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Abstract

Background: Triple-negative breast cancer (TNBC) has attracted considerable global research interest due to its
complex and poorly understood biology and is characterized by the absence of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2). Methods: Therefore, identifying effective targeted
therapeutic approaches for these cells remains a critical challenge. The role of phytochemicals in cancer prevention
and treatment is well established and extensively documented. Additionally, gold nanoparticles (AuNPs) effectively
address several limitations associated with phytochemicals. Therefore, the present study utilized the phytochemical
epoxyazadiradione (EAZD) to reduce gold chloride to AuNPs, thereby forming the EAZD-AuNP complex. These
AuNPs, ranging from 10-50 nm in size, can passively target tumor tissue via the enhanced permeability and retention
(EPR) effect. Furthermore, the protein corona adsorbed onto the AuNPs facilitates cellular uptake via receptor-mediated
endocytosis. Results: UV—visible spectroscopy, XRD, EDX, and TEM confirmed the formation of EAZD-AuNPs.
Additionally, FTIR analysis confirmed the involvement of the carbonyl group of EAZD in the bioreduction of gold
chloride. Moreover, in vitro studies using the MTT and colony formation assays revealed an antiproliferative effect of
EAZD-AuNPs in TNBC cells, with an ICso value of 6 pg/mL. Furthermore, PI-FACS and live/dead assays confirmed
that EAZD-AuNPs induced a greater extent of cell death than EAZD alone. Western blot analysis further demonstrated
that EAZD-AuNPs trigger apoptosis through the regulation of cleaved caspase-3 and caspase-9 expression. Conclusion:
These findings substantiate the anticancer activity of the novel EAZD-AuNP complex. However, additional in vitro
and in vivo studies are necessary to further validate its therapeutic potential and should be prioritized.
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Introduction

Female Breast cancer ranks second for frequent
cancers around the globe, just behind lung cancer,
with an incidence rate of 11.6% [1]. According to
immunohistochemistry markers, breast cancer can be
categorized into five molecular variants: luminal A,
luminal B, HER2-enriched, basal-like, and normal-like
[2]. The majority of TNBC tumors fall into the basal-like
category; however, not all basal-like tumors are TNBC,
and vice versa [3]. This highly heterogeneous fetal disease
mainly affects premenopausal women of younger age
and is estimated to affect 10-20% of breast cancer cases
across diverse age populations [4]. These tumors are
identified explicitly for the absence of biomarkers (ER,
PR, and HER?). Consequently, TNBC tumors present
substantial challenges to the effective implementation of
current targeted therapeutic strategies. TNBC frequently

metastasizes to essential organs, including the liver, brain,
and lungs, and also has a worse prognosis in contrast
with other subtypes [5, 6]. Contemporary approaches to
the management of TNBC include anthracycline- and
cyclophosphamide-based or taxane-based chemotherapy
regimens combined with surgery [7, 8]. PI3K/AKT/mTOR
inhibitors, epidermal growth factor receptor (EGFR)
inhibitors, androgen receptor inhibitors (AR), immune
checkpoint inhibitors (ICls), and targeted agents are under
trial for targeted TNBC treatment [9-11]. Nevertheless, a
standard systemic therapy for this malignancy remains to
be established, highlighting the need for targeted therapies
with fewer side effects for TNBC patients.

In modern medical practice, more than 25% of
therapeutic agents are derived from natural plants and
herbs, with this proportion increasing to approximately
60% among anticancer drugs [12]. In recent years,
plant-derived compounds, commonly referred to as
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phytochemicals, have been extensively investigated
worldwide for their therapeutic potential. Paclitaxel, a
clinically established FDA-approved chemotherapeutic
agent, was initially extracted from the bark of the Pacific
yew tree [ 13]. The primary mechanisms of action of several
phytochemicals remain under investigation. Though some
studies have shown that their antioxidant properties have
played an essential role in cancer therapeutics, as oxidative
damage is the leading cause of cancer [14].

