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Aim:Due to theirminimal side effects, the anti-cancer properties of the polyherbal
formulation are being investigated. However, due to their low absorption
potential, the administration of polyherbal formulations is restricted. Loading
the polyherbal formulation into gold nanoparticles enhances the bioavailability
of the polyherbal formulation (PHF) accompanied by reducing the concentration
of doxorubicin (dox). Ferroptosis is one of the novel pathways that specifically
target cancer stem cells due to high ferritin levels. Hence, in the present study, we
conjugated polyherbal formulation with gold nanoparticles and studied its effect
on inducing ferroptosis in drug-resistant breast cancer cell lines.

Materials and methods: PHF and dox conjugated to gold nanoparticles were
characterized using FTIR, UV-Vis spectrophotometer, DLS, particle size analyzer,
and XRD. The drug entrapment and efficiency studies were performed to assess
the biodegradable potential of the synthesized gold nanoparticles. Paclitaxel-
resistant breast cancer stem cells were generated, and an MTT assay was
performed to evaluate the cytotoxicity potential of AuNP-PHF and AuNP-dox.
Scratch assay and clonogenic assay were performed to assess the migration and
proliferation of the cells after treatment with chosen drug combinations. The
ability of PHF and dox conjugated to gold nanoparticles to induce ferritinophagy
was evaluated by RT-PCR. Finally, image analysis was performed to check
apoptosis and cellular ROS using inverted fluorescent microscope. The ability
to induce cell cycle arrest was assessed by cell cycle analysis using flow cytometer.

Results and conclusion: PHF and dox conjugated to gold nanoparticles showed
high stability and showed to induce ferritin degradation in drug resistant breast
cancer stem cells through ferritin degradation. AuNP-PHF in combination with
low dose of AuNP-Dox nanoconjugate could be used as an effective cancer
therapeutic agent, by targeting the autophagy necroptosis axis.
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1 Introduction

Breast Cancer stands in first place in overall incidence of disease
particularly in females. Although conventional therapies were
practiced to treat breast cancer, cancer relapse/recurrence pose a
great threat to eradicate the tumor cells completely lseading to
tumor-free microenvironment (Pandrangi et al., 2014a). Cancer
stem cells (CSCs) regarded as tumor-initiating cells by Bonnet
and Disk are responsible for the increased rate of tumor relapse/
recurrence (Hermann et al., 2010). These cells show the genotypic
characteristics of normal stem cells (NSCs) are highly proliferative
and are resistant to conventional therapies. Additionally, resistance
to chemotherapeutic drugs is one of the major concerns that is
interlinked with patients’ prognosis and survival rates.

Resistance to chemotherapeutic drugs is accompanied with
apoptotic resistance because the chemotherapeutic drugs are majorly
focused on inducing apoptosis (Li et al., 2021). Hence, novel pathways
that could trigger tumor cell and CSC death is of utmost important.
Ferritinophagy is one such novel pathway which is independent of
caspase activation and is dependent on iron degradation through
autophagy (Gao et al., 2016). Mounting evidences suggest that both
cancer and CSCs accumulate bulk iron reserves in the form of ferritin to
sustain the vital tumor microenvironment (Recalcati et al., 2019). On
the other hand, literature demonstrates that serum ferritin levels serve as
prognostic factor to predict the incidence of tumor relapse/recurrence
(Chittineedi et al., 2022a). Hence, iron metabolism in cancer and CSCs
is highly altered (Pandrangi et al., 2014b; Basuli et al., 2017; Chen et al.,
2019; Recalcati et al., 2019; Wang et al., 2019). Additionally, recent
research on the role of ferritin in these cells revealed that ferritin plays a
double-edged sword role in cancer and CSCs by regulating both
proliferation and death (Pandrangi et al., 2022a). However, the
mechanism through which ferritin is being targeted plays a crucial role.

Studies by Chanvarachote et al. (2016) revealed that iron induced in
CSCs and aggressive phenotypes of human lung cancer cell lines.
Through enhance of the expression of SOX9 which is an important
regulator of stemness and an important marker for tracheal
differentiation and its formation (Chanvorachote and Luanpitpong,
2022). Conversely, when ferritin was degraded in drug-resistant cervical
CSCs by pharmacological inhibitors, resulted in elevated ROS which is
the hallmark of tumor cell death (Chittineedi et al., 2022b).

