Journal of Drug Delivery Science and Technology 110 (2025) 107098

ELSEVIER

Contents lists available at ScienceDirect
Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

Check for

Harnessing nanoencapsulation for the repurposing of hydroquinidine | e

against breast cancer

Turan Demircan * ©, Daela Milinkovic ”, Esin Sakall1 Getin ®, Ebrunur Aksu ‘®, Oya Tagit ™"

@ Mugla Sitki Kogman University, Faculty of Medicine, Medical Biology Department, Mentese, 48100, Mugla, Tiirkiye
> FHNW University of Applied Sciences and Arts Northwestern Switzerland, Institute of Chemistry and Bioanalytics, Group of Biointerfaces, Muttenz, Switzerland
¢ Mugla Sitki Kogman University, Institute of Health Sciences, Medical Biology Department, Mentese, 48100, Mugla, Tiirkiye

ARTICLE INFO ABSTRACT

Keywords:
Hydroquinidine
Breast cancer
PLGA nanoparticles
Drug delivery
Anticancer efficacy
Nanoencapsulation

Repurposing drugs beyond their original medical indications can facilitate cost- and time-effective drug devel-
opment and a sustainable drug development process. Nanoencapsulation strategies can further expand the
number of potentially suitable drug candidates for repurposing. In this study, we explored the anticancer efficacy
of hydroquinidine (a class IA antiarrhythmic cinchona alkaloid drug) loaded into PLGA nanoparticles (HQ-NP)
on breast cancer cells. The study compared HQ-NP to soluble hydroquinidine (HQg,) in estrogen receptor-
positive MCF7 and triple-negative MDA-MB-231 breast cancer cell lines. Overall, nanoencapsulation resulted
in more potent and selective toxicity in comparison to soluble drug. The mechanisms involved inducing apoptosis
and oxidative stress, disruption of mitochondrial membrane potential, and suppression of cell proliferation. The
enhanced potency of HQ-NP was consistent across multiple assays and on both cell lines, suggesting a broad
applicability in different breast cancer subtypes. In silico analyses indicated the cancer-related pathways, such as
PI3K-Akt and cAMP signaling, as potential targets of HQ, which is likely to be driven by the putative inhibition of
voltage-gated ion channels as suggested by molecular docking studies. This research highlights the potential of
HQ-NP as a novel, multi-modal anticancer agent for breast cancer treatment, warranting further investigation
towards clinical application.

1. Introduction

Cancer remains one of the leading causes of mortality worldwide,
demanding continued research into the discovery and development of
novel therapeutic agents. Identifying new therapeutic potential of
existing drugs beyond their original medical indication, so-called drug
repurposing (or repositioning), is a promising approach for cost- and
time-effective drug development [1]. Leveraging the established
knowledge of the drug safety profiles, drug repurposing can significantly
reduce development costs, shorten timelines, and simplify regulatory
approval procedures [2], leading to a more sustainable drug develop-
ment process. The efficiency of repositioned drugs is strictly evaluated
by their side effects and resistance profiles [1]. As the physicochemical
characteristics of drugs are tailored to the requirements of originally
intended diseases, repurposing these drugs for other indications often
requires new formulation and delivery methods to maximize their effi-
cacy and safety profiles. The risks of poor solubility, sub-optimal
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accumulation and bioavailability in tumors, rapid clearance, and
off-target toxicity of drugs repositioned against cancer can be addressed
by formulating and delivering them as nanoparticles (NPs) [3].
Improved tumor accumulation, sustained release profiles, and reduced
systemic toxicity have been reported for various types of nano-
encapsulated drugs compared to their free drug counterparts [4].
Moreover, nanoparticle-based delivery systems protect drugs from pre-
mature degradation and can overcome multidrug resistance mecha-
nisms often encountered in cancer cells. NP-based formulations can also
allow for customization of pharmacokinetics and biodistribution, as well
as targeted delivery to the new cellular and molecular targets [5],
expanding the range of suitable drug candidates for cancer treatment.
Hydroquinidine (HQ), a class IA antiarrhythmic cinchona alkaloid
drug [6], has long been utilized in managing ventricular arrhythmias via
blocking the fast sodium channels [7]. Recently, we have demonstrated
the effects of HQ on lung, colon, and liver cancer models. Notably, HQ
could induce apoptosis, inhibit cell proliferation, and modulate key
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signaling pathways linked to cancer progression [8-10]. The mechanism
of action involves multiple targets, such as modulation of potassium
signaling [11], which facilitates its broad-spectrum anticancer activity.
However, HQ is associated with poor aqueous solubility and gastroin-
testinal side effects upon oral administration [12]. Therefore, reposi-
tioning HQ for cancer therapy could greatly benefit from
nanoencapsulation strategies, which we explore in this study for breast
cancer.

The highly heterogeneous nature of breast cancer demands diverse
treatment approaches, as different molecular subtypes exhibit varying
responses to therapies. Two widely studied breast cancer cell lines, MCF-
7 and MDA-MB-231, represent distinct molecular profiles and are
frequently used in preclinical research to evaluate potential anticancer
agents [13]. MCF-7 cells are characterized by their estrogen receptor
(ER) positivity, making them responsive to hormonal therapies and
representative of luminal A breast cancers [14]. In contrast,
MDA-MB-231 cells are triple-negative, lacking expression of ER, pro-
gesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2) [15]. This triple-negative phenotype is associated with more
aggressive disease and limited targeted therapy options [16], under-
scoring the need for novel drug candidates.

