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Abstract

Green synthesis of nanoparticles has garnered significant attention for its sustainable and
environmentally friendly approach. Despite extensive research on Artocarpus
heterophyllus-derived nanoparticles using seeds, fruits, and rind, the therapeutic
potential of its leaf extract remains largely unexplored, particularly in MCF-7 breast
cancer cells. The aim of this study was to investigate the potential of aqueous leaf extract
from A. heterophyllus as a reducing and capping agent to synthesize silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs), as well as to evaluate their anticancer efficacy.
The nanoparticles were characterized using ultraviolet-visible spectroscopy, transmission
electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, and
particle size analysis to confirm the formation. To evaluate anticancer potential, key
oncogenes associated with cancer proliferation and survival were analyzed, including c-
Myec, cyclin D1, human epidermal growth factor receptor-2 (HER-2), microRNA-622
(miR-622), and cyclooxygenase-2 (COX-2). The present study demonstrated that AgNPs
and AuNPs synthesized from A. heterophyllus extract had distinct sizes and shapes, with
AgNPs averaging approximately 12.75 nm and exhibiting a spherical morphology, while
AuNPs averaged 109.26 nm and had a pentagonal shape. Furthermore, AuNPs had no
anticancer activity. In contrast, AgNPs showed potent anticancer effects, with inhibitory
concentration (ICso) values of 124.626 and 54.981 pg/mL at 48 and 72 hours, respectively.
The AgNPs treatment increased the proportion of cells in G2/M phase, indicating the
induction of mitotic catastrophe leading to cell death. AgNPs downregulated the
expression of several oncogenes associated with cancer cell proliferation and survival
(cyclin D1, COX-2, HER-2, and miR622), but did not significantly reduce c-Myc
expression. In conclusion, AgNPs derived from A. heterophyllus leaf extract have
significant potential as a novel therapeutic agent in cancer treatment while preserving its
biocompatibility, emphasizing the promise of sustainable and cost-effective synthesis of
plant-based nanoparticles.
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Introduction

[lec

The pursuit of innovative and effective treatments for breast cancer remains a critical focus in
BY NG medical research, owing to the disease's high incidence and mortality rate [1-3]. Recent
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advancements in nanotechnology have emerged as a promising strategy for enhancing cancer
therapies, particularly through its potential for targeted drug delivery [4]. This expansive field
involves the manipulation of materials at the nanoscale to induce novel properties and
functionalities [4]. Within this field, nanomedicine represents a specialized subset of
nanotechnology that applies manipulation of materials principles to the medical field, including
the diagnosis, treatment, and prevention of diseases [7]. Among the diverse array of
nanomaterials, metallic nanoparticles—specifically silver nanoparticles (AgNPs) and gold
nanoparticles (AuNPs)—have garnered significant attention due to their exceptional
physicochemical properties, biocompatibility, and ability to interact with biological systems at
the molecular level [5-7].

Numerous studies have highlighted the broad potential of AgNPs and AuNPs across various
applications, including antimicrobial, anticancer, anti-proliferative, anti-inflammatory,
antibacterial, and antiangiogenic effects [8-12]. These nanoparticles also possess robust
antioxidant properties, as demonstrated by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay [12].
Moreover, AgNPs and AuNPs have proven effective as catalysts for the reduction of organic dyes
[12]. Given these promising attributes, the method of synthesis employed for AgNPs and AuNPs
plays a critical role in determining efficacy and potential applications. Although traditional
physical and chemical synthesis methods are effective, these approaches often involve toxic
reagents and harsh conditions, which may compromise biocompatibility and environmental
safety of the resulting nanoparticles [13,14].

Green synthesis methods, particularly those utilizing plant extracts, have garnered
significant interest for producing nanoparticles in a sustainable and environmentally friendly
manner [5,15,16]. This eco-friendly approach not only enhances the biocompatibility of
nanoparticles but also aligns with sustainable development principles, positioning it as a
promising alternative for large-scale production of AgNPs and AuNPs with diverse biomedical
and industrial applications [17]. Plant-based synthesis exploits natural sources as reducing,
capping, and stabilizing agents, including polyphenols, flavonoids, alkaloids, tannins, saponins,
and terpenoids, which influence the size, shape, and functionality of nanoparticles [17,18].
Additionally, this method is cost-effective and reduces toxicity to normal cells, further
highlighting its potential in nanoparticle production [19].

Artocarpus heterophyllus, commonly known as jackfruit, has emerged as a prominent
natural source for medicinal applications [20]. Extracts derived from its wood, seeds, and flowers
have demonstrated promising anticancer activities against various cancer cell lines, including
Caco-2, HCT116, WiDr, H460, and MCF-7 [20-22]. Additionally, crude extracts from A.
heterophyllus wood pulp have shown anti-inflammatory and chemopreventive properties in
HCT116 cells [21]. The synthesis of AgNPs and AuNPs using A. heterophyllus typically involved
its seeds, fruits, and rind [23-25]; however, the potential of its leaves remains underexplored,
particularly regarding effects on MCF-7 cells as a model for human breast cancer. The aim of this
study was to conduct green synthesis of AgNPs and AuNPs using A. heterophyllus leaf extract and
to assess the potential of these nanoparticles as anti-breast cancer agents by evaluating their
ability to inhibit cell viability and influence breast cancer signaling pathways.

