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In this study, boron-doped copper oxide (CuO:B) nanocomposites were synthesized via a green method using Aronia
melanocarpa fruit extract as a natural reducing and stabilizing agent. The structural and morphological characteristics of the
nanocomposites were analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform
infrared spectroscopy (FTIR). The biosynthesized CuO:B nanocomposites were further evaluated for their antimicrobial,
antioxidant, and anticancer activities. XRD analysis confirmed a monoclinic crystal structure, indicating that boron doping
did not alter the CuO phase. SEM images revealed a uniform distribution of nearly spherical nanoparticles with sizes ranging
from 15 to 67 nm. FTIR spectra exhibited a characteristic Cu-O vibration band at 478 cm™. The nanocomposites demonstrated
strong antimicrobial activity against pathogenic strains (Enterococcus faecalis, Staphylococcus aureus, Salmonella enteritidis,
Enterobacter aerogenes, and Escherichia coli), along with notable antioxidant activity (ICs = 210 pg/mL). Anticancer assays
revealed that CuO:B nanocomposites induced early apoptosis in A549 cancer cells (92.45%) with an ICso value of 30.57 pg/
mL. These findings suggest that CuO:B nanocomposites synthesized from A. melanocarpa exhibit significant antimicrobial,
antioxidant, and anticancer activities, indicating their potential as therapeutic candidates for biomedical applications supported
by further studies such as in vitro and in vivo studies.
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Introduction chemical, or biological methods. Among these, each
with its own limitations depending on the intended
In recent years, metal oxide nanomaterials have been application, biological methods are particularly preferred
the focus of interest in various fields such as physics, in biomedical fields due to their advantages, including
chemistry, biology, food, textile and medicine due to environmental friendliness, simplicity, cost-effectiveness,
their superior properties. Their size range of 1-100 nm reliability, and sustainability [4, 45]. In biological
has given these materials unique physical, chemical synthesis methods, plants, bacteria, fungi, or algae are
and biological properties [1]. A high surface-to-volume employed as reducing and capping agents. During the
ratio renders these nanoparticles highly reactive and synthesis process, plant and microbial extracts facilitate
functional, enabling their use as catalysts, drug carriers, the reduction of Cu?' ions and promote the formation
sensors, or coating materials in diverse applications [2]. of stable CuO NPs. Furthermore, these biomolecules
Among these metal oxide nanoparticles, copper oxide coat the surface of the nanoparticles, thereby enhancing
nanoparticles (CuO NPs) are among the most extensively their biocompatibility [1]. Many CuO NPs have been
studied due to their broad range of biological activities. synthesized using this approach, commonly referred to
Copper (Cu) is an essential trace element in cells and as the green synthesis method. Various studies have
plays a crucial role in various physiological processes, demonstrated the beneficial effects of CuO NPs in a
including enzyme activity, antioxidant defense, and range of biological processes, including antimicrobial,
nervous system function [3, 4]. When combined with antioxidant, antibiofilm, anticancer, antidiabetic, and
nanobiotechnology, these properties of copper enable apoptotic activities, highlighting their potential as
more stable and targeted biological interactions. therapeutic agents [5-7].
CuO NPs are generally synthesized using physical, Boron is recognized as a prebiotic component and
serves as an essential trace element in plants, certain
*gorresponding author: bacteria, fungi, and algae. It has been reported to
F;l(; j:gg gﬁ ggg gg (7)‘2‘ exert bengﬁmal effects on.human health by supporting
E-mail: esencakmak@ksu.edu.tr reproduction, growth, calcium and energy metabolism,
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bone formation, immune function, brain activity, and
the regulation of certain steroid hormones [8]. Boron-
containing compounds exhibit microbicidal effects by
disrupting cell membrane structure, inhibiting enzyme
activity, or inducing damage to proteins and DNA
[9]. In addition, they have been reported to possess
significant biological activities, including antibiofilm,
antioxidant, anti-inflammatory, and anticancer effects.
Owing to these properties, boron-containing compounds
hold considerable potential for applications in medical,
biomedical, and pharmaceutical fields [10, 11]. However,
despite the promising potential of boron-containing
nanocomposites, research in this area remains scarce
[12-15]. To date, only a few studies have explored the
antimicrobial [16] and anticancer [17] effects of CuO
nanocomposites synthesized using the green synthesis
approach.

