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� Combination of purpurin 18 and
epacadostat in photoimmunotherapy
for melanoma.

� The pH sensitivity of borate ester to
implement an enhanced-targeting
strategy.

� Hyaluronic acid modification to
achieve long circulation and
enhanced EPR effects.

� Enhanced internalization of tumor
cells by precise targeting of salivary
acid residues.

� Induced anti-tumor immunity to
inhibit melanoma proliferation and
metastasis.
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Introduction: The combination of a photosensitizer and indoleamine-2,3 dioxygenase (IDO) inhibitor pro-
vides a promising photoimmunotherapy (PIT) strategy for melanoma treatment. A dual drug delivery sys-
tem offers a potential approach for optimizing the inhibitory effects of PIT on melanoma proliferation and
metastasis.
Objective: To develop a dual drug delivery system based on PIT and to study its efficacy in inhibiting mel-
anoma proliferation and metastasis.
Methods: We constructed a multifunctional nano-porphyrin material (P18-APBA-HA) using the
photosensitizer-purpurin 18 (P18), hyaluronic acid (HA), and 4-(aminomethyl) phenylboronic acid
(APBA). The resulting P18-APBA-HA was inserted into a phospholipid membrane and the IDO inhibitor
epacadostat (EPA) was loaded into the internal phase to prepare a dual drug delivery system (Lip\EPA
\P18-APBA-HA). Moreover, we also investigated its physicochemical properties, targeting, anti-tumor
immunity, and anti-tumor proliferation and metastasis effects.
Results: The designed system utilized the pH sensitivity of borate ester to realize an enhanced-targeting
strategy to facilitate the drug distribution in tumor lesions and efficient receptor-mediated cellular
ment of
ations of

herapy
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endocytosis. The intracellular release of EPA from Lip\EPA\P18-APBA-HA was triggered by thermal radi-
ation, thereby inhibiting IDO activity in the tumor microenvironment, and promoting activation of the
immune response. Intravenous administration of Lip\EPA\P18-APBA-HA effectively induced anti-tumor
immunity by promoting dendritic cell maturation, cytotoxic T cell activation, and regulatory T cell sup-
pression, and regulating cytokine secretion, to inhibit the proliferation of melanoma and lung metastasis.
Conclusion: The proposed nano-drug delivery system holds promise as offers a promising strategy to
enhance the inhibitory effects of the combination of EPA and P18 on melanoma proliferation and
metastasis.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Melanoma is a malignant skin cancer that originates from nor-
mal melanocytes or primitive nevi in the epidermis [1,2]. This type
of cancer is characterized by a high metastatic capability and a low
cure rate, necessitating the development of effective therapies tar-
geting its rapid growth and high metastasis. Melanoma is a highly
immunogenic tumor, and the advent of immunotherapy has pro-
vided new opportunities for its treatment; however, the complex
nature of the immunosuppressive tumor microenvironment
(ITM), as well as problems with off-target drug delivery, have
resulted in low immunotherapy response and cure rates for mela-
noma [3,4].

Photoimmunotherapy (PIT) is an anti-tumor therapy that com-
bines phototherapy with immunotherapy. It has demonstrated the
ability to enhance the immune stimulation response by eliminat-
ing solid tumors and restricting tumor metastasis [5,6]. Photother-
apy encompasses photothermal therapy (PTT) and photodynamic
therapy (PDT), and simultaneous triggering of PDT and PTT can
effectively compensate for the lack of efficacy associated with
tumor hypoxia and the short life span of 1O2 during standalone
PDT treatment. Meanwhile, the addition of PDT can also reduce
the heat shock protein-mediated thermotolerance of tumor cells
to PTT [7–9]. Additionally, phototherapy has been shown to not
only eliminate tumor cells, but also induce an immune response
to tumor-associated antigens (TAAs), which rupture cancer cells
and generate danger-associated molecular patterns (DAMPs). This
immunogenic cell death (ICD) induced by phototherapy con-
tributes to the inhibition of distant tumor metastasis [10,11]. Pur-
purin 18 (P18), a dihydroporphyrin derivative of chlorophyll,
exhibits strong singlet to triplet transitions and non-radiative
decay, enabling simultaneous realization of both PDT and PTT.
Compared with single PDT or PTT, P18-mediated dual-modal pho-
totherapy induces a more potent immune response, potentially
leading to inhibition of cancer metastasis [12–14]. However, the
immune response induced by phototherapy is weak and insuffi-
cient to eliminate the risk of melanoma proliferation and metasta-
sis, due to the ability of tumor cells to utilize various immune
escape mechanisms in the tumor microenvironment (TME), such
as up-regulating the expression of relevant proteins to alter the
metabolic behaviors of tumor cells or immune cells, thus allowing
tumor cells to evade immune system recognition and severely lim-
iting anti-tumor efficacy [15,16].

Modulating the immune response by altering the metabolism of
immune cells is an attractive strategy [17]. Indoleamine-2,3 dioxy-
genase (IDO) is an essential enzyme in immune cell metabolism
that catalyzes the conversion of tryptophan (Trp) to kynurenine
(Kyn). Trp deficiency accelerates the growth of regulatory T cells
(Tregs) but inhibits the activation of cytotoxic T cells (CTLs), and
IDO is thus considered to be a major culprit of the ITM [18,19].
Clinical studies showed that IDO inhibitors such as epacadostat
(EPA), 1-methyl tryptophan, and NLG919 effectively inhibited
IDO activity, blocked the IDO pathway, and inhibited tumor cell
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immune evasion, thereby enhancing the efficacy of anti-tumor
therapy [20]. However, EPA failed in phase III clinical trials, mainly
because of the limited capacity for IDO inhibition at the tumor site.
Enhancing drug penetration and cell internalization at tumor sites
using targeting nanocarriers is thus considered to be an effective
strategy to restore the inhibitory potential of IDO inhibitors at
tumor sites [21,22].

An ideal targeted nanomaterial delivery system must consider
the accumulation and retention of materials in tumor tissues
mainly dependent on enhanced permeability and retention
(EPR) effects, as well as cellular internalization of targeted ligand
modifications [23,24]. However, traditional surface modification
strategies make it difficult to achieve both these effects simulta-
neously. Enhanced-targeting is a recent novel, two-stage target-
ing strategy based on a stimulus–response system. The
nanocarrier system design utilizes stimulation-responsive nano-
materials and includes activated surface ligands and other prop-
erties [25,26]. For instance, hyaluronic acid (HA) is a hydrophilic
linear disaccharide polymer that improves tumor targeting and
biocompatibility of nanoparticles and extends their circulation
time in the body. HA can specifically target the CD44 receptor
on the surface of TME tumor cells. However, HA is prone to rapid
degradation in tumor sites, limiting the ability of the nano-
formulations to target cell internalization [27,28]. On the other
hand, some small molecular targets, such as sialic acid (SA) resi-
dues, are overexpressed on the cell membrane due to abnormal
glycosylation and are specifically recognized in melanoma cells.
Although SA residues can be targeted by antibodies, lectins, or
phenylboronic acid (PBA). However, normal tissues also express
SA residues to a certain extent, leading to off-target effects [29–
31]. Nanocarriers with high stability in the blood circulation
and structural transformation under stimulation by the TME (ex-
posing small molecular ligands) may thus effectively improve the
tumor accumulation, retention, and penetration, as well as other
capabilities of the nanocarriers. This enhanced-targeting strategy
is achieved in two stages: (1) prolonging the circulation time
in vivo by modification of the hydrophilic materials (such as
HA), and then targeting tumor tissues based on the EPR effect,
and (2) targeting tumor cells using small molecule targeting
ligands (such as PBA).

