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ABSTRACT: Currently, plant extract-mediated synthesized metal oxide nanoparticles
(MO NPs) have played a substantial role in biological applications. Hence, this study
focused on the eco-benign one-pot synthesis of bimetallic ZnO−CuO nanoparticles
(ZC NPs) using the leaf extract of Artemisia abyssinica (LEAA) and evaluations of their
anticancer, antioxidant, and molecular binding efficacy. The optical absorption peak at
380 nm from UV−visible (UV−vis) analysis revealed the formation of ZC NPs. X-ray
diffraction (XRD) results revealed the fabrication of mixed-phase crystals with
hexagonal and monoclinic structures of ZC NPs with an average crystallite size of 14
nm. Moreover, the biosynthesis of ZC NPs with a spherical morphology and an average
particle size of 13.09 nm was confirmed by scanning electron microscopy (SEM),
energy-dispersive X-ray (EDX), and transmission electron microscopy (TEM) results.
Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA/DTA)
spectroscopy confirmed the involvement of functional groups from LEAA during the
synthesis of ZC NPs. ZC NPs have exhibited the ferric ion reducing power (FRAP) with an absorbance of 1.826 ± 0.00 at 200 μg/
mL and DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) radical scavenging activity of 95.71 ± 0.02% at 200 μg/mL with an IC50
value of 3.28 μg/mL. Moreover, ZC NPs had shown a promising in vitro anticancer activity of 89.20 ± 0.038 at 500 μg/mL with an
IC50 value of 33.12 μg/mL against breast cancer (MCF-7) cell lines. Likewise, ZC NPs have shown strong binding affinity (−8.50
kcal/mol) against estrogen receptor α (ERα) in molecular docking simulations. These findings suggested that the biosynthesized ZC
NPs could be used as promising antioxidant and anticancer drug candidates, particularly for breast cancer ailments. However, the in
vivo cytotoxicity test will be recommended to ensure further use of ZC NPs.

1. INTRODUCTION
Cancer and oxidative stress-induced ailments have been among
the main causes of global morbidity and deaths for a very long
time.1 Cancer is often a deadly disease that burdens society
tremendously, in both developing and developed countries.2

Oxidative strain is typically prompted by the presence of
disproportionate reactive oxide species (ROS) and affects body
cell functions in a number of ways.3,4 Oxidative strain can
eventually lead to the progress of multifarious pathological
problems, including cancer, diabetes, acute renal failure,
arthritis, neurodegenerative diseases, respiratory system impair-
ment, cardiovascular problems, aging, and inflammatory
disorders.4 Numerous anticancer and antioxidant drugs have
been introduced recently; however, the majority of them have
encountered cytotoxicity to a healthy body, poor water
solubility, restricted membrane transport, and limitations in
rapid clearance in the bloodstream.5 Due to ample challenges
emanated, cancer and oxidative stress have become the main
focus of the scientific community recently.6

Metal oxide nanoparticles (MO NPs) have been gaining the
attention of researchers in the biological field due to their
astonishing physicochemical properties such as high surface-to-
volume ratio, enhanced surface charge, aqua solubility,
colloidal stability, and biocompatibility.7,8 Moreover, due to
their significant catalytic, optical, electrical, and magnetic
features and chemical stability, they have incredible intra-
cellular tracking, stability in the biological milieu, and rapid
clearance from biological fluids.8,9 Likewise, the ability of MO
NPs to produce a large number of reactive oxygen species
(ROS) with great selectivity and lower sensitivity to normal
cells is particularly important to curb the proliferation of
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cancerous cells.10,11 Recently, the efficacy of numerous MO
NPs in cancer and oxidative-stress-driven ailments has been
broadly reported.12,13

However, due to their cost-effectiveness, structural activity,
biocompatibility, and bioavailability, ZnO and CuO NPs have
received special aspects among the various MO NPs in cancer
and oxidative stress-induced ailments.14,15 Owing to their
surface crystal defects and semiconductive nature of these
nanoparticles, the electrons move easily and could react with
oxygen species to form free radicals, which in turn cause
oxidative stress in cancerous cells.16,17 Because of their
inherent electrostatic nature and selective toxicity, ZnO NPs
are more apposite in cancer therapy.18 ZnO nanoparticles have
exhibited significant anticancer efficacies against a variety of
cancer types, including lung cancer,19 breast cancer,20 ovarian
cancer,21 and colorectal cancer.22 The anticancer potency of
ZnO NPs is mainly through zinc-mediated protein activity
disequilibrium and oxidative stress.23 Recently, it has been
reported that the enhanced anticancer efficacy of CuO NPs is
against breast cancer,24 hepatocellular carcinoma,25 lung
cancer,26 and cervical cancer.27 The anticancer mechanism of
CuO NPs is mainly through genotoxicity and apoptotic death
in cancerous cells due to their ability to generate enhanced
ROS.28 Moreover, the ZnO and CuO NPs have been also
repeatedly reported as significant antioxidant agents.15,29,30

However, due to their enhanced synergistic effects, including
enriched surface area, multiple reactive sites, higher charge
flow, and mass transfer, the integration of ZnO and CuO NPs
together is preferred over their monometallic counter-
parts.16,31,32

Nevertheless, the methods of synthesis of MO NPs are the
noticeable factors that determine their efficiency in biological
use. Various methods, such as physical, chemical, and
biological approaches, have been utilized for the fabrication
of MO NPs.12,33 However, physical and chemical approaches
have noticeable limitations, including high energy consump-
tion, utilization of toxic solvents, small yield production, extra
time, and increased cost demand. Due to the stated constraints
of conventional methods, the researchers paved the way for a
new approach with less energy, time, and cost demands. The
biological (green) synthesis approach is cost-effective, facile,
and eco-benign and also prohibits the immersion of toxic
chemicals into living entities.15,30 The biosynthesis of MO NPs
has been employed using diverse biosystems, such as plant
extracts, bacteria, fungi, and large biological molecules.
However, using plant extracts has a low handling cost, safer,
and is an easy technique to fabricate NPs on a large scale in
comparison with bacterial and fungal strains.34,35 Furthermore,
the multifarious functional groups from phytochemicals of
plant extracts, counting NH2, SH, COOH, C�O, and OH, are
used as greener and stronger reducing and capping agents.36,37