Due to their less toxicity and very low to negligible side-effects
therapeutic properties of natural, active compounds of plants were
being investigated. Polyherbal formulation (PHF) which comprises
mixture of active compounds show to have promising therapeutic
effects against various diseases including cancer (Atanasov et al.,
2015; Latha Pandrangi et al., 2022). However, biodegradation, poor
bioavailability due to hydrophobicity are the major limitations of
these bioactive compounds. However, these limitations could be
overcome by loading these drugs into vehicles, such as nanoparticles.
Gold nanoparticles (AuNPs) gained much attention due to its less
toxicity (Rajesh, 2000; Biazar et al., 2011; Wicki et al., 2015; Zheng
et al., 2020; Rambatla et al., 2021). Hence, in the present study we
hypothesized that loading PHF and Doxorubicin (dox) into AuNPs
could yield better therapeutic efficacy when compared with
unloaded drugs. The purpose of choosing dox is to reduce the

concentration of it without altering its therapeutic potential. This is
because, literature suggests that although dox is one of the potential
anti neoplastic drugs, it showed enhanced risk of cardiotoxicity.
Hence, in the present study we focused on synthesizing AuNPs to
load PHF and dox to the nanoparticles and assess the potential of
ferritinophagy induction in paclitaxel-resistant breast cancer stem
cells (PacR/MCF-7CSCs).

2 Materials and methods

2.1 Extraction and preparation of aqueous
polyherbal formulation (PHF) and
doxorubicin

PHF containing herbs Rauwolfia serpentina, Garcinia indica,
and Terminalia arjuna were used in the present study and was
procured from Vaidhya Narayana Murthy Cancer Medicine,
Karnataka, India. The powder was packed in filter paper and
extracted using methanol in the Soxhlet apparatus. The Soxhlet
was run till the colourless solution had been obtained. Once the
colourless solution had been obtained, the solution was collected and
dried using rotary evaporator. The dried crude extract was dissolved
in UltraPure DNase/RNase-free distilled water (Gibco) to obtain a
1 mg/mL concentration. The extract was filtered using a 0.2 µ
syringe filter and stored at −20°C till further analysis.

Dox was commercially purchased from Sigma and a concentration
of 5 mg/mLwas prepared using 1xPBS and filtered using a 0.2 µ syringe
filter. The obtained solution was stored at 4°C till further analysis.

2.2 Binding of the desired drugs with gold
nanoparticles

Gold nanoparticles were commercially purchased from HiMedia
(MBNPG001) and diluted to 8 μg/mL. Two combinations of AuNP-
drug were made. Briefly, for first combination 3 parts of 8 μg/mL of
AuNP were mixed with 1 part of 1 mg/mL plant extract and 1.2 μg/mL
of doxorubicin (dox) separately (1:3 ratio). For second combination,
5 parts of 8 μg/mL of AuNP were mixed with 1 part of 1 mg/mL plant
extract and 1.2 μg/mL of doxorubicin (dox) separately (1:5 ratio). The
mixture was placed on the magnetic stirrer and stirred overnight at
room temperature. The next day, the mixture was subjected to
ultracentrifugation at 13,000 rpm for 10 min, and the supernatant
was separated from the pellet. The pellet was dissolved in nuclease-
free water.

2.3 Drug entrapment/encapsulation
efficiency (EE)

Drug entrapment efficiency was calculated to assess the
percentage of drug encapsulated into the gold nanoparticles.
Briefly, the OD of both supernatants obtained from the
ultracentrifugation and the bare plant extract and dox was
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measured at 490 nm, 520 nm, and 595 nm. The encapsulation
efficiency was calculated using the formula:

EE% � ODofdrug − ODofuntraped drug in supernatant( )/

× ODofadded drug( )p100

2.4 UV visible spectroscopy

Absorption spectra of the synthesized AuNPs and AuNPs
encapsulated with PHF and dox nanocomposites were monitored
using a double-beam UV spectrophotometer (Shimadzu UV-1800).
The prepared AuNP-drugs were diluted to 3 mL using 1xPBS,
transferred to 1 cm UV-quartz cell, and the absorption spectra
were recorded.

2.5 Fourier transform infraRed spectroscopy
(FTIR)

FTIR measurements were carried out using an FT-IR
spectrometer (Brucker) in the range of 500–4500 cm−1. 10 µL of
each AuNP-PHF and AuNP-Dox were placed on the probe, and the
values were recorded.

2.6 Zeta potential and particle size analysis

Surface charge which represents zeta potential and particle size
of the nanoparticles play a crucial role in determining the stability
and potential to penetrate into the nucleus respectively. Hence, to
determine the surface charge and particle size, both AuNP-PHF and
AuNP-Dox nanocomposites were analyzed through Horiba SZ-100
based on the principle of photon correlation spectroscopy. The
average zeta potential was determined using 60 s as the analysis time.

2.7 Powder X-ray diffraction

The crystal structures of the conjugated AuNP-PHF and AuNP-
Dox X-ray Diffractometer were carried out using Brucker
D8 advance XRD using copper cell. Briefly, the liquid samples
were casted on to the glass slide (1.5*1.5 cm), air dried and
2 theta values were measured in XRD equipped with Cu anode
filter and D8 diffractometer at setting of 40kV/30 mA to recognize
the crystalline status of the nanocomposites.

2.8 Cell line maintenance

MCF-7 cell line was procured from NCCS, Pune, and was cultured
in Dulbecco’s Modified Eagle Media (DMEM, Invitrogen, Carlsbad,
CA, United States) comprising 10% FBS (Gibco), 1% Antibiotics
(Invitrogen, Carlsbad, CA, United States), 1% Glutamax, and 5 μg/
mL insulin (Sigma-Aldrich, St. Louis, MO, United States). The cells
were grown in 5% CO2 incubator till the flask was 90% confluent,
expanded by trypsinization and were used for in vitro analysis.

