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Biosynthesis of bimetallic
silver—copper oxide
nanoparticles using endophytic
Clonostachys rosea ZMS36 and
their biomedical applications

Zhijiang Chen', Tianyu Lv', Yuxing Zhang, Weitao Kong, Xixian Li,
Siyun Xie, Jiaqi Li, Yu Long, Liging Chen, Jiarong Liu, Zhiqi Li,
Xingda Zeng* and Zujun Deng*

Guangdong Provincial Key Laboratory of Pharmaceutical Bioactive Substances, School of Basic
Medical Sciences, Guangdong Pharmaceutical University, Guangzhou, China

Bimetallic nanoparticles (BMNPs) have garnered significant interest owing to
their exceptional physicochemical properties. However, there have been few
reports of the biosynthesis of BMNPs using endophytic fungi from medicinal
plants. The objectives of this study were to isolate endophytic fungi from
medicinal plant Anemarrhena asphodeloides to synthesize bimetallic Ag-CuO
nanoparticles (Ag-CuO NPs), characterize the biosynthesized Ag-CuO NPs and
assess their bioactivity and biosafety. The endophytic fungus ZMS36 capable of
biosynthesizing Ag-CuO NPs was isolated from medicinal plant A. asphodeloides
and identified as Clonostachys rosea. The Ag-CuO NPs were biosynthesized
using endophytic C. rosea ZMS36 and characterized by UV-visible, SEM, TEM,
EDS, XRD, and FTIR. The Ag-CuO NPs exhibited good antibacterial activity
against Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli,
Staphylococcus epidermidis, Salmonella typhimurium, and Shigella dysenteriae.
They also significantly inhibited the growth of MRSA and the expression of
mecA gene, especially in conjunction with vancomycin, the preferred antibiotic
for clinical treatment of MRSA infections. The Ag-CuO NPs showed promising
anticancer activity in antiproliferative assays on the tumor cell lines Hela,
PDSF, and A549. Furthermore, the Ag-CuO NPs inhibited the migration of Hela
cells as well as angiogenesis in chicken embryos, helping to inhibit tumor
metastasis. Interestingly, the Ag-CuO NPs showed low cytotoxicity, indicating
good biocompatibility. This study revealed the potential of endophytic fungi
from medicinal plants to synthesize BMNPs and highlighted biosynthetic Ag-CuO
NPs as promising novel antibacterial and anticancer nanodrugs for future
biomedical applications.

KEYWORDS

endophytic fungi, medicinal plant, Ag-CuO NPs, antibacterial agents, anticancer agents

1 Introduction

Metallic nanoparticles (MNPs) have attracted significant interest from researchers
because of their promising applications in biomedicine, biopesticide, electronics, optics,
and catalysis, which are attributed to their unique physical and chemical properties (Jiang
et al., 2020; Jamil et al., 2024). In most cases, bimetallic nanoparticles (BMNPs) typically
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exhibit more intriguing properties including optical, magnetic,
electronic, catalytic, and antioxidant properties compared to the
monometallic nanoparticles (MMNPs) due to the synergistic
properties between the two different metal parts (Arora et al,
2020). Additionally, they can also show some novel properties
and capabilities due to synergistic effects (Kumari et al., 2015;
Zhang et al, 2011). Thus, BMNPs have recently attracted
widespread attention. The Au-Ag nanoparticles (NPs) synthesized
from the root extract of Asparagus racemosus exhibited excellent
antibacterial potential (Amina et al., 2020). Au-Pt, Cu-Pt, and Ag-
Cu NPs have also demonstrated strong antimicrobial properties
(Dobrucka and Dlugaszewska, 2018; Fan et al., 2021; Zhao et al.,
2014). Ag-Cu and Cu-Zn NPs were found to be capable of
disrupting the metabolism of cancer cells (Merugu et al., 2021). Riaz
et al. (2020) reported that Ag-Ni and Ag-Cu NPs exhibited strong
antioxidant activity in DPPH free radical scavenging and hydroxyl
radical scavenging assays.

Currently, the synthesis of BMNPs still predominantly relies on
chemical and physical processes, such as laser ablation, milling, or
the addition of chemical reducing agents to metal ion solutions.
However, these methods are energy intensive, time consuming and
often involve the use of toxic chemicals that produce hazardous
byproducts (Loza et al., 2020; Letchumanan et al, 2021). In
contrast, biosynthesis offers a more environmentally friendly
and safer alternative for BMNPs synthesis (Hosseini and Sarvi,
2015; Sharma et al, 2019). The biosynthesis of metallic NP
involves a variety of microorganisms and plants, including bacteria,
fungi, yeast, algae, actinomycetes, plants, and phytochemicals
(Sharma et al., 2019; Prabakaran and Rajan, 2021; Singh et al.,
2016). Among them, the microbial synthesis of NPs offers
distinct advantages over plant-mediated synthesis, primarily due
to the ease of cultivating and reproducing microbes (Velsankar
et al, 2020). Numerous studies have demonstrated that fungi
are capable of synthesizing MNPs through the production of
various enzymes, such as a-NADPH-dependent reductases, nitrate-
dependent reductases, and the extracellular shuttle quinone (Anil
Kumar et al., 2007; Deepa and Panda, 2014; Durén et al., 2005; Peng
et al,, 2024). Medicinal plants are important sources of bioactive
natural compounds, showcasing remarkable pharmacological and
therapeutic properties (Luo et al, 2024; Zeng et al, 2020).
Endophytic fungi of medicinal plants are particularly noteworthy,
as they produce a number of natural bioactive secondary
metabolites that are identical to those produced by their host plants
(Gupta et al., 2020). These enzymes and pharmacologically active
secondary metabolites not only contribute to the formation of
NPs, but can also be attached to the synthesized metallic NPs,
thereby providing additional benefits that increase the efficacy
of metallic NPs (Rahman et al, 2019). Additionally, enzymes
and pharmacologically active secondary metabolites function as
capping agents, preventing the aggregation of the NPs and the
formation of long-lasting, stable structures (Anil Kumar et al,
2007; Alghuthaymi et al., 2015). Therefore, endophytic fungi from
medicinal plants are an ideal resource for synthesizing BMNPs.
Several MMNPS such as AgNPs synthesized using endophytic fungi
isolated from medicinal plants showed significant antimicrobial
efficacy (Devi et al,, 2014; Mohamed et al., 2019). The CuO NPs
synthesized by the endophytic fungus Aspergillus terreus FCBY1
had been demonstrated to exhibit good antimicrobial, antioxidant,
and anticancer activities (Mani et al., 2021). ZnO NPs synthesized
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by the endophytic fungus Aspergillus niger exhibited excellent
in vitro and in vivo antimicrobial activity against Staphylococcus
aureus (Abdelkader et al., 2022). However, to date, research on the
synthesis of BMNPs using endophytic fungi of medicinal plants
is rarely reported. Anemarrhena asphodeloides, widely used in
traditional medicine for thousands of years, exhibits a wide range of
pharmacological activities including antitumor, anti-inflammatory,
antiallergic, antibacterial, antiviral, antiaging effects (Liu et al,
2023; Lodi et al.,, 2025). Nevertheless, the use of fungal endophytes
from A. asphodeloides in BMNP biosynthesis has not been invovled.