Using medicinal plants for the synthesis of NPs can also exhibit
further synergistic effects on biological activity.12,38

This work focuses on the fabrication of facile, eco-benign,
and one-pot biosynthesis of bimetallic ZnO−CuO (ZC) NPs
using a greener reducing and capping agent from the LEAA
and the evaluation of its biological efficacy. Artemisia abyssinica
belongs to the family Asteraceae and is an indigenous plant
used in folk medicine for the treatment of various ailments
such as inflammation, cold, gonorrhea, headache, stomachache,
anorexia, fever, and dysmenorrhea in Ethiopia.39 Moreover, the
plant has also been reported as an antimalarial, antiparasitic,
antitumor, antirheumatic, anti-inflammation, and antioxidant

agent.40 The main contents of phytochemicals investigated in
the leaf part of A. abyssinica are polyphenols, alkaloids,
flavonoids, tannins, terpenoids, saponins, and essential oils.36,41

Hence, in this study, we reported A. abyssinica leaf extract-
mediated synthesis and characterization of ZC NPs using
advanced techniques like UV−vis, FTIR, TGA, XRD, SEM,
EDX, and TEM. The as-synthesized ZC NPs have been
investigated for their antioxidant potentials through FRAP and
DPPH assays and their anticancer efficacy against MCF-7 cell
lines in the MTT assay. Further, molecular docking studies of
biosynthesized ZC NPs have been evaluated against estrogen
receptor alpha (ERα; PDB: 5GS4) using the AutoDock 4.2
(MGL tools 1.5.7) program.

2. MATERIALS AND METHODS
2.1. Chemicals and Media. The chemicals zinc nitrate

[Zn(NO3)2·4H2O, 99.9%], copper nitrate [Cu(NO3)2·3H2O,
99.8%], ethanol (C2H6O, 99.9%), sodium hydroxide (NaOH,
97%), 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), and
ascorbic acid, Sigma-Aldrich, were purchased from Addis
Ababa, Ethiopia. Breast cancer (MCF-7) cells, peripheral blood
mononuclear cells (PBMCs), Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
PenStrep, Trypsin, Spectramax I3X, CO2 incubator, and
Doxorubicin (Invitrogen, USA) were obtained from India.
2.2. Preparation of Plant Extract. The preparation of

plant extract was done according to our previous work with
certain modifications.36 The leaves part of the medicinal plant
A. abyssinica was collected from Tiyo Woreda, Arsi Zone, on
September 2022. Tiyo Woreda, demarcated (7°45′55″ and
8°02′02″N latitude and 38°56′42″ to 39°18′31″E longitude),
is found in Arsi Zone, Oromia Region, Ethiopia, which is
located at 175 km southeast of Addis Ababa with an elevation
range of 1850 to 4050 m.35 The collected plant was
authenticated by a botanist and deposited in the National
Herbarium, Addis Ababa University, with voucher specimen
number YC008. The leaves of A. abyssinica were washed with
tap and distilled water repeatedly and dried for 13 days in the
dark to remove the moisture content. After grinding with a
mechanical grinder, 10 g of powdered leaves was mixed with
100 mL of 50% ethanol (water and ethanol, 1:1 v/v) in 250
mL conical flasks. The mixtures were shaken for 1.5 h at 120
rpm and 25 °C in a mechanical shaker and then heated for 50
min at 60 °C with a magnetic stirrer. After centrifuging the
obtained crude extract to produce a clear solution, the mixture
was cooled at room temperature for an overnight period before
being filtered through Whatman filter paper. A clear brown
color extract was eventually obtained and preserved at 4 °C for
further study.
2.3. One-Pot Green Preparation of ZC NPs. 0.1 M

mixed salts [Cu(NO3)2·3H2O and Zn(NO3)2·4H2O] solution
was mixed with prepared LEAA in a proportion of 3:1 (v/v) by
stirring vigorously. According to optimizations of our previous
study,36 the solution was adjusted at pH 5 and heated for 1 h at
70 °C on a hot plate containing a magnetic stirrer. The light
blue to reddish brown color change has been observed for the
spontaneous reduction and formation of ZC NPs. Following
the reaction, the mixture was sonicated at room temperature
for 1 h at 60 rpm in order to keep the dispersion of particles.
After sonication, the reaction mixture was centrifuged for 20
min at 6000 rpm. The obtained pellets were washed repeatedly
with distilled water, following ethanol in order to remove the
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impurities, and then oven-dried at 80 °C for 12 h. Finally, the
black-brown powder was obtained and stored in proper
containers at 4 °C for further analysis.42
2.4. Characterizations. An ultraviolet−visible (UV−vis,

SM-1600) spectrophotometer in the wavelength region 200−
800 nm was used to identify the SPR (surface-plasmon
resonance) spectra of as-synthesized ZC NPs. A BRUKER D8
Advance XRD, AXS GMBH, and Karisruhe, West Germany,
equipped with a Cu target for generating a Cu Kα radiation
(wavelength 1.5406 Å) at GSE was used to analyze the size and
crystalline nature of biosynthesized ZC NPs. Using Fourier
transform infrared (FTIR Shimadzu, Japan 8400S) spectros-
copy with the potassium bromide (KBr) disk in the 400 and
4000 cm−1 wavenumber region; the potential phytochemicals
responsible for the reductions and stabilizations of metal salts
into ZC NPs were examined. Moreover, the weight loss and
existing biomolecules of biosynthesized ZC NPs were analyzed
by a thermogravimetric analyzer TGA/DTA (DTG 60H
Shimadzu, Japan), by heating at 35−800 °C. The surface
features, morphology, and elemental compositions of ZC NPs
were analyzed by using scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (SEM−
EDX, Tescan Mira 3 LMU). Transmission electron micros-
copies in combination with selected area electron diffraction
(TEM/HRTEM-SAED, JEOL, JEM-210, 200 kV, LaB6
filament, and EDS-1.5 Å TEM resolution) were also used to
characterize the particle size and internal morphology of as-
synthesized ZC NPs.
2.5. Biological Activity of ZC NPs. 2.5.1. Antioxidant

Activity Test. Ferric reducing antioxidant power (FRAP) and
1,1-diphenyl-2 picrylhydrazyl (DPPH) assays were used to
evaluate the antioxidative properties of precursor salts (copper
nitrate, zinc nitrate), and ZC NPs.

