Nanotheranostics 2026, Vol. 10 317

¢ DTTB [VYSPRING
V§ INTERNATIONAL PUBLISHER

Nanotheranostics

2026; 10: 317-338. doi: 10.7150/ntno.137024

Liposomal Co-delivery of Resveratrol and Coumarin-6
Enhances Radiosensitization across Microbial and
Melanoma Systems

Nitisha Beniwal*, Chandra Lekha Putta®, Thaninki Lakshmi Srujana™, Aravind Kumar Rengan®™

Department of Biomedical Engineering, Indian Institute of Technology Hyderabad, Kandi, Sangareddy, Telangana-502285, India.

P4 Corresponding authors: Aravind Kumar Rengan (aravind@bme.iith.ac.in); Nitisha Beniwal (bm22resch11005@iith.ac.in); Chandra Lekha Putta
(bm22resch11001@iith.ac.in); Thaninki Lakshmi Srujana (bm24resch11005@iith.ac.in).

© 2026 The Author(s). This is an open access article distributed under the Creative Commons Attribution 4.0 International Licence, subject to the Publisher's Terms of Use at
https:/ /ivyspring.com/ terms.

Received: 2026.04.30; Accepted: 2026.08.10; Published: 2026.10.25

Abstract

Efficacy of radiotherapy is often limited by intrinsic cellular radioresistance, requiring the development
of biomaterial-based radiosensitizers that can enhance therapeutic outcomes across diverse biological
systems. Herein, we report a multifunctional liposomal nanoplatform co-encapsulating Resveratrol, a
redox-active radiosensitizer, and Coumarin-6, a fluorescent probe enabling real-time tracking and
showing mild bio-activity (Res-Cou6@NPs, ~200 nm), designed for efficient delivery and enhanced
radiotherapeutic performance. The nanoplatform exhibited high physicochemical stability, favorable
biocompatibility, and efficient cellular internalization. To establish a robust and predictive evaluation
strategy, we employed the radiation-resistant bacterium Deinococcus radiodurans as a stringent biological
model. Treatment with Res-Cou6@NPs significantly enhanced X-ray-induced cytotoxicity in this system,
as evidenced by reduced survival and increased membrane damage, indicating disruption of intrinsic
radioresistance mechanisms. Extending these findings to mammalian models, the nanoplatform markedly
sensitized B16F10 melanoma cells to radiation by promoting intracellular reactive oxygen species
generation, inducing mitochondrial dysfunction, and enhancing cell death, while exhibiting minimal
toxicity toward normal fibroblasts. Furthermore, Res-Cou6@NPs effectively suppressed cancer cell
migration, clonogenic survival, and three-dimensional spheroid invasion, and synergistically amplified
radiation-induced cytotoxicity. Collectively, these results highlight the potential of this liposomal
nanoplatform as an effective radiosensitizing biomaterial and establish a cross-kingdom evaluation
framework that bridges microbial and mammalian systems for predictive assessment of radiotherapeutic
nanomedicines.
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1. Introduction

Melanoma is an aggressive and life-threatening
skin malignancy that, although representing only
approximately 1% of all skin cancer diagnoses, is
responsible for the vast majority of skin cancer-related
fatalities worldwide. According to global cancer
statistics from 2022, an estimated 331,722 new
melanoma cases were reported globally, resulting in
nearly 58,667 deaths, underscoring the substantial
mortality associated with this disease [1]. The high
fatality rate of melanoma is primarily attributed to its

strong metastatic propensity and the poor clinical
outcomes observed once the cancer disseminates to
distant organs, highlighting the urgent need for more
effective therapeutic interventions [2,3].

Radiotherapy represents an important treatment
option for melanoma, particularly in cases involving
unresectable tumors and metastatic disease. Although
it can achieve effective local tumor control, melanoma
has long been regarded as intrinsically radioresistant.
This resistance is largely attributed to proficient
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deoxyribonucleic acid (DNA) damage repair
processes, hypoxic tumor microenvironments, and the
activation of oncogenic survival signaling pathways
[2-4]. Consequently, radiotherapy alone often yields
limited therapeutic benefit, necessitating combination
strategies or the incorporation of radiosensitizing
agents to enhance tumor responsiveness and improve
clinical outcomes. In recent years, nanoparticle-based
drug delivery platforms have garnered considerable
attention in melanoma treatment due to their ability to
enhance intratumoral drug accumulation via both
passive and active targeting, improve the solubility of
hydrophobic therapeutics, and protect payloads from
premature  degradation [5-7]. Despite these
advantages, several obstacles hinder their clinical
translation, including limited tumor penetration,
premature drug release, off-target toxicity, and rapid
clearance. Addressing these limitations is essential to
fully realize the therapeutic potential of nanoparticle-
mediated delivery systems in melanoma management
[8].

Resveratrol (3,5,4'-trihydroxy-trans-stilbene), a
naturally occurring polyphenol abundant in grapes
and berries, has gained considerable attention due to
its multifaceted anticancer properties, including pro-
apoptotic, anti-angiogenic, anti-metastatic, and anti-
inflammatory activities [9]. These effects are mediated
through modulation of key oncogenic signaling
pathways such as PI3K/Akt, MAPK/ERK, STATS3,
and NF-xB, leading to inhibition of tumor cell
proliferation and induction of mitochondrial-
mediated apoptosis. Importantly, resveratrol has also
been identified as an effective radiosensitizer, capable
of enhancing radiation-induced DNA damage,
elevating intracellular reactive oxygen species (ROS)
levels, suppressing DNA repair mechanisms, and
reducing hypoxia-associated radioresistance via
downregulation of HIF-la [10]. Despite these
promising attributes, the clinical translation of
resveratrol is severely limited by its extremely low
aqueous solubility (<0.05 mg mL™), rapid hepatic
metabolism, chemical instability, and very poor oral
bioavailability (<1%), resulting in insufficient
therapeutic concentrations at tumor sites. To address
these limitations, nanocarrier-based delivery systems
have been widely explored to improve resveratrol
solubility, protect it from premature metabolism, and
enhance tumor accumulation. Coumarin-6, a highly
hydrophobic fluorescent dye with strong green
emission, high photostability, and excellent quantum
yield, is frequently employed as a tracer molecule for
real-time visualization of nanoparticle uptake,
intracellular trafficking, and biodistribution [11]. In
addition to its imaging capability, coumarin-6 has
been reported to induce mild oxidative stress and
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mitochondrial dysfunction in cancer cells, thereby
complementing therapeutic payloads [12]. The co-
delivery of resveratrol and coumarin-6 within a single
nanoplatform thus offers a rational theranostic
strategy, enabling simultaneous enhancement of
anticancer and radiosensitizing efficacy while
providing real-time tracking of nanoparticle behavior
at the cellular level [13].

Liposomal encapsulation using soya
phosphatidylcholine (Soya PC) offers an effective
strategy to co-deliver these hydrophobic agents in a
biocompatible and clinically relevant platform [14-17].
The amphiphilic lipid bilayer of Soya PC-based
liposomes allows simultaneous incorporation of
Resveratrol and Coumarin-6, protects them from
degradation, improves systemic circulation time, and
enhances tumor-targeted delivery while minimizing
off-target toxicity [18]. Furthermore, their structural
similarity to biological membranes reduces immune
clearance and promotes passive targeting along with
stimuli-responsive drug release. Collectively, this
design addresses key clinical challenges by improving
bioavailability, enabling combinational therapy,
reducing systemic toxicity, and enhancing the efficacy
of radiotherapy [19-21].

In addition to material design, the selection of
appropriate biological models is critical for evaluating
radiosensitizer performance. Conventional
mammalian systems often fail to fully capture the
limits of intrinsic radioresistance. In this context,
extreme radioresistant organisms such as Deinococcus
radiodurans provide a stringent and biologically
relevant platform to assess the ability of nanomaterials
to overcome radiation tolerance under severe stress
conditions.