In this study, we investigate the therapeutic potential of HQ-loaded
polymeric NPs made of poly(L-lactide-co-glycolide), PLGA, against
breast cancer. PLGA is among the most commonly studied polymers in
drug delivery applications due to its excellent biocompatibility, tuneable
degradation and release characteristics, and long clinical history [17].
The high versatility of PLGA allows for the generation of particles in
different sizes [18], using various preparation techniques [19], also in
large production scales [20,21]. We report on the preparation of
HQ-loaded PLGA NPs (HQ-NP) and evaluate their effects on breast
cancer cell lines MCF-7 and MDA-MB-231 in comparison to soluble HQ
(HQsoD- Our findings indicate that HQ-NPs could generate more potent
and selective toxicity against both cell types via inducing mitochondrial
dysfunction and oxidative stress, which is likely to be driven by the
putative inhibition of voltage-gated ion channels as suggested by mo-
lecular docking studies. The obtained results suggest that repositioning
of HQ as nanoformulations against breast cancer could potentially
advance the development of more effective therapies, which should be
validated in future in vivo studies.

2. Materials and methods
2.1. Materials

Hydroquinidine (HQ), Resomer® 502 H poly(lactide-co-glycolide)
(PLGA) (50:50 lactide:glycolide ratio, Mw 7000-17000), poly(vinyl
alcohol) (PVA) (Mw 9000), dichloromethane (DCM), Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), fetal bovine serum (FBS), and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich. Alexa
Fluor®488 Annexin V/Dead Cell Apoptosis Kit, Total ROS Assay Kit, and
Click-iT™ EdU (5-Ethynyl-2-deoxyuridine) Cell Proliferation Kit were
obtained from Thermo Fisher Scientific. All chemicals were used as
received.

2.2. Preparation and characterization of nanoparticles

2.2.1. Particle preparation

Empty and HQ-loaded PLGA NPs were prepared using an emulsion
and solvent evaporation-extraction method as described previously
[22]. Briefly, 10 mg of PLGA in 0.6 mL of DMSO: DCM mixture (1:5
ratio) was added to 2.5 mL of aqueous phase containing 2 % PVA so-
lution and sonicated for 2 min at 40 % amplitude using a Branson S250
probe sonicator. The organic phase was evaporated overnight, and NPs
were collected by centrifugation at 21 300 g for 35 min, washed three
times with ultrapure water, and lyophilized. HQ-loaded NPs were pre-
pared using the same method with an addition of 1 mg, 2 mg, or 4 mg
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HQ into the organic phase.

2.2.2. Particle characterization

The size and polydispersity index (PDI) of PLGA NPs were analyzed
by dynamic light scattering using a Zetasizer Nano-ZS (Malvern In-
struments). The morphology of the nanoparticles was characterized
using a multi-mode NanoScope atomic force microscope (AFM)
(Bruker). 100 pL of 1 mg/mL particle suspension was dried on clean
glass substrates and particles were imaged in tapping mode. Silicon
nitride cantilevers with nominal spring constants of 0.4 N/m (Bruker)
were used for the imaging. The scan rate was set at 1 Hz. 256 lines with
256 points per line were recorded during image acquisition. AFM images
were analyzed using NanoScope analysis software v3.0 (Bruker). The
HQ content of the particles was quantified using UV-Vis spectroscopy. A
10 mg/mL HQ-NP suspension was prepared in a 1:10 DMSO: water
mixture, and then the absorbance at 330 nm was recorded using a Cary
60 UV-vis spectrophotometer (Agilent Technologies). Blank measure-
ments were done using empty PLGA nanoparticles at the same concen-
tration as the HQ-NPs for baseline correction to eliminate any influence
of scattering or background interference in the absorbance readings at
330 nm. A standard series of HQ in 1:10 DMSO: water mixture (10-200
pg/mL) was prepared, and the absorbance values at 330 nm were used to
plot a calibration curve. The equation of the linear fit of the curve was
used to calculate the amount of HQ in the particles. Then, the encap-
sulation efficiency (EE) and drug loading (DL) were calculated using
Equations (1) and (2), respectively.

amount of drug in NPs

E lation Effici %) =
neapsulation Efficiency (%) total amount of drug used to prepare NPs

x 100
(Eq. 1)
__amount of drug in NPs

Drug Loading (%) = total weight of NPs x 100

(Eq. 2)

2.3. Cell culture and chemicals

Human breast cancer cell lines MCF-7 (ATCC Number: HTB-22) and
MDA-MB-231 (ATCC Number: HTB-26), and human embryonic kidney
cells (HEK293, ATCC Number: CRL-1573) were cultured in DMEM
supplemented with 10 % FBS and 1 % penicillin/streptomycin. Cultures
were maintained at 37 °C in a humidified incubator with 5 % CO2. Cells
were passaged upon reaching 80 % confluence, with growth monitored
using an inverted microscope. HQ was dissolved in DMSO to create stock
solutions, which were then diluted in complete culture medium to the
desired concentrations for subsequent experiments.

2.4. Cell viability assay

MTT assay was used to study cell viability. MCF-7 and MDA-MB-231
cells were seeded in 96-well plates at densities of 0.1 x 10° and 0.05 x
10° cells per well for 24- and 48-h treatments, respectively. HEK293
cells were tested in parallel as ‘healthy’ controls to investigate the
selectivity of HQ against breast cancer cell lines. After attachment, cells
were exposed to various concentrations of HQ-loaded PLGA NPs
(0.0001 mM-0.4 mM) for the specified durations. Controls included
culture medium alone (negative) and 10 % DMSO in culture medium
(positive). Following the manufacturer’s protocol, absorbance was
measured at 570 nm. ICs( values were calculated using dose-response
curve fitting with the “drc” package in R. The selectivity index (SI) of
soluble HQ and HQ-NPs were determined by dividing the ICsq values of
the healthy cell line HEK293 by those obtained for MCF7 and MDA-MB-
231 cells.
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2.5. Colony formation assay

To study the long-term effects of HQ-NPs on colony formation, 2 x
10° cells per well were seeded in 96-well plates. Medium was replaced
every two days until cells reached at least 80 % confluence. Cells were
then fixed with methanol, stained with Crystal Violet, and imaged using
a bright-field microscope. Colony number and intensity were quantified
using the ColonyArea plugin of ImagelJ software.

