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This study aimed to synthesize a Berberine conjugated with Copper Oxide Nano Formulation (BBR-CuONPs) by
using Solanum torvum for lung cancer therapy. The BBR-CuONPs were evaluated for their anticancer activity by
assessing cell movement and proliferation in non-small cell lung cancer cell lines (A549). Berberine chloride and
copper sulfate were utilized to prepare the BBR-CuONPs, while S. forvum extract acted as a reducing agent for
green synthesis. The characterization of the BBR-CuONPs was carried out using UV-visible spectrophotometry,
Fourier-transform infrared spectroscopy (FTIR), and transmission electron microscopy (TEM). The UV-visible
spectra confirmed the synthesis of BBR-CuONPs, showing characteristic absorption peaks. FTIR analysis
revealed functional groups indicative of interactions between CuONPs and berberine, suggesting their potential
synergistic effects. TEM images showed the nanoparticles had an average size ranging from 10 to 50 nm. The
anti-cancer activity (MTT assay) demonstrated a dose-dependent inhibition of cell viability, with a calculated
IC,, value of 32.35 + 2 pg, indicating that it has an effective cytotoxic activity with controlled and sustained
drug release for a longer time than compared with berberine and copper oxide nanoparticles alone. The BBR-
CuONPs, in normal human embryonic kidney (HEK) cells, were observed that higher cell viability at 10 ug/ml
(98%) and less cytotoxicity effect at 100 pg/ml (2%) inhibition even in higher concentration. The wound healing
assay confirmed the suppression of A549 cell migration, with 10 pg/ml (24-48 hours) at lower concentrations of
the nano formulation showing stronger inhibition. This study suggests that the BBR- CuONPs derived from S.
torvum exhibit promising anticancer and wound-healing properties, supporting further in vivo investigation into
their therapeutic potential.
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INTRODUCTION

Lung cancer: prevalence, impact, and treatment challenges

According to the research findings, Lung cancer
contributes to major causes of cancer deaths worldwide (World
Health Organization). In the year 2022, it was reported that
almost 2.5 million people were detected and 1.8 million people
died from the disease. When compared to colorectal cancer, lung
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primary risk factor for causing lung cancer is smoking and it is
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include contamination exposure from second-hand smokers,
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air pollution, welding fumes, and diesel engine exhaustion [1].
According to the histology of cancer cells, lung cancer can
be classified into two types: small-cell lung cancer and non-
small-cell lung cancer (NSCLC). Among that, approximately
85%—-90% of the lung cancer is NSCLC [2]. The most common
symptoms include a long-term cough that does not go away,
chest pain, shortness of breath, fatigue, recurring lung infection,
and weight loss for unknown reasons.

To prevent lung cancer, people must avoid smoking
tobacco so that second-hand tobacco smokers can also benefit.
If treatment started early as soon as the diagnosis has been
identified the metastasis of the lung cancer can be prevented
from becoming worse condition and metastasis. The prevention
of lung cancer can be classified into primary and secondary
prevention. The primary aim is to reduce the initial occurrence
of a disease and promote a healthy life. Secondary prevention
includes the screening methods of cancer both physical and
biological aspects to detect the diseases in an earlier stage to
increase the chances for successful treatment and improve
outcomes. The primary screening method used for lung cancer
is low-dose computed tomography [1].

The better choice for the most appropriate treatment
depends on the functional assessment of the patient and the
stage of the disease. Surgery is the standard treatment of
lung cancer, however, in the case of metastatic and advanced
stages, it might not be appropriate [3]. All the traditional
chemotherapeutic drugs have the same limitations, which
include non-specific targeting, low bioavailability, and the
development of drug resistance, thus limiting their efficacy in
cancer treatment [2].

Nanoparticles act as an enhanced drug delivery systems for
targeted cancer therapy

However, recent approaches such as targeted therapy
and immunotherapy have transformed the management strategy
for the treatment of lung cancer [4]. This research focuses on the
nano-based formulation for the targeted therapy. Nanoparticles
(NPs), defined as synthetic particles with diameters less
than 100 nm, are typically derived from polymers, lipids, or
metals like gold. These nanoscale particles have demonstrated
significant utility across various medical applications, ranging
from diagnostic tools to therapeutic interventions in cancer
[5]. Due to their size, which closely mimics that of many
biological molecules and structures, NPs exhibit unique
functional properties that are advantageous for cancer research
in both in vivo and in vitro settings [6]. When nanoparticles are
combined with biodegradable carriers they can be safely loaded
with therapeutic agents, enabling targeted local drug delivery
with the added benefit of sustained release [7]. Their unique
properties allow them to enter the body and circulate through
the bloodstream, offering minimal invasiveness and enhanced
bioavailability [8].

Targeted techniques and specific ligands used for drug
delivery system
Recently, Nanomedicine has been used to treat cancer

by focusing on drug delivery and improving therapeutic effects
with minimal effects on normal cells [9]. Nanoparticles are used

for lung cancer treatment and can be divided into two forms,
organic and inorganic nanoparticles. The organic nanoparticles
can be further divided into 1) liposome and phospholipid-like
biofilm nano particles, 2) solid lipid nanoparticles, 3) lipid
carriers mixed with solid lipid and liquid lipids, 4) polymeric
nanoparticles composed of polymers, 5) polymeric micelles-
colloidal nanoparticles composed of amphiphilic block
copolymers, and 6) dendrimer-highly branched, symmetrical,
radiating nanoparticles. Inorganic NPs are classified into
three types: 1) magnetic NPs-superparamagnetic materials,
2) carbon nanotubes, and 3) quantum dots-colloidal nano
particles [10].

There are two targeting techniques: active and
passive. Passive technique covers three aspects. 1. Uses of
tumors for enhancing the penetration and retention effect for
the nanoparticle to induce and accumulate in tumor tissue,
which does not work in humans [11]. The second aspect is to
use the acidic microenvironment of tumors to limit the action
of nanoparticles to acidic conditions [12]. Thirdly, tumor cells
can be used to carry additional negative charges, therefore
nanoparticles contain positively charged [13].

Active targeting techniques involving to modify
the surface of nanoparticles with specific ligands that bind to
overexpressed receptors on lung cancer cells or blood vessels,
nanoparticles are used for targeting more precisely than passive
techniques. Additionally, certain receptors and ligands have
been shown to facilitate cell endocytosis and inhibit tumor
multi-drug resistance [14]. Antibodies, aptamers, fragments, or
peptides are frequently used as ligands.

Recent advances in immunotherapy, specifically
targeting immune checkpoints such as programmed cell death
protein 1 and programmed death-ligand 1, have shown promise
in improving treatment outcomes, and chemotherapy continues
to be the most commonly utilized therapeutic approach for
NSCLC [15,16]. In many cases, in over 50% of cancers, the
tumor suppressor protein p53 is mutated and plays a pivotal
role in tumorigenesis and cancer progression. The mutation
of p53 in tumors showed resistance to conventional therapies
[17,18]. Therefore, this research focused on identifying novel
therapeutic drugs capable of exhibiting anticancer effects
through p53-independent mechanisms.

Copper oxide nanoparticles via green synthesis

Traditional methods for producing nanomaterials are
efficient but it has an impact on environmental and economic
drawbacks, including toxic chemicals, energy, and bio-waste.
These challenges limit their commercial scalability and
clinical use due to issues of biocompatibility and toxicity.
In contrast, green synthesis of nanoparticles offers a more
sustainable, cost-effective, and biocompatible alternative,
addressing these concerns while minimizing environmental
impact. Green synthesis being environmentally friendly has
beneficial effects such as reduced toxicity, cost-effectiveness,
improved biocompatibility, and better size control have made
it a preferred method for producing nanomaterials compared to
traditional physical and chemical approaches [19].

Metal oxide NPs attract significant attention due to
their remarkable properties, including those of copper, zinc,
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titanium, iron, and tin [20,21]. Copper oxide (CuO) NPs are
gaining attention due to their cost-effectiveness and promising
applications, particularly as an alternative to noble metal
oxides [22]. As semiconductor NPs, copper oxide nanoparticles
(CuONPs) have shown potential in photoconductive and
photothermal applications [23]. They are highly susceptible
to oxidation, especially in the presence of air and water, but
remain stable at temperatures below 200°C. Copper oxide
NPs also exhibit strong antimicrobial properties, effectively
combating bacteria, fungi, viruses, and algae, thanks to their
increased surface area.

