual components. Com-
parative studies have reported similar findings in terms 
of NPs morphology and size distribution. (El-Amier et al. 
2023) reported TEM images of silver, selenium, and zinc 
nanoparticles, all showing particle sizes below 100  nm. 
Specifically, selenium nanoparticles exhibited sizes of 
approximately 78.16  nm and 89.64  nm. (Selim et al. 
2025b) achieved green synthesis of Zn–MnO nanocom-
posites using Penicillium rubens. TEM analysis revealed 
irregular, nearly spherical particles with sizes ranging 
from 25.13 to 36.21  nm. (Malik et al. 2023b) reported 
similar results for Ag–Cu BNPs synthesized from Sal-
via officinalis, with particle sizes range of 3.3–57.5  nm, 
as determined by TEM analysis. (Selim et al. 2025a) 
reported that TEM confirmed the structural stability 
of the biosynthesized MgO–ZnO nanocomposite, with 
consistent particle sizes range of 5–35 nm. (Elkady et al. 
2025) recorded greenly synthesized spherical CuO–Se 

BNPs with approximately 30  nm average diameter and 
size distribution range of 5–50  nm. (Jabir et al. 2024) 
reported that the TEM analysis revealed Cu₄O₃ NPs with 
a spherical morphology and a particle size below 100 nm. 
(Tabrez et al. 2022c) synthesized spherical ZnO NPs 
(50–60 nm) using pumpkin seed extract, as confirmed by 
SEM and TEM analysis, and demonstrated their potent 
anticancer activity.

The FTIR spectra of the CPE as well as the biosynthe-
sized MnO–Ag BNPs revealed distinct absorption peaks 
indicating the functional groups involved in BNPs forma-
tion (Fig. 3A). The extract displayed characteristic bands 
at 3382, 2927, 2850, 2003, 1581, 1368, 1105, 667, and 
492 cm−1, corresponding to hydroxyl, aliphatic, carbonyl, 
aromatic, and ether groups, mainly derived from pheno-
lics, flavonoids, and sugars acting as reducing agent and 
capping stabilizer (Yadav et al. 2024). After green syn-
thesis BNPs, the FTIR spectrum showed peaks at 3330, 
2229, 2148, 2003, 1581, 1368, 1105, 725, and 492  cm⁻1. 
The shift of the O–H band (3382 → 3330 cm−1) confirmed 
its role in metal ion reduction (Wu et al. 2023), while 
new peaks at 2229 and 2148 cm−1 suggested the forma-
tion of C≡N or C≡C bonds due to interactions between 
biomolecules and the metallic surface (Azeez and Shen-
bagaraman 2025). The persistence of peaks at 1581, 1368, 
and 1105  cm−1 indicates that some functional groups 

Fig. 3  FTIR spectrum of CPE and biosynthesized MnO–Ag BNPs (a) and DLS analysis of MnO–Ag BNPs (b)
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remained adsorbed on the NPs surface, providing stabili-
zation (Wu et al. 2023). The strong band at 492 cm⁻1 cor-
responds to metal–oxygen (M–O) stretching, confirming 
BNPs formation (Li et al. 2022).

Overall, the observed spectral shifts and new bands 
demonstrate strong interactions between the extract's 
biomolecules and metal ions, supporting their role in 
reduction and stabilization. These results align with 
previous studies using plant extracts such as Camellia 
sinensis, and Zingiber officinale, where hydroxyl and car-
bonyl groups facilitated NPs synthesis (Ongtanasup et 
al. 2024; Tran et al. 2025). This confirms that CPE acts as 
an efficient and ecological reducing agent in sustainable 
nanotechnology.

Additionally, the size and distribution of the biosyn-
thesized MnO–Ag BNPs were examined using DLS 
based on their hydrodynamic diameters. The histogram 
(Fig.  3B) illustrated BNPs with 7  nm average hydrody-
namic diameter and volume intensity of 54%. The larger 
BNPs size observed in the DLS measurements of colloi-
dal solution may result from uneven BNPs distribution. 
As well, DLS method offers insight into the BNPs homo-
geneity via calculation polydispersity index (PDI). Homo-
geneity is considered higher when the PDI is below 0.4, 
while values above 0.4 suggest more variability in the par-
ticle sizes, as noted in earlier studies (Jusril et al. 2022). 
However, a solution with PDI above 1.0 classified as 
highly heterogeneous. In this study, a PDI value of 0.187 
was reported for the biogenic MnO–Ag BNPs, indicating 
a well–distributed colloidal solution. For comparison, Eid 
et al. (Saied et al. 2022) reported an average particle size 
of 51.4  nm for biosynthesized CuO–NPs. According to 

Elattar et al. (Elattar et al. 2025), both Ag/CeO₂ and CuO/
CeO₂ nanocomposites exhibit comparable hydrodynamic 
sizes, measuring 622.9 d.nm and 602.9 d.nm, respectively. 
However, CuO/CeO₂ displays a markedly more uniform 
atomic–scale distribution, as reflected by its lower PDI of 
0.027, compared to 0.073 observed for Ag/CeO₂. (Elkady 
et al. 2025) recorded biosynthesized NPs with an average 
particle size of approximately 79 nm. (Selim et al. 2025a) 
reported also MgO–ZnO BNPs with 51 nm average par-
ticle size and a PDI of 0.31, indicating moderate size dis-
tribution uniformity.

XRD and SEM–EDX analysis
Characterization of Mn–Ag BNPs was revealed by XRD 
(Fig.  4). Confirmed biogenic MnO–Ag BNPs crystal-
line nature was accomplished by the presence of XRD 
discrete patterns with characteristic diffraction peaks 
at various 2θ angles. The distinctive diffraction peaks 
detected at 2θ angles observed at 38.4°, 46.4°, 55.0°, 64.5°, 
and 76.9° corresponded to (111), (200), (222), (220), and 
(311) crystallographic planes, respectively. The detected 
peaks proven the metallic silver face–centered cubic (fcc) 
structure. (Baran et al. 2023) in the green synthesis of 
silver NPs from Allium cepa L. peel extract reported dif-
fraction peaks at 2θ values of 37.89°, 44.02°, 64.25°, and 
77.04°, corresponding to the (111), (200), (220), and (311) 
planes of cubic silver (Ag, JCPDS No. 65–2871). In addi-
tion to Ag, MnO was also identified in the XRD patterns. 
Diffraction angles (2θ) at 18.7°, 29.0°, 38.4°, and 64.5° cor-
responded to crystallographic planes (200), (310), (111), 
and (220), indicative of MnO NPs. These results were 
consistent with (El-Moslamy et al. 2024) study, which 

Fig. 4  XRD spectrum of biosynthesized MnO–Ag BNPs using CPE
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recorded sharp peaks at 18.56°, 28.90°, 37.34°, and 63.74°, 
indexed to the (200), (310), (211), and (512) facets of 
MnO NPs. Furthermore, MnO–Ag BNPs average crystal-
lite size of approximately 6 nm was obtained from Scher-
rer equation d = Kλ/βcosθ (Hassan et al. 2021). Similarly, 
(Malik et al. 2023b) reported a crystalline nature for 
Ag–Cu NPs with distinct fcc peaks, with average crys-
tallite size of 17  nm calculated using the same method. 
These XRD analyses collectively demonstrate the crystal-
line nature of MnO–Ag BNPs, confirming the presence 
of both Ag and MnO components in the synthesized 
material.

SEM imaging at 80,000 × magnification (Fig.  5A) 
reveals the morphology of the MnO–Ag BNPs, showing 
an irregularly aggregated structure with a rough, sheet–
like topology. This morphology suggests that the BNPs 
have a higher surface area, which could be beneficial for 
catalytic and adsorption–based applications. The scale 
bar indicates a resolution of 2  µm, providing a closer 
look at the particle–level topology. Also, EDX spectrum 
(Fig.  5B) clarified MnO–Ag BNPs elemental composi-
tion. The detected peaks correspond to elements Mn, 
Ag, sodium (Na), carbon (C), oxygen (O), and chlorine 
(Cl). The weight and atomic percentages of each element 
are presented in Fig. 5C, with Mn and Ag accounting for 
46.6–23.7% by weight, respectively, and 28.0–32.2% by 

atomic percentage. Oxygen's significant presence sug-
gests oxidation states, likely from MnO. While, presence 
of minor constituent including Na, C, and Cl could be 
impurities or remnants from the synthesis process (Roy 
et al. 2024). These results validate the successful synthe-
sis of MnO–Ag BNPs with significant contributions from 
Mn and Ag as the primary components, alongside oxy-
gen, which is consistent with oxides formation.