In this endophytic rosea ZMS36
isolated from the stems of medicinal plant A. asophilus was
used to biosynthesize Ag-CuO NPs for the first time. The
biologically synthesized Ag-CuO NPs were characterized and

study, Clonostachys

their antimicrobial and anticancer effects and biosafety were
also evaluated.

2 Materials and methods

2.1 Isolation and identification of
endophytic fungi

The endophytic fungus in this study was isolated from a healthy
A. asphodeloides plant collected from the Taihang Mountains (34°
35’ N, 116° 27" E) in China. The plant was identified by Professor
Yizhu Chen at South China Botanical Garden, Chinese Academy
of Sciences. Following the sterilization of the plant surface in
accordance with the method proposed by Li et al. (2024), the fungal
mycelium growing from the interior of the plant was collected and
preserved on the slant of the PDA. Spore suspensions of endophytic
fungi were maintained in a solution comprising 15% glycerol (v/v)
at —80°C.

The endophytic fungal spores were revived on potato dextrose
agar plates and placed in an incubator at 28°C for 1 week to
allow for morphological observation and molecular analysis. The
strain tissue was subsequently placed on a clean slide and the aerial
mycelium and spores of the endophyte were subsequently observed
via light microscopy (Kali et al,, 2014). Molecular analysis was
performed in accordance with the methodology described by Deng
etal. (2014). DNA extracted from endophytes was amplified via the
fungus-specific primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-
3’) and ITS4 (5-TCCTCCGCTTATTGATATGC-3'). The qualified
amplification products were subsequently sequenced at Sangon
Biotech (Shanghai) Co., Ltd. The resulting sequences were
subsequently matched in the NCBI GenBank database via
the BLASTN program and neighbor-joining (NJ) analysis was
conducted via MEGA software, with bootstrap values calculated
from 1,000 repetitive runs.

2.2 Screening of endophytic fungi with the
ability to synthesize Ag-CuO NPs

The endophytic fungal strains were cultivated in potato
dextrose broth (PDB) for 96 h at 28°C with oscillation (120 rpm).
The mycelium in the PDB was subsequently filtered through sterile
filter paper and washed three times with sterilized deionized water
(Zawadzka et al., 2021). Media-removed fungal mycelium (10 g)
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was resuspended in 100 mL of sterile deionized water for a period
of 24 h at 28°C with agitation at a rate of 120 rpm. Ultimately, the
culture filtrate was obtained through filtration via a syringe filter
(BS-PES-22 Biosharp, China), which was employed in the synthesis
of Ag-CuO NPs (Mistry et al., 2021).

The present study referenced the synthetic method developed
by Sharma Deepika and colleagues for preliminary screening
of endophytic fungi that are capable of synthesizing BMNPs.
The first step involved mixing an equivalent amount of silver
nitrate (AgNO3) and copper sulfate pentahydrate (CuSO4-5H,0)
solution. The mixed solution of the two metal salts was added to
the endophytic fungal culture filtrate under continuous magnetic
stirring for BMNPs synthesis. The change in the color of the
solution from colorless and transparent to black is indicative of the
formation of bimetallic Ag-CuO NPs.

2.3 Biosynthesis and characterization of
BMNPs

identified the
conditions by systematically varying metal salt concentrations
(025mM A$ST + 025mM Cu?*t — 2.0mM Agh + 2.0mM
Cu?t), reaction time (1-5h), and pH (4-9). Under the optimized
conditions, 10 mL of the two metal salts solution (0.5mM Ag" +
0.5mM Cu?*) was added to 90 mL of fungal culture filtrate. The
reaction mixture was adjusted to pH 6 and subjected to continuous
magnetic agitation for 3h at 85°C. The black BMNPs solutions
were precipitated via centrifugation at 12,000 rpm for 30 min,

Optimization studies optimal  synthesis

after which they were washed three times with sterile deionized
water. After centrifugation, the BMNPs were lyophilized for
subsequent experiments.

The formation of NPs can be monitored via a UV-Vis
spectrophotometer (Multiskan Skyhigh Thermo Fisher Scientific,
China). The surface morphology of the Ag-CuO NPs was
characterized by scanning electron microscopy (SEM; MIRA LMS
TESCAN, Czech Republic) and their elemental composition was
examined by energy dispersive spectroscopy (EDS). Transmission
electron microscopy (TEM; JEM-F200 JEOL, Japan) allows further
visualization of both the size and surface structure of the NPs.
Fourier transform infrared spectroscopy (FTIR; Nicolet iN10
Thermo Fisher Scientific, USA) was used to investigate the surface
functional groups of the Ag-CuO NPs synthesized from the fungal
filtrates. The crystal structure of the Ag-CuO NPs was examined
using X-ray diffraction (XRD; D8 Venture Bruker, Germany).