EAZD is a limonoid from neem. Neem limonoids
possess various therapeutic properties, including
antibacterial, anti-inflammatory, antioxidant, and
neuroprotective effects (Figure 1) [15-18]. The
phytochemical EAZD is recognized for its anticancer
activity and has been tested in TNBC cells, neuroblastoma,
and head and neck squamous cell carcinoma [19-21].
Currently, the efficacy of limonoids is limited by their
poor bioavailability and other pharmacokinetic issues
[22]. To improve the performance of these compounds,
AuNps were introduced as nanocarriers. A substantial
body of research has already been established on AuNps
as anticancer agents across a wide range of cancer
subtypes. In the present work, AuNps were used to target
TNBC cells passively via the enhanced permeability
and retention (EPR) effect. AuNps within the 10-50 nm
size range can evade the rapid renal clearance limit of
~40 kDa, thereby prolonging systemic circulation. [23].
The EPR effect expands tumor vasculatures from 100
nm to 2 um to maintain excessive growth [24]. Leaky
tumor vasculature enables the preferential localization of
circulating AuNps in tumor tissue, followed by retention
due to poor lymphatic drainage [25].

Furthermore, upon exposure to growth media or
plasma proteins, proteins readily adsorb to the surface
of AuNps. The protein corona reduces the surface free
energy of nanoparticles, also facilitating the cellular
uptake of AuNps via receptor-mediated endocytosis
(RME) [26, 27]. In this regard, we synthesized AuNps
using EAZD as the reducing agent. EAZD-AuNps target
the cancer cells passively through the EPR effect. Our in
vitro studies revealed antiproliferative, proapoptotic, and
anti-clonogenic effects of EAZD-AuNp in TNBC cells.

Materials and Methods

Materials
Gold (IIT) chloride trihydrate (HAuCls-3H20) was
sourced from Himedia, India, and dimethyl sulfoxide

A

Figure 1. (A) Chemical Structure of the Epoxyazadiradione
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(DMSO) from Merck (Cat. No. 1.16743.0521, Darmstadt,
Germany). Further, Gibco (Cat. No. 25200-1072) provided
trypsin. Sigma-Aldrich (Missouri, USA) supplied
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Cat. No. M2128) and propidium iodide
(PI). SRL Pvt. Ltd., Mumbai, India, supplied crystal
violet (Cat. No. 548-62-9). The MDA-MB-231 cells were
procured from National Center for Cell Sciences (NCCS),
Pune, India. Cell cultures were maintained in DMEM
(Gibco™, Life Technologies, NY, USA) enriched with
10% FBS and 1x penicillin-streptomycin, under standard
incubation conditions of 37 °C, 5% CO-, and 95% relative
humidity. Sasidhar B. Somappa of the CSIR-National
Institute for Interdisciplinary Science and Technology
(NIIST) provided EAZD.

Preparation of EAZD-AuNp complex

We prepared a stock solution of 2 mM EAZD in
DMSO and dissolved 0.4 mM gold chloride in Milli-Q
water. Subsequently, under continuous stirring at 50 °C,
1 ml of EAZD was slowly introduced into 1 ml of the
gold chloride solution. The addition of EAZD initially
produced white turbidity, which was followed by further
heating and stirring for 30 minutes. The solution slowly
turned purple as the reduction reaction completed
(Figure 2 A-B). Prior to biological studies, the colloidal
suspension was centrifuged at 10,000 rpm for 20 minutes,
then repeated twice to ensure complete purification of the
EAZD-AuNps. Finally, lyophilization yielded the sample
as a powder [25, 28].

Characterization of EAZD-AuNp

Characterization of EAZD-AuNps confirmed
nanoparticle formation and enabled the morphological
feature analysis. UV-visible spectroscopy verified
AuNp formation. X-ray diffraction (XRD), selected-
area electron diffraction (SAED), and energy-dispersive
X-ray spectroscopy (EDX) further validated nanoparticle
formation and verified elemental composition. Moreover,
Transmission electron microscopy (TEM) revealed
morphological characteristics. Fourier transform infrared
spectroscopy (FT-IR) elucidated the mechanism of
AuNp formation. Anticancer activity of EAZD-AuNps
was evaluated using MTT, colony formation, propidium
iodide-fluorescence-activated cell sorting (PI-FACS), and
live/dead assay. The apoptotic response of MDA-MB-231
cells to EAZD-AuNps was assessed using western blot
analysis.