In this work, we designed and systematically
characterized a phosphatidylcholine-based liposomal
nanocarrier  co-encapsulating  Resveratrol and
Coumarin-6 for enhanced radiosensitization. The
formulation was evaluated for its physicochemical
properties, colloidal stability, and controlled drug
release behavior under physiologically relevant
conditions, along with its biocompatibility and
therapeutic efficacy. To establish a more stringent
evaluation framework, the radiosensitizing
performance of the nanoplatform was first assessed in
an extreme radioresistant model, followed by
validation in melanoma systems. This integrated
approach enables a more robust assessment of
nanomedicine  performance across  biological
complexity and highlights the potential of liposomal
delivery systems for improving radiotherapeutic
outcomes.
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2. Materials & Methods

2.1 Chemicals

Dimethyl sulfoxide (DMSO), ethanol, methanol,
chloroform, and Nile Red were acquired from SRL
Chemicals Limited, India. Dulbecco's Modified Eagle
Medium (DMEM), Penicillin-streptomycin (Pen-strep)
solution, trypsin-EDTA, phosphate-buffered saline
(PBS), fetal bovine serum (FBS), and Thiazolyl Blue
Tetrazolium Bromide (MTT) were obtained from
HiMedia Laboratories, India. Soyabean
Phosphatidylcholine (Soya PC), Hoechst, 2',7-
Dichlorodihydrofluorescein Diacetate (DCFDA), 4',6-
diamidino-2-phenylindole (DAPI), fluorescein
diacetate (FDA), propidium iodide (PI), acridine
orange/ethidium bromide (AO/EtBr), Resveratrol
(Res), and Coumarin 6 (Cou6) were acquired from
Sigma-Aldrich Private Limited, India. Syringe filters
(0.2 pm) were obtained from Sartorius (Carrigtwohill,
Ireland). Phospho-Histone H2AX-S139 Rabbit pAB
(AP0099) and ABflo® 488-conjugated Goat anti-Rabbit
IgG (H+L) (AS053), were acquired from ABclonal
biomolecular solutions, India. Milli-Q water was
utilized from the Millipore system located in Billerica,
MA. All other reagents employed were of analytical
grade.

2.2 Bacterial Culture & Maintenance

Bought Deinococcus radiodurans culture from The
Microbial Type Culture Collection and Gene Bank
(MTCC), India. One colony from a Luria-Bertani Agar
(LB) plate was taken out and inoculated it into LB
broth. The broth was then kept at 37 °C until the
culture reached an Optical Density (OD)soo of 1.0.

2.3 Cell Lines Maintenance and Incubation

The National Centre for Cell Science (NCCS) in
Pune, India, gave us mouse embryonic fibroblast cell
lines 1929 and NIH3/T3. The melanoma cell line
(B16F10), the murine mammary carcinoma cell line
(4T1), and the human cervical cancer cell line (HeLa)
were obtained from the Centre for Cellular and
Molecular Biology (CCMB) in Hyderabad, India. The
1929, B16F10, HelLa, and NIH3/T3 cell lines were
grown and maintained in high-glucose DMEM. The
4T1 cell line, on the other hand, was cultured in RPMI
media with 10% (v/v) FBS, 1% L-glutamine, and 100
U/mL of streptomycin/penicillin at 37 °C in a 5%
humidified CO; incubator.

2.4 X-ray Irradiation Specifications

An X-RAD 225iR X-ray irradiator (Precision X-
Ray Inc., USA) was used to irradiate the cells. Cells
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subjected to a cumulative radiation exposure of 4 Gy
at a dose rate of 0.8 Gy min™ over 5 minutes. The X-
ray tube voltage used by the irradiator was 225 kVp.
The irradiation system's license number was 25-
GICCOMM-1407537. To guarantee precise dose
distribution, the institutional radiation facility
regularly calibrated and maintained the irradiator
before use.

3. Methodology
3.1 Synthesis of Nanoparticles (NPs)

The solvent evaporation technique exhibits clear
advantages compared to thin-film hydration in
liposomal production, providing improved control

over particle size distribution and increased
encapsulation  efficiency.  Thin-film  hydration
generally results in heterogenous multilamellar

vesicles (MLVs), whereas solvent evaporation reliably
yields smaller, monodisperse unilamellar vesicles.
Comparative analyses demonstrate enhanced drug
stability for particular drug delivery applications
[22,23]. Soya PC was dissolved in a 2:1 chloroform:
methanol solution and swiftly injected into preheated
warmed distilled water at 65 °C (Milli-Q grade). The
subsequent dilution of organic solvents below a
critical concentration threshold (<7.5% v/v of total
formulation volume) triggers lipid self-assembly in the
aqueous phase. The fast dilution causes lipid
precipitation, resulting in the formation of planar
bilayer fragments that enclose aqueous regions. The
evaporation of the solvent subsequently promotes the
union of fragments, resulting in the creation of closed
unilamellar vesicles (SUVs). Surpassing the 7.5%
organic solvent threshold or introducing it into a
significant excess of aqueous phase leads to diverse
MLV  populations. Post-synthesis, Res-Cou6@NPs
were centrifuged (16,500 rpm, 25 °C, 20 min) to pellet
down the liposomes. The pellet was resuspended in 1
mL Milli-Q water, sonicated for 10 min under ice-
cooling to ensure equal dispersion, and kept at -4 °C
for subsequent investigation, as shown in Scheme 1.
The same procedure was uniformly employed to
synthesize three nanoparticle variants (NPs): Plain
NPs (devoid of therapeutic and fluorescent agents),
Resveratrol-loaded NPs (Res@NPs), and Coumarin-6-
loaded NPs (Cou6@NPs). For intracellular tracking,
Nile red-encapsulated Res-Cou6@NPs were prepared
by dropwise addition of Nile red (dissolved in
methanol) to the aqueous phase during assembly. All
formulations were purified via centrifugation (16,500
rpm, 25 °C, 20 min), resuspended in Milli-Q water,
sonicated on ice (10 min), and stored at -4 °C.
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Scheme 1. Synthesis and characterization of Res-Cou6@NPs.

3.2 Characterization of Nanoparticles

Synthesized nanoparticles were characterized by
physiochemical analysis. Ultraviolet-visible (UV-Vis)
spectroscopy  (Shimadzu UV-1800, Japan) was
employed to quantify absorbance profiles, whereas
fluorescence spectra were obtained using a
fluorescence spectrophotometer (Shimadzu RF-6000,
Japan). The hydrodynamic diameter, polydispersity
index (PDI), and zeta ({)-potential were assessed using
dynamic light scattering (DLS). Morphological
characteristics were analyzed by scanning electron
microscopy (SEM). Functional group analysis was
conducted using  Fourier-transform  infrared
spectroscopy (FTIR: Shimadzu FT/IR-4600 type A,
Japan). While the crystallographic structure was
evaluated using X-ray diffraction (XRD: Rigaku Smart
Lab, Japan) employing Cu Ka radiation (A = 1.5406 A).

3.3 Drug Release and Stability Studies of Res-
Coub6@NPs

The in vitro release profile of the nanoparticles
was assessed utilizing the dialysis bag method at two
pH levels (5.2 and 7.4) in PBS. The drug release was
quantified utilizing a UV-Visible spectrophotometer at

consistent time intervals (1, 2, 4, 6, 12, 24, and 48 h).
Stability experiments of the synthesized nanoparticles
were conducted at 4 °C in both water and PBS. The
mean hydrodynamic size, PDI, zeta potential, and
encapsulation efficiency (EE%) of the drug and dye
were measured and calculated over a period of 28
days.

3.4 Encapsulation Efficiency Determination

Encapsulation efficiency of Res and Cou6 was
quantified using UV-Vis  spectrophotometry.
Following nanoparticle synthesis, free
(unencapsulated) Res and Cou6 were separated via
centrifugation or filtration. The supernatant/filtrate
containing unbound drug was analysed, with
concentration determined against a pre-established
standard calibration curve [24]. The percentage of
encapsulation efficiency is calculated using the
following formula:

EE % = [(Total drug — Free drug) / Total drug] x 100.