Abraham et al. [24] current evidence suggests that
rich in phytochemicals and bioactive compounds, significantly
promote the growth of CuONPs and enhance their biological
properties, particularly their anticancer activity against A549
cell lines. This evidence underscores the potential of CuONPs
as a promising therapeutic agent in cancer treatment [25].
Nanoparticle synthesis by using biological methods including
plant extract, microbes, and marine sources is helpful in many
aspects such as biosafety, cost-efficiency, minute toxicity levels,
and socio-economic advantages [26].

Tumor biomarkers and imaging techniques used in the copper
nanoparticles

The vivo study has been conducted in the copper
nanoparticles and has shown significant potential in the
treatment of cancer due to their ability to induce tumor cell death
through mechanisms such as apoptosis, paraptosis, inhibition
of angiogenesis, and cuproptosis (targeting cell copper death
mechanism). Therefore, these nanoparticles are used for the
investigation of advanced therapeutic approaches such as
chemo dynamic therapy, phototherapy, hyperthermia, and
immunotherapy, thus making it a dual purpose for diagnostic
and applications. However, tumor cells require a higher
quantity of copper for metabolism but excess copper would
lead to adverse effects like tumor growth and metastasis which
become more challenging in clinical aspects. It is essential to
evaluate their mechanism in-depth and address their limitations
in the future [27].

Role of Solanum Torvum in copper oxide nanoparticle
synthesis

Solanum torvum, commonly known as turkey berry,
is a medicinal plant belonging to the Solanaceae family, found
across tropical regions of Africa, Asia, and South America. It
is widely utilized in folk medicine and as food, particularly
in tropical and subtropical countries, S. torvum is recognized
for its diverse pharmacological properties. The plant contains
various bioactive metabolites, including steroid glycosides,
saponins, flavonoids, vitamins, and alkaloids, which contribute
to its medicinal value. Traditionally, it has been used to treat
diseases such as fever, wounds, tooth decay, reproductive
issues, cardiovascular and hypertension. Some of the research
has found out it if antioxidant, immunomodulatory, and
nephroprotective activities, further supporting its therapeutic
applications. Copper being an antibacterial agent possesses low
toxic effects on human cells. In the field of medicine, copper

oxide nanoparticles are used as a topical application for burns
and other injuries [28].

Solanum  torvum  fruits are rich in diverse
phytochemicals, including alkaloids, flavonoids, saponins,
glycosides, tannins, phenols, and sugars, along with essential
nutrients such as vitamin C, folate, potassium, and fiber,
making them valuable for both medicinal and nutritional
applications [29]. These bioactive compounds support plant
growth, reproduction, and defense by acting as antifeedants
and antipathogens [30]. Additionally, alkaloids, flavonoids, and
saponins exhibit significant therapeutic potential, particularly in
cancer prevention and treatment, by regulating gene expression
and signal transduction pathways. As chemo-preventive agents,
they help constrain, reverse, or delay tumorigenesis, with their
molecular mechanisms often overlapping with those involved
in cancer therapy [31]. Moreover, these phytochemicals serve
as natural reducing and stabilizing agents in the green synthesis
of nanoparticles, enhancing their biomedical applications,
including antimicrobial, anticancer, and wound-healing
properties [32].

Berberine: a promising anticancer agent

Berberine, an iso-quinoline alkaloid, is primarily
derived from the roots, stems, bark, and rhizomes of plants
like Berberis, Phellodendron amurense, Coptis chinesis, and
Hydrastis canadensis [33]. These plants have been used in
Chinese medicine for over 2,000 years to treat various diseases
[34]. Recent researchers have identified berberine as the key
pharmacologically active compound, recognized for its broad
therapeutic properties, including antimicrobial, antioxidant,
anti-inflammatory, antidiabetic, and chemo-preventive effects
[35]. It has been clinically proven as a treatment for conditions
such as diabetes, cardiovascular diseases, hypercholesterolemia,
fatty liver, polycystic ovary syndrome, and cancer [34,35].

Berberine inhibits tumor growth, inducing apoptosis,
and promoting cell cycle arrest in cancers such as leukemia,
lung, and colorectal cancer and therefore it has a potential
effect on anti-cancer activity [36,37]. Due to its poor absorption
and stability, recently many of us started approaching
nanotechnology-based, altering the structure at the C9 position,
enhancing its bioavailability and therapeutic potential [38].
Notably, berberine is target-specific, stimulating apoptosis in
tumor cells while sparing normal cells, making it a promising
agent for cancer treatment [39].

Role of berberine in apoptosis via mitochondrial dysfunction
and reactive oxygen species (ROS)-mediated pathways

Berberine plays an important role in inducing
apoptosis in tumor cells by activating pro-apoptotic genes.
Specifically, it alters the B-cell lymphoma-2 (Bcl-2) and Bcl-
2-associated X protein (Bax), leading to a reduction in the
mitochondrial membrane of tumor cells [40]. The disruption of
the membrane stimulates the intrinsic apoptotic pathway and
caspase cascade specifically (caspase-3 and caspase-8) resulting
in the release of cytochrome C [41]. Furthermore, berberine has
been shown to produce ROS in tumor cells, inducing apoptosis.
ROS triggers the activation of the apoptosis signal-regulating
kinase 1 (ASKI1)/mitogen-activated protein kinase (MAPK)



Sakthivel et al. / Journal of Applied Pharmaceutical Science 2025;15(06):096-114 099

signaling pathway [42]. ASKI1, a serine/threonine protein
kinase, participates in cell differentiation and apoptosis [43].
Once activated, ASK1 dissociates from thioredoxin-1 and
induces cell death by activating the c-jun-NH2-kinase (JNK)
and p38 MAPK pathways [44]. Targeting ROS generation is
thus a promising strategy for the development of novel anti-
cancer drugs.

In the previous research, it was demonstrated
that berberine has a modulated effect on MAPK signaling
pathways, including the extracellular signal-regulated kinase
1/2 (ERK1/2), p38 MAPK, and JNK pathways, to exhibit anti-
cancer activity may be cell-type specific. It has been shown that
berberine enhances the MAPK signaling pathway in human
hepatoma (HepG2) and non-small cell lung cancer cells (A549)
[45-47].

Therapeutic role of berberine in vivo models

In previous research, it was shown that the berberine
exhibited a hepatoprotective effect which was observed in
many vivo models (mice) and was compared with doxorubicin-
induced liver toxicity. Pretreatment with berberine
significantly reduces liver damage by improving hepatic
function tests and minimizing histological changes such as
hepatocyte necrosis and inflammatory infiltration cells [48].
The other research also conducted that the hepatotoxicity was
induced by carbon tetrachloride and compared with berberine
shown to reduce oxidative stress by maintaining superoxide
dismutase and decreasing lipid peroxidation. Therefore,
it would significantly alter the inflammatory response by
reducing TNF- a, COX-2, and nitric oxide synthase which
are mediators for inflammation. They observed that berberine
decreased the level of transaminase and protected the
hepatocellular membrane [49].

Tumor growth suppression in nude mice models

In an animal study, 4-week-old athymic male nude
mice (BALB/c-nu/nu) were allowed to grow the tumor volume
reached up to 5 mm X 5 mm, and the mice were randomly
divided into vehicle and berberine groups. The berberine was
injected intraperitoneally with solvent [1% dimethyl sulfoxide
(DMSO) and 99% phosphate-buffered saline (PBS)] and 25
mg/kg of berberine insolvent every day in NCI-H460 cells for
the indicated duration, respectively. Once the tumor reached a
volume up to 15 mm, the mice were sacrificed and xenografted.
Remarkable changes in tumor growth and tumor weight of
mice in the berberine-treated group were observed. Further,
extensive necrosis was observed by histological staining in the
treatment group but not seen in the vehicle group. The protein
level of SIN3 Transcription Regulator Family Member A and
DNA Topoisomerase 2-beta were downregulated in xenografts
derived from berberine treated group which was consistent in
vitro studies [50].