Aronia melanocarpa, a member of the Rosaceae
family, is a perennial plant known for its medicinal use.
This plant, abundant in phytocomponents, demonstrates
a range of biological activities, with particularly notable
antioxidant properties. In the literature, only silver and
gold nanoparticles have been synthesized using A.
melanocarpa, and the antimicrobial and antioxidant
activities of these nanoparticles have been evaluated
[18, 19]. In the present study, boron-doped CuO
nanocomposites were synthesized using A. melanocarpa
fruit extract for the first time, characterized, and their
antimicrobial, antioxidant, and anticancer activities
were evaluated. Research on the green synthesis of
boron-containing CuO nanocomposites remains limited.
This study represents the first documented use of A.
melanocarpa in the production of CuO nanocomposites.

Material and Methods

Plant Extraction

Aronia fruit samples were purchased commercially.
After cleaning with deionized water (dH,O), the stems
were removed and the samples (25 g) were crushed in
a grinder. The samples were placed in 50 mL deionized
water at 40 °C for 30 min using an ultrasonic bath. Then
filtered on Whatman 1 filter paper.

Preparation of CuO:B NCs

To prepare CuO:B NC by green synthesis method, 64
g Copper(Il) (Sigma) acetate hydrate in 30 mL deionized
water and 2.5 g Boric acid (Merck) in 20 mL deionized
water were kept separately in an ultrasonic bath at 40
°C for 30 min. The plant extract, copper acetate solution
and boric acid solution were then combined and stirred
overnight at 70 °C in a magnetic stirrer. Based on
preliminary optimization studies, temperatures below
60°C resulted in incomplete precursor reduction, while
temperatures above 80°C led to particle agglomeration.
Similarly, reaction times shorter than 10 hours produced
products with lower crystallinity. Therefore, the synthesis

was performed at 70 °C for approximately 12 hours
to achieve optimal particle stability and biological
performance. The occurrence of color change is
an indication that CuO:B NCs were produced. The
produced NCs were washed after 15 min centrifugation
(5000 rpm) and stored at +4 °C for further analyses.
The synthesis procedure was repeated three times under
identical experimental conditions.

Characterization of CuQO:B NCs

X-ray Diffraction (XRD), Field emission scanning
electron microscopy (FESEM) and Fourier Transform
Infrared Spectroscopy (FTIR) were used to characterize
the produced CuO:B NCs. Test samples were analyzed
by applying Cu-Ka radiation (A = 1.54185 A) in XRD
(Thermo Scientific ARL X'TRA). FESEM was used for
surface morphological properties and FTIR was used to
determine chemical bonds. FTIR spectra were obtained
in the range of 400-4000 cm™.

Antimicrobial assay of CuO:B NCs

The antimicrobial activity of the synthesized CuO:B
NCs against the tested bacteria was evaluated by agar
well diffusion method. Gram positive (Enterococcus
faecalis ATCC 29212, Staphylococcus aureus ATCC
25923) and gram negative (Salmonella enteridis ATCC
13075, Enterobacter aerogenes ATCC 13048 and
Escherichia coli ATCC 25922) reference pathogen
strains were used in the study. Pathogenic bacteria were
cultured in Mueller-Hinton liquid medium (MHB) at
37 °C. Then, bacterial cultures (0.5 McFarland) were
spread evenly on Mueller-Hinton Agar (MHA) media
with cotton swabs. Wells were formed on the agar
using sterile tips and 100 pL test samples were added
to the wells. All plates were incubated at 37 °C for
24 hours and then inhibition zones were measured.
Gentamicin was used as a positive control. Analyses
were performed in 3 replicates.

Determination of minimum inhibitory concentration
MIC)

The MIC value of the synthesized CuO:B NCs was
determined using the liquid microdilution method of the
Clinical and Laboratory Standards Institute (CLSI) with
some modifications. Bacterial cultures were diluted to
10° CFU/mL after 24 hours of incubation and 100 pL
of bacterial culture was added to each well. Test samples
were incubated for 18 hours at 37 °C by adding 100 pL
of different concentrations (25-0.13 mg/mL) to 96-well
plate. After incubation, the presence of bacterial growth
was observed.