Moreover, SEM imaging highlights BNPs agglomera-
tion, which may be attributed Mn and Ag phases inter-
actions or van der Waals forces (Abbas et al. 2024). The 
rough morphology and aggregated clusters are advan-
tageous for many applications, where higher surface 
areas improve light absorption and reactive site avail-
ability (Mahajan et al. 2025). (Malik et al. 2023b) used 
SEM analysis to reveal the spherical shape and uniform 
dispersion of Ag–Cu NPs and the EDX confirmed 47.83 
wt% Ag, 28.95 wt% Cu, and traces of carbon and oxygen 
from phytochemicals, highlighting the NPs' stabilization 
and crystalline nature. (Elkady et al. 2025) showed that 
SEM revealed aggregated CuO–Se NPs with columnar 
and needle–like structures, while EDX confirmed the 
presence of 32.7 wt% Cu and 14.8 wt% Se. Elattar et al. 
(Elkady et al. 2025) reported that SEM analysis revealed 
spherical to slightly elongated morphologies for both 
Ag/CeO₂ and CuO/CeO₂ nanocomposites, with uniform 

Fig.5  SEM image of MnO–Ag BNPs synthesized using CPE (a), EDX spectrum shows elemental composition (b), and Table of elemental weight and 
atomic percentages (c)
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size distribution. EDX confirmed elemental composition, 
showing dominant presence of cerium, oxygen, and Ag/
CeO₂, while CuO/CeO₂ contained copper, cerium, oxy-
gen, and minor elements like potassium and zinc.

Antimicrobial activity
Bimetallic NPs have attracted significant interest due to 
their superior efficacy compared to MNPs, particularly 
against multidrug–resistant (MDR) pathogens. In the 
present study, MnO–Ag BNPs exhibited broad–spec-
trum microbial inhibitory activity against both bacterial 
and fungal strains (Table  1). Amongst microbial strains 
under investigation, B. subtilis exhibited the highest sen-
sitivity, with an IZD measuring 20.00 ± 1.00  mm when 
exposed to Mn–Ag BNPs at 100  μg/mL. The agar–well 
diffusion assay revealed that B. subtilis was the most 
sensitive, showing an inhibition zone diameter (IZD) 
of 20.00 ± 1.00  mm at 200  µg/mL. Notably, S. aureus, 
E. coli, and P. aeruginosa recorded IZDs of 18.71 ± 0.75, 
17.22 ± 1.28, and 16.15 ± 0.66  mm, respectively, while 
C. albicans exhibited a moderate inhibition zone of 
11.33 ± 1.39  mm, indicating limited antifungal activity. 
The minimum inhibitory concentration (MIC) results 
further confirmed strong antibacterial efficacy, with C. 
albicans and P. aeruginosa showing low MIC values of 
12.5 and 25  µg/mL, respectively, and S. aureus, B. sub-
tilis, and E. coli displaying MICs of 50  µg/mL. Compa-
rable studies support these findings. (Malik et al. 2023b) 
reported that Ag–Cu NPs effectively inhibited S. epider-
midis, S. aureus, E. coli, and K. pneumoniae. Similarly 
(Hasanin et al. 2023) studied TiO₂@Cr₂O₃ BNPs. Antimi-
crobial testing showed the highest MIC against A. niger 
(50  µg/mL) and the lowest MIC against Gram-positive 
bacteria (3.12  µg/mL). (Sher et al. 2022) reported that 
Ag/Au bimetallic nanoparticles exhibited strong antimi-
crobial activity against multiple Gram-positive bacteria 
(S. aureus, Actinomycetes meriye, B. cereus, S. pyogenes, 
MRSA, Micrococcus luteus, S. pneumonia), Gram-neg-
ative bacteria (Klebsiella pneumoniae, E. coli, Serratia 
marcescens), and fungi (Aspergillus niger, A. fumigatus, A. 
flavus), outperforming HH extract, HH-AgNPs, and HH-
AuNPs. (Hashem et al. 2023a) also documented strong 

antimicrobial activity of Se–Ag BNPs against S. aureus, B. 
subtilis, E. coli, P. aeruginosa, K. oxytoca, and C. albicans.

Further study by (Krishnan et al. 2023) showed that 
BiPO₄/ZnO nanocomposites (B1Z4-75:300; NCs-4) pro-
duced a maximum inhibition zone of 20 mm against A. 
baumannii and a minimum of 12  mm against B. fila-
mentosus at 80  μg/mL, suggesting NCs-4 as a potential 
antibacterial agent. Other reports similarly described 
synergistic microbial inhibitory effects of bimetallic 
oxides including MgO–ZnO (Selim et al. 2025a), CuO–
CeO₂ and Ag–CeO₂ (Mohamed et al. 2025; Nagajyothi et 
al. 2025), and CuO–Se NPs (Elkady et al. 2025), with the 
latter also exhibiting quorum–quenching activity against 
MDR P. aeruginosa. Moreover, (Vasiliev et al. 2023) noted 
that a mixture of Cu NPs and Ag NPs produced antibac-
terial effects up to six times greater than either metal 
alone. The superior antimicrobial performance of MnO–
Ag BNPs can be also related to synergistic interactions 
between the two metals (Elhawary et al. 2025). These 
interactions promote the generation of ROS, release of 
metal ion, and direct disruption of microbial membranes 
(Yan et al. 2023). The NPs' small size as well as their 
high surface area facilitate strong electrostatic attraction 
between their positively charged surfaces and the nega-
tively charged microbial cell membranes, causing leak-
age of intracellular components and cell lysis (Mondal 
et al. 2024). Additionally, metal ions bind to thiol (–SH) 
groups in peptidoglycan layers, destabilizing bacterial 
cell walls, while ROS generation further damages DNA, 
proteins, and lipids (Rana et al. 2023). The release of Ag⁺ 
ions amplifies this effect through interaction with micro-
bial enzymes and nucleic acids, leading to broad–spec-
trum antimicrobial action. Amin et al. (Amin et al. 2022) 
further demonstrated that functionalization of Ag NPs 
with sulfonamide groups improved stability, cellular pen-
etration, and antibacterial efficiency supporting a similar 
synergistic mechanism proposed for MnO–Ag BNPs.

Antioxidant activity
Generation of ROS by molecular oxygen can damage bio-
molecules including DNA, lipids, and proteins, leading to 
OS with consequent cellular dysfunction. The MnO–Ag 
BNPs exhibited pronounced antioxidant properties due 

Table 1  Biosynthesized MnO–Ag BNPs observed IZD and MICs for assessed pathogens
Tested materials*

Microbial strain
Mn Ag MnO–Ag BNPs Ampicillin/sulbactam Nystatin
IZD (mm) IZD (mm) MIC (µg/mL) IZD (mm) MIC (µg/mL) IZD (mm) MIC (µg/mL)

B. subtilis ND ND 20.00 ± 1.05a 50 11.44 ± 0.87d 100 ND ND

S. aureus ND ND 18.71 ± 0.75b 50 ND ND ND ND

P. aeruginosa ND ND 16.15 ± 0.66c 25 9.88 ± 1.15e 50 ND ND

E. coli ND ND 17.22 ± 1.28bc 50 ND ND ND ND

C. albicans ND ND 11.33 ± 1.39e 12.5 ND ND ND ND
Mn; manganese acetate tetrahydrate, Ag; silver nitrate, IZD; inhibition zone diameter, MIC; minimum inhibitory concentration, ND; not detected. All experiments 
were conducted in triplicate, and results were expressed as mean ± SD. Different superscript letters (a–e) within the same column indicate significant differences 
(P < 0.05) according to one–way ANOVA followed by Tukey's post hoc test
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to their increased surface area and reactive metal sites, 
enabling efficient neutralization of ROS. The synergistic 
effect between MnO and Ag enhanced the scavenging 
capacity, as confirmed by the DPPH assay. This observa-
tion in accordance with (Ullah et al. 2023), study which 
recorded phyto–mediated Ag NPs with enhanced antiox-
idant and antimicrobial activities owing to the synergistic 
interaction between Ag ions and phytochemicals in olive 
extract. Such NPs effectively interact with cellular bio-
molecules, mitigating free radical–induced damage.

