[ Downloaded from ijmcmed.org on 2025-07-01 ]

[ DOI: 10.22088/IIMCM.BUMS.13.3.303 ]

m A IMCM [

\
Babol University of l \ o Cellular and Molecular
Medical Sciences 4 International Journal of Molecular and Cellular Medicine Blology Research Center
' p-ISSN: 2251-9687 o-ISSN: 2251-9645

Biosynthesis of Copper Oxide-Silver Nanoparticles from Ephedra
Intermedia Extract and Study of Anticancer Effects in HepG2 Cell Line:
Apoptosis-Related Genes Analysis and Nitric Oxide Level Investigations

Nazanin Naderi, @ Azadeh Mohammadgholi®, @2 Nastaran Asghari Moghaddam

Department of Biology, Central Tehran Branch, Islamic Azad University, Tehran, Iran.

Avrticle type: ABSTRACT

Original Article  Liver cancer treatment faces significant obstacles such as resistance, recurrence, metastasis, and
toxicity to healthy cells. Biometallic nanoparticles (NPs) have emerged as a promising approach
to address these challenges. In this study, copper oxide-silver (Ag-doped CuO) NPs were
prepared using a reduction method with Ephedra intermedia extract. The physicochemical
properties of the NPs were evaluated using various techniques such as Field emission scanning
electron microscopy (FESEM), Transmission Electron Microscope (TEM), X-ray diffraction
(XRD), and Fourier-transform infrared spectroscopy (FTIR). Additionally, this study has
evaluated nitric oxide levels (NO), reactive oxygen species (ROS) production, Bax, Bcl2, P53,
and Caspase3 genes expression, as well as cell viability within 24 hours in liver cancer cell line
HepG2. FESEM and TEM imaging confirmed the nanostructural nature of the synthesized
particles with sizes ranging from 31.27 to 88.98 nanometers. XRD analysis confirmed the crystal
structure of the NPs. Comparative analysis showed that the 1Cso values of the Ag-doped CuO
NPs were significantly lower than that of the plant extracts. Molecular studies showed
significantly increased expression of Bax, Caspase3, and P53 genes, inducing apoptosis in
cancer cells, and downregulation of Bcl2 as a pro-metastasis gene. Additionally, the presence of
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Introduction

Liver cancer is the sixth most common cancer and the third leading cause of death. Unfortunately, the
global incidence of liver cancer is increasing at an alarming rate (1, 2). Despite significant advancements,
conventional treatment approaches such as surgery, radiation therapy, chemotherapy, and hormone therapy
face several challenges, including drug resistance, recurrence, metastasis, and toxicity to healthy cells (3, 4).
Unfortunately, the global incidence of breast cancer is increasing at an alarming rate (5). Therefore, there is
a great interest in investigating controlled drug release, targeted therapy, and decreasing adverse effects
associated with anticancer drugs in cancer treatment (6, 7).In this context, the field of nanotechnology, which
integrates knowledge from materials science, engineering, chemistry, biology, and medicine has opened up
promising avenues in hanomedicine for the diagnosis, prevention, and treatment of cancer (8, 9). In the realm
of diagnosis and prevention, the use of NPs in biosensors and their application in medical imaging have
facilitated early detection and improved outcomes in cancer treatment (10, 11). Regarding cancer treatment,
organic nanomaterials such as liposomes, polymers, dendrimers, and peptides have been extensively
employed for the synthesis of NPs in medical applications due to their compatibility with living tissues (12-
14). However, these NPs have practical limitations, including instability, premature drug release, rapid
clearance, and susceptibility to immune responses (15, 16). As a result, mineral-based nanomaterials such as
carbon nanostructures, silica NPs, and especially biologically active glasses and metal-based nanomaterials
have gained attention as promising alternatives (17-20).

Metal NPs possess desirable properties for therapeutic delivery, including wide availability, abundant
surface functionality, tissue compatibility, targeted delivery to cancer cells, and controlled drug release (21,
22). Additionally, the surface plasmonic properties of metal NPs enable simultaneous diagnostic and
therapeutic applications, known as theranostics, thereby enhancing their utility in cancer treatment (23). From
a therapeutic perspective, metal NPs have demonstrated efficacy in cancer treatment through mechanisms
such as drug attachment, hyperthermia-induced cancer cell death, and modulation of autophagy and
mitophagy processes in cancer cells (24).

In recent years, bimetallic NPs have attracted significant interest due to their superior physical and
chemical properties compared to monometallic NPs (25). These bimetallic NPs' constituent metals have
synergistic effects that enhance their biological properties, including antibacterial, optical, catalytic,
electrical, thermal, and magnetic properties (26, 27). The emergence of the novel coronavirus disease
(COVID-19) and increasing bacterial resistance are raising significant concerns (28). The potential of metal-
based NPs effectively address these challenges lies in their antimicrobial properties (20).

