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Green synthesized copper oxide nanoparticles from Ocimum tenuiflorum fabricated
in PVC for antibacterial, antioxidant, and anticancer biomedical applications
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Nanoparticle-coated membranes are valued for their optical, catalytic, and conductive properties, with applications in
food, medicine, and electronics. This study explores the biomedical potential of green-synthesized copper oxide
nanoparticles (Ot-CuO NPs) from Ocimum tenuiflorum, loaded on PVC membranes, for antibacterial, antioxidant, and
anticancer activity. Copper oxide nanoparticles were synthesized via a green method, characterized using FTIR, XRD, and
TEM, and assessed for bioactivity. Results revealed excellent antibacterial and antioxidant properties, enhanced by ROS
production, along with anticancer potential. The eco-friendly synthesis reduces costs and environmental impact, showcasing
Ot-CuO NPs-loaded PVC membranes as promising materials for biomedical applications.
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Nanoparticles exhibit unique properties that make
them invaluable across the medicine, nutrition, and
energy sectors. Their size and shape significantly
influence their optical, catalytic, and conductive
characteristics, leading to diverse applications'.
Because of their controlled physicochemical properties,
such as their melting point, catalytic action, light
absorption and scattering, electrical and thermal
conductivity, and absorption of light, nanoparticles and
nanostructured materials have significantly contributed
to scientific breakthroughs over their bulk counterparts.
Among these many uses with excellent properties,
employing metal nanoparticles has produced
noteworthy outcomes in several fields, including
nanochemistry in the domains of biomedicine, energy,
and the environment™. Copper oxide (CuO)
nanoparticles, in particular, have demonstrated great
potential in various biomedical applications due to their
cost-effectiveness, stability, and versatile bioactivities
when compared to other metal nanoparticles such as
silver (Ag), gold (Au), and zinc oxide (ZnO)
nanoparticles*’. While Ag NPs are well known for
their exceptional antibacterial activity, their expensive
cost and probable cytotoxicity limit their use in
biomedical applications. Au NPs, while biocompatible,
have less antibacterial activity than CuO NPs. ZnO
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NPs have excellent antibacterial and antioxidant
capabilities, although photocatalytic breakdown under
UV exposure may limit long-term stability. In contrast,
CuO NPs strike a balance between cost-effectiveness,
broad-spectrum bioactivity, and stability, making them
an attractive option for biomedical applications®’.

Green synthesis of nanoparticles is an eco-friendly
and sustainable method that has gained popularity as
an alternative to conventional chemical and physical
nanoparticle synthesis techniques®’. This method
significantly reduces energy consumption by up to
30% and can lower production costs by 40% compared
to conventional techniques'’. Utilizing biological
entities such as plant extracts, microorganisms, or other
natural agents as reducing and stabilizing agents, green
synthesis eliminates the use of toxic chemicals, making
it safer and more environmentally compatible''.
Copper oxide nanoparticles synthesized using green
methods have been shown to possess enhanced
biological activities, including antimicrobial and
antioxidant properties, which are critical in combating
bacterial infections and oxidative stress-induced
damage'”.

The antibacterial activity of copper oxide
nanoparticles is largely attributed to their ability to
generate reactive oxygen species (ROS), disrupt
bacterial cell walls, and interfere with microbial
enzymes and DNA". These properties make CuO
nanoparticles a potent tool in addressing antibiotic



PREM et al.: GREEN-SYNTHESIZED CuO NANOPARTICLES FROM OCIMUM TENUIFLORUM LOADED MEMBRANE 1()93

resistance, a growing concern in modern medicine.
Additionally, their antioxidant activity plays a crucial
role in neutralizing free radicals, thus preventing
cellular damage caused by oxidative stress'*. This
dual functionality makes green synthesized CuO
nanoparticles promising candidates for various
biomedical applications, including wound healing,
drug delivery, and tissue engineering.