Methods

Study design and setting

An experimental study was conducted in the Laboratory of Molecular Genetics, Universitas
Airlangga, Surabaya, Indonesia, in collaboration with the Department of Chemistry, University
of Malaya, Kuala Lumpur, Malaysia, to explore the potential of A. heterophyllus aqueous leaf
extract as a reducing and capping agent in the synthesis of AgNPs and AuNPs. The synthesis
process was optimized by controlling key parameters, including pH, temperature, and extract
concentration, to ensure the stability and efficacy of the nanoparticles. Comprehensive
characterization was performed using ultraviolet-visible (UV-Vis) spectroscopy to confirm
nanoparticle formation, transmission electron microscopy (TEM) to determine morphology,
Fourier transform infrared spectroscopy (FT-IR) to identify functional groups involved in
capping, X-ray diffraction (XRD) to assess crystallinity, and particle size analysis (PSA) to
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evaluate size distribution. To assess anticancer potential, molecular biology techniques were
employed, focusing on the expression of key oncogenes associated with cancer cell proliferation
and survival, including c-Myc, cyclin D1, human epidermal growth factor receptor-2 (HER-2),
microRNA-622 (miR-622), and cyclooxygenase-2 (COX-2).

Preparation of Artocarpus heterophyllus leaf extract

To prepare the aqueous extract of A. heterophyllus, fresh leaves were obtained from the Faculty
of Science and Technology, Universitas Airlangga, Surabaya, Indonesia. Ten grams of leaves were
thoroughly washed under running water, followed by rinsing with deionized water to remove any
residual contaminants. The cleaned leaves were finely diced and immersed in 100 mL of double-
distilled water (ddH.O) at pH 7.0. The mixture was continuously stirred and heated at 60°C for
40 minutes using an RT2 advanced hotplate stirrer (Thermo Fisher Scientific, Waltham, MA,
USA) to facilitate the extraction of bioactive compounds. After heating, the extract was allowed
to cool to room temperature (10—15 minutes) before being filtered through a 0.22 pm MF-
Millipore membrane to remove particulates. The final volume of the extract was approximately
95 mL, which was either used immediately for further experiments or stored at 4°C in sterile,
airtight containers to prevent contamination and preserve the stability of active phytochemicals.

Synthesis of silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs)

The biosynthesis of AgNPs was conducted by mixing 50 mL of A. heterophyllus aqueous leaf
extract with 50 mL of 0.1 M silver nitrate 100% purity (AgNO;) (Merck, Darmstadt, Germany).
The solution's pH was adjusted to 7.0 using 0.1 M NaOH (MilliporeSigma, Massachusetts, MA,
USA; 99.99% purity). The mixture was incubated at room temperature in the dark for 24 hours
without stirring. A color change from beige to dark brown indicated the reduction of silver ions
and nanoparticle formation. The synthesized AgNPs were freeze-dried for 24 hours and stored at
1—4°C. The final yield after freeze-drying was 0.138 g.

A gold ion solution was prepared by dissolving 50 mg of hydrogen tetrachloroaurate
(HAuCl,) (Smart Lab, Jakarta, Indonesia) in 50 mL of deionized water, yielding a 1 g/L solution.
For AuNP synthesis, 50 mL of this gold ion solution was mixed with 50 mL of A. heterophyllus
aqueous leaf extract. The mixture was incubated at room temperature in the dark for 24 hours
without stirring. A color change to purple indicated the reduction of gold ions and the formation
of AuNPs. The resulting AuNPs were freeze-dried for 24—48 hours and stored at 1—4°C. The final
yield after freeze-drying was 0.141 g.

Characterization of AgNPs and AuNPs

The formation of AgNPs and AuNPs was verified using UV-Vis spectroscopy (Thermo Fisher
Scientific, Waltham, MA, USA), conducted at 2 nm intervals within the range of 300—700 nm.
Absorbance values were recorded to indicate the surface plasmon resonance peaks of the
nanoparticles. Functional groups involved in the bioreduction reaction were analyzed using a
Spectrum 100 FT-IR spectrometer (Perkin Elmer, Utah, USA) using the attenuated total
reflectance (ATR) mode, covering a wavelength range of 4000 to 400 cm. The results were
presented as transmittance curves.