Among various bimetallic NPs, copper oxide-silver (Ag-doped CuQ) NPs have attracted attention due
to its anticancer and antibacterial properties, making it a multifunctional NP with enhanced therapeutic
potential (29). Although chemical methods have been originally used to synthesize these NPs, green
synthetic approaches are gaining importance due to their environmental friendliness, cost-effectiveness,
safety, and ease of synthesis (30, 31). For example, bimetallic Ag-doped CuO NPs are synthesized using
Alternanthera sessilis (Linn). It showed remarkable anticancer properties against the HeLa cancer cell line.
Moreover, these NPs have shown antibacterial activity against both Gram-negative and Gram-positive
bacterial strains (32).
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Considering the anticancer and antibacterial properties of Ephedra intermedia extract, it is a suitable
choice for the biosynthesis of bimetallic Ag-doped CuO NPs. In this study, Ag-Cu NPs were prepared using
a biogenic method using Ephedra intermedia extract. Their physical, chemical, and morphological properties
were studied. Furthermore, its efficacy against the HepG2 liver cancer cell line was evaluated by analyzing
NO enzyme levels, ROS, Bax, Bcl2, and P53 gene expression, and cell viability.

Materials and methods

Trypsin-EDTA, trypan blue, medium RPMI-1640, fetal bovine serum (FBS), 3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT), and penicillin/streptomycin 100 X were obtained from Gibco
(ThermoFisher Scientific, USA). Merck (Germany) provided the Ag (NO3) and CuO (NO3) 2.6H20. The
Iranian Biological Resource Center (IBRC P1006547) provided the dried leaves of Ephedra intermedia. The
HepG2 cell lines were acquired from the Pasteur Institute's Cell Bank in Iran. The annexin V/propidium
iodide (PI), nitric oxide (ROS) assay, and DCFDA assay kits were provided by Roche (Germany). An 8-mm
pores trans-well test kit was bought from Corning Life Sciences (USA). Tools utilized were the RevertAid
First Strand cDNA Synthesis Kit (Lithuania) and the RNA Qiagen extraction kit (USA).

Ephedra intermedia leaf extract preparation

To produce the aqueous extract of Ephedra intermedia, the leaves were washed in distilled water and
dried for 14 days at room temperature. The 0.3 g of dried Ephedra intermedia leaf was cooked for 10 minutes
in 500 mL of purified water. The combination was then spun for 20 minutes at 5000 rpm using a Jouan-type
centrifuge. Following a 10-minute microwave oven heating cycle at 540 W, the aqueous Ephedra intermedia
extract was then kept at 4°C for further research.

Ag-doped CuO synthesis

To create Ag-doped CuO NPs, 80 mL of the extract was mixed with the necessary amount of CuO
(NO3)2.6H20 (2.08 g /0.07 M) and 2.5 g of AgNO3. After being agitated for six hours at 140 degrees Celsius,
the solution spontaneously cooled to ambient temperature. Then, the white sediment was collected by
centrifugation for 10 minutes at 10,000 rpm. After that, the sediment was continuously washed with ethanol
and distilled water (50/50 V/V) and allowed to dry overnight at 120 °C in a vacuum oven (33).
Characterization of biogenic Ag-doped CuO nanoparticles

The Ag-doped CuO NPs produced by biosynthesis were described using several techniques. An
accelerating voltage of 15 kV, the FEI NOVA NANOSEM 450 Field emission scanning electron microscopy
(FESSEM) and the Zeiss EM900 TEM (Transmission Electron Microscope) (Germany) were used to
determine the shape and size of NPs. Ag-doped CuO NPs and Ephedra intermedia extract's molecular binding
qualities, as well as the existence of key functional groups of phytochemicals were confirmed by Fourier-
transform infrared spectroscopy, Spectrum Two, USA (FTIR). The area with wave numbers between 400
and 4000 cm—1 was scanned. The JSM-7500 FESSEM (Japan) in conjunction with an Energy Dispersive x-
ray analyzer (EDX) was used to determine the elemental composition of biogenic Ag-CuO. X-ray diffraction
(XRD) (PW3710, Netherlands) was used to determine the crystalline structure of Ephedra intermedia extract
and Ag-doped CuO NPs (= 0.0260 nm). Using a Shimadzu-UV 1800 UV-Vis spectrometer and distilled
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water as a reference, the absorption spectra of the synthesized sample (Ag-doped CuO NPs) were obtained
in the region of 200-800 nm (33, 34).
Cell Cytotoxicity

Cancer cell cytotoxicity was assessed by MTT test. Briefly, the toxicity of both Ag-doped CuO NPs and
Ephedra intermedia extricates was inspected after a 24-hour culture period utilizing the Calorimetric Strategy
of 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium Bromide (MTT). Cells were cultured with Ephedra
intermedia extricates and the Ag-doped CuO NPs (3.125, 6.25, 12.5, 25, 50 pg/ml) and incubated at 37°C
and 5% CO2. At that point, after four hours of incubation with 100 uL of MTT solution, the crystals were
dissolved in DMSO (Merck) and the amount of light absorption at 570 nm was determined using the Expert
96 microplate reader (Asys Hitch, Ec Austria). The cytotoxicity data were analyzed using the Pharm-PCS
statistical package software to determine ICso (34). The effect of toxicity of the Chemical synthesized Ag-
doped CuO NPs and cisplatin on HepG2 cancer cells was also investigated. The toxicity of all samples was
also evaluated on a certain healthy cell line.
Gene Expression