3.5 Bacterial Clonogenic Survival Assay

The radiosensitization of the synthesised
nanoparticles (Plain NPs, Res@NPs, Cou6@NPs, and
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Res-Cou6@NPs) was assessed using the spot assay at
serial dilutions ranging from 10 to 10712 and followed
by colony formation assay. Deinococcus radiodurans
cultures of 5x10°% - 1x10¢ CFU/mL from the 24 h
incubated bacterial samples were treated with
nanoparticles at a concentration of 100 pg/mL, which
was selected based on prior biocompatibility studies
on normal NIH3/T3 and L1929 cell lines. The treated
bacterial samples along with untreated (Control) were
divided into two sets: one set was exposed to X-ray
irradiation of 50 Gy after 4 hours of incubation, while
the other set was kept non-irradiated. Both sets were
further incubated overnight, then serially diluted 10
times with MH Broth, and 5 pL of sample from each
dilution was spotted on the MH Agar plate for
analysing radiosensitization efficacy of the
nanoparticles.

For the bacterial spread assay/colony formation
Assay, aliquots of 30 pL from the samples at dilutions
of 102, 108, and 1012 were spread on MH Agar plates,
followed by overnight incubation to evaluate colony-
forming ability.

3.6 Radiation-Induced Bacterial Cell Damage
Assay

The Live/Dead assay was conducted utilizing
SYTO9/PI staining to qualitatively evaluate the
cytotoxicity of the synthesized nanoparticles. Both the
X-ray irradiation and non-irradiated experimental
groups underwent staining following 24 hours of
incubation at 37 °C. A 20 pL aliquot of each sample was
stained with SYTO9/P], placed onto a glass slide with
a coverslip, and incubated for 20 minutes. The staining
facilitated distinct identification of live and dead cells,
with viable cells emitting green fluorescence (SYTO9Y)
and non-viable cells emitting red fluorescence (PI).
Cellular pictures were subsequently acquired utilizing
a Zoe microscope.

3.7 In vitro Studies

3.7.1 Biocompatibility Studies

The biocompatibility of Plain NPs, Res@NPs,
Coub6@NPs, and Res-Cou6@NPs was evaluated using
the MTT assay with L929 and NIH3/T3 cell lines. Cells
were seeded at a density of 1 x 104 cells/well in 96-well
plates and incubated for 24 h at 37 °C. Subsequent to
incubation, cells were exposed to nanoparticles (1, 2, 5,
10, 25, 50, 100 pg/mL) and incubated for 24 h, was then
introduced with MTT (5 mg/10 mL) to each well and
incubated for 3 hours. The resultant formazan crystals
were solubilized with DMSO, and absorbance was
quantified using a multi-mode plate reader (BIORAD
Microplate Reader) at 570 nm (primary) and 630 nm
(reference) [25].
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3.7.2 Cytotoxicity Studies

The MTT assay was employed to evaluate the cell
viability of Plain NPs, Res@NPs, Cou6@NPs, and Res-
Coub@NPs in relation to Hela, 4T1, and B16F10
melanoma cell lines. Briefly, 1 x 10* cells/well were
seeded in 96-well plates using cell-specific growth
media and incubated for 24 h. Subsequently, cells were
treated with nanoparticles (1, 2, 5, 10, 25, 50, 100
pg/mL) in fresh media for 24 h. MTT reagent (5
mg/10mL) was then added and incubated for 3 h.
After careful removal of supernatant, 100 uL. DMSO
was added to solubilize the developed formazan
crystals. Absorbance was quantified at 570 nm
(primary) and 630 nm (reference) using a multi-mode
plate reader (BIORAD Microplate Reader) [26].

To evaluate Res-Cou6@NPs radiosensitizing
potential, BI6F10 melanoma cells were treated with
ICs0 concentrations of plain cisplatin, resveratrol &
nanoparticles (Plain NPs, Res@NPs, Cou6@NPs, Res-
Coub6@NPs) and exposed to 4 Gy at a dose rate of 0.8
Gy min?! for 5 min of radiation. Briefly, 1 x 10*
cells/ well were seeded in 96-well plates and incubated
for 24 h at 37 °C in a 5% CO, atmosphere. Following
treatment with ICsp nanoparticle concentrations, plates
were incubated for 24 h prior to irradiation. Post-
irradiation, cells were incubated for an additional 24 h
before the addition of MTT reagent (5 mg/10mL, 3 h
of incubation). Formazan crystals were solubilized
with DMSO, and absorbance was recorded at 570/630
nm using a multi-mode plate reader (BIORAD
Microplate Reader) [27].

3.7.3 Intracellular Uptake Analysis

Cellular uptake of Res-Cou6@NPs in B16F10
melanoma cells was evaluated using fluorescence
microscopy. Cells (2 x 104) were seeded on coverslips
in 24-well plates and incubated for 24 h. Following
incubation, cells were treated with 22 pg/mL of Res-
Coub@NPs for 4 h at 37 °C, 5% CO, Cells were
subsequently fixed with 4 % paraformaldehyde,
permeabilized with 0.001% Triton X-100 (5 min), and
counterstained with DAPI, nuclear stain (10 min) prior
to fluorescence imaging in Zoe microscope [28].

3.7.4 Live/Dead Cell Staining Assay

The Live/Dead assay utilized FDA and PI to
evaluate membrane integrity and metabolic activity in
B16F10 melanoma cells. Cells (2 x 105/well) were
seeded in 12-well plates and incubated for 24 h to
facilitate adhesion. Subsequently, cells were
administered with Res-Cou6@NPs (22 pg/mL),
Res@NPs (39 ng/mL), and Cou6@NPs (52 pg/mL) for
24 h at 37 °C, followed by FDA/PI staining and
imaging with a Zoe fluorescent microscope. To assess
the impact of radiation, cells treated with
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nanoparticles were irradiated with 4 Gy at a dose rate
of 0.8 Gymin? for 5 mins, incubated for 24 h, and
subsequently stained with FDA/PI for imaging [29].

3.7.5 Dual Fluorescent Staining Assay

The anticancer mechanism of Res-Cou6@NPs
was assessed via AO/EtBr dual labeling to distinguish
live, apoptotic and necrotic cells. B16F10 melanoma
cells (2 x 10°/ well) were cultured and treated with ICso
concentrations of Res@NPs, Coub6@NDPs, and Res-
Coub6@NPs for 24 h in 24-well plates. Cells were then
stained with AO (10 pg/mL) and EtBr (10 pg/mL) in
the dark for 20 min, washed to eliminate excess dye,
and photographed using Zoe fluorescence microscopy
to evaluate nuclear morphological alterations [30].

3.7.6 ROS Generation Study

ROS generation in nanoparticle-treated B16F10
melanoma cells was quantified using the DCFDA
assay. This method detects oxidative stress through
fluorescence emission upon interaction with ROS
species, including hydrogen peroxide (HxO»),
hydroxyl radicals (OH), and peroxynitrite (ONOO-
)[31]. Cells (2 x 105/well) were seeded in 12-well
plates, and treated with Res@NPs, Cou6@NPs, and
Res-Coub6@NPs for 24 h. Post-treatment, cells were
incubated with 10 uM DCFDA for 30 min at 37 °C and
fluorescence was visualized microscopically (Zoe
Microscope) and quantified via Image J software.

3.7.7 Singlet oxygen detection using SOS G

The term "SOS (Singlet Oxygen Species)" study
typically refers to the investigation of singlet oxygen
(10;), a highly reactive form of ROS. It is an
electronically excited state of molecular oxygen (O»)
that plays a major role in photodynamic therapy
(PDT), oxidative stress, and cellular signaling [32]. The
efficiency of singlet oxygen (1O2) generation by
Res@NPs, Cou6@NPs, and Res-Coub@NPs was
assessed in real-time utilizing SOS G. In this
experiment, BI6F10 melanoma cells were seeded at a
density of 2 x 105 cells/well in 12-well plates.
Following a 24-hour incubation period, the cells were
administered the corresponding nanoparticle
formulations. Thereafter, SOS G dye was introduced
to the treated cells, and fluorescence pictures were
captured using a Zoe fluorescence microscope to
assess singlet oxygen species generation.

3.7.8 Mitochondrial Membrane Potential Analysis

The variations in mitochondrial membrane
potential (AWm) caused by Res@NPs, Cou6@NPs, and
Res-Cou6@NPs in B16F10 melanoma cells were
assessed using JC-1 staining. After 24 h of nanoparticle
treatment, cells were treated with JC-1 dye (2 pM) at
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37 °C for 30 minutes, washed with 1xPBS, and images
were taken using fluorescence microscopy (Zoe
Microscope). JC-1 exhibits potential-dependent
spectral shifts: J-aggregates emit red fluorescence
(~590 nm) in polarized (healthy) mitochondria, while
J-monomers emit green fluorescence (~530 nm) in
depolarized (apoptotic) mitochondria, enabling
quantitative =~ &  qualitative  assessment  of
mitochondrial membrane potential [33].

