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Active Ingredient green (ICG) J-aggregates (IJA) are a unique form of aggregation that exhibits superior
properties to monomeric ICG. Despite their higher photoacoustic (PA) signals for imaging and heating stability
during pho-tothermal therapy (PTT), they exhibit low stability under a biological milieu. Our group previously
proposed a simple procedure for in-situ preparation of IJA into liposomes, accelerating their formation and
optical proper-ties. To comprehend their potential applications, we systematically investigated the effect of the
lipid bilayer composition on ICG J-aggregation and stability. Moreover, their in vitro compatibility and
photothermal toxicity in monolayers and cancer spheroids, besides their in vivo biodistribution and
clearance were evaluated. Our findings revealed the importance of high cholesterol and PEG-lipid content and
low charged lipids (~ 5 mol %) in liposomes to promote a high IJA/ICG ratio and, thus, high heating stability.
More importantly, IJA-liposomes revealed high biocompatibility in monolayer and cancer spheroids with
efficient photothermal toxicity. Finally, IJA-liposomes were cleared from the body without toxicity.
Interestingly, IJA-liposomes mainly showed lower affinity to the liver than monomeric ICG, resulting in higher
renal clearance. Overall, our biodegradable IJA-liposomes could be an excellent alternative to gold-based
agents suitable for PA imaging and cancer PTT.

Active Ingredient green (ICG) is the only near-infrared FDA-
approved cyanine dye (Galema et al., 2022, Alander et al., 2012). It is

1. Introduction

Photothermal therapy (PTT) is a promising strategy for cancer
therapy due to its selectivity, efficacy, minimal invasiveness and side
effects (Alamdari et al., 2022, Pucci et al., 2019, Li et al., 2020). Its
direct cytotoxic effect on cancer cells has also been successful in acti-
vating the immune system to fight cancer (Li et al., 2020). PTT works by
converting irradiated light into heat, where the increased temperature
(> 45 °C) is sufficient to induce localised cell death and cellular protein
denaturation (Fernandes et al., 2020, Pucci et al., 2019, Thirumurugan
et al., 2024). Photothermal agents, such as gold-based materials, metal-
frame works, and carbon-based constructs, have shown excellent results
as photothermal agents. However, their slow degradation and clearance
from the body have limited their clinical applications, particularly for
systemic administration, highlighting the need for biodegradable alter-
natives (Thirumurugan et al., 2024).

an anionic and water-soluble dye with an absorption and emission
peaks of 780 nm and 810-20 nm, respectively. It is used in
humans for ophthalmic angiography, determining cardiac output,
hepatic function and liver blood flow (Alander et al., 2012). Pre-
clinically, ICG has shown prom-ising results in photoacoustic (PA)
imaging (Chaudhary et al, 2019) and PTT and photodynamic
treatment (PDT) (Yorozu et al., 2022, Hu et al., 2022). However, it
presents several shortcomings, such as low photo-thermal and
aqueous stability together with a very short blood -circu-lation
(Alander et al, 2012), which hamper its applications in vivo.
Encapsulating monomeric ICG into nanocarriers has overcome its opti-
cal stabilities and undesirable pharmacokinetics profile (Beziere et al.,
2015, Mahmut et al., 2023, Saxena et al., 2004). A slightly different
approach was used to tackle its low photothermal stability via J-aggre-
gate formation (Liu et al., 2017, Picchio et al., 2021).
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ICG is intrinsically capable of forming J-aggregates, a head-to-tail
arrangement of the monomers driven by n-n stacking and hydrophobic
interactions (Cheung et al., 2020). On the contrary to the monomeric
ICG, ICG J-aggregates (IJA) have displayed improved optical stability
(Cheung et al., 2020), narrower and bathochromic shifted (~890 nm)
absorption spectrum and greater PTT efficacy (Liu et al., 2017, Picchio
et al., 2021). It was reported that IJA spontaneously form upon storing
ICG at room temperature for several days (Rotermund et al., 1997);
however, different approaches have been reported to promote and/or
accelerate IJA formation. For instance, high temperature (~65 °C)
(Cheung et al., 2020, Liu et al., 2017), increasing dye’s concentration
(Shakiba et al., 2016), adding salts (Chen et al., 2022), or drugs, such
as Active Ingredient (Vincy et al., 2022). Nevertheless, the in vivo
application of IJA has been limited due to the disruption of the packing
in the presence of biological fluids (Farrakhova et al., 2022, Millard
et al., 2023, Chan-galvaie et al., 2019, Shakiba et al., 2016).
Promisingly, different nano-carriers, such as liposomes (Wood et al.,
2021, Cheung et al., 2020), polymeric micelles (Shao et al., 2019) and
polymersomes (Changalvaie et al., 2019), have been developed to
encapsulate IJA, thus improving its suitability for systemic
administration. Nevertheless, these time- consuming procedures
ranged from 8 h to 60 days (Wood et al., 2021, Shao et al., 2019).

Our group previously reported a novel and quick approach to
developing IJA-templated liposomes using lower concentrations of ICG
and milder incubation conditions, where these constructs had compa-
rable photothermal stability to conventional IJA (Cheung et al., 2020).
In our former study, using experimental and molecular modelling, we
demonstrated the role of the phospholipid length and saturation in
promoting IJA formation without affecting their structural integrity, as
confirmed with Cryogenic- TEM (Cheung et al., 2020). In the present
work, we extend our research to investigate the effect of different
formulation parameters, such as cholesterol and PEG-lipid content, lipid
surface charge and IJA content on IJA-liposomes’ physiochemical
properties. More importantly, their stability under physiological con-
ditions, biocompatibility, and PTT in various 2D and 3D cancer models
was investigated. Finally, the in vivo behaviour in terms of tumour tar-
geting and organ clearance was determined. Overall, the present work
provides a better understanding of the formulation parameters needed
to prepare optimal photostable IJA-liposomes with promising efficacy
and safety profiles suitable for PTT and PA imaging.

