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Abstract

Indocyanine green (ICG), a well-known photosensitiser, has shown potential in
photothermal therapy (PTT) for cancer treatment, but its effectiveness is limited
by poor skin penetration and rapid clearance. To address this, lipid
nanocapsules (LNCs) were used as nanocarriers to enhance ICG's cellular
uptake and photothermal (PT) performance in melanoma cells. Utilising our
recently developed Span 80-modified LNCs (LNC100-S8) with high
biocompatibility and enhanced cellular uptake in B16F10 melanoma cells, ICG
was loaded into LNC100-S8 using the phase inversion temperature method.
The results showed that ICG encapsulation at 4.5 mg/mL maintained LNC sizes
(95-105 nm). Moreover, the heating capacity of ICG in LNCs was approximately
1.5 times higher than free ICG, achieving temperature increases over 10 °C
post-irradiation. In cell cancer monolayers, LNC100-S8 enhanced ICG uptake
by 1.5 times compared to free ICG and reduced cell viability to 50% following
808 nm laser irradiation. More promisingly, ICG-LNC100-S8 combined with
laser irradiation significantly reduced three-dimensional B16F10 spheroids size
up to 11 days post-treatment compared to free ICG. Overall, our findings
validate LNC100-S8, as promising nanocarriers for enhancing ICG-based PTT,
supporting their potential applications in vivo to treat melanoma and other skin

cancers.
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1. Introduction

Photothermal therapy (PTT) is a minimally invasive approach used to ablate
tumours by converting light energy into heat, leading to localised hyperthermia
and subsequent tumour cell apoptosis and necrosis (Chen et al., 2016; Shiyi
Zhou, 2020). Compared to traditional cancer treatment modalities, such as
chemotherapy or surgery, PTT is minimally invasive and has fewer side effects
(Yaseen et al., 2007). PTT involves introducing a photosensitiser into the body,
followed by laser irradiation to achieve the optimal temperature increase for

tumour cell ablation (Lopes et al., 2022; Shiyi Zhou, 2020). Near-infrared (NIR)
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irradiation is advantageous for PTT, as NIR light penetrates deeper into tissues,
allowing for more effective and localised tumour ablation (Liang et al., 2021).
NIR-induced PTT using the non-invasive delivery of a photosensitiser holds
great promise for patients with inoperable topical and near-topical cancers

(Totonchy & Leffell, 2017).

Indocyanine green (ICG), is a fluorescent dye approved by the U.S. Food and
Drug Administration (FDA) for angiography and Ilymph node biopsy.
Preclinically, it has gained attention for its potential in PTT (Ntziachristos et al.,
2000). ICG effectively converts light into thermal energy when exposed to NIR
irradiation, making it a key component in laser-mediated PTT (Shirata et al.,
2017; Zheng et al., 2011). Once delivered to the tumour site, ICG is exposed to
NIR light, generating cytotoxic heat that ablates cancer cells highlighting its
potential for treating topical cancers in delicate regions, such as the face or near
nerves and blood vessels (Totonchy & Leffell, 2017; Yoon et al., 2017; Yorozu
et al., 2022). Apart from cancer, ICG showed potential in phototherapy to treat
superficial acne vulgaris with no skin irritation following ICG application to the
face and the back (Genina et al., 2004). ICG also has shown a skin rejuvenation
effect in vivo with significant improvements in wrinkles, pores, and
hyperpigmentation (Jung et al., 2024). All of these reports make ICG not only a
potential photosensitiser but also a skin-friendly agent (Topaloglu et al., 2020).
However, to overcome ICG degradation, and thermal instability, and improve
its skin penetration (Jung et al., 2018), ICG encapsulation in skin compatible
drug delivery system can open the door for ICG repurposing as a photothermal

agent to treat skin cancers, such as basal cell carcinoma and melanoma.

Lipid nanocapsules (LNCs) are a promising drug delivery system due to their
unique physicochemical properties, which enable efficient drug encapsulation
and release (Huynh et al., 2009). LNCs consist of an oily core, a non-ionic

surfactant shell and an aqueous continuous phase. They can encapsulate both
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hydrophobic and amphiphilic drugs (Hoarau et al., 2004). The shell of LNCs is
composed of biocompatible and biodegradable excipients, such as the non-
ionic surfactant Kolliphor HS15 and the amphiphilic co-surfactant
phospholipids. The oil core is composed of caprylic/capric triglyceride
(Labrafac), a key component that enhances lipophilic drug delivery by providing
a solubilising medium for hydrophobic drugs (Idlas et al., 2021). LNCs are
highly suitable for transdermal applications due to their small particle size (20—
100 nm), high encapsulation for hydrophobic and amphiphilic drugs and long-
term stability (Dabholkar et al., 2021). Moreover, LNCs have been shown to be
more suitable for transdermal applications than other nanocarriers, such as
nanocrystals (Hatahet et al.,, 2018). The ability of LNCs to facilitate deeper
penetration into the skin is particularly advantageous for photothermal therapy
(PTT), ensuring sufficient concentrations of the photosensitiser, such as ICG,

at the tumour site for effective tumour ablation.