2.5.1.1. Ferric Reducing Antioxidant Power Assay. By
using the ferric reducing antioxidant power (FRAP) assay, the
in vitro antioxidant activity of precursor salts and ZC NPs was
evaluated.43 ,44 Different concentrations (200, 100, 50, 25, and
12.5 μg/mL, in H2O) of each sample were mixed with 0.2 M
potassium phosphate buffer (2 mL, pH 6.6) and potassium
ferricyanide (2.5 mL, 10% w/v) solutions, followed by
incubation at 40 °C for 30 min. After centrifuging the
incubated solutions for 10 min at 3000 rpm with trichloro-
acetic acid (2.5 mL, 10% w/v) added, a supernatant (5 mL) of
each solution was combined with distilled water (2 mL) and
ferric chloride (0.5 mL, 0.1% w/v). Using a UV−visible
spectrophotometer, the absorbance of each solution was
measured at 700 nm. The measurement of absorbance was
carried out in triplicate and used to calculate the ferric ion
reducing power mean ± standard deviation of each sample.

2.5.1.2. DPPH Assay. The in vitro antioxidant activity of
precursor salts and ZC NPs was also evaluated using a DPPH
assay.36,45 The DPPH stock solution was prepared by
dissolving 4 mg of DPPH in 100 mL of methanol and stored
at 4 °C in the dark condition for 3 h to test the stability of the
solution. Constant λ max of the solution observed at 517 nm
revealed that the solution was stable throughout the experi-
ment. Two mL of 0.1 mM DPPH solution was mixed with 1
mL (200, 100, 50, 25, and 12.5 μg/mL) of Zn(NO3)2·4H2O,
CuNO3·3H2O, extract, ZC NPs, and ascorbic acid solutions.
The reaction solutions were mixed and incubated for 30 min at
27 ± 2 °C in the dark. Ascorbic acid and methanol were used
as positive control and a blank, respectively. By using a UV−
visible spectrophotometer, the absorbance of each solution was

recorded at 517 nm. Also, each measurement was conducted in
triplicate, and the results were expressed as the mean ±
standard deviation.
Equation 1 was used to compute the DPPH radical

scavenging abilities of the precursor salts, ZC NPs, and
ascorbic acid.

DPPH scavenging activity (%)
AB AS

AB
100= ×

(1)

where AB is the absorbance of the blank and AS is the
absorbance of the sample.

2.5.2. Anticancer Activity Test. 2.5.2.1. Culturing of Cells.
The breast cancer (MCF-7) and peripheral blood mono-
nuclear (PBM) cells were obtained from the National Center
for Cell Sciences (NCCS), India. By using the standard
method, MCF-7 and PBM cells were cultured.46 The standard
cells were hatched in DMEM at 37 °C in 5% CO2 and injected
with 10% (v/v) fetal bovine serum (FBS), penicillin (100 IU/
mL), and streptomycin (100 g/mL) until they become
confluence. The cell was separated with a cell dissociating
solution (0.2% trypsin, 0.02% EDTA, 0.05% glucose in PBS).
After testing the viability of the cells, they were centrifuged.
Furthermore, 5 × 104 cells/well were cultivated in a 96-well
plate and nurtured for 24 h at 37 °C under a 5% CO2
incubator.

2.5.2.2. Cytotoxicity Test. The 3-(4,5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT) test was used to
determine the in vitro cytotoxicity of ZC NPs and doxorubicin
on PBM and MCF-7 cells.47 The standard cells were
trypsinized and adjusted with 5 × 104 cells/ml to count cells
by using respective media containing 10% FBS (v/v). The
diluted cell suspension (5 × 104 cells/well) was added to each
of the 96 wells of the microliter plate in a quantity of 100 μL.
After incubation, the test solutions in the wells were rejected,
and 0.05 mg of MTT was added to each well. The plates were
kept for 4 h at 37 °C under a 5% CO2 atmosphere.
The resulting formazan was dissolved in 100 μL of dimethyl

sulfoxide (DMSO) with gentle shaking at 37 °C. The
absorbance was measured using a microplate reader at 570
nm. Equation 2 was used to compute the percentage growth
inhibition, and the dose−response curves for each cell line
were used to obtain the IC50 values. Each experiment was
carried out in triplicate, and the resulting cell growth
inhibitions were analyzed as the mean ± standard deviation.

% inhibition ((OD of control OD of sample)

/OD of control) 100

=
× (2)

2.5.3. Molecular Docking. Molecular docking studies of
biosynthesized ZC NPs and the standard drug (doxorubicin)
were evaluated against estrogen receptor alpha (ERα; PDB:
5GS4) by the AutoDock 4.2 (MGL tools 1.5.7) program.48,49

The crystal structures of estrogen receptor alpha (ERα; PDB:
5GS4) of breast cancer were downloaded from the protein
database and processed by removing the cocrystallized ligand,
deleting water molecules, and adding polar hydrogen and
cofactors according to the AutoDock 4.2 (MGL tools 1.5.7)
technique. After the protein was cleaned, only polar hydrogens
and the Kollman charges were introduced. In line with the
experiment, we used doxorubicin as a control standard drug.
The grid center coordinates were 65, 65, and 65 pointing in
the x, y, and z directions, respectively, with a grid point spacing
of 0.375 Å. The center grid boxes were −12.055, −10.491, and
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5.964 Å. The synthesized molecules were built as a pdb file
using Gaussian software. Gasteiger charges and Kollman united
atom charges were added to the ligands and receptors,
respectively. 100 different conformations were generated for
the targeted ZC NPs and the standard drug. The conformation
of the ZC NPs and standard drug with the lowest free binding
energy was selected to analyze their interactions with the
receptors by using the Discovery Studio Visualizer.
2.6. Statistical Data Analysis. All the experimental results

were computed using the one-way analysis of variance
(ANOVA) function of the statistical package for social science
(SPSS) version 20 and presented as the mean ± standard
deviation for triplicate experiments. The docking studies of
nanoparticles and the target were evaluated by the AutoDock
4.2 (MGL tools 1.5.7) program. Data analysis was also done
with ImageJ (imajej153-win java8 imagej.exe), Gatan Micros-
copy Suite software (GMS 64 bit) version 2.x, and Origin
software (Originpro 9.0 64 bit).