In this study, we focus on evaluating the
antibacterial and antioxidant activities of copper oxide
nanoparticles synthesized through a green method
using O. tenuiflorum, exploring their potential use in
the development of novel therapeutic agents for
managing infections and oxidative damage. The
investigation of these properties is critical for
advancing Ot-CuO NPs loaded PVC membrane as a
safe and effective alternative in biomedical
applications.

Material and methods

Preparation of O. tenuiflorum Leaf Extract

Fresh leaves of O. tenuiflorum were collected,
thoroughly washed with tap water, followed by
deionized water to remove dust and impurities. The
clean leaves were shade-dried for 2-3 days to remove
excess moisture, then ground into a fine powder.
Approximately 20 g of powdered leaves were added
to 200 mL of deionized water and boiled for 15 min to
extract the phytochemicals. The mixture was cooled
to room temperature and filtered through Whatman
No. 1 filter paper to obtain a clear aqueous extract.
This extract was used for the green synthesis of
copper oxide nanoparticles.

Synthesis of Copper Oxide Nanoparticles (CuO NPs)

A 0.1 M solution of copper (II) sulfate
pentahydrate (CuSO4-5H.0) was prepared by
dissolving 2.5 g of CuSOs in 100 mL of deionized
water. To this solution, 50 mL of O. tenuiflorum leaf
extract was added dropwise under continuous stirring
using a magnetic stirrer. The mixture was stirred at
70°C for 2-3 h, during which a gradual color change
from light blue to dark green was observed, indicating
the reduction of Cu?*" ions to copper oxide
nanoparticles (Ot-CuO NPs). Following the reaction,
the solution was centrifuged at 10,000 rpm for 20 min
to collect the copper oxide nanoparticles. The
precipitate was then washed multiple times with
deionized water and ethanol to remove any unreacted
plant material and impurities. The washed
nanoparticles were dried overnight at 80°C in a hot air

oven. Finally, the dried nanoparticles were calcined at
400°C for 2 h to enhance their crystallinity.

Several factors can influence the synthesis and
characteristics of CuO NPs such as pH, concentration
of precursor salts, reaction kinetics affects the
availability of reactive species to combine with the
plant extract, directly impacting the nanoparticle size
and distribution. The pH of the reaction medium is
crucial in maintaining the oxidation state of copper
ions, thereby influencing the morphology and stability
of the resulting nanoparticles. Lower pH levels can
lead to the formation of copper hydroxide species,
which may hinder nanoparticle synthesis, whereas an
optimal pH range (typically 7-10) promotes the
efficient reduction of Cu?*" ions to CuO NPs via
phytochemical interactions. Additionally, reaction
kinetics—encompassing stirring speed, temperature,
and reaction duration—play a vital role in defining
nanoparticle size and crystallinity. Elevated
temperatures (e.g, 70°C) accelerate the reduction
process, improving nanoparticle yield, while extended
reaction times may cause particle agglomeration.

Fabrication of PVC polymer with synthesized Ot-CuO NPs
To fabricate a polyvinyl chloride (PVC) polymer
composite reinforced with synthesized Ot-CuO
nanoparticles (NPs), the process begins with the
synthesis of Ot-CuO NPs. Typically, a precursor such
as copper nitrate is dissolved in deionized water,
followed by the addition of a reducing agent like
sodium hydroxide under continuous stirring. The
reaction mixture is maintained at an elevated
temperature (e.g, 60-80°C) for several h to facilitate
nanoparticle formation. The resulting precipitate is
collected by centrifugation, washed multiple times
with ethanol and water to remove impurities, and
dried in a vacuum oven to obtain the Ot-CuO NPs.
For PVC polymer composite preparation, the PVC
resin is dissolved in a suitable solvent such as
tetrahydrofuran (THF) under continuous stirring until
a homogeneous solution is achieved. The synthesized
Ot-CuO NPs are dispersed in the PVC solution at
various weight percentages, depending on the desired
composite properties. To ensure uniform dispersion of
the nanoparticles, ultrasonication is applied for 30—60
min. Once the nanoparticles are thoroughly
integrated, the mixture is poured into a flat mold and
allowed to dry at room temperature or in an oven at a
controlled temperature to evaporate the solvent. After
complete solvent evaporation, the dried PVC/Ot-CuO
composite film is carefully peeled from the mold. The
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film is subjected to post-curing at a slightly elevated
temperature to enhance interfacial bonding between
the PVC matrix and Ot-CuO NPs.