After 24 hours of exposure of HepG2 liver cancer cells to the ICso of Ephedra intermedia extract and
the Ag-doped CuO NPs, the levels of Bax, Caspase3, P53, and Bcl2 in the cell cultures were assessed using
gRT-PCR. RNA extraction was carried out with an RNeasy Plus Mini Kit (Qiagen), and cDNA synthesis
was performed using an Easy cDNA Synthesis Kit (catalog number A101161). Real-time PCR analysis was
employed to determine relative gene expression. Each PCR involved a 20 puL mixture of 13 Power SYBRH
Green PCR Master Mix (ABI PRISM, 4368702), 12 ng cDNA, and specific primers. The designed primer
sequences and reaction temperatures for each gene are presented in Table 1. The comparative method of 2-
AACt was employed to analyze relative gene expression, with target gene Ct values normalized to f-actin
and calibrated against untreated HepG2 cancer cells. At least three independent experiments were conducted
for each test, and the assays were repeated using RiaGene6000 Qiagen (34).

Table 1. Sequence of primers and the size of the products used in the reaction
Genes Primers

Forward: 5’- TCCTCCTGAGCGCAAGTAC-3’

B &sin Revers: 5°- CCTGCTTGCTGATCCACATCT-3’
Bax Forward: 5'- GAGCTGCAGAGGATGATTGC-3'
Revers: 5'- AAGTTGCCGTCAGAAAACATG-3'
Bcl2 Forward: 5'- ATTGGGAAGTTTCAAATCAGC-3'
Revers: 5'- CAGTCTACTTCCTCTGTGATGTTG-3'
P53 Forward: 5'- TAACAGTTCCTGCATGGGCGGC -3’
Revers: 5'- AGGACAGGCACAAACACGCACC -3'
Caspase3 Forward:5'-CATACTCCACAGCACCTGGTTA-3’

Revers: 5-ACTCAAATTCTGTTGCCACCTT-3'

Flow cytometry

After determining the ICso concentration of the respective treatment, HepG2 liver cancer cells were
exposed to the ICso concentration of the bio-synthesized Ag-doped CuO NPs and the plant extract for 24
hours. The cells were then washed with phosphate-buffered saline, and the sediment from the cell
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centrifugation was treated with 200 pL of binding buffer, followed by the addition of 5 pLL of Annexin V
color and a 10-minute incubation at room temperature. The cells were washed with a binding solution, and
10 microliters of P1 dye were introduced. Finally, flow cytometry (BD FACSCalibur Flow Cytometer, USA)
was used to analyze the results.

Nitric Oxide (NO) Level

The Natrix kit was used to measure NO level. It utilizes the Griess technique to measure NO in biological
samples such as serum, plasma, homogenous tissue, and cell lysates. The method indirectly evaluates the
amount of NO by forming an azo dye through the reaction of sulfanilic acid with nitrite in an acidic solution,
which can be measured in light absorption between 520 and 590 nm (Awareness Microplate Reader (Stat
Fax 4200), USA) (23).

ROS Measurements

The H2DCFDA kit was utilized to assess the ROS generated by the extract and the doped NPs. This
involved the reduction of dichlorodihydrofluorescein diacetate (DCFD) associated with cellular oxidation,
producing 7 -dichlorodihydrofluorescein diacetate acetyl ester, which was then measured to detect the
resulting oxidative stress. The highly sensitive HepG2 cell line was treated with the 1Cso concentration for
24 hours. Following this, the cells were washed with buffered saline before being incubated with 80 mM
H2DCFDA for 30 minutes at 37°C. Subsequently, the fluorescence intensity at 530 nm was measured using
a microplate reader (Awareness Microplate Reader (Stat Fax 4200), USA) (34).

Process involves the incubation of leaf extract with silver nitrate (AgNO3) and copper sulfate (CuSQO,)
in distilled water, leading to a color change that indicates nanoparticle formation. Following centrifugation,
the Ag-doped CuO NPs are purified. These biogenic nanoparticles are then taken up by cancer cells through
endocytosis, where they exert significant anticancer effects. Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images confirm the internalization and morphology of the Ag-doped
CuO NPs within the cancer cells. The nanoparticles induce apoptosis through multiple mechanisms, as
evidenced by increased expression of pro-apoptotic genes (P53, Caspase 3, Bax) and decreased expression
of the anti-apoptotic gene Bcl2. This genetic modulation leads to a significant increase in reactive oxygen
species (ROS) production, which contributes to oxidative stress within the cancer cells, further promoting
apoptosis. The Annexin V/PI staining analysis demonstrates the progression of cells through early and late
apoptosis, as well as necrosis, confirming the potent anticancer efficacy of the Ag-doped CuO NPs. Reactive
oxygen species (ROS) are chemically reactive molecules containing oxygen, such as superoxide anions
(027), hydrogen peroxide (H,0), and hydroxyl radicals (OH+). Under normal physiological conditions,
ROS levels are tightly regulated by the cells’ antioxidant defense systems. However, the introduction of Ag-
doped CuO nanoparticles disrupts this balance, leading to an overproduction of ROS within cancer cells
(Figure 1).