2. Materials and methods
2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEGggg0), 1,2-dioleoyloxy-3-trimethylammonium-pro-
pane chloride (DOTAP), were generous gifts from Lipoid GmbH (Lud-
wigshafen, Germany). 1,2-distearoyl-sn-glycero-3-phospho-rac-glycerol,
sodium salt (DSPG) and 1,2-stearoyl-3-trimethylammonium-propane
(DSTAP) (chloride salt) were purchased from Avanti Polar Lipids.
Cholesterol (Chol), phosphate buffered saline (PBS) tablets, trehalose,
hydrochloric acid (HCI) 37 %, absolute ethanol, heat inactivated fetal
bovine serum (FBS), resazurin sodium salt, and methylcellulose were
purchased from Sigma-Aldrich Ltd. (Dorset, UK). Roswell Park Memorial
Institute medium (RPMI), Dulbecco’s Modified Eagle Medium (DMEM),
0.05 % trypsin-EDTA phenol red solution, Active Ingredient—Active
Ingredient (10,000 U/mL), dimethyl sulfoxide (DMSO) were
purchased from Thermo Fisher Scientific. Flat bottom 96-well plates
and round bottom 96-well plates were purchased from Sarstedt Ltd
(UK). Active Ingredient green (ICG) was purchased from Adooq
Bioscience LLC (Irvine, USA). Polycarbonate membranes for liposome
extrusion were obtained from Cytiva (Amersham, UK).
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2.2. IJA formation

ICG solution was filtered through 0.2 ym membrane filters followed
by overnight incubation at 65 °C.

2.3. IJA-liposome preparation and characterisation

2.3.1. Preparation of IJA-liposomes

The ethanolic stock of lipids and ICG were prepared and mixed to
prepare liposomes of different lipid compositions (Table 1), as described
previously (Cheung et al., 2020). The dried ICG-containing lipid film
was hydrated with acidified ultrapure water (pH 3) to achieve a final
lipid concentration of 5 mM. ICG concentration in the lipid film ranged
from 180- 540 pM. Liposomes were extruded using Avanti manual
extruder (Avanti Polar Lipids, Alabaster, USA) or nitrogen Genizer
extruder (Genizer LLC, Canada) at 60 °C using different polycarbonate
membranes (7 cycles through 0.8 pym (7009482), 11 cycles through 0.2
pm (800281, 10417006) and 15 cycles through 0.1 pm (800309,
110605). Following extrusion, liposomes were annealed for 30 min at
65 °C prior to their purification by size-exclusion chromatography with
a PD-10 desalting column (GE Healthcare Life Sciences, Buck-
inghamshire, UK). Samples were concentrated using a tangential flow
filtration (TFF) device (MICROKROS, 300 K, Cat. No. C02-E300-05-N,
Repligen, USA).

2.3.2. Physicochemical characterisation of IJA-liposomes

The hydrodynamic diameter, polydispersity and zeta-potential of the
freshly prepared samples were measured using dynamic light scattering
with the Zetasizer Nano ZS90 (Malvern Panalytical, UK). Prior to the
measurement, all the samples were diluted 10 times in DW. Disposable
cuvettes (Fisher Scientific, UK) were used for the size and disposable
folded capillary cells (Malvern Panalytical, UK) for zeta-potential. At
least three runs were performed for each triplicate measurement.

2.3.3. Determination of IJA/ICG and encapsulation efficiencies

1JA optical properties and ICG encapsulation efficiencies (ICG EE) of
liposomes were determined by measuring their absorbance using
FLUOstar Omega Microplate Reader (BMG Labtech, Buckinghamshire,
UK) with a resolution of 1 nm. IJA/ICG absorbance ratio was taken as
the ratio of absorbance at 892 nm to 792 nm (i.e. Agga/A79; ratio). A
calibration curve of monomeric ICG (0.3125-10 um) was established in
HBS/DMSO (1/4, v/v) at an absorbance wavelength of 792 nm, corre-
sponding to monomeric ICG. Quantification of loaded ICG was per-
formed by solubilising the purified liposomes in HBS/DMSO (1/4, v/v)
and interpolating them using the calibration curve. Based on the initial
ICG concentration, serial dilution of the sample was carried out before
DMSO solubilising to ensure that the ICG concentration remained within

Table 1
Different liposomal-IJA formulations prepared in this study.

Investigated parameters Formulations (molar ratio)

Cholesterol effect DSPC/Chol/DSPE-PEG200 (95/0/5)
DSPC/Chol/DSPE-PEGzqqo (95/10/5)
DSPC/Chol/DSPE-PEG000 (95/20/5)
DSPC/Chol/DSPE-PEG» (95/50/5)
DSPC/Chol/DSPE-PEG,0qo (95/100/5)
DSPC/Chol/DSPE-PEG 000 (95/50/0)
DSPC/Chol/DSPE-PEGygg¢ (95/50/2.5)
DSPC/Chol/DSPE-PEG200 (95/50/5)
DOTAP/Chol/DSPE-PEG2000 (95/50/5)
DSTAP/Chol/DSPE-PEG 000 (95/50/5)
DSPG/Chol/DSPE-PEG2q00 (95/50/5)
DSPC/DOTAP/Chol/DSPE-PEG2000 (85/10/50/5)
DSPC/DSTAP/Chol/DSPE-PEGsgqo (85/10/50/5)
DSPC/DOTAP/Chol/DSPE-PEG2g00 (90/5/50/5)
DSPC/DSTAP/Chol/DSPE-PEG00 (90/5/50/5)
DSPC/DSPG/Chol/DSPE-PEGsgqo (90/5/50/5)

DSPE-PEGoq effect

Charged lipid effect



Administrator
Highlight
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the range of our standard curve for correct quantification. ICG EE was
determined by taking the ratio between the concentration of encapsu-
lated ICG and the initial ICG concentration.

Concentration of Encapsulated ICG

ICG EE(%) =
(%) Concentration of Initial ICG

x 100%

2.3.4. Near-Infrared (NIR laser-induced photothermal heating

The near-infrared (NIR) laser-induced heating capacity of the for-
mulations was assessed by irradiating the samples with a laser at 808 nm
and 0.5 W/cm?, using an FC-808 fibre-coupled laser system (CNI Op-
toelectronics Tech, Changchun, China). Before the laser irradiation,
samples (0.5 mL) were placed in a disposable polystyrene DLS cuvette
and warmed up to 35 °C, using a customised holder connected to a water
bath via a peristaltic pump (Verderflex, Castleford, UK). Three cycles of
irradiation were applied to each sample. The cycles consisted of a 5-min-
ute frame oflaser irradiation followed by 5 more minutes of cooling. The
temperature of the samples was monitored with a fiber optic thermal
probe (Model PRB-G40, Osensa, Canada).