Particle size distribution in the liquid phase was determined using a PSA (Biobase BK-802N,
Shandong, China). The refractive index and viscosity of the test samples were first analyzed to
assess nanoparticle properties, such as chemical reactivity, stability, and biocompatibility.
Briefly, 2 mL sample was then introduced into the PSA cuvette, where a laser beam was directed
into the sample, and the intensity of the reflected light was measured to determine particle size
and distribution. The results were presented as size distribution curves, indicating the size with
the highest percentage.

Morphological analysis was conducted using transmission electron microscopy FEI Tecnai
G2 F20 X-TWIN (FEI Company, Eindhoven, Netherlands). A small number of nanoparticles was
placed on a copper grid, dried under ambient conditions, and observed under TEM. Images were
captured from the electron flux after it passed through a thin sample of nanoparticles. The
crystallinity of the biologically produced nanoparticles was examined using a PANalytical
Empyrean X-ray diffractometer (EA Almelo, Almelo, Netherlands). Prior to XRD analysis, the
nanoparticles were freeze-dried using a Lyovapor L-200 (BUCHI, Flawil, Switzerland) at
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temperatures ranging from -55°C to -57°C under a pressure of 2 mbar for 24—48 hours. The XRD
pattern of the freeze-dried nanoparticles was scanned using Cu Ka radiation in the 26 range of 5°
to 80°. All characterization analyses were performed in duplicate.

Cell proliferation analysis and inhibitory concentration (IC;,) determination
The anticancer effectiveness of the nanoparticles was evaluated using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A total of 5 mg of MTT powder (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) was mixed with 1 mL of phosphate-buffered saline
(PBS). The mixture was vortexed, filtered through a 0.22 um syringe filter. MCF-7 cells (obtained
from the Stem Cell Research and Development Center, Universitas Airlangga, Surabaya,
Indonesia) were plated at a density of 5,000 cells per well in a 96-well plate with Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After
24 hours of incubation at 37°C with 5% CO.,, the cells were exposed to normal freshwater
(control), doxorubicin at 10 pg/mL (positive control), or various concentrations of AgNPs and
AuNPs (0, 12.5, 25, 50, 100, and 200 pg/mL) for 24, 48, and 72 hours. MTT solution (5 mg/mL)
was added to each well, and the plates were incubated at 37°C for 4 hours. After medium removal,
100 uL of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals. The plate was
shaken for 15 minutes, and optical density (OD) was measured at 570 nm using a microplate
reader (Bio-Rad, California, USA). To calculate cell viability, OD values from treated wells were
normalized against control wells (untreated cells), representing 100% viability. The OD of the
medium (containing nanoparticles) was subtracted from all measurements to eliminate non-
specific absorbance. All measurements were performed in triplicate, and mean values were used
to ensure precision and reliable comparisons between the treated and control groups. The ICs,
value was determined using GraphPad Prism 8 (GraphPad Software, Boston, USA) based on the
OD values obtained from the MTT assay results.

Cell cycle and DNA content analysis

The DNA content of MCF-7 cells was measured using 4’,6-diamidino-2-phenylindole (DAPI)
staining. Cells were fixed with 4% paraformaldehyde and stained with 1 pg/mL DAPI Coo1 (ABP
Biosciences, Beltsville, MD, USA) for 20 minutes at room temperature in the dark to evaluate
distribution across cell cycle phases, followed by three washes with PBS. The cells were visualized
and analyzed using the Cell-Insight CX7 Pro High Content Screening (HCS) System (Thermo
Fisher Scientific, Waltham, MA, USA). The imaging settings were as follows: autofocus interval
set to 2, camera model PRIMEBSI 1.53, and objective lens with 20 x magnification. Analysis was
performed using Thermo Scientific HCS Studio 5.0 Cell Analysis Software (Thermo Fisher
Scientific, Waltham, MA, USA). Cells with DNA content 2N indicated the G1 phase, DNA content
2N-4N indicated the S phase, and DNA content 4N indicated the G2/M phase.

RNA isolation and gene expression analysis
MCEF-7 cells were cultured in 6-well plates and divided into four groups for a 48-hour treatment
period: the control group (treated with DMSO), positive control group (treated with doxorubicin
at 10 ug/mL), and AgNP group (treated with AgNPs at 100 pug/mL). Total RNA was isolated using
the Total RNA Mini Kit (Geneaid, New Taipei City, Taiwan) according to the manufacturer's
instructions. RNA purity and concentration were measured using a uDrop plate integrated with
SkanIt software v7.1 (Thermo Fisher Scientific, Waltham, MA, USA), with absorbances at 230,
260, and 280 nm. cDNA synthesis was performed using ReverTra Ace qPCR RT Master Mix
(Toyobo, Osaka, Japan) following the provided protocol (reaction temperatures: 37°C for 15
minutes, 50°C for 5 minutes, and 98°C for 5 minutes). Quantitative PCR (qPCR) was carried out
using Thunderbird Next SYBR qPCR Mix (Toyobo, Osaka, Japan) under the following conditions:
predenaturation at 95°C for 60 seconds, followed by 40 cycles of denaturation at 95°C for 5
seconds and annealing/extension at 60°C for 30 seconds. qPCR reactions, with specific primers
for the target genes (Table 1), were conducted in a 20 puL reaction volume. Forward and reverse
primers (0.3 uM) for c-Myc, cyclin D1, HER-2, miR622, COX-2, and GAPDH were obtained from
previous studies [26-30]. GAPDH served as the internal control or reference gene.