Recently, our group has recently developed Span 80-modified LNCs (LNC100-
S8) with high safety in melanoma cell lines (Wu et al., 2025). We showed that
a partial replacement of Kolliphor HS15 with Span 80 (35% Span 80 with 65%
Kolliphor HS15 as surfactant) reduced the in vitro cytotoxicity on B16F10 cells
compared to conventional LNC100-0 (100% Kolliphor HS15), while improving
their cellular uptake (Wu et al.,, 2025). In the current study, we further
investigated LNC100-S8 as a nanocarrier for ICG delivery and assessed their
physicochemical properties and heating capacity in solution. Then, ICG-
LNC100-S8 cell uptake was assessed in the B16F10 cell line, and their
photothermal effect was evaluated in 2D and 3D cell models. Promisingly, our
findings confirmed the successful loading of ICG into LNC-100-S8 to enhance
ICG thermal properties, resulting in superior cell killing in BL6F10 melanoma
cells and spheroids. The present study highlights the potential of ICG-LNC100-
S8 for PTT in skin cancer, which lays the foundation for future skin permeability

testing and PPT in vivo.
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2. Method

2.1. Materials

Kolliphor® HS15 (Macrogol-15-hydroxystearate), Span80 (Sorbitan
monooleate), Acetonitrile (CHsCN), Dimethyl sulfoxide (DMSO), Sodium
chloride (NaCl) and Phosphate buffered saline (PBS) tablets were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Lipoid S 75 (Phospholipids with 70
% phosphatidylcholine) was provided as a free sample from Lipoid GmbH
(Ludwigshafen, Germany). Labrafac™ lipophile WL 1349 (Medium chain
triglycerides) was obtained as a free sample from Gattefossé (Saint-Priest,
France). Indocyanine Green (ICG) was purchased from AdooQ BioScience
(Irvine, CA, USA). RPMI 1640 medium, Dulbecco’s Modified Eagle Medium
(DMEM), Fetal Bovine Serum (FBS), penicillin-streptomycin, sodium pyruvate,
methylcellulose, resazurin, and trypsin-EDTA were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Sheath fluid was purchased from BD
FACSFlow (Franklin Lakes, NJ, USA). PD-10 column was purchased from GE
Healthcare (UK).

2.2. Preparation of empty and ICG-loaded lipid nanocapsules

LNCs components were weighed using an analytical balance and mixed into 7
mL glass vials according to Table 1. For the preparation of ICG-loaded LNCs,
16 mg (12.8 mg/g) of ICG were weighed and added to the other components.
All LNC formulations were prepared using the phase inversion temperature
(PIT) method (Béatrice Heurtault, 2002). Specifically, the mixed components
were first heated to 85 °C by a heating plate (STARLAB, UK) and then cooled
to 55 °C with continuous stirring using magnetic bars at 500 rpm. This heating-
cooling cycle was repeated three times. During the third cycle, the phase

inversion zone of the system was identified as the solution became clear, and



2.75 mL of cold distilled water was added to form stable and irreversible

LNC100s.

Table 1. Chemical composition of the different LNC formulations prepared
in the present study.

Formulation = Composition (mg)

Distilled
water

Kolliphor Span80 Lipoid Labrafac NaCl

HS15 S75

LNC100-0 - 121 -—- 18.8 302.3 22.3 7858
LNC100-S8 = 78.6 42.4 18.8 302.3 22.3 785.8

ICG-LNC100- [mES) 121 === 18.8 302.3 22.3 785.8
0

ICG-LNC100- [¥ES) 78.6 42.4 18.8 302.3 22.3 785.8
S8

2.3. Physicochemical characterisation of LNCs

The Zetasizer Nano ZS90 (Malvern Panalytical, Worcestershire, UK), equipped
with a 4.0 m\W He-Ne laser operating at 633 nm, was used to determine the Z-
average diameter and polydispersity index (Pdl) of LNC samples.
Measurements were conducted at 90°C scattering optics. Before
measurement, LNC samples were diluted 100-fold with distilled water and
transferred into 1mL low-volume polystyrene cuvettes (C5416, Merck, UK).
Then samples were transferred into folded capillary zeta cells (Malvern
Panalytical, Worcestershire, UK), and the zeta potential was tested by Zetasizer

Nano ZS90. Each sample's physiochemical characteristics were obtained by
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averaging three measurements. The physicochemical characteristics of each

sample were determined by averaging three independent measurements.

2.4. ICG encapsulation efficiency and loading into LNCs

To purify the ICG-loaded LNC100s, a PD-10 column (Cytiva Life Sciences, UK)
was used. Specifically, 1 mL of ICG-LNC100s was loaded added into the PD-
10 column, and then eluted with 1 mL of PBS buffer. Purified LNC100s were
collected from fractions 2-5.