The accumulation of free radicals is implicated in sev-
eral diseases, including cardiovascular, neurodegenera-
tive, and metabolic disorders (Chaudhary et al. 2023). 
Therefore, antioxidants are essential in reducing OS. In 
our research, MnO–Ag BNPs antioxidant activity was 
evaluated using the DPPH assay at concentrations rang-
ing from 1.95 to 1000 µg/mL (Fig. 6). Among the tested 
samples ascorbic acid (standard), MnO–Ag BNPs, Mn2⁺ 
ions, Ag⁺ ions, and CPE, ascorbic acid showed nearly 
100% inhibition at high concentrations. The biogenic 
MnO–Ag BNPs exhibited strong scavenging activity 
(85–90% inhibition at 500–1000 µg/mL) with a low IC₅₀ 
value of 27.8  µg/mL, outperforming the other samples. 
Also, Mn2⁺ ions showed moderate antioxidant activity 
at higher concentrations (~ 70% inhibition), whereas Ag⁺ 
ions achieved 70–80% inhibition with decreasing efficacy 
at lower doses. The CPE exhibited comparatively weak 
antioxidant capacity. Comparable findings have been 
reported for other bimetallic and oxide NPs. For exam-
ple, Cu–Ag BNPs achieved up to 85% DPPH scavenging 
within 16 min (Ali et al. 2023), while Ag–ZnO BNPs dis-
played an IC₅₀ of 340  µg/mL, superior to that of ascor-
bic acid (289.74 µg/mL) (Suresh et al. 2024). (El-Khateeb 

2025) synthesized Ag/Fe₂O₃ nanoparticles using Syzy-
gium aromaticum (clove) extract. The nanoparticles 
exhibited strong DPPH radical-scavenging activity 
with an IC₅₀ of 0.0098  mg/mL, comparable to the clove 
extract (0.0097  mg/mL) and superior to ascorbic acid 
(0.0222 mg/mL). Biosynthesized Vr–Mn–Cu NPs exhib-
ited concentration–dependent DPPH scavenging with 
51.44% inhibition at 1000  µg/mL (Ahmad et al. 2022), 
while Se NPs demonstrated > 90% inhibition between 
250–4000 µg/mL with an IC₅₀ of 27.8 µg/mL (Hashem et 
al. 2023b).

The antioxidant mechanism of the biosynthe-
sized MnO–Ag BNPs primarily involves the neutral-
ization of ROS and free radicals through multiple 
pathways (Chaudhary et al. 2023). These NPs act as elec-
tron donors, stabilizing free radicals by converting them 
into less reactive or harmless molecules. The presence 
of Mn and Ag enhances this process, as both metals can 
cycle between different oxidation states, allowing them to 
scavenge radicals efficiently (Dai et al. 2024). Addition-
ally, the NPs can enhance the cellular antioxidant defence 
by stimulating the activity of natural enzymes including 
catalase, superoxide dismutase, and glutathione peroxi-
dase (Jomova et al. 2024). The mixed activities of direct 
radical scavenging with indirect specific enzymes acti-
vation helps to reduce OS within biological systems. 
The SPR of Ag further contributes to electron transfer 
reactions, increasing the overall redox potential of the 
NPs (Zhang et al. 2023). Consequently, these properties 
collectively protect biomolecules like DNA, proteins, 
and lipids from oxidative damage and maintain cellular 
integrity. The enhanced antioxidant capacity of MnO–Ag 
BNPs likely derives from the combined redox properties 

Fig. 6  Antioxidant activity (% DPPH inhibition) of ascorbic acid (positive control), Mn (manganese acetate tetrahydrate), Ag (silver nitrate), MnO–Ag BNPs, 
and CPE at different concentrations (1.95–1000 µg·mL⁻1). Data are presented as mean ± SD (n = 3). Statistical differences between treatments at each 
concentration were evaluated by one–way ANOVA followed by Tukey's post–hoc test (P < 0.05)
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of MnO and Ag and the stabilizing/capping phytochemi-
cals from CPE, which together increase surface reactivity 
and radical interaction compared with single–metal spe-
cies or crude extract.

Antiviral activity of MnO–Ag BNPs
Cytotoxicity against vero cells
The biosafety of newly synthesized materials, assessed via 
their cytotoxic effect using regular human cell lines, is a 
crucial measure in ensuring their suitability for potential 
human applications in the future. The cytotoxic effects 
of MnO–Ag BNPs on Vero cells were examined across a 
wide concentration range (Fig.  7). The results indicated 
that low to moderate concentrations (31.25–250  µg/
mL) exhibited no significant cytotoxicity, maintaining 
cell viability comparable to untreated controls. However, 
the elevated MnO–Ag BNPs concentrations (500 and 
1000 µg/mL) markedly reduced cell viability by 74–95%, 
respectively (Fig.  8). The calculated half–maximal cyto-
toxic concentration (CC₅₀) was 345.26 ± 4.66 µg/mL, indi-
cating that MnO–Ag BNPs can be considered non–toxic, 

Fig.  8  MTT assay showing cytotoxicity (%) of cells treated with varying 
concentrations of MnO–Ag BNPs and acyclovir. Data are expressed as 
mean ± SD from three independent replicates. Statistical significance was 
considered at P < 0.05. Variation in superscript letters (a–d) reflects statisti-
cally significant differences among the groups

 

Fig. 7  Mtt assay showing cell viability (%) after exposure to varying concentrations of mno–ag bnps and acyclovir. Results are presented as mean ± sd 
from three independent experiments. statistical significance was set at p < 0.05. Superscript letters (a–d) indicate significant differences across the tested 
groups
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as materials with IC₅₀ ≥ 90 µg/mL are generally regarded 
as biocompatible. For comparison, the cytotoxicity of 
acyclovir was also evaluated under the same conditions. 
Similar to MnO–Ag BNPs, acyclovir exhibited no cyto-
toxicity at concentrations up to 250 µg/mL, while higher 
concentrations (500 and 1000 µg/mL) caused 59.7–94.9% 
growth inhibition, respectively (Fig. 8). The CC₅₀ value of 
acyclovir was 439.6 ± 1.52 µg/mL, with a maximum non–
toxic concentration (MNTC) of 125 µg/mL for both acy-
clovir and MnO–Ag BNPs. These findings confirm that 
biosynthesized MnO–Ag BNPs, produced using CPE, 
exhibit minimal cytotoxicity toward normal human cell 
lines at suitable concentrations (Fig. 9A ,B).

The cytotoxic mechanisms of MnO–Ag BNPs may 
involve NPs diffusion through ion channels, leading to 
interactions with intracellular proteins and nucleic acids. 
This can result in mitochondrial dysfunction, disruption 
of the cell cycle, and apoptosis (Misra et al. 2023). Simi-
larly, (Aly Khalil et al. 2024) reported that Se–Au bime-
tallic nanoparticles showed an IC₅₀ value of 116.8  μg/
mL against the normal Wi-38 cell line, indicating that 

all previously reported MIC values were within a safe 
range. (Sayed et al. 2024) synthesized Staphylococcus 
aureus-mediated Ag/Cu bimetallic nanocomposites. 
The nanocomposites showed anticancer activity against 
the HepG-2 cell line, while exhibiting low cytotoxicity 
toward the normal BHK cell line. Additionally, (Zadeh 
et al. 2022) reported that Cu–Zn BNPs exhibited strong 
cytotoxic activity towards MCF–7 breast cancer cells 
with an IC₅₀ of 54 µg/mL, leading to complete cell death 
above 600 µg/mL. On another study, (Rashid Khan et al. 
2024) bio–fabricate MgO NPs with enhanced ROS gen-
eration and apoptosis while inhibiting cell migration in 
MDA–MB–231 cells, indicating strong dose–dependent 
cytotoxic and therapeutic effects.