2.9 Development of drug resistant clones

Breast cancer (MCF-7) cells were exposed to increasing
concentration of Paclitaxel for 48 h and cell survival was
assessed by an MTT assay to study the kinetics of cell death.
Briefly, the cells were replenished with fresh media containing
varying concentrations of Paclitaxel and incubated at 37°C for
48 h in 5% CO2-saturated atmosphere. Cells grown in drug-free
media were chosen as control. After incubation, the cells were
washed and replenished with 200 μL of fresh media, 50 μL of
MTT solution (Sigma-Aldrich, St. Louis, MO, United States)
were added, and further incubated for 3 h followed by
addition of 200 μL of DMSO to dissolve the formed formazan
crystals. The absorbance was measured immediately at 570 nm
using a multi-well spectrophotometer (BIO-RAD PR4100). The
absorbance of control cells was taken as 100% viable cells and the
values of treated cells were calculated as a percentage of the
controls. The obtained IC50 value was used to generate drug-
resistant MCF-7 clones. To develop acquired drug-resistant cells,
breast cancer cell lines are exposed to increasing concentrations
of paclitaxcel. Briefly, MCF-7 cells that were 80% confluent were
exposed to the IC50 of paclitaxel (30 nM) and incubated for
another 48 h. Subsequently, the drug-containing medium was
withdrawn, fresh media was added and the cells were allowed to
grow. After reaching 80% confluency, the cells were again
trypsinized and were re-exposed to double the dose of the
above drugs. This process was repeated at least 10 times
(10 cycles) and the MTT assay is performed on these
developed drug-resistant clones.

2.10 Cytotoxicity assay

To evaluate the IC50 of the characterized PHF, an MTT assay
was performed. Briefly, an increasing concentration of PHF,
AuNP-PHF, AuNP-Dox drugs were added to the 96-well plate
containing PacR/MCF-7cells and was incubated for 24 h. After
incubation, the cells were fed with 200 μL of fresh medium, 50 μL
of MTT (Sigma-Aldrich, St. Louis, MO, United States) solution
was added, and the plates were incubated for 3 h. After incubation,
MTT-containing media was withdrawn, the formed formazan
crystals were dissolved by adding 200 μL of DMSO and the
absorbance was measured at 570 nm using a multi-well
spectrophotometer (BIO-RAD PR4100).

2.11 Migration assay

The cell migration potential of PacR/MCF-7cell lines was
analyzed by performing wound healing assay. Briefly, the cell
lines were seeded in 35 mm Petri plates and incubated at 37°C in
a CO2 incubator until the cells were 90% confluent. The wells
were then scratched using a scrapper across the centre of the
plate, and the desired combination of drugs (PHF, AuNP-PHF +
AuNP-Dox, and Dox) were added after subsequent washes.
Untreated cells were taken as control. The wound healing
capacity was monitored for every 12 h and the images were
recorded.
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2.12 Clonogenic assay

To determine the formation of colonies by the cancer cells
treated with the appropriate concentration of hibiscus plant
extract, the cells trypsinized cells were seeded with a density of
1 × 103 cells in individual 35 mm Petri plates. The cells were
incubated with desired combination of drugs (PHF, AuNP-PHF
+ AuNP-Dox, and Dox) were added. Untreated cells were chosen as
control. After incubation, the fresh media was added by withdrawing
drug containing media and the images of colonies were captured
using an inverted microscope.

2.13 Gene expression analysis

To study the effect of AuNP-loaded PHF in inducing
ferritinophagy RT-PCR analysis was performed. Briefly, PacR/
MCF-7cells were treated with the drug concentrations
equivalent to the IC50 of PHF, IC50 of Dox, combination of
IC50 of AuNP-PHF and IC25 of AuNP-Dox and incubated for
24 h. Untreated cells were used as control. After incubation, RNA
was isolated using TriZol and immediately converted into cDNA
using a cDNA master mix (Abcam). For analysing the expression
of various ferritinophagy markers such as LC-IIIB, NCOA4, Ftn,
primers specific to these genes were added to the cDNA along with
SYBR green. The reaction mixture was then placed in a thermal
cycler (Applied Biosystems) and RT-PCR was carried out taking
GAPDH as an internal control. Sequences of the primers used were
listed in Table 1.

2.14 Cell cycle analysis

To determine at which stage the cell has been inhibited to
undergo cell division, we performed a cell cycle analysis using a flow
cytometer. PacR/MCF-7cells treated with desired drug
combinations for 24 h, along with untreated cells. Cells were
collected and pelleted down. The pellet was then washed twice
with 1X PBS. After completing the washing steps, the pellet is
suspended in 50 µL of 100 μg/mL RNase and 200 µL of 50 μg/mL
Propidium Iodide and immediately analyzed cells using a flow
cytometer (BD Acquri).