Antioxidant assay of CuO:B NCs

DPPH (2,2-diphenyl-1-picrylhydrazyl hydrate) was
used to evaluate the antioxidant activity of CuO:B NCs.
Briefly, test samples (50 pL) at different concentrations
(0.03-1 mg/mL) were mixed with 0.1 mM DPPH (Sigma)
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methanol solution (150 pL) and kept in the dark for 30
min. Methanol and DPPH solutions were used as controls
and a series of ascorbic acid solutions (0.03-1 mg/mL)
were used as standards. The absorbance of the samples
was then read at 517 nm using a spectrophotometer. The
free radical scavenging activity of the test samples was
calculated according to the following formula:

% DPPH radical inhibition = ((absorbance of control
— absorbance of sample)/(absorbance of control)) x 100.

Cytotoxicity assay of CuO:B NCs

The A549 cell line was grown in DMEM high glucose
containing 10% FBS (Pan Biotech P30-1301) and 1%
penicillin-streptomycin in 25T flasks to 70% confluence
and above. Samples were exposed to UV for 30 min
and the initial concentration was adjusted to 500 ug/
ml. 500 pL of trypsin-EDTA (Gibco, 15400054) was
added to the cells and kept at 37 °C in 5% CO, for 3-5
min. When the cells were observed to dissociate under
an inverted microscope (Zeiss Primovert, Germany),
medium containing 10% FBS was added. Centrifuge at
300xg for 5 minutes and discard the medium. Add 1
mL DMEM high glucose medium. Trypan blue (Gibco,
1525061) was used for counting on a Logos Luna II
instrument. Medium containing 10% FBS was added to
give 10* cells per well. Each group was made up of
at least 3 replicate wells for repeated analyses. After
application of the material, the cells were left in the
incubator for 22 hours. Then, in a dark environment,
10% of the well volume of WST-8 solution was added.
The cell culture dish was wrapped in aluminium foil
and kept in the incubator for a further 2 hours. At the
end of two hours, the cell culture dish was read at a
wavelength of 450 nm. The results were formulated and
the % viability was determined.

Apoptosis assay of CuO:B NCs

The Guava” Muse Cell Analyser was used with the
Muse® Annexin V & Dead Cell Kit to detect live, dead
and apoptotic cells in the test samples. Cells (5x10*
cells/flask) were exposed to the sample concentration
at the ICsy value determined in the cytoxicity assay for
24 hours. Analysis was performed according to the kit
procedure. The suspended samples were analyzed in
the instrument and the percentages of viable cells, early
apoptotic cells and late apoptotic cells were determined
by software.

Statistical analysis

All experiments were repeated three times and
statistical analysis was performed using GraphPad
Prism 8. Values are expressed as mean + SD (standard
deviation). Significance levels were accepted as p < 0.05.
Student's t-test was used for statistical analysis of the
results obtained.
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Fig. 1. XRD patterns of biosynthesized CuO:B NCs from A4.
melanocarpa fruit extract.

Results and Discussion

XRD Analysis of CuO:B NCs

X-ray diffraction (XRD) analysis was conducted
to examine the crystallinity and phase purity of the
synthesized CuO:B NCs (Fig. 1). The XRD pattern
exhibited well-defined diffraction peaks at 20 values of
35.44°,36.51°, 38.58°, 42.39°, 49.08°, 61.39° and 73.79°
which are characteristic of the monoclinic crystal structure
of CuO:B nanoparticles [20]. These peaks correspond
to the (002), (-111), (111), (200), (-202), (-113), (-311)
and (221) planes, respectively (JCPDS number 01-
080-0076). These sharp, well-defined peaks confirmed
the crystalline nature of the nanoparticles and their
monoclinic phase structure. Additionally, it was observed
that boron addition did not change the monoclinic CuO
structure but only caused a decrease in the peak intensity
[17]. These XRD results strongly support the successful
synthesis of pure CuO:B nanoparticles via the green
method utilizing A. melanocarpa extract.