3.7.9 Cell Scratch Assay

Scratch assay was performed to analyze the
antimetastatic properties of the Res-Cou6@NPs.
Briefly, 5 x 10* B16F10 melanoma cells/well were
seeded in a 24-well plate and incubated for 24 h in a
CO: incubator. In each well a scratch was created and
the cells were then treated with all the particles.
Untreated cells were taken as a negative control [34].
The migration effect was analyzed under an Olympus
fluorescence microscope at time intervals (0, 6, 12, 24,
and 48 h). The percentage of scratch closure was
calculated at each time interval compared to “t0”.

3.7.10 Clonogenic Assay

A clonogenic assay was performed on B16F10
melanoma cells with slight modifications from the
previously reported methods [35]. 2 x 105 B16F10
melanoma cells were seeded in a 24-well plate and
incubated at 37 °C for 24 h. Following the incubation
period, each group (Untreated, Plain NPs, Res@NPs,
Coub6@NPs, and Res-Cou6@NPs) was assigned four
wells for treatment. The cells were trypsinized on 4t
day of the incubation and were cultured on a 35 mm
petri dish to analyze the regeneration of the remnant
cells. The plates were washed with 1xPBS and
maintained in fresh media for 7 days in a CO»
incubator. After that, on the 7t day, the developed
colonies were thoroughly washed with 1xPBS, fixed
with 4% paraformaldehyde, and visualized by
staining with a 0.5% crystal violet dye [36,37].

3.7.11 3D Spheroid Formation Assay

B16F10 melanoma spheroids were formed via
the hanging drop method by preparing a single-cell
suspension at 1,000 cells/20 uL droplet. Droplets were
applied to the inside surface of a petri dish lid (60-100
mm diameter), ensuring uniform spacing to avert
coalescence. The lid was placed upside down over a
humidification chamber filled with sterile 1xPBS to
reduce evaporation. Following 72 h incubation (37 °C,
5% CO,), gravity-driven cell aggregation yielded
compact spheroids, which were harvested with wide-
bore pipettes. Harvested spheroids were treated with
NPs and incubated for 24 h [38,39]. FDA/PI dyes were
used to stain the cells and imaging was done using a
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Zoe Microscope.

3.7.12

B16F10 melanoma cells were seeded in 96-well
plates at a density of 1 x 10° cells/well. The cells were
treated with nanoparticles and subsequently
irradiated with 4 Gy’s and incubated for 12 h,
immunofluorescence  staining was  performed
following the manufacturer’s instructions. In brief, the
cells were fixed for 15 min, followed by a 15-min
blocking step, and then incubated with a rabbit
monoclonal anti-y-H2AX primary antibody for 1 hour
at room temperature, after which Alexa Fluor-488-
conjugated anti-rabbit secondary antibody was added
for another hour under the same conditions and the
cells were visualized using a Zoe fluorescence
microscope [29].

Immunofluorescence

3.7.13 Statistical Analysis

All experiments were performed with three
separate biological replicates (n = 3), and the findings
are expressed as the mean + standard deviation (SD).
Statistical evaluations were conducted utilizing one-
way and two-way analysis of variance (ANOVA), with
Tukey's post hoc test employed for multiple
comparisons. Statistical significance was established
as a p-value < 0.0001.

4. Results and Discussion

4.1. Synthesis and Characterization of
Nanoparticles

The Res-Cou6@NPs were synthesized using the
Solvent Evaporation Method. 0.5 mg/mL & 0.3
mg/mL concentration of Drug (Resveratrol) and Dye
(Coumarin-6) in the ratio of 5:3 was loaded into the
liposomes (Res-Cou6@NPs) at the time of synthesis.
The prepared Res-Cou6@NPs were analyzed for UV-
visible absorbance. The peaks at 307 and 458 nm
indicate the presence of Res and Cou6, respectively,
confirming their loading into the nanoparticles, as
shown in Figure 2B. The standard curves of the Drug
and Dye were plotted, and the regression coefficients
were found to be 0.9988 and 0.9975, respectively
(Figures Sle and f). The drug and dye encapsulation
efficiency (EE%) was calculated based on the dose-
response curve. The EE% of the drug in Res@NPs was
found to be 60% and in Res-Cou6@NPs was 85% and
dye’s EE% was found to be 80% in Cou6@NPs and 90%
in Res-Cou6@NPs, as shown in Figure 2G. It is
observed that the EE% of the drug and dye increased
in the main particle (Res-Cou6@NPs) due to
interaction of the drug and dye. The possible reasons
for this could be synergistic interactions between
molecules (such as a drug and dye interacting via
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hydrogen bonding, m-m stacking, or hydrophobic
interactions), leading to a more stable complex that is
better retained within the nanoparticle. One
compound may improve the solubility or
compatibility of the other in the carrier matrix,
enhancing overall encapsulation [40,41]. Structures of
all the compounds (Res, Cou 6, and Soya PC) are
represented in Scheme 2. The bright field and UV
images of all the particles (Res@NPs, Cou6@NPs, and
Res-Cou6@NPs) are shown in Figure 2A. Fluorescence
spectroscopy characterized Resveratrol (Aex/Aem =
362/406 nm) and Coumarin-6 (Aex/Aem = 457/501 nm)
in NPs (Figures 2c, S2m-p). Solvent dependent spectral
profiles of Res and Coub are detailed in Figures S1b-d
and S2a-l. To overcome the inherent aqueous
insolubility of the plain drug and dye (Figure Sla), the
nanoformulation significantly enhanced dispersion,
enabling the biological application of the compounds.
DLS revealed hydrodynamic diameters of 116.93 + 0.2
nm (Plain NPs), 177.76 £ 1.2 nm (Res@NPs), 182.95 +
3.2 nm (Coub6@NPs), and 195.77 + 2.2 nm (Res-
Coub6@NPs) (Figures 1A-D, Table 1). Zeta potentials
measured -0.50 £ 0.2 mV (Plain NPs), -4.50 £ 1.2 mV
(Res@NPs), -6.20 £ 1.0 mV (Cou6@NPs), and -30 + 2.2
mV (Res-Cou6@NPs) (Figure 1E). The significant
decrease to -30 mV for co-loaded nanoparticles
indicates surface charge modulation, likely due to
compositional reorganization that exposes anionic
groups, thereby enhancing colloidal stability through
electrostatic repulsion. PDI were 0.319 (Plain NPs),
0.129 (Res@NPs), 0.175 (Cou6@NPs), and 0.233 (Res-
Cou6@NPs), corroborated by SEM confirming
monodispersity and uniform morphology (Figure 1F,
Table 1).

Table 1. Hydrodynamic size, PDI, and zeta potential of all
synthesized nanoparticles.

NPs Hydrodynamic Size PDI Zeta Potential
(nm) (mV)
Plain NPs 116.93 £ 0.2 0.319 -0.50+0.2
Res@NPs 177.76 £1.2 0.129 -450+1.2
Cou6@NPs 182.95 £ 3.2 0.179 -6.20+1.0
Res-Cou6@NPs 195.77 £2.2 0.233 -30+22
The hydrodynamic diameter of our Res-

Coub6@NDPs was measured to be around 200 nm, a size
range generally regarded as ideal for extended blood
circulation and efficient tumor localization through
the enhanced permeability and retention (EPR) effect,
which is often observed in solid tumors, including
certain melanoma regions [42]. The key determinant of
the in vivo performance and therapeutic success of
intravenously delivered nanoparticles is their
physiochemical characteristics, i.e.; particle size. Upon
entering the bloodstream, nanoparticles must
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surmount multiple biological obstacles, including
dodging swift pickup by the reticuloendothelial
system (RES) in organs such as the liver and spleen,
and effectively navigating the permeable vasculature
of tumors to reach the tumor microenvironment [43].
Nanoparticles smaller than 10 nm are often rapidly
excreted through renal filtration, but those larger than
200 nm are more susceptible to sequestration by the
RES. Due to the heterogenous characteristics of the
EPR effect in melanoma, resulting from its rich
extracellular matrix and uneven vasculature, it is
essential to maintain an ideal nanoparticle size to
ensure maximum accumulation and deep tissue
penetration after systemic or local delivery. In
addition to particle size, surface charge significantly
influences nanoparticle stability, cellular interactions,
and biological efficacy. The significant alteration in
zeta potential to around —-30 mV in the co-loaded
nanoparticles indicates modifications in surface
composition and the exposure of negatively charged
functional groups. This heightened negative surface
charge can enhance electrostatic repulsion among
nanoparticles,  diminishing  aggregation and
augmenting colloidal stability. As a result, the
improved stability could facilitate more uniform
nanoparticle distribution and possibly boost their
engagement with cells [44,45].