UV-visible spectroscopy

The surface plasmon resonance (SPR) studies of
AuNps were evaluated using UV-visible spectroscopy
over a wavelength range of 400-700 nm. Data acquisition
was conducted using a Tecan Infinite 200 PRO multimode
microplate reader (Switzerland).

XRD and SAED pattern analysis

XRD is a powerful non-destructive tool for
characterizing nanoparticles. XRD analysis was performed
using a Rigaku Micromax-007HF diffractometer with Cu
Kou radiation (A = 1.54060 A) operated at 40 kV and 40
mA. We used JEM 2100 model from Jeol, Peabody, MA,
USA, to perform SAED analysis

EDX analysis

The successful formation of EAZD-AuNps was
validated through EDX analysis using a JEOL JEM-2100
instrument (Peabody, MA, USA).

TEM analysis

TEM is a powerful tool for studying objects at the
nanometre scale. The morphology and size of AuNps were
analyzed by TEM using a JEOL JEM-2100 instrument
(Peabody, MA, USA) operated at 200 keV. High-
resolution transmission electron microscopy (HR-TEM)
imaging revealed the lattice fringes in AuNps, providing
insight into interplanar spacing associated with specific
crystallographic planes.

FT-IR spectroscopy

FT-IR spectra of EAZD and the EAZD-AuNp complex
were recorded separately to elucidate the mechanism
of AuNp formation. Measurements acquired over the
range of 400-4000 cm™! using a SHIMADZU-8400S
spectrophotometer.

MTT assay

Comparative effects of EAZD and EAZD-AuNps
treatment on the proliferation of MDA-MB-231 and
PSVK-1 cells were evaluated using the MTT assay. In
brief, approximately 2000 Cells were seeded into 96-
well plates and incubated for 24 h. Then, treated MDA-
MB-231 cells with EAZD and EAZD-AuNp at increasing
concentrations (1, 2.5, 5, and 10 pg/ml). Likewise, PSVK-
1 cells were treated with 20 and 50 pg/ml of the drugs.
The MTT assay was performed at 0 and 72 h to assess
proliferation. Thereafter, added MTT solution to each well
and incubated the plates for 2 hours. Following incubation,
an additional 100 pL of DMSO was added after removing
the culture medium. Subsequently, we incubated the
mixture for 1 hour to ensure complete dissolution of the
MTT-formazan product. Then, Absorbance readings were
obtained at 570 nm using a microplate reader [25, 28].

Colony-forming assay

Colony-forming potential of cancer cells was assessed
by seeding each well of a 6-well plate with 800 cells. After
incubation for 1 day, we treated the cells with EAZD
and EAZD-AuNp at 5 and 10 pg/ml each. And carefully
maintained them for colony formation. Once the colonies
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formed, they were gently washed with PBS after removing
the culture media. Ethanol (100%) was used to fix the cells,
after which crystal violet stain was applied. Excess stain
was removed by washing the cells with 1x PBS, and the
colony-forming images were recorded [28, 29].

PI-FACS assay

The PI-FACS assay is used to analyze the cell death
induced by EAZD and EAZD-AuNp. Briefly, MDA-
MB-231 cells (5 x 10*) were plated in 6-well plates and
cultured for 24 hours. After incubation, the cells were
treated with 5 and 15 pg/ml of the drugs and incubated
for an additional 72 hours. Further, the media containing
the dead cells were collected in respective FACS tubes.
After three washes with PBS, the cells were subjected
to trypsinization for 5 minutes. Finally, collected into
designated tubes. Centrifugation was carried out at 4000
rpm for 10 minutes, followed by supernatant removal,
and this cycle was repeated twice. The final pellet was
resuspended in 5 pL of PI and 495 pL of PBS, followed
by analysis of cell death using a BD FACS Celesta™ flow
cytometer (Becton, Dickinson, New Jersey, USA) [25, 28].

Live and Dead Assay

Live/dead assay confirmed the anticancer effects of
EAZD and EAZD-AuNps on MDA-MB-231 cells. We
seeded the cells in a 96-well plate and incubated them
for 1 day before treatment with 25 pg/ml of EAZD and
EAZD-AuNp. After 72 hours, cells were treated with a
staining solution containing 5 M ethidium homodimer
and 5 uM calcein-AM and maintained at room temperature
for 15 minutes. Green-colored live cells and red-colored
dead cells were examined, and images were recorded using
a microscope (Olympus, Japan).