The encapsulation efficiency (EE) of ICG-loaded LNC100s was determined
using a FLUOstar Omega Microplate Reader (BMG Labtech, Buckinghamshire,
UK) with a resolution of 1 nm by measuring the absorbance of ICG at 780 nm.
To quantify the encapsulated ICG, the purified ICG-LNC100s were solubilized
in acetonitrile at a 1/50 (v/v) ratio, and the ICG concentration was determined
using a standard calibration curve of ICG in acetonitrile (Figure S1). The
encapsulation efficiency was calculated by taking the percentage of the

encapsulated ICG concentration to the initial ICG concentration (Equation 1).

) __ Concentration of Encapsulated ICG

EE (% X 100% Equation (1)

Concentrationd of Initial ICG

The ICG loading was determined by using the amount of loaded ICG divided
by the total weight of excipients (Equation 2).

Amount of loaded ICG (mg)
Amount of excipients (2.5 g)

ICG loading (Ww/w %) =

Equation (2)

2.5. Heating capacity of ICG-LNC100s

Free ICG solution, ICG-LNC100-0, and ICG-LNC100-S8 were diluted in water
to concentrations of 6, 12, and 24 pg/mL based on the ICG concentration. 1 mL
from each sample was separately transferred into polystyrene cuvettes. The
experiments were conducted under controlled laboratory conditions, with all
samples maintained at a constant temperature of 25°C in the water bath (Grant,

8
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UK) at the beginning of the experiment (recorded as To). Near-infrared
irradiation (NIR) was performed using an 808 nm wavelength laser
(Optoelectronics Tech Co., LTD, PSU-W-FC, UK) with a power density of 2
W/cm? from a distance of 5 cm. Samples were then irradiated for 3 minutes.
During irradiation, the temperature of each sample was measured and recorded
every minute (T, to T3) using fibre optic temperature probes (OSENSA
Innovations, UK). The temperature difference was calculated by subtracting the
initial temperature (25°C) from the temperature measured every minute
(Equation 3).

AT =T, —T, Equation (3)

Where AT means the change in temperature where T, represents the
temperature measured at each time point (1 to 3 minutes), and Ty is the initial

temperature before irradiation.

2.6. In vitro 2D cellular characterisation

2.6.1. Cell line and cell culture

Murine melanoma cell line B16F10 (CRL-6475™ ATCC®, UK) was cultured in
RPMI 1640 (21875-034, Gibco) medium supplemented with 10% FBS, 1%
penicillin-streptomycin and 1% sodium pyruvate. Immortalised murine stellate
cell (SC) line was kindly provided by Prof. Angela Mathison (Medical College
Wisconsin, USA), and cultured in Dulbecco’s Modified Eagle Medium (DMEM,
41965-039, Gibco) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin.

All cells were maintained in T-75 tissue culture flasks (Sarstedt, Germany) at
37 °C in a humidified incubator with 5% CO2. To maintain exponential growth,
cells were passaged 1 in 10 ratios, 2-3 times each week using 0.05% Trypsin-

EDTA and fresh medium when they reached 80% confluence.

2.6.2. In vitro cellular uptake
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B16F10 cells (2 x 10° cells/well) were seeded into a 12-well plate (Sarstedt,
Germany) and incubated for 24 h. For the uptake studies, B16F10 cells were
treated with 1 mL of ICG, ICG-LNC100-0 or ICG-LNC100-S8 at 6 pg/mL and
12 pg/mL ICG in a complete medium, and incubated for 1, 3, and 24 hours.
After incubation, cells were washed three times with 1 mL sterile PBS buffer
and subsequently lysed with 0.2 mL dimethyl sulfoxide (DMSO). The lysates
were collected in 1.5 mL Microcentrifuge tubes (Fisher Scientific, UK), and
ultrasonicated for 10 minutes in an Ultrasonicator (VWR, UK) to help mix. The
absorbance of ICG in the lysates was measured at 780 nm using FLUOstar
Omega Microplate Reader (BMG Labtech, UK). The data was shown as the

fold change in absorbance as equation 4.

The absorbance of test group

The fold change in absorbance = Equation (4)

The absorbance of control group

2.6.3. In vitro cellular toxicity and photothermal therapy effect

B16F10 cells (1.5 x 10* cells/well) were seeded into a 96-well plate (Sarstedt,
Germany) and incubated for 24 hours. After incubation, the old medium was
replaced with 200 pL fresh. RPMI 1640 medium containing free ICG, ICG-
LNC100s, empty LNC100s or 10% dimethyl sulfoxide (DMSQO) as a positive
control. After 3 and 24 hours of incubation, the medium was removed, and the
cells were washed three times with 200 uL sterile PBS buffer then incubated
with 200 uL fresh medium. Next, cells were irradiated from a 5 cm distance with
laser light (808 nm, 2 W/cm?) for 3 minutes per well, then followed by resazurin
assay. In the non-irradiated groups, cell viability was directly assessed. The
medium was replaced with a 10% resazurin solution (0.1 mg/mL, 200 uL) and
incubated for 4 hours. After incubation, 150 pyL of the supernatant was
transferred to a black 96-well plate, and fluorescence was measured using a
FLUOstar Omega Microplate Reader with excitation/ emission at 544/590 nm
respectively. One well without cells containing only 10% resazurin solution was
used for blank correction. Cell viability was assessed using equation 5.
Equation (5):

