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Abstract

Traditional therapies for non-small cell lung cancer
(NSCLC) are often limited by high economic burden,
dose-limiting toxicity and a substantial reduction in
patients’ quality of life. To counteract these issues, we
synthesized an eco-friendly berberine-incorporated
iron-oxide nanoparticle (BR-IONPs) from an aqueous
extract of P. amarus. The plant-mediated synthesis of
nanoparticles was confirmed using UV-Visible
spectroscopy, TEM, which confirmed the structural and
morphological properties of nanoparticles. Anticancer
activity on HEK-293 cells demonstrated minimal
cytotoxicity in IONPs, BR and BR-IONPs whereas
cisplatin exhibited high toxicity.

Notably, the berberine incorporated iron oxide
nanoparticles (BR-IONPs) showed strong and selective
cytotoxicity against A549, H460 NSCLC cells, with
significantly lower toxicity than that of the individual
components including cisplatin. A scratch-wound
assay also confirmed that the (BR-IONPs) inhibited
A549, H460 cell migration significantly, indicating
their antimigratory ability. Collectively, these in vitro
results suggest that green-synthesized BR-IONPs offer
higher therapeutic value compared to the traditional
chemotherapeutic drug cisplatin. Subsequent in vivo
experiments  are  required  to  identify its
pharmacokinetics, systemic toxicity and antitumour
activity  before proceeding towards preclinical
development. Further studies on cell signalling and
apoptosis are needed to understand how BR-IONPs
trigger cancer cell death.

Keywords: Iron oxide nanoparticles, Berberine, Non-small
cell lung cancer, Cisplatin.

Introduction

Lung cancer continues to be a predominant cause of cancer-
related mortality worldwide, with non-small cell lung cancer
(NSCLC) accounting for approximately 85% of all cases.
According to GLOBOCAN 2020, lung cancer ranked as the
second most frequently diagnosed cancer and the foremost
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cause of cancer fatalities globally, with an estimated 2.2
million new diagnoses and 1.8 million deaths each year °.
Cigarette smoking accounts for nearly 80% of fatalities
associated with lung cancer, establishing it as the foremost
risk factor. Other contributing factors encompass exposure
to radon, radioactive substances, industrial carcinogens, air
pollution and genetic susceptibility. Early-stage lung cancer
can be efficiently treated with surgical resection and targeted
therapies.

However, in advanced stages, delayed diagnosis and
nonspecific symptoms pose major therapeutic challenges,
frequently leading to poor prognosis and limited treatment
options. Moreover, treatment resistance, influenced by
factors such as alterations in the tumour microenvironment
and genetic mutations, significantly impacts therapeutic
efficacy and contributes to disease progression!>!4,

Nanotechnology has surfaced as a promising strategy in
treating cancer, facilitating targeted drug delivery,
minimizing systemic toxicity and improving the
effectiveness of therapeutic outcomes !°. Unlike traditional
chemotherapeutic agents, which often cause severe side
effects, nanotechnology-based approaches are successful even
in difficult conditions and help to overcome treatment
resistance, improving patient survival and quality of life'!.
The green synthesis method has various advantages over
traditional chemical and physical methods including cost-
effectiveness, non-toxicity, environmental friendliness and
making it suitable for large-scale nanoparticles production.

Unlike conventional methods, it does not necessitate high
pressure, temperature and high energy input**. P. amarus, a
herb from the Euphorbiaceous family, has been used in
Ayurveda for over 2,000 years and is well known for its
hepatoprotective, antioxidant, antimicrobial and anticancer
properties. It contains rich bioactive phytochemicals such as
quercetin, kaempferol, rutin and lignans. P. amarus functions
as both a reducing and stabilizing agent in the synthesis of
nanoparticles®®.

Among nanoparticles, iron oxide nanoparticles have
garnered attention due to their biocompatibility,
biodegradability, non-toxicity, cost-effectiveness and
magnetic properties, making them highly suitable for cancer
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detection. Berberine, a natural quinoline alkaloid compound
extracted from Coptis chinensis and various berberis species,
exhibits a broad range of pharmacological activities. It has
shown promising effects in treating cancer as well as in
digestive, metabolic, cardiovascular and neurological
disorders'?. It functions by inhibiting pathogens, protecting
vital organs such as the liver and intestines, regulating
metabolic processes, enhancing cardiovascular health and
providing neuroprotective benefits. Additionally, it improves
the efficacy and safety of chemoradiotherapy®'2.