SEM Analysis of CuO:B NCs

The morphology and particle size of the synthesized
CuO nanoparticles were thoroughly examined using
Scanning Electron Microscopy (SEM). FESEM images
of CuO:B NCs are shown in Fig. 2. SEM images revealed
that the CuO:B nanoparticles predominantly exhibited a
spherical morphology, with some particles displaying
occasional elongated or irregular shapes. The average
particle size was estimated to range between 15 and 67
nm, based on three independent synthesis batches prepared
under identical experimental conditions, confirming the
reproducibility of the method. Notably, the nanoparticles
were well-dispersed without significant agglomeration,
which underscores the effective stabilization of the
particles by the A. melanocarpa extract. The uniform
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Fig. 2. FESEM images of biosynthesized CuO:B NCs from A. melanocarpa fruit extract.

distribution and relatively small particle size are pivotal
for enhancing both surface area and reactivity, which are
critical for a wide array of applications and antimicrobial
treatments [21]. Moreover, the smooth surfaces and
rounded shapes of the nanoparticles suggest a successful
synthesis with minimal aggregation, which is vital for
biomedical applications [22].

FTIR Analysis of CuO:B NCs

Fourier Transform Infrared Spectroscopy (FTIR)
was employed to identify the functional groups present
in the synthesized CuO:B NCs and to investigate the
interactions between the A. melanocarpa extract and the
nanoparticles. The FTIR spectrum of the CuO:B NCs
revealed distinct peaks at several wavenumbers (Fig. 3).

A broad band around 3664.8 cm™ was attributed to the
O-H stretching vibration of phenolic groups from the 4.
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Fig. 3. FTIR spectrum of biosynthesized CuO:B NCs from A.
melanocarpa fruit extract.

melanocarpa extract, which plays a key role in reducing
copper ions to form CuO:B NCs [23]. The peaks at
693.7 cm” and 1032.1 cm™ corresponded to C-H and
C-O bending vibrations, respectively, confirming the
presence of phenolic compounds and flavonoids in the
extract, both of which contribute to the stabilization of
the nanoparticles [24]. Moreover, the peak at 478.1 cm™
was associated with metal-oxygen stretching vibrations,
confirming the successful formation of Cu-O-B
nanoparticles [25]. Additional, a comparative analysis of
the FTIR spectra of the A. melanocarpa extract and the
synthesized CuO:B nanoparticles clearly demonstrates
that the functional groups from the plant extract are
actively involved in the synthesis process, particularly in
the reduction and stabilization of the nanoparticles. This
strongly affirms the successful application of a green
synthesis pathway in this study.

Antimicrobial activity of CuO:B NCs

The antimicrobial activities of CuO:B NCs synthesized
from A. melanocarpa fruit extract against pathogenic
bacteria. The negative control was not observed to form
any zones. Inhibition zone diameters were 21-24 mm
for CuO:B NC and 21-23 mm for the positive control.
MIC values were determined in the range of 0.13-0.53
mg/mL (Table 1). According to the results, CuO:B NC
showed strong microbicidal activity against all bacteria
(Fig. 4). The highest antibacterial activity was observed
for E. faecalis and the lowest for E. coli pathogens.
Compared to the positive control, CuO:B NCs showed
higher activity. Most nanocomposites are now known to
be lethal to microorganisms. The antimicrobial activity
of nanocomposites depends on several factors. Initially,
the contact of nanocomposites with the cell and their
incorporation into the cell is the first step. Nanocomposites
can enter the cell by various transfer mechanisms such as
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Table 1. Antibacterial activity and MIC results of biosynthesized CuO:B NCs against the tested pathogenic strains.

E. faecalis S. aureus E. aerogenes S. enteridis E. coli

CuO:B NCs (mm) 24+1 23+1 23.7+0.6 23.7+1.2 21+1
Gentamisin (mm) 21.3+0.6 21+1 23+1 23+1 22.7+0.6

MIC (mg/mL) 0.27 0.13 0.27 0.53 0.13

CuO:B NCs; Boron doped CuO nanocomposites, MIC; Minimum inhibitor concretions of pathogen bacteria

Fig. 4. Antimicrobial activity of biosynthesized CuO:B NCs from A. melanocarpa fruit extract. 1: E. aerogenes, 2: E. faecalis, 3: S.
enteridis, 4: S. aureus, 5: E. coli. NC: Negative control, PC: Positive control.