2.3.5. Serum stability evaluation of IJA-liposomes

1JA-liposomes were incubated at 37 °C in PBS, 10 % and 50 % of non-
heat inactivated FBS at 37 °C. At different time points, 0.5 mL of the
samples were loaded in qEV column (IZON Science Europe Ltd.) and
eluted with 0.5 mL of PBS to remove the free IJA and FBS proteins fol-
lowed by the assessment of IJA-liposomes’ physiochemical properties,
EE, and 1JA ratio, as described previously.

2.3.6. 1JA-liposomes lyophilisation

The 1JA-lipid film was hydrated with trehalose (pH 3) solution or
formed IJA-liposomes were mixed with trehalose solution at different
lipid:trehalose molar ratios. All samples were lyophilised for 48 h using
in a freeze dryer (Edwards Modulyo F101-01-0000).

2.4. In vitro testing studies

2.4.1. Cell lines and culture conditions

Murine B16-F10 melanoma, murine Panc02 pancreatic, and murine
RAW 264.7 macrophage cell lines were obtained from ATCC (USA) and
cultured in RPMI 1640 medium, supplemented with 10 % FBS and 1 %
Active Ingredient/Active Ingredient. imPSC (immortalised mouse
pancreatic stellate cells) were kindly provided by Professor Angela
Mathison (Medical College Wisconsin, USA) and cultured in DMEM
medium, supplemented with 10 % FBS and 1 % Active Ingredient/Active
Ingredient.

All cell lines were cultured in 75 cm? flasks (Thermo Fisher Scientific,
UK) in a humidified atmosphere at 37 °C and 5 % CO». Cell passages
were carried out when an 80 % confluency was achieved. For that
purpose, solutions containing 0.05 % trypsin for B16-F10, Panc02 and
imPSC cell lines and a cell scrapper for the RAW 264.7 cells were used. In
addition, Mycoplasma spp. contamination tests were routinely carried
out.

2.4.2. Cell viability in monolayers

Cells were seeded overnight in a 96-well plate at a density of 1.5
X10* cells/well. The next day, the medium was removed, and cells
were incubated with 200 pL of different ICG and IJA concentrations
(20 — 200 puM) prepared in a cell culture medium. At various time
points (24 or 48 h), the treatments were removed, and cells were
washed with PBS and supplemented with 200 pL of a resazurin
solution (0.01 mg/mL) in a cell culture medium. 4 h post-incubation,
150 pL of supernatants were transferred to a black 96-well plate
(Thermo Fisher Scientific, UK). The fluorescence of the transformed
resorufin was measured using a BMG plate reader (540/590 nm; ex/em
filters). Negative and positive controls of medium and 10 % DMSO
solution, respectively, were used. All values were blank (resazurin in
medium) corrected, and cell viability was expressed as the
percentage between treated and untreated cells.
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2.4.3. Invitro PTT therapy in monolayers

Panc02 or imPSC cells were seeded overnight into flat bottom 96-
well plates at a density of 1.5 X10* cells/well. Next day, treatments
were added and incubated with two ICG or IJA concentrations (40 and
100 uM) for 24 more hours. After the incubation period, treatments were
removed, and cells were washed with PBS. Each individual well was
irradiated with an 808 nm laser for 3 min from a 5 cm distance and
achieved a final dose of 2 W/cm?2. During irradiation, the well plate was
placed on a heating plate set to 37 °C. After irradiation, cells were
washed with PBS prior to the addition of the resazurin solution. The
determination of the cell viability was performed, as described above.

2.4.4. Spheroid formation

Cell suspensions containing 7.5 x 10° cell/mL in cell culture media
containing 20 % methylcellulose (MC) were prepared (supplemented
with RPMI 1640 (Panc02 cells) or DMEM (mPSC cells). 200 pL of the cell
suspension were added to each well of a round-bottom 96-well plate,
leading to a cell density of 1.5X10° cells/well. Co-cultured spheroids of
imPSC and Panc02 cells (2:1 ratio) were also prepared. Cells were
incubated for 3 days to enable spheroid formation. For that purpose, a
cell suspension consisting of 5X10° cells/mL (imPSC) and 2.5X10° cells/
mL (Panc02) was prepared in fully supplemented DMEM media con-
taining 20 % MC. Finally, 200 pL of the cell suspension was placed in the
wells and allowed to grow. Spheroid pictures were captured using an
Olympus CKX41 inverted microscope (Evident Corporation, Tokyo,
Japan), coupled to a Qimaging micropublisher 3.3 RTV real-time
viewing camera operated using the Qcapture Pro 7 software. Spher-
oids’ size was determined over time using, a Cell3iMager neo (SCREEN
holding co. Ltd., Kyoto, Japan) and the results were presented as a
percentage of the size of the spheroids on day 3.

2.4.5. Cytotoxicity evaluation of the formulations in spheroids

Spheroids (Panc02, imPSC or Panc02/imPSC) of 500 um diameter
were obtained 3 days post seeding. At that stage, 100 pL medium was
removed from each well and replenished with fresh medium containing
the relevant treatment to achieve a final ICG or IJA concentration of 40
or 100 uM. Spheroids were incubated with the treatments for 48 h, then,
the treatments were removed gradually using five washing of 100 pL
fresh medium. Spheroids were allowed to develop for 5 more days,
where the medium was replenished every two days, as described earlier.
The spheroid’s growth was monitored at determined timeframes and
represented as a percentage of the size of the spheroids on day 3.

2.4.6. Invitro PTT therapy in spheroids

Panc02/imPSC spheroids were treated as described above. 24 h post
incubation, treatments were removed, as described earlier, and each
well was irradiated with the 808 nm laser for 5 min, from 5 cm distance
and achieve a final dose of 2 W/cm?. After the irradiation cycle, the cell
medium was refreshed to remove any potential cell debris, and spher-
oids were maintained in the incubator. The spheroid’s growth was
monitored and represented as a percentage of the size of the spheroids
on day 3.

2.5. In vivo testing studies

2.5.1. Animals and tumour models

All animal procedures were performed in compliance with the UK
Home Office Code of Practice for the Housing and Care of Animals used
in Scientific Procedures. 5-6 week C57BL6 mice (Envigo) were placed
on Teklad Global 2019X for 5 days prior to any injection.

Mice’ legs were inoculated subcutaneously with 50 uL of Panc02:
imPSC (1x10% 1x10° cells) in PBS using 27 G hypodermic needles.
Tumour growth was monitored three times a week using an electronic
calliper, and tumour volume was calculated using V = L*W2/2 (V:
tumour volume, L: the longest diameter, W: the diameter perpendicular
to the length). Biodistribution studies were performed when the tumour
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volume reached ~ 200 mm?®.