Recent studies have demonstrated that berberine exerts
potent anticancer effects through multiple molecular
mechanisms. In lung cancer, it promotes cell death through
the activation of the Bax/Bcl-2 pathway and the subsequent
activation of caspase. Additionally, it halts the cell cycle by
downregulating the expression of cyclin D1 and cyclin-
dependent kinases (CDKs), thereby inhibiting cell
proliferation®!2. Furthermore, it also reduces metastatic
potential by inhibiting epithelial-mesenchymal transition, a
key process in cancer cell invasion and metastasis.
Moreover, berberine disrupts key oncogenic signalling
pathways, including PI3K/Akt and MAPK/ERK pathways,
which are frequently dysregulated in lung cancer.

Additionally, inhibiting NF-kB activation and reducing
reactive oxygen species levels help to prevent inflammation
and oxidative stress-induced cellular damage, further
enhancing its overall anticancer efficacy!®?. Although
several studies have confirmed the significant therapeutic
potential of berberine, its clinical application is greatly
restricted due to several limitations including poor
absorption, short biological half-life, formation of inactive
metabolites and quick elimination from the body, all of
which significantly reduce its systemic bioavailability?>.

To address these limitations, nanotechnology-based drug
delivery systems, particularly iron oxide nanoparticles, have
surfaced as a viable approach to enhance the therapeutic
efficacy of berberine. The present study aims to develop a
green synthesis of berberine-incorporated iron oxide
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nanoparticles (BR-IONPs) and to evaluate their anticancer
and anti-migratory effects against non-small cell lung cancer
A549, H460 cells. Additionally, the cytotoxicity of
nanoparticles was assessed in normal human embryonic
kidney HEK-293 cells to determine biocompatibility.
Cisplatin was used for positive control.

Material and Methods

Green Synthesis of Phyllanthus amarus-Mediated
Berberine-Loaded Iron Oxide Nanoparticles: The freshly
collected Phyllanthus amarus plants were thoroughly
washed with distilled water, cut into smaller fragments,
shade-dried and ground into a fine powder using a manual
grinder. 10 grams of the powder were mixed with 50 mL of
double-distilled water and boiled at 60°C for 30 minutes.
Then, 50 mL of the P, amarus extract was added to 50 mL of
20 mmol FeCls solution. The mixture was placed in an
orbital shaker at 500 rpm overnight, maintaining a neutral
pH.

Separately, 100 mg of berberine chloride was dissolved in 2
mL of dimethyl sulfoxide (DMSO) and diluted with 2 mL of
phosphate-buffered saline (PBS) to make a final volume of
5 mL. This solution was stirred on a magnetic stirrer for 1
hour. Then, 10 mL of the berberine solution was mixed with
10 mL of the previously prepared iron P. amarus extract
solution and subjected to sonication for 30 minutes. The
mixture was placed in a hot air oven at 60°C for 1 hour. The
final dried powder was collected for characterization and
biological application 3! (Figure 1).

Characterization of BR-IONPs: The synthesized BR-
IONPs were confirmed through various characterization
techniques such as UV-visible spectroscopy (SHIMADZU
UV-1900), which was performed within a wavelength range
of 200-700 nm. High-resolution Transmission Electron
Microscopy (HR-TEM) (Model: F200S, Thermo Fisher
Scientific) was used to examine the morphology and size of
the nanoparticles.

Figure 1: Green Synthesis of Phyllanthus amarus-Mediated Berberine-Loaded Iron Oxide Nanoparticles
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Cell culture: The human A549, H460 NSCLC and HEK-
293 normal lines were obtained from the National Centre for
Cell Science (NCCS) located in Pune, India. The cells were
maintained in Dulbecco’s Modified Eagle's Medium
(DMEM), which was enriched with 10% heat-inactivated
Fetal Bovine Serum (FBS) and 5% Penicillin-streptomycin
(10,000 U/mL). The culture was incubated at 37°C with 5%
CO; until 90% confluence'®1°.