The threshold value was determined automatically using the MyGo Pro application (IT-IS
International, UK). Gene expression analysis was performed using the relative quantification
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method, and the reliability of the qPCR results was verified through melting curve analysis. The
fold change in mRNA expression was calculated using the formula: 2¢[(Ctg - Cct) - average of Cet]) where
Ct represents the cycle threshold, tg refers to the target gene, and ct indicates the control gene.

Table 1. Primers used for the target genes

Genes Forward primer Reverse primer

c-Myc 5-GGAGGAACAAGAAGATGAGG-3’ 5-GTAGTTGTGCTGATGTGTGG-3’
cyclin D1 5-AACTACCTGGACCGCTTCCT-3’ 5-CCACTTGAGCTTGTTCACCA-3’
HER2 5'-CCGAGGGCCGGTATACATTC-3' 5'-GCTTGCTGCACTTCTCACAC-3'
miR622 5-GGGTCCGAGGTATTCGCACT-3’ 5-GCACAGTCTGCTGAGGTTGGA-3’
COX2 5-CCGGGTACAATCGCACTTAT-3’ 5-GGCGCTCAGCCATACAG-3’
GAPDH 5'-GTCAGTGGTGGACCTGACCT-3' 5'-AGGGGTCTACATGGCAACTG-3'

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8 (GraphPad Software,
Boston, USA). Data normality was assessed using the Shapiro—Wilk test. One-way analysis of
variance (ANOVA) was employed to evaluate differences among experimental groups. When the
ANOVA yielded a significant p<0.050, Tukey’s honestly significant difference (HSD) post hoc test
was applied to determine intergroup differences. Data are expressed as mean+standard deviation
(SD), and p<0.050 were considered statistically significant.

Results

Characteristics of AgNPs from Artocarpus heterophyllus aqueous leaf extract
In the study, a noticeable color shift from beige to dark brown was observed (Figure 1A), and a
prominent plasmon resonance peak was detected in the 420—440 nm range in the UV-Vis
absorption spectra of AgNPs synthesized with A. heterophyllus aqueous leaf extract (Figure 1B).
This peak confirmed the successful formation of AgNPs, as the leaf extract itself showed no peaks
in the 300-600 nm range (Figure 1B). These results suggest the accomplishment of the
reduction process carried out by A. heterophyllus aqueous leaf extract.

Further analysis of the size, shape, and crystal structure of the green-synthesized AgNPs was
performed using TEM and PSA. AgNPs were predominantly spherical, with sizes ranging from 5
to 22 nm and an average diameter of 12.75 nm (Figures 1C and 1D). The TEM images also
confirmed the effective capping ability of the A. heterophyllus aqueous leaf extract (Figure 1C).
Additionally, the XRD patterns of the synthesized AgNPs had small, broad peaks at 38.29°,
44.37°, 64.64°, and 77.50°, corresponding to the (111), (200), (220), and (311) crystallographic
planes (Figure 1E). These findings indicated that the nanoparticles possessed a surface-centered
cubic structure.

Characteristics of AuNPs from Artocarpus heterophyllus aqueous leaf extract
The successful formation of AuNPs was indicated by the distinct purple color that emerged when
the A. heterophyllus aqueous leaf extract solution was combined with the HAuCl, solution
(Figure 2A). During the synthesis, the plant extract acted as a potent reducing agent, converting
Aus+ ions into Aue. The resulting colloidal solutions were analyzed using UV-Vis spectroscopy,
which revealed an absorption peak around 550 nm (Figure 2B). This peak aligned with the
surface plasmon resonance characteristic of AuNPs, typically observed between 500 and 600 nm,
depending on their size and shape [31]. To further examine the morphology of the AuNPs, TEM
imaging was performed, revealing polygonal and hexagonal structures (Figure 2C). The particle
size distribution, determined by PSA, showed an average particle size of 109.26 nm with a range
from 27 to 201 nm (Figure 2D). The crystalline nature of the biologically synthesized AuNPs was
confirmed through XRD (Figure 2E). The obtained XRD peaks at 20 angles of 38.37°, 44.58°,
64.85°, and 77.83° corresponded to the (111), (200), (220), and (311) crystalline gold planes of a
face-centered cubic structure, respectively.