An in vivo study conducted on the oral administration
of 8-cethylberberine (HBBR) ata dose of 10 mg/kg body weight
could remarkably find tumor growth inhibited in xenograft
mice in A549 cells. The rate of tumor growth suppression
was 59.07% compared with the tumor control group [50].
It was found that 8-cethylberberine (HBBR) significantly

reduced tumor marker levels in the serum of A549 xenograft
mice. It specifically decreased Neuron-specific by 37.7%,
cytokeratin-19 (CYFRA 21-1) by 24.4%, and carbohydrate
antigen 125 by 63.8% in the high-dose HBBR group (10 mg/
kg) compared to the control group. Therefore, HBBR shows
that it would effectively slow down the development process
of tumors [51].

Pharmacokinetics and biodistribution of nanoparticles in in
vivo models

The pharmacokinetics and biodistribution of
nanoparticles are influenced by several factors such as size,
surface charge, and composition which help to examine
the organ accumulation, circulation time, and mechanism
of their clearance. In vivo, studies have shown that the
nanoparticles accumulate in the liver, spleen, and kidneys
due to the mononuclear phagocyte system which has an
impact on their therapeutic efficacy and potential toxicity. The
pharmacokinetic profile was enhanced by the controlled drug
release mechanisms including ester and amide hydrolysis by
prolonging circulation and improving bioavailability. However,
immunological barriers such as contamination of endotoxin and
recognition of the immune system a significant challenges for
clearing nanoparticles and systemic compatibility. Therefore,
to overcome these challenges in optimizing nanomedicine,
recently researchers started using conventional synergistic
drug combinations by using nanotechnology in drug delivery.
Due to a better understanding of the molecular mechanisms
driving specific therapeutic combinations and the utilization of
nanosized drug carriers, several nanoparticle formulations of
synergistic drug combinations have advanced to clinical trials
[52]. Recently, the main focus of nanomedicine research for the
past years has been the invention of novel nanoparticle systems
and the characterization of their physicochemical properties
about their biological fate and functions. It is noted that the
pharmacokinetics of medications encapsulated in nanoparticles
differ from free pharmaceuticals in aqueous forms (longer half-
life duration) [53].

Berberine copper oxide nano formulation by using S. torvum
for drug delivery

Berberine, a key therapeutic agent in traditional
Chinese and herbal medicine, is recognized for its potential
in addressing various biological issues, including cancer.
However, the permeability of the membrane is poor and it was
categorized under the biopharmaceutical classification system
as a class III drug [54]. Nanotechnology offers promising
strategies to overcome this limitation by enhancing berberine’s
bioavailability and stability through nanoencapsulation
approaches. These include magnetic nanoparticles, liposomes,
chitosan nanoparticles, and pH-sensitive carriers, which improve
targeted delivery and oral absorption [36]. Nanotechnology-
based formulations could further enhance the efficacy and
bioavailability of such natural compounds for cancer treatment
[55].

The combination of berberine and CuONPs
represents a promising strategy for the development of
“Innovative cancer therapies” allowing for specific targets
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and effective treatment. CuONPs not only act as carriers but
also improve the drug delivery and stability of berberine. They
have their inherent anti-cancer property due to their ability to
induce oxidative stress in lung cancer cells. The dual-action
approach, by combining the bioactivity of berberine with
the CuONPs, offers a novel therapy for tackling lung cancer,
which is a leading cause of global mortality. Moreover, the
use of CuONPs in lung cancer therapy addresses key United
Nations Sustainable Development Goals (UN SDGs) [56],
our study highlights the integration of traditional medicine
(S. torvum) with modern nanotechnology CuONPs supports
for promoting innovative, sustainable, and effective treatment
options while also minimizing environmental impact and
recovery processes addressing unmet medical needs in
tissue repairing and regenerative medicine (Goals 3 and 6).
According to the UN SDGs, goal 12 (responsible consumption
and production) and goal 13 (climate action) show up the
potential by approaching “Green synthesis” by using S.
torvum is a biogenic precursor which contributes to cancer
therapy, wound healing and sustainable production methods
and thereby reducing the environment impact on the usage of
harmful chemicals.

Therefore, this study explores the combination of
berberine Copper oxide nano formulation synthesized by using
S. torvum, for lung cancer therapy addressing the research gap
in their synergistic effects [57].

Therefore, the present study aims to focus on the
synthesis of copper oxide nanoparticles mediated with S.
torvum and berberine to enhance the therapeutic application in
lung cancer cell lines.

MATERIALS AND METHODS

Berberine chloride form (Cat No: B3251-5G) and
DMSO were procured from Sigma Aldrich. Copper sulphate,
Trypsin (Gibco), Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco), and Fetal Bovine serum (Gibco) were
supplied by LIFIC Pvt Ltd, Chennai. MTT Cell Proliferation
Assay Kit (Cayman Chemical, 480 wells, Cat No: 0713865,
Storage —4°C ) was purchased from Synergy Scientific
Services, Chennai. The glassware was cleansed and autoclaved

for the entire experimental work. The Tissue culture plates (96
wells, 6 wells, 12 wells) were used from the Tarson products
limited and discarded properly.

Preparation of S. forvum extract

Fresh S. torvum fruit was obtained from a market
in Chennai, India. The characterization and authentication of
the plant material (S. torvum) were carried out at the Siddha
Central Research Institute, Department of Pharmacognosy,
Chennai, India (Authentication Number:1026.10122403). The
fruit was thoroughly washed with distilled water and air-dried
completely. The dried fruit was then finely ground into a powder
using a mortar and pestle.

In the preparation of the extract, 1 g of the powdered
fruit was added with 100 ml of distilled water. The solution was
subjected to boiling for 15-20 minutes using a heating mantle
set at a temperature of 70°C. The extraction was passed through
Whatman no.1 filter paper to separate the solid particles. The
filtered extract was consequently stored in a refrigerator for
the future preparation of nanoformulation synthesis and it was
represented in (Fig . 1).

Green synthesis of S. forvum mediated with copper oxide nano
particles

To prepare the copper sulfate solution, 0.318 g of
copper sulfate was dissolved in 70 ml of distilled water to
achieve a 20 mM concentration. In the synthesis of CuONPs,
30 ml of S. forvum extract was added to 70 ml of the copper
sulfate solution. The mixture was stirred at 750 rpm for 24
hours using a magnetic stirrer. UV-visible measurements
were taken at 24-48-hour intervals to monitor the progress.
This ratio allowed the bioactive compounds in the extract
to function as both reducing and stabilizing agents in the
formation of CuONPs. After the reaction, the nanoparticle
pellet was collected by centrifuging at 8,000 rpm for 10
minutes. The resulting copper oxide nanoparticles underwent
a purification process, during which the supernatant was
discarded, and the pellet was washed twice using double-
distilled water and ethanol. Finally, the pellet was stored in a

PREPARATION OF SOLANUM TORVUM EXTRACT
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Figure 1. Represents the preparation of S. forvum extract.
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sealed Eppendorf tube for further use in the preparation of the
nano formulation (Fig. 2).

Synthesis of berberine copper oxide nano formulation using S.
torvum

To prepare the berberine solution, 0.100 g (100 mg) of
berberine was placed in a beaker.

1 ml of DMSO was used as a solvent to dissolve
berberine to facilitate its incorporation into the synthesis process
into the beaker, and gradually add 4 ml of PBS was used as a
buffer solution, acting as a biocompatible medium to maintain
physiological condition. Stir the mixture using a magnetic stirrer
for 1 hour to ensure proper mixing of solution. 1 ml of the prepared
berberine solution was added with 1 ml of the synthesized

Solanum torvum copper oxide nanoparticles. Combine them and
subject the mixture to sonication for 30 minutes to achieve the
nano formulation. In the process of sonication, perform a UV-
visible spectroscopy analysis for preliminary confirmation of
the nano formulation’s synthesis. The combination of berberine
and CuONPs may enhance the bioavailability when loaded as a
berberine copper oxide nano formulation. To collect the pellet,
place the petri dish in a hot air oven at 50°C and monitor it every
30 minutes. Once the pellet is completely dried, collect and store
it in an Eppendorf centrifuge tube for further characterization
and applications. The entire process was taken to complete for
berberine copper oxide nanoparticles synthesis at 48 hours and
only the berberine preparation took 6 hours at room temperature.
The pH of the BBR-CuONPs suspension was found to be 7.48,

GREEN SYNTHESIS OF SOLANUM TORVUM CuONPs

.
Filtered plant Precursor
extract CuSo4

Solanum torvum
CuONPs

Characteriz ation- Solanum torvum
UV Spectroscopy pellete

Figure 2. The diagram represents the green synthesis of the S. forvum mediated copper oxide nanoparticles.