3. RESULTS AND DISCUSSION
3.1. Biosynthesis of ZC NPs. Biosynthesis of ZC NPs was

performed by using ethanolic (50%, v/v) LEAA as a reducing
and stabilizing agent. The change in color from blue
[Cu(NO3)2·3H2O], colorless [Zn(NO3)2·3H2O], and dark
brown (pure extract) to black-brown was observed and which
visually exhibited the synthesis of ZC NPs. Aside from the
color change, a distinctive optical absorption band at 380 nm

presented in Figure 2 (right) corroborates the formation of ZC
NPs via the green route.50−52

The proposed reaction mechanism of the biosynthesis of ZC
NPs from precursor salts and LEAA is presented in Figure 1.
The major phytochemicals present in LEAA are phenolic
compounds such as polyphenols, alkaloids, flavonoids, and
tannins, which are used as ligand agents.36 Among the major
active compounds, as also confirmed in the discussion parts
from FTIR of this study, polyphenols are the possible agents
that participate as reducing and capping ligands. However,
polyphenols most commonly contain phenolic acids, stilbenes,
and lignin groups. Among the phenolic acids accounts for the
majority of polyphenols in most reported literature and also are
those with the most active sites than the rest.53 Therefore, the
scheme of the proposed reaction mechanism of formations of
ZC NPs is presented as follows.
3.2. Characterizations of ZC NPs. 3.2.1. UV−Visible

Spectrophotometry Analysis. The surface plasma resonance
(SPR) band of nanoparticles depends on their physicochemical
properties, such as shape, size, and surface distribution, as well
as the dielectric properties of the medium. UV−visible
spectrophotometry spectra of ZC NPs Figure 2 (left), which
displayed a strong SPR peak at the edge of 380 nm.51,54 The
SPR absorption may be due to the interaction of free electrons
of the ZC NPs with the light wave. Recent studies reported
that anisotropic particles show two or more SPR bands, while
spherical nanoparticles show only a single SPR band,

Figure 1. Schemes of the reaction mechanism of ZC NP formation.

Figure 2. UV−visible optical absorption spectra of ZC NPs (left) and Tauc plot (right).
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depending on the shape of the NPs.55 Hence, the single SPR
peak in the UV−visible spectrum of ZC NPs illustrates the
formation of iso-morphological particles.56 Phytochemical
constituents (phenolic compounds) from the LEAA are
responsible for the bioreduction of precursor salts to ZC
NPs.36,57 The capping agents regulate the stability and
functionalization of the ZC NPs in the medium in which
they are suspended.58 A similar pattern of SPR behavior in the
range 350−400 nm was reported for ZnO and CuO
nanoparticles by previous studies.56,59

The band gap of the ZC NPs was calculated from the Tauc
plot Figure 2 (right) and is found to be 2.84 eV. The band gap
energy of the biosynthesized ZC NPs has demonstrated a
moderately amended value compared with early reported CuO
and ZnO nanoparticles.36,57 Several factors, such as the size-
induced quantum confinement, charge carrier concentration,
grain size, morphology, lattice strain, and orbital hybridization
by combining different atoms from bimetallic nanoparticles,
may contribute to the change in band gap value from their
monometallic counterparts.59

3.2.2. XRD Analysis. The structural compositions and
crystallographic nature of biosynthesized ZC NPs were
examined by using an X-ray diffractometer (XRD), as depicted
in Figure 3. The characteristic diffraction peaks with 2θ values

of 31.71, 34.41, 35.56, 36.18, 38.79, 47.51, 56.50, 62.83,
67.89°, and 73.06 nm are associated with the Miller indices
(hkl) values of (100), (002), (102), (101), (111), (102),
(021), (103), (112), and (311), respectively. The typical
diffraction peaks at (100), (002), (102), and (112) planes with
2θ values of 31.71, 34.41, 36.18, 47.51, 62.83, and 67.89° are
associated with the crystalline structure of zinc oxide NPs with
the (ICSD card no. 00-036-1451, Zincite-P63mc).

60 The
diffraction peaks at (102), (111), (021), and (311) planes
with peak positions of 35.56, 38.79, 61.82°, 56.50, and 73.06
nm are associated with the CuO NPs (ICSD card no. 00-048-
1548, Tenorite-C2/c).36,54 These XRD spectra are in align-
ment with early reported results and have revealed the
successful synthesis of ZC NPs.61 The sharper to broader
diffraction peaks are observed, and the displayed (101), (100),
(002), (002), (111), (200), (102), (110), (220), (311), and
(222) planes are indicating the formation of the highly
crystalline, hexagonal structure lattice with monoclinic
symmetry of ZC NPs.19 As seen in Figure 3, ZnO

nanoparticles exhibit more distinct diffraction patterns and
significant peak intensities in comparison to CuO NPs. This
confirms that ZC NPs contain a greater portion of ZnO
nanoparticles and a high degree of crystallinity, which is in line
with the elemental composition observed in the EDX spectrum
(Figure 7c).
The crystallite size (D) of the biosynthesized ZC NPs was

calculated by using the Debye−Scherrer equation and
Williamson−Hall plot as presented in Table 1. The average

crystallite size of ZC NPs calculated by the Debye−Scherrer eq
(eq 3) was 13.85 nm.

D
K
cos

=
· (3)

where D, K, λ, β, and θ are the average crystallite size, the
Scherrer constant (0.9), wavelength of X-ray (Cu Kα =
0.15418 nm), fwhm (full width at half-maximum), and Bragg’s
diffraction angle, respectively.
The crystallite size and microstrain of ZC NPs were also

deconvoluted using the Williamson−Hall (W−H) model (eq
4).

k
D

Cos
.