2.6. Scratch-wound assay

Cell migration was assessed using an in vitro scratch-wound assay.
Cells were seeded in 24-well plates and grown to confluence. After
creating a cell-free zone with a pipette tip, cells were treated with HQ-
loaded PLGA NPs at the 48-h ICsy concentration. Wound closure was
monitored at 0 and 24 h post-wounding using bright-field microscopy.
Wound areas were calculated using the MRI_ Wound_Healing Tool plu-
gin in ImageJ.

2.7. Spheroid formation assay

To evaluate anchorage-independent growth, a soft agar colony for-
mation assay was performed. A base layer of agar and culture medium
was prepared in 12-well plates. Cells were then suspended in a mixture
of agar solution and either control medium or HQ-NP containing me-
dium at the 24-h ICsy concentration. After 30 days of incubation, col-
onies were imaged and analyzed using ImageJ with the ParticleSizer
plugin.

2.8. Apoptosis assay

Apoptotic effects were analyzed using the Alexa Fluor®488 Annexin
V/Dead Cell Apoptosis kit. Cells were seeded in 12-well plates and
treated with HQ-NPs at the ICso concentration for 24 h. Following
treatment, cells were processed according to the manufacturer’s in-
structions and analyzed by flow cytometry to determine the proportion
of apoptotic and necrotic cells.

2.9. Reactive oxygen species (ROS) assay

ROS levels were determined using the Total ROS Assay Kit. MCF-7
and MDA-MB-231 cells were plated at a density of 5 x 10° cells per
well in 6-well plates and incubated for 24 h. After this incubation period,
100 pL of 1 x ROS Assay Stain was added to the wells to label the cells,
followed by a 60-min incubation at 37 °Cin a 5 % CO; environment. The
cells were then treated with the tested compounds for 28 h to promote
ROS generation. ROS levels in live cells were subsequently analyzed
using flow cytometry (BD Biosciences, San Jose, CA, USA).

2.10. Mitochondrial membrane potential (MMP) assessment

MCF-7 and MDA-MB-231 cells were seeded at a density of 5 x 10°
cells per well in 6-well plates and incubated for 24 h. Following this,
cells were either left untreated or exposed to tested compounds for an
additional 48 h. After treatment, cells were collected and incubated with
400 nM TMRE for 30 min at 37 °C in a humidified incubator with 5 %
COs. Subsequently, the cells were washed and resuspended in ice-cold
PBS by centrifugation (2000 rpm, 3 min). Changes in MMP, indicative
of early apoptotic events, were quantitatively analyzed using the TMRE-
Mitochondrial Membrane Potential Assay Kit (Abcam, ab113852,
Cambridge, UK), and the fluorescence was measured via flow cytometry
(BD Biosciences, San Jose, CA, USA).

2.11. Cell proliferation assay

Cell proliferation was assessed using the Click-iT™ EdU (5-Ethynyl-
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2-deoxyuridine) Cell Proliferation Kit. Cells were seeded in 96-well
plates, treated with HQ-NPs for 24 h, and then incubated with EdU.
After fixation and permeabilization, EAU incorporation was detected
following the kit’s protocol. Nuclei were counterstained with Hoechst
dye. Fluorescence microscopy images were analyzed using ImageJ to
quantify EdU-positive and total cell numbers.

2.12. In silico analysis

Molecular docking studies were performed using Autodock Vina [23,
24] available in the SwissDock 2024 web tool. The affinity of HQ to-
wards potassium channels Kv1.1 (PDB ID: 2AFL), Kv1.3 (PDB ID: 7EJ1),
and Kv11.1 (PDB ID: 5VA1l) and sodium channels Navl.7 (PDB IDs:
6J8H, 5EKO, and 7W9K) was studied in comparison to known small
molecule inhibitors of the corresponding channels (Table S.I. 1). The
SMILES of the compounds were retrieved from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). The docking parameters were
kept to their default values except for sampling exhaustivity, which was
set as 64. The calculated binding energies were plotted using OriginPro
software. Targeted docking studies were conducted on the active sites of
Kvl.1 and NaV1.7 utilizing AutoDock Vina, integrated with PyRx. The
grid coordinates were established at 69A x 26A x 17 A for Kv1.1 and
2104 x 214A x 208 A for NaV1.7, with a precise grid spacing of 0.375 A
for docking accuracy. The docking configuration exhibiting the lowest
binding affinity was chosen for further investigation. Visualization of
the docking outcomes was performed using Pymol software and the
Proteinsplus tool (https://proteins.plus/) to analyze the binding pose
and chemical interactions. For further chemoinformatics analysis, po-
tential targets for HQ were predicted using the Swiss target prediction
tool [25]. A combination of 2D and 3D similarity assessments generated
a list of predicted proteins, which were subsequently analyzed for Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment using
the ‘ClusterProfiler’ package [26] in the R environment. The top 20
KEGG pathways were plotted.