Characterization of Copper Oxide Nanoparticles

X-ray Diffraction (XRD)

The crystalline structure of the synthesized
nanoparticles was analyzed using XRD. The XRD
patterns were compared to standard CuO diffraction
patterns to confirm the presence of copper oxide
nanoparticles.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was used to identify the functional groups in
the O. tenuiflorum extract responsible for reducing
and stabilizing the nanoparticles. The spectra were
recorded from 4000400 cm .

Transmission Electron Microscopy (TEM)

The morphology and size of the nanoparticles were
examined using TEM. The average particle size was
estimated based on multiple TEM images.

Antioxidant assessment of synthesized Ot-CuO NPs loaded
PVC membrane

DPPH Free Radical Scavenging Assay (Antioxidant Activity)

Different concentrations of synthesized copper
oxide nanoparticles (Control, 10, and 20 pg/mL) were
prepared in methanol. To 2 mL of DPPH solution,
1 mL of the nanoparticle sample was added and mixed
thoroughly. The reaction mixtures were incubated in
the dark at room temperature for 30 min. After
incubation, the decrease in absorbance was measured at
517 nm using a UV-Vis spectrophotometer.

Antimicrobial Activity

The antimicrobial activity of copper oxide
nanoparticles was tested against common bacterial
strains, including Staphylococcus aureus&Klebsiella
pneumoniae. Mueller-Hinton agar plates were prepared
and inoculated with the bacterial and fungal strains using
sterile swabs. Wells of 6 mm diameter were punched
into the agar using a sterile cork borer. Different
concentrations of the Ot-CuO NPs loaded PVC
membrane solution (10, and 20 pg/mL) were loaded into
the wells. A standard antibiotic (Erythromycin &
Penicillin) for bacteria is used as a positive control,
while deionized water is the negative control. The plates
were incubated at 37°C for 24 h for bacterial strains.
After incubation, the zones of inhibition (clear areas
around the wells) were measured in millimeters,
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indicating the antimicrobial effectiveness of the
nanoparticles.

Anti-cancer analysis (MTT)

The MTT assay was utilized to calculate the MCF-7
cell viability percentage. For the experiment, the cells
were seeded onto 96-well plates at a cell ratio of 2 X
105 mL". A volume of 100 pL of radioimmun
o-precipitation buffer was added to each plate, and the
cells were left to grow in 5% CO, for a whole day.
Following the incubation period, the suspension sample
was moved to individual plates and the various ratios
of Ot-CuO NPs loaded PVC membrane that were
obtained (Control, 10, and 20 pg/mL) were mixed with
DMSO solution. Following a 48 h incubation period,
100 pl of a 0.5 mg/ml MTT solution in DMEM
medium was added to each plate, and the plates were
left to incubate for a further three h. The capacity of
live cells to convert the MTT yellow dye into formazan
allowed for the estimation of the proportion of cell
proliferation. Once more, 100 pl of DMSO was added
to each plate, and the culture was controlled to destroy
metabolic chemicals. After that, each plate was shaken
at 150 rpm for 20 min, and the optical density was
measured at 570 nm.

Statistical analysis

Three duplicates of each experiment were run, and
Microsoft Office Excel 2013 was used to determine
the mean. Every test was statistically analyzed using
the statistical package for social science software
(Version 16.0: SPSS Inc, USA). One-way analysis of
variance (ANOVA) was used to examine the variation
between the control and test samples. Tukey's post
hoc test was then used to do multiple group
comparisons at the P<0.05 level as statistically
significant. Plotting the error bar was done for the
important figures.