2.5.2. In vivo biodistribution studies

C57BL6 mice were injected via the tail vein with 40 pg of free ICG,
LJA or IJA-DSPC liposomes and fluorescence was visualised immedi-
ately, 3 and 24 h post i.v. injection. Fluorescence was detected using In-
Vitro Xtreme II (Bruker, USA; excitation 760 nm, emission 860 nm). In
separate groups, mice were sacrificed at (1 h, 24 h and 7 days) to
quantify the fluorescence intensity in different organs and tissues. Im-
ages were quantitatively analysed by drawing regions of interest (ROI)
around the tumour region and tissues using Molecular Imaging software
MI 7.5 (Bruker, USA). After 7 days, organs were isolated and immedi-
ately fixed in 10 % neutral buffer formalin. Tissues were then paraffin-
embedded and sectioned for haematoxylin and eosin stains (H&E) ac-
cording to standard histological protocols at the Royal Veterinary Col-
lege (London, UK).

2.6. Statistical analysis

Prior to the statistical analyses, the mean, standard deviation, and
normality distribution of all the data sets were calculated. The com-
parisons between groups were performed using a one-way ANOVA fol-
lowed by a multiple comparison test (Tukey-Kramer). For repeated
measurements (e.g., spheroid growth with treatments) a one-way
ANOVA for repeated measurements was used. All the calculations
were carried out using GraphPad Prism v6 (GraphPad Software, San
Diego, CA, USA). Statistical differences are represented as follows: *: p
< 0.05; **: p < 0.01; ***: p < 0.001. Figures were plotted using the
Origin 8 software (OriginLab Corp, Northampton, MA, USA).

3. Results

3.1. High cholesterol content promotes IJA formation in rigid DSPC:Chol:
DSPE-PEG>0gp liposomes despite decreasing ICG encapsulation efficiency

Table 2 summaries the influence of the Chol content on the physi-
cochemical properties of the formed IJA-liposomes. Interestingly,
increasing the Chol:lipid molar ratio led to a significant increase in the
liposome size, accompanied by a decrease in the PDI. In addition, the
higher Chol ratio significantly improved the IJA/ICG ratio despite the
significant reduction in the ICG encapsulation efficiency (EE%). The
results of the heating capacities of the formulations are displayed in
Fig. 1A. Our results showed that liposomes containing Chol higher than
50 mol% displayed the best heating capacity over three cycles of laser
irradiation, which was similar to that achieved by free IJA. Moreover,
LJA-liposomes containing more than 20 mol% Chol were stable when
stored at room temperature for 30 days. On the other hand, liposomes

Table 2
Physicochemical properties of IJA-loaded liposomes containing different

cholesterol: lipid molar ratios. Data expressed as the mean + SD (n = 3). *: p <
0.05; **: p < 0.01; ***: p < 0.001 compared to liposomes without cholesterol.

Liposome Hydrodynamic PDI 1JA/ICG EE (%)

composition diameter (nm)

(molar ratio)

DSPC/Chol/DSPE- 78.7 £ 5.7 0.21 £ 2.34 £ 54.66 +
PEG2000 (95/0/5) 0.02 0.92 5.00

DSPC/Chol/DSPE- 120.4 £+ 11.7 *** 0.13 + 2.94 + 44.75 +
PEG2000 (95/10/5) 0.04 ** 0.56 8.04

DSPC/Chol/DSPE- 133.6 £ 3.6 *** 0.08 £ 411 + 41.61 +
PEG2000 (95/20/5) 0.01 *** 0.19 * 2.10 *

DSPC/Chol/DSPE- 136.6 & 3.1 *** 0.04 + 4.89 + 36.6 +
PEG3000 (95/50/5) 0.01 *** 0.14 = 3.19 **

DSPC/Chol/DSPE- 135.6 £ 5.0 *** 0.05 + 4.67 + 34.49 +
PEG2000 (95/100/ 0.01 ***  0.30 ** 2.29 **
5)
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containing less than 20 mol% Chol showed a significant increase in size,
PDI, IJA/ICG ratio, highlighting the role that Chol plays in improving
LJA formation and the overall stability of formulation during storage
(Fig. S1).

3.2. PEGylated lipid increases ICG encapsulation efficiency and IJA/ICG
ratio into rigid DSPC:Chol: DSPE-PEG 0o liposomes

Table 3 depicts the influence of DSPE-PEG3qg( content on the prop-
erties of IJA-DSPC of liposomes. Interestingly, the presence of pegylated
lipid impacted liposomes’ size or PDI of the formulations; however, it
significantly increased the IJA/ICG ratio and the EE%, compared to non-
PEGylated liposomes. No differences were found between liposomes
containing 2.5 or 5 mol % DSPE-PEGaqgo. Fig. 1B shows the heating
capacity of the IJA-DSPC liposomes with different DSPE-PEGog con-
tent following multiple cycles of laser irradiation. Promisingly, the three
formulations displayed the same temperature-raising capacity, compa-
rable to the free IJA.

3.3. Incorporating 5 mol% of positively and negatively charged lipids does
not affect IJA-liposomes properties or heating capacity

Next, we explored the possibility of preparing IJA-liposomes with
different surface charges. The main physicochemical properties of suc-
cessfully prepared 1JA-liposomes are summarised in Table 4. Surpris-
ingly, the complete replacement of the zwitterionic lipid with positively
or negatively charged lipids hindered IJA formation (Table S1), while
introducing 10 mol% of the charged lipid reduced IJA/ICG ratio and was
challenging to extrude (Table S1). Liposomes containing 5 mol % of
positively charged lipids (i.e., DOTAP and DSTAP) displayed a slight
decrease in their surface charge, IJA/ICG ratio and EE%. On the other
hand, when liposomes contained 5 mol % of the negatively charged lipid
DSPG, a slight increase in their negative surface z-potential was
observed. Despite the IJA/ICG ratio not being affected, the EE% was
30-40 % lower than zwitterionic DSPC liposomes. Therefore, 5 mol% of
the charged lipid was the optimal amount to include in the IJA-
liposomal formulations. These findings indicate that highly positively
and negatively charged IJA-liposomes could not be formulated using our
presented approach. Promisingly, all IJA-liposomal formulations (IJA-
DOTAP, IJA-DSTAP and IJA-DSPG) showed comparable heating ca-
pacity to the DSPC-based IJA (Fig. 1C).