3. Results
3.1. Preparation and characterization of HQ-loaded PLGA NPs

Empty and HQ-loaded PLGA NPs (eNPs and HQ-NPs, respectively)
were prepared via an emulsion-solvent extraction method using a probe
sonicator (Fig. la). Fine emulsion droplets formed through high-
frequency vibrations were stabilized by the surfactant (PVA), and the
hardened NPs were obtained after evaporation and extraction of the
organic phase. Different amounts of HQ were added to the organic phase
to find the best formulation in terms of size distribution and drug
loading. The process yielded monodisperse NPs of approx. 150 nm size
and a small polydispersity index (PDI, <0.2) for both eNPs and HQ-NPs
(Fig. 1b). The lyophilization step resulted in a remarkable increase in the
size of eNPs and HQ-NPs prepared using 2 mg HQ accompanied by an
increase in PDI (Fig. 1c). Lyophilization is typically carried out in the
presence of cryoprotectants and is known to cause several stresses
leading to physical instability of nanoparticles [27]. Although we did
not use a cryoprotectant for the lyophilization step, the PVA surfactant
used in the formulation has been shown to exhibit a cryoprotective effect
itself [28]. The HQ-NPs prepared using 4 mg HQ displayed only a small
increase in size upon lyophilization with a PDI <0.2, and exhibited a
spherical morphology as determined using atomic force microscopy
(Fig. 1d). Therefore, this formulation was selected for further analysis.

The encapsulated HQ was quantified as 52 pg/mg particle using
UV-vis. absorption spectroscopy, which corresponded to 9.6 % encap-
sulation efficiency (EE) and 5.2 % drug loading (DL). The characteristics
of eNPs and HQ-NPs used in the following in vitro studies are summa-
rized in Table 1.
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Fig. 1. (a) Schematic presentation of PLGA NP preparation process. Size and polydispersity index (PDI) of eNPs (0 mg HQ) and HQ-NPs obtained by dynamic light
scattering before (b) and after (c) lyophilization. The amount of HQ used for the preparation of NPs is depicted as ‘mg HQ’. (d) Atomic force microscopy height image

of HQ-NPs. Scan size: 1.5 x 1.5 pm.

Table 1
Properties of eNPs and HQ-NPs used in the in vitro studies.
Size (nm) pDI' EE (%)? DL (%)*
eNP 207.6 (+£0.4) 0.12 (+0.02) n a. n a.
HQ-NP 168.7 (+2.1) 0.09 (£0.03) 9.6 5.2

IPDI: polydispersity index, 2EE: encapsulation efficiency, 2DL: drug loading, n.
a.: not applicable.

3.2. Nanoencapsulation improves potency and selective toxicity of HQ
against breast cancer cell lines

The ICsg values of HQy, and HQ-NPs were determined on MCF7 and
MDA-MB-231 breast cancer cell lines using an MTT cytotoxicity assay,
which showed a clear dose-dependent toxicity for both cell types. The
MTT assays revealed that HQ-NPs exhibited a significant toxicity against
both MCF7 (Fig. 2a) and MDA-MB-231 (Fig. 2b) breast cancer cells, with
an ICsp of 33 pM and 27 pM, respectively. In contrast, empty nano-
particles (eNP) tested in equal amounts as HQ-loaded counterpars
showed no toxicity at the highest concentration tested. This stark dif-
ference indicates that the nanoparticle delivery system itself is non-toxic
to the cells. In comparison to HQ-NPs, the ICsg value of free drug (HQso))
was approximately 10-fold and 8-fold higher for MCF7 (320 pM) and
MDA-MB-231 (210 uM) cell lines, respectively (Table 2). This improved
potency clearly highlighted the advantages of the nanoparticle-based
delivery of HQ.

HEK293 were also tested in parallel as ‘healthy’ counterparts to
study whether HQ toxicity was selective towards the breast cancer cell
lines (Figure S.I.1). The selectivity index (SI) values derived from MTT

assays by dividing the ICsq values for the HEK293 cells by the ICs values
for the breast cancer cell lines revealed distinct profiles for the tested
compounds (Table 2). Usually, a treshold of 3 is set for SI values to
indicate the desired selectivity against cancer cells [29]. The free drug
HQqo exhibited moderate selectivity toward MDA-MB-231 cells (SI =
3.02) but limited selectivity for MCF-7 cells (SI = 1.98), whereas its
nanoencapsulated counterpart, HQ-NP, demonstrated significantly
enhanced selectivity for both breast cancer cell lines, with SI values of
5.37 (MCF-7) and 6.56 (MDA-MB-231). Nanoencapsulation improved SI
values by more than two-fold compared to HQj,, highlighting the role of
nanoparticle delivery in enhancing therapeutic specificity. Among the
standard drugs, Doxorubicin showed higher selectivity for MCF-7 (SI =
7.4) than MDA-MB-231 (SI = 4.66), while Paclitaxel exhibited strong
selectivity for MCF-7 (SI = 13.3) and moderate selectivity for
MDA-MB-231 (SI = 5.7). Notably, HQ-NP’s SI values approached those
of Doxorubicin and Paclitaxel, particularly in MDA-MB-231 cells (6.56
vs. 4.66 and 5.7, respectively), despite its higher ICs¢ values.

3.3. HQ-NPs inhibit growth and migration of MCF7 and MDA-MB-231
cells

To further investigate the anti-carcinogenic properties of HQ-NP, we
performed scratch-wound assay and compared four experimental
groups: Control (no treatment), HQ-NP (in ICso concentrations), HQso
(in the same concentration as encapsulated HQ), and eNP (equivalent
nanoparticle concentration as HQ-NP, without drug) (Fig. 3). Significant
differences in cell migration among these groups were observed for both
MCF7 (Fig. 3a) and MDA-MB-231 cells (Fig. 3b). Control MCF7 cells
efficiently closed the wound, with only a 12 % relative gap remaining
after 24 h (Fig. 3a). HQ-NP treatment, however, dramatically inhibited
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b

MDA-MB-231 Viability Upon HQ-NP Treatment
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Fig. 2. The comparative viability of MCF7 (a) and MDA-MB-231 (b) cells treated with different concentrations of HQ-NP for 24 h, highlighting its dose-dependent
anti-carcinogenic effects on cell viability. Statistical significance is represented as ***p < 0.001. ns; non-significant, nv; non-viable.

