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Abstract

Copper oxide nanoparticles were prepared by a green sol-gel method employing aqueous Cressa cretica leaf
extract and copper(ll) nitrate trihydrate as the copper precursor. The resulting nanoparticles were subsequently
used as carriers for the anticancer drug 5-fluorouracil (5-FU). Physicochemical characterization was performed
by Fourier-transform infrared spectroscopy (FTIR), ultraviolet-visible (UV-Vis) spectroscopy, X-ray
diffraction (XRD), field-emission scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (FESEM/EDX), dynamic light scattering (DLS), zeta potential measurements, and
thermogravimetric/differential thermal analysis (TGA/DTA). Drug-loading efficiency was quantified by high-
performance liquid chromatography (HPLC), and the influence of reaction medium pH, contact time, and
nanoparticle concentration on loading performance was systematically investigated to identify optimal
conditions. The synthesized CuO nanoparticles were spherical, highly pure, and possessed a cubic crystalline
structure, with a mean particle size of approximately 39 nm and a zeta potential of -15.6 mV. Under optimal
loading conditions (pH 5.50, 5 h contact time, 0.015 g of CuO nanoparticles), approximately 40% of 5-FU was
adsorbed onto the nanoparticle surface. MTT cytotoxicity assay demonstrated concentration-dependent cell
death in Huh-7 hepatocellular carcinoma cells, with an 1Csq of approximately 250 mg/L, a result consistent

with an acceptable biocompatibility profile.
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1. Introduction
Cancer remains among the most therapeutically
challenging diseases worldwide. Hundreds of
millions of new cases are diagnosed annually, and
more than half of those patients ultimately
succumb to the disease [1]. Established treatment
modalities include surgery, radiation therapy,
chemotherapy, and bone marrow transplantation
[2]. Despite the continued development of novel
therapeutic strategies, chemotherapy remains the
most widely employed approach to cancer
management [3]. Its clinical utility, however, is
substantially limited by the poor selectivity and
systemic toxicity of most chemotherapeutic agents.
Compounding these limitations, the capacity of
cancer cells to acquire resistance to cytotoxic drugs
further compromises treatment efficacy [4, 5].
5-Fluorouracil (5-FU) is a pyrimidine analogue
that has long been wused as a frontline
chemotherapeutic ~ agent. It exerts its
antiproliferative effect by disrupting both DNA
and RNA synthesis [6]. Nevertheless, the clinical
effectiveness of 5-FU is constrained by its rapid
metabolic degradation—reflected in a short
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biological half-life—and by its poor tumor
selectivity [7].

These pharmacokinetic shortcomings
necessitate the administration of elevated doses to
achieve the desired therapeutic response, which in
turn amplifies systemic toxicity [8].

Employing nano-carriers for tumor-targeted
drug delivery has emerged as a powerful strategy
to increase the bioavailability of chemotherapy
agents [9, 10]. Nanoparticles are particularly well-
suited to biological applications by virtue of their
high surface-to-volume ratio, their capacity to
interact with molecular and cellular processes, and
their ability to modulate biological activity at the
nanoscale [11]. Drug delivery science is a rapidly
evolving discipline; despite substantial progress,
however, the design of carriers that combine
delivery efficiency with a favorable benefit-to-risk
profile remains a significant formulation challenge
[12]. Nanoscale drug delivery platforms offer a
practical route to mitigating the adverse effects of
chemotherapy while simultaneously improving
therapeutic results [13]. Metallic nanoparticles are
especially attractive for this purpose, as they confer
enhanced drug solubility and bioavailability,
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prolonged systemic circulation, site-selective
biodistribution, and a reduced adverse-effect
burden [14].

Green synthesis of metallic nanoparticles has
attracted growing attention in bionanotechnology,
offering economic and environmental advantages
over traditional chemical and physical fabrication
routes [15]. Recent research has explored eco-
compatible methods for the preparation and
surface modification of metal nanocarriers,
encompassing silver [16], gold [17], platinum [18],
copper [19], zinc oxides [20], and metal sulfide
nanoparticles [21-23]. Biological resources
employed in these approaches include diverse
plant organs—roots, fruits, leaves, stems, and
flowers—as well as microorganisms such as
bacteria [24]. Green synthesis protocols are
generally simple, rapid, and yield products of good
stability. A central tenet of green chemistry is that
particles produced by such routes exhibit improved
biocompatibility and that the elimination of
hazardous reagents prevents environmental
contamination [25].