We initially utilized P18, HA, and 4-(aminomethyl) PBA (APBA)
to construct a multifunctional nanoporphyrin material (P18-APBA-
HA). The P18-APBA-HA was then inserted onto the surface of lipo-
somes and loaded with the IDO inhibitor EPA, to construct an HA-
modified nano-delivery system (Lip\EPA\P18-APBA-HA)
(Scheme 1). We propose that the combination of a photosensitizer
and an IDO inhibitor provides a promising PIT strategy for mela-
noma treatment and that a dual drug delivery system offers a
potential approach to optimizing the inhibitory effects of PIT on
melanoma proliferation and metastasis. It is worth noting that this
study is the first to report the rational design of such a system and
provide relevant in vitro and in vivo data to support its potential
applications.
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Scheme 1. Schematic illustration of Lip\EPA\P18-APBA-HA preparation and its mechanism for inhibiting primary tumors and lung metastasis based on PIT. After intravenous
administration, Lip\EPA\P18-APBA-HA aggregated at the tumor region, aided by its long circulation and EPR effect. The weakly acidic TME and the SA residues on the tumor
cell surface will cause cleavage of the iso-PBA ester bond of P18-APBA-HA, and the HA will be stripped off, thereby exposing the PBA group. The PBA group could then be
specifically recognized by the SA residues on the surface of the melanoma cells, thus enhancing their specific uptake of the nanoparticles. Following laser irradiation, the heat
and ROS generated by P18 resulted in tumor cell death and the release of large amounts of TAAs and EPA. The released TAAs activated the immune response and stimulated
the formation of effector T cells, while the EPA released in the TME increased the viability of effector T cells by inhibiting IDO activity and the immune evasion of tumor cells.
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Materials and methods

Chemicals and reagents

EPA and P18 were obtained from Zhengzhou Alfa Chemical Co.,
Ltd. (Zhengzhou, China). APBA was purchased from Shanghai Hao-
hong Biomedical Technology Co., Ltd. (Shanghai, China). HA was
obtained from Bloomage Freda Biopharma Co., Ltd. (Jinan, China).
4-Dimethylaminopyridine (DMAP) was provided by Adamas-beta
(Shanghai) Chemical Reagent Co., Ltd. (Shanghai, China). 1-Ethyl-
3-(3-dimethyllaminopropyl) carbodiimide hydrochloride (EDCI)
and Rhodamine B (RB) were provided by Macklin Biochemical
Co., Ltd. (Shanghai, China). Cholesterol (CHOL) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Soybean phospholipids (SPC)
were purchased from A.V.T. (Shanghai) Pharmaceutical Co., Ltd.
(Shanghai, China). Cyanine 5.5 (Cy5.5) was provided by Xi’an RuiXi
Biological Technology Co., Ltd. (Shaanxi, China). Immunostaining
fixative, Hoechst 33342, reactive oxygen species (ROS) assay kit,
Cell Counting Kit-8 (CCK-8), and red blood cell lysate were
obtained from Beyotime Biotechnology Inc. (Shanghai, China).
The chemiluminescent adenosine triphosphate (ATP) assay kit,
high-mobility group box 1 (HMGB1), Trp, Kyn, tumor necrosis
factor-alpha (TNF-a), interleukin 6 (IL-6), and interferon-gamma
(IFN-c) enzyme-linked immunosorbent assay (ELISA) kits were
supplied by ZCIBIO Technology Co., Ltd. (Shanghai, China). 20,70-D
ichlorofluorescin diacetate (DCFH-DA) was obtained from Shang-
hai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Calreticulin (CRT) polyclonal antibody (Cat. No. 27298–1-AP),
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anti-CD11c-fluorescein isothiocyanate (FITC) (Cat. No. 65130),
anti-CD40-phycoerythrin (PE) (Cat. No. PE-65062), anti-CD80-PE
(Cat. No. PE-65076), anti-CD86-allophycocyanin (APC) (Cat. No.
APC-65068), anti-CD3-APC (Cat. No. APC-65060), anti-CD4-FITC
(Cat. No. PE-65104), anti-CD8a-PE (Cat. No. PE-65069), and anti-
Foxp3-PE (Cat. No. PE-65089) antibodies were all from Proteintech
Group, Inc. (Wuhan, China). Alexa Fluor 488-goat anti-rabbit IgG
(Cat. No. AB150077) was supplied by Abcam plc. (Cambridge,
UK). Hematoxylin and eosin (H&E) stains were provided by Key-
GEN Biotech Inc. (Nanjing, China). Aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) test kits were obtained
from Derui Biotechnology, Co., Ltd. (Shenzhen, China).
Cells and animals

The mouse melanoma cell line B16F10 cells and the mouse den-
dritic cell (DC) line DC2.4 cells were purchased from the American
Tissue Culture Collection (Rockville, MD, USA) and Shanghai
Jinyuan Biotechnology Co., Ltd. (Shanghai, China), respectively.
The cells were cultured in the medium (RPMI 1640, Gibco, Invitro-
gen Corporation, NY, USA) supplemented with 10 % (v/v) fetal
bovine serum (FBS, Cellmax, Lanzhou, China) and 1 % strepto-
mycin/penicillin and were maintained in 5 % CO2 at 37 �C.

C57BL/6 mice (6–8 weeks old, 18–22 g, female; Certificate No.
SCXK2021-0013) were obtained from Changzhou Cavens Lab Ani-
mal Co., Ltd. (Jiangsu, China). All animal experiments were con-
ducted strictly in accordance with the protocol approved by the
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Animal Welfare and Ethics Committee of Guizhou Medical Univer-
sity (No. 1900118).

Synthesis of P18-APBA-HA conjugates

P18 (50 mg), EDCI (18.3 mg), and DMAP (11.5 mg) were dis-
solved in 2 mL of dimethylsulfoxide (DMSO), activated for 1 h,
and APBA (56.4 mg) was then added. The mixture was stirred for
24 h at 25�C, dialyzed (MWCO 3.5 kDa) with water for 24 h, and
freeze-dried to prepare amaranthine solid P18-APBA.