2.15 AO/EtBr dual apoptosis staining

To visualise apoptotic cells, acridine orange/ethidium bromide
(AO/EtBr) staining was performed. Briefly, both drug treated and
untreated cells were initially stained with 100 μg/mL acridine orange
and incubated at dark for 10 min. After incubation, the cells were
washed with 1XPBS and stained with 100 μg/mL ethidium bromide
for 10 min. To avoid background noise cells were washed with
1XPBS and the images of apoptotic cells were captured in
OLYMPUS inverted fluorescent microscope.

2.16 Cellular ROS assay

For visualizing cellular ROS, drug-treated and control cells were
stained with 20 µM DCF-DA (Sigma-Aldrich) for 30 min at dark.
Excess stain was removed by PBS wash and the cells for
counterstained with Hoechst 33342 for 5 min at dark to visualise
cellular nuclei. Cells were washed with PBS to avoid background
noise and were visualised in EVOS FLc inverted fluorescent
microscope (Invitrogen).

2.17 Statistical analysis

All the experiments were done in triplicates and the data is
presented as mean values. Student t-test is performed to compare the
difference. Pearson co-efficient was done to measure the significance
for the generated spheroids. p-value <0.05 was considered to be
statistically significant.

3 Results

3.1 Drug entrapment efficiency

To calculate the concentration of PHF and Dox that has been
encapsulated into the gold nanoparticles, the drugs and AuNPs in a
ratio of 1:3 and 1:5 were stirred continuously for about 24 h,
ultracentrifuged at 10,000 rpm for 15 min, and the absorbance at
490 nm, 520 nm, and 595 nm of the supernatant was recorded in a
plate reader. The entrapment efficiency of the AuNP-PHF and
AuNP-Dox were calculated using the formula (Section 2.2). As
shown in Figure 1, the obtained values suggest that the drug was
efficiently entrapped at 1:3 ratio with maximum absorbance at
520 nm for AuNP-PHF and 595 nm for AuNP-dox with 85.2%
and 98.47% entrapment efficiency respectively.

3.2 UV-vis spectrophotometer

To confirm the conjugation of PHF and Dox to AuNPs UV-
visible spectroscopy was performed. AuNPs procured fromHiMedia
with a maximum absorption at λmax ~530 nm were was used in the
current study. As depicted in Figure 2 the maximum absorption of
UV-vis light of AuNP-PHF and AuNP-Dox were considerably
shifted from λmax ~530 nm to λmax ~300 nm and λmax ~580 nm

TABLE 1 List of primers used in the present study.

Gene Forward primer Reverse primer

Ferritin GCTCTACGCCTCCTACGTTT GTGGCCAGTTTGTGCAGTTC

LC-3B CAGCGTCTCCACACCAATCT GCGGGTTTTGTGAACCTGAA

NCOA4 GGGCAACCTCAGCCA
GTTAT

GGGATCTGAAAATTCCCA
ACGG

Ferritin GCTCTACGCCTCCTACGTTT GTGGCCAGTTTGTGCAGTTC

GPX-4 ATTGGTCGGCTGGACGAG CCGAACTGGTTACACGGGAA

GAPDH ACAGTCAGCCGCATCTTCTT GGCAACAATATCCAC
TTTACC

Frontiers in Pharmacology frontiersin.org04

Chittineedi et al. 10.3389/fphar.2023.1134758

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1134758


FIGURE 1
Graphical Representation of maximum entrapment efficiency of AuNP-PHF and AuNP-Dox. To quantify the amount of drug loaded into AuNPs,
absorption at different wavelengths wasmeasured. (A) depicts the % of drug entrapped into AuNP at 1:3 dilution.While (B) depicts the % of drug entrapped
into AuNP at 1:5 dilution. As shown in the above figure, 1:3 dilution gave best results with an entrapment efficiency of 85.2% with maximum absorbance at
520 nm for AuNP-PHF and an entrapment efficiency of 98.47% with maximum absorbance at 595 nm for AuNP-dox. (p < 0.05).

FIGURE 2
Pictorial representation of peaks formed in UV-Vis Spectrophotometer. UV-Vis Spectrophotometer is used to assess the maximum absorption of a
particular compounds thereby predicting surface plasmon resonance. The shift in peak demonstrates that there is a change in the chemical composition
of a particular compound. As shown in the above figure, there is shift from 280 nm to 300 nm in (A)which represents the spectrophotometric analysis of
AuNP-PHF, while in (B) which depicts the spectrophotometric analysis of AuNP-Dox with a peak shift from 280 nm to 530 nm. Since AuNPs were
commercially purchased with maximum absorption at 280 nm analysis for AuNPs was not performed.