10
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Cell viability (%)

(Fluorescence of tested cells — Fluorescence of blank correction)
x 100%

~ (Fluorescence of untreated control — Fluorescence of blank correction)

2.7. In vitro 3D cellular characterization

2.7.1. B16F10 spheroid formation using methylcellulose

B16F10:SC (1:1) cells were dispersed in 200 pL of complete RPMI 1640
medium containing 0.24% methylcellulose and seeded at a total density of 5000
cells/well in a 96-well round-bottom plate (TC-Plate 96 Well Standard, R, UK).
The medium was refreshed every 2 days by removing 100 pL of medium from
each well and replacing it with 100 pL of fresh medium. Spheroids were
maintained for 7 days to monitor growth. Images of spheroids were captured
using a light microscope (OLYMPUS, CKX41, UK) at 10x magnification,
equipped with a Qlmaging (MicroPublisher 3.3 camera, UK). The size of the
spheroids was calculated using Imaged software (LOCI, University of

Wisconsin, US).

2.7.2. Photothermal effect in B16F10 spheroids

B16F10:imPSC2 spheroids (1:1) were cultured for 3 days until the spheroids
reached an approximate diameter of 550 um. The spheroids were then treated
with free ICG or ICG-LNC100s at concentrations of 24 and 48 pg/mL for 24
hours. The celis in the negative control group were cultured with a complete
medium, while the positive control group contained 10% dimethyl sulfoxide
(DMSO) in the medium. On day 4, spheroids were washed gently with a sterile
PBS buffer. Then fresh medium was added, and cells were irradiated with a 2
W/cm? laser at 808 nm for 5 minutes from a distance of 3 cm. Non-irradiated
spheroids were washed and maintained with a fresh medium. The cells were
maintained by changing the medium every 2 days. The diameter of the

spheroids was monitored using the Cell3iMager neo (SCREEN Holdings Co.,

11
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Ltd., UK). The size of the spheroids was calculated using ImageJ software

(LOCI, University of Wisconsin, US).

2.8. Statistical analysis

Prior to statistical analyses, the mean, standard deviation, and normality
distribution of all data sets were calculated. A two-tailed independent t-test was
used to compare the means of the two groups. One-way analysis of variance
(ANOVA) was performed to analyse differences between the means of more
than two groups, followed by Tukey’s Honestly Significant Difference
(TukeyHSD) post-hoc test. All statistical tests were performed using GraphPad
Prism 10 (GraphPad Software, Inc., USA).

3. Results

3.1. Physiochemical properties of ICG-loaded LNCs

Initially, empty conventional (LNC100-0) and Span80-modified (LNC100-S8)
LNCs were prepared using the phase inversion temperature (PIT) method
(Figure 1). Both LNCs had comparable hydrodynamic diameter and PDI of
LNCs (101 £2nm, 0.07 £0.01 vs. 94 + 2 nm, 0.13 + 0.05, respectively) (Figure
1A). Both LNCs exhibited comparable zeta potential (Figure S2). Similarly,
loading ICG of up to 4.5 mg/mL showed comparable particle size and pdl values
for LNC100-0 (103 + 3 nm, 0.11 £ 0.01) and LNC100-S8 (105 £ 3 nm, 0.19 +
0.03) (Figure 1A). Interestingly, both LNCs demonstrated comparable ICG
encapsulation efficiencies (%EE) of and loading capacities (99 + 2 %, 12.5+ 4
mg/g vs. 96 £ 1 %, 12.1 + 3 mg/g, respectively) (Figure 1B). Furthermore, ICG-
LNCs exhibited high stability up to 14 days storage at 4°C, with minimal
changes in the hydrodynamic diameter and ICG % EE (Figure S3).

12
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Figure 1. Physiochemical properties of ICG-loaded LNCs. 4.5mg/mL ICG
was loaded into conventional (ICG-LNC100-0) and Span80-containing (ICG-
LNC100-S8) LNCs. (A) Hydrodynamic size and polydispersity index (pdl), and
(B) ICG encapsulation efficiency and loading capacity. LNCs were
characterised by DLS and UV plate reader, respectively (n=3).

3.2. Heating capacity of ICG-loaded LNCs

To determine the heating capacity for ICG in its free or LNC-loaded form, ICG,
LNC100, and ICG-LNC100-S8 samples at 6, 12 and 24 pg/mL were irradiated
for 1-3 minutes with 808 nm laser at 2 W/cm2. Figure 2 shows that at all
concentrations, ICG-LNCs showed a statistically higher heating capacity than
free ICG solution (p<0.005). Furthermore, comparable heating capacity was
achieved with both LNC formulations following 2- and 3-minute radiation.
Nevertheless, at' 1-minute irradiation, ICG-LNC100-S8 showed statistically
higher heating capacity than conventional ICG-LNC100-0 with 12 and 24 pg/mL
of ICG (p <0.05).