Data analysis

The data were analyzed using GraphPad Prism v.8. The data were presented as mean standard deviation
(SD). To evaluate statistical significance, one-way ANOVA was employed, followed by Tukey post hoc.
The level of statistical significance in all analyses was pre-set at = 0.05.
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Fig. 1. This figure illustrates the synthesis of silver-doped copper oxide nanoparticles (Ag-doped CuO NPs) using *Ephedra

intermedia* leaf extract, which acts as a reducing and stabilizing agent.
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Results

Characterization of biogenic Ag-doped CuO nanoparticles

Using TEM and FESEM methods, the surface morphological properties of Ag-doped CuO bimetallic
NPs derived from Ephedra intermedia extract were examined. The Ag-doped CuO NPs TEM and
FESEM pictures are shown in Figures 2A and 2B, respectively. The FESEM picture shows adhesions and
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Fig. 2. A) Morphological characterization of doped biosynthesized Ag-doped CuO nanoparticles using (A) FSEM, (B) TEM, (C)

size distribution of NPs (D) EDS tests, and (E) UV-Vis spectrum of Ag-doped CuO
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agglomerations among the Ag-doped CuO NPs that the plant extract produced. The Ag-doped CuO NPs were
seen to exhibit agglomerations because of their tiny size (~50 nm). The morphology of Ag-doped CuO NPs
was spherical, as may be shown. An in-depth examination of the morphology of Ag-doped CuO NPs was
conducted by TEM analysis. The size and form of NPs may be precisely determined with the use of FESEM
and TEM. The biosynthesized Ag-doped CuO NPs exhibited in Figures 2A and 2B, respectively, show the
morphology and multi-layered, agglomerated surfaces along with their circular form. The size of the NPs
ranges from 31.27 nm to 88.98 nm. The formation of biosynthesized NPs as agglomerates, with sizes varying
and less than 40 nm, was also verified by TEM analysis. The average particle size was 12.02 nm,
demonstrating the suitable and compact size of the produced Ag-doped CuO NPs.

To verify that the elements Ag, C, and Cu were present in the synthesized Ag-doped CuO NPs, an EDX
examination was conducted using an extract from Ephedra intermedia. According to Figure 2C of the EDX
method, the weight percentages of Ag, C, and Cu were 65.3%, 7.5%, and 24.2%, respectively. With the use
of UV-visible spectroscopy, the stabilization of the biosynthesized Ag-doped CuO NPs is discovered. A
large peak of about 430 nm in wavelength, as shown in this picture, suggests the presence of metal ions. This
might be because plant extract reduces zinc and silver ions. According to the results of this test, Ephedra
intermedia is a good stabilizing and reducing reagent for doped the Ag-doped CuO NPs synthesis. The UV-
visible investigation indicated the presence of an absorption peak at 430 nm (Figure 2D). No another notable
peak change was seen throughout responses and optimization.

The manufactured Ag-doped CuO NPs chemical groups were determined using the FTIR technique.
The FTIR spectra of the Ag-doped CuO NPs and Ephedra intermedia are displayed in Figures 3A and 3B,
respectively. These pictures show that the bands that appear at 1637 cm-1 and 3436 cm-1, respectively, are
associated with OH stretching and C=0 or C=C vibrations in the extract's structure. Additionally, the FTIR
picture of the Ag-doped CuO NPs shows strong, distinct peaks in the range of 1123.26, 1452.30, and 2832.19
c¢m-1 that are associated with C-H plane bending vibration, CH3 symmetric bending, CH2 stretch vibrations,
and OH stretch. Copper oxide pigment vibrations were seen at 661 cm-1 in the FTIR spectrum. It is possible
that the carbonyl C=0 group and the aldehyde stretching of the C-H bond are responsible for the absorption
peaks that are present at 1609 and 2919 cm-1. There are a considerable number of hydroxyl (OH) groups in
the structure, as shown by the strong peak in the 3431 cm-1 spot. The existence and interactions of the copper
element are linked to the formation of many peaks in the 400-700 cm-1 range. The two XRD values were
assigned many crystal planes, including (111), (200), and (220), based on the X-ray diffractor's detection of
the biosynthesized Ag-doped CuO NPs XRD spectra. 35.70°, 52.61°, and 64.13° were the temperatures at
which the products showed evidence of crystallinity (Figure 3C). The Ag-doped CuO NPs that were
biosynthesized and showed a crystalline nature are seen in Figure 3C.