FIGURE 3
Pictorial representation of FTIR analysis of AuNP-PHF and AuNP-Dox. FTIR analysis is used to predict whether the drug molecules were loaded into
AuNPs. As shown in the above figure, both the drug combinations were effectively loaded in the nanoparticles. The obtained results suggest that the
amide and phenol groups of the drugs formed a layer to the AuNP, thereby serving as a capping agent protecting AuNP from agglomeration leading to
enhanced stability of the AuNPs. (A) FTIR analysis of AuNP-PHF; (B) FTIR analysis of AuNP-Dox.
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respectively, confirming that both PHF and Dox probably
conjugated onto the surfaces of the AuNPs, suggesting that their
photo-physical properties were modified. The position of the
maximum absorption peak and its width depends on numerous
factors, such as the dielectric environment, aggregation of the
particles, morphology of the particles, and sometimes due to the
20 metabolites that are responsible for the synthesis which is
regarded as surface plasmon resonance (SPR).

3.3 FTIR

FTIR analysis is crucial for the identification of the functional
groups that are present in the AuNP-PHF and AuNP-Dox. The
FTIR spectrum of AuNP-PHF and AuNP-Dox were recorded in
the spectral region 3000–300 cm−1 and were depicted in Figure 3.
The FTIR spectrum of AuNPs conjugated with PHF and Dox
showed the O-H symmetric stretching vibration frequency of
phenols at 3325 cm−1 for AuNP-PHF and 3315 cm−1 for AuNP-
dox, signifying the presence of alcohol. Additionally, the
presence of the N-H bond of primary amines was recorded at
1637 cm−1 for AuNP-PHF and 1634 cm−1 for AuNP-dox,
suggesting the presence of an amide group. The obtained
results demonstrate that the amide and phenol groups of the
drugs formed a layer on AuNP, thereby serving as a capping agent
protecting AuNP from agglomeration leading to enhanced
stability of AuNPs.

3.4 Analysis of zeta potential and particle
size

Zeta potential and particle size are two important characteristics of
nanoparticleswhich determines the stability andpotential to penetrate into
the nucleus respectively. The stability and size distribution of the prepared
nanoparticles were determined using zeta sizer. The average particle size
and zeta potential of AuNP-PHF and AuNP-Dox were measured to be
35.1 nm and−0.6 mV; 1.9 nm and 0.2 mV, respectively. The encapsulated
PHF and dox have shown high surface stability (Figure 4).

3.5 XRD

The crystal structures of AuNP-PHF and AuNP-Dox were
examined by XRD (Figure 5). AuNP-PHF showed two intense peaks
at 28.20 and 31.50. While AuNP-Dox showed one intense peak at 31.70

and 7 short peaks at 27.40, 28.50, 45.40, 56.50, 56.60, 66.20, and 66.40

respectively, confirming the polycrystalline face-centered cubic structure
of the synthesized AuNP-PHF and AuNP-Dox.

3.6 Development of paclitaxel-resistant
breast cancer cells

To generate PacR/MCF-7cells, breast cancer cells were
exposed to increasing concentrations of paclitaxel for about

FIGURE 4
Graphical representation of zeta potential and particle size of AuNP-PHF and AuNP-Dox. To check the stability and particle size of the drug loaded
nanoparticles, Zeta potential and particle size analysis was carried out using DLS. As shown in the above figure, the obtained results suggest that AuNP-
PHF and AuNP-Dox showed 35.1 nm particle size and −0.6 mV zeta potential; 1.9 nm particle size and 0.2 mV zeta potential, respectively suggesting that
the drug loaded nanoparticles are highly stable and capable of penetrating into the nucleus. (A) represents the particle size of AuNP-dox; (B)
represents the particle size of AuNP-PHF; (C) represents the Zeta potential of AuNP-PHF; (D) represents the Zeta potential of AuNP-dox.
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10 cycles, and cellular cytotoxicity was measured using an MTT
assay after each cycle. Interestingly, we observed that after the 6th
cycle, there was no further increase in the IC50 of MCF-7 cell
lines, suggesting that the MCF-7 cell lines acquired drug
resistance to paclitaxel with an IC50 of 90 nM, indicating that
the drug-resistant cells showed three times more IC50 than that
of MCF-7 cells.

3.7 Determination of IC50 value through
MTT assay

MTT assay was performed on PacR/MCF-7 cell lines using
PHF, AuNP-PHF, AuNP-Dox, and Dox to determine the
IC50 in the cells. The number of viable cells gradually
decreased with an increase in the concentration of the drug.

FIGURE 5
X-ray Diffraction peaks of AuNP-PHF and AuNP-Dox. To check the crystalline state of the conjugated drugs, XRD analysis was performed and 2 theta
values were obtained. (A) represents the XRD peaks of AuNP-PHF; (B) represents the XRD peaks of AuNP-Dox.