Table 2

ICsp values and selectivity index (SI) of HQso, HQ-NP, Doxorubicin, and Paclitaxel.

ICso + SE (M)

Selectivity Index (SI)

Compound MCF-7 MDA-MB-231 HEK-293 MCF-7 MDA-MB-231
HQso1 320 +17.4 210 +11.6 633 + 70.2 1.98 3.02

HQ-NP 33+28 27 +£3.4 177 +£12.4 5.37 6.56
Doxorubicin 0.5 £+ 0.08 0.8 £0.11 3.7+04 7.4 4.6
Paclitaxel 0.015 + 0.001 0.035 + 0.0014 0.2 + 0.009 13.3 5.7

cell migration, leaving an 86 % relative gap (p < 0.001 compared to
control). eNP-treated cells behaved similarly to the control group, with a
16 % relative gap (p > 0.05), while HQy, showed intermediate effec-
tiveness, resulting in a 25 % relative gap (p < 0.01). These results
significantly differed across all groups, highlighting the superior anti-
migratory effect of HQ-NP.

The wound healing assay with MDA-MB-231 cells corroborated our
findings in MCF7 cells, demonstrating the superior anti-migratory ef-
fects of HQ-NP (Fig. 3b). Control MDA-MB-231 cells exhibited robust
migration, with only an 11 % relative gap after 24 h eNP-treated cells
showed similar behavior, with a 10 % relative gap, again confirming the
non-inhibitory nature of the nanoparticle system itself. HQs, demon-
strated moderate inhibition of migration, resulting in a 23 % relative
gap. However, HQ-NP treatment profoundly impaired cell migration,
leaving an 83 % relative gap.

We then examined the impact of these treatments on both
anchorage-dependent and independent growth using colony formation
(CFA) and soft agar (SFA) assays, respectively (Fig. 4). In both 2D
(Fig. 4a) and 3D (Fig. 4b) culture conditions, HQ-NP demonstrated
remarkable potency in inhibiting MCF7 cell growth compared to all
other groups (p < 0.001). eNP-treated cells showed growth patterns
similar to the control group (p > 0.05), further confirming the non-toxic
nature of the nanoparticle system. HQgo, at the tested concentration,
exhibited only mild growth-limiting effects on MCF?7 cells in both assays,
and there was a significant difference in growth capacity between HQg)
and HQ-NP treated MCF?7 cells (p < 0.001).

Examination of anchorage-dependent and independent growth of
MDA-MB-231 cells through colony formation and soft agar assays yiel-
ded results highly consistent with those observed for MCF7 cells. HQ-NP
exhibited superior inhibition of MDA-MB-231 cell growth in both 2D
(Fig. 4c) and 3D (Fig. 4d) culture conditions compared to all other
treatment groups (p < 0.001). eNP-treated cells displayed growth

patterns similar to the control group (p > 0.05), while HQs, showed
moderate growth-limiting effects with significant growth-limiting ac-
tivity in comparison to the control group (p < 0.001).

Collectively, these results provide compelling evidence that HQ-NP
significantly outperforms HQg, in inhibiting migration and both 2D
and 3D growth of MCF7 and MDA-MB-231 breast cancer cells.

3.4. HQ-NP induces apoptosis, mitochondrial dysfunction, and suppresses
proliferation in MCF7 cells

Following our initial findings, we conducted in-depth cellular ana-
lyses on MCF7 and MDA-MB-231 cells to elucidate the mechanisms
underlying the observed anti-cancer effects. Given the lack of significant
differences between eNP and control groups in growth and migration
assays, we focused on control, HQg,j, and HQ-NP groups in the subse-
quent experiments.

Apoptosis assays revealed a marked increase in programmed cell
death following HQ-NP treatment (Fig. 5a, Figure S.1.2). Flow cytometry
analysis of Annexin V/7AAD staining in MCF7 cells showed that the
apoptosis rate increased from 6 % in the control group to 16.9 % with
HQs,1 treatment, and further to 25.2 % with HQ-NP treatment. This
represents a significant 3.7-fold increase in apoptotic cells for the HQ-NP
treated group compared to the control (p < 0.01). There was no sig-
nificant difference in apoptosis rate between HQs,) treatment and con-
trol groups (p > 0.05). Notably, the significant difference (p < 0.01) in
apoptosis rates between HQs, and HQ-NP groups underscores the
enhanced pro-apoptotic effect of HQ when delivered via nanoparticles.

To further investigate the mechanism of apoptosis induction, we
analyzed mitochondrial membrane potential (MMP, Fig. 5b). Flow
cytometry data revealed a significant shift in the number of cells
exhibiting altered mitochondrial function. The proportion of cells with
lower MMP increased from 12.2 % in the control group to 22.8 % in
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HQgo-treated cells, and further to 29.5 % in HQ-NP-treated cells. This
progressive increase in cells with compromised MMP aligns with the
observed rise in apoptosis rates, indicating that HQ-NP treatment
significantly impacts mitochondrial integrity (p < 0.01). Interestingly,
HQsg,) treatment considerably increased the mitochondrial dysfunction
compared to the control group (p < 0.01). As with the apoptosis assay,
the significant difference between HQg, and HQ-NP groups (p < 0.01) in
MMP disruption further demonstrates the increased efficacy of nano-
formulated HQ.