Fourier transform infrared (FT-IR) spectroscopic analysis of functional groups
in Artocarpus heterophyllus-mediated nanoparticle synthesis

FT-IR spectroscopy was performed to identify the functional groups present in both A.
heterophyllus aqueous leaf extract and the synthesized nanoparticles. The FT-IR spectra of the
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A. heterophyllus aqueous leaf and nanoparticles had notable similarities (Figure 3). The
characteristic C-H aromatic stretching at 2,925 cm™1 and O-H vibrations from the phenol group
at 3,300 cm™! were observed in both the A. heterophyllus aqueous leaf and nanoparticles.
Additionally, the prominent absorption band at 1,584 cm™! in the extract, attributed to C=C
stretching of the aromatic ring, shifted to 1,604 cm™! with reduced intensity in both AuNPs and
AgNPs. These spectral changes, including peak shifts and intensity variations, suggest an
interaction between the bioactive compounds in A. heterophyllus aqueous leaf and the metal
precursors. This interaction likely played a crucial role in the bioreduction of silver and gold ions,
leading to the formation of AgNPs and AuNPs, respectively.
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Figure 1. Synthesis and characterization of silver nanoparticles (AgNPs) using Artocarpus
heterophyllus aqueous leaf extract. (A) The observed color changes during AgNP synthesis; (B)
ultraviolet-visible (UV-Vis) spectrophotometric analysis of the synthesized AgNPs; (C)
transmission electron microscopy (TEM) images detailing AgNP morphology; (D) particle size
analysis (PSA) results representing AgNP size distribution; (E) X-ray diffraction (XRD) pattern
confirming the crystalline structure of AgNPs.
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Figure 2. Synthesis and characterization of gold nanoparticles (AuNPs) using Artocarpus
heterophyllus aqueous leaf extract: (A) The color changes observed during AuNP synthesis; (B)
Ultraviolet-visible (UV-Vis) spectroscopic analysis of the synthesized AuNPs; (C) Transmission
electron microscopy (TEM) images revealing AuNP morphology; (D) Particle size analysis (PSA)
results representing AuNP size distribution; (E) X-ray diffraction (XRD) pattern confirming the
crystalline structure of AuNPs.
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Figure 3. Fourier transform infrared (FT-IR) spectra of Artocarpus heterophyllus aqueous leaf
extract, silver nanoparticles (AgNPs), and gold nanoparticles (AuNPs).
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Anticancer potency of AgNPs and AuNPs from Artocarpus heterophyllus
aqueous leaf extract

AgNPs had a significant reduction in cell viability at a concentration of 50 pg/mL after 48 hours,
with a more pronounced effect observed after 72 hours (Figure 4A). In contrast, AuNPs
demonstrated cytotoxicity only at higher concentrations (100 and 200 pg/mL) after 48 hours.
However, after 72 hours, no significant difference in cell viability was observed between cells
treated with the highest AuNP concentration and the control group, suggesting that AuNPs lacked
substantial cytotoxic potential against MCF-7 cells (Figure 4B). These findings indicated that
only AgNPs demonstrated substantial antiproliferative activity against MCF-7 cells, and
therefore, further analyses were conducted for AgNPs only.

A 110 B 110 = oug/mL
B 12.5ug/mL
g; i '3? B 25ug/mL
&, *% < HH KAk
XKW z, B 50 ug/mL
b 369 %% -
o= = Bl 100 ug/mL
2 557 2 55
= o s B 200 ug/mL
S FHER oy E
= —
[} (7]
(] Q

48 hours 72 hours 48 hours 72 hours

Figure 4. Viability of MCF-7 breast cancer cells following treatment with: (A) silver nanoparticles
(AgNPs); and (B) gold nanoparticles (AuNPs) at concentrations of 12.5, 25, 50, 100, and 200
pg/mL for 48 and 72 hours. The asterisk (*) indicates statistically significant differences

compared to the negative control group at each respective time point; “p<0.01, **p<0.001,

p<0.0001.

To determine the IC;, of AgNPs, a comprehensive analysis was conducted using five
concentrations (12.5, 25, 50, 100, and 200 pg/mL) across two incubation periods (48 and 72
hours). AgNPs had potent cytotoxicity, reducing cell viability from 94.32% to 25.01%, with IC5,
values of 124.62 ug/mL at 48 hours and 54.98 ug/mL at 72 hours (Figure 5). These results
highlighted the strong antiproliferative effects of AgNPs and their potential application in cancer
treatment.

A 48h-AgAR IC50 = 124.63 pg/mL B 72h-AgAR 1C50 = 54.98 pg/mL
805 100~
80
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40
R 207 R 20
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Figure 5. Half-maximal inhibitory concentration (IC;,) of silver nanoparticles (AgNPs)
synthesized from Artocarpus heterophyllus (AR) aqueous leaf extract against the MCF-7 breast
cancer cell line after 48 (A) and 72 hours (B) of treatment.