Cell Cytotoxicity

Cytotoxic impacts of the Ephedra intermedia extract and the Ag-doped CuO NPs on HepG2 cancer cells
was considered. The extract and NP concentrations extended from 3.125 to 50 ug/mL and the MTT test was
performed over 24 h. The data showed that as the concentrations of both extract and NPs are enhanced, the
survival rate of cancer cells are significantly reduced. In particular, the Ag-doped CuO NPs revealed a
noteworthy decrease in cell viability compared to Ephedra intermedia extract. Moreover, the difference in
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Fig. 3. (A) FTIR spectra of Ephedra intermedia extract, and (B) FTIR spectra of biosynthesized Ag-doped CuO nanoparticles. (C)

XRD patterns of Ag-doped CuO nanoparticles.
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Fig. 4. A) The anticancer effects of Ephedra intermedia extract, cisplatin, biosynthesized Ag-doped CuO nanoparticles, and
chemically synthesized Ag-doped CuO nanoparticles were evaluated at different concentrations (3.125 to 50 pg/ml) against the
HepG2 liver cancer cell line over 24 hours using the MTT assay. The nanoparticles demonstrated significantly higher cytotoxicity

against the cancer cells compared to the extract. B) The effects of Ephedra intermedia extract, cisplatin, biosynthesized Ag-doped

CuO nanoparticles, and chemically synthesized Ag-doped CuO nanoparticles were evaluated at different concentrations (3.125 to 50
pag/ml) against the HFF healthy cell line over 24 hours using the MTT assay. * Indicates P<0.05, ** indicates P<0.01, and ***
indicates P<0.001, signifying the level of statistical significance.
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cell viability between the two treatments became more pronounced at higher concentrations. The HepG2
liver cancer cells displayed a critical decrease in viability at concentrations of 50 pg/ml (P<0.05) of the
extract, as well as after treatment with the bio-synthesized NPs at concentrations extending from 6.25 to 50
pg/mL (P<0.001). These discoveries illustrate the anticancer impact of the synthesized NPs against liver
cancer cells, even at low concentrations (Figure 4A). In this study, the 1Cso values of both Ephedra intermedia
extract and the synthesized Ag-doped CuO NPs were determined using the MTT assay. The I1Cso value for
the Ephedra intermedia extract was found to be 311.56 pg/mL, indicating the concentration at which 50% of
the HepG2 liver cancer cells were inhibited. In contrast, the ICso value for the Ag-doped CuO NPs
synthesized by Ephedra intermedia was significantly lower, at 11.5 pg/mL. This drastic reduction in I1Cso
values demonstrates the enhanced cytotoxic efficiency of the NPs compared to the plant extract alone. This
enhanced efficacy can be attributed to the unique physicochemical properties of the NPs, such as their small
size, large surface area, and crystalline structure, which facilitate better cellular uptake and interaction with
cancer cells. Also, we explored the cytotoxic impacts of the chemical synthesized Ag-doped CuO NPs and
cisplatin on HepG2 cancer cells (Figure 4A). The MTT cell cytotoxicity assay against the HepG2 cancer cell
line revealed distinct differences in the efficacy of the tested treatments. Across all evaluated concentrations,
the biosynthesized Ag-doped CuO NPs and the chemically synthesized Ag-doped CuO NPs exhibited
significantly higher cytotoxic effects than that of the Ephedra intermedia extract. However, the cisplatin
demonstrated superior cytotoxicity relative to both types of NPs and the plant extract. Specifically, the
cisplatin, the biosynthesized Ag-doped CuO NPs, and chemically synthesized Ag-doped CuO NPs
consistently showed lower 1Cs values (8.2 pg/mL, 11.5 pg/mL, and 14.1 pg/mL respectively), indicating
higher potency in reducing cell viability. While the Ephedra intermedia extract had a moderate effect, it was
less effective than both NP formulations (311.56 pg/mL).

The cytotoxicity assay on healthy cells indicated varying degrees of biocompatibility among the tested
treatments. The biosynthesized Ag-doped CuO NPs exhibited the highest compatibility with healthy cells,
showing the least cytotoxic effects (Figure 4B). This was followed by the chemically synthesized Ag-doped
CuO NPs, which demonstrated moderate compatibility, and the Ephedra intermedia extract, which had
slightly higher cytotoxicity. These results suggest that while the biosynthesized Ag-doped CuO NPs and the
chemically synthesized Ag-doped CuO NPs are effective against cancer cells, they also maintain a favorable
safety profile for healthy cells, making them potentially safer alternatives to conventional anticancer drugs.
Gene Expression

The alterations in the expression of apoptosis-promoting genes (Bax, Caspase3, and P53) and
metastasis-related genes (Bcl2) in untreated cancer cells, as well as those treated with Ephedra intermedia
extract and treated with the Ag-doped CuO Ns at their 1Cso concentrations are shown in Figure 5. A
significant increase in the expression of Bax, Caspase3, and P53 genes was observed at the ICso
concentration, with approximately a 2.5 and 4-fold increase for the extract and the Ag-doped CuO NPs,
respectively. Additionally, a notable decrease in Bcl2 gene expression compared to the reference gene was
evident. In general, it can be concluded that the Ag-doped CuO NPs have a more substantial impact on
increasing the expression of pro-apoptotic genes and decreasing the expression of metastasis-stimulating
genes than treatment with the Ephedra intermedia extract.
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Fig. 5. Changes in the expression of Bax, Bcl2, Caspase3, and P53 genes in HepG2 liver cancer cell line treated with the ICso
concentration of Ephedra intermedia extract and Ag-doped CuO nanoparticles compared to the reference gene using Real-Time PCR

technique. Compared to Ephedra intermedia extract, Ag-doped CuO nanoparticles have caused more increase in the expression of

Bax, Caspase3, and P53 genes as apoptosis promoters and a more severe decline in the expression of Bcl2 as a metastasis promoter
gene. * Indicates P<0.05, ** indicates P<0.01 and *** indicates P<0.001.