2.4 The antibacterial activity of Ag-CuO
NPs

The antibacterial activity of the synthesized NPs was
evaluated against seven human pathogenic bacteria. The
following bacteria were included: Pseudomonas aeruginosa
(ATCC27853), Staphylococcus aureus (CMCC26003), Escherichia
coli (CMCC44102), Staphylococcus epidermidis (ATCC49134),
Salmonella  typhimurium (CMCC50115), Shigella dysenteriae
(CMCC51252), and methicillin-resistant Staphylococcus aureus

(MRSA, ATCC43300). The MICs and MBCs of Ag-CuO
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NPs against each bacterial species were determined via broth
microdilution in accordance with the Clinical Laboratory
Standards Institute guidelines (CLSI, 2024). In summary, a stock
solution of Ag-CuO NPs (or antibiotic solutions) was diluted to
a concentration of 256 ug/mL and subsequently, two-fold serial
dilutions were conducted until a concentration of 0.125 jug/mL was
reached with MH broth. NPs solutions (or antibiotic solutions)
of varying concentrations, with a volume of 100 L per well,
were added to 96-well microtiter plates. Ultimately, 100 pL of a
pathogenic bacterial suspension (5 x 10> CFU/mL) was inoculated
into each well. Tigecycline and gentamicin were selected as
positive controls for gram-positive and gram-negative bacteria,
respectively. A further coadministration group was established
for MRSA, in which Ag-CuO NPs and vancomycin antibiotics
were administered concomitantly. Both agents were combined in
equal volumes (v/v) at identical concentrations. The assay plates
were incubated at 37°C for 16-20h, after which the MICs were
determined visually. Following the measurement of the MIC,
suspensions from each well of the microtiter plate in which no
observable bacterial growth was present were inoculated into
MHA plates for the purpose of conducting the MBC test. The
inoculated plates were incubated at 37°C for 20 h and the lowest
concentration that did not result in colony colonies on MHA agar
(i.e., which killed 100% of the bacterial population) was recorded as
the MBC. The experiments were conducted in triplicate to ensure
the reproducibility of the results.

2.5 The effects of Ag-CuO NPs on MRSA

Morphological changes of MRSA were observed by scanning
electron microscopy. Sample preparation for SEM (JSM-IT800
JEOL, Japan) was carried out in accordance with the methodology
proposed by Chew et al. (2018) with minor modifications. Freshly
cultured bacterial suspensions of MRSA were adjusted to ~1 x
108 CFU/mL. The bacteria were then treated with a 1 x MIC
concentration of Ag-CuO NPs for 6h at 37°C. A control group
comprising bacteria that had not been treated with NPs was also
established. The bacterial samples were subjected to centrifugation
at 5,000 rpm for 3 min, after which they were washed three times
with phosphate-buffered saline (PBS). The bacterial suspension was
aspirated onto a slide and air dried. The slides were then fixed with
2.5% glutaraldehyde for 24 h. The fixed samples were dehydrated
in graded ethanol (30%, 50%, 80%, 90%, 100%) for 10 min each
time. The slides were left to dry overnight and then sputter-coated
in preparation for observation via SEM.

The ability of Ag-CuO NPs to prevent or reduce MRSA biofilm
formation was assessed according to the following methodology.
The pathogenic bacterial strains were cultivated in LB broth
containing 0.5% glucose for 18 h at 37°C. Thereafter, the bacterial
suspension (108 CFU/mL) was added to polystyrene 96-well plates
at a volume of 200 pL per well and 1/2, 1/4, or 1/8 MIC (final
concentration) of Ag-CuO NPs was dispensed into the different
wells (Ibrahim et al., 2021). The bacterial biofilms were grown at
37°C for 48 h, after which the medium was removed. To remove
floating bacteria, the 96-well plates were washed three times with
phosphate-buffered saline (PBS) at a pH of 7.4. The formed biofilm
was then fixed with 200 pL of 95% methanol for 10 min in each
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well and 0.3% crystal violet was added to the wells for staining.
Thereafter, the plates were rinsed with distilled water and air dried
(Kotetal,, 2018). For the quantitative biofilm formation assays, 30%
acetic acid was added to the wells and the absorbance was measured
at ODs70nm via a microplate reader. The biofilm inhibition rate was
calculated according to the following formula:

Biofilm inhibition (%) =
Control ODs7onm — Treated ODs70n0m

x 100%
Control ODs570n0m

The expression of the antimicrobial resistance gene (mecA)
was identified through the use of quantitative real-time polymerase
chain reaction (PCR). MRSA was treated with 1/2 MIC
concentrations of Ag-CuO NPs, vancomycin or Ag-CuO NPs
+ vancomycin (1:1 = wv:v) for 6h at 37°C. The untreated
sample served as a negative control. Total bacterial RNA was
extracted via the RNA Extraction Kit (Easun Biotech, China)
and quantified via the A260 method via a NanoDrop Lite
spectrophotometer (Multiskan Skyhigh, Thermo Fisher Scientific,
China). The RNA was then transcribed into cDNA via a reverse
transcription kit (HiScript III All-in-one RT SuperMix Perfect
for qPCR Vazyme, China). Real-time PCR experiments were
conducted in accordance with the instructions provided with the
fluorescence quantification kit (TB Green~ Premix EX Taq™
II, Tli RNaseH Plus Takara Biomedical Technology, China). In
this study, the RpoB gene, which encodes an RNA polymerase
subunit, was used as the internal reference and specific primers
were  designed  (F-CAGCTGACGAAGAAGATAGCTATGT,
R-ACTTCATCATCCATGAA  ACGACCAT; Kot et al,
2018). The specific primers used for the mecA gene were
previously  described (F-ATCCACCCTCAAACAGGTGAAT,
R-GGAACTTGTTGAGCAGAG GTTC; Wang and Nicholaou,
2017). The following thermal cycling conditions were used for
RT-PCR amplification: initial denaturation at 95°C for 30s,
followed by 40 cycles of annealing at 95°C for 5s and extension at
60°C for 30s. The relative expression of the target genes can be
calculated via the following formula: RQ = 274ACt (Abdelraheem
etal., 2021).