BERBERINE COPPER OXIDE NANO FORMULATION USING SOLANUM TORVUM
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Adding 1mL DMSO
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formulation powder UV Spectroscopy

CuONPs- Berberine Nano Characterization- CuONPs- Berberine
Nano formulation
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Figure 3. Pictorial representation for the preparation of berberine copper oxide nano formulation synthesized using S. forvum.
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UV — VISIBLE SPECTRA OF BBR-CuONPs
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Figure 4. Depicts the UV-visible spectra of S. forvum CuONPs. A) S. torvum copper oxide nanoparticles, B) Berberine copper oxide

nano formulation using S. forvum.

indicating a slightly alkaline nature. The yield of the berberine-
loaded CuONPs was around 37 mg. The pictorial representation
is shown in the (Fig. 3).

Characterization of berberine copper oxide nano formulation
by using S. forvum

UV-visible spectrophotometer (UV-19001) was used to
measure the absorbance of the light at specific wavelengths and
helps to quantify the concentration of a substance in a sample.
The optical characteristics of copper oxide nanoparticles
within the 200-700 nm wavelength. Fourier transform infrared
(FT-IR) Spectroscopy (Perkin Elmer, Spectrum Two FTIR)
was used to analyze the functional groups in the Berberine
copper oxide nano formulation synthesized using S. forvum.
Transmission electron microscopy (TEM) was used to analyze
morphological features (TalosF200S High Resolution Scanning
TEM). Additionally, an X-ray diffraction (XRD) (Unique D8
diffractometer) examination was performed to investigate the
nanoparticles’ phase structure and crystallinity.

Evaluating the anticancer activity of copper oxide
nanoparticles mediated with berberine nano formulation

The MTT assay is a colorimetric method used to
assess cell metabolic activity and is commonly employed in cell
viability, proliferation, and cytotoxicity. The non-small lung
cancer cell line (A549) was procured from the National Centre
for Cell Science, Pune. A549 cells were cultured in DMEM
supplemented with 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin, and 100 mg/ml streptomycin. The cultures
were maintained at 37°C in a humidified atmosphere with 5%
CO?. All experiments were triplicate, following good laboratory
practices. When the cells reached 80% confluence, 1-1.5 ml of
trypsin was added, and the cells were incubated for 5 minutes.
The culture medium was then added, and the cells were gently
mixed. The cell suspension was centrifuged at 3,500 rpm for

10 minutes to collect the cell pellet. Cell viability was assessed
using the Trypan Blue exclusion method.

For the MTT assay, cells were seeded in a 96-well
plate at a density of 5.0 x 10 cells per well in 200 ul of culture
medium and incubated in a CO? incubator for 24 hours. Once
the cells adhered to the plate and reached 80% confluence,
the medium was carefully discarded. The prepared S. torvum
CuONPs-berberine nano formulation was added to the wells at
concentrations of 10 pg, 50 ug, 100 pg, and 200 ng, and the
cells were incubated for 24 hours.

After the drug treatment was over, the drug was
removed, and 110 pul of MTT reagent each well. The plates were
incubated for 4 hours, followed by the addition of 100 pl sodium
dodecyl sulfate solution, and then incubated for an additional
4-18 hours and the plates were placed in a CO2 incubator at
37°C. Absorbance was measured using a microplate reader at
570 nm. All assays were conducted in triplicate as described
by Wu et al. [58]. The percentage of growth inhibition was
calculated by using this formula described by [59] and the data
obtained were used to generate a graph plotting cell viability
percentage against extract concentrations. The optical density
was analyzed using an ELISA reader (Biorad/imark, 21154) at
570 nm. The Graph Pad Prism (graph pad prism 10) software
was used to analyze the data and to determine the IC, values.

% Cell Viability = (Absorbance of treated cells / Absorbance
of Control cells) x 100

% Growth inhibition = [(Control OD —Sample OD)/ Control
OD] x 100

Wound healing assay

The wound healing assay is commonly used in
vitro to investigate the coordinated migration and dynamics
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of cell populations using scratch assay. The migration assay
was assessed using berberine copper oxide nano formulation
synthesized with S. forvum. The non-small cell lung cancer
(A549) cells (5 x 10%) were seeded in a 6-well plate and
incubated for 24-48 hours. The monolayer of 80% confluent
was scratched with a yellow tip to create a migrating zone,
followed by washing with PBS to remove debris. The drug was
then added at concentrations of 0, 10, 50, 100, and 200 pg/ml,
and the plates were incubated in a CO? incubator. The distance
of the migrating zone was photographed in 0, 24 hours, and 48
hours using an Inverted Fluorescent microscope (Accu-Scope-
EXI-310-FL3) under a high-power magnification [60]. Then,
the plates were washed with PBS to remove any remaining
drug, followed by the methanol and acetone fixation method.
Finally, a few drops of crystal violet were added, and the plates
were stained for 15 minutes before observing the images under
an inverted microscope (Accuscope- EXI- 310-FL3) and the
software (Captavision 2.0) was provided by the company
for capturing the cell migration images. The quantitative
examination of cell migration was conducted using an average
wound space from random fields of view. The following
formula was used to determine the percentage change in the
wound space [61].

(Average Space at Time 0 h) —

% Chaglge in Wound (Average Space at Time 48h) X 100
ace =
P (Average Space at Time Oh)
%Change in Wound Space
. o (Control Cells)
Relative cell migration = YsChange in Wound Space
(Treated Cells)

STATISTICAL ANALYSIS

The experiments were replicated three times (n = 3)
and the outcomes were expressed as Mean + Standard Deviation
(Mean = S.D). IBM SPSS Statistics version 19 (IBM, Chicago,
USA) was used to evaluate all the statistical analyses. The
Shapiro-Wilk test was employed to assess data normality, and
since the data exhibited a normal distribution, parametric tests
were utilized. Intra-group comparisons were conducted using
the paired #-test, while inter-group differences were evaluated
through One-Way ANOVA. Different concentrations of the
standard drugs and the test samples were evaluated using a p <
0.05 significance threshold.

RESULTS AND DISCUSSION

UV-Vis absorption spectroscopy of copper oxide nanoparticles
and nano formulations

UV-visible spectroscopy is a technique widely used
for the determination of the concentration, size, and optical
properties of the sample. It provides valuable insights into
their absorption peaks, revealing the molecular structure and
nanoscale behavior. For CuONPs, the absorption in the range of
400—450 nm corresponds to electronic transitions characteristic
of these nanoparticles so it was improved with earlier research
[62]. The sharp decline observed in the absorbance around 400—

500 nm is typical of smaller or less-structured copper oxide
nanoparticles. The gradual decrease in absorbance over time
indicates changes in nanoparticle behavior, such as aggregation
or reduced colloidal stability. The final confirmation for the
synthesis of the copper oxide nanoparticles was observed that
initially, it was a golden yellow color (Fig. 1D) transformed into
an olive-green color (Fig. 1F) which signifies the completion of
synthesis has shown in Figure 4A.

In the case of the CuONPs mediated with berberine
nano formulation, a consistent and broad absorbance is
observed within the 350-450 nm range (Fig. 10), and it was
highlighted in earlier research evident that berberine has the
highest absorbance at 422 nm [63]. The increased absorbance
intensity in the berberine nano formulation reflects enhanced
optical properties, likely due to interactions between CuONPs
and berberine. These interactions will improve light absorption
and nanoparticle stability. Additionally, a slight redshift in
the absorption peak suggests stronger bonding or conjugation
between CuONPs and berberine molecules. Overall, the
incorporation of berberine enhances the optical stability and
absorption characteristics of the nanoparticles, potentially
improving their functional properties for applications such as
drug delivery.