Cytotoxicity Assay: The MTT assay was used to investigate
the cytotoxic potential of IONPs, BR, BR-IONPs and
cisplatin on A549, HEK-293 NSCLC and HEK-293 cell
lines. Cells were seeded into a 96-well plate at 5 x 10° cells
and incubated for 24 hours. Cells were treated with various
concentrations 0,25,50,75 and 100 pg/ml, in a CO;
incubator for 24 hours. Media were discarded and replaced
with 110pL of fresh media along with SDS-HCI solution and
kept for 4 to 18 hours. The absorbance was noted at 570 nm
using an ELISA reader. All tests were done in triplicate and
the percentage of cell viability was measured 3%3.

Wound Healing Assay: A wound healing assay was
performed to evaluate the migration capacity of A549, H460
NSCLC cells. Approximately 5 x 10° cells were seeded in a
6-well plate, supplemented with media and incubated for 24
hours. 200 pL of microtip was used to create a homogenous
scratch; detached cells were removed using PBS. The cells
were exposed to BR-IONPs at various concentrations
0,25,50,75 and 100 pg/mL, incubated for 24 hours. The
inverted microscope was used to measure the cell migration.
Each experiment was conducted in triplicate and the
percentage of wound closure was measured'”-18,

Statistical Analysis: Experiments were performed in
triplicate (n=3), with data entered into Microsoft Excel for
analysis using SPSS (version 26, IBM, Chicago, USA).
Continuous variables were reported as mean =+ standard
deviation (SD). Parametric tests were used since the data
followed a normal distribution. A paired t-test was applied
for intra-group comparisons and one-way ANOVA was used
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for inter-group comparisons. A significance level of 5% was
set, with p-values <0.05 considered statistically significant.

Results and Discussion

Synthesis and Characterization of BR-IONPs: IONPs
were successfully biosynthesized using an aqueous extract
of P. amarus, which acted as a natural reducing and capping
agent, supporting a green synthesis approach. The formation
of BR-IONPs was visually indicated by a distinct colour
change from yellow to dark brown, indicating the successful
formation of iron oxide nanoparticles. The phytochemicals
present in the plant extracts, such as phenolics, flavonoids
and carotenoids, served as natural reducing and capping
agents, stabilizing the nanoparticles*. Similar observations
were reported in previous studies®?!?%2.  Likewise,
comparable results were observed in Phyllanthus emblica, as
confirmed by the black-coloured product's.

Additionally, the use of Psidium guajava leaf extract,
Thymus migricus and Phoenix dactylifera extracts produced
distinct colour changes, confirming the formation of
nanoparticle®*328, Compared with conventional approaches,
the green synthesis approaches have several advantages,
such as being eco-friendly, biocompatibility, stable,
biodegradable, non-toxic and cost-effective in production 2.

The UV-Visible spectroscopy was employed to assess the
optical properties of BR-IONPs. The absorption spectrum of
displayed nanoparticles exhibited absorption peaks in the
300-350nm range, corresponding to the characteristic m—m*
electronic transitions of berberine. The shift in the
absorption peak compared to pure berberine suggests
successful conjugation of berberine with IONPs, confirming
the interaction between the organic and inorganic
components?? (Figure 2). Many studies observed similar
peaks at 297 nm and 272 nm, confirming successful
formation of iron oxide nanoparticles within this spectral
range!”. UV-visible absorption spectroscopy had the nearest
absorption peak of berberine nanoparticles (BBR-NPs) at
344 nm.

— P.amarus
— |ONPs

— BR-IONPs-0h
- BR-IONPs-12h

— BR-IONPs-24h

200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 2: UV-Visible spectroscopy of BR-IONPs
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TEM exhibited a rod-shaped morphology of BR-IONPs with
a well-defined size distribution range between 30 and 40 nm.
The uniform dispersion and shape suggest controlled
synthesis with minimal aggregation. The observed
morphology and size are consistent with iron oxide
nanoparticles, indicating a stable conjugation with berberine
(Figure 3). However, another study also confirmed the
presence of rod-shaped iron oxide nanoparticles synthesized
using Moringa oleifera leaf extract. The nanoparticles range
from 10 to 90 nm, with a minimum size of 15.01 £ 6.03 nm!'.
Similarly, rod-shaped structures were observed within the 25
to 100 nm range, with an average size of approximately 9
nm?,