3.4. IJA-liposomes are stable under physiological conditions and
Lyophilisation

Our IJA-DSPC and IJA-DOTAP formulations were selected to assess
their stability at 37 °C in PBS, 10 % and 50 % FBS. Interestingly, all
formulations showed stable size under these conditions, PDI and IJA/
ICG ratios up to 24 h (Table S2).

Next, two approaches were investigated to optimise the IJA-DSPC
lyophilisation for long-term storage, either by hydrating lipid film
with different concentrations of trehalose or mixing the latter with
preformed IJA-DSPC (Fig. S2). The range of lipid to trehalose varied
from 1:5-1:20 M ratio. All IJA-liposomes hydrated with different sugar
concentrations exhibited comparable physicochemical properties and
ICG EE% and 1JA/ICG ratio; however, following freeze drying, the size
and PDI of 1IJA-DSPC significantly increased for all the formulations
except for the sample hydrated with the highest sugar content 1:20 ratio
(Fig. S2A). Using the highest sugar content, the zeta potential of 1:20
ratio also increased to —30 mV, and the highest EE% and IJA/ICG were
maintained.

On the contrary, mixing preformed IJA-DPSC with lower amount of
trehalose concentrations significantly increased liposome hydrody-
namic size and PDI (Fig. S2B). Interestingly, at 1:20 ratio, the IJA-DSPC
size and PDI remained unchanged after freeze drying, with minimal
change in the surface charge. Furthermore, the highest ratio of 1:20
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Fig. 1. Heating capacity of IJA-loaded liposomes containing varying molar ratios of (A) Chol, (B) DSPE-PEGz00o (PEG), and (C) 5 mol % of positively and negatively
charged lipid during 3 cycles of 5 min irradiation. For all the formulations, the IJA concentration was 12.9 uM. Data represented as the mean + SD (n = 3).

Table 3

Physicochemical properties of IJA-loaded liposomes containing varying molar
ratios of DSPE-PEGyg0. Data expressed as the mean + SD (n = 3). **: p < 0.01;
**%: p < 0.001 compared to liposomes without DSPE-PEG3go.

Liposome Hydrodynamic PDI 1JA/ICG EE (%)

composition diameter (nm)

(molar ratio)

DSPC/Chol/DSPE- 139.1 +£2.7 0.05 + 3.75 + 15.52 +
PEG2000 (95/50/0) 0.01 0.14 6.10

DSPC/Chol/DSPE- 139.8 +£11.2 0.04 + 4.85 + 34.97 +
PEG2g00 (95/50/ 0.01 0.01 *** 3.94 **
2.5)

DSPC/Chol/DSPE- 136.6 + 3.0 0.04 + 4.89 + 34.28 +
PEG2000 (95/50/5) 0.01 0.14 *** 3.67 **

maintained the highest ICG and IJA/ICG ratio. The lyophilised IJA-DPSC
premixed at 1:20 lipid:trehalose concentration exhibited the same
heating capacity as the freshly prepared sample (data not shown),
confirming the suitability of the procedure for long-term storage of IJA-
DSPC.

3.5. 1JA exhibits higher biocompatibility than free ICG in cancerous and
non-cancerous cell lines

The biocompatibility of ICG and preformed IJA was assessed in a
range of murine cancerous cell lines (B16-F10 and Panc02), fibroblasts
(imPSC) and macrophages (RAW264.7) up to 48 h. In both cancer cell
lines, ICG (20-100 pM) showed toxicity after 48 h. In some cell lines,
reduced toxicity was observed at 200 pM, probably due to ICG

Table 4
Physicochemical properties of the successfully 1JA-loaded liposomes with
different lipid compositions. Data expressed as the mean + SD (n = 3).

Liposome Hydrodynamic PDI &-Potential ~ 1JA/ EE (%)

composition diameter (nm) (mV) ICG

(molar ratio)

DSPC/Chol/ 138.2+ 1.5 0.04 -12.6 + 4.89 36.6
DSPE-PEG3000 + 0.1 + + 3.19
(95/50/5) 0.01 0.14

DSPC/DOTAP/ 140.1 + 2.3 0.05 —6.9 + 0.6 4.34 26.19
Chol/DSPE- + + + 0.74
PEGa000 (90/ 0.01 0.14
5/50/5)

DSPC/DSTAP/ 1322+ 3.5 0.04 -9.5+07 4.01 26.30
Chol/DSPE- + + + 0.02
PEGo000 (90/ 0.01 0.06
5/50/5)

DSPC/DSPG/ 136.7 + 5.5 0.04 -15.3 + 4.73 22.19
Chol/DSPE- + 1.0 + + 3.66
PEG2000 (90/ 0.01 0.22
5/50/5)

aggregation at high concentrations, reducing cellular uptake and
toxicity. Promisingly, IJA under equivalent conditions showed signifi-
cantly higher cell viability and, therefore, safety profile (Fig. 2).
Strikingly, IJA showed higher cell viability than ICG in both non-
cancerous cells (fibroblasts and macrophages, except at 200 pM/48 h),
suggesting higher in vitro compatibility. However, a significant increase
(~10-30 %) in cell viability was observed with imPSC incubated with
IJA up 48 h, suggesting cell proliferation. Similarly, macrophages
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Fig. 2. Cell viability of IJA and ICG in murine cancerous and non-cancerous cell lines. Cell viability was assessed in (A) B16-F10, (B) Panc02, (C) imPSC
fibroblasts and (D) RAW 264.7 macrophages using resazurin assay. N = 3 with 6 wells/treatment. Statistical differences are comparing free IJA with ICG at the same

concentration and incubation time. **: p < 0.01; ***: p < 0.001.

incubated with IJA showed a slight increase in cell viability (20-100
uM) at 24 h before further reduction. The mechanism behind this un-
expected increase in cell viability requires further investigation, how-
ever, our preliminary results suggest oxidative stress in imPSC, as this
proliferation was completely inhibited in the presence of 3 mM of GSH
antioxidant (Fig. S3).

3.6. IJA-liposomes exhibit efficient PTT activity in cell monolayers

To enable biological testing, 540 uM was the maximal IJA concen-
tration used to load into liposomes without affecting their physico-
chemical properties (data not shown). The toxicity of the optimal IJA-
liposomes; namely, 1IJA-DSPC, IJA-DOTAP, and IJA-DSPG liposomes
were tested in Panc02 and imPSC cells (Fig. 3A-B). Interestingly, all IJA-
liposomes showed comparable cell viability to free IJA at 40 and 100
BM. A slight but significant cell viability reduction was observed in
Panc02 cells. IJA-liposomes exhibited a slight increase in imPSC cell
viability, similar to free IJA. Despite its biocompatibility, due to the lack
of IJA-DSPG-liposome reproducibility during scale-up, this formulation

was not taken forward.