2.6 The anticancer activity of Ag-CuO NPs

2.6.1 Cell culture

The following cancer cell lines were utilized in this study: A549
(a human lung cancer cell line), PDSF (a pituitary tumor-derived
folliculostellate cell line) and HeLa (a human cervical cancer cell
line). The cancer cells were maintained in culture in DMEM
containing 10% fetal bovine serum and 1% penicillin-streptomycin
at 37°C and 5% CO,.

2.6.2 Viability of cells

The toxicity of Ag-CuO NPs toward cancerous cells was
assessed by determining their effect on cell viability through the use
of a Cell Counting Kit-8 (CCK-8; Solarbio, China) assay. Different
cancer cell lines were inoculated into 96-well plates at a density of
0.8 x 10* cells/well and incubated at 37°C for 24 h. Next, the cells
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were treated with various concentrations of Ag-CuO NPs (0.25,
0.5, 1, 2, 4, 8, 16, 32, 64, and 128 ug/mL) for a period of 24h,
with cells not exposed to NPs serving as negative controls. To each
well, 10 WL of the CCK-8 solution was added and the mixture was
incubated for 1h at 37°C. Absorbance measurements at OD450nm
were conducted via a microplate reader, with a blank background
group (containing only DMEM) established (Tian et al., 2020). The
relative cell proliferative activity was calculated as follows: Viability
of cells (%) = (Treated ODy4s50nm — Blank ODys0nm)/(Control
OD450 nm — Blank OD450 nm) x 100%.

The
determined as the concentration of Ag-CuO NPs required to

half-maximal inhibitory concentration (ICsp) was
inhibit 50% of cell growth. The ICs( values were calculated through
linear regression analysis performed using GraphPad Prism8
software (Pesic et al., 2015).

2.6.3 In vitro scratch test

The objective of the scratch test was to detect the effects of
Ag-CuO NPs on cell-cell interactions and cell migration. The
HeLa cells with the lowest ICsp values, as determined by the cell
proliferation assay, were selected for testing the impact of Ag-CuO
NPs on their migratory capacity. HeLa cells were inoculated into
12-well plates at a density of 1 x 107 cells/well and incubated
at 37°C in a 5% CO; incubator for 24h to allow growth into a
confluent monolayer. A 200 L sterile pipette tip was subsequently
used to create a scratch in the cell mixture. The cells in the 12-well
plates were treated with Ag-CuO NPs at concentrations that had
an ICsg value for increasing HeLa cell viability. Additionally, wells
without NPs were used as controls. The samples were observed
and photographed under an inverted microscope (Soptop ICX41,
China) at 12 h intervals over a period of 48 h. The dimensions of the
gap were quantified through analysis with Image] software (Kumari
etal., 2021).

2.6.4 Angiogenesis inhibition capacity detected
by Hen's egg test-chorioallantoic membrane
(HET-CAM) assay

The ability of Ag-CuO NPs to inhibit angiogenesis in chicken
embryos was investigated via the method proposed by Mani et al.
(2021). A small hole was opened in the air sac of a 9-day-old chick
embryo (Zhaoging Dahuanong Biology Medicine Co., Ltd., China)
via forceps. Different concentrations of Ag-CuO NPs solution (100,
200, and 300 pg/mL) were then added to the surface of the CAM.
Prior to the placement of the samples, the number of blood vessels
in each egg was quantified. The process of angiogenesis within the
eggs was subsequently observed and evaluated after 2 and 18 h. The
positive control was 0.1 N NaOH, while 0.9% NaCl was used as the
negative control (Mani et al., 2021).

2.7 Cytotoxicity studies

2.7.1 In vitro cytotoxicity assay

Human epidermal keratinocyte HaCaT cells were cultured in
complete medium (DMEM containing 10% FBS and 1% penicillin-
streptomycin) at 37°C with 2.5% CO,. The cells were inoculated
into 96-well microtiter plates at a density of 0.8 x 10* cells/well and
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FIGURE 1

of C. rosea ZMS36. (D) The conidia of C. rosea ZMS36.

Morphology of endophytic C. rosea ZMS36. (A) The front of the fungal colony. (B) The back of the fungal colony. (C) The microscopic conidiophores

incubated for 24 h to enable adhesion to the wall. Then, different
concentrations of Ag-CuO NPs (0.25, 0.5, 1, 2, 4, 8, 16, 32, 64,
and 128 ug/mL) were added and a control group without NPs
was set up (Shkryl et al., 2021). CCK-8 analyses and cell viability
measurements and calculations were also conducted in accordance
with previously described methods (Tian et al., 2020).

2.7.2 Hemolysis assay

A study of the cytotoxic effects of Ag-CuO NPs used
a hemolysis assay. Sheep erythrocytes (Guangzhou Hongquan
Biotechnology Co., Ltd., China) were treated with different
concentrations of NPs for 1h at 37°C. The concentrations were
selected to represent the MIC, 1/2 MIC, and 1/4 MIC of
MRSA. The sheep erythrocytes were treated with Triton X-100
(0.1%) as a positive control and with PBS as a negative control.

Frontiers in Microbiology

Following the incubation period, the samples were subjected
to centrifugation for 10 min, after which the absorbance of the
supernatant was measured at a wavelength of 450 nm (Kamli et al.,
2021). The rate of erythrocyte hemolysis was calculated via the
following formula:

Treated ODy4s0nm —

Negative control OD4s50nm

Hemolysis rate (%) = x 100%

Positive control ODysonm —
Negative control OD4s50nm

2.8 Statistical analysis

All experiments were independently repeated three times under
identical conditions. Data were expressed as mean =+ standard
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100
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FIGURE 2

The phylogenetic tree based on the ITS rDNA gene sequence of C. rosea ZMS36. The phylogenetic tree was constructed by Neighbor-Joining
method. Fusarium aseptatum CGMCC 3.22496 (NR 191237.1) was used as the out-group. The numbers on the phylogenetic tree were the bootstrap
values after 1,000 replicates and the scale length represented the genetic distance.