After 3 minutes of irradiation, the temperature increased by 6°C, 11°C, and
19°C with 6, 12, and 24 pg/mL of free ICG solution, respectively. In parallel,
ICG-LNCs exhibited significantly improved heating capacity across all
concentrations with an average temperature increase of 9°C, 17°C, and 26°C

at 6, 12, and 24 pg/mL respectively (p < 0.005).
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Figure 2. Heating capacity of ICG-loaded LNCs. Samples of ICG, ICG-
LNC100-0 and ICG-LNC100-S8 at 6, 12, and 24 pg/mL were heated for 1-3 min
with a 2 W/cm? laser at 808 nm from a 5 ¢m distance. During a 3-min heating
period, the temperature of the sample was recorded every minute using an
optical fibre. Statistical analysis was performed using one-way ANOVA

* p< 0.05, **p<0.005 (n=3).

3.3 Cellular uptake of ICG-LNCs in B16F10 cell lines

The cellular uptake of free ICG, ICG-LNC100-0 and ICG-LNC100-S8 was
assessed in the B16F10 cell line at concentrations of 6 and 12 pg/mL (Figure
3A and B). Af 6 pg/mL, minimal uptake was observed at 1 hour; however, a
significantly higher cellular uptake was observed for ICG-LNC100-S8 than free
ICG and ICG-LNC100-0 after 3 hours of incubation (p < 0.005). As incubation
time increased to 24 hours, the cellular uptake of free ICG and ICG-LNC100-0
appeared to reach similar levels (p > 0.05). However, still, ICG-LNC100-S8
exhibited a significantly higher cellular uptake than ICG-LNC100-0 (p = 0.026)
(Figure 3A). At 12 pg/mL, differences in cellular uptake among formulations
were only observed at 3 and 24 hours. At the 3-hour time point, the cellular
uptake of ICG-LNC100-S8 showed a statistical increase than free ICG and ICG-
LNC100-0 (p=0.005 and p=0.008). As incubation time increased to 24 hours,

14



Journal Pre-proof

the cellular uptake of ICG-LNC100-S8 was approximately 1.5 times higher than
that of free ICG and ICG-LNC100-0 (p < 0.005) (Figure 3B).
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Figure 3. Cellular uptake of ICG-loaded LNCs in B16F10 cell line. Cellular
uptake of free ICG, ICG-LNC100-0 and ICG-LNC100-S8 in B16F10
monolayers treated with (A) 6 pg/mL and (B) 12 pg/mL of ICG. B16F10 cells
were incubated with different ICG formulations in complete RPMI1640 medium
for 1, 3 and 24 hours. Cells were washed and lysed with 0.2 mL DMSO and
ICG absorbance was measured using the plate reader. Statistical analysis was
performed using one-way ANOVA * p< 0.05, **p< 0.01, ***p<0.005 (n=3).

3.4. Photothermal effect of ICG-LNCs on B16F10 monolayers

Following the confirmation of efficient uptake of ICG-LNC100 formulations by
B16F10 melanoma cells, their in vitro cytotoxicity and photothermal (PT) effects
were investigated in the same cell line following 3 hours of incubation.

Initially, the toxicity of our empty LNC100-0 and LNC100-S8 were evaluated
following 3-hour incubation with 440-1700 pg/mL of LNC concentrations that
will be equivalent to ICG-loaded LNCs, containing 6-24 pg/mL of ICG. In
agreement with our previous results, LNC100-S8 exhibited minimal toxicity
compared to LNC100-0, where the latter showed concentration-dependent
toxicity (Figure 4A, solid bars). More importantly, 3-min laser irradiation did
not affect the viability of cells incubated with all empty LNCs (Figure 4A,
striped bars). Similar biocompatibility was observed with free ICG and ICG-
loaded LNCs in the absence of irradiation at 3-hour incubation (Figure 4B,
solid bars). Nevertheless, 3-hour incubation combined with irradiation resulted

15
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in significant photothermal effects with ICG and ICG-LNCs at all concentrations
(p < 0.05) except with ICG-LNC100-0 at 24 pg/mL, due to the inherent toxicity
of ICG-LNC100-0 (p > 0.05) (Figure 4B, striped bars). The application of laser
at 12 pg/mL decreased cellular viability by 20%, 23% and 25% with free ICG,
ICG-LNC100-0 and ICG-LNC100-S8, respectively. The application of laser at
24 pg/mL decreased cellular viability by 36% and 42% with free ICG and ICG-
LNC100-S8, respectively. It is important to note that 1-minute laser irradiation

was not sufficient to induce significant cell toxicity (Figure S4).
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Figure 4. Photothermal effect of ICG-loaded LNCs on B16F10 melanoma
cell line. Different concentrations of (A) empty LNCs or (B) ICG-LNCs and free
ICG were incubated with B16F10 cell line for 3 hours. Irradiated samples were
subjected to 3 min with 2W/cm? laser at 808 nm. Cell-viability was tested by
resazurin assay (n=3, 5 wells/ condition). Statistical analysis was performed
using t-test * p< 0.05, **p< 0.01, **p<0.005.
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3.5. Photothermal effect of ICG-LNCs on three-dimensional