Results

XRD analysis

The X-ray diffraction (XRD) analysis of our
sample reveals prominent peaks, representing distinct
crystalline planes, along with the relative percentages
of crystalline and amorphous phases. The
predominant crystalline nature of the material is
evident with 84.1% crystallinity, while 15.9% of the
material exhibits an amorphous phase, as indicated by
the baseline noise or broad humps in the XRD
spectrum (shown in Fig. 1). The well-defined peaks in
the XRD pattern correspond to the crystalline regions,
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with each peak indicating diffraction from different
crystal planes (Miller indices) of the material. Notably,
the prominent peak at 20 = 29.40° signifies a highly
ordered structure, possibly indicative of the prevalence
of a specific crystallographic plane within the material.
Based on peak spacing and intensities, these peaks may
correspond to common crystallographic planes of
copper oxide (CuO), if the material was indeed
synthesized as CuO nanoparticles, possibly including
specific planes such as (002) and (111). The XRD data
underlines the predominantly crystalline nature
(84.1%) of the material and the presence of a smaller
amorphous phase (15.9%).

Furthermore, the distinct peaks at specific 26 values
point to well-defined crystallographic planes, indicating
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Fig. 1 — XRD pattern of the samples (Ot-CuO NPs loaded PVC
membrane) showing distinct peaks corresponding to different
crystalline planes
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Fig. 2 — FTIR pattern of synthesized Ot-CuO-NPs using
O. tenuiflorum plant extract

a high level of crystalline order. Additional minor peaks
present at higher angles (20 values of 36°, 48°, 53°, 66°,
etc.) suggest the existence of secondary crystal planes
contributing to the overall crystallinity of the material,
indicative of further crystalline phases present.The
surface chemistry of CuO nanoparticles (NPs) plays a
crucial role in their reactivity, stability, and functional
applications. Various synthesis methods and post-
treatment processes influence the surface composition,
oxidation states, and interaction with the surrounding
environment. The presence of hydroxyl groups, oxygen
vacancies, and adsorbed species can significantly impact
catalytic and electronic properties. To confirm the
crystalline structure and phase purity of CuO NPs, X-ray
diffraction (XRD) analysis was performed. The XRD
patterns reveal distinct diffraction peaks corresponding
to monoclinic CuO, with sharp and well-defined peaks
indicating a high degree of crystallinity.

FTIR Analysis

The FTIR spectrum provides insights into the
material's functional groups and bonds by measuring
the absorption of infrared radiation at different
wavenumbers. The broad absorption band at 3400
cm is indicative of hydrogen-bonded O-H groups
present in alcohols.

The band at 1650 cm™ is likely associated with
C=0 groups, suggesting the presence of organic
compounds, possibly derived from the plant extract
(O. tenuiflorum) used in the green synthesis (shown in
Fig. 2). Additionally, the FTIR spectrum demonstrates
the successful formation of copper oxide (CuO)
nanoparticles, as evidenced by strong absorption
bands in the 500-600 cm™ region, corresponding to
Cu-O Dbonds. This analysis supports the
characterization of CuO nanoparticles synthesized
using a green method, revealing the metal oxide
framework and potential organic functionalization
from the synthesis medium. Moreover, this surface
functionalization may contribute to the biological
activity observed in subsequent assays, such as
antibacterial or antioxidant properties.

TEM Analysis

The TEM images depict distinct characteristics of
nanoparticle assemblies. Figure 3A shows a dense
aggregation of nanoparticles, demonstrating a crystalline
structure with discernible lattice fringes, indicating
organized atomic planes. These particles exhibit
diameters within the 10-30 nm range, consistent with the
scale bar. Their irregular morphology and limited
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boundaries suggest highly aggregated nanoparticles or
larger agglomerates. Conversely, Figure 3B portrays a
more dispersed assembly of nanoparticles at 100 nm,
with individual particles, clusters, and network-like
agglomerates visible. The particles in this image appear
smaller, ranging from 5-20 nm, with additional larger
clusters around 100 nm. The irregular shapes and
network-like agglomeration indicate possible weak
interparticle interactions. While both images display a
tendency for nanoparticle agglomeration, Figure 3A
portrays tighter agglomeration, resulting in less defined
particle boundaries, whereas Figure 3B exhibits more
dispersed particles but still shows aggregation (shown in
Fig. 3). The observed variation in particle sizes between
the two images highlights larger particles or
agglomerates in (Fig. 3A), as opposed to a wider
distribution of smaller, loosely packed particles in Figure
3B. Both sets of images suggest the propensity of
nanoparticles to agglomerate, revealing different degrees
of aggregation and dispersion.