CuO nanoparticles are amenable to green-
chemical synthesis in which plant extracts serve
simultaneously as reducing, capping, and
stabilizing agents. A variety of extracts have been
employed to this end, including those from
Moringa oleifera, Averrhoa carambola, Psidium
guajava and Catha edulis; the efficacy of these
materials is attributed to their content of bioactive
phytochemicals—polyphenols, flavonoids,
alkaloids, proteins, and terpenoids— which
mediate the conversion of copper salts to CuO
nanoparticles.

The present study aimed to develop a green,
straightforward, and cost-effective synthesis of
CuO nanoparticles using Cressa cretica (C.
cretica) leaf extract and, to our knowledge, reports
for the first time the application of this extract in
CuO nanoparticles fabrication.

Cressa cretica is a small, halophytic plant of the
family Convolvulaceae, distributed across arid,
saline, and coastal habitats in regions including the
Indian subcontinent, the Middle East, and North
Africa. Its tolerance of harsh, salt-rich
environments is well documented. Phytochemical
investigations of C. cretica have identified a broad
spectrum of bioactive and nutritional components,
among them flavonoids, alkaloids, tannins, sterols,
various sugars, proteins, and carbohydrates, as
well as cardiac and anthraquinone glycosides,
coumarin  derivatives, and notably high
concentrations of mineral salts. This rich
phytochemical profile equips the extract to
function concurrently as a reducing agent, a
complexing agent, and a stabilizing (capping)
agent. Although green synthesis of copper oxide
nanoparticles, various plant extracts are well

established, reports describing the specific use of
C. cretica extract as a capping agent in this context
remain scarce in literature.

The primary objective of this work was to load
the drug 5-FU onto CuO nanoparticles
biosynthesized with aqueous C. cretica extract to
exploit nanoparticles as drug nanocarriers. This
approach is expected to enhance therapeutic
efficacy, permit the use of reduced drug doses, and
minimize the adverse effects associated with
systemic 5-FU administration. The nanoparticles
were characterized by multiple spectroscopic and
analytical techniques, and their biocompatibility
was evaluated in Huh-7 hepatocellular carcinoma
cells.

2. Experimental

2.1. Chemicals and Apparatus

5-Fluorouracil (5-FU), copper(ll) nitrate trihydrate
(Cu(NO3), 3H,0), trypsin, and phosphate-
buffered saline (PBS) were purchased from Sigma-
Aldrich and utilized as received without further
purification.

Both CuO nanoparticles and 5-FU@CuO
nanoparticles were characterized using the
following techniques. Surface functional groups
were identified by Fourier-transform infrared
spectroscopy (FT-IR 8400, Shimadzu, Japan).
Crystalline structure was determined by an X'pert
diffractometer (Philips). Zeta potential
measurements were carried out on a Malvern Nano
ZS-90 instrument (Malvern Instruments, UK).
Morphological features characterization was
performed by Field Emission Scanning Electron
Microscopy (FESEM; Hitachi S4160, Japan), with
elemental composition and mapping obtained
simultaneously by Energy Dispersive X-ray
Spectrometer (EDX) using the detector attached to
the FESEM system. Thermogravimetric and
differential thermal analysis (TGA/DTA) were
conducted on MIRAIIl, SAMX, and TESCAN
instruments. The concentration of 5-FU loaded
onto CuO nanoparticles, and the optimization of
drug-loading parameters were determined by high-
performance liquid chromatography (HPLC) on an
Agilent Infinity 1260 system equipped with a
Waters XTerra RP18 column (250 x 4.6 mm, 5
um) and a photodiode-array detector operating at a
UV detection wavelength of 266 nm. The mobile
phase consisted of 50 mM potassium phosphate
buffer (pH 3.3), delivered isocratically at a flow
rate of 1.0 mL/min.

2.2 Preparation of CuO Nanoparticles

Leaves of C. cretica were collected from Sabzevar
District, Khorasan Razavi Province, Iran. To
prepare the plant extract, the leaves were first
washed repeatedly with distilled water to remove
surface contaminants and then dried in the shade
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for 10 days. The air-dried leaves were ground to a
fine powder, and extraction was carried out by
percolation using distilled water as the solvent at a
plant-to-solvent ratio of 1:10 (w/v). Specifically,
10 g of powdered leaves were dispersed in 100 mL
of distilled water and stirred for 6 h. The resulting
aqueous extract was filtered through Whatman
filter paper and stored at 4 °C until further use. The
soluble solid content of the extract, measured as
Degree Brix, was 2.31%.