Flow cytometry

Figures 6A-C depict the occurrence of apoptosis and necrosis in the control cells (untreated), the cells
treated with the extract, and the cells treated with the bio-synthesized Ag-doped CuO NPs at ICso
concentrations. The assessment of cell cycle and apoptosis is crucial in evaluating the effectiveness of
anticancer systems. According to these figures, 97.9% of the control cells remained viable. After treatment
with the extract, respectively, 3.69%, 8.07%, and 2.79% of the cells entered the early and late apoptosis
stages and underwent necrosis. Conversely, treatment with the Ag-doped CuO NPs resulted in 7.34% early
apoptosis, 21.1% late apoptosis, and 3.77% necrosis in cancer cells. Additionally, Figure 6D demonstrates
that the occurrence of both early and late apoptosis as well as necrosis in cells treated with both the extract
and the Ag-doped CuO NPs was significantly higher than the control cells. Treatment with the Ag-doped
CuO NPs led to approximately twice the occurrence of early and late apoptosis compared to cells treated
with the extract (P<0.001).
Level of NO

Figure 7 reveals a significant increase in NO enzyme levels after treatment with the extract and the Ag-
doped CuO NPs at ICso concentrations compared to the untreated control cells (P<0.05 and P<0.001,
respectively). NO levels in the cells treated with the Ag-doped CuO NPs were approximately three times
higher than that of the cells treated with the extract.
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ROS Measurements

In this study, ROS levels was significantly increased after treatment with extracts and ICso
concentrations of the Ag-doped CuO NPs compared to the control cells (P<0.01 and P<0.001, respectively).
As depicted in Figure 8, the increase in ROS levels in cells treated with the Ag-doped CuO NPs was
approximately 1.5 times higher than in the cells treated with extracts. This finding aligns with the role of
increased ROS levels in guiding cells toward programmed death, and the induction of nanoparticle-induced
oxidative stress in cancer cells

(A) Control Ephedra intermedia extract  Ag-doped CuO nanoparticles
sTan ) s Tai a2
10" 30.520% 0.134% 10" 37799 8.07% 10° -3177% 212_1%
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=
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FL1-H: Annexin V-FITC FL1-H:: Annexin V-FITC FL1-H:: Annexin Y-FITC

(B) 30 El Ag-doped CuO nanoparticles Control
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Fig. 6. Flow cytometry plot to assess early apoptosis and necrosis in A) control cells, B) cells treated with the I1Cso concentration of
Ephedra intermedia extract, and C) cells treated with the 1Cso concentration of biogenic Ag-Cu nanoparticles. D) Changes in early
apoptosis, late apoptosis, and necrosis in cells treated with the 1Cso concentration of Ephedra intermedia extract and biogenic Ag-
doped CuO nanoparticles compared to control cells using the flow cytometry technique. The observed increase in apoptosis and
necrosis in the nanoparticle-treated group was significantly higher than in the extract-treated group. *** indicates P<0.001, indicating
the level of statistical significance.
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Fig. 7. The level of NO in cells treated with the 1Cso concentration of Ephedra intermedia extract and biogenic Ag-doped CuO
nanoparticles compared to control cells. The observed NO concentration in the extract-treated group was approximately one-third of
the concentration in the nanoparticle-treated cells. * Indicates P<0.05, and *** indicates P<0.001, indicating the level of statistical

significance.
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Fig. 8. The production of ROS in cells treated with the 1Cso concentration of Ephedra intermedia extract and biogenic Ag-doped
CuO nanoparticles compared to control cells. The observed ROS level in the nanoparticle-treated group was approximately 1.5 times

higher than that in the extract-treated group. * Indicates P<0.05, and *** indicates P<0.001, indicating the level of statistical

significance.
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Discussion

The present study demonstrated that the biosynthesized Ag-doped CuO NPs using Ephedra intermedia
extract exhibit significant anticancer effects on the HepG2 liver cancer cells. The biosynthesized Ag-doped
CuO NPs was characterized by FESEM, TEM, XRD, and FTIR and showed a size range of 31.27 to 88.98
nanometers and a crystalline structure. Notably, these NPs exhibited a substantially lower ICso value of 28.56
pg/mL compared to the plant extract's 1Cso of 324.56 pg/mL, indicating a higher cytotoxic efficacy against
the HepG2 cells. A noteworthy decrease in cell viability at concentrations as low as 6.25 pug/mL for NPs
compared to higher concentrations required for the plant extract indicates the potent anticancer impact of the
synthesized NPs even at low concentrations. Molecular analysis further substantiated the anticancer potential
of the Ag-doped CuO NPs, with a significant upregulation of pro-apoptotic genes Bax, Caspase3, and P53,
showing a 4-fold increase compared to a 2.5-fold increase with the plant extract. Conversely, the anti-
apoptotic gene Bcl2 was notably downregulated.