Transmission electron microscope

The TEM was employed to study the morphology,
size, shape, surface properties, and chemical composition of
the nano formulation at the nanoscale. It provided detailed
visualization of the nanoparticle structure and interactions,
which is critical for optimizing their performance in various
applications, including drug delivery, particularly in their
interactions with biological cells. TEM images were analyzed
using Imagel] software, which enabled the determination of
the average size of the copper nanoparticles in the berberine-
mediated nano formulation. The nanoparticles were found to

Figure S. TEM: berberine copper oxide berberine nano formulation using S.
torvum.
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have an average diameter of approximately 10-50 nm and
lengths ranging from 100 nm to several 100 nanometers. The
lower and higher magnification of TEM images ranges from
36,000X to lattice fringes to 10,50,000X. The size distribution
of the berberine copper oxide nano formulation is shown
in (Fig. 5). The observed shape of the nanoparticles was
nanorods. The TEM images have been authenticated following
rigorous validation protocols. The instrument settings, sample
preparation procedures, and calibration techniques have been
meticulously documented to ensure accuracy (Talos F200S
High-Resolution Scanning TEM). Previous research has also
shown that many copper nanoparticles with a size of about 35
nm are uniformly distributed [64].

Fourier transform infrared spectroscopy

FTIR is an analytical tool used for the identification of
chemical composition, molecular structure, and functional group
of the sample. The chemical composition of the samples was
analyzed by Attenuated Total Reflectance—FTIR (PerkinElmer
Spectrum Two FTIR) in the spectral region of 4,000-400 cm™!
wavelength with 4 cm™ resolutions at total scan of 64 scans per
sample.

The analysis of FTIR for CUONPs mediated with
S. torvum and berberine nano formulation showed significant
variations in the chemical composition, highlighting the
bioactive functional groups present in the formulation (Table 1).
The peaks of berberine chloride at 3,547.7 cm™ and 3,298.2 cm-!
(35) associated with O—H stretch (hydroxyl group), indicate the
presence of alcohols or phenolic compounds known for their
antioxidant properties, hydrogen bonding, and reactivity. These
hydroxyl vibrations likely result from interactions between S.
torvum extracts and berberine during nanoparticle synthesis
which is significant for drug formulation and wound healing
due to its water solubility and reactivity. A peak at 2,918.7 cm™,
which corresponds to C—H stretch (methyl group), is significant
for the involvement of alkyl chains, possibly from lipid-like
compounds present in S. forvum. The aromatic ring vibration
at 1,504.7 cm™, associated with C=C stretch (bending vibration
in phenolic structure, [65], further emphasizes the bioactivity
of the nanoformulation which plays an important role in
electron delocalization, which can stabilize free radicals and
make its phenolic more effective and neutralize the oxidative

Table 1. FTIR Spectra of S. forvum mediated with berberine copper
oxide formulation.

Wavelength (cm™)
(Berberine copper oxide
nano formulation)

Wavelength (cm™)
(Reference article)

Functional moiety

3,547.7 3,550-3,450 Hydroxyl compound
3,298.2 3,400-3,200 Hydroxyl compound
2,918.7 2,854-2,926 Methyl group
1,504.7 1,458-1,591 Phenol ring
1,032.4 1,150-911 C-O-C group
828.8 858-733 C-H group
615.74 600-700 C-S linkage

stress. This aromatic structure contributes to the formulation’s
binding affinity with biological targets, potentially improving
its therapeutic efficacy and modulating cellular signaling
pathways. The C-O-C bonding was observed at 1,032.4 cm™!
[65] peak which indicates the presence of glycosidic linkages or
ester groups, potentially enhancing nanoparticle stability. The
functional group C—H bending at 828.8 cm™ signifies aromatic
systems, the C-S stretch at 615.74 cm™ (chloride as halide band
[65] which was strongly evident in the previous research the
frequency ranges of FTIR analysis are mostly similar to our test
results compare with the reference articles (Fig. 6). The C-S
bonding indicates the presence of sulfur-containing compounds
is likely to produce the secondary metabolites in plants during
stress potentially for the plant’s defense mechanism.

Finally, the formulated berberine compound strongly
suggests the presence of antioxidant and regenerative
properties which could promote cellular healing, the anti-
inflammatory and anticancer properties of berberine, in synergy
with CUONPs, could induce apoptosis and inhibit tumor
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Figure 6. FT-IR spectroscopy of berberine copper oxide nano formulation
using S. torvum.
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Figure 7. XRD analysis of synthesized BBR-CuONPs nanoparticles.
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growth. However, the nanoformulations show that interact
with biological systems at the molecular level suggesting
it is a dual-action mechanism for tissue regeneration and
anticancer activity. Further investigation is needed to examine
its biological efficacy, stability, and biocompatibility, ensuring
safe and effective application in anticancer and wound healing
therapies.

XRD analysis

The XRD analysis is a technique that provides detailed
information about the crystalline structure, size, and physical
properties of the materials. The XRD patterns of the berberine-
loaded CUONPs functionalized reveal the formation of CuO
nanoparticles with the diffraction’s peaks at 24.76°, 31.720°,
45.413°, 56.569°, 66.137°, and 75.315° (26 values) related
to (002), (110), (112), (020), (022), and (222). These peaks
correspond to specific crystal planes of copper oxide, confirming
the successful synthesis of crystalline CuO nanoparticles.
The major peaks at 31.720° and 45.413° are characteristic of
monoclinic copper (II) CuO, and the XRD pattern matches with
JCPDS card no. 01-080-1916 (Fig. 7). The average crystallite
size of CuO nanoparticles was determined using the Debye—
Scherrer equation. In this formula, D represents the average
nanoparticle diameter, K is the Scherrer constant, A denotes the
x-ray diffraction wavelength (015.406 nm), B is the full width at
half maximum, and 6 refers to the Bragg angle (in degrees) [66].
Based on this calculation, the estimated crystallite size of the
synthesized CuO nanoparticles falls within the range of 20.35
nm. Therefore, the presence of a crystalline CuO phase indicates
good crystallinity, essential for the stability, and bioactivity of
the nanoparticles [67]. The overall XRD pattern indicates well-
formed crystalline copper oxide, with potential modifications
due to the incorporation of S. forvum and berberine, which
may influence the crystal structure or introduce new phases.
This suggests that the functionalization process enhances the
nanoparticle’s bioactivity, making them suitable for various

therapeutic applications, including anticancer and wound
healing.
D =KW Bcos0

Anti-cancer activity of berberine copper oxide
nanoformulation by using S. forvum

Based on the previous reports, the biosynthesized
CuONPs mediated with S. forvum have excellent cytotoxicity
effects against human lung cancer cells and were analyzed using
MTT assay followed by the recent report [68]. Previous
research works have reported the inhibitory effect of berberine
on cell proliferation, and metastasis in various cancers such
as colorectal, prostate, lung, ovarian, and glioma cancers
[37,69,70]. It regulates the cell cycle by inducing cell cycle
arrest at the G1 phase in tumor cells. While used at lower
concentrations, berberine inhibits tumor cell growth at the G1
phase, whereas higher concentrations cause growth arrest at the
G2/M phase of the cell cycle [71]. The anti-cancer activity of
berberine has been linked to the downregulation of adenosine
monophosphate-activated protein kinase and hypoxia-inducible
factor 1-alpha, inhibition of cell proliferation, inducing
apoptosis, angiogenesis arrest, and suppression of tumor
growths [72].

Comparative cytotoxicity of berberine-loaded CuONPs on A549
cells

The result of the MTT analysis for the CuONPs
mediated with S. forvum berberine formulation interprets
dose-dependent inhibition of cell viability with increasing
concentrations of the test sample. The bar graph represents
the A549 cell viability assay evaluating the cytotoxic effects
of the BBR-CuONPs and comparisons were made with
the chemotherapeutic drug cisplatin at the different drug
concentrations (10, 50, 100, and 200 pg/ml). The percentage of
cell viability is plotted on the y-axis, while different treatment
groups are on the x-axis. The percentage for the viability of
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Figure 8. Anti-cancer activity (MTT assay): A) The bar diagram shows the assessment of cell viability for berberine copper oxide nanoparticles
B) The graphical representation shows the cytotoxicity effect of berberine copper oxide nanoparticles in A549 cell lines.
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the cells is decreased by 100%, 68%, 38%, 30%, and 5% when
the cells are exposed to the drug concentration of control, 10,
50, 100, and 200 pg/ml, respectively. In the MTT assay, the
anti-cancer activity for the drug concentration of 10 pg/ml,
the inhibition percentage is 32.16%, showing that it has mild
cytotoxic activity. As the concentration increases to 50 pg/
ml, the percentage of inhibition rises significantly to 62.37%,
indicating moderate effectiveness. At 100 pg/ml, the inhibition
reaches 69.69%, suggesting that it is strongly effective at
this concentration as shown in (Fig. 8B). Finally, at 200 pg/
ml, the inhibition is almost maximum at 94.85%, the capacity
of the berberine nano formulation [73] suggesting that the
combination of BBR-CuONPs strongly synergizes, leading to
severe toxicity in A549 cells.