4 Sin· = +
(4)

where β is the full width of the Bragg peak at half-maximum
(fwhm), θ is peak angle, D is mean crystallite size, k is the
Scherrer constant, λ is the wavelength of X-ray, and ε is
(microstrain). From this approach, the computed crystallite
size and microstrain of ZC NPs are 14.94 nm and 8.32 × 10−4,
respectively. The obtained positive microstrain (slope) and
extrapolating the linear fit to the y-intercept in Figure 4
indicate that the distances between the relevant crystal planes
are not exactly the same, presumably as a result of the existence
of tensile stress. The crystallite size of ZC NPs computed by
the W−H approach is slightly greater than Scherrer’s method.Figure 3. XRD pattern of biosynthesized ZC NPs.

Table 1. Crystallite Size (D) of ZC NPs and Microstrain (ε)
from Debye−Scherrer and Williamson−Hall Calculations

Debye−Scherrer Williamson−Hall plot

average crystallite size (nm) crystallite size (nm) microstrain (ε) x 10−4

13.85 14.94 8.32

Figure 4. Linear fit of the ZC NPs Williamson−Hall plot.
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This is because Scherrer’s formula only predicts crystallite size
based on averaging crystallite distribution from various peaks
and does not consider the effects of peak expansion due to
strain (ε).62

3.2.3. FTIR Analysis. Figure 5 presents the FT-IR spectra of
LEAA, CuO, ZnO, and ZC NPs. All the as synthesized

nanoparticles, including the extract, have revealed similar
absorption bands at 3272, 2072, 1391, and 588 cm−1. The
common small peak also appeared at 2914 cm−1 for the
biosynthesized CuO, ZnO, and ZC NPs. Moreover, the
common absorption bands at 1107 cm−1 with CuO and at 812
cm−1 with ZnO nanoparticles have appeared for the
biosynthesized ZC NPs. The broad and intense peaks at
3272 and at 2914 cm−1 were attributed due to the vibrational
stretching of O−H and of C�O from phenolic compounds of
the LEAA, respectively.36,63 The demanding peak at 2072 cm−1

is also ascribed due to the bending and stretching frequency of
C�C from terminal alkyl groups.64 The intense peaks at 1391
and 588 cm−1 were due to stretching vibrations of aromatic
N−H from phenolic groups and C−O−C from ester groups,
respectively.65,66 The prominent peaks at 1107 and 812 cm−1

were exhibited due to the presence of Cu−O and Zn−O bonds
of metal biomolecules, which is in alignment with previously
reported results.50,67 The FT-IR spectra demonstrated that ZC
NPs might be reduced and stabilized due to the interaction of
OH and C�O residues of the phenolic compounds. Since OH
and C�O residues have a great ability to bond with metal by
coating their surface and inhibiting aggregation, which are
essential for stabilization.65

3.2.4. TGA Analysis. Thermogravimetric analysis was also
performed to confirm the presence of biomolecules on the
surface of ZC NPs, which are used as capping and reducing
agents, as illustrated in Figure 6. The DTA thermogram
revealed four (two exothermic and two endothermic) distinct
peaks in the temperature range of 35 to 800 °C. The
endothermic peaks at 44.07 and 274.01 °C correspond to
weight losses of 5.23 and 21.39% in the TGA curve. The
exothermic peaks at 199.78 and 411.87 °C observed are linked
with the 4.49 and 19.05% weight losses in the TGA curve. The
first weight loss (5.23%) observed is associated with physically
adsorbed water molecules on the surface of ZC NPs. The

second weight reduction on the thermogram was found to be
4.49%, which is due to the degradation of chemically adsorbed
hydroxide molecules and the desorption of some biomolecules
from the surfaces of ZC NPs. The third and fourth weight
losses of (21.39% and 19.05%) observed were also due to the
desorption of biomolecules that strongly bind with nano-
particles and which were involved in the preparation of ZC
NPs.68 As a result, phenolic compounds such as polyphenols,
alkaloids, and flavonoids are expected to be present in the
LEAA, which are responsible for the reduction and
stabilization of ZC NPs, as previously mentioned in the
FTIR study (Figure 5).36,69

3.2.5. SEM Analysis. The surface morphology, structure, and
composition of the biosynthesized ZC NPs were characterized
using scanning electron microscopy with energy-dispersive X-
ray spectroscopic (SEM−EDX) techniques. As shown in
(Figure 7a,b), SEM images of ZC NPs at low and high
resolution were found to be nearly spherical. Furthermore, the
particles are dispersed across the surface more uniformly with a
low level of agglomeration/clustered forms, and that is
associated with the presence of biomolecules from LEAA.
The elemental composition of the biosynthesized ZC NPs

was analyzed by energy-dispersive X-ray (EDX) techniques.
The formation and features of the synthesized nanomaterials
are linked to the existence of characteristic peaks in the EDX
spectrum. Figure 7c shows an EDX spectrum of biosynthesized
ZC NPs at 0.5, 0.8, and 1 keV for the weight percent of
oxygen, copper, and zinc, respectively, which is in agreement
with previous studies.32,70 The smaller peaks were also revealed
at 8.2 and 9 keV for the weight percent of copper and 8.8 and
9.7 keV for the weight percent of zinc. These verified the
production of crystalline bimetallic ZnO−CuO (ZC) NPs with
weight percentages of 39.35, 27.42, and 26.75 for Zn, Cu, and
O, respectively. The smaller peaks at 2.5 and 3.5 keV were
shown weight percentages of 4.27 and 2.21 for nitrogen and
carbon, respectively, which may be due to the biomolecules
bound to the surface of ZC NPs. This EDX spectrum finding
also confirmed the successful preparation of ZC NPs
synthesized using LEAA.

3.2.6. TEM−HRTEM−SAED Analysis. The morphology,
particle size, and crystallinity of ZC NPs were further
characterized by TEM−HRTEM−SAED techniques. As
displayed in Figure 8a,b, the as-synthesized ZC NPs have
nearly spherical morphology with particle sizes ranges from 5

Figure 5. FTIR spectra of (a) LEAA, (b) CuO NPs, (c) ZnO NPs,
and (d) ZC NPs.