Fusarium aseptatum CGMCC 3.22496 (NR 191237.1)

deviations (SD). Statistical analyses were performed with GraphPad
Prism 8.0 software and the resulting data were compared via
one-way analysis of variance (ANOVA). A p value < 0.05 was
considered statistically significant.

3 Results

3.1 Isolation and identification of
endophytic fungi with the ability to
biosynthesize BMNPs

A total of 31 strains of endophytic fungi were isolated from A.
asphodeloides. Among them, the aqueous extract of the mycelium
of ZMS36 caused a color change in response to the addition of
a solution of AgNO3 and CuSOy4-5H,0, resulting in a shift from
colorless to black. These results indicated that the endophytic strain
ZMS36 likely has the capacity to biosynthesize bimetallic NPs.

The endophytic fungus ZMS36 had a slow growth rate. The
colony presented a white, fluffy appearance on the front side
and produced yellow pigmentation on the back side (Figures 1A,
B). Strain ZMS27 had septal mycelia, conidiophores with broom-
like branches and colorless oval conidia (Figures 1C, D). BLAST
analysis revealed that the ITS gene sequence of strain ZMS36
(GenBank accession number: PP998458) shared 99.81% similarity
with that of C. rosea (MZ424804.1), which was isolated from
roots of medicinal plant Angelica sinensis in the village of Sada,
Minhe County, Haidong City, in Qinghai Province, China (36° 19’
9.47" N, 102° 51’ 30.83" E, elevation: 2,437 m; Ma et al., 2022).
The phylogenetic tree indicated that strain ZMS36 clustered well
together with 7 representative taxa of Clonostachys. Within this
clade, strains ZMS36 and C. rosea (MZ424804.1) formed a subclade
with relatively strong bootstrap support of 100% (Figure 2). On the
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basis of morphological characteristics and phylogenetic analysis,
strain ZMS36 was categorized as C. rosea.

3.2 Biosynthesis and characterization of
Ag-CuO NPs

As shown in Supplementary Figure S1A, Ag-CuO NPs could
be successfully synthesized by strain ZMS36 at 0.5mM Agt +
0.5mM Cu?t when the pH was 6 and the reaction time was
3h. However, no NPs were synthesized at salt concentrations
of 025mM Ag"t + 025mM Cu’t, 1.0mM Agt + 1.0mM
Cu?t, and 2.0mM Ag" + 2.0mM Cu?*. The Ag-CuO NPs
were synthesized at reaction time of 3, 4, and 5h under pH 6
and salt concentrations of 0.5mM Ag* + 0.5mM Cu’*, with
average particle sizes of 36.86, 49.67, and 58.26 nm, respectively
(Supplementary Figure S1B). In contrast, no NPs were synthesized
at reaction times of 1 or 2h. The results showed that the optimal
reaction time for the synthesis of Ag-CuO NPs by strain ZMS36
was 3 h. Furthermore, Ag-CuO NPs could only be biosynthesized
at pH 6 and pH 7, with average particle sizes of 36.99 and
57.34 nm, respectively (Supplementary Figure S1C). Therefore, the
optimized reaction conditions for the synthesis of Ag-CuO NPs
by strain ZMS36 were pH 6, a reaction time of 3h, and salt
concentrations of 0.5 mM Ag* + 0.5mM Cu?*. The Ag-CuO NPs
biosynthesized at the optimized reaction conditions were used for
the further study.

During the synthesis process, the color of the solution changed
from colorless to black (Figure 3A). The UV-vis spectrum indicated
that the reaction mixture exhibited a pronounced absorption peak
at ~467nm (Figure 3B). These results indicated that Ag-CuO
NPs were successfully synthesized by strain ZMS36. The SEM
and TEM results indicated that the NPs exhibited an irregularly
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The synthesis of Ag-CuO NPs using the aqueous extract of endophytic C. rosea ZMS36. (A) The color change of solutions in the synthesis of Ag-CuO

spherical morphology with slight aggregation (Figures4A, B).
The size distribution of the NPs ranged from 11.11 to 69.10 nm,
with an average size of 36.63 nm (Figure 4B). The biosynthesized
NPs had regions composed of silver, copper, or a combination
of the two metals on their surfaces (Figure 4C). The results
of EDS analysis confirmed the presence of Ag, Cu, C, and O
in the biosynthetic NPs (Figure 4D). XRD of the Ag-CuO NPs
revealed six diffraction peaks at 32.30°, 38.07°, 44.39°, 64.51°,
77.37°, and 81.32° (Figure 5A). The XRD pattern of Ag-CuO
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NPs exhibited six distinct diffraction peaks at 32.30°, 38.07°,
44.39°, 64.51°, 77.37°, and 81.32° (Figure 5A). Among these,
the peaks at 44.39°, 64.51°, 77.37°, and 81.32° were identified
as corresponding to the crystallographic planes (200), (220),
(311), and (222), respectively, confirming the presence of metallic
silver within the Ag-CuO NPs structure (Al-Haddad et al,
2019). Additionally, the presence of CuO was confirmed by
the diffraction peaks at 32.30° and 38.07°, which corresponded
to the crystallographic planes (110) and (111), respectively
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(Rosbero and Camacho, 2017). As confirmed by the XRD analysis,
the biosynthesized Ag-CuO NPs exhibited a crystalline nature,
characterized by a face-centered cubic (fcc) structure combined
with a monoclinic phase (Al-Haddad et al., 2019; Rosbero and
Camacho, 2017).