HA (40 mg) was dissolved in 2 mL formamide and P18-APBA
(14 mg) was dissolved in 2 mL DMSO. The P18-APBA solution
was then added dropwise to the HA solution with continuous stir-
ring, followed by the addition of CaH2, and adjustment to pH 9, and
the solution was stirred at 65�C for 24 h. The mixture was dialyzed
(MWCO 3.5 kDa) against water overnight and then freeze-dried to
obtain olive green solid P18-APBA-HA. The resulting products were
characterized by 1H-nuclear magnetic resonance spectroscopy
(AVANCE NEO 600 MHz, Bruker Corporation, Zurich, Switzerland).

Preparation of Lip\EPA\P18-APBA-HA

SPC (18 mg) and CHOL (2 mg) were dissolved in 2 mL of chloro-
form at a mass ratio of 9 : 1. The solvent was removed and dried in
a rotary evaporator to form a film, and 4 mL of 250 mM (NH4)2SO4

solution (containing 5 mg of P18-APBA-HA) was then added and
hydrated at 40�C for 1 h. Lip\P18-APBA-HA was obtained after
ultrasound treatment (300 W) ice-water bath (3 s pulse, 3 s pause)
for 5 min using an ultrasonic cell disruptor (650E, Beidi Institute of
Scientific Instruments Co., Ltd., Shanghai, China) and dialyzed
(MWCO 14 kDa) with pH 7.4 phosphate-buffered saline (PBS) for
2 h. EPA solution (3 mg EPA dissolved in 20 lL DMSO) was then
added dropwise to Lip\P18-APBA-HA with stirring, followed by
30 min incubation in a 40�C water bath. The DMSO and unencap-
sulated EPA were dialyzed (MWCO 3.5 kDa) against pH 7.4 PBS
for 2 h to obtain Lip\EPA\P18-APBA-HA.

Characterization of liposomes

The diameter, polydispersity index (PDI), and zeta potential of
the liposomes were determined using a dynamic laser scatterome-
ter (90Plus PALS, Brookhaven Instruments Co., Ltd., NY, USA). Mor-
phology images of Lip\EPA\P18, Lip\EPA\P18-APBA, and Lip\EPA
\P18-APBA-HA were obtained by transmission electron microscopy
(TEM, HT7800, Hitachi, Ltd., Tokyo, Japan).

The drug concentration of EPA in the liposomes was determined
by high-performance liquid chromatography (HPLC, LC-16, Shi-
madzu Instruments Co., Ltd., Kyoto, Japan) using an ODS-3 C18 col-
umn (5 lm, 250 � 4.6 mm) with a mobile phase of 70% acetonitrile
and 30% water at 290 nm. To detect P18, the optical density (OD)
was measured by UV spectrophotometry (UV-2700, Shimadzu
Instruments Co., Ltd.) at 406 nm. The loading capacity (LC) and
loading efficiency (LE) of EPA and P18 were determined by the fol-
lowing equations:

LC %ð Þ ¼ Wdrug loaded

Wtotal liposome
� 100 ð1Þ

LE %ð Þ ¼ Wdrug loaded

Wdrug added
� 100 ð2Þ
Photothermal performance in vitro

The photothermal performance was evaluated by detecting the
temperature changes of various concentrations of P18 solutions
4

when exposed to a laser (671 nm, 0.8 W/cm2) for 5 min. The opti-
mal concentration of P18 was then selected and irradiated with a
671 nm laser with different powers for 5 min to determine the
optimal power for the photothermal conversion of P18. PBS was
used as a control. The in vitro photothermal performances of
EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, and Lip\EPA\P18-
APBA-HA were examined in the same way. We also evaluated
the photothermal stability of Lip\EPA\P18-APBA-HA by irradiation
under the same conditions for 5 min at the optimal concentration
and power, and turned off the laser for 5 min for cooling. The pro-
cess was repeated four times, and the temperature was recorded
every 30 s using an infrared thermal imaging system (PTi120, Fluke
Corporation, WA, USA). DT was calculated as follows: DT = Ts � T0,
where Ts and T0 represent the temperature of the samples and the
initial temperature, respectively).

pH-triggered diameter and zeta potential changes

Lip\EPA\P18-APBA-HA was added to PBS pH 6.5 or pH 7.4,
respectively, and maintained at 37�C. The diameter and zeta poten-
tial of the liposomes were then measured at a predetermined time.

Drug release behavior

The drug release of EPA from Lip\EPA\P18-APBA-HA was evalu-
ated by dialysis using PBS containing Tween 80 (0.25%, w/v) pH 5.5,
6.5, and 7.4, respectively, as the release medium. Liposomes irradi-
ated with a 671 nm laser for 5 min at 0.8 W/cm2 before dialysis
were denoted as L+. The liposomes were loaded into dialysis bags
(MWCO 3.5 kDa) and placed in 20 mL of release medium in a shak-
ing incubator (100 rpm, 37�C). The medium was collected at the
predetermined times and supplemented with an equal volume of
fresh medium. Finally, the concentrations of EPA were determined
using HPLC.

Cellular uptake

B16F10 cells (6 � 103 cells/well) were cultured in ViewPlate-96
microplates overnight, and treated with free RB, Lip\RB\P18, Lip\RB
\P18-APBA, or Lip\RB\P18-APBA-HA (10 lg/mL RB and 0.5 lg/mL
P18) for 2 or 4 h at pH 6.5, respectively. For the competitive assay,
the cells were pre-incubated with HA or APBA for 30 min, followed
by incubated with Lip\RB\P18-APBA-HA at pH 6.5 for 2 or 4 h. The
cells were then rinsed with PBS and fixed with a 100 lL immunos-
taining fixative for 10 min, and stained with Hoechst 33,342 for
30 min. Finally, cellular uptake of liposomes was captured by a
high-content imaging system (Operetta CLS, PerkinElmer Inc.,
Berlin, Germany) and estimated using ImageJ 1.8.0.

Intracellular ROS levels

B16F10 cells (6 � 103 cells/well) were cultured in ViewPlate-96
microplates overnight, and treated with PBS, EPA + P18, Lip\EPA
\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-APBA-HA (2.5 lg/mL
EPA and 0.5 lg/mL P18) at pH 6.5 for 4 h, respectively. After incu-
bation, the cells were rinsed and incubated with 10 lM DCFH-DA
at 37�C for 30 min in the absence of light. Some groups were also
irradiated with a 671 nm laser irradiation (0.8 W/cm2, 2 min). The
cells were then cleaned, fixed, and stained, and intracellular ROS
production was observed using a high-content imaging system
and quantified using ImageJ 1.8.0.