Cressa cretica

Cressa cretica extract Copper nitrate

For nanoparticle synthesis, 20 mL of C. cretica
extract solution was added dropwise to 80 mL of
an aqueous 0.5 M Cu(NO3),.3H.0 solution, upon
which the color of the copper salt solution shifted
from blue to blue-green. The mixture was
subsequently stirred in an oil bath at 72 °C for 5 h
to form a gel, which was then dried at 50 °C for 4
h. The resulting precipitate was finally calcined in
a furnace at 500 °C for 2 h (Fig. 1).

—

]

CuO nanoparticles

Fig. 1. Schematic of the synthesis of CuO nanoparticles

2.3. Preparation of 5-FU-Loaded CuO
Nanoparticles and Calibration Curve

A stock solution of 5-FU (1000 pg/mL) was
prepared by dissolving 0.025 g of the drug in 25
mL of ethanol. This stock was then diluted with 50
mM KH,PO, buffer to produce working standard
solutions spanning the concentration range of 100—
700 pg/mL. Each solution was injected into the
HPLC system, and the corresponding
chromatograms were recorded. Peak areas were
measured, and a calibration curve was constructed
by plotting peak area against drug concentrations
(Fig. 2) [26].

For drug-loading experiments, varying amounts
of CuO nanoparticles (0.002-0.04 g) were added to
the drug solutions and stirred for contact times
ranging from 0.5 to 24 h. The suspensions were then
centrifuged for a sufficient time, and the supernatant
from each was carefully separated. The residual free
drug concentration in the supernatant was quantified
against the 5-FU calibration curve, and the
entrapped drug amount was calculated as the
difference between the total and free drug quantities.
Drug loading efficiency (DL%) was calculated
according to Equation 1 [1]:

Total drug amount—Free drug amount
DL% = i £ x100 (1)
Weight of NPs
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Fig. 2. Calibration curve of 5-FU

2.4. Optimization of 5-FU Loading onto CuO
Nanoparticles

2.4.1. Effect of Reaction Medium pH

Solution pH is known to exert a significant
influence on drug adsorption behavior [27].
Accordingly, drug loading was evaluated across a
pH range of 3-10. In each experiment, 0.01 g of
CuO nanoparticles was added to 5 mL of 5-FU
solution (0.01 M), and the pH was adjusted to the
target value using either 0.1 M HCI or 0.1 M
NaOH. The suspensions were stirred at 300 rpm for
5 h, after which the drug loading percentage was
determined as described above. Based on these
results, pH 5.50 was identified as the optimal
condition and adopted for subsequent experiments.
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2.4.2. Effect of Drug Loading Time

CuO nanoparticles (0.01 g) were dispersed in 5 mL
of 5-FU solution (0.01 M) at pH 5.50, adjusted
with 0.1 M HCI, and the suspension was stirred at
300 rpm for contact times ranging from 1 to 20 h.
After calculating the drug loading percentage at
each time point, a loading time of 5 h was selected
as optimal for subsequent experiments.

2.4.3. Effect of Nanoparticle Amount

To determine the optimal nanoparticle loading,
experiments were conducted with CuO
nanoparticle masses of 0.005, 0.01, 0.015, and 0.02
g, each added to 5 mL of 5-FU solution. The pH of
each suspension was adjusted to 5.50, and the
mixture was agitated for 5 h. An optimal
nanoparticle mass of 0.015 g was identified from
these experiments.

2.5. Cytotoxicity Assay

The MTT assay assessed the cytotoxic effect of
CuO nanoparticles on Huh-7 hepatocellular
carcinoma cells. Cells were seeded in 96-well
plates at a density of 2 x 10* cells per well in the
appropriate volume of culture medium and
incubated at 37 °C in a humidified 5% CO,
atmosphere for 48 h. Cells were then exposed to
CuO nanoparticles at concentrations ranging from
0 to 1000 mg/L; control wells received PBS.
Following a 4 h incubation at 37 °C, MTT reagent
was added to each well, and the plates were
incubated in the dark for a further 4 h. Formazan
crystals were subsequently dissolved by adding 40
UL of DMSO to each well. Absorbance was
measured at 570 nm using an ELISA plate reader.
The half-maximal inhibitory concentration (ICso)
was defined as the nanoparticle concentration that
produced a 50% reduction in cell viability relative
to the untreated control (zero concentration).
Results are expressed as percentage cell viability
as a function of nanoparticle concentration (mg/L)
[28].