The cell viability of the copper oxide nanoparticles in
A549 cells was observed at the dose of 10 pg/ml was around
79% and as the concentration increased to 50, 100 200 pg/ml
gradually, the cell viability decreased to 41%, 38%, and 29%,
respectively. For the free berberine, the viability of cells at 10
ug/ml (72%) is slightly lower than CuONPs, and the sharp
decline was observed at the concentrations of 50 (39%) and 100
ug/ml (33%), and 200 pg/ml (17%). When compared to free
berberine with copper oxide nanoparticles, CuONPs showed
higher cell viability in A549 cells. Therefore, CuONPs and
Berberine (BBR) exhibit dose-dependent toxicity, with more
significant reductions in cell viability at higher concentrations.
BBR-CuONPs show strong synergistic toxicity, leading to the
lowest cell viability at higher concentrations, indicating that
the combination treatment is more effective than the individual
components at reducing cell survival (Fig. 9A).

In the cytotoxicity analysis, DMSO was used as a
solvent control, as berberine was dissolved in DMSO for the
experiment. DMSO is commonly employed in cell-based
assays, and as a solvent-only control, it helps determine if any
observed cytotoxic effects are due to the test compounds rather
than the solvent itself. The cell viability observed in the DMSO
group was around 98.9%, very close to the control group (E),
showing 100% viability. This indicates that the DMSO does not
induce cytotoxicity in A549 lung cancer cells. Thus, any effects
observed in the treatment groups can be confidently attributed
to the compounds being tested rather than the solvent.

In previous research, Caco-2/TC7 colon tumor cells
were treated with DMSO with concentrations of up to 10%
in the colon tumor cells. The results showed that DMSO
did not significantly affect the cell viability, permeability,
or tight junctions (connections between cells). The lactate
dehydrogenase release is a marker for cell damage and neutral
red was used to measure cell viability but did not show
significant changes, suggesting that 10% DMSO is non-toxic
to these cells. Therefore, the DMSO-treated cells do not cause
significant cytotoxicity or affect cell function, making it a
suitable solvent for experiments without interfering with the
results [74].

One-way ANOVA proved statistically significant
differences in cell viability of A549 cells between the different
drug formulations and concentrations used in the study (p-value
< 0.05). The mean cell viability of the combination drug BBR-
CuONPs against A549 cells was significantly lesser than

CuONPs drug formulation and BBR drug formulation at all the
concentrations used in the study (p-value < 0.05). However, it
was also noted that the cell viability of A549 cells was lesser in
cisplatin (positive control) than in all other drug formulations,
thus proving its gold-standard effect on cancer cells.

The cytotoxicity effect of free berberine and copper
oxide nanoparticles was calculated by using IC,, values 24.92
+2 pg/ml and 23.31 + 2 pg/ml, respectively, the inhibitory
effect was almost similar for these two drugs in A549 cells.
There was an increase in the cell inhibition of all the groups
with an increase in the concentration. Though, the IC,; value
of 32.35 £ 2 pg/ml, the cytotoxic effect for BBR- CuONPs
by using nanoformulation method helps to control the release
effect, where berberine is gradually released from the CuONPs,
reducing its immediate cytotoxicity while potentially enhancing
long-term effects and selectively targeted cancer cells. In the
gold standard chemotherapeutic drug such as cisplatin, the
cytotoxicity is high when compared to BBR-CuONPs but still
cisplatin has an impact on both cancer and normal cells and
produces toxicities in humans. The IC, value was calculated by
using software (graph pad Prism 10) indicating the concentration
required to inhibit 50% of cell viability. The dose-response
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Figure 9. The pictorial representation of the anti-cancer activity in A549 cells A)
The bar diagram compares cell viability for CuONPs, BBR, and BBR-CuONPs
of A549 cells. B) The graphical representation depicted the comparison of cell
inhibition for CuONPs, BBR, and BBR-CuONPs of A549 cells.
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Table 2. Mean IC, values of BBR, CuONPS, BBR- CuONPs.

Drug N Mean = Std deviation (95 % CI)
Berberine 3 24.92 +£0.42 (23.86-25.97) *
CuONPS 3 23.37 +£0.40 (22.36-24.37) *

Berberine-CuONPS 3 32.35+0.35(31.48-33.21) *

*95% confidence interval for mean.

curve follows a sigmoidal trend, with a plateau observed at
higher concentrations (beyond 200 png), where further increases
in concentration do not significantly enhance the inhibitory
effect. Overall, the effective cytotoxic activity with substantial
inhibition was observed at concentrations within 50 pg/ml. The
synergistic effect between Berberine and CuONPs makes the
combination more potent than individual treatments and may
contribute to sustained anti-cancer activity over a long time
rather than immediate cell death (Fig. 9B).

One-way ANOVA proved statistically significant
differences in cell inhibition of A549 cells between the different
drug formulations and concentrations used in the study (p-value
< 0.001). The combination drug BBR-CuONPs had higher cell
inhibition on A549 cells than CuONPs drug formulation and
BBR drug formulation at all the concentrations used in the study
and these differences were found to be statistically significant
(p-value < 0.05). However, Cisplatin produced the highest
cell inhibition towards A549 cells indicating its gold-standard
effect on cancer cells. Table 2 shows the Mean IC, values of
berberine, copper oxide nanoparticles, and BBR-CuONPs.

The research has shown that copper nanoparticles
exhibited cytotoxic and genotoxic effects on human skin
epidermal cells, due to mitochondrial pathways triggered by
reactive oxygen species [75]. But copper nanoparticles with
different concentrations (10, 20, 50, 100, and 200 pg/ml)
observed very minimal toxicity to the cells which promoted
cell proliferation may be due to the size of copper nanoparticles
where the unabsorbed ones are removed by the colon [76]. In cell
viability assay has shown a remarkable dose-dependent manner,
i.e., the highest concentration promotes more proliferation of the
cells. Copper involves the skin regeneration and angiogenesis
observed from the animal model by accelerating the healing
process through VEGF and angiogenesis by inducing hypoxia-
induced factor-1-alpha (HIF-la) action whereas copper
enhances HIF-la expression. HIF-1a plays an important role
in critical wound healing and motifs the promoter and putative
enhancer regions of HIF-1-regulated genes [77].

Comparative cytotoxicity of berberine-loaded CuONPs and
cisplatin on normal cells human embryonic kidney (HEK)

The HEK cell viability assay evaluates the cytotoxic
effects of CuONPs, BBR, Berberine-Loaded CuONPs (BBR-
CuONPs), and Cisplatin on normal HEK cells at different
concentrations (10, 50, 100, and 200 pg/ml). The cell viability
for copper oxide nanoparticles shows that (~100%) at lower
concentrations (10 and 50 pg/ml), and moderate reduction was
observed at 99% and 75% in higher concentrations 100 and
200 pg/ml, respectively. Therefore, it suggests minimal toxicity
to normal cells in higher concentrations (200 pg/ml). For the
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Figure 10. The bar diagram represents the cell viability for CuONPs, BBR, and
BBR-CuONPs in HEK cells.

berberine, the viability of the cells was observed at almost
85% for both 10 pg/ml and 50 ng/ml, and 57% and 44% at the
concentrations of 100 and 200 pg/ml indicating mild toxicity
in normal cells compared with CuONPs. In the case berberine
loaded CuONPs, the viability of cells shows the highest
percentages of 98%, 95%, 99%, and 60% at the concentrations
of 10, 50, 100, and 200 pg/ml indicating biocompatibility and
viability drops but remains higher compared to cancer cells.
In the cisplatin treatment, viability percentages 89%, 76%,
36%, and 67% for the same concentration, there is a significant
reduction in HEK cell viability at higher concentrations (100
and 200 pg/ml) indicating high toxicity to normal cells,
consistent with known side effects of chemotherapy (Fig.
11). In previous research, Cisplatin-induced injury in renal
vasculature and resulted in decreased blood flow and ischemic
injury of the kidneys, contributing to a decline in the glomerular
filtration rate. These events, together, culminate in the loss of
renal function during cisplatin nephrotoxicity, triggering acute
renal failure [78].