Cytotoxicity assay

B16F10 cells were cultured in 96-well plates at a density of
5 � 103 cells per well overnight, and treated with P18,
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EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-APBA-
HA at pH 6.5 for 4 h. The cells were then subjected to 671 nm laser
irradiation (0.8 W/cm2, 2 min) or dark treatment for 24 h. After
incubation, the medium was replaced with 100 lL medium (con-
taining 10 lL CCK-8), and incubated for another 2 h. The OD value
was recorded using a microplate reader at 450 nm (Infinite M200
Pro, Tecan Trading Co., Ltd., Männedorf, Switzerland), and the cell
viability (%) was calculated according to the following equation:

Cell viability %ð Þ ¼ ODsample� ODcontrol
ODnormal� ODcontrol

� 100 ð3Þ
ICD induction in vitro

CRT exposure was investigated using a high-content imaging
system. Briefly, B16F10 cells were cultured in ViewPlate-96 micro-
plates at a density of 1 � 104 cells per well overnight, and treated
with PBS, P18, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\
EPA\P18-APBA-HA (2.5 lg/mL EPA and 0.5 lg/mL P18) at pH 6.5
for 4 h. The medium was then replaced with fresh medium and
A portion of the cells was then irradiated with a 671 nm laser
(0.8 W/cm2, 2 min). After 24 h, the cells were fixed and stained
with CRT polyclonal antibody as well as Alexa Fluor 488-goat
anti-rabbit IgG. Finally, the cells were stained with Hoechst
33,342 prior to observation using a high-content imaging system.

Extracellular levels of HMGB1 and ATP were measured using
HMGB1 ELISA kits and chemiluminescent ATP assay kits, respec-
tively. Briefly, B16F10 cells were inoculated in a 6-well plate and
treated with PBS, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or
Lip\EPA\P18-APBA-HA (2.5 lg/mL EPA and 0.5 lg/mL P18) at pH
6.5 for 4 h, washed, and added to fresh medium. A portion of the
cells was then irradiated with a 671 nm laser (0.8 W/cm2,
2 min). The supernatant was collected after 24 h, and HMGB1
and ATP were measured according to the manufacturer’s protocols.

DC maturation and Try/Kyn ratio detection in vitro

To investigate the effect of Lip\EPA\P18-APBA-HA-treated
B16F10 cells on DC maturation, the cells were initially treated with
PBS, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-
APBA-HA (2.5 lg/mL EPA and 0.5 lg/mL P18) at pH 6.5 for 4 h fol-
lowed by washing. Some cells were then irradiated with a 671 nm
laser (0.8 W/cm2, 2 min). After incubation for 24 h, the remaining
cells were collected and co-cultured with DC2.4 cells for 24 h. The
DC2.4 cells were then harvested and stained with anti-mouse
CD80-PE and anti-mouse CD86-APC for 30 min. DC maturation
was detected by flow cytometry (FCM) and determined using
NovoExpress software (NovoCyte, ACEA Biosciences Inc., CA,
USA). To measure the IDO inhibition effect, Trp and Kyn levels were
determined in supernatants of treated DC2.4 cells using mouse Trp
and Kyn ELISA kits, following the manufacturer’s instructions.

Establishment of the B16F10 tumor-bearing mouse model

We established a B16F10 tumor-bearing mouse model by sub-
cutaneous injection of female C57BL/6 mice with 5 � 105 B16F10
cells in the right front armpit. The mice were maintained until
the tumor volume reached an appropriate for the experiment.

Biodistribution of Cy5.5-loaded liposomes

B16F10 tumor-bearing mice were separated into four groups
randomly (n = 3) and injected intravenously with free Cy5.5, Lip
\Cy5.5\P18, Lip\Cy5.5\P18-APBA, or Lip\Cy5.5\P18-APBA-HA solu-
tion (2 mg/kg Cy5.5 and 0.6 mg/kg P18), respectively. The mice
were then anesthetized by isoflurane inhalation at a predeter-
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mined time, and fluorescent images were obtained and analyzed
using an animal imaging system (ABL X1, Tanon, Shanghai, China).
24 h after injection, the mice were sacrificed, and the tumors and
organs were collected, recorded, and imaged for ex vivo imaging.

Photothermal performance

B16F10 tumor-bearing mice were injected intravenously with
PBS, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-
APBA-HA (3 mg/kg EPA and 0.6 mg/kg P18), respectively. After
12 h, the tumor site was irradiated for 2 min with a 671 nm laser
(0.8 W/cm2). The mice were then imaged and the temperature of
the tumor region was recorded.

ROS detection

DCFH-DA acts as a probe to detect ROS production in vivo.
B16F10 tumor-bearing mice were injected intravenously with
PBS, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-
APBA-HA (3 mg/kg EPA and 0.6 mg/kg P18), respectively. After
12 h, DCFH-DA was injected intratumorally, followed by laser irra-
diation (671 nm, 0.8 W/cm2, 2 min) of the tumor site. Finally, the
mice were sacrificed, and the tumors were isolated and rinsed, fol-
lowed by frozen sections and Hoechst 33,342 staining, and exam-
ined with confocal laser scanning microscopy (CLSM, LSM800, Carl
Zeiss Meditec AG, Jena, Germany).

Efficacy against primary tumors

B16F10 tumor-bearing mice were separated into 7 groups
(n = 6) randomly and injected intravenously with PBS, EPA + P18,
Lip\EPA\P18, Lip\EPA\P18-APBA, or Lip\EPA\P18-APBA-HA (3 mg/
kg EPA and 0.6 mg/kg P18), respectively. After 12 h, the tumor site
was irradiated with a 671 nm laser (0.8 W/cm2) for 2 min. The drug
was administered every 2 days, and the body weight and tumor
volume were measured every other day during treatment. All the
mice were killed on day 14, and the tumors, tissues, tumor-
draining lymph nodes (TDLNs), and blood samples were harvested
for subsequent evaluation.

IDO inhibitory effect

After treatment, mouse tumor tissues were removed, homoge-
nized, and the supernatant was separated by centrifugation at
3000 � g for 10 min. Trp and Kyn were detected using ELISA kits.

Anti-tumor immune response

The TDLNs were ground and centrifuged to obtain cell suspen-
sions. DCs were stained with anti-CD11c-FITC, anti-CD40-PE, anti-
CD80-PE, and anti-CD86-APC antibodies and detected by FCM. The
collected tumor tissues were also used to analyze the intratumoral
infiltration of T lymphocytes and analyzed by FCM. Briefly, tumor
tissues were ground, lysed, and centrifuged to obtain cell suspen-
sions. The tumor lymphocytes were stained by using anti-CD3-
PAC and anti-CD4-FITC antibodies to analyze T helper (Th) cells
(CD3+ CD4+), anti-CD3-APC and anti-CD8a-PE antibodies to analyze
CTLs (CD3+ CD8+), and anti-CD4-FITC and anti-Foxp3-PE antibodies
to analyze Tregs (CD4+ Foxp3+). The serum levels of IL-6, TNF-a,
and IFN-c were determined by ELISA kits.

Anti-metastasis efficacy

To investigate the potential anti-metastasis efficacy, we
injected each mouse (5 � 105 cells/mouse) with B16F10 cells intra-
venously when the primary tumor volume reached 90 mm3. The
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mice were then separated into seven groups (n = 6) randomly and
treated with the same dosage regimens as for the anti-primary
tumor. All the mice were killed on day 14, the lungs were removed,
sectioned, and stained with H&E.