endocytosis and phagocytosis [26]. Once inside the cell,
nanocomposites can induce oxidative stress through the
release of reactive oxygen species (ROS) [27]. Oxidative
stress can be eliminated by the cell at normal levels.
However, excessive oxidative stress can cause DNA
damage, disruption of cell membrane structure, protein
denaturation, lipid peroxidation and mitochondrial
damage. Thus, apoptosis or necrosis processes can be
induced in the cell [28]. Copper ions can cause oxidative
stress to the cell membrane, leading to the release of cell
contents and cell death [29]. Boron compounds can have
antimicrobial effects by disrupting cell metabolism and
the structure and function of proteins and lipids in the cell
membrane [30]. In this study, the strong antimicrobial
activity of CuO:B nanocomposites was attributed to the
synergistic effect of CuO and boron compounds.

The antimicrobial properties of nanocomposites
have been extensively investigated, demonstrating
broad-spectrum activity against various pathogenic
microorganisms. For instance, gum arabic-based CuO-
Zn0O nanocomposites produced inhibition zones ranging
from 21 to 25 mm against E. coli, S. typhimurium, S.
aureus, S. epidermidis, and B. subtilis [31]. Similarly,
CuO-NiO nanocomposites exhibited notable antibacterial

activity against S. aureus (18 mm), S. pyogenes (20 mm),
K. pneumoniae (16 mm), and E. coli (18 mm) at a
concentration of 30 pg/mL [32]. In another study utilizing
green synthesis, boron-containing CuO nanocomposites
formed inhibition zones of approximately 15 mm
against both S. aureus and E. coli [16]. Furthermore,
Zn/CuO and Ni/CuO nanocomposites demonstrated
inhibition zones of 18 mm and 19 mm, respectively,
against S. aureus, and 16 mm and 17 mm against E.
coli strains [33]. These antimicrobial effects are believed
to result from the nanoscale particle sizes (40-60 nm)
and the metal oxide components of the composites. In
the present study, boron-doped CuO nanocomposites
exhibited enhanced antibacterial activity, producing
inhibition zones of 23 mm and 21 mm against S. aureus
and E. coli, respectively. Consistent with previous
reports, nanocomposite systems often exhibit synergistic
antimicrobial effects compared to their single-metal
counterparts, likely due to the combination of metal
oxides and surface functionalization strategies [34].
Therefore, the enhanced antimicrobial performance of
the boron-doped CuO nanocomposites in this study may
be attributed to their uniform distribution and relatively
small particle sizes (15-67 nm).
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Antioxidant activity of CuO:B NCs

The DPPH test was performed to evaluate the
antioxidant activity of the biosynthesized CuO:B NCs.
As a result of the analysis, it was observed that the test
samples exhibited strong antioxidant properties. As a
result of the calculations, the ICs value of CuO:B NCs
was determined to be 0.21 mg/mL. When the samples
were compared with ascorbic acid (ICsy=0.14 mg/mL),
they were found to have a close antioxidant effect
(Fig.5).

The antioxidant properties of green-synthesized CuO
NCs are derived from both metal oxides and plants. When
nanocomposites enter the cell, Cu ions biochemically
react with free radical species in the environment and
reduce them. The large surface area of nanocomposites
allows them to interact with more free radicals [35].
These nanomaterials can degrade hydrogen peroxide by
acting as a catalase enzyme. In addition, the antioxidant
properties increase depending on the properties of the
plant used in the synthesis. In particular, biomolecules
such as flavonoids, polyphenols and saponins found
in plants have strong antioxidant properties. These
antioxidants reduce ROS in cells and reduce oxidative
stress. This antioxidant property of both metal oxides

CuO:B NCs Ascorbic acid

100+ 100~
80
60

404

% DPPH inhibition

20+

% DPPH inhibition

0-

\- - PSS, - T N
g N Q¥ o
Q\Q o @ oF

Concentration (mg/mL) Concentration (mg/mL)

Fig. 5. Antioxidant activity of biosynthesized CuO:B NCs from
A. melanocarpa fruit extract.