FIGURE 6
Representative pictures of wound healing ability of PacR/MCF-7 cell lines. Briefly, a wound was created using a scrapper in 35 mm Petri plate with
90%–100% confluent cells. The cells were then exposed to PHF ((B)), AuNP-PHF in combination with AuNP-Dox (6 (C)), and Dox (6 (D)) for 24 h.
Untreated cells were chosen as control (6 (A)). As depicted in the figure, the scratch was almost closed in control cells while a consistent breadth of
scratch was observed in drug-treated cells suggesting that the chosen drugs potentially inhibited the metastasis ability of PacR/MCF-7 cells.
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The IC50 value was determined from the standard graph, which
was plotted with a concentration of MTT reagent against
absorbance measured at 570 nm. The obtained
IC50 absorbance was used to calculate the concentration of
the drug. Obtained results suggest that PacR/MCF-7 cells
showed an IC50 of 50 μg/mL for PHF, 20 μg/mL for AuNP-
PHF, 1.9 μg/mL for AuNP-Dox, and for 3.7 μg/mL Dox
respectively suggesting that encapsulation of PHF and Dox
into AuNPs reduced the IC50 values of the respective drugs.

3.8 Migration assay

The ability of a tumor cell to migrate and invade other tissues
denotes its aggressive nature and migration potential. A potent anti-
tumor drug is supposed to inhibit the migration ability, leading to
reduction in tumor metastasis. To check this, a scratch was made
using a scrapper and these cells were exposed to desired drug
concentrations and specific drug combinations. Untreated cells
were chosen as negative control. After exposing them to the
drugs, the breadth of the scratch was examined under the
microscope. As shown in the Figures 6, PHF, AuNP-PHF in
combination with AuNP-Dox and Dox could not be able close
the wound even after 36 h when compared to the wound of control
cells which was almost healed by 36 h suggesting that the chosen

drug combinations potentially inhibited the metastatic ability of
PacR/MCF-7.

3.9 Clonogenic assay

To explore the effect of PHF in combination with low
concentration of Dox and AuNP-PHF in combination with
AuNP-Dox on colony formation, single cells were plated on Petri
plates, and desired drug treatment was given. Untreated cells were
chosen as negative control, while Dox was chosen as positive control.
After drug treatment, the cells were checked for their ability to form
colonies. As expected, both PHF and Dox alone and AuNP-PHF in
combination with AuNP-Dox potentially attenuated the colony
formation. Figure 7 shows the total number of colonies obtained
in controls and drug-treated PacR/MCF-7 cells.

3.10 Gene expression analysis using RT-PCR

After exposing PacR/MCF-7to the chosen drug combinations
(IC50 AuNP-PHF, IC25 AuNP-Dox, IC50 PHF, and IC25 Dox,
IC50 Dox), RT-PCR was carried out to analyze the expression of
ferritinophagy markers. RT-PCR analysis suggested that the
negative regulators of ferritinophagy, i.e., ferritin and GPx4, were

FIGURE 7
Representative pictures of clonogenic ability of PacR/MCF-7 cell lines. Briefly, single cells were plated on 35 mm Petri plates and incubated for 24 h.
Once the cells were adhered, they were exposed to PHF (7 (B)), AuNP-PHF in combinationwith AuNP-Dox (7 (C)), and Dox (7 (D)) for 24 h. Untreated cells
were chosen as control (7 (A)). After incubation, the cells were visualised and the number of colonies formed were recorded. As depicted in the figure, all
the drug combinations potentially halted colony formation thereby reduced the tumor-initiating capability.
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downregulated while NCOA4 and LCIIIB, regarded as positive
modulators of ferritinophagy, have been upregulated (Figure 8).

3.11 Cell cycle analysis

Due to the elevated expression of various growth factors, tumor
cells exhibit irregular cell proliferation. The ability of a compound to
arrest cell cycle progression at specific checkpoints leading to
sensitization of tumor cells to cell death is regarded as a
hallmark of novel antineoplastic drugs. To further investigate the
effects of the combination of AuNP-polyherbal formulation along
with AuNP-dox to induce ferritinophagy, their effect on cell
progression has been checked. Briefly, PacR/MCF-7 cells were
stained with PI, and the progression of cells into various phases
of the cell cycle was monitored. The obtained data revealed that the
cells had been accumulated in the G0/G1 phase of the cell cycle in
both the groups (AuNP-PHF in combination with AuNP-dox and
PHFwith dox) with an increase from 58.53% in control to 66.2% and
68.75 in the G0/G1 phase respectively in PacR/MCF-7 cells. While
dox alone induced S-phase arrest with an increase in the percent of
cells from 6.12 in control to 8.84 in dox-treated PacR/MCF-7cells
(Figure 9).

3.12 Dual AO/EtBr staining

To visualise apoptotic cells, both treated and untreated PacR/
MCF-7 cells were stained with dual dyes to stain both cytoplasm and
nuclei. Acridine orange was used to stain the cytoplasm, while
ethidium bromide was used to stain the nuclei. The underlying
principle of the staining is that viable cells comprise double-stranded
DNA and emit green fluorescence. In contrast, dead cells have

single-stranded DNA and emit yellow (early apoptosis) to red (late
apoptosis) fluorescence. PacR/MCF-7 cells treated with IC50 PHF
and AuNP-PHF in combination with AuNP-dox showed crescent
shaped yellow-green AO fluorescent indicating early apoptosis.
While PacR/MCF-7 cells treated with IC50 dox resulted in late-
apoptosis characterized by concentrated and asymmetrically
localized orange nuclei. Overall, our results suggest that PacR/
MCF-7 treated with Dox induced late apoptosis, while the other
combination of drugs induced early apoptosis (Figure 10). To
quantify apoptotic bodies generated as a result of AO/EtBr
staining, the fluorescence intensity was quantified using ImageJ
software and the results were represented in bar diagram as
shown in the panel (e) of Figure 10.