3. Results and Discussion

3.1. Characterization of the Prepared
Nanoparticles

In this section, the structural properties of the
prepared nanoparticles, which are central to
understanding both their synthesis and functional
performance, were evaluated by FT-IR
spectroscopy, UV-Vis spectroscopy, XRD,
FESEM/EDX, DLS, zeta potential measurements,
and TGA/DTA analysis. The optimal conditions
for 5-FU loading were subsequently investigated.
3.1.1. FT-IR Analysis

FT-IR spectroscopy was employed to identify the
characteristic functional groups of 5-FU and CuO
nanoparticles and to probe the interactions arising
upon drug loading. The FT-IR spectrum of 5-FU

(Figure 3) exhibited absorption bands at 3139 and
2937 cm? attributable to symmetric N-H and
asymmetric C-H stretching vibrations, respectively
[29]. Stretching vibrations associated with C=0,
C-N, and C-F bonds were observed at 1658, 1426,
and 1241 cm, respectively [30].
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Figure 3. The FT-IR spectra of (a) 5-FU and (b) CuO
nanoparticles and CuO-FU

The FT-IR spectrum of CuO nanoparticles
(Figure 2a) displayed a broad absorption at 3437
cm?arising from hydroxyl (O—H) stretching, while
bands at 1640 cm™ and 1398 cm! are assigned to
the bending vibration of adsorbed water molecules,
indicating surface moisture uptake [31]. The
characteristic Cu-O stretching vibration of CuO
appeared at 517 cm* [32]. In the spectrum of the
5-FU@CuUO composite (Figure 2b), bands
attributable to both components are present, with
5-FU-related absorptions observed at 3192, 2946,
1636, and 1278 cm!, corresponding to symmetric
N-H stretching, asymmetric C-H, C=0 stretching,
and C-F stretching vibrations, respectively.
Notably, the N-H and C=0O stretching bands
shifted by 53 cm to higher and 22cm™ to lower
wavenumbers, respectively, upon drug loading
onto the nanoparticle surface. This shift is
indicative of involvement of the amide group in
coordination with the metal center [33].

The adsorption of 5-FU onto the CuO
nanoparticles is likely governed by multiple
intermolecular interactions. The carbonyl oxygen
and nitrogen atoms of 5-FU can coordinate with
surface Cu?* ions, while the N-H and C=0 groups
participate in hydrogen bonding with surface
hydroxyl groups. In addition, electrostatic
interactions at the optimized loading pH (5.5) may
further stabilize the adsorbed drug molecules. The
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observed shifts in the FT-IR absorption bands
together with the change in zeta potential after drug
loading provide indirect evidence supporting these
interactions.

3.1.2 XRD Analysis

The crystalline structure of the prepared CuO
nanoparticles was examined by XRD. The
diffraction pattern (Figure 4) displayed eleven
distinct peaks at 20 values of 32.48°, 35.51°,

38.68°, 48.82°, 53.43°, 58.24°, 61.55°, 65.68°,
66.28°,68.01°, and 75.12°, all of which are in good
agreement with the characteristic reflections of the
cubic phase of CuO according to JCPDS card no.
01-072-0629 [34]. The sharpness and intensity of
the diffraction peaks confirm the crystalline nature
of the synthesized nanoparticles. Applying the
Debye-Scherer equation (D = KA/fcosb) [35], the
estimated crystalline size was estimated to be
approximately 29.12 nm.
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Figure 4. The XRD patterns of CuO nanoparticles

3.1.3. FESEM and EDX Analysis

The morphology of CuO nanoparticles was
assessed by FESEM. The particles exhibited a
nearly spherical morphology with a uniform size
distribution and a smooth surface texture (Figure
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Frequency

5a). Particle size distribution analysis from the
corresponding histogram yielded a mean particle
size of 39 nm (Figure 5b).
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Figure 5. (a) FESEM image and (b) the particle size distribution diagram of CuO nanoparticles

The EDX spectrum (Figure 6) showed only
signals attributable to copper and oxygen,
confirming the elemental purity of the product. A
gold-related signal present in the spectrum
originates from the thin gold coating applied to the
sample surface prior to analysis, and the weak peak
near 0.2 keV is attributed to trace carbon residues
derived from the plant extract [19, 23].