Lungs from each group were ground and centrifuged to form
cell suspensions. DCs were stained with anti-CD11c-FITC, anti-
CD40-PE, anti-CD80-PE, and anti-CD86-APC antibodies, and ana-
lyzed by FCM. The infiltration of CTLs (CD3+ CD8+) in the lung
was also analyzed using anti-CD3-APC and anti-CD8a-PE
antibodies.

Statistical analysis

The results were expressed as the mean ± standard deviation
(SD). Results were compared between groups by one-way ANOVA
followed by post hoc Tukey–Kramer test. The difference was con-
sidered significant when p < 0.05.
Results and discussion

Synthesis of P18-APBA-HA

The synthesis scheme of P18-APBA-HA conjugated with a pH-
responsive PBA ester bond is illustrated in Fig. S1. Briefly, the syn-
thesis process consisted of two steps: first, P18-APBA synthesis
was catalyzed by EDCI and DMAP and then linked with HA to form
P18-APBA-HA. The structures of P18-APBA and P18-APBA-HA were
confirmed by 1H-nuclear magnetic resonance spectroscopy
(Fig. S2). The peaks observed at 6.5–8.0 and 9.25 ppm belonged
to functional APBA fragments while other proton signals belonged
to P18 fragments. The amide proton signal peak at 9.25 ppm
demonstrated the linkage of APBA and P18. P18-APBA was able
to form a covalent bond with the HA diol group. The characteristic
HA peaks were evident at 1.82 ppm (methylproton of N-acetyl
group, –NHCOCH3) and 3.30–4.58 ppm (hydroxyl and methylene
groups of polysaccharide backbone). Furthermore, the methyl pro-
ton peak of P18 was observed at 1.02–1.30 ppm, and the character-
istic phenyl peak at 7.92–8.31 ppm.

Preparation and characterization of Lip\EPA\P18-APBA-HA

In this study, P18-APBA-HA with a PBA ester bond was synthe-
sized and utilized as a modified material for liposomes to construct
an HA-modified multi-level targeted nano-delivery system Lip\EPA
\P18-APBA-HA. The diameter of Lip\EPA\P18-APBA-HA was slightly
larger (approximately 180 nm) compared with blank or unmodi-
fied liposomes. The diameter distribution of the liposomes was
within the range of 143–180 nm, consistent with the passive tar-
geting particle size range of 100–200 nm. The PDI of all liposomes
was lower than 0.3, indicating that the formulation process was
stable and the liposomes had a smaller particle size distribution
(Fig. 1A). All drug-loaded liposomes exhibited a negative charge,
with Lip\EPA\P18-APBA-HA having the lowest surface zeta poten-
tial, possibly due to the surface modification of P18-APBA-HA
(Fig. 1B). Although EPA exhibited a certain degree of hydrophobic-
ity, its dispersion and encapsulation efficiency through the film
were low. Furthermore, Badiee et al. found that EPA could be effec-
tively encapsulated via the ammonium sulfate gradient method
[32]. EPA passed through the phospholipid bilayer of the liposome,
became ionized in the acidic environment of the inner aqueous
phase, and salted with sulfate, which prevented EPA from passing
through the phospholipid bilayer again and was loaded in the inner
aqueous phase of the liposome. P18-APBA-HA was shown to
improve hydrophilicity because of HA linkage, allowing for passive
drug loading. Therefore, a combined passive and active drug load-
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ing approach was employed to co-load P18, P18 derivatives, and
EPA within the liposome system. The liposomes demonstrated a
LE exceeding 70 % for both EPA and P18, indicating the ideal capac-
ity to accommodate both drugs (Fig. 1C and D). TEM images of Lip
\EPA\P18 and Lip\EPA\P18-APBA demonstrated a nearly spherical
shape, with a distinct fingerprint structure at the edge. While Lip
\EPA\P18-APBA-HA appeared nearly spherical with a blurred fin-
gerprint structure at the edge, attributed to the surface modifica-
tion of HA (Fig. 1E). The UV–visible spectra of Lip\EPA\P18, Lip
\EPA\P18-APBA, and Lip\EPA\P18-APBA-HA showed the character-
istic peaks at 290 nm (EPA) and 406 nm (P18), confirming the
effective loading of the two drugs into the formulation (Fig. 1F).
The absorption peak of P18 at 695 nm showed a slight blue shift
after the introduction of APBA, possibly due to the influence of
interactions between APBA and P18, resulting in changes in the
absorption peaks of Lip\EPA\P18-APBA and Lip\EPA\P18-APBA-HA
[33].
In vitro photothermal performance of Lip\EPA\P18-APBA-HA

The photothermal performance of P18 was evaluated by moni-
toring its photothermal conversion at different concentrations and
powers using an infrared thermal imaging camera (Fig. 1G and H).
Initially, the impact of P18 concentration on photothermal conver-
sion efficiency was examined under laser irradiation at 0.8 W/cm2.
The P18 solution temperature increased rapidly after 5 min of irra-
diation, with temperature amplitude intensifying proportionally to
the concentration of P18. The temperature reached 42�C at a con-
centration of 2.5 lg/mL P18 and reached a maximum of 44�C at
5 lg/mL. According to previous research, high-temperature PTT
(> 45�C) has been shown to induce irreversible damage to tumor
cells, while mild PTT is more likely to trigger the ICD, thereby acti-
vating the systemic immune response [34,35]. We subsequently
examined the effect of laser irradiation on the photothermal con-
version efficiency was examined at a medium concentration of
2.5 lg/mL P18. Laser irradiation enhanced the photothermal
performance of P18, with a more rapid temperature increase
within 5 min when the power exceeded 0.8 W/cm2. We then
examined the photothermal performance of EPA + P18, Lip\EPA
\P18, Lip\EPA\P18-APBA, and Lip\EPA\P18-APBA-HA at P18
2.5 lg/mL with 0.8 W/cm2 laser irradiation. The infrared thermal
images and corresponding temperature changes at different times
were recorded (Fig. 1I and J). P18-APBA-HA, Lip\P18-APBA-HA, and
Lip\EPA\P18-APBA-HA exhibited similar photothermal perfor-
mance to P18, indicating that materials derived from P18 could
maintain the potential of PTT by direct incorporation into lipo-
somes. We assessed the photothermal stability of Lip\EPA\P18-
APBA-HA (2.5 lg/mL P18) by exposure of the liposomal sample
to a 671 nm laser at 0.8 W/cm2, continuously turned on/off (5/5
min) for four cycles (Fig. 1K). The thermal fatigue loss was small
over the four cycles, indicating that Lip\EPA\P18-APBA-HA had
robust photothermal stability.
Effects of pH on diameter and zeta potential of Lip\EPA\P18-APBA-HA

At pH 7.4, the diameter and zeta potential of Lip\EPA\P18-
APBA-HA remained relatively stable, while the diameter decreased
by approximately 25 nm, the zeta potential increased by �12 mV
at pH 6.5 (Fig. 1L and Fig. S3). This observation suggests that the
alterations in the diameter and zeta potential of Lip\EPA\P18-
APBA-HA may be attributed to the detachment of the outer modi-
fied HA caused by cleavage of the PBA ester bond at pH 6.5.