4.2 XRD and FTIR Studies of Nanoparticles

FTIR analysis was performed to ascertain the
functional group present in the synthesized Res-

@ (i)

OH i
N, : X
O CUL Y B8 O F
- 0
|
/\N o o H3C CH3 }—R'
OH )

Resveratrol Coumarin 6

Scheme 2. Chemical structure of (i) Resveratrol, (ij) Coumarin 6, and (i) Soya PC.
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Coub6@NPs (Figure 2E). This approach elucidates the
interactions between the drug, lipid, and dye, which
may influence the release patterns of the drug or dye.
The FTIR spectrum displays a distinct peak at 1608 cm-
1in pure Res, indicative of robust aromatic C-C double
bond stretching, which is similarly observed in Res-
Coub6@NPs. In Soya Pc, a characteristic absorption
band is observed at 1739 cm, corresponding to C=0
bonds; 2850 cm? is associated with symmetric
stretching, whereas 2920-2950 cm™ pertains to
asymmetric stretching. The peak at 1735 cm?
corresponds to C=0 stretching vibration of Cou6. A
notable band at approximately 1620 cm™ suggests the
existence of C=C bonds. The broadband about 3300
cm™is likely due to interactions among the drug, dye,
and lipid constituents [46]. Consequently, FTIR
analysis verifies the existence of many functional
groups, including -OH, -CH, and -NH,, from Res,
Coub, and Soya PC in the synthesized Res-Cou6@NPs.

XRD examination (Figure 2D) analyzed the
crystalline structures of pure Res, Cou6, Soya PC, and
Res-Cou6@NPs. Pure Res and Cou6 displayed distinct
diffraction peaks, affirming their crystallinity. The
Soya PC exhibited a comparable amorphous halo at 20
around 20°-25°. The co-loaded nanoparticles exhibited
a comparable amorphous halo devoid of crystalline
drug peaks, signifying molecular dispersion inside the
lipid bilayer. The reduction in crystallinity verifies the
amorphization of the drug during encapsulation, a
change that improves the solubility and bioavailability
of both drug and dye [47,48].

(iii)

Soya PC
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Figure 1. Characterization of NPs. (A-D) DLS analysis illustrating the particle size distribution characteristics of (A) Plain NPs, (B) Res@NPs, (C) Cou6@NPs, and (D) Res-
Coub6@NPs. The plots depict the distribution of hydrodynamic diameters for each nanoparticle formulation assessed via DLS, showing the mean particle size and size distribution
after the encapsulation of Res, and Coué. (E) Zeta potential assessments of Plain NPs, Res@NPs, Cou6@NPs, and Res-Coué@NPs, illustrating the surface charge and colloidal
stability of various nanoparticle formulations. (F) SEM image of Res-Cou6@NPs illustrating the structure and surface features of the produced nanoparticles.

Figure 21 shows how Res-Cou6@NPs release
drugs in vitro over 48 h in both basic and acidic
environments. The release behavior is noticeably
different, which shows that the nanoformulation is
pH-responsive. Under the basic conditions, the
nanoparticles show a very fast augmented drug
release, with almost all of the drug being released in
the first 12-16 hours, and then the release slows down
with time. On the other hand, drug release is limited
and stays the same at acidic pH for the same amount
of time [49,50]. This distinct release pattern shows that
Res-Cou6@NPs are more stable under acidic
circumstances, such the tumor microenvironment or
intracellular endosomal compartments. This stops
drugs from leaking out too soon when they are
circulating. The higher release at neutral pH indicates
that the formulation can provide controlled and
environmentally sensitive drug delivery, enhance
therapeutic efficacy at targeted sites, and minimize
systemic side effects. The pH-dependent release
properties show that Res-Cou6@NPs could be a
complex delivery system that responds to stimuli to
improve the bioavailability and therapeutic
effectiveness of Resveratrol in cancer treatment [51-
53].

To assess the stability of the synthesized
nanoformulation, nanoparticles were stored at -4 °C in
the dark for 30 days in both water and PBS, with
hydrodynamic size and PDI measured at 7-day
intervals (Figure 2F). Res-Cou6@NPs demonstrated no

significant changes in size or PDI over the 30-day
storage period, indicating excellent colloidal stability
[54].

Following physicochemical validation, the
radiosensitizing performance of the nanoplatform was
evaluated under biologically stringent conditions.

4.3 Radiosensitization in Deinococcus
radiodurans

To establish a stringent evaluation of
radiosensitization capability, we first investigated the
performance of Res-Cou6@NPs in the extreme
radioresistant bacterium Deinococcus radiodurans.

4.3.1 Bacterial Clonogenic Survival Assay

The biocompatibility concentration of Res-
Coub6@NPs was found to be 100 ng/mL on NIH 3/T3
and L1929 cell lines, therefore the concentration within
the biocompatibility range, 100 pg/mL is used for the
radiosensitization study. The overnight incubated MH
Agar plates with the spot revealed the significant
difference in the number of colonies and the size of the
spot. As shown in Figure 3a, and S3b, the Res-
Coub6@NPs treated sample showed lower number of
colonies at 1012 dilution when compared to other
control groups. Similarly, the X-Ray irradiated group
of Res-Cou6@NPs showed further reduced number of
colonies and size, in the spot when compared to non-
irradiated group.
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Figure 2. (A) Images captured under bright-field and UV illumination of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs, showing the visual picture and fluorescence
of the formulations. (B) UV-Vis absorption spectra of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs validate the effective encapsulation of Resveratrol and Coumarin-
6. (C) Fluorescence emission spectra of Plain NPs, Res@NPs, Cou6@NPs, and Res-Coub@NPs illustrating the fluorescence properties of Coumarin-6 post-encapsulation. (D)
XRD patterns of Soya PC, Resveratrol, Coumarin-6, and Res-Cou6@NPs exhibit the crystalline properties of the constituents and the formulation. (E) FTIR spectra of Soya
PC, Resveratrol, Coumarin-6, and Res-Coub@NPs validate the presence of distinctive functional groups and the encapsulation of the drug and dye. (F) The stability of Res-
Coub6@NPs in aqueous solutions and PBS over the duration of the investigation. (G) The encapsulation efficiency (%) of Res@NPs, Cou6@NPs, and Res-Cou6@NPs. (H)
Selectivity index of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs. (1) The in vitro drug release of Res-Cou6@NPs at both physiological and acidic pH levels.

The results in the colony forming Assay also
exhibited the similar results. As shown in Figure 3b,
and S3a it was observed that Res-Cou6@NPs inhibited
colony formation in Deinococcus radiodurans. The effect
of Res-Cou6@NPs was enhanced when combined with
X-Ray irradiation, which is evident from the fewer
colonies formed when compared with other controls.
Thus, Res-Cou6@NPs in combination with X-Ray
irradiation could potentially be wused as a
radiosensitizing nanoformulation. Raw plate images
of spots were shown in Figure S6 & 7.

4.3.2 Radiation-Induced Bacterial Cell Damage Assay

The SYTO9-PI staining determined the live and
dead cells. The X-Rays irradiated and non-irradiated
bacterial cells were stained with SYTO9 and PI to
determine the cell viability. The X-Ray irradiated
group exhibited more red fluorescence, which
indicated bacterial cell death. The non-irradiated
control groups showed more green fluorescence,
representing more viable/live cells (Figure 3c & 54,5).
This demonstrated the efficacy of Res-Cou6@NPs in
combination with X-Ray irradiation for inhibiting
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bacterial growth suggesting radiosensitizing potential
of Res-Coui6@NPs.