Next, the PTT effect of the different treatments was assessed by
incubating cells for 24 h with the different treatments at a concentration
of 40 uM 1JA, then irradiated for 3 min with an 808 nm wavelength laser.
Following laser irradiation, the cell viability was assessed using the
resazurin test. Promisingly, upon laser irradiation, a complete loss in cell
viability was achieved using 40 pM (Fig. 3C-D), suggesting IJA, IJA-
DPSC and IJA-DOTAP as efficient PTT agents.

3.7. IJA-liposomes PTT slows down growth in 3D spheroids without
promoting their growth, unlike free IJA

Spheroids are three-dimensional (3D) culture models of one or more
types of cells that mimic tumours in vivo. To assess the PTT efficacy of
1JA-liposomes in 3D models, co-culture spheroids of Panc02:imPSC
spheroids were cultured and treated with free IJA, IJA-DSPC and 1JA-
DOTAP liposomes. 10 % DMSO was used as a positive control. Our re-
sults showed that none of the IJA-liposomes affected spheroid growth,
which was comparable to the control spheroids, highlighting their
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biocompatibility (Fig. 4A). Surprisingly, IJA at both concentrations
enhanced spheroid growth, as previously observed with imPSC mono-
layer (Fig. 2C). Interestingly, this effect was eliminated with both IJA-
liposomes. In separate experiments, it was noted that the same con-
centrations of IJA promoted spheroid growth in imPSC spheroids and
Panc02:imPSC spheroids (Fig. S4 & S5) but not in Panc02 spheroids
(Fig. S6). Also, the high concentration of ICG showed significant
toxicity, as indicated by a smaller spheroid size (Fig S4-S6). Overall, our
1JA-liposomes showed higher compatibility compared to IJA and ICG.
This enhanced proliferation in imPSC-containing spheroids could be
attributed to higher oxidative stress, which requires further
investigation.

Promisingly, upon 808 nm laser irradiation, all IJA-treated spheroids
exhibited growth inhibition compared to the untreated spheroids, con-
firming the efficacy of IJA and both IJA-liposomes as PTT agents against
cancer (Fig. 4B). No significant difference was seen between the three
groups. Nevertheless, [JA-liposomes did not promote proliferation in
non-irradiated cells.

3.8. 1JA-liposomes accumulate in tumours and are excreted through the
liver and kidneys following intravenous administration

To evaluate IJA-DSPC behavior in vivo, 40 g of free ICG, 1JA or 1JA-
DSPC liposomes were injected intravenously in Panc02/imPSC-tumour-
bearing mice and monitored their biodistribution and tumour targeting
for 1 and 24 h using live imaging. For clearance, the same dose was
injected in healthy mice and kept for 7 days. It is important to note that
the significant differences in the fluorescence intensity of ICG and 1JA,
LJA-liposomes (Fig. S7) made the direct comparison difficult between
groups. Therefore, it was more accurate to monitor the signal changes
over time for each group. Fig. 5 contrasts the biodistribution of ICG, IJA

Abdominal view Side view

Live imaging

4
[*]
£
S
L
2
S
oS
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and IJA-liposomes in tumour-bearing mice following intravenous
administration. It was clear that ICG exhibited rapid liver accumulation
(1 h), which significantly decreased over 24 h, due to hepatic clearance
of ICG. It also showed visible signals in the tumour (side view, white
arrows) implanted on the lower leg. A similar clearance profile was
observed in the IJA and IJA-DSPC liposomes, confirming their evident
tumour accumulation and rapid body clearance. The lower abdominal
signals in the IJA-DSPC group could be due to the high serum stability
and longer blood circulation of PEGylated liposomes, reducing their
liver uptake following systemic administration (Al-Jamal et al., 2012).
Tumour accumulation was evident in all groups at 1 and 24 h, as shown
in ex vivo tumours (Fig. 5).

Upon ex vivo imaging of all organs isolated from mice, it was evident
that free ICG had the highest accumulation in the liver up to 7 days, with
a significant reduction over time (Fig. 6A & B). Unexpectedly, 7 days
post-injection, ICG signals were still present, and the liver exhibited the
highest signals of all other organs, followed by the spleen and kidney
(Fig. 6). Such findings have not been reported earlier since 48 h was the
longest duration declared in the literature for ICG pharmacokinetics
(Wang et al., 2022). On the contrary, between 1-7 days, the kidneys
showed the high signals in the mice injected with 1IJA and IJA-DSPC,
which was higher or comprable to the liver , indicating the significant
role of the kidneys in IJA and IJA-DSPC clearance (Fig. 6A). This finding
was in agreement with other reports indicating that altering ICG by
PEGylation of loading into liposomes changes its affinity to the liver due
to its reduced binding to the HSA protein in the blood (Friedman-Levi
et al., 2018). It is worth mentioning that quantifying ICG or IJA in
collected samples (blood or organs) using HPLC was not possible using
both fluorescence or UV detectors due to low ICG stability in biological
samples, which is in agreement with others (Ott et al., 1993, Mindt et al.,
2018).

Abdominal view Side view
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1.0e+004

500.00

Fig. 5. Live and ex vivo fluorescence imaging of IJA-DSPC liposomes biodistribution in Panc02:imPSC-tumour-bearing mice following intravenous
administration. A total of 40 pg of ICG, IJA or IJA-DSPC was injected intravenously and imaged with the Bruker at 1 and 24 h. The side view illustrated ICG or IJA
tumour accumulation in mice (as indicated by the white arrows) inoculated at the lower part of the leg (n = 4). Ex vivo tumours were presented using two different

fluorescence scales.
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Fig. 6. Ex vivo imaging of IJA-DPSC liposome organ biodistribution in C57BL6 mice post intravenous administration. (A) Organs from mice injected with 40
ug ICG, IJA or IJA-DSPC were isolated and imaged with 20-second exposure time with an additional 5 min exposed for the 7 d samples. Organ abbreviations: Lng:
lung, Liv: liver, Sp: spleen, Kid: kidneys, Ht: heart. (B) The fluorescence intensity in these organs was quantified using the Bruker software and plotted as a sum of

fluorescence intensity (n = 4 mice per group).