In HEK normal cells, the cytotoxic effect for
the CuONPs shows a relatively low inhibition at lower
concentrations (10 pg/ml), but a significant increase at higher
doses (100 and 200 pg/ml). Berberine also displays higher
inhibition than compared to CuONPs, especially at higher
concentrations. BBR-CuONPs show a marked increase in
inhibition at 200 pg/ml around 40%, and indicate selective
toxicity against A549 cells. Cisplatin has an inhibitory effect
in both cancer and normal cells and high toxicity to normal
cells.

The previous study was conducted on copper-
containing complexes that have potential applications in cancer
cells, exhibiting that copper complexes that are believed to be
less toxic than cisplatin have a different mechanism of action.
Compared to other metals, the geometry of copper-containing
complexes facilitates their interaction with the DNA helix.
Copper-containing complexes have been shown to have anti-
cancer activity [79].

In a mice model study, berberine-loaded silver
nanoparticles were treated with breast cancer (MCF-7) cells
it was found that the tumor volume and weight were reduced
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by inhibiting MCF-7 cell proliferation without reducing the
body weight of the mice model. It was observed that there
were efficient entries and changes made in the breast cancer
cell releases of the cytoplasm. The berberine and nanoparticles
inducing cytotoxic effects and triggering the apoptosis interfere
with HIF-1 alpha and inhibition of PI3K/AKT and Ras/Raf/
ERK proteins expression in signaling pathways and generating
ROS, respectively [80].

In previous research, it has been proven that
berberine was combined with silver nanoparticles along with
folic acid and polyethylene glycol (FA-PEG@BBR-AgNPs)
for breast cancer treatment by overcoming toxic effects caused
by chemotherapeutic drugs [80]. Taebpour ef al. [81] also
investigated the cytotoxicity effect of berberine encapsulated in
Poly (lactic-co-glycolic) acid (PLGA) nanoparticles compared
with free BBR in MCF-7 breast cancer cells. The IC, value
for the berberine nanoparticles was found to be lower (42.39
pg/ml) compared with that of free berberine (80.18 pg/ml),
significantly showing its anticancer activity. The researcher
observed that PLGA-BBR was found to have no cytotoxicity
in normal human cells (HFF and MCF-10A), suggesting its
potential for selective cancer therapy with minimal off-target
effects. Nano formulations derived from natural products such
as berberine have shown anticancer activity against various
lung cancers [82]. Therefore, combining berberine-loaded
CuONPs helps in suppressing A549 cells found to cause
Reactive oxygen species-mediated cytotoxicity and stimulate
pro-inflammatory response which could remarkably improve
the efficacy of cancer treatments and better therapeutic
outcomes [83].

Wound healing assay

The effects of berberine copper oxide nanoparticles
were evaluated by using a wound-healing assay. It was
observed that the berberine nano formulation, the dose-
dependent suppressed the wound healing in A549 cell lines
induced at the different concentrations and different time
intervals at 0, 24, and 48 hours post-injury. The control group
exhibited the highest percentage of cell movement in the

wound healing space, indicating significant cell migration was
noted in the absence of the drug. In contrast, the different drug
concentrations (10, 50, 100, and 200 pg/ml) were treated with
the A549 cells, the result has shown as the dosage increased
there was a progressive reduction in wound space closure,
with the highest inhibition was observed at 100 pg/ml and 200
pg/ ml with minimal wound closure, demonstrating strong
inhibition of migration in 24-48 hours than compare with
the other groups (10 pg/ml and 50 pug/ ml) it was partially
wound closure at 48 hours, indicating some inhibition. At the
concentration of 200 ng/ml, almost complete inhibition of the
cell migration is observed in 24-48 hours, with a persistent
wound gap and suggesting strong anti-metastatic potential.
Therefore, drug dosage-dependent concentration potentially
suppresses the cell migration and targets the cancer cells by
enhancing the cytotoxicity effects. BBR-CuONPs exhibit
strong anti-migratory and possibly cytotoxic effects on
cancer cells. These copper oxide nanoparticles could serve as
potential anti-metastatic agents by inhibiting cell migration
and matrix metalloproteinase (MMP) activity. However,
the crystal violet staining, shows that in the control group,
the cell becomes dense confirming high cell viability and
proliferation. In the treatment group, as the drug concentration
increases, the stained cell density decreases indicating reduced
cell migration and possible cytotoxic effects leading to lower
cell survival (Fig. 12). This indicates that the nanoformulation
effectively suppresses cell migration, a critical process in
tumor metastasis at lower concentrations. These findings
highlight the anti-migratory potential of the formulation,
reinforcing its promise as a therapeutic agent for migrating
cancer metastasis.

The bar diagram represents the percentage
changes in wound space of berberine-loaded CuONPs was
calculated by using the formula [%Change in Wound Space =
(Average Space at Time 0 hour) -(Average Space at Time 48
hours) / (Average Space at Time 0 hours) x100]. It was observed
that the drug concentration at 10, 50, 100, and 200 pg/ ml and
the percentage changes in wound space were 15.99%, 9.93%,
9.34%, and 6.14%, respectively, in 48 hours. The highest
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Figure 11. The pictorial diagram shows the cell migration analysis. A) The bar diagram shows the percentage gap in wound space.

B) The graph illustrates the relative cell migration on A549 cells.
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Figure 12. The pictorial diagram shows the cell migration for the drug concentration of control, 10, 50, 100, and 200 xg/ml at
0, 24, 48 hours for the berberine copper oxide nano formulation using S. torvum.

Table 3. Intergroup and Intra-group comparisons of distance of cell migration between the study groups.

0 hours (T)) 24 hours (T,) 48 hours (T,) p-value* p-value® p-value®
Control 1646 + 55.01 1382.67 +£50.83 418.33 £33.62 0.03* 0.002* <0.001**
10 pg 2230.67 +227.45 1574.67 +£70.51 1086.33 + 108.85 0.04* 0.02%* 0.002*
50 pug 1997.33 £ 106.43 1874.67 +110.21 1946.0 + 156.64 0.006* 0.71 0.60
100 pg 2241.33 £225.76 2032 +65.96 1923.67 = 360.85 0.24 0.10 0.61
200 pg 2266.67 £ 249.10 2041.67 + 184.91 2079.67 + 83.76 0.31 0.21 0.71
p-value? <0.001%** <0.001%** <0.001**

**p-value < 0.001 — highly statistically significant

b Pajred t-test (intra group comparisons); *0 hours vs 24 hours; °0 hours versus 48 hours; 24 hours versus 48 hours ¢ One Way ANOVA (inter

group comparisons); *p-value < 0.05-statistically significant.

percentage, of changes in wound space was observed in the
control group 29.42% in the absence of drugs. Therefore, the
higher drug concentration (50-200 pg/ ml) group significantly
reduced wound closure, possibly due to cytotoxic effects. At the
concentration of 200 pg/ml, had the least migration, suggesting
strong inhibitory. (Fig. 11A).

The graph representing the relative cell
migration of berberine copper oxide nanoparticles was
calculated by using this formula Relative cell migration
= %Change in wound space (Treated cells) /
%Change in wound space (Control). The cells were treated
with the different concentrations at 10, 50, 100, and 200 pg/ ml
and the values were obtained as 1.838, 2.953, 3.149, and 4.79,
respectively. Therefore, the highest concentration 200 pg/
ml (4.79) indicates the strongest inhibition and significantly
reduces the cell migration possibly due to cytotoxic effects
compared with the control group (1.0). When these values
are plotted on the graph, the relative cell migration for the

above-mentioned concentration values are 1.0, 0.62, 0.548,
and 0.348 were obtained. Hence, the relative cell migration
range was inversely propositional to the dose concentration
(Fig. 11 B).