Figure 6. TGA/DTA thermogram of the biosynthesized ZC NPs.
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to 22 nm. The average particle size of ZC NPs is approximately
13.09 nm, as determined by ImageJ software analysis. The
presence of small particles with a size of 5 nm demonstrates
the effectiveness of biomolecules from the LEAA as capping
and stabilizing agents.
The eight major circular concentric circles on the SAED

pattern (Figure 8c) correspond to specific crystal planes of ZC

NPs as observed in XRD measurements (Figure 3). The eight
most noticeable patterns found in the XRD measurements
were also denoted by colored concentric circles on the SAED
pattern that can be correlated to the (100), (002), (102),
(111), (102), (021), (103), and (112) crystal planes (Figure
3). The ringed concentric circles of the SAED pattern revealed
the fabrication of polycrystalline ZC NPs. The average d-space

Figure 7. SEM micrographs of ZC NPs with (a) low, (b) high resolution, and (c) EDX spectrum.

Figure 8. TEM images of ZC NPs (a) at 20 nm, (b) histogram of particle size distribution (c), SAED pattern, (d) HRTEM at 2 nm, (e) IFFT
patterns with d-spacing of CuO, and (f) IFFT patterns with d-spacing of ZnO NPs, (g) profile of IFFT of CuO with d-spacing distance, and (h)
profile of IFFT of ZnO with d-spacing distance.
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value of 0.255 nm displayed in (Figure 8d,e), which was
computed from the profile IFFT in (Figure 8f), well
corresponds with the (102) planes of the spherical Tenorite
structure of CuO NPs with the (ICSD card no. 00-048-1548).
D-space value 0.261 nm (Figure 8d,g), which was computed
from the profile IFFT in (Figure 8f), is also well corresponding
with the (101) planes of the hexagonal zincite structure of
ZnO NPs with the (ICSD card no. 00-036-1451), and it is also
in accordance with the results of XRD analysis in (Figure 3).
3.3. Biological Efficacy of ZC NPs. 3.3.1. Antioxidant

Assay. The FRAP and DPPH assays were used to assess the in
vitro antioxidant activity of the precursor salts and ZC NPs.
Various amounts (200, 100, 50, 25, and 12.5 μg/mL) of
samples were prepared from their respective stock solutions (1
mg/mL). Each solution was subjected to the UV−vis
spectrophotometer to measure their absorbance against ferric
reducing power and DPPH radical at 700 and 517 nm,
respectively. The triplicate values of outcomes were expressed
as mean ± standard deviation.

3.3.1.1. FRAP Assay. The potential of reducing the ferric
(Fe3+) ion into its ferrous (Fe2+) precursor salts and ZC NPs
was known by first observing a change in color of the reaction
solutions from yellow to green and then measuring the
absorbance at 700 nm.43 The ability to reduce Fe3+ to Fe2+
(ferric reducing antioxidant power) ions by donor electrons, as
revealed in Table 2, was found to be in the increasing order of
[Zn(NO3)2·4H2O < Cu(NO3)2·3H2O] < ZC NPs < ascorbic
acid. The computed results show that at 200 μg/mL, the
biosynthesized ZC NPs and ascorbic acid have higher (1.826 ±
0.000 and 1.845 ± 0.001) ferric reducing power, and the
precursor salts (0.208 ± 0.012 and 0.217 ± 0.001) have lower
ferric reducing power, respectively. The strong ferric reducing
power of biosynthesized ZC NPs displayed may be due to the
occurrence of free charge transferring between the containing
copper and zinc oxides.71 In general, the biosynthesized ZC
NPs demonstrated the significant ferric reducing antioxidant
power, which is also in agreement with earlier reports.71,72

3.3.1.2. DPPH Assay. A DPPH assay was used to evaluate
the in vitro antioxidant activity of the precursor salts and ZC
NPs. The absorbance of each sample was recorded against
DPPH radical at 517 nm using a UV−vis spectrophotometer.
As shown in Table 3 and Figure 9 DPPH radical scavenging

activity of the samples was found to increase in a dose-
dependent manner. The highest anti-DPPH scavenging
potencies of precursor salts [Zn(NO3)2·4H2O and Cu-
(NO3)2·3H2O] were 36.28 ± 0.04 and 38.78 ± 0.01 at 200
μg/mL, respectively. DPPH radical scavenging percentages of
ZC NPs and ascorbic acid at 200 μg/mL were 95.71 ± 0.02
and 94.56 ± 0.11, respectively. The IC50 values of Zn(NO3)2·
4H2O, Cu(NO3)2·3H2O, ZC NPs, and ascorbic acid were
1096.63, 1074.92, 3.28, and 3.78 μg/mL, respectively. The
IC50 values of precursor salts are very large compared to those
of the ZC NPs and positive control. Hence, the highest IC50
values of precursor salts revealed less DPPH scavenging
potency and even negligible compared to ZC NPs and ascorbic
acid. Likewise, the IC50 value of ZC NPs is smaller than the
IC50 value of the standard drug. The lower IC50 value of ZC
NPs indicates a stronger DPPH scavenging ability. Moreover,

Table 2. Absorbance of FRAP of Zinc Nitrate, Copper Nitrate, ZC NPs, and Ascorbic Acida

concentration (μg/mL) absorbance FRAP of Zn(NO3)2·4H2O, CuNO3·3H2O, ZC NPs, and ascorbic acid

Zn(NO3)2·4H2O CuNO3·3H2O ZC NPs ascorbic acid

12.5 0.147 ± 0.004c 0.156 ± 0.012c 0.542 ± 0.001d 0.654 ± 0.001d

25 0.152 ± 0.001bc 0.163 ± 0.004bc 0.884 ± 0.011c 0.912 ± 0.003c

50 0.176 ± 0.003b 0.187 ± 0.010b 1.036 ± 0.001bc 1.069 ± 0.002bc

100 0.192 ± 0.001ab 0.195 ± 0.002b 1.292 ± 0.003b 1.304 ± 0.006b

200 0.208 ± 0.012a 0.217 ± 0.001a 1.826 ± 0.000a 1.845 ± 0.001a
aAbsorbance values of five individual replicates ± standard deviation. The letter(s) on the means in each column are not significantly different as
per Tukey’s honestly significance difference (HSD) (SPSS 20.0).