Consistent with these findings, we observed a marked elevation in
reactive oxygen species (ROS) production in MCF7 cells treated with
HQ-NP (Fig. 5¢). Flow cytometry analysis showed that ROS levels were
approximately 1.1 and 1.8 times higher in HQg, and HQ-NP-treated
cells, respectively, compared to non-treated controls. This significant
increase (p < 0.01) in ROS production suggests that HQ-NP induces
substantial oxidative stress, likely contributing to its potent anti-
carcinogenic effects.

To further elucidate the mechanisms underlying the observed anti-
cancer effects, we complemented our apoptosis and ROS analyses with
an assessment of cell proliferation using EdU labeling (Fig. 5d). This
assay provided crucial insights into the impact of HQ-NP on cell cycle
progression and division.

In MCF7 cells, we observed a marked decrease in the number of
proliferating cells following both HQge, and HQ-NP treatments (p <
0.001), with HQ-NP demonstrating superior anti-proliferative effects.
The ratio of EdU-positive cells to the total cell population was 45 % in
the control group, indicating a robust baseline proliferation rate. This
ratio decreased significantly to 28 % in HQgg-treated cells, demon-
strating the anti-proliferative effect of hydroquinidine alone. However,

*p < 0.001, ns; non-

the most striking result was observed in the HQ-NP-treated group, where
the proportion of proliferating cells diminished to 12 %. This represents
a remarkable 3.75-fold decrease in proliferation rate compared to the
control group. The significant difference between HQg, and HQ-NP-
treated groups (p < 0.01) in terms of inhibition of proliferation is
particularly noteworthy, which aligns well with our previous observa-
tions on inducing apoptosis and ROS generation, further emphasizing
the enhanced activity of HQ when delivered as nanoformulations.

3.5. HQ-NP elicits consistent multi-modal anti-cancer effects in MDA-
MB-231 cells

Parallel studies conducted on MDA-MB-231 cells corroborated our
findings in MCF7 cells, further emphasizing the broad applicability of
HQ-NP across different breast cancer subtypes. Flow cytometry analysis
of Annexin V/7AAD staining revealed a substantial increase in apoptosis
rates in MDA-MB-231 cells following HQ-NP treatment (Fig. 6a,
Figure S.I.3). The percentage of apoptotic cells rose from 7.0 % in the
control group to 12.0 % with HQg, treatment, and markedly increased
to 17.5 % in the HQ-NP treated group. This represents a significant 2.5-
fold increase in apoptotic cells for the HQ-NP treated group compared to
the control (p < 0.001). The notable difference (p < 0.01) between HQg,)
and HQ-NP groups further underscores the enhanced pro-apoptotic ef-
fect of nanoparticle-delivered HQ in this triple-negative breast cancer
cell line.

MMP analysis in MDA-MB-231 cells aligned with the apoptosis data,
showing a progressive increase in mitochondrial dysfunction across
treatment groups (Fig. 6b). The proportion of cells with compromised
MMP increased from 12.0 % in the control group to 16.7 % in HQgo-
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Fig. 4. Colony formation and spheroid formation assays for MCF7 (a and b, respectively) and MDA-MB-231 (c and d, respectively) cells after treatment with eNP,
HQso1, and HQ-NP showing diverse effects on colony formation capability and three-dimensional growth of spheroids. eNP; empty nanoparticle, HQg,j; Soluble
hydroquinidine, HQ-NP; Hydroquinidine-loaded PLGA nanoparticles. ***p < 0.001. ns; non-significant (treatment groups vs control). {{{p < 0.001 (HQ-NP vs

HQsgop)- Scale bars: 100 pm.

treated cells, and further to 28.4 % in HQ-NP-treated cells. This sub-
stantial shift in MMP disruption correlates strongly with the observed
increase in apoptosis rates, indicating that HQ-NP treatment signifi-
cantly impacts mitochondrial integrity in MDA-MB-231 cells (p <

0.001).

MDA-MB-231 cells displayed lower basal levels of ROS in compari-
son to MCF 7, which was markedly elevated upon treatment with HQ-NP
(Fig. 6¢). Flow cytometry analysis demonstrated that ROS levels were
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Fig. 5. (a) Flow cytometry analysis of apoptosis rates in MCF7 cells using Annexin V/7AAD staining, comparing control and treatment groups to show HQ-NP’s pro-
apoptotic effect. (b) MMP staining and flow cytometry analysis of MCF7 cells, illustrating HQ-NP’s impact on mitochondrial health and function. (c¢) Flow cytometry
measurement of ROS levels in MCF7 cells, comparing control and HQ-treated cells to highlight oxidative stress induced by HQs, and HQ-NP. (d) Cell divison rate
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Fig. 6. (a) Evaluation of apoptosis rates in MDA-MB-231 cells with Annexin V/7AAD staining by comparing control and treatment groups. (b) Mitochondrial
integrity upon treatment was assessed using MMP assay and flow cytometry analysis to demonstrate HQ’s impact on mitochondrial function. (¢) Measurement of ROS
levels in MDA-MB-231 cells by flow cytometry, comparing control and HQ-treated groups to highlight HQ-induced oxidative stress. (d) Measurement of EdU-labeled
proliferating cells. Statistical significance between treatment groups and the control group is indicated by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. {
symbol denotes statistical significance between HQg, and HQ-NP groups. {ip < 0.01, if{p < 0.001.
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approximately 1.3 and 3.3 times higher in HQgo, and HQ-NP-treated
cells, respectively, compared to control cells. This significant increase
(p < 0.001) in ROS production suggests that HQ-NP induces substantial
oxidative stress in MDA-MB-231 cells, likely contributing to its potent
anti-carcinogenic effects in this aggressive breast cancer subtype.