and plant biomolecules shows a synergistic effect,
allowing nanocomposites to show stronger antioxidant
activity [36]. In the present study, the fruits of the plant
A. melanocarpa were used as a reducing agent. This
plant is known for its rich phytocomponents and strong
antioxidant properties [37]. In the literature, there are
only one or two studies on nanoparticles produced by
A. melanocarpa plant [18, 19, 38]. When the antioxidant
activity of silver nanoparticles synthesized using A.
melanocarpa fruit extract was investigated, it was
reported to have a promising antioxidant effect [19].
When compared with previous studies, the ICso value of
biosynthesized CuO-NiO nanocomposites was reported
to be 0.184 mg/mL, which is comparable to that of
ascorbic acid (ICs: 0.16 mg/mL) [32]. Similarly, CuO-
Zn0O nanoparticles synthesized using Eryngium foetidum
extracts exhibited an ICso value of 0.253 mg/mL, an
activity likely attributed to the presence of phenolic
and flavonoid compounds in the plant extract [39]. In
another report, Cu/NiO nanocomposites synthesized via
a green route using Commelina benghalensis leaf extract
demonstrated a DPPH radical scavenging activity of
54.44% at a concentration of 0.2 mg/mL [40]. In the
present study, CuO:B nanocomposites exhibited a radical
scavenging activity of 55% at 0.25 mg/mL, indicating
antioxidant performance comparable to, and in some
cases slightly higher than, similar green-synthesized
systems reported in the literature. These results highlight
that both the choice of plant source and the specific
metal oxide composition substantially influence the
biological activity of nanocomposites. The antioxidant
potential observed in CuO:B nanocomposites may be
attributed to the synergistic effect of boron doping on
redox behavior, along with functional groups derived
from phytochemical-mediated surface modifications
during the biosynthesis process.

Anticancer activity of CuO:B NCs
The cytotoxicity of CuO:B NCs in A549 lung

CuO:B NCs Control CuO:B NC
100 g APOPTOSIS PROFILE APOPTOSIS PROFILE
Dead Late Apop./Dead ‘ Dead Late Apop./Dead
0.65% 1.45% 0.05 % 1.35%
34 34
ﬁ wk t
E 50 I = 24 S 24
: 2 2
-] > Be
g T
6 wRE
5.60 % 7 9245 %
0l 41— * — ol i Early Apop. ‘- Early Apop.
0 31,262,5125 250 500 0 1 2 3 4 3 4
= Anoototic Live ANNEXINYV Apoptotic
Concentration (ug/mL) T ANNENINY  Apagiotin t
a b C

Fig. 6. Anticancer activity of biosynthesized CuO:B NCs on A549 cancer cells. a) Cytotoxic effect, b) Apoptotic profile of A549
cancer cells, c) Apoptotic profile of CuO:B-treated A549 cancer cells.
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cancer cell lines was analyzed at a range of different
concentrations (31.2-500 pg/mL) for a period of 24
hours. The results showed that most of the CuO:B
NCs killed most of the cancer cells and had significant
anticancer activity with a calculated ICs, value of 30.57
pg/mL (Fig. 6a). The viability of A549 cancer cells
following exposure to CuO:B nanocomposites was
determined to be 5.2% at a concentration of 125 pg/
mL, 21.6% at 62.5 pg/mL, and 45.93% at 31.2 pg/mL.
These results demonstrated a statistically significant,
dose-dependent decrease in cell viability (p < 0.01 and
p < 0.001), indicating a pronounced cytotoxic effect of
CuO:B nanocomposites on A549 cells.

In addition to the cytotoxicity analysis, the apoptotic
profile of A549 cancer cells was examined at the ICs,
value of CuO:B NCs for 24 hours. As a result of the
analysis, it was observed that CuO:B NCs induced
apoptosis in A549 cells. Surviving cells were 92.30%
in the control group and 6.15% in the CuO:B NC-treated
group (Fig. 6b). The total number of apoptotic cells was
98.30% in the CuO:B NC-containing group and the cells
were found to undergo early apoptosis (Fig. 6c).