Western blot analysis

Western blotting was employed to examine the
apoptotic effects of EAZD-AuNps in MDA-MB-231
cells, with particular focus on the expression of cleaved
caspase-3, caspase-9, and caspase- 1 to evaluate apoptosis
and pyroptosis. Briefly, MDA-MB-231 cells (2.5 x 10°)
were seeded and maintained at 37 °C for 24 h. Further, the
cells were treated with 2, 4, and 8 pg/ml of EAZD-AuNp
and cultured for an additional 24h. Cells were harvested,
and whole-cell lysates were prepared using a lysis buffer
containing 20 mM HEPES, 2 mM EDTA, 250 mM NaCl,
2 pg/mL leupeptin, 2 pg/mL aprotinin, | mM PMSF, | M
DTT, and 0.1% Triton X-100. Protein concentration was
quantified using Quick Start™ Bradford 1x dye reagent
(Cat. No. 500-0205, Bio-Rad Laboratories, USA). Equal
amounts of protein (25 pg per lane) were separated using
12% SDS-PAGE and electrotransferred onto nitrocellulose
membranes. Membrane blocking was performed using 5%
nonfat dry milk in 1x TBST buffer (24.2 g Tris base, 80
g NaCl, pH 7.6) for 2h at ambient temperature, followed
by incubation with primary antibodies at 4 °C. After
washing with 1x TBST, membranes were incubated with
the corresponding secondary antibodies for 2h. Protein
bands were visualized using a ChemiDoc™ XRS imaging
system (Bio-Rad Laboratories, USA) with Clarity™
Western ECL substrate, and quantified by densitometric
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analysis using Image J software, normalizing to GAPDH.

Statistical analysis

Statistical analysis employed a two-tailed Student’s
t-test. Data are presented as mean + standard deviation
from at least three independent experiments. Statistical
significance was defined as *p < 0.05, **p < 0.01, and
**p <0.001.

Results

Preparation and structural analysis of EAZD-AuNp
complex

The anticancer potential of EAZD remains
underexplored, although it has been evaluated in
TNBC, head and neck squamous cell carcinoma, and
neuroblastoma [19, 20, 21]. Limited bioavailability
and poor water solubility restrict the potential of
phytochemicals as anti-cancer agents [30]. Nanosystems
have gained enormous acceptance in the last few decades
as targeted drug delivery vehicles, diagnosis, and treatment
agents. In the present study, we prepared AuNps by mixing
0.4 mM gold chloride and 2 mM EAZD. After heating
and stirring for 30 minutes, the solution turns purple
owing to SPR from AuNps [31]. SPR was experimentally
confirmed using UV-visible spectroscopy. The UV spectra
revealed an absorption peak at 525 nm (Figure 3A). In
XRD spectra, fingerprint peaks for AuNps were observed
at 38.1°, 44.4°, 64.5°, 77.5°, and 61.2°, attributed to
the (111), (200), (220), (311), and (222) FCC planes
(Figure 3B). The absence of additional peaks validated the
purity of the material. The peak corresponding to the (111)

A
EPOXY
AZADIRADIONE
(EAZD)
B

plane is more intense compared to others, which implies
the (111) plane is more dominant than other planes in the
sample [32]. Moreover, the SAED pattern again confirmed
the sample’s crystallinity. The observed diffraction rings
can be assigned, from inner to outer regions, to the (111),
(200), (220), (311), and (222) reflections characteristic of
FCC gold [33]. Quantitative verification of the presence of
EAZD and the AuNps was performed using EDX spectra.
EDX showed peaks for Au, C, and O; the highly intense
peak at 8 keV corresponds to Cu and originates from the
copper grid. The peak around ~2 keV is characteristic of
metallic AuNps and is consistent with previous studies
[25,34]. Carbon and oxygen peaks might have originated
from the EAZD bound to the surface of the AuNps
(Figure 3C). TEM was employed to analyze the size and
morphology of the nanoparticles, as these parameters are
critical for biological applications. TEM images revealed
that AuNps were hexagonal. Though the particles are
poly-dispersed, they are in the 10-50 nm size range, a
typical size for cellular administration. Hexagonal-shaped
AuNps have been shown to exhibit effective anti-cancer
properties in breast and brain cancer cells [35, 36]. Lattice
spacing calculated from the TEM image was 0.204nm,
corresponding to the (200) plane of AuNps (Figure 3D-F).