The observed radiosensitization is particularly
notable given the extreme intrinsic radioresistance of
Deinococcus radiodurans, sustained by highly efficient
DNA repair, robust antioxidant defenses, and protein
protection systems. Treatment with Res-Cou6@NPs
resulted in a marked reduction in post-irradiation
reproductive viability, indicating effective disruption
of bacterial radioresistance under ionizing radiation.
Complementary membrane integrity assays revealed
pronounced early cellular damage, suggesting that
radiosensitization is mediated through acute
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structural impairment rather than solely delayed
growth inhibition. The strong correlation between
immediate membrane damage and long-term survival
loss supports a mechanism involving rapid
compromise of cellular defense pathways.
Importantly, these findings establish a
mechanistic basis that parallels resistance phenomena
observed in radioresistant cancer cells, including
melanoma. Building on this validated extreme-
resistance model, subsequent mammalian studies
were designed to examine whether the
radiosensitization trends observed in Deinococcus
radiodurans translate to tumor-relevant systems.

Res-Cou6@NPs

Res-Cou6@NPs

Figure 3. Evaluation of the radiosensitizing effect of Res-Cou6@NPs on Deinococcus radiodurans. (A) Spot assay demonstrating the viability of Deinococcus radiodurans after
exposure to Res-Coub@NPs with and without radiation. (B) Spread assay demonstrating the growth of bacterial colonies under various treatment conditions. (C) Live/Dead
fluorescence experiment demonstrating bacterial viability post-treatment with Res-Cou6@NPs, both with and without radiation.
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The application of Deinococcus radiodurans in this
study was designed as a rigorous biological model to
assess the inherent radiosensitizing capabilities of the
synthesized nanoplatform, rather than to determine a
direct quantitative relationship with mammalian
tumor models. Due to its remarkable resilience to
ionizing radiation and oxidative stress, Deinococcus
radiodurans serves as an effective model for evaluating
if the formulation may surpass essential cellular
defense mechanisms linked to radioresistance.
Although the molecular pathways that regulate
radiation response vary significantly between
prokaryotic and mammalian cells, the bacterial model
acts as a preliminary resistance-screening tool to assess
the impairment of conserved stress-protective
mechanisms, especially in the context of oxidative
stress management and DNA damage tolerance. The
ensuing confirmation of the nanoplatform in
mammalian melanoma cells offers biological proof
that the identified radiosensitizing effects extend
beyond the bacterial model, thereby enhancing the
translational significance of the results. Nonetheless,
this cross-kingdom assessment ought to be regarded
as a supplementary approach rather than a definitive
forecast of clinical treatment results, necessitating
additional confirmation via in vivo research.

4.4 Cell Viability Studies

Biocompatibility of the synthesized nanoparticles
(Plain NPs, Res@NPs, Cou6@NPs, and Res-
Cou6@NPs) were evaluated using an MTT assay in
1929 and NIH3/T3 cell lines. The cells were treated
with the experimental groups at concentrations (1, 2.5,
5,10, 25, 50, and 100 pg/mL) along with the untreated
controls and incubated for 24 h. The cells exhibited
more than 80% cell viability at the concentration of 50
pg/mL for Res@NPs and Res-Cou6@NPs.

For Plain NPs & Cou6@NPs the concentration is
100 pg/mL, representing compatibility of the
synthesized liposomes on normal cell lines, as shown
in Figure 4A, B. (Bar graph of the same shown in the
S8a, b).

The cytotoxicity was analyzed using an MTT
assay on different type of cancer cells: B16F10
melanoma cells, HelLa cervical cancer cells, and 4T1
breast cancer cells. Briefly, the cells were treated with
the experimental groups at the same concentration as
biocompatibility, along with the untreated controls,
and incubated for 24 h. The 50% cell death of Res-
Cou6@NPs in HeLa was achieved at 100 pg/mL, in
4T1 at 80 pg/mL, and in B16F10 melanoma cells at 22
pg/mL. In B16F10 melanoma cells, Res@NPs and
Coub6@NPs exhibited ICso values of 39 ug/mL and 52
pg/mL, respectively. On the other hand, Cou6@NPs
needed 86 pug/mL to kill half of the 4T1 breast cancer
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cells. These results are showing that the
nanoformulation works better on melanoma cells than
on breast cancer and cervical cancer models (Figures
4C-E; S8c-e), which shows that it works best on
melanoma.

Comparative research indicates that nanocarrier
systems have enhanced therapeutic characteristics
compared to conventional medicines via various
mechanisms. This encompasses improved medication
solubility and bioavailability, targeted delivery to
diseased areas, and safeguarding against enzymatic
degradation. Nanocarriers enhance controlled release
kinetics, promote more cellular internalization, and
diminish systemic toxicity by limiting off-target
exposure. They enable combinatorial delivery of
therapeutic  drugs  and  facilitate  surface
functionalization with active targeting ligands,
positioning them as a versatile platform for improved
drug delivery applications [55-57].

The radiation-induced  cytotoxicity = was
evaluated by an MTT test on B16F10 melanoma cells.
The cells were subjected to 4 Gy at a dosage rate of 0.8
Gy min™ for 5 minutes following treatment with ICsg
values of all particles (Plain NPs, Res@NPs,
Coub6@NPs, and Res-Cou6@NPs) as well as plain
Resveratrol and Cisplatin, and were subsequently
incubated for 3 hours at 37 °C. The radiation-mediated
Res-Cou6@NPs exhibited a cell viability of 40+0.1%
relative to other treatment groups, indicating a
reduction in cell proliferation (Figure 8C). In the
radiation groups, cell viability was decreased relative
to control group.

The Selectivity Index (SI) is an essential
quantitative measure for assessing the differential
cytotoxicity of medicinal drugs, such as Resveratrol
and Coumarin-6, towards diseased and healthy cells.
This metric is crucial in preclinical drug development,
especially in oncology, parasitology, and diagnostic
imaging, where selective targeting reduces off-target
toxicity and improves therapeutic windows. SI values
exceeding 1 signify advantageous selectivity, with
elevated values associated with enhanced clinical
translation potential.

SI = ICso(normal cells)/ICsp (target/diseased cells)

The SI analysis demonstrated varying targeting
efficacy: plain NPs (SI ~ 1), Res@NPs (SI = 2.66),
Coub6@NPs (SI = 1.92), and Res-Cou6@NPs (SI = 4.54).
Res-Cou6@NPs  exhibited markedly improved
selectivity (SI = 4.54), signifying a superior preference
for malignant cells compared to healthy ones. Cell
line-specific SI values for Res-Cou6@NPs across HeLa,
4T1, and B16F10 melanoma models are
comprehensively detailed in Table S1.
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Figure 4. (A-B) Viability of normal cells post-treatment with Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs, illustrating the formulations' biocompatibility in (A) L929
and (B) NIH/3T3 cells. (C-E) Cytotoxicity study of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs in dose-dependent manner (C) Hela, (D) 4TI, and (E) BI6F10
melanoma cells, demonstrating the anticancer efficacy of the various nanoparticle formulations.

The Combination Index (CI) quantitatively
measures the interaction between two agents based on
their effect on biological system (e. g; cell viability,

apoptosis).
The formula to calculate CI is:
RO RIS
(Dxl) (sz)
Where:

o D =1Cspof Resveratrol in Res-Cou6@NPs

e D, =1Csp of Coumarin 6 in Res-Cou6@NPs

o D, =ICs of Resveratrol in Res@NPs

o Dy, =1Cs00of Coumarin 6 in Cou6@NPs
According to the cell viability experiment, the CI

value is 0.98, suggesting the synergistic effect of the
nanoformulation [58,59].