In MDA-MB-231 cells, we observed a substantial decrease in the
proliferating cell population following both HQs, and HQ-NP treat-
ments, with HQ-NP again demonstrating prominent anti-proliferative
effects (Fig. 6d). The control group exhibited a baseline proliferation
rate of 52 %, as indicated by the ratio of EdU-positive cells to the total

Journal of Drug Delivery Science and Technology 110 (2025) 107098

cell population. This ratio decreased markedly to 33 % in HQg-treated
cells, showcasing the inherent anti-proliferative effect of hydro-
quinidine. However, the most pronounced effect was seen in the HQ-NP-
treated group, where the proportion of proliferating cells dropped
dramatically to only 9 %. This represents a striking 5.8-fold decrease in
proliferation rate compared to the control group and a significant
reduction even when compared to the HQg,-treated cells (p < 0.001).
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and (b) Navl.7. (c) Functional annotation of predicted HQ target proteins.
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3.6. HQ displays a high affinity towards Kv1.1 and Nav1.7

In the present study, we also conducted a comprehensive investiga-
tion of the potential interactions between the HQ and two key proteins
implicated in cancer progression-the voltage-gated potassium and so-
dium channels. Molecular docking analysis revealed the putative bind-
ing pose of HQ within the Kv1.1 and Nav1.7 protein structures (Fig. 7).
The docking results suggest that HQ may interact with amino acid res-
idues lining the binding pocket of target proteins and potentially
modulate the channels’ activity. The free energies of binding of HQ to
Kv1.1, Kv1.3, Kv11.1 and Navl.7 in comparison to their known small
molecule inhibitors (SMI) revealed high affinity of HQ towards these
channels (Figure S.I1.4). Amitriptyline, a known inhibitor of Kv1.1 [30],
displayed —5.85 (£0.20) kcal/mol of free energy of binding in molec-
ular docking studies, while this value was calculated as —7.46 (+0.29)
kcal/mol for HQ (Fig. 7a). Similarly, the free energies of binding to
Navl.7 were calculated as —7.16 (£+0.47) kcal/mol and —5.78 (£0.29)
kcal/mol, respectively, for HQ and Carbamazepine that is known as a
sodium channel blocker (Fig. 7b) [31]. These ion channels have been
reported to play key roles in regulating cellular excitability and physi-
ology, and their dysregulation has been linked to altered cancer cell
proliferation and migration [32-35].

Another compelling aspect of our findings is the enrichment of
various cancer-related KEGG pathways by the predicted target proteins
of HQ, as shown in Fig. 7c. The significant enrichment of cancer-related
pathways, such as the PI3K-Akt and cAMP signaling, and central carbon
metabolism, suggests the potential mechanisms for the observed potent
anti-cancer properties of HQ. Beyond these pathways, our analysis also
revealed perturbations in calcium signaling, MAPK pathway, micro-
RNAs in cancer, non-small cell lung cancer, and gastric cancer pathways.

4. Discussion

Repurposing drugs for new therapeutic targets can strongly benefit
from nanoencapsulation, which provides a versatile tool to steer the
solubility, biodistribution, efficacy, and safety profiles of drugs towards
their novel targets. We have previously demonstrated the anti-cancer
efficacy of HQ, a class IA antiarrhythmic drug, across various cancer
types, including lung, colon, pancreatic, hepatic, breast, and ovarian
cancers [8-10]. Our current investigation focuses on repurposing HQ
towards breast cancer cells via taking advantage of nanoencapsulation
within PLGA nanoparticles. Comparative analyses with soluble drug
(HQso) have demonstrated that nanoencapsulation improved both po-
tency and selectivity of HQ in both estrogen receptor-positive MCF7 and
triple-negative MDA-MB-231 breast cancer cell lines. A key finding of
our study is the significantly lower ICs values of HQ-NP compared to
HQs,), approximately 10 times lower in MCF7 cells and 8 times lower in
MDA-MB-231 cells. These findings underscore the potential of HQ-NP as
a selective therapeutic agent for breast cancer. Although the ICs( values
of Doxorubicin and Paclitaxel were significantly lower (indicating
greater potency), HQ-NP’s SI values were comparable or even superior
in MDA-MB-231 cells, suggesting a favorable balance between efficacy
and selectivity. The improved selectivity of HQ-NP over HQs likely
stems from enhanced bioavailability, a  hallmark of
nanoparticle-mediated drug formulations. The ability to achieve thera-
peutic effects at substantially lower doses is particularly important in the
context of reducing potential toxicity to healthy cells [36]. By encap-
sulating hydroquinidine in PLGA nanoparticles, we have effectively
enhanced its bioavailability and cellular uptake, allowing for a more
efficient delivery to cancer cells. This approach not only improves the
therapeutic index of hydroquinidine but also aligns with the broader
goal of developing more selective and less toxic cancer treatments.

We investigated the effects and possible action mechanisms of HQ-
NPs on breast cancer cells. The observed growth-limiting, anti-migra-
tory, pro-apoptotic, and anti-proliferative impacts of HQ-NP are in line
with previous reports on hydroquinidine and structurally similar
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compounds such as quinine, hydroquinine, and quinidine [37-40].
These findings suggest a conserved mechanism of action among this
class of molecules, potentially related to their interactions with cellular
targets, particularly ion channels. Targeting ion channels, especially
potassium channels, has emerged as a promising strategy to eradicate
tumors [41]. Potassium channels play crucial roles in regulating cell
proliferation, migration, and apoptosis, which are often dysregulated in
cancer [42]. The overexpression of certain potassium channels in
various cancer types, including breast cancer, provides a rationale for
their targeting in cancer therapy [43]. For instance, Kv1.1 and Kv1.3
have been reported to sensitize tumor cells of different origins to cyto-
toxic drugs [44]. The study found a higher expression of Kv1.1 in
MDA-MB-231 cells that are characterized with a higher metastatic
ability in comparison to MCF-7 cells.