FT-IR spectra of EAZD showed two carbonyl peaks
at 1735 cm™ and 1666 cm!. In AuNps, one carbonyl peak
shifted to 1658 cm’!, and the hydroxyl group appeared
at 3387 cm’!. After the bioreduction, the shift in the
peak at 1666 cm’! towards lower frequency (1658 cm™)
indicates the involvement of the carbonyl moiety in
the bioreduction. The carbonyl group might have been
involved in a reduction and stabilization mechanism of

(EAZD-AuNp)

Figure 2. Synthesis of EAZD-AuNp: (A) A schematic model of EAZD-AuNp preparation. EAZD was mixed with
gold chloride under continuous magnetic stirring (50 °C). (B) After the bioreduction of gold chloride, the solution

turns purple.
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Figure 3. Structural Analysis of EAZD-AuNp: (A) UV-Vis spectra analysis from 400-700 nm, displayed an absorption
peak at 525nm; (B) XRD data confirmed the formation of AuNp, and showed five finger-print peaks of FCC gold.
The SAED pattern showed diffraction rings corresponding to the crystal planes. (C) EDX data further verified the
presence gold qualitatively and quantitatively, showing the peaks for Au, C, and O. (D)-(F) TEM images revealed the
hexagonal structure of AuNps at 20 nm and 10 nm scale, and the HR-TEM image expressed the fringe spacing in the

crystalline nanoparticles.

AuNps (Figure 4) [28, 37, 38].

Anti-proliferation study of EAZD and EAZD-AuNp using
MTT and colony formation assay.

Following the structural analysis, we moved to
antiproliferative studies of EAZD-AuNp. Although bare
EAZD did not show any effect up to 10 pg/ml, EAZD-
AuNp showed a significant reduction in proliferation with
increasing drug concentration. EAZD-AuNp showed 26%
reduction at 1 pg/ml, 39% greater reduction at 5 ug/ml,
and 89% reduction at 10 pg/ml compared to the control.
The IC50 for EAZD-AuNp was 6 pg/ml. Further, the

toxicity of EAZD and EAZD-AuNps was analyzed in the
PSVK-1 normal skin epithelial cell line. Both EAZD and
its nanoparticle counterpart exhibited minimal toxicity at
20 pg/ml. However, at 50 pg/ml, EAZD-AuNps displayed
slight toxicity (Figure 5 A1-A2).

The clonogenic potential is crucial for cancer cells,
as it measures the ability of a single cell to survive and
reproduce to form colonies. It is noteworthy that EAZD
and EAZD-AuNp have significantly reduced proliferation
compared to the control. While EAZD-AuNp-treated
cells barely survived for colony formation. Treatment
with EAZD-AuNps resulted in a 60% and 38% enhanced
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Figure 4. FT-IR Spectra of EAZD and EAZD-AuNp: FT-IR analysis of EAZD-AuNp revealed a peak shift at 1658cm-

1 (CO group) from 1666cm-1 in EAZD

reduction in clonogenic potential at 5 pg/ml and 10 pg/ml,
respectively, relative to bare EAZD-treated cells (Figure
5 B-C).

Cell viability analysis of EAZD and EAZD-AuNp

PI-FACS analysis was performed to assess TNBC
cell viability. EAZD induced 13% and 44% cell death,
while EAZD-AuNp-treated wells showed 27% and 61%
cell death at Spg/ml and 15 pg/ml, respectively. These
studies revealed that EAZD-AuNp induced 13% and 17%
greater cell death at 5 pg/ml and 15 pg/ml, compared to
its phytochemical counterpart. A live/dead assay further
confirmed the effect of EAZD-AuNp on TNBC cell
survival. EAZD-AuNp induced more cell death than
EAZD at 10 pg/ml. Altogether, EAZD-AuNp displayed
a more pronounced cytotoxic effect than EAZD and the
control (Figure 6A-I).