The FTIR analysis revealed distinct differences in the spectra of
the metal salt mixture (AgNO3 and CuSO4-5H,0) and the Ag-CuO
NPs (Figure 5B). The metal salt mixture exhibited characteristic
absorption peaks at 1384.22 cm ™! (NOjJ stretching vibration) and
1111.55cm™! (SO;{ symmetric stretching), while the Ag-CuO NPs
spectrum displayed distinct absorption peaks at 3418.70, 1567.53,
1384.24, and 1384.24 cm~!. The absorption band at 3418.70 cm ™!
was attributed to the stretching vibrations of -OH and -NH groups
(Manikandan et al., 2023). The peak at 1567.53 cm™ !, which was
primarily attributed to the bending vibrations of aromatic C=C
bonds (Manikandan et al., 2023). The absorption band at 1384.24
cm~! was associated with the bending vibrations of the aldehyde
functional group (-CHjs; Abdillah et al., 2017). The peak at 1022.38
cm~! was indicative of the symmetric C-O-C stretching vibrations
(Sengupta et al., 2015). The results indicated that the formation of
Ag-CuO NPs was associated with various secondary metabolites
(such as proteins, polysaccharides, and organic acids) secreted by

the endophytic fungus C. rosea.
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3.3 The antibacterial effects of the Ag-CuO
NPs

The Ag-CuO NPs exhibited good antibacterial activity
(Table 1). The MICs of Ag-CuO NPs against P. aeruginosa, S.
aureus, E. coli, S. typhimurium, S. dysenteriae, and S. epidermidis
were 8, 8, 4, 4, 4, and 1 pg/mL, respectively, while the MBCs were
64, 64, 16, 16, 32, and 16 pg/mL, respectively (Table 1). The Ag-
CuO NPs also showed good inhibitory activity against MRSA. The
MICs and MBCs of Ag-CuO NPs against MRSA were 16 and
128 pg/mL, respectively. The MIC and MBC of Ag-CuO NPs in
conjunction with vancomycin were reduced by 87.50% and 75.00%,
respectively, compared with those of Ag-CuO NPs alone (Figure 6).
Although, the antibacterial capacity of the Ag-CuO NPs was lower
than that of the positive controls that were the antibiotics currently
in clinical use, they exhibited good broad-spectrum antibacterial
activity, particularly showing strong resistance against MRSR.

The SEM results indicated that the treatment with Ag-CuO
NPs caused notable changes in the cellular structure of MRSA,
including rupture and collapse of the cell membrane, as well as
cellular content leakage (Figure 7). The Ag-CuO NPs suppressed
the biofilm formation of MRSA by 33.78% at the MIC treatment
and 18.61% at 1/4 of the MIC treatment (Figure 8). The expression
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The XRD pattern (A) and FTIR spectrum (B) of Ag-CuO NPs.

level of the MRSA resistance gene mecA was significantly lower in
the Ag-CuO NP treatment group compared to the control group
(p < 0.01). Furthermore, the combination treatment of vancomycin
and Ag-CuO NPs led to a 5.92-fold downregulation of mecA
gene expression compared to treatment with Ag-CuO NPs alone
(p < 0.0001; Figure 9).

3.4 The antitumor and the anti-angiogenic
activities of the Ag-CuO NPs

As shown in Figure10A, the Ag-CuO NPs exhibited
pronounced antiproliferative activity against three tumor
cells. The ICsq values for the HelLa, PDSE, and A549 cells were
7.53, 35.03, and 14.93 pg/mL, respectively (Figure 10B). Among
them, Ag-CuO NPs showed the most pronounced antiproliferative
activity against HeLa cells. The in vitro scratch assay revealed that,
following a 48-h treatment with Ag-CuO NPs, the scratch area
was 71.36% larger than that of the control group (p < 0.0001),
indicating their potent capacity to inhibit the migration of HeLa
cell (Figure 11). The inhibition rates of angiogenesis after 2h of
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TABLE 1 The MICs and MBCs of Ag-CuO NPs against pathogenic bacteria.

Bacteria Drug MIC (pg/mL) MBC (ng/mL)
P. aeruginosa Ag-CuO NPs 8 64%
Gentamicin 1b 20
S. aureus Ag-CuO NPs 8 64%
Tigecycline 0.125° 4b
E. coli Ag-CuO NPs 4 16*
Gentamicin 0.125 0.5
S. paratyphi Ag-CuO NPs 4 16*
Gentamicin 0.25" 0.5"
S. dysenteriae Ag-CuO NPs 4 322
Gentamicin 0.25° 0.5
S. epidermidis Ag-CuO NPs 1° 16°
Tigecycline 0.25" 1°

Different lowercase letters indicated significant difference in MIC/MBC values among
different drugs against the same bacteria (p < 0.05).
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FIGURE 6

The MICs and MBCs of Ag-CuO NPs against MRSA. The vertical line
on each bar shows the standard deviation (n = 3). Different
lowercase letters indicated significant difference in MIC/MBC values
among different drugs against the same bacteria (p < 0.05).

treatment with Ag-CuO NPs at concentrations of 100, 200, and 300
mg/mL were 21.74%, 25.24%, and 25.91% (p < 0.05), respectively.
After 18 h of treatment, the inhibition rates increased to 68.81%,
69.26%, and 79.18% (p < 0.0001), respectively (Figure 12).

3.5 Biosafety analysis of Ag-CuO NPs

The cytotoxicity of Ag-CuO NPs to the HaCat cells was
determined using the CCK-8 assay. The viability of the HaCat
cells decreased with increasing concentrations of NPs. There was
no significant cytotoxicity to the HaCat cells at concentrations
not exceeding 16 wg/mL (Figure 13). The effect of Ag-CuO NPs
on the hemolysis of sheep erythrocytes was also evaluated. The
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The effects of Ag-CuO NPs on the synthesis of MRSA biofilm. The
vertical line on each bar shows the standard deviation (n = 3).
**p < 0.01.

results showed the hemolysis rates of Ag-CuO NPs at 1/4 MIC
(4 g/mL), 1/2 MIC (8 ug/mL), and MIC (16 jug/mL) values against
MRSA were 0.85%, 1.61% and 10.54% (p < 0.0001), respectively.
The results indicated that the Ag-CuO NPs within the MIC ranges
demonstrated a markedly low degree of cytotoxicity compared with
the positive control (100% hemolysis rate; Figure 14).