The data obtained from flow cytometry revealed that treatment with the Ag-doped CuO NPs resulted in
a higher percentage of cells undergoing early and late apoptosis compared to the extract. This finding
indicates that the Ag-doped CuO NPs have a more substantial impact on promoting apoptosis and reducing
cell viability in liver cancer cells. Additionally, the study highlighted the ROS and NO in the anticancer
mechanism of the NPs. Treatment with the Ag-doped CuO NPs significantly increased ROS levels and NO
enzyme activity, approximately 1.5 times and three times higher, respectively, than the levels observed with
the plant extract. This elevation in ROS and NO levels is critical in inducing oxidative stress and promoting
apoptosis in cancer cells. Overall, these findings suggest that the biosynthesized Ag-doped CuO NPs from
Ephedra intermedia extract exhibit a multifaceted anticancer mechanism, making them a promising
therapeutic agent against liver cancer. ROS is linked to the eradication of cancer cells, measuring ROS levels
a suitable indicator for evaluating anticancer activity. NO plays a crucial role in inhibiting tumor growth,
angiogenesis, migration, and metastasis, making it a valuable indicator of the effectiveness of cancer
treatments. Notably, the utilization of plant extracts has emerged as a promising avenue for liver cancer
treatment, owing to their antioxidant and antiproliferative properties, coupled with reduced toxicity compared
to conventional chemotherapy drugs (35, 36). A particular plant of interest in this regard is Ephedra
intermedia, which has demonstrated significant anti-proliferative, anti-inflammatory, and antioxidant
characteristics (37). Capitalizing on the advantages offered by NPs, particularly bimetallic NPs, incorporating
the Ephedra intermedia extract in the synthesis of bimetallic Ag-doped CuO NPs appears to be a viable and
advantageous strategy for cancer therapy (38).

The FESEM analysis, depicted in Figure 1A, illustrated spherical particles within the size range of 31.27
to 88.98 nanometers, while the Energy-Dispersive X-ray Spectroscopy (EDS) analysis, shown in Figure 1C,
confirmed a silver content of 3.66% and copper content of 2.24%. The TEM image in Figure 1B further
supported the observation of spherical nanoparticles with sizes below 80 nanometers, and the average particle
size was calculated to be 11.20 nanometers, consistent with the findings reported by other researchers (39,
40). Furthermore, Fourier Transform Infrared (FTIR) spectroscopy results provided evidence of the presence
of a carbon-carbon double bond, which contributes to the reduction of silver and copper ions (41).
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In agreement with the FESEM data, the TEM picture indicates that the Ag-doped CuO NPs have
spherical shapes and a non-uniform distribution. As reported by other research (42, 43), the results of the
TEM picture further clearly show that the dark Ag particles are doped on the surface of CuO NPs. The
aggregation of various NPs, which is not adequately done in the TEM diffraction microscope, and the NPs
are observed stuck together, maybe the cause of the size disparity between the FESEM and TEM tests (41).
The existence of improved dispersibility of Ag NPs in the nanorod-like morphology of CuO is confirmed by
the Ag-doped CuO NPs cermet FESEM pictures. The face-centered cubic of Ag metal and the well-
crystalline nature of monoclinic CuO were disclosed by XRD patterns, and the coating compositions were
verified by EDX spectra (44).

The most identifiable ingredient is the primary synthesized (CuO and Ag) nanoparticle, according to a
number of findings indicating that green synthesized CuO and Ag NPs have a spherical and nanoscale [31-
33]. Ag and Zn have an absorption peak between 350 and 500 nm, as can be seen from the UV-Vis spectra
of the other investigations (45, 46). Synthesized NPs are mostly caused by the participation of capping agents,
which include amino acids, sugar, proteins, and dioica polysaccharides (47). CuO NPs were discovered to
have UV spectra between 420 and 480 nm (48). Using UV-Vis-NIR and FTIR spectrophotometers, the
optical characteristics of the produced coatings were examined in the wavelength ranges of 0.3-2.5 um and
2.5-20 pm, respectively. At 700 rpm, the Ag@CuO Nanocermet coatings show an emissivity of e=0.23 and
a solar absorptance of 04=0.93. Because the implanted Ag NPs contain concentrated free electrons with
particle sizes that are either the same or smaller than the received light's wavelength, they improve the
inherent absorption characteristics of CuO (44). The presence of four strong and four weak peaks indicated
that the NPs were crystalline. The material's average crystallite size is directly correlated with the peak width
in the XRD pattern. Typically, the size and crystallinity of the NPs are determined by sharp and wide peak
regions. Ironically, XRD pattern of the biosynthesized NPs strikingly mimics the hexagonal silver wurtzite
structure (49, 50). This supported the findings of earlier research (51, 52). Different extract secondary
metabolites have been found on the outer layer of the doped NPs, as confirmed by the results of
characterization techniques including UV-Vis, XRD, FTIR, and EDX tests. Essentially, Zn+ and Ag+ were
converted into ZnNPs and AgNPs, respectively, by the action of flavonoids, amides, aromatic compounds,
and amino acids found in the U. dioica extract as bio-reducing reagents (53). The combined benefits of
including these specific chemicals on NP surfaces may increase the efficacy of Zn-doped-Ag NPs as
apoptotic treatments.