B16F10 spheroids

To evaluate the photothermal effect of our developed ICG-LNCs into a complex
in vitro model, a three-dimensional co-culture model of B16F10: stellate cells
(1:1) was successfully developed (Figure S7). Next, spheroids were incubated
with 48 pg/mL of ICG for 24 hours, then washed and irradiated for 5 minutes at
2 W/cm2. The spheroids’ diameter of the irradiated and the non-irradiated
spheroids were monitored for up to 11 days. As expected, no significant
inhibition of spheroid proliferation was observed in the absence of laser
irradiation compared to the negative control group (Figure 5A). However, upon
irradiation, a marked inhibition of B16F10 spheroid proliferation was observed.
By day 11, a reduction of 28.3%, 24.5% and 33.7% in spheroid size was
observed with free ICG, ICG-LNC100-0 and ICG-LNC100-S8, respectively,
compared with the control group (p < 0.05) (Figure 5B). Promisingly, the
highest spheroids inhibition was obtained with ICG-LNC100-S8, with significant
differences between free ICG and ICG-LNC100-0, which could be attributed to
their higher cellular uptake (Figure 3). It is worth mentioning that a significant
spheroid inhibition was observed at 24 pg/mL of ICG, however, no significant

differences were observed among the three ICG formulations (Figure S8).
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Figure 5. Photothermal effect of ICG-loaded LNCs on B16F10 co-cultured
spheroids. (A) non-irradiated group, (B) irradiated group. B16F10:SC
spheroids (1:1) were seeded in the 96-round bottom plate with medium
containing 0.24% methylceliulose at 5000 cells/well for 3 days then treated with
free ICG or ICG-LNC100-0 or ICG-LNC100-S8 at 48 pg/mL. At day 4, spheroids
at the irradiated group were washed and irradiated for 5 min with 2 W/cm? laser
at 808 nm with a distance of 3 cm. The spheroid diameter was monitored over
time using the Cell3iMager neo (n=3, 6 wells/ condition). 10% DMSO was used
as a positive toxicity control. Statistical analysis was performed using one-way
ANOVA * p< 0.05, ***p<0.005.

4. Discussion

PTT is an interesting approach to locally treat skin with reduce side effects
compared to chemotherapy (Li et al., 2020; Zhi et al., 2020). Due to its deeper
penetration depth, NIR irradiation has been higher potential for clinical
translation, particularly with the development of NIR photosensitisers and
photothermal (PT) agents, such as ICG (Andreea Campu, 2020; Kim & Kim,
2023). ICG is a fluorescent dye that is FDA-approved in diagnostic imagining.
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Moreover, ICG is capable of converting NIR energy into thermal energy capable
of cancer ablation (Jian et al., 2015; Sevieri et al., 2020; Yoon et al., 2017).
However, the direct application of free ICG solution to skin cancer is challenged
by its low skin penetration.

LNCs have been extensively investigated in drug delivery to skin tissue (Abdel-
Mottaleb et al., 2011; Elmowafy et al., 2022; Hatahet et al., 2018; Lee et al.,
2019; Shiyi Zhou, 2020). They have the potential to be commercialised in the
cosmetic field. LNCs have been used to deliver ingredients like quercetin,
coenzyme Q10, and retinyl palmitate to the skin (Hatahet et al., 2017; Nguyen
et al., 2016; Simon et al., 2020; Terroso et al., 2009). Furthermore, LNCs
exhibit high stability. For instance, LNC100 locaded with benznidazole
maintained physical stability for up to one year when stored at 4 °C (Arrua et
al., 2023). Similarly, curcumin-loaded LNCs prepared by comparable methods
showed stable encapsulation efficiency over 30 days under 4 °C storage
conditions (Mazzarino et al., 2010). Furthermore, storage under light-protected
conditions is likely to be effective in preserving the stability of light-sensitive
drugs encapsulated in LNCs (Mazzarino et al., 2010). They enhance
penetration and provide a controlled release for prolonged activity, particularly
for anti-ageing and skin-brightening products. However, no studies have
explored LNCs in delivering PT agents for skin cancer. Recently, our group has
developed a Span80-modified LNC formulation (LNC100-S8) and showed its
reduced toxicity and enhanced cellular uptake in B16F10 melanoma cell lines
(Wu et al., 2025), which could have a huge promise for improving ICG
photothermal efficacy in skin cancer. Our developed ICG-LNCs, can be directly
applied to the skin surface or extended to other topical formulations, such as
gels or microneedles, to leverage their small size and skin penetration
capabilities for treating superficial skin cancers (Abd-El-Azim et al., 2022;
Cordeiro Lima Fernandes et al., 2021; DeMuth et al., 2012; EI-Sheridy et al.,

2019). Alternatively, for deeper tumours or more targeted therapies, injection
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can provide better localisation and therapeutic efficacy (Hureaux et al., 2010;

Morille et al., 2011).