Elucidation of the mechanism of action of EAZD-AuNps
in MDA-MB-231 cells

The effect of EAZD-AuNps on apoptosis-associated
proteins was evaluated by Western blot analysis, focusing
on cleaved caspase-3, caspase-9, and caspase- 1. Treatment
of MDA-MB-231 cells with increasing concentrations
of EAZD-AuNps (2, 4, and 8 pg/mL) induced the
expression of these apoptotic markers (Figure 7A). The
levels of cleaved caspase-9 and cleaved caspase-3 were
elevated at 2 and 4 pg/mL, indicating activation of the
intrinsic (mitochondrial-mediated) apoptotic pathway
(Figure 7B-C). At the higher concentration (8 ug/mL), a
modest reduction in the levels of cleaved caspase-3 and
caspase-9 was observed compared to 2 and 4 pg/mL;
however, their expression remained elevated relative to the
untreated control. This trend suggests that EAZD-AuNps
induce apoptosis in a dose-dependent manner up to an
optimal concentration, beyond which the response slightly
declines, potentially due to cellular stress dynamics or
feedback regulation. In contrast, no detectable expression
of cleaved caspase-1 was observed, suggesting that
the pyroptotic pathway was not activated under these
conditions (Figure 7A).
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Discussion

TNBC tumors are well-identified for their higher
nuclear grade, high mitotic activity, and poor prognosis
[39,40]. Effectively managing these highly heterogeneous
tumors within the constraints of current therapeutic
approaches remains a significant challenge. However,
several combinational therapies are under clinical trial
for TNBC (phase I/II), while targeted systemic therapies
remain behind the curtain [5, 41-43]. Approximately 5,000
phytochemicals have been identified to date, many of which
exhibit significant anticancer and antioxidant properties
[44-46]. EAZD represents a promising phytochemical that
remains insufficiently investigated for its potential health
benefits, despite documented evidence of its anticancer,
anti-inflammatory, and antidiabetic properties [47-49].
Nevertheless, the therapeutic efficacy of phytochemicals
is frequently constrained by limited bioavailability, rapid
systemic clearance, and the emergence of resistance [50,
51]. Itis evident that nanotechnology tools can efficiently
overcome the limitations of phytochemicals [52]. The
nanoparticle size is a critical factor in the EPR effect; the
ideal size is 10-100 nm for efficient passive targeting [53-
55] (Figure 8A). In addition, the protein corona adsorbed
on the nanoparticles facilitates internalization via RME,
leading to cell death (Figure 8B) [26]. In effect, EAZD-
AuNp of 10-50 nm could target TNBC cells successfully.

In the current study, AuNps were prepared using
EAZD as a precursor. The phyto-nano complex was
analyzed for anti-cancer properties in TNBC cells
(Figure 8C). AuNps formation was primarily as reflected
by the shift in suspension color from yellow to purple [25,
28]. The colour change was attributed to the localized SPR
of AuNps [56]. UV—visible spectroscopy was employed to
verify the SPR peak of AuNps, with an absorption peak at
525 nm, in agreement with other reports [57, 58]. Further,
the XRD spectrum verified characteristic AuNp peaks at
38.1°,44.4°,64.5°,77.5°, and 81.7°, corresponding to the
(111), (200), (220), (311), and (222) planes, respectively.
The SAED pattern displayed diffraction rings from the
interior to the exterior, indexed as (111), (200), (220), and
(311), corresponding to the crystal planes. SAED pattern
with bright circular rings also confirms the polycrystalline
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Figure 5. Antiproliferative and Anti-Clonogenic Effect on MDA-MB-231 Eells. (Al) and (A2) MTT assay:
Antiproliferative aspects of EAZD and EAZD-AuNp on MDA-MB-231 and PSVK-1 cells, respectively. A t-test for
the MTT assay was performed in triplicate; the p-values were 0.02 (¥), 0.01 (**), 0.03 (*), and 0.006 (**) for 1, 2.5,
5, and 10 pg/ml, respectively. Similarly, PSVK-1 cells were compared across triplicates, with p-values of 0.02 (*) for
20 pg/ml and 0.03 (*) for 50 pg/ml. (B) Colony formation assay: Verified the decrease in clonogenic potential of the
cancer cells with the addition of EAZD and EAZD-AuNp at two different concentrations. (C) Quantitative analysis of
colony formation assay: Studied the survival fraction of cells upon the treatment of EAZD and EAZD-AuNp (Image
J software); A t-test for colony analysis, also carried out in triplicate, yielded p-values of 0.004 (**) for 5 pg/ml and
0.009 (**) for 10 pg/ml. C: control
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Figure 6. In vitro Cell Death Analysis of EAZD and EAZD-AuNp in MDA-MB-231 cells. (A-D) PI-FACS assay: PI-
FACS analyzed the cell death induced by 5 pg/ml and 15 pg/ml of the drugs for 3 days. Quantification of PI-FACS
assay verified that EAZD —AuNp induced more cell death than EAZD alone; (E-G) Live and dead assay: cells were
treated with 10 pg/ml of the drugs and verified the cell death induced. Images were recorded at 10X magnification
and 100um scale. The p-values for PI-FACS measurements are 0.008 (**) for 5 pg/ml and 0.00018 (***) for 15 ng/