4.5 Intracellular Uptake Analysis

Cellular internalization of Res-Cou6@NPs by
B16F10 melanoma «cell line was evaluated.
Hydrophobic compounds (Resveratrol and Coumarin-
6) exhibit inherently low cellular uptake, preventing
them from reaching therapeutically effective
intracellular ~ concentrations. Optimal drug
hydrophilicity is crucial for attaining both elevated
cellular internalization and therapeutic effectiveness.
Liposomal nanoparticles were synthesized to
overcome this constraint by encapsulating
hydrophobic chemicals within lipid bilayer structures.
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Nile red was co-encapsulated into the Res-Cou6@NPs  intrinsic green fluorescence of Coumarin-6 (Figure 5A,
as a fluorescent marker for quantifying uptake. B, and S9a) has exhibited, suggesting the
Cellular nuclei were counterstained with DAPI. The  internalization of Cou6 in the cells.
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Figure 5. (A) Cellular uptake of Res-Coub6@NPs in BI6F10 melanoma cells using Nile Red as a tracker dye (scale bar: 100 pm) (B) Quantification analysis for intracellular
uptake of Res-Coub@NPs (C) Live/Dead assay in BI6F10 melanoma cells after treatment with Res-Cou6@NPs (scale bar: 100 pm) (D) Quantification analysis for Live/Dead
assay of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs (E) In vitro apoptosis evaluation in BI6F10 melanoma cells by AO/EtBr staining after treatment with Res-
Coub@NPs (scale bar: 100 pm) (F, G) Quantification analysis for AO/EtBr assay of Plain NPs, Res@NPs, Cou6@NPs, and Res-Coué@NPs. Data are presented as mean + SD
(n = 3 independent biological replicates).
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4.6 Live/Dead Cell Staining Assay

The qualitative evaluation of produced liposome
was conducted using a Live/Dead assay, employing
FDA and PI staining to distinguish viable from non-
viable cells. Figures 5C, D, and S10b display
representative fluorescence micrographs. Following
radiation-mediated analysis, utilizing the identical test
methods, demonstrated analogous cellular responses,
as illustrated in Figures 8A, B, and D, E, together with
internal group images (Figure S12a: with radiation;
Figure S12b: without radiation). Additional FDA/PI
channel-separated images for Res-Cou6@NPs are
provided in Figures S12c, d. Critically, the results
demonstrate significantly elevated cellular mortality
under irradiated conditions relative to non-irradiated
controls.

4.7 Dual Fluorescent Staining Assay

To elucidate the mechanism of Res-Cou6@NPs-
induced cytotoxicity, AO/EtBr dual staining was
employed. This assay qualitatively distinguishes
apoptotic cells through differential fluorescence: AO
stains all cells green, while EtBr selectively permeates
membrane-compromised apoptotic cells, emitting red
fluorescence. Results demonstrated significant
apoptosis induction in Res-Cou6@NPs-treated cells
after 24 h, characterized by yellow-green fluorescence,
relative to untreated controls (Figures 5E-G, and 510d)
[60].

4.8 ROS Generation Study

The ability of the nanoformulation to induce ROS
generation in B16F10 melanoma cells was assessed
using the DCFDA assay. Following 24 h treatment
with Plain NPs, Res@NPs, Cou6@NPs, or Res-
Coub6@NPs, qualitative & quantitative analysis
revealed substantial ROS induction in Res@NPs,
Coub@NPs, and Res-Coub6@NDPs-treated cohorts
(Figures 6A, B, and S9c). Resveratrol monotherapy
also demonstrated considerable ROS generation,
consistent ~with  established mechanisms of
Resveratrol-induced oxidative stress in malignant
cells. Crucially, Res-Cou6@NPs exhibited significantly
enhanced ROS production relative to controls,
indicating synergistic ROS-mediated cytotoxicity. This
work presents the initial evidence of Cou 6’s inherent
potential to induce ROS [61-63].

4.9 Singlet oxygen species generation
detection using SOS G

The efficiency of singlet oxygen ('O2) generation
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for Plain NPs, Res@NPs, Cou6@NDPs, and Res-
Coub6@NPs was evaluated in real time utilizing SOS G.
Green fluorescence, a sign of SOS G activation, was
seen in the Res@NPs, Cou6@NPs, and Res-Cou6@NPs
treatment groups via fluorescence microscopy,
indicating the generation of singlet oxygen (1O)
(Figures 6C, D, and S9b). Quantitative examination of
green fluorescence intensity was conducted utilizing
Image ] software. Res-Cou6@NPs demonstrated an
elevated generation of singlet oxygen (1O) relative to
the control groups.

4.10 Mitochondrial Membrane Potential
Analysis

ROS-induced mitochondrial dysfunction is a
recognized mechanism that disturbs cellular
homeostasis, ultimately initiating apoptotic cell death.
JC 1 experiment was performed to evaluate
mitochondrial damage induced by nanoparticles. This
assay utilizes the potential-dependent accumulation of
JC 1 in mitochondria: undamaged membranes
facilitate JC aggregate formation (red fluorescence),
whereas membrane depolarization results in
monomeric JC 1 (green fluorescence). The results
indicated significant increase in mitochondrial
damage in cells treated with Res-Cou6@NPs
compared to those treated with Plain NPs, Res@NPs,
and Cou6@NPs after 24 h of exposure (Figures 6E-G,
and S10a). Notably, Res@NPs and Cou6@NPs also
induced substantial mitochondrial dysfunction,
consistent with their established capacity to generate
ROS. These findings confirm the nanoformulation's
ability to selectively target mitochondria, the central
organelles for cellular energy production, to initiate
cytotoxic pathways [64-67].

4.11 Cell Scratch Assay

In multicellular organisms, cell migration
represents a fundamental process that underpins
gastrulation, neural development, tissue regeneration,
and morphological adaptations, thereby facilitating
tissue  integration. = Conversely,  dysregulated
migratory behavior under pathological conditions
denotes cell invasion, characterized by aberrant
infiltration into adjacent tissues. Malignant cells
demonstrate significant invasive capacities, allowing
them to infiltrate tissues and spread throughout the
body, a phenomenon referred to as metastasis.
Melanoma demonstrates this tendency, as initial
tumor cells disseminate too far anatomical locations
[68,69].
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Figure 6. (A) ROS generation evaluation in melanoma cells after treatment with Res-Cou6@NPs by a DCFDA assay (scale bar: 100 pm) (B) Quantification analysis for DCFDA
assay of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs (C) Singlet oxygen species analysis of Res-Cou6@NPs by SOS G assay (scale bar: 100 pm) (D) Quantification
analysis for SOS G assay of Plain NPs, Res@NPs, Coué@NPs, and Res-Cou6@NPs (E) Mitochondrial damage evaluation by JC-1 staining in melanoma cells after treatment
with Res-Coué6@NPs (scale bar: 100 pm) (F, G) Quantification analysis for JC-1 assay of Plain NPs, Res@NPs, Cou6@NPs, and Res-Cou6@NPs. Data are presented as mean

+ SD (n = 3 independent biological replicates).

The anti-migratory effectiveness of Res-
Coub6@NPs was assessed by a scratch-wound assay in
densely packed cell monolayers. Control groups
demonstrated substantial wound closure, while Res-
Cou6@NPs therapy markedly inhibited cellular
migration, resulting in nearly total suppression of
scratch repopulation. Time-lapse imaging at 0, 6, 12,
and 24 h confirmed sustained inhibitory effects

(Figures 7A and S11). Quantitative analysis indicated
less than 10% wound closure in treated wells
compared to controls, suggesting statistically
significant inhibition (p< 0.0001; Figure 7C). The
finding demonstrates that Res-Cou6@NPs
significantly hinder cancer cell motility, underscoring
their potential as anti-metastatic nanoformulations.
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4.12 Clonogenic Assay

A clonogenic assay was conducted to evaluate
the long-term proliferative capacity of B16F10
melanoma  cells following treatment  with
nanoparticles. Cells were exposed to Plain NPs,
Res@NPs, Coub6@NPs, or Res-Coub6@NPs for 24 h, then
trypsinized and re-seeded in 35 mm plates for 7-day
colony development monitoring,. Results
demonstrated significantly reduced colony formation
in Res-Cou6@NPs-treated cells relative to controls
(Figures 7D and 7E), indicating irreversible
cytotoxicity and suppressed tumorigenic recurrence.
This verifies the nanoformulation’s effectiveness in
eliminating clonogenic survival, an essential measure

for the therapeutic destruction of malignant cells.