Table 3. Percentages of DPPH Radical Scavenging of Zinc Nitrate, Copper Nitrate, ZC NPs, and Ascorbic Acida

concentration (μg/mL) % scavenging activity (mean ± SD) against DPPH radical- zinc nitrate, copper nitrate, ZC NPs, and ascorbic acid

Zn(NO3)2·4H2O CuNO3·3H2O ZC NPs ascorbic acid

12.5 15.28 ± 0.04c 19.57 ± 0.02c 65.26 ± 0.11c 63.91 ± 0.03c

25 21.37 ± 0.02bc 23.13 ± 0.04bc 72.46 ± 0.06bc 70.83 ± 0.00bc

50 26.46 ± 0.03b 28.07 ± 0.01bc 80.62 ± 0.03b 78.51 ± 0.06b

100 32.22 ± 0.00a 33.15 ± 0.02b 89.96 ± 0.04ab 87.58 ± 0.01ab

200 36.28 ± 0.04a 38.78 ± 0.01a 95.71 ± 0.02a 94.56 ± 0.11a

IC50 (μg/mL) 1096.63 1074.92 3.28 3.78
aThe scavenging percentages (%) are the means of five individual replicates ± the standard deviation (SD). The letter(s) on the means in each
column are not significantly different, per Tukey’s HSD analysis.

Figure 9. DPPH radical scavenging activities of zinc nitrate, copper
nitrate, ZC NPs, and ascorbic acid.
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bimetallic ZC NPs also showed enhanced anti-DPPH free
radical scavenging activity than monometallic CuO and ZnO
NPs, which were reported in previous works.36,73 These may
be due to the occurrence of free charge transferring from the
containing CuO and ZnO NPs to the DPPH radical.74

Therefore, the biosynthesized ZC NPs from the A. abyssinica
extract can be a promising antioxidant drug in oxidative stress
emerging ailments.

3.3.2. Cytotoxicity and Anticancer Activity. In vitro
cytotoxicity and anticancer activity of biosynthesized ZC
NPs and Doxorubicin (a standard chemotropic drug) were
tested on peripheral blood mononuclear (PBM) and breast
cancer (MCF-7) cell lines by using an MTT assay.

3.3.2.1. Cytotoxicity Test. The cytotoxicity test of
doxorubicin and ZC NPs on human normal cell lines was
thought to be the initial step in determining the safety of these
products.75 The cytotoxic properties of the ZC NPs on PBM
cell lines at different concentrations (7.81, 15.62, 31.25, 62.5,

125, 250, and 500 μg/mL) were evaluated, as shown in Table
4 and Figures 10 and 12). The obtained result corroborated

Table 4. Inhibition Percent (%) of ZC NPs and Standard Drug against PBM and MCF7 Cell Lines on the MTT Assaya

conc. (μg/mL) ZC NPs doxorubicin

PBMCs MCF7 PBMCs MCF7

% In. % In. % In. % In.

Control 0 0 0 0
7.81 12.99 ± 0.22d 25.12 ± 0.04d 15.54 ± 0.02d 23.94 ± 0.02d

15.62 19.77 ± 0.01cd 35.92 ± 0.02cd 21.47 ± 0.04cd 35.44 ± 0.01cd

31.25 27.68 ± 0.02c 51.41 ± 0.01c 30.23 ± 0.01c 49.76 ± 0.02c

62.5 33.89 ± 0.03bc 64.32 ± 0.03bc 35.31 ± 0.03bc 63.85 ± 0.00bc

125 41.52 ± 0.00b 71.12 ± 0.00b 42.66 ± 0.01b 70.18 ± 0.02b

250 51.13 ± 0.00a 81.46 ± 0.02ab 53.39 ± 0.02ab 79.58 ± 0.04ab

500 57.91 ± 0.01a 89.20 ± 0.03a 60.17 ± 0.01a 86.15 ± 0.03a

IC50 (μg/mL) 247.15 33.12 234.67 35.94
aThe inhibition rates in (%) are the means of seven individual replicates ± the standard deviation (SD). The letter(s) on the means in each column
are not significantly different as per Tukey’s HSD analysis.

Figure 10. Cytotoxicity of ZC NPs against PBM cell lines: (a) untreated, (b) treated with 7.81, (c) 62.5, and (d) 500 μg/mL.

Figure 11. Cytotoxicity of ZC NPs against MCF-7 cell lines: (a) untreated, (b) treated with 7.81, (c) 62.5 μg/mL, and (d) 500 μg/mL.

Figure 12. Cytotoxicity of ZC NPs and doxorubicin against PBM and
MCF-7 cell lines, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01814
ACS Omega 2023, 8, 41039−41053

41047

https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01814?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that a % inhibition of ZC NPs against PBM cell lines was 57.91
± 0.01 at the highest concentration at 500 μg/mL.
Doxorubicin (a standard drug) has shown the % inhibition
value of 60.17 ± 0.01 at 500 μg/mL against PBMC cell lines.
When compared with the standard drug, ZC NPs have shown
slightly better cytotoxicity against PBM cell lines with similar
concentrations. The IC50 of ZC NPs and Doxorubicin were
247.15 and 234.67 μg/mL, respectively. The obtained high
value of IC50, which is ≥90 μg/mL, confirmed that ZC NPs are
noncytotoxic to the PBM cell lines.76 This may be due to the
synthesis of nanoparticles from biological precursors and more
physiologically functioning (Cu2+ and Zn2+) metal ions, which
make them biocompatible and less cytotoxic to normal cells.