Evaluation of the toxicity of the Ag-doped CuO NPs demonstrated notably higher toxicity compared to
the Ephedra intermedia extract alone. The half-maximal inhibitory concentration (ICso) of the NPs was
significantly lower than that of the plant extract, aligning with the results reported by other researchers (54-
57). The mechanism underlying the increased cytotoxicity of the Ag-doped CuO NPs involves multiple
pathways. Firstly, the NPs induce oxidative stress by generating reactive oxygen species (ROS), which can
damage cellular components and lead to apoptosis. Secondly, the NPs enhance the expression of pro-
apoptotic genes such as Bax, Caspase3, and P53 while downregulating the anti-apoptotic gene Bcl2. This
gene expression profile promotes programmed cell death and inhibits cancer cell survival and proliferation
(58). Among all tested agents, cisplatin exhibited the most pronounced cytotoxic effect, outperforming the
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biosynthesized and chemically synthesized NPs as well as the Ephedra intermedia extract. The enhanced
cytotoxic activity of the bimetallic NPs, both chemically and biosynthesized, can be attributed to their unique
physicochemical properties. The small size, high surface area-to-volume ratio, and the synergistic effects of
the metal components (silver and copper oxide) contribute to the improved cellular uptake and targeted
delivery of the active compounds to the cancer cells. The biosynthesized Ag-doped CuO NPs, in particular,
demonstrated superior cytotoxic efficiency, likely due to the additional benefits of the plant-derived capping
and stabilizing agents that enhance the NPs' stability and biocompatibility (59, 60).

Elucidating the mechanisms underlying the heightened toxicity and induction of apoptosis at the ICso
concentration of both the extract and the synthesized NPs revealed a substantial upregulation of apoptosis-
related genes, including Bax, Caspase3, and P53, accompanied by a downregulation of the anti-apoptotic
gene Bcl2. Notably, the effect of the NPs on the upregulation of apoptosis-related genes and the
downregulation of anti-apoptotic genes was more pronounced compared to the extract alone, which is
consistent with findings from previous studies (61-64).

Furthermore, the evaluation of ROS and NO production, recognized as indicators of apoptosis induction
and metastasis reduction, exhibited a significant increase in the presence of Ag-doped CuO NPs compared
to the extract alone (65, 66). Given the central role of metastasis in the increased mortality associated with
cancer, it is reasonable to anticipate that the synthesized NPs hold promise for future therapeutic applications
(67).

Additionally, the analysis of cancer cells treated with NPs using flow cytometry revealed a substantial
increase in apoptosis and necrosis compared to those treated with the Ephedra intermedia extract,
corroborating the findings of this study and other investigations involving metallic NPs (32, 68). Collectively,
these findings suggest that bimetallic Ag-doped CuO NPs synthesized using the Ephedra intermedia extract
present a novel and promising therapeutic modality for liver cancer treatment.

The research findings suggest that Ag-doped CuO NPs can induce higher toxicity and apoptosis in
cancer cells compared to Ephedra intermedia extract. The observed trends can be attributed to the different
performance of extracts and NPs in inducing toxicity. It is thought that this extract has pharmacological
functions similar to other drugs and may be able to cross the cell membrane wall due to its action on cell
receptors or its concentration gradient (69, 70). However, the ability of NPs, due to their nano size, to easily
penetrate the cell walls of cancer cells, leads to higher toxicity (71, 72). However, this mechanism can also
cause relatively severe necrosis, which is undesirable (73, 74). The results of this research propose that
modifying the surface of synthetic NPs with specific targeting agents could improve their performance in
cancer treatment and detection. NPs have been shown to induce apoptosis in cancer cells through various
mechanisms, such as ROS-mediated apoptosis and mitochondria-dependent apoptosis. Additionally, the use
of NPs as drug delivery carriers shows potential for enhancing apoptosis in cancer cells. The findings
highlight the potential of engineered NPs in cancer therapy and the importance of further research in this area
(75-79).

Ag-doped CuO NPs were prepared using Ephedra intermedia extract. The physical characterization of
NPs demonstrated that the Ag-doped CuO NPs had a higher small size and good uniformity. The cellular
results also exhibited the high cytotoxicity of Ag-doped CuO NPs on HepG2 cells. Moreover, the Ag-doped
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CuO NPs demonstrated a significant ability to induce apoptosis in liver cancer cells. The mRNA levels of
pro-apoptotic genes (i.e., Bax, Caspase3, P53) increased; while the expression levels of cellular proliferative
genes (Bcl2) decreased during treatment with NPs. The invasion of cells dramatically decreased after the
treatment of the HepG2 cell line with biogenic Ag-doped CuO NPs. Therefore, as-designed green NPs had
great potential for liver cancer treatment.
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