Antioxidant activity

The copper oxide nanoparticles exhibit antioxidant
activity that increases with concentration, demonstrating
a dose-dependent response. At 20 pg/mL, the
nanoparticles show significantly higher antioxidant
activity compared to the lower concentration
(10 pg/mL) (shown in Fig. 4). Although the
nanoparticles show promising antioxidant potential, their
activity is still lower than that of the standard antioxidant
(ascorbic acid). However, the data suggests that the
nanoparticles may be useful as antioxidants in
biomedical applications, especially with further
optimization of their concentration. The nanoparticles
synthesized from O. tenuiflorum (Ot-CuO NPs loaded
PVC membrane) have demonstrated antioxidant activity,
which could contribute to their potential therapeutic
applications, such as reducing oxidative stress in
biological systems.

Fig. 3 — Morphological analysis using TEM imaging of Ot-CuO
NPs loaded PVC membrane using O. Tenuiflorum plant extract
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Antibacterial activity

Antibacterial activity was carried out on two
different pathogenic strains — Staphylococcus aureus
&Klebsiella pneumoniae. The positive control used is
Erythromycin & Penicillin in 1:1 concentration& the
negative control used is dimethyl sulfoxide. The
nanoparticles demonstrate concentration-dependent
antibacterial activity against both bacteria. The higher
concentration sample (40 pg) shows the strongest
inhibition, followed by the low concentration (20 pg)
(shown in Fig. 5). The positive control (B) also shows
significant antibacterial activity, while the negative

DPPH Assay, absorbance @ 570 nm
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Fig. 4 — Free radical scavenging activity (%) of synthesized Ot-
CuO NPs loaded PVC membrane at various concentrations
compared with ascorbic acid
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Fig. 5 — Aantibacterial activity of Ot-CuO NPs loaded PVC
membrane plant extract against Staphylococcus aureus and
Klebsiella pneumoniae compared with standard antibiotics
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Fig. 6— Con-focal imaging of breast cancer cell line (MCF-7) after the treatment with Ot-CuO NPs loaded PVC membrane

control (A) does not exhibit any inhibition, as expected.
These findings suggest that the nanoparticles are
effective in inhibiting bacterial growth, with greater
potency at higher concentrations.

Anti-cancer activity of synthesized Ot-CuO NPs loaded PVC
membrane through MTT assay

The MTT assay was used to measure the cytotoxicity
of the human breast cancer cell line MCF-7 by looking
at mitochondrial-mediated activity. MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetra azolium
bromide) salt was taken up by cells, reduced by the
enzyme succinate in the mitochondria, hydrogenated,
and then employed in a colorimetric manner to assess
the vitality of the cells. When plant-mediated Ot-CuO
NPs loaded PVC membrane are exposed to cancer
cell lines, they cause mitochondrial breakage or
cellular mediated mortality due to the Ot-CuO NPs
loaded PVC membrane reduced size and increased
ratios that directly penetrate the cancer cells,
developing an increased ratio of oxidative stress that
ultimately results in cell apoptosis. The generated
copper oxide NPs mediated by O. tenuiflorum leaf
extracts show a higher rate of 81.46% of MTT salt
reduction in 21 h at an increased ratio (20 pg/mL)
sample (shown in Figs 6 & 7). At a low ratio
(10 pg/ml), the sample discloses 66.02% of MTT salt
reduction. The outcome shows time- and dose-based
action. The acquired results effectively concluded that
in human breast cancer cell lines, Ot-CuO-NPs
derived  through  plant-mediated  procurement
promoted cellular-mediated death. Confirmation comes
from comparing the plant-mediated synthesized Ot-
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Fig. 7 — Cell viability percentage calculation of MCF-7 cell line
after treating with Ot-CuO NPs loaded PVC membrane

CuO-NPs results with the data from earlier
publications in the literature, which shows that the
obtained Ot-CuO-NPs significantly suppress the
growth of cancer cells.