Anti-Migratory Effects of BR-IONPs on A549, H460
NSCLC: The anti-migratory effect of BR-IONPs on A549
and H460 non-small cell lung cancer cell lines was evaluated
using a scratch wound-healing assay, with cisplatin serving
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as a positive control. Cells were treated with increasing
concentrations of BR-IONPs (0, 25, 50, 75 and 100 pg/mL)
and incubated for 24 hours. The results demonstrated a dose-
dependent inhibition of cell migration in both cell lines. In
untreated control groups, a high percentage of wound
closure was observed, indicating active migration.
Following treatment, wound closure was significantly
inhibited in a concentration-dependent manner from 21.99%
at 25 pg/mL to 11.14% at 100 ug/mL in AS549 cells,
compared to 13.09% in cisplatin-treated cells.

Similarly, in H460 cells, wound closure decreased from
23.99% at 25 pg/mL to 12.14% at 100png/mL, with cisplatin
showing 13.87% inhibition. These findings confirm that BR-
IONPs effectively suppress the migratory potential of
NSCLC cells in a dose-dependent manner. The reduction in
cell migration was statistically significant (p < 0.001), as
shown in figure 4 and 5 and table 1 and 2.

500 MiAn

Figure 3: High Resolution Transmission Electron Microscopy of (BR-IONPs)

Table 1
Effect of BR-IONPs on A549 Cell Migration Distance at 0 h and 24 h Across Varying Concentrations
Concentrations Oh 24 h
Control 2462.33 + 25.54 958.67 + 93.02
25 pg/mL 2521.30 £ 25.79 1054.67 + 101.40
50 pg/mL 2478.33 £ 53.46 1533.67 + 50.29
75 pg/mL 2489.67 £ 61.97 1906.33+ 10.69
100 pg/mL 2438.00 + 42.57 2035.67+ 49.05
p-value <0.001* <0.001*
Table 2

Effect of BR-IONPs on H460 Cell Migration Distance at 0 h and 24 h Across Varying Concentrations

Concentrations Oh 24 h
Control 2512.33 + 25.54 1018.67 + 93.02
25 pg/mL 2421.30 + 25.79 1234.67 + 101.40
50 pg/mL 25278.33 £ 53.46 1833.67 + 50.29
75 pg//mL 2489.67 + 61.97 1978.33+ 10.69
100 pg/mL 2438.00 + 42.57 2035.67+ 49.05
p-value <0.001* <0.001*
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Figure 4: Wound Healing Assay of A549 Cells Treated with (BR-IONPs

H460-Wound healing assay
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Figure 5: Wound Healing Assay of H460 Cells Treated with (BR-IONPs)

The present findings, along with previous studies,
consistently demonstrate that berberine exerts a dose-
dependent inhibitory effect on the migration of A549 lung
cancer cells. Berberine-loaded liquid crystalline
nanoparticles (Berberine-LCNs) significantly suppressed
cell migration in both wound healing and Boyden chamber
assays, highlighting the enhanced delivery potential of
nanoparticle formulations®®. Similarly, berberine-enriched
copper oxide nanocomposites synthesized using Solanum
torvum showed effective inhibition of A549 cell migration at
24 and 48 hours’!. Moreover, free berberine at (30 uM)
demonstrated strong anti-migratory effects on NSCLC?,

test compounds.

at 100 pg/mL and cisplatin, a standard chemotherapeutic
drug, showed 25% at 25 pg/mL- 69% at 100 pg/mL.

In H460 cells, similar results were observed: IONPs (16% at
25 pg/mL- 57% at 100 pg/mL) and BR (24% at 25 pg/mL-
66% at 100 pg/mL), while BR-IONPs again showed superior
inhibition (27% at 25 pg/mL- 78% at 100 pg/mL) and
cisplatin showed a comparable response (22% at 25 pg/mL-
69% at 100 pg/mL) respectively. In contrast, HEK-293
normal cells showed significantly lower inhibition with all
IONPs and BR exhibited moderate
inhibition, ranging from 9% at 25pug/mL - 22% at