AgNPs derived from Artocarpus heterophyllus aqueous leaf extract induced
alterations in DNA content, nuclear size, and nuclear area of MCF-7 cells

AgNPs treatment significantly reduced the proportion of cells in the G1 phase (2N DNA content)
and the S phase (2N-4N DNA content), while simultaneously increasing the number of cells with
DNA content greater than 4N (G2/M phase). This increase in cells with over 4N DNA content
may indicate disruptions in chromosome segregation or mitotic processes (Figure 6A).
Additionally, a significant increase in both nuclear size and nuclear area was observed following
AgNPs treatment (Figure 6B). These findings demonstrated that AgNPs had their anticancer
effects by inducing mitotic dysregulation, leading to genomic instability and potentially triggering
an apoptotic pathway in cancer cells.
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Figure 6. Quantitative analysis of DNA content (A) and nuclear size as well as nuclear area (B) in
MCF-7 breast cancer cells following treatment with 50 pg/mL of silver nanoparticles (AgNPs) for
24 hours. The asterisk (") indicates statistically significant differences compared to the negative

control group; “p<0.01, “p<0.001,

“p<0.0001.

AgNPs derived from Artocarpus heterophyllus aqueous leaf extract modulate
the mRNA expression levels of c-Myc, cyclin D1, COX-2, HER-2, and miR-622 in
MCF-7 breast cancer cells

Our data indicated that AgNPs derived from A. heterophyllus aqueous leaf extract treatment at
200 pg/mL significantly reduced the expression of key oncogenes associated with MCF-7
proliferation and survival (Figure 7). The extract significantly reduced the expression of cyclin
D1 (Figure 7B), HER-2 (Figure 7C), miR622 (Figure 7D), and COX-2 (Figure 7E) of cMCF-
7 cells compared to untreated cells. However, the treatment did not reduce the c-Myc expression
(Figure 7A). These results emphasize the potential of AgNPs in regulating critical oncogenes and
provide insights into their mechanisms of anti-proliferative action in cancer cells.

e

- —_—
A — B — C pae, |
109 o ! i _toq '
e E 2
H 3 g
< « <
g z g
E £ £
g 0.5 2o.54 go 51
E 2 k!
4 2 [
g =
0.0~ 0.0~ 0.0-
— - = 5 &
= = £
EE & E f & E 2%
§ § < § 2 < S T
Q ] ]
g g 5
3 3 g
(=] =]
*R e
— 1.0 1.0
o —_
5' <
E :
1]
2 0.5 'g’ 0.5
] =}
° o
B 2
o
8 3
Z g
£ o
0.0- 0.0-
5 8 & T £ B
£ 3 £ 3 %
E = -] =
5 % 8§ %
g %
8 g

Figure 7. Expression of key oncogenes and tumor-associated genes in MCF-7 breast cancer cells
treated with silver nanoparticles (AgNPs): (A) c-Myc; (B) cyclin D1; (C) human epidermal
growth factor receptor-2 (HER-2); (D) microRNA-622 (miR-622); and (E) cyclooxygenase-2
(COX-2). The asterisk (") indicates statistically significant differences compared to the negative
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Discussion

The characterization of AgNPs and AuNPs synthesized using A. heterophyllus aqueous leaf
extract is essential for understanding their structural, optical, and biological properties. In the
present study, the green synthesis of AgNPs and AuNPs using A. heterophyllus leaf extract was
conducted, and their potential as anti-breast cancer agents was evaluated. A distinct color change
was observed after incubation, with AgNPs turning from beige to dark brown and AuNPs from
beige to purplish, confirming the successful formation of nanoparticles via a biological reduction
process using the leaf extract, with its phytochemical compounds playing a critical role in the
reduction and stabilization of AgNPs and AuNPs. The UV-Vis spectra of AgNPs derived from A.
heterophyllus aqueous leaf extract showed an absorption peak between 400—440 nm, indicative
of nanosilver surface plasmon resonance, with a slight broadening suggesting a polydisperse
nature [32,33]. In contrast, AuNPs had a unique absorption spectrum that varied with size,
typically peaking between 520—530 nm. As the diameter of AuNPs increased, the peak shifted
toward the red end of the spectrum, and absorbance was directly proportional to gold
concentration when the size remained constant [34].

The AgNPs synthesized in this study had an average diameter of 12.75 nm, with sizes ranging
from 5 to 22 nm. In contrast, AuNPs had an average diameter of 109.26 nm, with particle sizes
ranging from 27 to 201 nm. These results differed from previous reports, which indicated that
AgNPs synthesized from A. heterophyllus were larger, approximately 45 nm [33], while AuNPs
were smaller, around 20—25 nm [23]. Such discrepancies may be attributed to variations in the
specific parts of A. heterophyllus used for synthesis and the methods employed. The difference in
particle sizes between AgNPs and AuNPs can be explained by the distinct reduction and
stabilization mechanisms mediated by phytochemicals in A. heterophyllus. Additionally, gold,
with a higher atomic mass and larger atomic radius compared to silver, tends to form larger
nanoparticles under similar synthesis conditions [35].