The use of the Phase Inversion Temperature (PIT) method in this study proved
effective in producing lipid nanocapsules with high encapsulation efficiency and
stability under laboratory conditions (Heurtault et al., 2002). The process is
relatively simple, energy-efficient, and holds potential for industrial applications
(Dabholkar et al., 2021; Huynh et al., 2009). To the best of our knowledge, this
is the first report of ICG-loaded LNCs with a high ICG loading of 12.3 mg/g (4.5
mg/mL) (Figure 1) with good stability up to 14 days (Figure S3). Our ICG-LNCs
exhibit a 10-fold increase compared to ICG liposomal formulation that loaded
350-430 pg/mL (Shemesh et al., 2014) and a 15-fold increase compared to the
300 pg/mL loaded in lipid-polymer nanoparticles (Zhao et al., 2014). The higher
loading capacity of LNCs might be explained by the contribution of both the
hydrophobic core and the hydrophilic shell in ICG loading. Hsu et al. (2020)
showed a significant difference in ICG encapsulation efficiency when loading
into nanoparticles composed of a hydrophobic hybrid chitosan/DBA core and
nanoparticles made without the hydrophobic core. The drug loading percentage
increased from 2.0 £ 0.1% to 3.3 + 0.2% compared to particles made without
the hydrophobic core. They believed that hydrophobic interaction provided by
DBA plays a key role in improving the drug loading percentage of ICG (Hsu et
al., 2020). These results indicate that ICG-LNCs were successfully formulated
with high drug loading that matches the 5 mg/mL of ICG used in clinical
applications (Muraleedharan & Tripathy, 2023; Shirata et al., 2017; Teng et al.,
2021).

The ability of ICG and ICG-LNCs to induce heat was assessed in an aqueous
environment (Figure 2). Our findings confirmed that the photothermal effect of
ICG solution and ICG-LNCs was concentration-dependent (Lee, 2021). More

importantly, ICG-LNCs significantly enhanced ICG heating capacity (Figure 2).
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For instance, following 3-minute irradiation at 24 pg/mL ICG, the changes in
temperature increase were 19 £ 1 °C, 27 + 1 °C and 26 + 1 °C with free ICG,
ICG-LNC100-0 and ICG-LNC100-S8, respectively. At concentrations of 12 and
24 pg/mL, ICG-LNCs consistently reached temperatures above 45 °C, meeting
the effective “hyperthermia range” of 42—-47 °C required for tumour ablation
(Pereira Gomes et al., 2019). Zheng et al reported a similar enhancement in
heating capacity with ICG-loaded nanoparticles, where ICG-PL-PEG
nanoparticles showed a 1.3-fold higher temperature than free ICG under similar
heating conditions. (Zheng et al., 2012). Using polymeric nanomicelles, the
enhancement of the PT effect of ICG was also demonstrated in HeLa cells (Jian

et al., 2015).

LNCs are known to be toxic to 2D cell cultures due to their high concentration
of surfactants (Maupas et al., 2011). Tackling this issue, our group illustrated
the impotence of the surfactant selection to increase LNCs biocompatibility in
melanoma cells, where incorporating 35% of span 80 into the conventional
LNCs improved their compatibility (Wu et al., 2025). Accordingly, both empty
LNC100-S8 and ICG-LNC100-S8 demonstrated lower cytotoxicity than their
empty or ICG-LNC100-0 counterpart under the same incubation conditions
without laser irradiation (Figure 4). Furthermore, LNC100-S8 exhibited a 1.43
times higher uptake compared to LNC100-0 and a 1.67 times higher uptake
than free ICG in B16F10 melanoma cells (Figure 3). These findings are
consistent with our previous results using Dil-labelled LNCs (Wu et al., 2025).
Promisingly, the safer ICG-LNC100-S8 with its higher cellular uptake exhibited
significant PT effects under laser irradiation, resulting in approximately 30%
reductions in cell viability compared with the non-laser group, something not
visible with ICG-LNC100-0 (Figure 4B). The PT effect was more pronounced
with higher ICG concentrations, indicating a dose-dependent response. Similar
findings were reported in previous studies with SKOV3 cells (human ovarian

cancer cell line), where PT efficiency increased with increasing ICG
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concentrations from 0.5 to 50 pg/mL (Li et al., 2017). Overall, LNC100-S8 is a
safer and more effective delivery approach for ICG over conventional LNC100-

0 in 2D cell culture melanoma model.