Table 3 shows the evidence for the inter and intra-
group comparison for 0, 24, and 48 hours and its statistically
significant p-value < 0.05. This table shows intergroup and
intra-group comparisons of migration distance. There was
a significant decrease in migration distance at all three-time
intervals (T1-T2, T1-T3, T2-T3) in the control group (p-value
<0.05, respectively). Similarly, there was a significant decrease
in migration distance at all three-time intervals (T1-T2, T1-
T3, T2-T3) in nanoformulation of 10 ug/ml of BBR-CuONPS.
Nano formulation of 50 pg/ml of BBR-CuONPs showed a
significant reduction in migration distance only at one-time
intervals (T1-T2) (p-value = 0.006). At 24 hours, the migration
distance was highest for 200 pg/ml of BBR- CuONPS nano
formulation, which was followed by 100, 50, and 10 pug /ml,
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Table 4. Multiple pair wise comparisons of distance of cell migration
between study groups at 48 hours.

Drug .
Treatment group concentration Mean difference p-value
10 pg -668 <0.001**
50 pug —-1,527.67 <0.001%**
Control
100 pg —-1,505.34 <0.001**
200 g —1,661.34 <0.001%**
50 g —859.67 <0.001%*
10 ug 100 pg —837.34 <0.001%**
200 pg —993.34 <0.001%**
100 pg 22.33 0.81
50 ug
200 pg —133.67 0.11
100 pg 200 pg —-156 0.09

Post Hoc Tukey Test; *p-value<0.05 — statistically significant; **p-value<0.001
— highly statistically significant.

and the control group. This difference in migration distance
observed between all the groups was statistically significant
(p-value < 0.001). The Post hoc Tukey test was used to carry
out multiple pairwise comparisons of the berberine-CuONPs
in various concentrations. The results reveal statistically
significant differences in migration distances between 10 pg/
ml of BBR-CuONPS and all other concentrations such as 50,
100, and 200 pg /ml (p-value < 0.05, respectively). However,
there was no significant difference noted in migration distances
between 50, 100, and 200 pg /ml BBR-CuONPs, thus indicating
their similar effects on migration distance.

Table 4 shows multiple pairwise comparisons of
the distance of cell migration between study groups at 48
hours. There was a significant difference in mean migration
distance between the control group and BBR-CuONPS at all
concentrations such as 10, 50, 100, and 200 pg/ ml (p-value <
0.001, respectively). However, there was not much difference
in mean migration between 50 100, and 200 pg of BBR-
CuONPS.

Research has shown that the use of berberine at a
concentration of 5 mM remarkably reduced cell motility in
permanent lung cancer cells (H1299), then compared with
glioma (T98G) and prostate cancer (PC3) with the reduction of
wound area 74.52% + 12.3%, 38.22% + 10.6%, and 48.6% =+
7.5%, was observed after 48 hours, respectively. This highlights
that permanent cell lines are more sensitive in anti-migratory
activity for berberine compared with primary cell lines of
the same condition. Statistical significance was observed in
permanent cell lines but not in primary cell lines [84].

In previous research, the cell migration analysis
was conducted on the berberine-loaded gold nanoparticles
(Au-Col-BB) treated with Bovine Aortic Endothelial Cells
(BAEC), non-cancerous cell, and human epidermal growth
factor receptor 2 (Her-2) breast cancer cells. It was observed
that BAEC cells showed no significant changes in MMP-2 or
MMP-9 expression after the drug treatment, suggesting that Au-
Col-BB does not affect MMP activity in non-cancerous cells.
But in the case of Her-2 cells, MMP-9 expression was lowest

in the Au-Col-BB (10 pg/ml) group at 48 hours. Therefore,
MMP-2 expression was significantly reduced in berberine (1
pg/ml) and Au-Col-BB (5, 10 pg/ml) groups, indicating a dose-
dependent effect. The cell migration was not inhibited in the
BAEC cells, instead, the migration distance was increased at
24 and 48 hours, the Au-Col-BB does not negatively affect
the endothelial cell migration, which is important for wound
healing. Simultaneously, in the Her-2 cells, it was noted that
significant reduction in the cell migration distance after the
drug treatments. Finally, complete inhibition was observed in
Au-Col-BB treatment for the concentration of 10 pg/ml group
at 48 hours [85].

SHELF LIFE AND STABILITY OF BERBERINE-
LOADED CUONPS

Forlong-term storage, lyophilization (freeze-drying) of
the copper oxide nanoparticles can be employed. Lyophilization
helps preserve the structure and activity of berberine as well as
the integrity of the copper oxide nanoparticles during storage
[86]. The stabilization of berberine-loaded copper oxide
nanoparticles involves the use of solvents and dispersion media
for enhancing the solubility, stability, and shelf life. The water
is used as a solvent in preserving bioactive compounds. DMSO
is commonly used as a solvent for improving the solubility of
hydrophobic compounds such as berberine which facilitates
the incorporation of nano particles and reduces aggregation
risk. E.g., for the preparation of berberine-loaded PEG-PLGA
nanoparticles, DMSO is used to dissolve the polymer as well as
berberine before nano precipitation takes place leading to stable
nanoparticles with enhanced therapeutic efficacy [87].

PBS is used as a dispersion medium that mimics
physiological conditions, for the assessment of the stability of
nanoparticles in a biological environment. There are limited
studies conducted on the shelf life of PBS and it is recognized
as a stable medium for the storage of the nano particles.
Therefore, copper oxide nanoparticles are well known for their
inherent chemical stability, contributing to the overall shelf life
of the nano formulation. Incorporating DMSO and PBS in the
berberine-loaded CuONPs can significantly enhance their drug
efficacy for a longer period.

CHALLENGES AND LIMITATIONS

Though the green synthesis of berberine-embedded
copper oxide nano formulation from Solanum torvum has
potential, some challenges need to be addressed in future
research. These include scalability, stability, shelf life, and
controlled release of berberine from CuONPs to optimize their
therapeutic efficacy. Additionally, the potential toxicity from
exceeding safe doses of the formulated drug must be considered.
The limitations of using berberine-loaded CuONPs for lung
cancer therapy include the need for a deeper understanding
of the mechanism of action, such as the molecular signaling
pathways (e.g., MAPK/Akt). Furthermore, the lack of targeting
ligands for specific delivery to cancer cells and the absence
of comprehensive pharmacokinetic and in vivo analysis
pose significant challenges. Clinical trials are crucial for
understanding biocompatibility, biodistribution, and therapeutic
efficacy, but these studies are often hindered by interactions
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with biological systems and regulatory challenges. Ensuring
product quality and managing cost implications for large-scale
applications in lung cancer therapy and wound healing are also
critical factors. The absence of such studies in this phase of
research highlights the need for future investigations to refine
these aspects for more effective clinical applications.

CONCLUSION

The implementation for the synthesis of BBR-CuONPs
using S. forvum has been discovered as a new potential basis
for therapeutic use. The characterization studies confirmed
the successful nano formulation, ensuring structural integrity
and functional stability. The nano-formulation demonstrated
significant cytotoxicity against A549 lung cancer cells in a dose-
dependent manner, as evidenced by the MTT assay. Beyond,
its anticancer activity broadens the pathway to lung cancer
treatment emphasizing the multifunctionality and clinical
relevance of these formulations. Additionally, the wound healing
assay revealed that BBR-CuONPs effectively suppressed
cancer cell migration, a critical factor in tumor metastasis, with
the highest inhibition observed at 10 pg/ml (24-48 hours).
Statistical analysis confirmed the significance of these findings
(p < 0.05), This study opened new avenues toward research
and development of copper oxide berberine nano formulation
into smart-formulated drugs for future patient benefits
particularly, in oncology and wound healing. The synergistic
effect of berberine and CuONPs enhances therapeutic efficacy
while maintaining biocompatibility, making both biomedical
applications for cancer treatment and wound management.
Overall, this study highlights the clinical relevance of BBR-
CuONPs, demonstrating their dual functionality in lung cancer
treatment and wound healing. The nano-formulation holds
great promise for future biomedical applications, and further in
vivo studies are warranted to establish its therapeutic potential,
stability, and safety for clinical use.
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