Fig. 1. Preparation and characterization of liposomes. (A) Liposome diameter (bars) and PDI (dots) and (B) zeta potential. (C, D) LE (bars) and LC (dots) of liposomes of EPA and
P18. (E) Representative TEM images of Lip\EPA\P18, Lip\EPA\P18-APBA, and Lip\EPA\P18-APBA-HA (scale bar = 100 nm). (F) UV spectra of EPA, P18, HA, and liposomes. (G)
Temperature changes of different concentrations of P18 (0–5 lg/mL) under 0.8 W/cm2 laser irradiation. (H) Temperature changes of P18 under laser irradiation at different
powers (0.2–1 W/cm2). (I, J) Infrared thermal images and temperature changes under 0.8 W/cm2 laser irradiation of PBS, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, and Lip
\EPA\P18-APBA-HA. (K) Temperature change curves of Lip\EPA\P18-APBA-HA solution under four cycles of irradiation. (L) Zeta potentials of Lip\EPA\P18-APBA-HA incubated
at different pH values. (M) EPA release profiles of Lip\EPA\P18-APBA-HA at different pH values. L+ indicates liposomes exposed to 671 nm laser irradiation at 0.8 W/cm2 for
5 min before dialysis. Data presented as mean ± SD (n = 3).
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Drug release of Lip\EPA\P18-APBA-HA

The drug-release behavior of Lip\EPA\P18-APBA-HA was also
investigated across varying pH conditions (Fig. 1M). The drug
release of EPA from Lip\EPA\P18-APBA-HAwas affected by pH, pos-
sibly attributed to reduced stability of the liposome system caused
by the removal of HA under lower pH conditions. Removal of HA
from the surface of the liposome also removed the hydrophilic
shielding effect and the stabilizing effect conferred by the elec-
tronegativity of HA. Therefore, the stability of the system after
HA removal is reduced compared with the existence of HA. In addi-
tion, we speculated that after P18-APBA-HA was stripped of HA to
become P18-APBA under low pH conditions, might affect the inser-
tion position of the material in the phospholipid bilayer, resulting
in the perturbation of the phospholipid bilayer, and further
decreasing the stability of the liposomes. Drug release from lipo-
somes is a function of physical and chemical processes. When
the stability of the liposome is reduced by physical or chemical fac-
tors can lead to partial or complete leakage of the liposome con-
tents [36]. Therefore, we speculated that the HA removal from
the surface slightly reduced the stability of the liposome and thus
altered the kinetic behavior of the release of loaded EPA. Addition-
ally, the release rate of EPA in Lip\EPA\P18-APBA-HA was signifi-
cantly increased by laser irradiation. This observation may be
attributed to the surface modification of liposomes by P18-APBA-
HAmainly through the insertion of the hydrophobic part (P18) into
the phospholipid bilayer. Consequently, laser exposure to P18-
APBA-HA induces a temperature rise, thereby altering the fluidity
of the phospholipid bilayer and facilitating the release of EPA.
Taken together, this light-induced process may serve as a means
of achieving targeted and controlled drug release from liposomes
within the tumor site.
Cellular uptake

We prepared RB-loaded liposomes (Fig. S4) and evaluated the
uptake capacity of B16F10 cells for the RB-loaded liposomes using
a high-content imaging system. The fluorescence signal of free RB
in tumor cells was weak at 2 and 4 h, while the fluorescence signal
of RB-loaded liposomes was substantially intensified (Fig. 2A and
C). This occurred because RB entered the cell via passive diffusion,
while liposomes entered the cell through active transport, thereby
maximizing the chance of cellular uptake by B16F10 cells through
receptor-mediated endocytosis. Interestingly, Lip\RB\P18-APBA
and Lip\RB\P18-APBA-HA showed significantly better uptake by
tumor cells than Lip\RB\P18 under culture conditions of pH 6.5.
To determine if the enhanced uptake of Lip\RB\P18-APBA-HA was
mediated by the HA-CD44 ligand pathway, we pre-incubated HA
to saturate the CD44 receptor on the surface of B16F10 cells. Block-
ing the CD44 receptor did not significantly decrease the uptake of
Lip\RB\P18-APBA-HA, indicating that the uptake of Lip\RB\P18-
APBA-HA by B16F10 cells may depend mainly on other routes.
We subsequently pre-incubated APBA to saturate SA residues on
the B16F10 cell surface, which significantly decreased the uptake
of Lip\RB\P18-APBA-HA, indicating that Lip\RB\P18-APBA-HA pri-
marily utilized APBA-SA-mediated cellular uptake as the primary
pathway. The pH value of the TME typically ranges from 6.5 to
6.9, providing an optimal environment for tumor cell growth and
metastasis [37]. The weakly acidic TME and the SA residues on
the tumor cell surface will cause cleavage of the iso-PBA ester bond
of P18-APBA-HA. We thus hypothesized that the surface HA of Lip
\RB\P18-APBA-HA may detach at the tumor site, exposing more
APBA on the liposome surface and restoring its specific targeting
capability for SA residue’s ability at the tumor site.
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Intracellular ROS levels

B16F10 cells stained with DCFH-DA for ROS detection (Fig. 2B
and D) were observed to have weak fluorescence in the PBS,
EPA + P18, and Lip\EPA\P18-APBA-HA groups. However, laser irra-
diation enhanced the ROS signal in the tumor cells attributed to
stimulation of P18 in its ground state, which then interacted with
oxygen. Notably, significant ROS signals were detected in the cells
in the Lip\EPA\P18-APBA and Lip\EPA\P18-APBA-HA groups. Com-
bined with the results of the cell uptake experiment, Lip\EPA\P18-
APBA and Lip\EPA\P18-APBA-HA groups could enhance P18 uptake
by B16F10 cells via APBA-SA-mediated cell uptake as the main
pathway. As a result, laser irradiation increased the ROS signals
in these two groups.

Cytotoxicity assay

The toxicity of different concentrations of P18, EPA + P18, and
Lip\EPA\P18-APBA-HA was investigated in the absence of light
(Fig. 2E). Within a certain concentration range, P18, EPA + P18,
and Lip\EPA\P18-APBA-HA showed no apparent inhibitory effect
on tumor cells. This suggests that they had limited toxicity and
high biocompatibility. However, upon laser exposure, the killing
effect of EPA + P18 L+ on tumor cells increased significantly in a
concentration-dependent manner (Fig. 2F). EPA did not contribute
to the phototherapeutic effect, and cell killing was mainly achieved
via the phototherapeutic effect of P18. Furthermore, Lip\EPA\P18-
APBA L+ and Lip\EPA\P18-APBA-HA L+ induced cell death were
increased compared with the free drug group, possibly due to
enhanced cellular uptake. Previous tests showed that both free
P18 and P18-loaded liposomes had photothermal response capa-
bilities and could generate ROS in cells. Laser irradiation of the cells
that internalized P18 and P18-loaded liposomes would thus pro-
duce a combined PDT/PTT effect. The high temperatures induced
by PTT could directly cause cell death, while the ROS generated
by PDT enhanced the thermosensitivity of the tumor cells.