Antiviral activity toward HSV–1
This study aimed to evaluate the antiviral efficacy of 
MnO–Ag BNPs against HSV–1 while minimizing host 
cell damage. Cytotoxic effects were confirmed through 
decreased cell proliferation and morphological altera-
tions, such as rounding, detachment, and aggregation 

Fig. 9  Microscopical examination of MnO–Ag BNPs (a) and acyclovir (b) following cells exposure to serial concentrations (31.25–1000 µg/mL) for 48 h 
and observation under an inverted light microscope at 200 × magnification. Control cells (untreated) displayed a normal, confluent epithelial morphol-
ogy. Increasing concentrations of both MnO–Ag BNPs and acyclovir induced concentration–dependent cytopathic effects, including cell rounding, 
detachment, and loss of confluence, particularly at ≥ 500 µg/mL
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of cells. The concentration of 125 µg/mL, determined as 
the MNTC from the cytotoxicity assay, was selected for 
antiviral testing. Acyclovir, a well–established antivi-
ral drug used to treat HSV–1 and varicella–zoster virus 
(VZV) infections, was employed as a positive control. Its 
mechanism of action involves inhibiting viral replication 
by targeting viral DNA polymerase (Kleiner et al. 2023). 
MnO–Ag BNPs synthesized using CPE were tested 
alongside acyclovir. The extract is known to contain bio-
active phytochemicals such as flavonoids, phenolics, and 
antioxidants that contribute to antimicrobial and antiviral 
activity. The results demonstrated a substantial increase 
in the viability of HSV–1–infected Vero cells following 
treatment, from 43.6 ± 0.5d% in untreated controls to 
78.4 ± 0.9–99.2 ± 0.5% after exposure to MnO–Ag BNPs 
and acyclovir, respectively (Table 2). Both agents exhib-
ited strong antiviral activity at 125 µg/mL, with inhibition 
rates of 73 ± 0.7% for MnO–Ag BNPs and 98.6 ± 0.4% for 
acyclovir (Table 2).

The antiviral effect of MnO–Ag BNPs likely involves 
multiple mechanisms, including interference with viral 
attachment and entry, inhibition of replication, induction 
of OS, modulation of host immune responses, prevention 
of virus–induced apoptosis, and reduction of viral load 
(Elbas et al. 2025). The combined presence of Mn and Ag 
may further enhance antiviral potency through synergis-
tic interactions. MnO–Ag BNPs may bind to viral sur-
face proteins or lipid envelopes, disrupting their ability 
to attach to host cell receptors an essential early step in 
infection. This inhibition prevents viral entry and subse-
quent replication. Bimetallic NPs can also damage viral 
nucleic acids or inhibit key enzymes required for genome 
replication and protein synthesis (Bharti 2024).

Comparable findings were reported by (Alshallash 
et al. 2024), which reported strong inhibitory effect 
(78.2–69.6%) of Au/Ag nanoalloys against hepatitis 
A and Cox–B4 viruses. Similarly, (Zubair et al. 2023) 
reported that Au–Ag bimetallic nanostructures exhibited 

enhanced antiviral activity against H9N2 influenza virus 
compared to monometallic AuNPs and AgNPs. (Alra-
bayah et al. 2023) found that ZnO-NPs (IC₅₀ = 7.01, 
CC₅₀ = 145.77  µg/mL) and C. dirnum L. extract 
(IC₅₀ = 61.15, CC₅₀ = 145.87  µg/mL) exhibited antiviral 
activity against HCoV-229E, while their combination 
(IC₅₀ = 2.41, CC₅₀ = 179.23  µg/mL) showed superior effi-
cacy. (El-Sheekh et al. 2022) reported that Ag₂O|AgO-
NPs and Au-NPs reduced HSV-1 CPE by 90% at 31.25 
μL, with Ag₂O|AgO-NPs showing a higher reduction 
rate (49.23%) than Au-NPs (42.75%), demonstrating their 
effectiveness as green antiviral agents against HSV-1 rep-
lication. Additionally, Zubair et al. 2023) showed that 
Ag–Ag BNPs possess enhanced viral inhibitory effect 
towards the H9N2 influenza virus due to synergistic 
effects. Similarly, the combined MnO–Ag BNPs may 
produce synergistic antiviral action, contributing to their 
potent antiviral activity towards HSV–1.

Proposed mechanism of action of MnO–Ag BNPs
The schematic diagram (Fig. 10) illustrates the integrated 
mechanism of MnO–Ag BNPs. Their antioxidant activity 
arises from the scavenging of ROS, while the antimicro-
bial potential is attributed to cell membrane disruption 
and protein denaturation. Additionally, the antiviral 
effect involves interference with viral attachment and 
replication within host cells.

Conclusion
Our study presents, for the first time, the green biosyn-
thesis of MnO–Ag BNPs using CPE as a sustainable and 
eco–friendly approach. Comprehensive characteriza-
tion using UV–vis, XRD, and EDX confirmed successful 
biosynthesis and elemental integration, with Mn and Ag 
accounting for 23.7–46.6% atomic percentages, respec-
tively. The synthesized BNPs exhibited nanoscale size 
distribution (2–10  nm), with an average diameter of 
5.8 ± 1.7  nm and mean area of 22.7 nm2. The biosyn-
thesized MnO–Ag BNPs exhibited potent antimicro-
bial activity, particularly against B. subtilis with an IZD 
of 20.00 ± 1.00  mm at 200  μg/mL. Moderate to strong 
effects were also observed against S. aureus, E. coli, and 
P. aeruginosa, while limited antifungal activity was noted 
against C. albicans. The MIC values further confirmed 
the efficacy, with low MICs of 12.5 µg/mL for C. albicans 
and 25  µg/mL for P. aeruginosa. Functionally, the bio-
synthesized NPs showed strong free radical scavenging, 
achieving 85–90% inhibition at higher concentrations. 
Cytotoxicity assays showed that concentrations up to 
250 µg/mL were non–toxic to Vero cells, indicating good 
biocompatibility. Importantly, antiviral assays revealed 
that treatment with MnO–Ag BNPs enhanced Vero cell 
viability from 43% (HSV–1 infected control) to 78%, 
approaching the 99% viability observed with acyclovir. 

Table 2  The MNTC of MnO–Ag BNPs and acyclovir against 
HSV–1
Treatments*

Effect
(%)

Vero cell line
Normal 
uninfected 
cells
(Control)

HSV–1 infected cells
Untreated 
cells

MnO–Ag 
BNPs 
treated 
cells

Acyclovir 
treated 
cells

(125 µg/mL)
Cell viability 100 ± 0.0a 43.6 ± 0.5d 78.4 ± 0.9b 99.2 ± 0.5a

Cell toxicity 0.0 ± 0.0d 56.3 ± 0.7b 21.6 ± 0.5c 0.78 ± 1.7d

Viral activity 0.0 ± 0.0d 100 ± 0.0a 22 ± 1.3c 1.38 ± 2.3d

Antiviral effect 0.0 ± 0.0d 0.0 ± 0.0d 73 ± 0.7b 98.6 ± 0.4a

The results were presented as the mean ± SD from three separate triplicated 
experiments (P < 0.05). Groups sharing different superscript letters (a–d) in 
the same row are significantly different (P < 0.05), based on one–way ANOVA 
followed by Tukey's post hoc analysis
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At 125  µg/mL, the BNPs achieved 73% viral inhibi-
tion, underscoring their potential as effective antiviral 
agents. The novelty of this work lies in utilizing agricul-
tural waste for the green fabrication of biologically active 
BNPs with dual antioxidant and antiviral properties. 
However, limitations include the absence of mechanistic 
insights into NPs–virus interactions and the need for in 
vivo validation. Further studies should focus on elucidat-
ing the molecular mechanisms and evaluating long–term 
biosafety and therapeutic efficacy in animal models.

Acknowledgements
This work was supported and funded by the Deanship of Scientific Research 
at Imam Mohammad Ibn Saud Islamic University (IMSIU)(grant number 
IMSIU-DDRSP2602).

Author contributions
Conceptualization and research design: E.S. Methodology: all authors 
contributed to the research required material preparation and data collection; 
all authors participated formal analysis and investigation of the obtained data; 
original draft preparation, review and editing: All authors reviewed the final 
version; All authors read and approved the submitted and final manuscript.

Funding
This work was supported and funded by the Deanship of Scientific Research 
at Imam Mohammad Ibn Saud Islamic University (IMSIU) (grant number 
IMSIU-DDRSP2602).

Data availability
Data for this article, including FTIR spectra, particle size distribution, 
antioxidant activity, cytotoxicity assays, and SEM imaging, are available at 
Figshare at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​9​9​5​4​4​2​3.

Declarations

Ethical approval and consent to participate
Not applicable.

Human participation and animals traits
Not applicable.

Informed consent
Not applicable.

Conflict of interests
The authors declare that they have no conflict of interest.