3.13 Cellular ROS assay

Targeting the mitochondria is the characteristic feature to
sensitize tumor cells to cellular death pathways, to determine
whether the anti-proliferative effect of the chosen drugs was
mediated by the generation of cellular ROS, the ROS levels in
PacR/MCF-7 was assessed by DCF-DA fluorescent staining. To
visualize the generation of cellular ROS, both drug-treated and
untreated PacR/MCF-7 cell lines were stained with DCF-DA, that
selectively stains cellular ROS. Detection of cellular ROS by DCF-
DA depends on diffusion. Once, DCF-DA enters into the cell, it
undergoes deacetylation to form a non-fluorescent compound
which is mediated by cellular esterase. This compound, when
reacts with ROS forms highly fluorescent molecule named as
2′,7′ dichlorofluorescein (DCF). The intensity of fluorescence
emitted by the cells depend on the levels of cellular ROS
generated. The stained cells were visualised under EVOS FLc
inverted fluorescent microscope and the pictures were recorded

FIGURE 8
Gene expression profile of ferritinophagy markers obtained after RT-PCR analysis. Real time PCR amplifies the gene present in the sample with the
help of the picked primers specific to the gene of interest. Obtained data suggests that the ferroptinophagic markers with oncogenic activity were
downregulated. While ferroptinophagic markers serving as tumor suppressors have been significantly upregulated. (p < 0.05).

Frontiers in Pharmacology frontiersin.org09

Chittineedi et al. 10.3389/fphar.2023.1134758

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1134758


at ×10 magnification. As shown in Figure 11, PacR/MCF-7 cells
treated with the desired combination of drugs showed pyknotic
nuclei with green cytoplasm indicating ROS suggesting that both the
drugs individually and in combination induced ROS production. To
quantify cellular ROS generated as a result of DCF-DA staining, the
fluorescence intensity was quantified using ImageJ software and the
results were represented in bar diagram as shown in the panel (e) of
Figure 11.

4 Discussion

Poor solubility is a major concern for the bioavailability of
natural bioactive compounds such as phytosterols, flavonoids, etc
(Lee et al., 2018; Pandrangi et al., 2022b). Various types of drug
delivery approaches have been established to overcome this
problem. Among them, a nanoparticle-based drug delivery
system is more efficient in delivering hydrophobic drugs into the
cells without degrading them in circulation. Due to their advantages
with respect to the surface characterization that permits easy
functionalization with biological as well as synthetic compounds
accompanied with low toxicity, gold nanoparticles have gained more

attention as drug delivery vehicles (Amreddy et al., 2018). Targeted
drug delivery facilitates controlled release of the drug in precise
amounts at the targeted sites. This approach not only enhances the
efficacy of the drug but also reduces the overall dose, which
ultimately leading to unwarranted side effects caused by the anti-
cancer agents (Yang et al., 2021). On the other hand, Soumen Das
et al. (2012) have demonstrated that consumption of swarna bhasma
which contains gold nanoparticles showed better prognosis and
survival outcome in rectal cancer group.

Our results from the characterization studies reveal that PHF
and dox loaded into AuNPs showed higher stability with a zeta
potential of −0.6 mV and 0.2 mV and with a particle size of 35.1 nm
and 1.9 nm, respectively. According to the literature, AuNPs loaded
with various drugs with zeta potential ranging from −30 to + 30 mV
show high stability. Additionally, the literature suggests that the
particle size of AuNPs less than 50 nm could easily penetrate the
nucleus and shows its cytotoxicity on the DNA. Cell cycle analysis
demonstrated that the AuNP-PHF and AuNP-Dox potentially
induced G0/G1 arrest, which signifies DNA fragmentation. All
these results demonstrate that the loaded drugs potentially
penetrated the nucleus and induced DNA damage. To further
elucidate the mechanism through which the selected drugs have

FIGURE 9
Graphical representation of cell cycle analysis acquired through flow cytometer. represents the quantification of cell cycle analysis. (A) Represents
PacR/MCF-7CSCs control; (B) represents PacR/MCF-7CSCs treated with IC50 of PHF alone; (C) represents PacR/MCF-7CSCs treated with combination
of IC50 of AuNP-PHF and IC25 of AuNP-dox; (D) represents PacR/MCF-7CSCs treated with IC50 of dox alone. As shown in the Figure 7, there is a rise in
percentage of cells from 58.53% in control to 66.2% and 68.75 in the G0/G1 phase in PacR/MCF-7cells treated with IC50 PHF and combination of
IC50 of AuNP-PHF and IC25 of AuNP-dox respectively, suggesting that these drugs induced G0/G1 arrest. While dox alone induced S-phase arrest with
an increase in the percent of cells in S-phase from 6.12 in control to 8.84 in dox-treated PacR/MCF-7 cells.
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induced cell death, gene expression analysis was carried out to
evaluate the expression of ferritinophagy genes.