Enhanced anti-tumor immunity in vitro

PIT can induce ICD, leading to the release of DAMPs as danger
signals to activate DCs. These activated DCs then present tumor
antigens to T cells, initiating tumor immune responses. We evalu-
ated the induction of ICD by different formulations in B16F10
tumor cells by detecting three key DAMPs, CRT exposure, extracel-
lular HMGB1, and ATP levels [38]. As shown in Fig. 3A, a neglect-
able green fluorescence signal was detected in all non-laser-
treated groups. However, Lip\EPA\P18-APBA L+ and Lip\EPA\P18-
APBA-HA L+ induced significant CRT exposure on cells, with stron-
ger fluorescence intensity compared with the Lip\EPA\P18 L+ and
EPA + P18 L+ groups. Meanwhile, laser irradiation increased extra-
cellular HMGB1 and ATP secretion to varying degrees in each group
(Fig. 3B and C). Notably, upregulation of CRT exposure, extracellu-
lar HMGB1, and ATP levels were significantly promoted in the Lip
\EPA\P18-APBA L+ and Lip\EPA\P18-APBA-HA L+ groups, confirm-
ing their ability to induce the ICD in tumor cells through PIT. The
suppression of IDO by EPA was determined by measuring the con-
version of Kyn to Trp (Fig. 3D). Our results demonstrated that EPA,
particularly in the Lip\EPA\P18-APBA L+ and Lip\EPA\P18-APBA-HA
L+ groups reduced the Kyn/Trp ratio, possibly due to increased
drug uptake through targeted modified nanocarriers. We also eval-
uated DC maturation by co-incubation of DC2.4 cells with B16F10
cells treated with various formulations. DC maturation was
assessed by measuring the expression levels of the DC surface phe-
notypic marker molecules CD80 and CD86 (Fig. 3E-G). Even in the
absence of light, both EPA + P18 and Lip\EPA\P18-APBA-HA
affected DC maturation compared with the control group, possibly



Fig. 2. In vitro cellular uptake, ROS generation, and cytotoxic effect. (A) B16F10 cells were incubated with free RB and RB-loaded liposomes for 2 and 4 h, respectively, and
captured using a high-content imaging system (scale bar = 50 lm). (B) High-content images of ROS in B16F10 cells treated with different formulations with/without laser
irradiation (scale bar = 50 lm). (C) Mean fluorescence intensity (MFI) of RB in B16F10 cells after incubation with free RB and RB-loaded liposomes for 2 and 4 h, respectively.
*p < 0.05, **p < 0.01, ***p < 0.001 vs. free RB; ##p < 0.01, ###p < 0.001 vs. Lip\RB\P18; +p < 0.05, ++p < 0.01, ++p < 0.001 vs. Lip\RB\P18-APBA; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs.
Lip\RB\P18-APBA-HA; &&&p < 0.001 vs. Lip\RB\P18-APBA-HA (+HA). (D) MFI of intracellular DCF in cells treated with different formulations with/without laser irradiation.
*p < 0.05, ***p < 0.001 vs. PBS; ##p < 0.01, ###p < 0.001 vs. EPA + P18; +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^p < 0.05 vs. EPA + P18 L+; &p < 0.05, &&p < 0.01 vs. Lip\EPA\P18 L+ .
(E, F) Cytotoxic effects of P18, EPA + P18, Lip\EPA\P18, Lip\EPA\P18-APBA, and Lip\EPA\P18-APBA-HA with/without laser irradiation in B16F10 cells. *p < 0.05, **p < 0.01,
***p < 0.001 vs. EPA + P18 L+; ##p < 0.01, ###p < 0.001 vs. Lip\EPA\P18 L+. Data presented as mean ± SD (n = 3).
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Fig. 3. In vitro enhancement of anti-tumor immunity under culture conditions. (A) High-content images showing the exposure of CRT on B16F10 cells after treatment with
different formulations (scale bar = 50 lm). (B) Extracellular HMGB1 and (C) ATP levels following different treatments. (D) Quantification of Try/Kyn ratio in cell supernatants.
(E) Schematic illustration of DC activation. B16F10 cells were treated with different formulations and co-cultured with DC2.4 cells, stained for various surface markers (CD80
and CD86), and then examined by FCM. (F, G) FCM quantification of CD80 and CD86 expression on DCs in vitro. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS; #p < 0.05, ##p < 0.01,
###p < 0.001 vs. EPA + P18; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^^p < 0.01, ^^^p < 0.001 vs. EPA + P18 L+; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. Lip\EPA
\P18 L+. Data presented as mean ± SD (n = 3).
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related to the drug-stimulating B16F10 cells promoting the release
of TAAs. The CD80/CD86 ratio was higher in the Lip\EPA\P18-APBA
L+ (CD80+ CD86+ 38.59%) and Lip\EPA\P18-APBA-HA L+ groups
(CD80+ CD86+ 42.86%), suggesting the effective induction of DC
maturation. Previous studies demonstrated that adequate levels
of DC maturation were a prerequisite for T cell activation and sub-
sequent cytotoxic effects on tumor cells. Additionally, IDO is highly
expressed in tumor cells and antigen-presenting cells (APCs). IDO
leads to the depletion of Trp and accumulation of Kyn in the
TME, which inhibits the anti-tumor function of APCs and promotes
the activation of Tregs to inhibit CD8+ T cell activation [39,40].