Nanocomposites accumulate by entering the cytoplasm
directly through the cell membrane or by ion transport.
This accumulation leads the cell to apoptosis by
increasing ROS and thus oxidative stress [41]. The
anticancer mechanism of CuO NPs involves processes
leading to cell death such as oxidation of lipids to the
cell membrane, oxidative stress, denaturation of DNA
and proteins, chromosomal abnormalities and caspase
production [1]. The production of caspases initiates
apoptosis, or programmed cell death. Apoptosis is a
death mechanism that eliminates unwanted, harmful
cells without harming healthy cells. As a result, it is
an important method for the elimination of cancer cells
[42]. The CuO:B NCs produced in this study are thought
to have similar effects in the cytoplasm, driving the cell
into early apoptosis and causing the death of cancer cells.

CuO:B nanocomposites synthesized via a green
approach exhibited cytotoxic behavior comparable to
several previously reported biosynthesized metal oxide
nanoparticles. For instance, CuO nanoparticles produced
using Abutilon indicum leaf extract demonstrated potent
anticancer activity against A549 lung carcinoma cells,
with an ICso value of 16 pg/mL, which was attributed
to the presence of bioactive molecules and nanoparticle
concentration [43]. Likewise, silver-doped CuO nano-
particles synthesized using Moringa oleifera leaf extract
exhibited an ICso value of 25 pg/mL in A549 cells [44].

In another study, CuO nanoparticles derived from
walnut shells induced cytotoxicity and apoptosis in breast
and colon cancer cell lines, suggesting involvement in
both direct cytotoxic and programmed cell death pathways
[41]. Furthermore, CuO-ZnO nanoparticles synthesized
through green methods displayed notable toxicity against
MCE-7 cells, with a maximum inhibition rate of 89.2%
at 500 pg/mL and an ICso value of 239.99 pg/mL [39].
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However, CuO-ZnO nanocomposites synthesized using
gum arabic demonstrated more pronounced anticancer
effects, with ICso values of 54.7 pg/mL and 79.2 pg/
mL against MCF-7 and HepG2 cells, respectively [31].

A comparison of the findings from the present study
with previous reports suggests that the anticancer activity
of boron-doped CuO nanoparticles may differ significantly
depending on cell type and nanoparticle concentration.
In a prior study, biosynthesized CuO:B nanoparticles
exhibited potent cytotoxicity in HepG2 cells, with an
ICso value of 4.98 pg/mL and an early apoptosis rate
of 25.65%, which was attributed to caspase-7 activation
as revealed by in silico analyses [17]. In contrast, the
current study determined an ICso value of 30.57 pg/mL
in A549 cells, accompanied by a markedly higher early
apoptosis rate of 92.45%. These discrepancies may arise
from cell-specific sensitivities, variations in nanoparticle
size and surface characteristics, and differences in the
phytochemical content of the plant extract used during
biosynthesis. Overall, boron-doped CuO nanoparticles
have been reported to exert anticancer effects primarily
by inducing apoptosis, though the extent and mechanism
of action appear to be dose- and cell line-dependent.

Conclusion

The successful green synthesis of CuO:B nano-
composites using 4. melanocarpa extract underscores
the potential of plant-mediated methods as sustainable
alternatives to conventional approaches. XRD analysis
confirmed the formation of a stable monoclinic CuO
phase, while SEM and FTIR results supported the
presence of uniformly distributed nanoparticles and Cu-O
bonding. The phytochemicals in 4. melanocarpa played
a crucial role in controlling nanoparticle morphology.
Biologically, the CuO:B nanocomposites exhibited
remarkable multifunctional activity. They showed strong
antimicrobial efficacy, with Staphylococcus aureus
displaying the highest susceptibility (23 mm inhibition
zone), indicating potential use against drug-resistant
bacterial strains. The antioxidant activity was comparable
to that of ascorbic acid, highlighting their ability to
neutralize free radicals and reduce oxidative stress. In
anticancer assays, the nanocomposites exerted significant
cytotoxic effects against the A549 lung cancer cell line,
inducing early apoptosis in a majority of the cells. These
results suggest that the synergistic interaction between
copper, boron, and the rich phytochemical matrix of
A. melanocarpa enhances their bioactivity. Therefore,
the synthesized nanocomposites hold great promise as
potential therapeutic agents in the treatment of infectious
diseases, oxidative stress-related disorders, and cancer.
Further in vivo and in vitro studies are warranted to fully
explore their biomedical applications.
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