Unlike monolayer, 3D cell culture models can offer an advanced level of cellular
interaction and polarity, thus better mimicking the in vivo conditions. Spheroid
models more accurately represent tumour behaviour by simulating gradients of
oxygen, nutrients, and drug penetration, factors that critically impact treatment
efficacy (Abbas et al., 2023). To establish a 3D model of B16F10 spheroids,
various methods were tested. Initially, 3D spheroids were attempted using 1-2
x 10* cells/well seeded in using agarose-coated 96-well plates to form regular
spheroids according to Mu et al. (2021). However, although the cells
aggregated, our cells failed to form homogencus spheroids after 10 days in
culture (Figure S5). Given the challenges with the agar-coated method, the
hanging drop method was also employed, with 5,000 cells/drop seeded on the
lid of a petri dish in a complete cell culture medium, which was reported to form
spheroids within 7 days (Filipiak-Duliban et al., 2022). Similarly, we had similar
difficulties with the hanging-drop method, as spheroid formation could not be
reproduced. While B16F10 cells initially formed aggregates in the hanging
droplets, these aggregates failed to develop into spheroids after transfer
between plates (Figure S6). To address these issues, we developed a co-
culture method using a 1:1 ratio of B16F10 and stellate cells with media
containing 0.24% methylcellulose and starting with 5000 cells/well of 96-well-
plate, resulting in regular-shaped spheroids that remained stable over time
(Figure S7). Over the 7-day observation period, the spheroids exhibited
consistent growth and maintained a uniform spherical shape. Promisingly, our
co-culture model better mimics the tumour microenvironment, where stromal
cells play a critical role in tumour development and therapy resistance (Sharma

et al., 2024).
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Interestingly, irradiated B16F10 spheroids treated with ICG-LNC100-S8
exhibited up to a 34% reduction in size, significantly more than the reductions
observed with free ICG (28%, p < 0.05) and ICG-LNC100-0 (24%, p < 0.005)
(Figure 5B). The superiority of ICG-LNC100-S8 over free ICG was not
observed in the 2D experiments (Figure 4B). Compared to traditional 2D
monolayer cultures, which allow uniform exposure to treatments, the 3D model
introduces barriers to drug penetration, closely simulating the challenges faced
when treating tumours in patients (Abbas et al., 2023). This is the first study to
demonstrate that lipid nanocapsules can effectively enhance the PT effect of
ICG in a 3D B16F10 model. Previously, Li et al. (2017)reported that, free ICG
reduced SKOV3 spheroid diameter by 21.5%, while ICG-PEI-HAUNS achieved
a 50.2% reduction after 5 days of laser irradiation. The significant reduction in
spheroid size achieved with ICG-LNCs suggests that these formulations
effectively overcome the delivery and penetration barriers that commonly
hinders solid tumour treatment, which requires further investigations. Moreover,
the tailored composition of LNC100-S8 to reduce LNCs inherent toxicity and
increase LNCs uptake by B16F10 significantly improved the PT effect
compared to conventional LNC100-0 (p < 0.05) (Figure 5B). More promisingly,
LNCs have shown to reduce the secretion of tumour growth factors and thus
control tumour growth in both B16F10 (mouse melanoma) and SK-Mel-28
(human melanoma) cells due to their supramolecular structure (Drewes et al.,
2017). Collectively, all the factors could have enhanced the ICG-LNC100-S8

PT effect; however, the exact mechanism is yet to be elucidated.

This study also highlighted the need to appropriately use cell culture model in
understanding LNCs cytotoxicity. In the 2D model of this study, empty LNC100-
0 reduced cell viability by 30-50% (Figure 4A), whereas in the 3D model, it had
almost no effect on spheroid growth (Figure 5A). This finding can be explained
by the difference in resistance of 2D and 3D cell models to nanoparticles

(Zuchowska et al., 2017). According to Gongalves et al. (2017) glioblastoma
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multiforme (GMB) spheroids were more resistant to drugs and other therapies
than monolayer cells. The 3D models were shown to have higher photothermal
tolerance than 2D models, and the cell viabilities of cells in 3D models after
NesPEG-AuNR/laser treatment was 26% higher than that in 2D models
(Gongalves et al., 2017). These findings emphasize the critical importance of
3D models for accurately assessing both the therapeutic efficacy and

cytotoxicity of nanoparticle-based treatments.

5. Conclusions

In this study, we successfully loaded ICG into LNCs with high loading efficiency.
Our work confirmed the ability of LNCs to enhance the PT effect of ICG in both
2D and 3D models of B16F10 melanoma cells. The results demonstrated that
ICG loaded into Span-80 modified LNCs significantly improved the cellular
uptake of ICG with minimal cytotoxicity. Consequently, LNC100-S8 enhanced
the ICG photothermal effect and exhibited statistically superior efficacy,
compared to ICG, in inhibiting spheroid proliferation in the 3D co-culture model.
Overall, our findings highlight LNC100-S8 as promising nanocarriers for
enhancing ICG-based PTT, supporting their potential applications in vivo to

treat inoperable melanoma and other skin cancers.
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