Author details
1Botany and Microbiology Department, Faculty of Science, Al-Azhar 
University, CairoP.O. Box 11884, Egypt
2Biology Department, College of Science, Imam Mohammad Ibn Saud 
Islamic University (IMSIU), Riyadh 11623, Saudi Arabia
3Department of Basic and Clinical Medical Sciences, Faculty of Dentistry, 
Zarqa University, ZarqaP.O. Box 132222, Jordan
4Department of Medical Microbiology and Immunology, Faculty of 
Medicine, Al-Azhar University, AssiutP.O. Box 71524, Egypt
5Microbiology and Immunology Department, Faculty of Pharmacy (Boys), 
Al-Azhar University, CairoP.O. Box 11884, Egypt
6Faculty of Science, Al-Azhar University, P.O. Box 11884, Cairo, Egypt
7Department of Pharmaceutics, College of Pharmacy, Jouf University, 
72341 Sakaka, Saudi Arabia
8Department of Pharmacology, College of Pharmacy, Jouf University, 
Sakaka 72341, Aljouf, Saudi Arabia

Received: 25 August 2025 / Revised: 13 November 2025 / Accepted: 20 
November 2025

References
A, J, J, o, A, El-Khateeb, Food Environment and I (2025) Biosynthesis of Ag, Fe₂O₃ 

and hybrid Ag/Fe₂O₃ nanoparticles using clove (Syzygium aromaticum) A 
study on phytochemicals antioxidant capacity and antibacterial properties. J 
Agri, Food Environ. 6(2):30–432025

Abbas Q, Zia-ur-Rehman M, Ullah H, Mujtaba Munir MA, Ali MU, Ali A, Pikon K, 
Yousaf B (2024) Recent advances in the detection and quantification of 
manufactured nanoparticles (MNPs) in complex environmental and biologi-
cal matrices. J Cleaner Prod. 471:143454

Fig. 10  Proposed mechanism of action of MnO–Ag BNPs showing their (a) antiviral (inhibition of viral entry and replication); (b) antioxidant activity (ROS 
scavenging), and (c) antimicrobial activity (cell membrane disruption)

 

https://doi.org/10.6084/m9.figshare.29954423


Page 17 of 19Saied et al. Bioresources and Bioprocessing           (2026) 13:19 

Abdel-Rahman MA, Alshallash KS, Eid AM, Hassan SE-D, Salih M, Hamza MF, Fouda 
A (2024) Exploring the antimicrobial, antioxidant, and antiviral potential of 
eco-friendly synthesized silver nanoparticles using leaf aqueous extract of 
Portulaca oleracea L. Pharmaceuticals 17(3):317

Ahmad I (2024) Shifting shapes: density variations and physicochemical character-
istics from spheres to rods. Colloids Surf, A 703:135410

Ahmad MM, Kotb HM, Mushtaq S, Waheed-Ur-Rehman M, Maghanga CM, Alam 
MW (2022) Green synthesis of Mn + Cu bimetallic nanoparticles using Vinca 
rosea extract and their antioxidant, antibacterial, and catalytic activities. 
Crystals 12(1):72

Ahmad A, Noor S, Muhammad SA, Hussain SB (2025) Eco-friendly synthesis of 
manganese nanoparticles from Syzygium aromaticum and study of their 
biological activities. Inorg Nano-Met Chem 55(4):444–457

Ahmed N, Abusalah MAHA, Abuarqoub AH (2025) Nanoparticles based therapeu-
tic approaches in oncogenic viral infections: a review. Int J Nanomedicine 
20(null):13133–13163

Al-Hamoud GA, Amina M, Al-Musayeib NM, Alhabardi S, Haq MU, Akhtar SJP (2025) 
Antimicrobial and scavenging potential of green synthesized silver/manga-
nese bimetallic nanoparticles using Euphorbia cactus extract. PeerJ 13:e20244

Ali AT, Abdul Karem LKJBSJ (2024) Biosynthesis, Characterization, Adsorption 
and Antimicrobial studies of Manganese oxide Nanoparticles Using Punica 
Granatum Extract. Baghdad Sci J 21(3):9

Ali F, Akbar S, Sillanpaa M, Younas U, Ashraf A, Pervaiz M, Kausar R, Ahmad I, Aloth-
man AA, Ouladsmane M (2023) Recyclable Cu–Ag bimetallic nanocatalyst for 
radical scavenging, dyes removal and antimicrobial applications. Chemo-
sphere 313:137321

Ali OM, Hasanin MS, Suleiman WB, Helal EE-H, Hashem AH (2024) Green biosyn-
thesis of titanium dioxide quantum dots using watermelon peel waste: 
antimicrobial, antioxidant, and anticancer activities. Biomass Conv Biorefin 
14(5):6987–6998

Alrabayah IN, Elhawary SS, Kandil ZA, El-Kadder EMA, Moemen YS, Saleh AM, 
El Raey MA (2023) Green synthesized zinc oxide nanoparticles based on 
cestrum diurnum L. of potential antiviral activity against human corona 229-e 
virus. Molecules 281:266

Alserihi RF, Mohammed MRS, Kaleem M, Khan MI, Sechi M, Zughaibi TA, Tabrez 
S (2023) Comparative efficacy of epigallocatechin gallate and its nano-
formulation in prostate cancer 3D spheroids model. J King Saud Univ Sci 
35(4):102627

Alshallash KS, Eid AM, Hassan SE-D, Abdel-Rahman MA, Alawam AS, Hamza MF, 
Fouda A (2024) Zingiber officinale-mediated biosynthesis of bimetallic Gold/
Silver (BAu/Ag) nanoalloys; an insight into antiviral and anticancer activities. J 
King Saud Univ Sci 36(7):103243

Aly Khalil AM, Saied E, Mekky AE, Saleh AM, Al Zoubi OM, Hashem AH (2024) Green 
biosynthesis of bimetallic selenium–gold nanoparticles using Pluchea indica 
leaves and their biological applications. Front Bioeng Biotechnol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​b​i​o​e​.​2​0​2​3​.​1​2​9​4​1​7​0

Amin S, Sher M, Ali A, Rehman MF, Hayat A, Ikram M, Abbas A, Amin HMA (2022) 
Sulfonamide-functionalized silver nanoparticles as an analytical nanoprobe 
for selective Ni(II) sensing with synergistic antimicrobial activity. Environ 
Nanotech, Monit Manag 18:100735

Arif M, Raza H, Akhter TJRa (2024) UV-Vis spectroscopy in the characterization and 
applications of smart microgels and metal nanoparticle-decorated smart 
microgels: a critical review. RSC Adv 14(51):38120–38134

Azeez S, Shenbagaraman R (2025) 8 - Fourier transform infrared spectroscopy 
in characterization of bionanocomposites. In: Ahmed S, Hussain CM (eds) 
Characterization Techniques in Bionanocomposites. Woodhead Publishing, 
pp 209–227

Baran MF, Keskin C, Baran A, Hatipoğlu A, Yildiztekin M, Küçükaydin S, Kurt K, 
Hoşgören H, Sarker MMR, Sufianov A, Beylerli O, Khalilov R, Eftekhari A 
(2023) Green synthesis of silver nanoparticles from allium cepa l peel extract 
their antioxidant antipathogenic and anticholinesterase activity. Molecules 
28(5):2310

Bekmezci M, Ozturk H, Akin M, Bayat R, Sen F, Darabi R, Karimi-Maleh H (2023) 
Bimetallic biogenic Pt-Ag nanoparticle and their application for electrochem-
ical dopamine sensor. Biosensors 13(5):531

Bharti S (2024) Harnessing the potential of bimetallic nanoparticles: exploring 
a novel approach to address antimicrobial resistance. World J Microbiol 
Biotechnol 40(3):89

Bhattacharyya SK, Maiti S, Das NC, Banerjee S (2023) Antibacterial and antiviral 
functional materials based on polymer nanocomposites. Antibacterial and 
antiviral functional materials, volume 1. American Chem Soc, pp 171–202

Bhatti A, DeLong RK (2023) Nanoscale interaction mechanisms of antiviral activity. 
ACS Pharmacol Transl Sci 6(2):220–228

Chaudhary P, Janmeda P, Docea AO, Yeskaliyeva B, Abdull Razis AF, Modu B, Calina 
D, Sharifi-Rad J (2023) Oxidative stress, free radicals and antioxidants: poten-
tial crosstalk in the pathophysiology of human diseases. Front Chem. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​c​h​e​m​.​2​0​2​3​.​1​1​5​8​1​9​8

Chen Y, Agrelo-Lestón A, Burgués-Ceballos I, Llorca J, Soler LJAFM (2025) Bimetallic 
Nanoparticles as Cocatalysts for Photocatalytic Hydrogen Production. Adv 
Funct Mater. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​a​​d​f​m​.​2​0​2​5​0​6​2​7​9