FT-IR analysis provided insights into the functional groups involved in the reduction and
stabilization of nanoparticles. The FT-IR spectra from the present study revealed distinct
absorption bands corresponding to various organic compounds in the plant extract, including
flavonoids, polyphenols, and terpenoids. These compounds played a critical role in reducing
metal ions to nanoparticles and stabilizing the resulting particles [15,23,33, 36-38]. Flavonoids,
in particular, facilitated metal ion reduction by donating electrons, a process that involved
breaking the -O-H bond in the enol form [38]. These flavonoids interacted with metal ions via
hydroxyl groups on the catechol structure, which had lower dissociation energy compared to
those on the aromatic ring, thus promoting the reduction process [38]. Additionally, flavonoids
that oxidized from the enol to keto form during stabilization adhered to the nanoparticle surface,
preventing aggregation [38]. The reduction of silver ions (Ag* to Ag®) occurred in AgNPs [36-39],
while in AuNPs, the reduction occurred from Au3* to Au® [11,14,33]. Differences in the FT-IR
spectra of AgNPs and AuNPs, particularly in peak intensity and position, indicated varying
affinities of silver and gold ions for specific functional groups. This variation likely resulted in
distinct chemical environments for the nanoparticles [40]. Previous studies have also highlighted
that differences in FT-IR peaks between AgNPs and AuNPs could be attributed to the chemical
environment and interactions with biomolecules present in the synthesis extracts [40-42]. Small
shifts in peak positions and the presence of unique peaks suggested that bonding interactions and
stabilization mechanisms differed between the two metals [40-42]. Furthermore, the presence of
these compounds in the FT-IR spectra indicated their role in contributing to the long-term
stability of the nanoparticles by preventing agglomeration [40].

The biological effects of AgNPs and AuNPs were assessed through MTT assays to evaluate
cell viability. The results demonstrated that AgNPs and AuNPs synthesized from A. heterophyllus
aqueous leaf extract had cytotoxic effects on MCF-7 cells, with AgNPs causing a more significant
reduction in cell viability compared to AuNPs. The ICy, values for AgNPs were 124.62 ug/mL at
48 hours and 54.98 ug/mL at 72 hours. The superior cytotoxicity of AgNPs was attributed to their
smaller size and higher reactivity, which likely induced greater oxidative stress within the cells
[17]. In contrast, AuNPs, which were relatively inert and larger, demonstrated less cytotoxicity,
likely reflecting reduced cellular interaction and uptake [7,17,43]. These findings aligned with
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previous research, which indicated that larger AuNPs (60 nm) were less toxic to HK-2 cells
compared to smaller variants [44].

Treatment with AgNPs derived from A. heterophyllus aqueous leaf extract significantly
influenced both nuclear size and DNA content in cells. Notably, a marked increase in the
percentage of cells showing DNA content exceeding 4N was observed after AgNPs treatment. This
result suggested that the anticancer effects of AgNPs may be attributed to their ability to induce
mitotic catastrophe, a form of cell death occurring during mitosis due to DNA damage or defective
spindle assembly. This process can overwhelm the cell's checkpoint mechanisms that normally
halt mitotic progression until repairs are made [45]. Eukaryotic cell division relies on multiple
pathways to ensure precise genome duplication during each division cycle [46,47]. When these
regulatory pathways are disrupted, DNA replication may be reinitiated prematurely, leading to
DNA re-replication. This process generates cells with DNA content exceeding 4N, making them
highly vulnerable to agents that impair DNA repair mechanisms [48,49]. Thus, selectively
inducing DNA re-replication in cancer cells may lead to their elimination without adversely
affecting normal cells [48]. Several anticancer compounds exert their effects by inducing mitotic
catastrophe, which leads to cell death [50,51]. The findings of the present study highlighted the
potential of AgNPs as a selective anticancer agent by elevating DNA content beyond 4N.

The AgNPs significantly altered the mRNA expression of key genes, including cyclin D1,
HER-2, miR-622, and COX-2, which play important roles in regulating cancer cell behavior, such
as proliferation, survival, and inflammation [52-55,59,61]. The results indicated that AgNPs
treatment significantly downregulated the expression of these genes compared to the control
group. Cyclin D1, well-known oncogene involved in cell cycle regulation, proliferation, and
angiogenesis, was particularly noteworthy, and elevated cyclin D1 levels are essential for
transitioning from the G1 to the S phase in the cell cycle [53]. Cyclin D1 interacts with cyclin-
dependent kinases (CDK4 and CDK6), which phosphorylate the retinoblastoma protein, thereby
enabling the progression of the cell cycle [52-55].