100 pg/mL and 6% at 25 ug/mL - 19% at 100 pg/mL

Cytotoxic activity of BR-IONPs on A549, H460 NSCLC
and HEK-293 cells: The cytotoxic effects of synthesized
IONPs, BR, BR-IONPs and the standard chemotherapeutic
drug cisplatin were assessed using the MTT assay on A549,
H460 NSCLC and HEK-293 cell lines. The percentage of
cell inhibition was measured at varying concentrations (0,
25, 50, 75 and 100 pg/mL). The results show that all drug
dose-dependent cytotoxic effect was observed among all the
drug concentrations in A549, H460 NSCLC cell lines. In
A549 cells, IONPs exhibited cytotoxicity effects 15% at 25
pg/mL- 66% at 100 pg/mL and BR showed 28% at 25 pg/mL
- 76% at 100 pg/mL. However, the combination of BR-
IONPs produced greater inhibition 22% at 25 pg/mL - 83%

respectively. The BR-IONPs

are presented (Table 3).

Our results

highest toxicity in these normal cells.
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nanocomposite
minimal toxicity, with inhibition between 3% at 25 pg/mL -
18% at 100 ug/mL. In contrast, cisplatin demonstrated
higher cytotoxicity in HEK-293 cells, with inhibition
ranging from 16% at 25 pg/mL - 63% at 100 pg/mL (Figure
6). The ICso values for BR-IONPs, IONPs, BR and cisplatin

demonstrated that BR-IONPs
significantly enhanced anticancer activity against A549 and
H460 (NSCLC) cell lines compared to IONPs, BR and
cisplatin. Importantly, BR-IONPs showed lower cytotoxicity
towards normal HEK-293 cells while cisplatin caused the

showed

exhibited
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Table 3
ICso Values of A549, H460 and HEK-293 cell lines

ICso Values of Test Compounds in A549, H460 and HEK-293 Cells (24h)
Test Compound A549 (ug/mL) H460 (ug/mL) HEK (ug/mL)
IONPs 88.64+2.3 136.36£5.6 >200
Berberine (BR) 66.37+4.7 95.83+2.3 >200
BR-IONPs 54.76+£1.4 69.23£3.1 >200
Cisplatin 68.43+1.2 92.14+2.3 107.14+3.1
" AS49 = ONPs ] Hag0 + 10Ws HEK-293
§ + BR £ - R 80 ——
2 -+ BRIONPs | + BRIONPs || ¢ b
Z 60 + cispatin || £ 0] + cisplatn E o 4 BRIONPs
E 401 § 0 E*“ y "+ cisplatin
; 21 / e:; 0 évn ,//'//
W . . . 0 — P~ e
[ T I ) 025 % %10 T E B L
Drug concentraion (ng/mL) Drug concentraion (ng/mL) Drug concentraion (ng/ml.)

Figure 6: BR-IONPs Induce Dose-Dependent Cytotoxicity in A549 and H460 Lung Cancer Cells with Minimal
Toxicity to HEK-293 cells

These findings were statistically significant with p-values <
0.05, indicating that BR-IONPs may offer a more effective
and safer alternative for lung cancer treatment. Recent
findings have demonstrated that FEONPs in A549 lung
cancer cells reported a dose-dependent cytotoxic effect, with
an ICso value of 69 + 0.50 pg/mL, indicating significant
cytotoxicity at higher concentrations®. Similarly, berberine
demonstrated a dose-dependent cytotoxic effect against
HT?29 colorectal cancer cells, with an ICsg of 52.37 + 3.45
1M, indicating its ability to effectively suppress cell viability
and to exhibit anticancer activity?®. Furthermore, iron oxide
nanoparticles synthesized using a facile flower extract were
tested for their cytotoxic effect on MCF-7 and HEK-293 cell
lines. The results revealed greater cytotoxic effects on MCF-
7 cells compared to the HEK-293 cell line32.

Conclusion

Our study concluded that BR-IONPs exhibit dose-dependent
cytotoxic activity in A549 and H460 cancer cells, showing a
significantly stronger anticancer effect compared to IONPs,
BR, and cisplatin. Additionally, BR-IONPs demonstrate
lower toxicity in the normal HEK-293 cell line compared to
the chemotherapeutic drug cisplatin. It suggests their
potential as a safe alternative for cancer treatment.
Furthermore, BR-IONPs suppress the migration capacity of
A549 and H460 cells, which may contribute to the
prevention of metastasis. These findings highlight the
promising therapeutic potential of BR-IONPs as an
anticancer agent with selective cytotoxicity and reduced side
effects.
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