Crawley JWM, Gow IE, Lawes N, Kowalec I, Kabalan L, Catlow CRA, Logsdail AJ, 
Taylor SH, Dummer NF, Hutchings GJ (2022) Heterogeneous trimetallic 
nanoparticles as catalysts. Chem Rev 122(6):6795–6849

Dai Y, Guo Y, Tang W, Chen D, Xue L, Chen Y, Guo Y, Wei S, Wu M, Dai J, Wang S 
(2024) Reactive oxygen species-scavenging nanomaterials for the prevention 
and treatment of age-related diseases. J Nanobiotechnology 22(1):252

Demirci-Çekiç S, Özkan G, Avan AN, Uzunboy S, Çapanoğlu E, Apak R (2022) 
Biomarkers of oxidative stress and antioxidant defense. J Pharm Biomed Anal 
209:114477

Dileepan AGB, Jeyaram S (2025) Sustainable industrial wastewater via photocataly-
sis using green-synthesised MnO2 nanoparticles. Mater Res Innov. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​4​3​2​​8​9​1​​7​.​2​0​​2​5​​.​2​5​3​4​5​4​2

Dlamini NG, Basson AK, Pullabhotla VSR (2023) Synthesis and characterization 
of various bimetallic nanoparticles and their application. Applied Nano 
4(1):1–24

Edo GI, Mafe AN, Ali ABM, Akpoghelie PO, Yousif E, Isoje EF, Igbuku UA, Ismael SA, 
Essaghah AEA, Ahmed DS, Ozsahin DU, Umar H, Alamiery AA (2025) Green 
biosynthesis of nanoparticles using plant extracts: mechanisms, advances, 
challenges, and applications. BioNanoScience 15(2):267

El-Amier YA, Abduljabbar BT, El-Zayat MM, Sarker TC, Abd-ElGawad AM (2023) 
Synthesis of metal nanoparticles via Pulicaria undulata and an evaluation of 
their antimicrobial, antioxidant, and cytotoxic activities. Chemistry (Weinheim 
an der Bergstrasse, Germany) 5(4):2075–2093

Elattar KM, Ghoniem AA, Al-Otibi FO, Fakhouri AS, Helmy YA, Saber WI, Hassan 
MA, Elsayed AJRA (2025) Eco-friendly synthesis of Ag/CeO 2 and CuO/CeO 
2 nanocomposites using Curcuma longa extract and assessment of their 
antioxidant, antifungal, and cytotoxic activities. RSC Adv 15(16):12100–12116

Elbas MA, Elnosary ME, Seadawy MG, Hmed AA, Refaey EE, Sofy AR (2025) 
Advanced investigation of pentagalloylglucose nano-zeolite formulation as a 
potent inhibitor of SARS-CoV-2 3 CLpro: a synergistic integration of computa-
tional modelling and experimental validation. BioNanoScience 15(3):396

Elhawary EA, Soltane R, Moustafa MH, Abdelaziz AM, Said MA, Zahran EM (2025) 
Sustainable MnO2/MgO bimetallic nanoparticles capped with sword fern 
methanol extract attain antioxidant/anti-biofilm potential: a UPLC-ESI/LC/MS 
and network pharmacology-supported study. Pharmaceuticals 18(9):1262

Elkady FM, B. B. M., S. Ebrahim, H. A. H., A.-M. M. A., F. Sabiha, M. Abdul, A. Moham-
med, H. A. M., A. M. S. and H. R. and Hashem. (2025) Green Biosynthesis 
of Bimetallic Copper Oxide-Selenium Nanoparticles Using Leaf Extract of 
Lagenaria Siceraria: Antibacterial, Anti-Virulence Activities Against Multidrug-
Resistant Pseudomonas Aeruginosa. Int J Nanomed 20:4705–4727

El-Moslamy SH, Abd-Elhamid AI, Fawal GE (2024) Large-scale production of myco-
fabricated ZnO/MnO nanocomposite using endophytic Colonstachys rosea 
with its antimicrobial efficacy against human pathogens. Sci Rep 14(1):935

El-Sheekh MM, Shabaan MT, Hassan L, Morsi HH (2022) Antiviral activity of algae 
biosynthesized silver and gold nanoparticles against Herps Simplex (HSV-1) 
virus in vitro using cell-line culture technique. Int J Environ Res Public Health 
32(3):616–627

Hasanin M, Al Abboud MA, Alawlaqi MM, Abdelghany TM, Hashem AH (2022) Eco-
friendly synthesis of biosynthesized copper nanoparticles with starch-based 
nanocomposite: antimicrobial, antioxidant, and anticancer activities. Biol 
Trace Elem Res 200(5):2099–2112

Hasanin MS, Elhenawy Y, Abdel-Hamid SMS, Fouad Y, Monica T, Al-Qabandi OA, El 
Fray M, Bassyouni M (2023) New eco-friendly, biocompatible, bactericidal, 
fungicidal and anticancer-activity-exhibiting nanocomposites based on 
bimetallic TiO2@Cr2O3 nanoparticle core and biopolymer shells. J Compos 
Sci 7(10):426

Hashem AH, El-Sayyad GS, Al-Askar AA, Marey SA, AbdElgawad H, Abd-Elsalam 
KA, Saied E (2023a) Watermelon rind mediated biosynthesis of bimetallic 
selenium-silver nanoparticles: characterization, antimicrobial and anticancer 
activities. Plants 12(18):3288

Hashem AH, Saied E, Ali OM, Selim S, Al Jaouni SK, Elkady FM, El-Sayyad GS (2023b) 
Pomegranate peel extract stabilized selenium nanoparticles synthesis: 

https://doi.org/10.3389/fbioe.2023.1294170
https://doi.org/10.3389/fbioe.2023.1294170
https://doi.org/10.3389/fchem.2023.1158198
https://doi.org/10.3389/fchem.2023.1158198
https://doi.org/10.1002/adfm.202506279
https://doi.org/10.1080/14328917.2025.2534542
https://doi.org/10.1080/14328917.2025.2534542


Page 18 of 19Saied et al. Bioresources and Bioprocessing           (2026) 13:19 

promising antimicrobial potential, antioxidant activity, biocompatibility, and 
hemocompatibility. Appl Biochem Biotechnol 195(10):5753–5776

Hassan SE-D, Fouda A, Saied E, Farag MMS, Eid AM, Barghoth MG, Awad MA, 
Hamza MF, Awad MF (2021) Rhizopus oryzae-mediated green synthesis of 
magnesium oxide nanoparticles (mgo-nps) a promising tool for antimicrobial 
mosquitocidal action and tanning effluent treatment. J Fungi. 7(5):372

Hassanisaadi M, Bonjar AHS, Rahdar A, Varma RS, Ajalli N, Pandey S (2022) Eco-
friendly biosynthesis of silver nanoparticles using Aloysia citrodora leaf extract 
and evaluations of their bioactivities. Mater Today Commun 33:104183

Idris DS, Roy A (2023) Synthesis of bimetallic nanoparticles and applications—an 
updated review. Crystals 13(4):637

Ipadeola AK, Balogun M-S, Abdullah AM (2024) The advancement of porous 
bimetal nanostructures for electrochemical CO2 utilization to valuable 
products: experimental and theoretical insights. Carbon Capture Sci Tech 
13:100266

Jabbar A, Abbas A, Assad N, Naeem-ul-Hassan M, Alhazmi HA, Najmi A, Zoghebi 
K, Al Bratty M, Hanbashi A, aAmin HMJR (2023) A highly selective Hg 2+ 
colorimetric sensor and antimicrobial agent based on green synthe-
sized silver nanoparticles using Equisetum diffusum extract. RSC Adv 
13(41):28666–28675

Jabir NR, Mahboob A, Suhail M, Khan MS, Arshad M, Tabrez S (2024) Anticancer 
potential of Cu4O3 NPs against human ovarian teratocarcinoma: an in-vitro 
validation. Chem Pap 78(5):2811–2821

Jomova K, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, Valko M (2024) Several 
lines of antioxidant defense against oxidative stress: antioxidant enzymes, 
nanomaterials with multiple enzyme-mimicking activities, and low-molecu-
lar-weight antioxidants. Arch Toxicol 98(5):1323–1367