Overall, free ICG and IJA formulations showed significant clearance
from the body over time. Despite the remaining dye present in the body
for up to 7 days, the findings indicate that good clearance requires more
time. Promsingly, no histological changes were observed in all organs
examined after 7 days of administering the different treatments (Fig. 7).
However, further work is warranted to ensure the time required for the
complete clearance of IJA-DSPC. Moreover, extensive safety analysis
will be carried out, such as histological examinations and blood tests for
liver and kidney functions.

4. Discussion

Cancer thermal therapy has attracted much attention in cancer
management due to its high selectivity, efficiency, and safety. Near-
infrared (NIR) photothermal absorbers have advanced PTT, conferring
a deeper light penetration (Alamdari et al., 2022, Pucci et al., 2019, Li
et al., 2020). Inorganic photothermal agents, such as gold, magnetic,
and carbon-based nanoparticles, have extraordinary stability upon
multiple NIR irradiation. However, several concerns regarding their
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Fig. 7. Histological examination of mice organs injected intravenously with 40 pg ICG, IJA and IJA-DSPC liposomes. H&E staining of heart, kidney, liver,
lung, and spleen tissues from C57BL6 mice after 7 days of injection. Magnification 40x, scale bar = 50 pm.

clearance and long-term safety have hindered their clinical translation,
particularly for systemic administration (Thirumurugan et al., 2024).

ICG is the only NIR cyanine dye approved by the FDA for optical
imaging (Galema et al., 2022, Alander et al., 2012). Promisingly, J-ag-
gregation of ICG confers superior properties compared to the monomeric
ICG, thus promising agents for PTT and PA imaging (Liu et al., 2017,
Shakiba et al., 2016, Wood et al., 2021). IJA were initially prepared by
incubating high concentrations of ICG at 65 °C for 24 h (Cheung et al.,
2020, Liu et al., 2017). Moreover, ICG aggregation has been promoted
using acid pH, divalent cations, multivalent ions and drugs (Shao et al.,
2019, Chen et al., 2022, Lin et al., 2021, Vincy et al., 2022). Despite the
diversity of IJA preparation methods, they are considered time-
consuming (Wood et al., 2021, Shao et al., 2019) and result in unsta-
ble IJA in biological media (Farrakhova et al., 2022, Millard et al., 2023,
Changalvaie et al., 2019, Shakiba et al., 2016). To overcome the latter
shortcoming, IJA has been successfully loaded into liposomes (Cheung
et al., 2020, Wood et al., 2021), micelles (Shao et al., 2019) and poly-
mersomes (Changalvaie et al., 2019).

To date, there is only one study of liposomal IJA for PA imaging. That
study encapsulated the monomeric ICG into the aqueous core of rigid
liposomes and left them for 60 days at 40 °C (Wood et al., 2021) to
promote IJA formation into liposomes. Previously, our group described
in-situ 1JA-loaded liposomes using low ICG concentrations and short
preparation time (~2h) (Cheung et al., 2020). In the current work, we
extend our previous investigation to optimise IJA formation into a rigid
lipid bilayer by varying the cholesterol content, DSPE-PEGgoo molar
ratio, and lipid charge. Moreover, we intended to improve the IJA/ICG
ratio by using an acidic hydration medium (pH 3), as suggested by others
reporting that the preparation of polymersomes at an acidic pH
improved the IJA/ICG ratios in the formulation (Changalvaie et al.,
2019). Similarly, Shao and coworkers reported that acidic pH promoted
ICG aggregation into polymeric DSPE-PEGy(00-NHy micelles (Shao et al.,
2019). Promisingly, our developed IJA-liposomes were not only
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reproducible and quick to prepare, but they showed superior stability in
biological conditions and following lyophilisation (Table S2, Fig. S2).

Cholesterol is known to increase the packing of phospholipids
(Marquardt et al., 2016, Nakhaei et al., 2021) thus promoting IJA for-
mation into liposomes. Our findings confirmed that increasing the molar
ratio of cholesterol in the formulations led to a significant improvement
in the liposomes’ hydrodynamic diameter, PDI, long-term stability and
IJA/ICG ratios, resulting in improved heating capacity (Table 1,
Fig. 1A). On the contrary, increasing the cholesterol content reduced the
ICG EE%, which could be attributed to a competitive accommodation of
Chol (Nakhaei et al., 2021) and ICG molecules (Lajunen et al., 2018)
within the lipid bilayer. Interestingly, incorporating DSPE-PEGgq00 into
the formulation did not influence the main physicochemical properties
of the resulting liposomes. However, its presence increased the IJA/ICG
ratio and the EE% (Table 2). This finding is in agreement with our
previous dynamic modelling studies, which reported ICG aggregation in
the IJA between the external surface of rigid liposomes and the surface
PEG chains (Cheung et al., 2020). Finally, exceeding 5 mol% of the
charged lipids decreased the IJA/ICG ratio and ICG EE% (Table S1),
which could be due to the interaction of the headgroups with the ICG,
hindering its aggregation in liposomes. Hence, liposomes composed
mainly of zwitterionic lipids (i.e., DSPC) displayed the optimal proper-
ties (Table 3). This phenomenon was previously observed for other
cyanine dyes, where zwitterionic lipids were the best template for J-
aggregate formation (Mo and Yip, 2009).

Despite the well-known safety of ICG in vitro and in vivo (Alander
et al., 2012, Alford et al., 2009), there are scarce resources about IJA
safety in vitro or in vivo. Millard et. al. compared the safety and cellular
uptake of free IJA and ICG to self-assembled 1JA-calixarenes nano-
particles and reported higher toxicity of IJA in FaDu human head and
neck squamous carcinoma cells than the IJA nanoparticles or free ICG
(Millard et al., 2023). Liu et. al. reported comparable toxicity of IJA and
ICG into the HUVEC cell line however, at higher concentrations, IJA
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showed some cytotoxicity to 4T1 cancer cells (Liu et al., 2017). In our
work, IJA displayed comparable or lower cytotoxicity than ICG,
depending on the cell line. Surprisingly, free IJA promoted growth in
non-cancerous cell lines, such as imPSC and RAW 264.7 cells (Figs. 2 &
4). This proliferative-enhancing effect was more evident at lower IJA
concentrations, probably because of cytotoxicity at higher concentra-
tions. We believe that cell proliferation was mainly attributed to
oxidative stress, leading to imPSC proliferation, migration, and
increased extracellular matrix (ECM) production (Fu et al., 2018, Jin
et al., 2020). This assumption was verified since cell proliferation was
eliminated in the presence of the glutathione antioxidant (Fig. S3).
Similar to monolayers, and unlike ICG, IJA-induced proliferation in
imPSC-containing spheroids resulted in larger spheroids with irregular
shapes in imPSC:Panc02 spheroids (Fig. S4-5). The irregular shape in the
co-cultured spheroids could be attributed to the faster growth of the
imPSC compared to the Panc02 cells, resulting in protruding buds on the
surface of the spheroids. These unprecedented findings impose some
safety concerns about free IJA in non-cancerous cells and in the absence
of PTT, such as for PA imaging, which requires further studies.