3.3.2.2. Anticancer Activity Test. The anticancer activity of
ZC NPs at various concentrations (7.81, 15.62, 31.25, 62.5,
125, 250, and 500 g/mL) was evaluated against MCF-7 cell
lines. Table 4 and Figures 11 & 12) results showed that, in a
time-dependent manner, cell viability was shown to decline
when concentrations of ZC NPs and doxorubicin increased.
ZC NPs and doxorubicin have revealed the highest percent
(%) inhibition of 89.20 ± 0.03 and 86.15 ± 0.03 at 500 μg/mL
against MCF-7, respectively. Their respective IC50 values of
ZC NPs and doxorubicin were 33.12 and 35.94 μg/mL,
respectively. The lower IC50 value of ZC NPs also confirms its
higher anticancer potency compared with the standard drug.
Microscopic images presented in Figure 11a−d demonstrate
the cell morphology of untreated MCF-7 cells and those
treated with 7.81, 62.5, and 500 μg/mL, respectively. After
treatment with 7.81, 62.5, and 500 μg/mL ZC NPs, the cells
displayed altered morphology and reduced cell density.
Moreover, at 500 μg/mL, the epithelial morphology of

MCF-7 was damaged and displayed very low cell density.
Generally, the obtained microscopic and cell viability results
demonstrated the significant anticancer potency of ZC NPs.
The findings of this study are also well corroborated by
previous studies that were reported in other works.77,78

The proposed mechanism of action of ZC NPs as an
anticancer agent could be either van der Waals interaction with
different amino acids of protein targets of breast cancer, as
discussed in (Figure 13). In addition to this, it could also be
the apoptotic cellular death induced due to the generation of
ROS in the cellular environment and which results in oxidative
stress on the cancer cells. Furthermore, it might cause DNA
binding as a result of an electrochemical interaction between a
positive charge on the ZC NPs and certain negative charges on
the surface of the DNA of cancer cells. Moreover, ZC NPs
demonstrated greater cytotoxicity in the MCF-7 cell line due
to their compact size, improved surface-to-volume ratio, and
richer electrochemical characteristics.77,79 Therefore, ZC NPs
can be an effective therapeutic agent in cancer chemotherapy,
particularly in breast cancer ailments, and hence probably will
be a promising candidate for the development and design of
anticancer drugs.

3.3.3. Molecular Docking Study. Evaluations of the
interaction efficiency and the binding affinity of molecules
with specific targets are among the important factors in drug
design and development. The interactions of ZC NPs and
doxorubicin were investigated against estrogen receptor alpha
(ERα; PDB: 5GS4) using AutoDock 4.2 (MGL tools 1.5.7)
with a molecular docking database. Estrogen receptor (ERα) is
the major clinical biomarker used to subtype breast
cancers.11,48 The estrogen receptor α (ERα) plays an

Figure 13. 3D (left) and 2D (right) pictorial representations of the binding interactions of ZC NPs against estrogen receptor alpha (ERα; PDB:
5GS4).

Table 5. Molecular Docking Scores and the Corresponding Prominent Residual Amino Acid Interactions of ZC NPs and
Doxorubicin against Estrogen Receptor Alpha (ERα; PDB: 5GS4)

samples
lowest binding energy

(kcal/mol)
inhibition constant

(Ki) H-bonding π-sigma/π-alkyl van der Waals

ZC NPs −8.50 0.59 μM Glu-353, His-356, Leu-391,
Trp-393

Arg-363, Trp-360, Met357,
Lys-449

doxorubicin −7.54 2.99 μM Glu-353, Arg-394, Trp-393,
Glu-323

Met-357, Trp-360, Ile-386,
His-356

Gly-390, Leu-387, Lys-449
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important role in the development and progression of
hormonal-dependent type breast cancer.80

The biosynthesized ZC NPs (Table 5 and Figure 13) have
revealed a remarkable binding affinity through van der Waals
and π-Sigma/π-Alkyl interactions within the active sites of
estrogen receptors (ERα) through key amino acids like Glu-
353, His-356, Leu-391, Trp-393, Arg-363, Trp-360, Met-357,
and Lys-449. Doxorubicin (Table 5 and Figure 14) has shown
H-bonding, π-Sigma/π-Alkyl, and van der Waals interactions
within Glu-353, Arg-394, Trp-393, Glu-323, Met-357, Trp-
360, Ile-386, His-356, Gly-390, Leu-387, and Lys-449 amino
acid residues. Both biosynthesized ZC NPs and the standard
drug have shown strong interactions with active sites of amino
acid residues of estrogen receptors (ERα). These strong
binding with amino acids of estrogen receptors (ERα) is
important to inhibit the proliferation rates of breast cancer
cells.49 However, the binding domain of ZC NPs (−8.50 kcal/
mol) was slightly better than the standard drug doxorubicin,
which was −7.54 kcal/mol. These demonstrate the biosynthe-
sized ZC NPs will have strong interactions with estrogen
receptor alpha (ERα; PDB: 5GS4) than the standard drug.
Moreover, the molecular docking interactions are also
correlated with the experimental results presented in Table 4
and confirmed its anticancer efficacy in MCF-7 cell lines.
Consequently, the biosynthesized ZC NPs can be a promising
anticancer drug candidate, particularly for breast cancer
ailments.

4. CONCLUSIONS
This study reports an ecofriendly, one-pot approach
synthesized bimetallic ZC NPs from the leaf extract of A.
abyssinica for the first time. Ultrapure, iso-morphological, and
spherical ZC NPs with an average particle size below 14 nm
were prepared and confirmed with UV−vis, FTIR, TGA, XRD,
SEM, EDX, and TEM techniques. ZC NPs have exhibited
remarkable antioxidant potential, as investigated through
FRAP and DPPH assays. As the results revealed, ZC NPs
have strong ferric-ion reducing power (1.826 ± 0.000) and
DPPH radical scavenging (95.71 ± 0.02%) with an IC50 value
of 3.28 μg/mL. Moreover, the higher (%) inhibition (89.20 ±
0.03), small IC50 value (33.12 μg/mL), and the microscopic
observation with very low cell density confirmed the anticancer

potency of ZC NPs against MCF-7 cell lines. Further, ZC NPs
have also exhibited strong binding affinity against estrogen
receptor alpha (ERα) through in silico molecular docking
simulations. Overall, the mixed-phase biosynthesized ZC NPs
have exhibited multifunctional biological activities. As a result,
ZC NPs can be used as potential biosafe antioxidant and
anticancer drug candidates, particularly for breast cancer
ailments. However, in vivo antioxidant and anticancer potency
of ZC NPs are recommended in different animal models.
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