4 Discussion

To date, the synthesis of BMNPs has primarily relied on
chemical methods, with limited applications of plant- and
microbial-based approaches. This study presents the first report on
the biosynthesis of BMNPs using endophytic fungi isolated from
medicinal plants. The fungal-synthesized BMNPs demonstrated
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The effects of Ag-CuO NPs on the expression of the MRSA
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standard deviation (n = 3). **p < 0.01, ***p < 0.001, and
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significant antibacterial and antitumor activities while maintaining
excellent biocompatibility. Notably, this biological synthesis
method offers distinct advantages over conventional approaches,
including environmental sustainability and cost-effectiveness.
These findings establish medicinal plant endophytic fungi as a novel
and valuable biological resource for producing functional BMNPs
with potential biomedical applications.

The easy availability and rapid proliferation of microorganisms
make them a highly promising strategy for the biosynthesis of NPs
(Rahman et al.,, 2019). During synthesis, UV-visible spectroscopic
analysis of the solution of Ag-CuO NPs revealed the presence of a
distinct absorption peak at 467 nm, accompanied by an observation
of the color change. Previous studies found that the absorption
peaks of Ag—Cu NPs were located within the range of 400-500 nm
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(Manikandan et al., 2023; Sharma et al., 2021) and the absorption
peak of Ag-CuO NPs synthesized by ZMS36 was also in this range.
The Ag-CuO NPs were irregularly spherical. The size distribution
of the NPs ranged from 11.11 to 69.10 nm, with an average size of
36.63nm. In previous studies, Ag-CuO NPs synthesized by plant
and fungal-mediated methods were also mainly spherical, with
particle sizes ranging from 12 to 68 nm (Ameen, 2022; Javid-Naderi
etal,, 2025; Parvathiraja and Shailajha, 2021; Prashanth et al., 2022).
Therefore, our results were consistent with these previous results.
The TEM image showed the presence of Ag lattice regions, Cu
lattice regions and Ag-Cu alloy regions in the biosynthesized Ag-
CuO NPs, which was similar to the Ag-Cu NPs synthesized by
Zhu et al. (2021). Fungal-mediated biosynthesis of NPs involves the
secretion of various biomolecules, including oxidoreductases and
organic acids, which catalyze the reduction of metal ions to their
metallic forms (Sebesta et al., 2022; Gudikandula et al., 2017). The
fungal-derived proteins and other organic compounds can serve
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as effective stabilizers by forming capping layers on the surfaces
of NPs (Metuku et al., 2014; Roy et al., 2012). Based on the FTIR
spectroscopy results, it can be inferred that secondary metabolites
such as proteins, polysaccharides, and organic acids, secreted by the
endophytic C. rosea ZMS36, may serve as reducing and capping
agents, thereby facilitating the formation of Ag—CuO NPs.

MRSA continues to be a major public health problem
worldwide and presents a therapeutic challenge due to the limited
and expensive antibacterial drugs available for treatment (Okwu
et al, 2019). The Ag-CuO NPs have been reported to possess
good antimicrobial, antitumor, and antioxidant activity (Ameen,
2022; Javid-Naderi et al., 2025; Parvathiraja and Shailajha, 2021;
Prashanth et al., 2022). However, no studies have been reported
on their activity against MRSA. In this study, Ag-CuO NPs
synthesized by strain ZMS36 showed good efficacy in inhibiting
the growth of MRSA. The anti-MRSA activity of Ag-CuO NPs
can be primarily ascribed to multiple mechanisms. These include
altering cell membrane permeability, generating reactive oxygen
species (ROS), and disrupting the structural integrity of both
the cell wall and membrane (Essghaier et al., 2022; Jalal et al,
2018; Zhou et al., 2021). Moreover, our biosynthesized BMNPs
exhibited greater MRSA inhibition activity than the monometallic
NPs (AgNPs or CuONPs) in previous studies (Ansari et al,
2015; Cherian et al,, 2020; Hamida et al., 2020). This may be
attributed to the synergistic effect of the two metals, which
enhance the antimicrobial properties of BMNPs (Medina-Cruz
et al,, 2020). Compared to individual use, the combination of
Ag-CuO NPs and vancomycin exhibited significantly enhanced
antibacterial efficacy. Similar biological effects have been previously
reported, where the combination of ampicillin with Ag-Cu NPs
has been shown to enhance the antibacterial effect against S.
pneumoniae and P. aeruginosa (Mujeeb et al., 2020). The observed
synergistic antibacterial effect can be attributed to the combined
mechanisms of NPs-mediated inhibition of bacterial efflux pumps
and biofilm disruption, as well as severe structural damage to
bacterial cell walls, which facilitates enhanced NPs penetration
(Agreles et al., 2022). This structural compromise facilitates the
accumulation of MNPs within the cells, leading to enhanced
ROS generation. The combined action of Ag-CuO NPs and
antibiotics ultimately restores susceptibility in antibiotic-resistant
pathogens and significantly enhances bactericidal efficacy through
these complementary pathways of action (Zhao et al, 2023).
Additionally, the expression of the MRSA resistance gene (mecA)
was inhibited by the Ag-CuO NPs. Penicillin-binding protein
2a (PBP2a), encoded by the mecA gene, is the primary factor
responsible for MRSA’s resistance to all B-lactam antimicrobials
(Goh et al,, 2015). Similarly, Nijil et al. (2024) demonstrated that
AgNPs are effective in reducing the expression of the mecA gene.