Promisingly, unlike free IJA, liposomes were safer in vitro without
laser irradiation (Fig. 4A). Loading IJA into liposomes could reduce or
eliminate ROS-triggered activation in imPSC, which requires further
investigation. Nevertheless, with 808 nm laser irradiation, both IJA-
liposomes were as effective as free IJA in inhibiting cell growth in
cancer monolayers and spheroids (Fig. 4B). Our results show that IJA-
liposomes could be considered a safe and effective PTT agent
compared to the free IJA. This finding contradicts Wood et. al, who
reported HUVECS cell proliferation following incubation with a low
concentration of PAtrace (a DPPC-based liposomal 1JA) for 24-48 h,
followed by a reduction in proliferation at higher IJA concentration
(Wood et al., 2021). Such contradictory observation could be attributed
to the difference in the formulation procedure and the liposome
composition, where the latter contained lower cholesterol content,
decreasing the overall stability of the formulation under biological
conditions.

ICG has been an FDA-approved NIR dye for in vivo imaging (Galema
et al., 2022, Alander et al., 2012), with promising and growing appli-
cations, such as potentiating immunotherapy, PA imaging and PTT
(Yorozu et al., 2022, Hu et al., 2022, Chaudhary et al., 2019). More
recently, free ICG has been combined with nanosecond laser pulses to
eliminate collagen floater in vitreous opacities and showed activity
comparable to gold nanoparticles (Sauvage et al., 2022). ICG has a short
circulation time (2-4 min) due to its rapid binding to human serum al-
bumin in the blood (Alander et al., 2012). Hepatic clearance of ICG is
well studied, resulting in efficient body clearance, thus increasing its
safety in humans (Alander et al., 2012). On the contrary, there are no
reports of IJA biodistribution or clearance over time. Previously, we
compared the tumour accumulation of ICG, IJA and IJA-DSPC up 48 h
post intravenous administration in tumour-bearing mice, with good
tumour targeting and clearance from organs (Cheung et al., 2020). Using
PA imaging, Wood et. al. reported PAtrace had a circulation half-life
estimate of 10 (£3.5) min, where the short blood circulation could be
explained due to the low cholesterol and DSPE-PEGoqo content in the
formulation, which are essential to enhance liposomes stability and
prolong their blood circulation. This study focused on PA imaging of the
tumour, where PAtrace concurrently provides significantly improved
contrast-agent quantification/sensitivity compared to monomeric ICG,
and no toxicity was observed in blood or major organs after 24 h.

It is known that loading ICG into liposomes prolongs its blood cir-
culation and reduces its hepatic clearance immediately following
administration based on fluorescence imaging (Ma et al., 2021). Due to
fluorescence ICG quenching following J-aggregation (Cheung et al.,
2020), it was a challenge to compare the ICG and IJA pharmacokinetics
in vivo; however, the monitoring clearance of all formulations over time
was possible. It was evident that changing ICG via J-aggregation or
liposomal encapsulation reduced its hepatic clearance and activated an
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alternative clearance mechanism via the kidney (Fig. 6). For instance,
Du et. al. previously reported chemically conjugating ICG to the hy-
drophilic PEG45 polymer led to efficient renal excretion of ICG in the
urine within 24 h of injection compared to hepatic excretion of ICG (Du
et al., 2021). Similarly, Friedman-Levi et. al. confirmed efficient kidney
targeting of liposomal ICG compared to free ICG (Friedman-Levi et al.,
2018). Promisingly, all treated mice showed a significant reduction in
their fluorescence intensity over time, suggesting its clearance from the
body. However, the complete clearance was not achieved within 7 days,
which is currently the longest investigated study for ICG and IJA. Future
studies are warranted to determine the timeframe needed for complete
IJA clearance. ICG studies reported that the dye was completely cleared
within 24 of administration, with limited studies supporting such a
claim. In agreement with this, Wang et. al. showed significant but
incomplete clearance of ICG up to 48 h post-in intravenous injection in
mice, which has been the longest-published study with ICG (Wang et al.,
2022). We believe that the slower liver ICG clearance over 7 days could
be due to the high administered dose (40 ug, ~2 mg/kg). The recom-
mended ICG dose for hepatic function is 0.25-0.5 mg/Kg (Cusin et al.,
2017, De Gasperi et al., 2016, Meijer et al., 1988, Haertel et al., 2024,
Zhang et al., 2024, Breuking et al., 2023), where several studies reported
lower ICG clearance at doses higher than 0.5 mg/Kg (Cusin et al., 2017,
Meijer et al., 1988). Promisingly, despite the remaining ICG and IJA in
major organs, no changes in mice weight or histological examination
were detected, suggesting the safety of IJA as a PTT and PA imaging
agent. Further work is warranted to ensure the time required for the
complete clearance of IJA-DSPC. Moreover, extensive safety analysis
will be carried out, such as histological examinations and blood tests for
liver and kidney functions.

5. Conclusion

Our work provided in-depth knowledge about the effect of lipid
bilayer composition and pH of the hydration media, as well as their
stability in biological conditions and with lyophilisation. An acidic
environment promotes the formation of lipid bilayer-assisted J-aggre-
gates. Increasing the cholesterol content also increases the IJA/ICG
ratio, and it improves the physicochemical properties and long-term
storage stability of the resulting liposomes. The presence of DSPE-
PEGyo increases the IJA/ICG ratio and ICG encapsulation efficiency in
liposomes, without compromising other their size. Furthermore, our
work reports the higher safety of liposomal IJA than free IJA in mono-
layer and 3D spheroids while maintaining comparable PTT activity to
free IJA. Finally, liposomal IJA exhibits quick tumour accumulation and
significant hepatic and renal clearance up to 7 days after intravenous
administration without any histological changes. This makes our IJA-
loaded liposomes safe and efficient, easily translatable to the clinic for
PTT, PA imaging and immunotherapy following systemic
administration.
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