. Spectrum 21

Wt% o
3 Cu A 0
o
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Figure 6. EDS analysis of CuO nanoparticles

3.1.4. UV-Vis Analysis
The optical absorption properties of the CuO
nanoparticles were investigated over the
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wavelength range of 250-650 nm. A characteristic
absorption maximum was recorded at 276 nm in
the UV region, consistent with the surface plasmon
resonance (SPR) of CuO nanoparticles and in
agreement with values reported in the literature
[36, 37].

064 276 nm

Absorbance
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‘Wavelength (nm)

Figure 7. The UV-Vis spectra of CuO
nanoparticles

3.1.5. DLS and Zeta Potential Analysis

The hydrodynamic diameter and surface charge of
the nanoparticles were determined by DLS and
zeta potential measurements, respectively. CuO
nanoparticles and 5-FU@CuUO exhibited mean
hydrodynamic diameters of approximately 119 nm
and 184 nm, respectively (Table 1 and Figure 8).
The polydispersity index (PDI) fell within the
range of 0.2-0.4 for both samples, indicative of a
reasonably uniform particle size distribution in
suspension [38]. At neutral pH, CuO nanoparticles
carried a negative surface charge of -15.6 mV,
whereas 5-FU@CuO displayed a positive zeta
potential of +16.1 mV (Table 1 and Figure 9).

The negative zeta potential of the unloaded
nanoparticles reflects their intrinsic surface
electronegativity and contributes to colloidal
stability by suppressing particle aggregation. The
reversal to a positive zeta potential upon drug
loading provides direct evidence for 5-FU
adsorption onto the nanoparticle surface. This sign
inversion is attributed to the interaction between
the CuO surface and the amide group of the 5-FU
molecule, forming an intermolecular complex that
alters the surface charge distribution. The resulting
positive surface charge promotes improved
colloidal dispersibility, enhanced cellular uptake,
and more selective drug delivery, collectively
contributing to improved safety and therapeutic
performance [39].

Table 1. DLS and zeta potential data of CuO-NPs

and CuO-FU
. Zeta
Name Average size potential PDI
(nm) (mv)

CuO 119 -15.6 0.220
CuO-FU 184 +16.1 0.350

ot
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Figure 8. DLS analysis of (a) CuO-NPs and

(b) CuO-FU

% 100000 T .

3

]

O 50000

S

2 0 F———
-200 -100 0 100 200

Zeta Potential (mV)

-"-.C” 100000

=}

(o]

© 50000

8

R 0+ ——t -
-200 -100 0 100 200

Zeta Potential (mV)

Figure 9. Zeta potential of (a) CuO-NPs and
(b) CuO-FU

3.1.6. TGA/DTA Analysis

The thermal behavior of the synthesized gel was
analyzed by TGA/DTA over the temperature range
of 25-800 °C (Figure 10). Weight loss proceeded
through three distinct endothermic stages. The
material was thermally stable up to 109 °C, beyond
which decomposition commenced. In the first
stage (109-182 °C), a weight loss of approximately
22% is attributed to the removal of adsorbed water
molecules via an endothermic  process.
Decomposition of residual organic matter occurred
in two subsequent endothermic stages: a loss of
approximately 14% of the initial mass between 182
and 254 °C, followed by a further loss of
approximately 11% between 254 and 380 °C,
reflecting the progressive combustion of organic
constituents and the formation of pure CuO phase.
No further weight loss was observed between 500
and 800 °C, confirming that thermally stable CuO
crystals constitute the final product [40, 41].
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Figure 10. The TGA/DTA curves of the primary gel to obtain CuO-NPs

3.2. Drug Loading Efficiency Studies

The influence of three key parameters—pH,
contact time, and nanoparticle mass—on the
efficiency of 5-FU loading onto CuO
nanoparticles was systematically investigated and
optimized. Drug loading efficiency was first
evaluated across a pH range of 3-10. As shown in
Figure 11a, maximum drug loading was achieved
at pH 5 and 6, with efficiency declining at higher
pH values; accordingly, pH 5.50 was selected as
the optimal value. Under strongly acidic
conditions (pH 2-6), protonation of the CuO
surface promotes partial dissolution, releasing
4.3-8.5% of Cu2* ions into solution. Above pH 6,
the solubility of CuO diminishes markedly, and
the concentration of released copper ions
decreases. This behavior reflects the inverse
relationship between suspension pH and CuO
solubility: at alkaline pH, the elevated hydroxyl
ion concentration favors the formation of
insoluble copper hydroxide complexes, which
reduces the availability of active surface sites for
drug adsorption [42].