Jusril NA, Abu Bakar SI, Khalil KA, Md Saad WM, Wen NK, Adenan MIJEBC, Medicine 
A (2022) Development and Optimization of Nanoemulsion from Ethanolic 
Extract of Centella asiatica (NanoSECA) Using D-Optimal Mixture Design to 
Improve Blood-Brain Barrier Permeability. Evidence-Based Complementary 
Alternative Med. 2(1):483511

Khan A, Anas M, Bibi F, Ali M, Khalil AT, Munawar KS, Mohamed HEA, Hkiri K, Maaza 
M, Shinwari ZK (2025) Phytochemical-mediated green synthesis of silver, 
copper, and Ag–Cu bimetallic nanoparticles using Peganum harmala dem-
onstrating advanced catalytic, antioxidant, and biomedical applications. Appl 
Biochem Biotechnol 197(6):3630–3667

Khormi MA, Abdelglil MI, Alharbi HM, Alwutayd KM, Albaqami JJ, Zarah RK, Hamdi 
H, Alfattah MA, Soliman MKY (2025) Unwrapping the phytofabrication of 
bimetallic silver–selenium nanoparticles: Antibacterial, Anti-virulence (Target-
ing magA and toxA genes), anti-diabetic, antioxidant, anti-ovarian, and anti-
prostate cancer activities. Green Process Synth. 14(1):20250087

Kirubakaran D, Wahid JBA, Karmegam N, Jeevika R, Sellapillai L, Rajkumar M, 
SenthilKumar KJ (2026) A comprehensive review on the green synthesis of 
nanoparticles: advancements in biomedical and environmental applications. 
Biomed Mater Devices 4(1):388–413

Kleiner VA, Fischmann TO, Howe JA, Beshore DC, Eddins MJ, Hou Y, Mayhood T, 
Klein D, Nahas DD, Lucas BJ, Xi H, Murray E, Ma DY, Getty K, Fearns R (2023) 
Conserved allosteric inhibitory site on the respiratory syncytial virus and 
human metapneumovirus RNA-dependent RNA polymerases. Commun Biol 
6(1):649

Krishnan M, Subramanian H, Ramachandran SK, Muthukumarasamy A, Ramadoss 
D, Mahalingam A, Rathinam AJ, Dahms H-U, Hwang J-S (2023) Synthesis of 
bimetallic BiPO4/ZnO nanocomposite: enhanced photocatalytic dye degra-
dation and antibacterial applications. Int J Mol Sci 24(3):1947

Lashari N, Ganat T, Elraies KA, Ayoub MA, Kalam S, Chandio TA, Qureshi S, Sharma T 
(2022) Impact of nanoparticles stability on rheology, interfacial tension, and 
wettability in chemical enhanced oil recovery: a critical parametric review. J 
Pet Sci Eng 212:110199

Li M, Kuang S, Kang Y, Ma H, Dong J, Guo Z (2022) Recent advances in application 
of iron-manganese oxide nanomaterials for removal of heavy metals in the 
aquatic environment. Sci Total Environ 819:153157

Liu L, Corma A (2023) Bimetallic sites for catalysis: from binuclear metal sites to 
bimetallic nanoclusters and nanoparticles. Chem Rev 123(8):4855–4933

Liu R, Luo C, Pang Z, Zhang J, Ruan S, Wu M, Wang L, Sun T, Li N, Han L, Shi J, 
Huang Y, Guo W, Peng S, Zhou W, Gao H (2023) Advances of nanoparticles as 
drug delivery systems for disease diagnosis and treatment. Chin Chem Lett 
34(2):107518

Losetty V, Devanesan S, AlSalhi MS, Velu PP, Muthupillai D, Kumar KA, Lakkaboyana 
SK (2024) Green synthesis of silver nanoparticles using Malachra alceifolia 
(wild okra) for wastewater treatment and biomedical applications with 
molecular docking approach. Environ Sci Pollut Res Int 31(43):55562–55576

Mahajan M, Kumar S, Gaur J, Kaushal S, Dalal J, Singh G, Misra M, Ahlawat DSJRa 
(2025) Green synthesis of ZnO nanoparticles using Justicia adhatoda for pho-
tocatalytic degradation of malachite green and reduction of 4-nitrophenol. 
RSC Adv 15(4):2958–2980

Malik S, Muhammad K, Waheed Y (2023a) Emerg Appl Nanotech Healthc Med 
28(18):6624

Malik MA, Albeladi SS, Al-Maaqar SM, Alshehri AA, Al-Thabaiti SA, Khan I, Kamli 
MR (2023b) Biosynthesis of novel Ag-Cu bimetallic nanoparticles from leaf 
extract of Salvia officinalis and their antibacterial activity. Life (Basel) 13(3):653

Misra SK, Rosenholm JM, Pathak K (2023) Functionalized and nonfunctionalized 
nanosystems for mitochondrial drug delivery with metallic nanoparticles. 
Molecules 28(12):4701

Mohamed MV, Ahamed AJ, Begum AS, Alharbi HM, Khojah AA, Ahamed FMM, 
Sarkar S, Almohaimeed HM, Uti DE (2025) Investigation of the anticancer, 
antibacterial, and photocatalytic properties of CeO2 and Cu-CeO2 nanopar-
ticles synthesized by a green method. Green Chem Lett Rev 18(1):2543911

Mondal SK, Chakraborty S, Manna S, Mandal SMJRP (2024) Antimicrobial nanopar-
ticles: current landscape and future challenges. RSC Pharm 1(3):388–402

Nagajyothi PC, Gouthami K, Maity S, Pavani K, Tettey CO, Reddy VD, Shim J (2025) 
Antibacterial and anticancer activity of Ag-CeO2 nanocomposite. J Cluster 
Sci 36(4):146

Nanda SS, Yi DK (2024) Recent advances in synergistic effect of nanoparticles and 
its biomedical application. Int J Mol Sci 25(6):3266

Ongtanasup T, Kamdenlek P, Manaspon C, Eawsakul K (2024) Green-synthesized 
silver nanoparticles from Zingiber officinale extract: antioxidant potential, 
biocompatibility, anti-LOX properties, and in silico analysis. BMC Comple-
ment Med Ther 24(1):84

Patel KD, Keskin-Erdogan Z, Sawadkar P, Sharifulden NSAN, Shannon MR, Patel M, 
Silva LB, Patel R, Chau DY, J. C. J. N. h. Knowles. (2024) Oxidative stress modu-
lating nanomaterials and their biochemical roles in nanomedicine. Nanoscale 
Horizons. 9(10):1630–1682

Rana A, Pathak S, Lim D-K, Kim S-K, Srivastava R, Sharma SN, Verma R (2023) Recent 
advancements in plant- and microbe-mediated synthesis of metal and metal 
oxide nanomaterials and their emerging antimicrobial applications. ACS 
Applied Nano Materials 6(10):8106–8134

Rani P, Kumar N, Perinmbam K, Devanesan S, AlSalhi MS, Asemi N, Nicoletti M 
(2023) Synthesis of silver nanoparticles by leaf extract of Cucumis melo L. and 
their in vitro antidiabetic and anticoccidial activities. Molecules 28(13):4995

Rashid Khan M, Alafaleq NO, Ramu AK, Alhosaini K, Shahnawaz Khan M, Zughaibi 
TA, Tabrez S (2024) Evaluation of biogenically synthesized MgO NPs antican-
cer activity against breast cancer cells. Saudi J Biol Sci 31(1):103874

Raudone L, Savickiene N (2024) Phytochemical profiles of plant materials: from 
extracts to added-value ingredients. Plants 13(7):964

Roy A, Healey CP, Larm NE, Ishtaweera P, Roca M, Baker GA (2024) The huge role of 
tiny impurities in nanoscale synthesis. ACS Nanoscience Au 4(3):176–193

Saied E, Salem SS, Al-Askar AA, Elkady FM, Arishi AA, Hashem AH (2022) Mycosyn-
thesis of Hematite (α-Fe2O3) Nanoparticles Using Aspergillus niger and Their 
Antimicrobial and Photocatalytic Activities. Bioengineering 9(8):397

Saleh HM, Hassan AI (2023) Synthesis and characterization of nanomaterials 
for application in cost-effective electrochemical devices. Sustainability 
15(14):10891

Saod WM, Hamid LL, Alaallah NJ, Ramizy A (2022) Biosynthesis and antibacterial 
activity of manganese oxide nanoparticles prepared by green tea extract. 
Biotechnol Rep (Amst) 34:e00729