Ferritinophagy is a novel mechanism that depends on the
autophagic degradation of ferritin. Ferritin is an iron-storage
protein found in large quantities, particularly in cancer and
cancer stem cells (CSCs), to sustain the vital tumor
microenvironment (Ryu et al., 2018). Degrading ferritin reserves
paved a novel pathway to induce cell death in cancer and CSCs by
activating lipoxygenase and Fenton reactions. Fenton reactions play
a vital role in inducing tumor cell death by elevating ROS, while
lipoxygenase catalyzes the generation of lipid ROS, which is the
hallmark of ferroptosis (Yang et al., 2014). Ferritinophagy and

ferroptosis are similar cell death pathways, and the only
difference is that in ferritinophagy, ferritin degradation is
mediated by the activation of autophagy.

Tumor relapse/recurrence is one of the major reasons for
increasing cancer incidence leading to poor survival outcomes.
The major factor responsible for tumor relapse/recurrence is the
presence of CSCs (Resende and Ulrich, 2013; Pandrangi et al., 2014b;
Malla et al., 2018). CSCs are the major drivers for enhanced
proliferation, differentiation, EMT transition, acquired resistance
to conventional therapies and apoptosis (Aktas et al., 2009). Hence,
in the present study we focused on generation paclitaxel-resistant
breast cancer stem cells which are genotypically identical to CSCs.

FIGURE 10
Representative pictures of apoptotic bodies generated in PacR/MCF-7 cell lines. Briefly, the cells were exposed to exposed to PHF (10 (B)), AuNP-
PHF in combinationwith AuNP-Dox (10 (C)), and Dox (10 (D)) for 24 h. Untreated cells were chosen as control (10 (A)). (E) is the graphical representation of
the fluorescent intensity of AO and EtBr stains. After incubation, the cells were stained with cytoplasmic stain acridine orange followed by counterstaining
with nuclear stain ethidium bromide. The stained cells were visualized under EVOS FLc inverted fluorescent microscope and the images were
recorded at ×10 magnification. Fluorescent images reveal that PHF and AuNP-PHF in combination with AuNP-Dox treated PacR/MCF-7 cells induced
early apoptosis, while Dox treated PacR/MCF-7 cells induced late apoptosis. (p < 0.05)
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As expected AuNP-PHF in combination with low concentration of
AuNP-Dox re-sensitized PacR/MCF-7CSCs to cell death and
induced ferritinophagy.

The main purpose of the present study is to achieve greater
solubility and reduce the concentration of dox. Dox is one of the
conventional anti-neoplastic drugs used for various malignancies
(Micallef and Baron, 2020). However, adverse side effects of dox
are the major issue for the increased mortality rate caused due to
secondary infections. Cardiotoxicity is one of the major concerns
that is affecting overall patient survival (Thorn et al., 2011; Zhao
and Zhang, 2017; Chikati et al., 2018; Karabicici et al., 2021). In our
previous studies, we demonstrated that aqueous Theobroma
extract, when used in combination with low levels of dox
(IC25), induced ferroptosis in carboplatin-resistant cervical
cancer stem cells (Chittineedi et al., 2022b). Hence, in the
present study, we hypothesized that loading the drugs (PHF

and dox) into AuNPs might enhance the solubility of the drug
and delivers the drug into the target site there by reducing the
concentration of drug that is to be used accompanied with
enhanced drug efficacy.

5 Conclusion and future prospects

Based on our results we conclude that loading the anti-
cancer drugs into AuNPs, enhanced the stability of these drugs
accompanied with reduced IC50. Additionally, combination
therapy of PHF with dox reduced the IC50 of dox drastically
leading to minimal side-effects. However, further in vivo studies
are needed to be done to check the potential of these drugs to
induce ferritinophagy without any side effects in animal
models.

FIGURE 11
Representative pictures of cellular ROS generated in PacR/MCF-7 cell lines. Briefly, the cells were exposed to exposed to PHF (11 (B)), AuNP-PHF in
combination with AuNP-Dox (11 (C)), and Dox (11 (D)) for 24 h. Untreated cells were chosen as control (11 (A)). (E) is the graphical representation of the
fluorescent intensity of DCF-DA and Hoechst 33342 stains. After incubation, the cells were stained with DCF-DA that specifically emits fluorescence in
presence of cellular ROS followed by counterstaining with nuclear stain Hoechst 33342. The stained cells were visualized under EVOS FLc inverted
fluorescent microscope and the images were recorded at ×10magnification. Fluorescent images reveal that all the treated cells showed elevated cellular
ROS with pyknotic nuclei. While control cells showed large nuclei with faint green fluorescence (p < 0.05).
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