HER-2, a receptor tyrosine kinase (RTK), is frequently overexpressed in aggressive breast
cancers and plays a critical role in regulating cancer stemness and drug resistance [52]. RTKs
typically activate PI3K/Akt signaling, promoting the expression of cancer stemness factors and
proteins associated with multidrug resistance [52]. The observed suppression of these genes
suggested that AgNPs effectively inhibited cancer cell growth and proliferation by targeting these
key pathways [56]. The downregulation of cyclin D1 indicated reduced oncogenic signaling that
drives uncontrolled cell division, while the decreased expression of HER-2 suggested a potential
impact on cancer cell survival and metastasis [52-53]. Prior studies have reported that AgNPs
could inhibit the proliferation of MCF-7 and DU145 cells by downregulating the cyclin D1 gene
[56,57].

AgNPs also influenced the expression of COX-2, a gene associated with inflammation and
involved in cancer progression [56]. The significant reduction in COX-2 expression following
AgNP treatment suggested that these nanoparticles might exert anti-inflammatory effects,
further inhibiting cancer progression by reducing the inflammatory environment that often
supports tumor growth [56,57]. Additionally, miR-622, a microRNA implicated in various
cancers, regulates the expression of genes associated with cancer cell survival and apoptosis [60-
62]. The modulation of miR-622 by AgNPs indicated that these nanoparticles might influence
cancer cell fate through the regulation of miRNA, adding another layer of complexity to their
anticancer mechanisms [63].

This study was the first investigation of AgNPs synthesized from A. heterophyllus aqueous
leaf extract as a potential breast cancer treatment, highlighting their ability to modulate the
mRNA expression of key cancer-related genes. This in vitro study demonstrated the anticancer
activity of AgNPs synthesized from A. heterophyllus aqueous leaf extracts against MCF7 breast
cancer cells, offering promising clinical implications. The findings suggested the potential
development of a natural, plant-based nanotherapeutic agent for breast cancer treatment,
providing a biocompatible and eco-friendly alternative to conventional therapies. The selective
activity of AgNPs against cancer cells could facilitate the creation of targeted drug delivery
systems, thereby enhancing treatment efficacy while minimizing side effects on healthy tissues.
Furthermore, the sustainable and cost-effective synthesis method made this approach
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particularly attractive for resource-limited settings, where access to advanced cancer treatments
may be limited. By modulating key oncogenic pathways, as shown in the study, these
nanoparticles could also complement existing therapies, yielding synergistic effects. Although
further in vivo studies and clinical trials are necessary, the research established a solid foundation
for the development of innovative and accessible cancer treatments with reduced toxicity and
improved efficacy.

While the in vitro study of AgNPs synthesized from aqueous A. heterophyllus leaf extracts
against MCF-7 cancer cells demonstrated promising anticancer activity, several limitations were
identified. Firstly, this in vitro study does not fully replicate the complexity of the human tumor
microenvironment, which involves interactions with immune cells, stromal components, and
vascular systems. As a result, the observed anticancer effects may not directly translate to in vivo
conditions. Additionally, the study did not assess the potential toxicity of AgNPs to normal,
healthy cells, a crucial aspect in evaluating the safety profile of the nanoparticles. The long-term
stability, bioavailability, and pharmacokinetics of the AgNPs were also not addressed, raising
concerns about their practical application in clinical settings. Moreover, the specific molecular
mechanisms through which AgNPs exert their anticancer effects require further investigation.
These limitations highlight the necessity for comprehensive in vivo studies and preclinical trials
to confirm the efficacy, safety, and therapeutic potential of these nanoparticles before advancing
to clinical applications.

Future research on AgNPs in vivo should focus on biodistribution, pharmacokinetics, and
long-term safety. Understanding how these nanoparticles accumulate in tissues is essential for
assessing their therapeutic potential and safety. Pharmacokinetic studies should clarify their
absorption, metabolism, and excretion, which are crucial for effective dosing. Long-term safety
assessments should identify any chronic effects resulting from prolonged exposure. However,
translating this technology to clinical use presents several challenges, including regulatory
hurdles, ensuring consistent manufacturing, and addressing patient-specific responses.
Additionally, managing public perception and ethical concerns is necessary to gain acceptance of
nanoparticle therapies. A collaborative effort among researchers, clinicians, and regulatory
bodies is crucial to overcome these obstacles and maximize the benefits of AgNPs in medicine.

Conclusion

AgNPs and AuNPs synthesized using A. heterophyllus aqueous leaf extract had distinct shapes
and sizes. The AgNPs averaged approximately 12.75 nm in size and were spherical, whereas the
AuNPs had an average size of 109.26 nm and displayed a pentagonal shape. Interestingly, the
synthesized AgNPs demonstrated greater efficacy against MCF-7 cell lines, while the AuNPs
showed negligible effects. The anticancer efficacy of AgNPs was attributed to the ability to induce
mitotic catastrophe, leading to apoptotic cell death. Additionally, AgNPs may exert anticancer
effects by downregulating the expression of several oncogenes (cyclin D1, HER2, miR622, and
COX-2) that play vital roles in regulating cancer cell behavior, including proliferation, survival,
and inflammation.
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