Sayed MA, El-Rahman TMAA, Abdelsalam HK, El-Souad SMSA, Shady RM, Amen 
RA, Zaki MA, Mohsen M, Desouky S, Saeed S, Omar S, El-Bassuony AAH (2024) 
Biosynthesis of silver, copper, and their bi-metallic combination of nanocom-
posites by Staphylococcus aureus: their antimicrobial, anticancer activity, and 
cytotoxicity effect. Indian J Microbiol 64(4):1721–1737

Selim S, Almuhayawi MS, Saddiq AA, Alruhaili MH, Saied E, Sharaf MH, Tarabulsi 
MK, Al Jaouni SK (2025a) Synthesis of novel MgO-ZnO nanocomposite using 
Pluchea indica leaf extract and study of their biological activities. Bioresour 
Bioprocess 12(1):33

Selim S, Abdelghany TM, Almuhayawi MS, Nagshabandi MK, Tarabulsi MK, Elamir 
MYM, Alharbi AA, Al Jaouni SK (2025b) Biosynthesis and activity of Zn-MnO 
nanocomposite in vitro with molecular docking studies against multidrug 
resistance bacteria and inflammatory activators. Scientific Rep 15(1):2032

Shahzadi S, Fatima S, Shafiq Z, Janjua MRSA (2025) A review on green synthesis 
of silver nanoparticles (SNPs) using plant extracts: a multifaceted approach 
in photocatalysis, environmental remediation, and biomedicine. RSC Adv 
15(5):3858–3903



Page 19 of 19Saied et al. Bioresources and Bioprocessing           (2026) 13:19 

Shameem M, Ahmad W (2025) Sunlight-Driven Photocatalytic Degradation of 
Ibuprofen and Ciprofloxacin Using Microwave-Assisted Green Synthesized 
Mn2O3 Nanoparticles Decorated with Cucumis meloPeel Extract. J Inorg 
Organomet Polym Mater. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​9​0​4​-​0​2​5​-​0​3​9​4​2​-​x

Sher N, Alkhalifah DHM, Ahmed M, Mushtaq N, Shah F, Fozia F, Khan RA, Hozzein 
WN, Aboul-Soud MAM (2022) Comparative study of antimicrobial activity 
of silver, gold, and silver/gold bimetallic nanoparticles synthesized by green 
approach. Molecules 27(22):7895

Suresh P, Doss A, Praveen Pole RP, Devika M (2024) Green synthesis, characteriza-
tion and antioxidant activity of bimetallic (Ag-ZnO) nanoparticles using Cap-
paris zeylanica leaf extract. Biomass Convers Biorefin 14(14):16451–16459

Tabrez S, Khan AU, Mirza AA, Suhail M, Jabir NR, Zughaibi TA, Alam M (2022a) Bio-
synthesis of copper oxide nanoparticles and its therapeutic efficacy against 
colon cancer. Nanotechnol Rev 11(1):1322–1331

Tabrez S, Khan AU, Hoque M, Suhail M, Khan MI, Zughaibi TA (2022b) Investigating 
the anticancer efficacy of biogenic synthesized MgONPs: an in vitro analysis. 
Front Chem. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​3​3​​​8​9​​/​f​c​​h​e​m​.​2​​0​2​2​.​9​7​0​1​9​3

Tabrez S, Khan AU, Hoque M, Suhail M, Khan MI, Zughaibi TA (2022c) Biosynthesis 
of ZnO NPs from pumpkin seeds’ extract and elucidation of its anticancer 
potential against breast cancer. Nanotechnol Rev 11(1):2714–2725

Tran TKN, Tran LKV, Vo NCT, Vo NCN, Doan TQM, Pham HD, Nguyen TND (2025) 
Green synthesis of titanium dioxide nanoparticles using green tea (Camellia 
sinensis) extract: Characteristics and applications. Green Process Synth. 
14(1):20240226

Ullah S, Khalid R, Rehman MF, Irfan MI, Abbas A, Alhoshani A, Anwar F, Amin HMA 
(2023) Biosynthesis of phyto-functionalized silver nanoparticles using olive 
fruit extract and evaluation of their antibacterial and antioxidant properties. 
Front Chem 11:1202252

Vasiliev G, Kubo A-L, Vija H, Kahru A, Bondar D, Karpichev Y, Bondarenko O (2023) 
Synergistic antibacterial effect of copper and silver nanoparticles and their 
mechanism of action. Sci Rep 13(1):9202

Wu Q, Zhang P, Kuo D-H, Wu B, Abdeta AB, Su Z, Chen L, Zelekew OA, Lin J, Chen 
X (2023) Activation of Cu3(MoO4)2(OH)2 with the hydrazine-driven cation 
reduction into a highly efficient catalyst for the reduction of organic dyes and 
heavy metals ion. J Environ Chem Eng 11(3):109974

Yadav S, Nadar T, Lakkakula J, Wagh NS (2024) Biogenic Synthesis of Nanomateri-
als: Bioactive Compounds as Reducing, and Capping Agents. In: Shah MP, 

Bharadvaja N, Kumar L (eds) Biogenic Nanomaterials for Environmental 
Sustainability: Principles, Practices, and Opportunities. Springer International 
Publishing, Cham, pp 147–188

Yadav N, Jangra P, KJAJoPRYadav (2025) A Comprehensive Review on Medicinal 
Importance of Cucumis melo. J Pharm Res Develop. 13(1):117–122

Yan Z, Liu C, Liu Y, Tan X, Li X, Shi Y, Ding C (2023) The interaction of ZnO nanopar-
ticles, Cr(VI), and microorganisms triggers a novel ROS scavenging strategy to 
inhibit microbial Cr(VI) reduction. J Hazard Mater 443:130375

Zadeh FA, Bokov DO, Salahdin OD, Abdelbasset WK, Jawad MA, Kadhim MM, 
Qasim MT, Kzar HH, Al-Gazally ME, Mustafa YF, Khatami M (2022) Cytotoxic-
ity evaluation of environmentally friendly synthesis copper/zinc bimetallic 
nanoparticles on MCF-7 cancer cells. Rendiconti Lincei Sci Fisiche e Naturali 
33(2):441–447

Zhang M, Wang R, Cai Z-Y, Zong C, Qiao H-T, Wu D-Y, Tian Z-Q (2023) Electrochemi-
cal surface-enhanced Raman spectroscopy for energy modulation of surface 
plasmon-mediated photoelectrochemical reactions of para-aminothiophe-
nol on silver nanoparticle-modified electrodes. J Phys Chem C Nanomater 
Interfaces 127(46):22590–22599

Zhdanov VP (2025) Basics of the kinetics of aggregation and attachment of bio-
logical nanoparticles. Colloids Surf, A 709:136024

Zohra R, Meneceur S, Eddine LS, Bouafia A, Mohammed HA, Hasan GG (2023) Bio-
synthesis and characterization of MnO2 and Zn/Mn2O4 NPs using Ziziphus 
spina-christi aqueous leaves extract: effect of decoration on photodegrada-
tion activity against various organic dyes. Inorg Chem Commun 156:111304

Zubair M, Rafique MS, Khalid A, Yaqub T, Shahid MF, Alomar SY, Shar MA (2023) The 
fabrication of gold–silver bimetallic colloids by microplasma: a worthwhile 
strategy for counteracting the surface activity of avian influenza virus. 
Crystals 13(2):340

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s10904-025-03942-x
https://doi.org/10.3389/fchem.2022.970193

	﻿Eco-friendly biosynthesis of manganese oxide-silver bimetallic nanoparticles using ﻿Cucumis melo﻿ peel extract: characterization, antioxidant, antimicrobial, and antiviral activities
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿Preparation of CPE
	﻿Synthesis of MnO–Ag BNPs
	﻿Characterization of MnO–Ag BNPs
	﻿Antibacterial activity
	﻿DPPH radical scavenging capacity
	﻿Cytotoxic activity
	﻿Antiviral assay
	﻿Statistical analysis

	﻿Results and discussion
	﻿Biosynthesis of MnO–Ag BNPs using CPE
	﻿Characterization
	﻿UV–vis spectroscopy
	﻿TEM, FTIR, and DLS analysis
	﻿XRD and SEM–EDX analysis
	﻿Antimicrobial activity
	﻿Antioxidant activity


	﻿Antiviral activity of MnO–Ag BNPs
	﻿Cytotoxicity against vero cells
	﻿Antiviral activity toward HSV–1
	﻿Proposed mechanism of action of MnO–Ag BNPs

	﻿Conclusion
	﻿References