ml, compared for triplicates. C: control

nature of the AuNps [59]. EDX further validated the
formation of AuNps, showing peaks for C, O, and Au. A
peak around 2 keV was a clear indication of the presence
of crystalline AuNps in the sample; the carbon and oxygen
peaks were also attributed to the phytochemicals [60,
61]. The shape and size of the nanoparticle played an
essential role in their biological activities [62, 63]. TEM
revealed that EAZD-AuNps were hexagonally shaped.
Particles were below 50 nm in size, even though they were
polydispersed. Additionally, FT-IR spectra showed a shift
in the carbonyl peak to a lower frequency (1658 cm™)
after bioreduction of HAuCl4 with EAZD, indicating the
involvement of the carbonyl group in the bioreduction.
Further, to evaluate the anticancer potential of the
phyto-nano complex, we analyzed the cytotoxicity and
cell viability of EAZD-AuNp in MDA-MB-231 breast
cancer cells. MTT assay showed a significant reduction
in proliferation compared to EAZD. Even at 10 pg/ml,
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EAZD-AuNp induced 89% reduction in proliferation,
with a very low IC50 of 6 pg/ml. Also verified the
non-toxicity of EAZD-AuNp in PSVK-1 normal skin
epithelial cells. Moreover, EAZD-AuNp dramatically
reduced the clonogenic potential of MDA-MB-231
cells; no colonies survived in the drug-treated well (10
pg/ml). PI-FACS results showed 61% cell death in
EAZD-AuNp-treated cells (15 pg/ml). The cytotoxic
potential of EAZD-AuNps in MDA-MB-231 cells was
further supported by live-dead assay results. Western blot
analysis elucidated the mechanism of action of EAZD-
AuNps, revealing upregulation of cleaved caspase-3 and
caspase-9 expression, a clear indication of mitochondria-
mediated apoptosis [64]. However, EAZD-AuNps did not
induce caspase-1 cleavage, suggesting that the treatment
promotes mitochondria-mediated apoptosis without
activating pyroptotic pathways [65]. Collectively, these
findings suggest that hexagonal EAZD-AuNps exhibit
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order. Similarly, P-values for cleaved caspase-3 were 0.0037(**), 0.0056(**), 0.0317(*) for 2, 4, and 8 pg/ml each

C: control

significant in vitro anticancer activity. Nevertheless,
their potential as a therapeutic candidate warrants further
validation through comprehensive in vivo studies to
establish clinical relevance.

Conclusion and future work

This study demonstrates that EAZD-AuNp
significantly enhances the anticancer efficacy of the parent
phytochemical against TNBC cells, primarily by reducing
cell proliferation and promoting cell death. The improved
biological activity is likely attributable to nanoscale size,
enhanced cellular internalization, and synergistic effects
between EAZD and AuNps. The results underscore the
potential of EAZD-AuNps as an effective system for
phytochemical-based nanotherapeutic strategies.

Future investigations should focus on in vivo
validation, including biodistribution, pharmacokinetics,
toxicity profiling, and therapeutic efficacy, to establish
clinical translational potential. Additionally, studies
exploring the molecular pathways underlying induced
cytotoxicity would strengthen the therapeutic relevance
of this nanocomplex.
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