The Ag-CuO NPs demonstrated potent antibacterial activity
against a range of bacterial pathogens, including P. aeruginosa,
S. aureus, E. coli, S. epidermidis, S. typhimurium, S. dysenteriae.
The antibacterial activity of Ag-CuO NPs can be attributed to
multiple mechanisms, such as altering cell membrane permeability,
generating and accumulating ROS, disrupting the structural
integrity of the cell and eventually causing the leakage of
intracellular contents (Essghaier et al., 2022; Jalal et al., 2018;
Zhou et al, 2021). According to the MIC results of this study,
the NPs synthesized from endophytic fungi were more effective at
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inhibiting bacteria than those synthesized by the existing methods.
For example, the inhibitory effect of chemically synthesized Ag-
Cu NPs and plant-synthesized Ag-Cu NPs and Ag-CuO NPs on
P. aeruginosa, S. aureus was found to be significantly less potent
than the biosynthesized Ag-CuO NPs in this study (Zhu et al,
2021; Mujeeb et al,, 2020). The results may be attributable to the
binding of bioactive molecules secreted by the endophytic fungus
ZMS36 to the biosynthesized Ag-CuO NPs. Given that endophytic
fungi produce a diverse array of natural bioactive metabolites that
are identical to those of their host plants (Gupta et al., 2020), it is
plausible that the bioactive molecules attached to Ag-CuO NPs may
exhibit comparable antimicrobial pharmacological effects to those
observed in the alcohols and phenols produced by the medicinal
plant A. asphodeloides (Liu et al., 2023). The results of the FTIR
spectroscopy also confirmed the presence of the corresponding
substances on the Ag-CuO NPs.

Cancer remains a major global health challenge, particularly
cervical and lung carcinomas. However, many traditional therapies
approaches have inherent limitations, including variable efficacy
across patients and toxic side effects such as anemia, organ
damage, hair loss and vomiting (Ramirez et al., 2009). In recent
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years, nanomaterials have been employed in cancer therapy to
address issues of toxicity and enhance drug delivery efficacy
(Cheng et al, 2021). In this study, Ag-CuO NPs exhibited
significant antiproliferative activity against three different cancer
cell lines (A549 cells, PDSF cells, and HeLa cells). It may be
due to the elevated intracellular ROS production in tumor cells
by inducing oxidative stress. This in turn led to mitochondrial
membrane damage and cell cycle arrest, ultimately promoting
apoptosis and necrosis in cancer cells (Manikandan et al., 2023;
Al-Sheddi et al, 2018). Ag-CuO NPs also could significantly
inhibit the migration of HeLa cells and angiogenesis in chick
embryos, indicating the potential to inhibit tumor growth
and metastasis. The ability of Ag-CuO NPs to differentiate
between cancer cells and healthy cells offers a significant
advantage of nanotechnology in cancer treatment (Gmeiner
and Ghosh, 2014). In addition, Ag-CuO NPs in this study
exhibited better antiproliferative activity against HeLa cells than the
biosynthesized Ag-CuO NPs by plants (Javid-Naderi et al., 2025).
Therefore, the biosynthesized Ag-CuO NPs using endophytic
fungi possess great promise for biomedical applications in
cancer treatment.
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The biosynthesized Ag-CuO NPs in our study exhibited low
cytotoxicity toward HaCat cells, providing robust evidence for
their safe use. Biosynthesized AgNPs by Panax ginseng fresh
leaves were found to be non-toxic to HaCaT cell lines at a
concentration of 10 wg/mL (Singh et al., 2017). Red blood cells
play crucial roles in the human body. Hemolysis, or the rupture
of red blood cells, results in the release of hemoglobin, which
may lead to the development of anemia, nephrotoxicity and
pulmonary hypertension (Rother et al., 2005). Our results indicated
that the hemolytic activity of the Ag-CuO NPs was relatively
low, which was consistent with the results of other similar
studies (Kamli et al., 2021; Singh et al, 2017). The apparent
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low cytotoxicity of the Ag-Cu NPs against erythrocytes was
attributed to the specific modification process involved in their
synthesis. Although the evidence suggested that Ag-CuO NPs can
be safely utilized at low concentrations over short exposure periods,
the prolonged exposure may induce adverse pathological effects,
including the development of chronic interstitial pneumonitis and
renal accumulation potentially resulting in acute tubular necrosis.
The cytotoxic effects of accumulated MNPs in the body may
be mediated through multiple pathways, including disrupting
the structural integrity of cells, the induction of intracellular
inflammatory responses and the generation of ROS. This oxidative
stress cascade can subsequently cause DNA damage, ultimately
resulting in cellular and tissue injury (Cheng et al., 2021; Xu et al,,
2020). Therefore, the long-term biosafety of the Ag-CuO NPs
requires further investigation in future researches.

5 Conclusion

This study presents, for the first time, an efficient and
environmentally friendly synthesis of BMNPs utilizing endophytic
fungi isolated from the medicinal plant A. asphodeloides to produce
Ag-CuO NPs. Characterization analyses revealed that the Ag-
CuO NPs were spherical in shape, with an average diameter of
36.63nm, and were stabilized by a natural coating of bioactive
macromolecules secreted by the fungal strain. The synthesized
Ag-CuO NPs demonstrated good broad-spectrum antibacterial
activity against seven clinically relevant bacterial strains and
exhibited prominent dose-dependent anticancer effects against
three human tumor cell lines. Notably, the Ag-CuO NPs exhibited
low cytotoxicity and demonstrated excellent biocompatibility,
highlighting their potential as multifunctional therapeutic agents
for both antimicrobial and anticancer applications. These results
underscore the potential of medicinal plant endophytic fungi as
a sustainable and efficient biological resource for the synthesis
of BMNPs. However, it is essential to recognize that the particle
size and stability of BMNPs significantly impact their biological
activity and therapeutic efficacy. Thus, future research should focus
on optimizing synthesis parameters (metal ratios) to produce Ag-
CuO NPs with smaller sizes and improved long-term stability.
Additionally, investigating the in vivo antibacterial efficacy and
biosafety of Ag-CuO NPs will be crucial next steps in advancing
this research and ensuring their safe and effective application in
clinical settings.
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