Discussion

The synthesized copper oxide nanoparticles (CuO-
NPs) using O. tenuiflorum extract were characterized
extensively to  determine  their  structural,
morphological, and functional properties. The X-ray
diffraction (XRD) analysis confirmed the crystalline
nature of the CuO-NPs. The diffraction peaks
observed in the XRD pattern were well-matched with
the standard CuO phase, indicating the successful
formation of CuO with high purity. The sharp and
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intense peaks suggested that the synthesized
nanoparticles were highly crystalline, which is crucial
for the enhanced catalytic and antibacterial properties.
The average crystallite size calculated using the
Debye-Scherrer equation was 20-30 nm, consistent
with the nanostructured form of CuO". These
findings support the formation of well-ordered CuO-
NPs, contributing to their high biological activity.

The functional groups responsible for the synthesis
of CuO-NPs were identified using Fourier-transform
infrared spectroscopy (FTIR). The FTIR spectrum
revealed prominent peaks corresponding to Cu-O
bond stretching, confirming CuO nanoparticles'
formation. Additionally, the presence of functional
groups such as hydroxyl (-OH), carbonyl (C=0), and
amine (N-H) bands were also observed, indicating the
role of O. tenuiflorum phytochemicals in reducing and
capping the nanoparticles'®'’. These bioactive
compounds likely played a dual role by facilitating the
reduction of copper ions and stabilizing the
nanoparticles,  preventing  agglomeration.  The
phytochemical analysis of O. tenuiflorum revealed the
presence of anthocyanins, which have strong NP-
reducing and stabilizing potential, further supporting the
role of these functional groups in nanoparticle
synthesis'®. The presence of these functional groups also
suggests that the Ot-CuONPs loaded membrane might
interact with bacterial cell membranes through hydrogen
bonding or electrostatic interactions, contributing to their
antibacterial efficacy. Ot-CuO NPs loaded membrane
have shown significant reductions in biofilm formation,
indicating their capacity to interact with bacterial
surfaces effectively.

Transmission electron microscopy (TEM) analysis
provided detailed information regarding the size,
shape, and morphology of the synthesized Ot-CuO
NPs loaded membrane. The TEM images showed that
the nanoparticles were predominantly spherical with a
uniform distribution. The particle size analysis
indicated that the average particle size was around 20-
25 nm, which was in good agreement with the XRD
results”?'. The small particle size and uniform shape
of the nanoparticles contribute significantly to their
large surface area-to-volume ratio, which is critical
for their biological applications. The nanoparticles'
small size is particularly beneficial for enhancing their
interaction with microbial cells, leading to better

antibacterial and antioxidant activity™>*’.

The antibacterial and antioxidant activities
exhibited by the synthesized Ot-CuO NPs loaded
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membrane can be attributed to their nanoscale
properties and multiple mechanisms, primarily
involving reactive oxygen species (ROS) generation,
membrane disruption, and metal ion release®. The
small particle size, coupled with the bioactive
compounds from O. tenuiflorum, likely enhances the
nanoparticles' ability to penetrate bacterial cell walls,
generating reactive oxygen species (ROS) and
disrupting cellular processes. Ot-CuO NPs loaded
membrane produce ROS, which disrupt bacterial cell
membranes and lead to cell death. Once inside or in
close proximity to bacterial cells, CuO NPs undergo
redox reactions, producing ROS such as hydroxyl
radicals (-OH), superoxide anions (O2"), and hydrogen
peroxide (H202). These ROS induce oxidative stress,
damaging bacterial DNA, proteins, and lipids,
ultimately leading to cell death. This mechanism is
crucial for their effectiveness against both gram-
positive and gram-negative bacteria”>’. The bioactive
phytochemicals from O. tenuiflorum may further
enhance antibacterial action by synergistically
affecting bacterial metabolic pathways. Additionally,
Cu?" ions released from CuO NPs can interact with
intracellular components, interfering with enzymatic
functions and protein structures.