The effect of contact time on drug loading was
examined at reaction times of 1, 5, and 10 h. The
highest drug loading efficiency, 38.60%, was
attained at 5 h, reflecting the progressive increase
in drug—nanoparticle interactions over time
(Figure 11 b). Beyond 5 h, drug adsorption
declined, an observation attributed to inter-
particle aggregation at extended contact times,
which reduces the accessible surface area [43].

Finally, the optimal nanoparticle mass was
determined by testing amounts of 0.005, 0.01,
0.015, and 0.02 g of CuO nanoparticles. As
illustrated in Figure 11c, drug loading efficiency
increased with nanoparticle mass from 0.005 to
0.015 g, consistent with the greater total surface
area available for drug adsorption. At 0.02 g,
however, efficiency declined, likely due to
nanoparticle aggregation driven by elevated
surface energy at higher particle concentrations,
which reduces the effective surface area [44].
Under the identified optimal conditions—pH
5.50, 0.015 g of CuO nanoparticles, and a contact
time of 5 h —a drug loading efficiency of 40%
was achieved.
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3.3. Cytotoxicity Evaluation

The cytotoxic activity of green-synthesized CuO
nanoparticles against the Huh-7 hepatocellular
carcinoma cell line was assessed by the MTT assay
following 48 h of treatment (Figure 12). Cell
viability decreased in a concentration-dependent
manner across the tested dose range. The ICs, value
for CuO nanoparticles in Huh-7 cells was
approximately 250 mg/L, demonstrating potent
anticancer activity against human liver cancer cells
[45]. Although the present results demonstrate the
cytotoxic effect of the green-synthesized CuO
nanoparticles against Huh-7 cells, the biological
evaluation was limited to the unloaded nanoparticles.
Comparative cytotoxicity studies involving free 5-
fluorouracil and 5-FU-loaded CuO nanoparticles
were beyond the scope of the present work. Such
investigations are important for determining whether
nanoparticle-mediated drug loading enhances the
therapeutic efficacy of 5-fluorouracil and will be the
subject of future studies.
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Figure 12. Cytotoxicity effect of CuO-NPs on Huh-7
cancer cell line via the MTT assay
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Figure 11. The drug loading percentages in three different conditions (a) pH,
(b) the reaction time, and (c) the amounts of CuO nanoparticles

4. Conclusions

CuO nanoparticles were prepared by a green sol-gel
method using Cressa cretica extract and investigated
as potential nanocarriers for 5-fluorouracil. The
prepared CuO nanoparticles were identified using
various spectroscopic methods, and their properties
were determined. Comprehensive spectroscopic and
physicochemical characterization established that the
nanoparticles are phase-pure, possess a cubic
crystalline structure, have a mean particle size of
approximately 39 nm, and carry a surface charge of -
15.6 mV. Drug loading onto the CuO surface was
confirmed by FT-IR spectroscopy and zeta potential
measurements. HPLC-based optimization identified
pH 5.50, a nanoparticle mass of 0.015 g, and a contact
time of 5 h as the optimal loading conditions, under
which approximately 40% of 5-FU was adsorbed
onto the nanoparticle surface. MTT cytotoxicity
assays in Huh-7 cells demonstrated concentration-
dependent cell death with an 1Cso of approximately
250 mg/L, confirming the anticancer potential of the
prepared CuO nanoparticles.

Despite the promising results obtained in this
study, several aspects require further investigation to
comprehensively evaluate the potential of the
developed nanocarrier system. In particular, in vitro
drug release studies under physiological and tumor-
mimicking conditions will be performed in future
work to investigate the release kinetics and delivery
behavior of 5-fluorouracil from the CuO
nanoparticles. Furthermore, comparative cytotoxicity
studies involving free 5-fluorouracil, 5-FU-loaded
CuO nanoparticles, and normal (non-cancerous) cell
lines will be conducted to assess therapeutic efficacy,
biocompatibility, and selectivity. These investigations
will provide a more comprehensive understanding of
the suitability of the developed green-synthesized
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CuO nanoparticles as a potential drug delivery
platform.
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