4.13 3D Spheroid Formation Assay

Three-dimensional spheroid models accurately
replicate the tumor microenvironment in vitro,
demonstrating of key characteristic of in vivo solid
tumors, such as multicellular layering, structural
organization, nutritional gradients, and hypoxia.
These traits facilitate treatment resistance by
enhancing drug efflux mechanisms and hypoxia
adaption. Addressing the hypoxic core, a central point
of drug resistance, metastatic potential, and
angiogenic signaling, is a crucial therapeutic strategy.
This research assesses the kinetics of drug release and
the geographic distribution within tumor-mimetic
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spheroids [70,71]. Res-Cou6@NPs shown considerable
effectiveness against B16F10 melanoma spheroids.
After exposure to Plain NPs, Res@NPs, Cou6@NPs,
and Res-Coub6@NPs, both untreated controls and Plain
NPs demonstrated minimal cytotoxicity. Res@NPs
and Cou6@NPs induced only peripheral cytotoxicity
(Figure S10c), attributable to limited penetration
capacity and hydrophobic confinement. Conversely,
Res-Cou6@NPs  inflicted  extensive = damage
progressing radially from the periphery to the hypoxic
core (Figure 7B), indicating deep tumor-penetrating
capability.

4.14 Immunofluorescence

To determine whether Res-Cou6@NDPs enhance
the radiosensitivity of B16F10 melanoma cells by
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promoting DNA damage, the extent of DNA double-
strand breaks (DSBs) was examined by quantifying y-
H2AX foci through immunofluorescence staining
conducted 12 h post-irradiation. Representative
fluorescence images (Fig. 9A) revealed a noticeable
increase in y-H2AX foci in cells pretreated with
Res@NPs, Cou6@NPs, and particularly Res-
Coub6@NPs, compared to cells exposed to radiation
alone (control groups shown in Fig. S13). The
fluorescence intensity corresponding to y-H2AX foci
was quantified, and statistical evaluation was
performed using two-way ANOVA (Fig. 9B). The
results demonstrated that pretreatment with Res-
Coub6@NPs led to a significant elevation in radiation-
induced y-H2AX foci relative to other control groups
[72].

B
Bright Field FDA/PI
s
&
=
=4
U - -
=
=
-
VIR
=| 3
h-1 -9
n
= ®)
&
4
®
b=
=
=]
Q
@
&
E
Live cells Dead cells

10 3 Without X-rad Bl With X-rad

ko

*kk

e 5 3
6] s
s s

ek

kR

ek

Fluorescence Mean Intensity

> > P KR R
¢ F S S S
s C\QQ" &@ é@/ ¢ @
& < C,e" oe°
e

Figure 8. (A) Live/Dead assay in melanoma cells after treatment with Cisplatin, and Res-Cou6@NPs (Without x-ray) (scale bar: 100 um) (B) Live/Dead assay in B16F10
melanoma cells after treatment with Cisplatin, and Res-Cou6@NPs (With x-ray) (scale bar: 100 pm) (C) MTT assay of Cisplatin, Resveratrol, Res@NPs, Cou6@NPs, and Res-
Coub6@NPs, with and without X-ray (D, E) Quantification analysis for Live/Dead assay of Cisplatin, Resveratrol, Res@NPs, Cou6@NPs, and Res-Coub@NPs. Data are
presented as mean * SD (n = 3 independent biological replicates).
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The main aim of this nanoplatform is to examine
the capacity of Resveratrol-based nanoformulations to
surmount innate radioresistance, rather than only
acting as a cytotoxic agent. Our research indicates that
Resveratrol, when co-administered with Coumarin-6
in nanoparticle formulation (Res-Cou6@NPs),
displays significant radiosensitizing effects in both
radioresistant models (bacteria and human). In vitro
experiments shown that pretreatment with Res-
Cou6@NPs markedly decreased cell viability post-
irradiation,  exhibiting a more pronounced
augmentation of radiation-induced damage relative to
radiation exposure alone. Cells subjected to a
cumulative radiation exposure of 4 Gy at a dose rate of
0.8 Gymin® over 5 minutes demonstrated
significantly enhanced cytotoxic reactions in the
presence of Res-Cou6@NPs, highlighting the
radiosensitizing capability of the formulation rather
than a dose-dependent lethality. Live/Dead staining
corroborated our results, indicating substantial
radiation-induced cytotoxicity with nanoparticle
pretreatment, hence implying increased radiation
efficacy. Increased y-H2AX foci development showed
that there were more DNA double-strand breaks
(DSBs), which meant that the DNA repair process was
less effective and the cells were less likely to survive
after radiation. The observed radiosensitization is
probably controlled by a number of interconnected
processes, such as the rise in intracellular ROS caused
by nanoparticles during irradiation, the disruption of
redox homeostasis, and the interference with DNA
damage response pathways.

effectiveness of Res-
Cou6@NPs was further validated employing
Deinococcus radiodurans, a well-established model
organism  renowned  for its  exceptional
radioresistance. The mnanoformulation treatment
significantly exacerbated radiation-induced damage
in these resilient bacteria, highlighting the capacity of
Res-Cou6@NPs to impair robust DNA repair and
antioxidant defense mechanisms. A dose of 4 Gy of
radiation was chosen on purpose as a realistic
preclinical exposure to show sensitization effects
without aiming for the highest possible death rate.
This work shows that Res-Cou6@NPs are a good way
to make cells more sensitive to radiation. They can
change how radiation affects cells in a wide range of
species that are quite resistant to it. More research
using different levels of radiation, fractionation
methodologies, and mechanistic bacterial assays will
help us understand this radiosensitization strategy
better and make it more useful in the real world.

The present study illustrates encouraging in vitro
radiosensitization with the synthesized liposomal
nanoplatform; however, numerous obstacles persist
prior to its effective clinical application. This
encompasses  attaining  consistent large-scale
production,  validating  formulation stability,
investigating in vivo biodistribution,
pharmacokinetics,  systemic  toxicity, immune
interactions, and fulfilling regulatory standards.
Furthermore, the physicochemical properties of the
nanoplatform, especially its particle size (~200 nm),
are anticipated to significantly influence its in vivo

The radiosensitizing
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performance. Nanoparticles of this size are typically
seen as advantageous for passive tumor accumulation
via the EPR phenomenon, while minimizing the swift
renal clearance linked to smaller nanoparticles.
Nonetheless, particle dimensions may additionally
affect circulation duration, digestion by the
mononuclear  phagocyte system, and organ
distribution, all of which necessitate thorough
assessment under physiological circumstances.
Nonetheless, the application of biocompatible lipid-
based nanocarriers offers a promising foundation for
clinical implementation due to their recognized safety
record and adaptability in drug administration.
Consequently, forthcoming research will concentrate
on thorough in vivo examinations, encompassing
pharmacokinetic assessment, biodistribution, tumor
retention, biosafety appraisal, and therapeutic
effectiveness in appropriate animal models to further
validate the translational viability of the formulated
product.

5. Conclusion

In summary, we report a multifunctional
liposomal nanoplatform (Res-Cou6@NPs) for efficient
radiosensitizer ~ delivery, exhibiting nanoscale
uniformity, structural stability, and effective biological
performance. The system demonstrated a pronounced
ability to enhance radiation-induced damage, as
evidenced by increased membrane disruption and
reduced survival in the radiation-resistant model
organism Deinococcus radiodurans. Importantly, this
enhanced radiosensitization was recapitulated in
mammalian systems, where Res-Cou6@NPs promoted
ROS generation, mitochondrial dysfunction, and
apoptosis in melanoma cells, while inhibiting
migration, clonogenic survival, and three-dimensional
spheroid invasion, with minimal effects on normal
fibroblasts. These findings highlight the potential of
the developed liposomal nanoplatform as an effective
biomaterial-based = radiosensitizer, capable  of
overcoming intrinsic radioresistance across biological
systems. Furthermore, the integration of a radiation-
resistant microbial model as a pre-screening tool
provides a complementary strategy for evaluating
nanomedicine  performance  under  stringent
conditions. Overall, this work offers a biomaterial-
centered approach for enhancing radiotherapeutic
efficacy and supports the development of next-
generation radiosensitizing nanoplatforms, with
future studies aimed at in wvivo validation and
therapeutic translation.
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