HQ exerts its anticancer effects primarily through the modulation of
multiple ion channels. It has been shown to inhibit the IKr current by
targeting HERG1 channels, leading to the prolongation of the action
potential duration [45,46]. HERG1 expression is elevated in various
cancers, including breast cancer, and its inhibition has been associated
with reduced tumor aggressiveness [47-49]. Additionally, HQ inhibits
the Navl.5 channel, which is highly expressed in metastatic breast
cancer cells and contributes to tumor progression by promoting proton
efflux, epithelial-to-mesenchymal transition (EMT), and enhanced
invasiveness [50,51]. In silico docking studies further suggested Kv1.1
and Navl.7 as potential additional targets of HQ. Kv1.1 has been
implicated in cancer biology, and Nav1.7 inhibition has been shown to
suppress metastasis in several cancer types [52]. Disrupting the delicate
ion balance required for cancer cell survival and proliferation upon HQ
treatment might lead to cell cycle arrest and apoptosis. The enhanced
efficacy of HQ-NP observed in our study could be attributed to improved
delivery of hydroquinidine to these cellular targets, allowing for more
efficient and prolonged modulation of potassium channel activity.

Our in silico analyses indicating the cancer-related pathways as po-
tential targets of HQ are well-aligned with the observed potency of HQ
against breast cancer. The identified pathways are known to be critical
for the survival, proliferation, and metabolic reprogramming of cancer
cells, and have been implicated in the regulation of ion channels [53,
54]. The prominence of calcium signaling aligns with HQ’s role as a
multi-ion channel modulator, suggesting its anti-cancer effects may
stem, in part, from disrupting intracellular ion balance—a mechanism
critical for cancer cell survival and metastasis. Similarly, the MAPK
pathway, which governs proliferation and apoptosis [55], underscores
HQ’s potential to inhibit oncogenic signaling cascades. Notably, the
enrichment of disease-specific pathways (non-small cell lung cancer and
gastric cancer) alongside broader cancer-associated pathways (micro-
RNAs in cancer) implies a versatile inhibitory activity against diverse
malignancies, potentially mediated by HQ’s interference with tran-
scriptional regulation and metabolic reprogramming. These pathways
collectively highlight HQ’s multi-targeted mechanism, disrupting key
nodes in cancer cell survival, proliferation, and metabolic adaptation.
Further experimental validation of these pathway interactions could
clarify their contribution to HQ’s observed potency and selectivity.

The consistent results observed across multiple assays, including cell
viability, migration, colony formation, and molecular studies of
apoptosis and proliferation, provide strong evidence for the multi-modal
anticancer activity of HQ-NPs. The enhanced induction of apoptosis,
increased ROS production, and significant suppression of cell prolifer-
ation suggest that HQ-NP targets multiple hallmarks of cancer simulta-
neously. This multi-faceted approach may contribute to its superior
efficacy and potentially reduce the likelihood of drug resistance devel-
opment, a common challenge in cancer therapy [56]. Furthermore, the
comparable efficacy of HQ-NP in both MCF7 and MDA-MB-231 cells is
particularly noteworthy. Triple-negative breast cancers, represented by
MDA-MB-231 cells, are often more aggressive and have limited treat-
ment options compared to hormone receptor-positive cancers. The
potent effects of HQ-NP on MDA-MB-231 cells suggest its potential as a
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valuable therapeutic option for this challenging breast cancer subtype.

While our findings are promising, it is important to acknowledge the
limitations of this study. The current work is based on in vitro experi-
ments, and animal studies are required to validate the efficacy and safety
of HQ-NP in vivo. Such studies would provide crucial information on the
pharmacokinetics, biodistribution, and potential off-target effects of
HQ-NP in a physiological context. Additionally, while we have demon-
strated the enhanced efficacy of HQ-NP in breast cancer models, it re-
mains to be determined whether similar improvements are observed in
other cancer types where hydroquinidine has shown promise. Expand-
ing the investigation to include other cancer cell lines and in vivo models
would provide a more comprehensive understanding of the broad
applicability of HQ-NP as an anticancer agent.

5. Conclusions

Our study highlights the therapeutic promise of repurposing HQ for
breast cancer treatment through nanoformulation. Encapsulating HQ
within PLGA nanoparticles significantly enhanced its potency and
selectivity against both estrogen receptor-positive and triple-negative
breast cancer cell lines, as evidenced by marked reductions in ICsg
values and improved selectivity indices relative to the soluble form.
These enhancements are largely attributed to improved cellular uptake
and bioavailability, which are among the key advantages of
nanoparticle-based drug delivery systems.

Functional assays demonstrated that HQ-loaded nanoparticles
effectively induce apoptosis, inhibit cell migration and proliferation,
and elevate ROS levels, reflecting broad-spectrum antitumor activity.
Complementary in silico pathway enrichment analyses identified cal-
cium signalling, MAPK cascades, cancer-specific transcriptional regu-
lation, and metabolic reprogramming as key pathways associated with
HQ’s multi-targeted effects. In silico analyses further revealed that HQ-
NP can disrupt ionic homeostasis through modulation of key ion chan-
nels including HERG1, Kvl.1, and Navl.5, which are known to
contribute to tumor progression and metastasis.

While these in vitro results are promising, further in vivo studies are
required to assess the pharmacokinetics, biodistribution, therapeutic
index, and safety profile of HQ-NP. Overall, our findings support the
development of HQ-NP as a novel nanotherapeutic that unites drug
repurposing with nanoformulation, offering a potentially more effective
and less toxic treatment strategy for breast cancer. This approach un-
derscores the broader utility of integrating nanotechnology with
repurposed drugs to overcome traditional pharmacokinetic barriers and
enhance therapeutic precision.
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