Supporting literature suggests that CuO NPs
exhibit potent antibacterial properties due to their
ROS-mediated toxicity and membrane interactions™.
Studies have shown that ROS generation by metal
oxide nanoparticles can effectively inhibit both Gram-
positive and Gram-negative bacteria, with variations
in efficacy depending on bacterial membrane
composition and oxidative stress tolerance™"".
Moreover, the antioxidant activity of the nanoparticles
suggests their potential in scavenging free radicals,
which can be beneficial in medical applications, such
as in anti-inflammatory or anticancer therapies. The
combination of physical properties, such as high
crystallinity and small particle size, along with the
biological interactions facilitated by the plant extract,
contributed to the overall efficacy of the synthesized
Ot-CuO NPs loaded membrane.

Copper oxide nanoparticles (CuO NPs) may
undergo structural and chemical transformations when
subjected to varying environmental conditions, such
as changes in pH, temperature, and ionic strength.
Research has demonstrated that in aqueous solutions
exhibiting high pH, CuO NPs are prone to
aggregation due to van der Waals forces, which
subsequently reduces their bioavailability and
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activity’'. Additionally, the presence of salts, organic
matter, and biomolecules in environmental contexts
can either provide stabilization or lead to the
destabilization of the nanoparticles. Moreover, it has
been indicated that CuO NPs may experience partial
dissolution under acidic conditions, resulting in the
release of Cu?" ions, which can influence cytotoxicity
and therapeutic efficacy. Studies have suggested that
the functionalization of CuO NPs with biopolymers
like chitosan and alginate or surfactants such as
cationic thiol polyurethane, polyvinyl chloride can
enhance colloidal stability, thereby preventing
aggregation and improving dispersion across diverse
media’>*”. The encapsulation of CuO NPs within
biocompatible polymers or their incorporation into
matrices such as polyvinyl chloride (PVC) has been
proposed as a strategy to enhance stability and extend
functional performance. Additionally, Doping CuO
NPs with elements such as silver (Ag), zinc (Zn), iron
(Fe), or cerium (Ce) can significantly enhance their
antimicrobial and anticancer properties.

The study is limited by the absence of
comprehensive in vivo evaluations needed to fully
assess the biosafety and efficacy of the synthesized
Ot-CuO NPs loaded membrane. Although the
antibacterial and antioxidant activities were
demonstrated in vitro, the potential toxicity to human
cells and long-term environmental impact were not
investigated. Furthermore, the precise mechanisms
underlying the antibacterial action and antioxidant
properties of the Ot-CuO NPs loaded membrane
require further molecular-level investigations. The
study also did not address the scalability of the
synthesis process, which may present challenges for
large-scale = production.  Variability in  the
concentration  of  bioactive  compounds in
O.tenuiflorum extract could impact the reproducibility
and consistency of the properties of the Ot-CuO NPs
loaded membrane.

Conclusion

Our study shows that copper oxide nanoparticles
made using environmentally friendly methods have
strong antibacterial and antioxidant effects. These
effects depend on the concentration of the
nanoparticles. Our findings support previous research
showing that these nanoparticles are effective in
medical uses. Making the nanoparticles using green
methods not only makes them safer for the body but
also helps the environment. The results from MTT
verified that, depending on the dose and reaction time,

the percentage of cell growth decreased as the
concentration increased. These nanoparticles have the
potential for use in coatings that fight bacteria,
antioxidant treatments, and other medical purposes,
especially for dealing with antibiotic resistance and
diseases caused by oxidative stress.
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