Targeting effects of Cy5.5-loaded liposomes on tumors

Liposomes loaded with Cy5.5 were prepared (Fig. S5) for study-
ing their biodistribution in B16F10 tumor-bearing mice in vivo.
Free Cy5.5, Lip\Cy5.5\P18, Lip\Cy5.5\P18-APBA, and Lip\Cy5.5
\P18-APBA-HA solutions were administered via the tail vein. The
mice were anesthetized by isoflurane inhalation after 1, 2, 4, 6,
12, and 24 h, and images were obtained (Fig. 4A). Free Cy5.5 was
distributed at the tumor region after 4 h, but the fluorescence sig-
nal decreased significantly after 12 h, indicating that Cy5.5 was
rapidly metabolized and cleared by the body and did not easily
accumulate in tumor tissue. Compared with the free Cy5.5 group,
Cy5.5-loaded liposomes resulted in strong fluorescent signals in
the primary tumors of tumor-bearing mice, and these signals grad-
ually increased at the tumor sites within 12 h, indicating that
Cy5.5-loaded liposomes could persist at the tumor site and were
not easily cleared by the body. At 24 h after intravenous adminis-
tration, the mice were sacrificed, and organs and tumors were sep-
arated. Photos were taken with a live-imaging system (Fig. 4B) and
the distribution of Cy5.5 in each tissue was analyzed semi-
quantitatively (Fig. 4C). Free Cy5.5 was primarily distributed in
the liver and kidney, with almost no fluorescent signal at the tumor
site. In contrast, fluorescence in the Cy5.5-loaded liposome group
was distributed in the liver and kidney but also showed significant
signals at the tumor region. Notably, the local fluorescent signal in
tumors was stronger in the Lip\Cy5.5\P18-APBA-HA group than in
the other groups. Lip\Cy5.5\P18-APBA-HA exhibited high targeting
to tumor tissues, possibly due to its suitable particle size and long
circulation protected by the HA hydrophilic shell. These features
allow nanoparticles to leak through the blood circulation into the
tumor neovascularization pores (200–600 nm in diameter) and uti-
lize the EPR effect to accumulate in the tumor. Combined with the
in vitro uptake results, once the HA-targeted nano-drug delivery
system enters the tumor tissue extracellular space, it may also
eliminate surface HA and expose APBA groups that can be specifi-
cally recognized by SA residues on the surface of melanoma cells,
further enhancing the specific uptake of nanoparticles by mela-
noma cells [31]. However, compared with Lip\EPA\P18-APBA-HA,
the distribution of Lip\EPA\P18-APBA in tumor sites was lower,
and there was an off-target phenomenon. We evaluated the serum
stability of each formulation by dispersing Lip\EPA\P18, Lip\EPA
\P18-APBA, and Lip\EPA\P18-APBA-HA in PBS containing 10%
(v/v) FBS at 37�C and monitored changes in diameter after incuba-
tion for 24 h. The diameter of Lip\EPA\P18-APBA-HA remained
around 10 nm, indicating good serum stability. In contrast, the
diameters of Lip\EPA\P18 and Lip\EPA\P18-APBA increased rapidly
after incubation and then stabilized with no further diameter
increase (Fig. S6). The Lip\EPA\P18-APBA-HA prepared in this
study not only had a hydrophilic shielding effect generated by
the surface HA but also had a strong surface potential (about
�30 mV). The potential of Lip\EPA\P18 and Lip\EPA\P18-APBA lipo-
somes was > �20 mV. Previous studies pointed out that liposomes
with a zeta potential > +30 mV and <�30 mV) can maintain stable
dispersion due to electrostatic mutual repulsion. However, the
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lower potential may tend to form unstable conditions such as
aggregation, coagulation, and flocculation [41,42]. These results
suggest that the hydrophilic modification of HA improved the sta-
bility of liposomes in serum, thereby prolonging liposome circula-
tion time in the body. Lip\EPA\P18 and Lip\EPA\P18-APBA may
have bound serum proteins during incubation, leading to a rapid
increase in diameter, after which the particle size remained stable
due to the stabilization of the adsorbed protein. After protein
adsorption, the active targeting capacity would be reduced due
to the shielding effect of the absorbed proteins [43,44].

Phototherapeutic effect of liposomes in primary tumors

We evaluated the phototherapeutic effect of each formulation
in B16F10 tumor-bearing mice. PBS, EPA + P18, Lip\EPA\P18, Lip
\EPA\P18-APBA, and Lip\EPA\P18-APBA-HA were administered
intravenously. After 12 h, the tumor site was exposed to a
671 nm laser at 0.8 W/cm2 for 2 min, and changes in tumor surface
temperature were recorded (Fig. 4D and E). ROS generated in the
tumors was detected by DCFH-DA after different treatments
(Fig. 4F and G). There was no temperature increase in the PBS
L+ group, excluding a local warming effect of laser irradiation itself
on the mice. Temperatures in the EPA + P18 and Lip\EPA\P18
groups increased slightly after 2 min of irradiation but remained
below 42�C. The Lip\EPA\P18-APBA and Lip\EPA\P18-APBA-HA
groups exhibited higher tumor surface temperatures, exceeding
42�C. Regarding intra-tumoral ROS production, weak DCF fluores-
cence was detected in the PBS group, possibly due to an increase
in the original ROS level of the tumor [45]. ROS levels also
increased slightly in the EPA + P18 and Lip\EPA\P18-APBA-HA
groups, likely due to drug stimulation. ROS signals in the tumors
in the EPA + P18 L+, Lip\EPA\P18 L+, and Lip\EPA\P18-APBA
L+ groups were significantly enhanced, possibly due to the PDT
effect of a certain amount of P18 distributed in the tumor site after
administration. The strongest ROS signal was detected in the Lip
\EPA\P18-APBA-HA L+ group, which was in accordance with the
tumor-targeting evaluation.

In vivo efficacy against primary tumors

B16F10 tumor-bearing mice were treated with different prepa-
rations containing EPA or P18. Tumor growth and general body
condition were observed after 14 days, to evaluate the tumor inhi-
bitory effect (Fig. 5A). The potential toxic and side effects of each
preparation were evaluated by monitoring the changes in body
weight of B16F10 model mice (Fig. 5B) and by routine blood tests.
None of the mice showed any significant weight loss at 14 days,
and there were no apparent differences in white blood cells, red
blood cells, platelets, ALT, or AST in each preparation group com-
pared with the PBS group (Fig. S7). Furthermore, histological anal-
ysis revealed no significant histological damage to any major
organs after treatment with the various preparations (Fig. S8).
These results indicated that the administered dosage was safe
and there were no obvious toxic side effects in any of the prepara-
tion groups.

Changes and discrepancies in tumor volume within 14 days are
shown in Fig. 5C. The mice were sacrificed on day 14 and the
tumors were separated and photographed (Fig. 5D). The tumor vol-
ume in the PBS group increased rapidly, confirming the successful
establishment of the model. The free EPA + P18 group exhibited
weak tumor growth inhibition in the early stage (within 6 days),
followed by a resumption of rapid growth in the later stage. The
treatment effect of EPA + P18 L+ was slightly improved compared
with the free EPA + P18 group. Importantly, the therapeutic effect
of PIT treatment was significantly better compared with the other
non-laser groups. Among these, the tumor growth rate was slower



Fig. 4. In vivo biodistribution, PTT performance, and PDT efficiency of Lip\EPA\P18-APBA-HA. (A) Biodistribution of Cy5.5 in B16F10 tumor-bearing mice at 1, 2, 4, 6, 12, and
24 h post intravenous injection of free Cy5.5, Lip\Cy5.5\P18, Lip\Cy5.5\P18-APBA, and Lip\Cy5.5\P18-APBA-HA, respectively. (B, C) Ex vivo imaging and MFI quantification of
transplanted heart, liver, spleen, lung, kidney, and tumor from mice at 24 h. *p < 0.05, **p < 0.01, ***p < 0.001 vs. free Cy5.5; ##p < 0.01, ###p < 0.001 vs. Lip\Cy5.5\P18;
++p < 0.01, +++p < 0.001 vs. Lip\Cy5.5\P18-APBA. (D, E) Infrared thermal images and temperature change for mice following intravenous administration of different
formulations followed by laser irradiation. (F, G) ROS detection in B16F10 tumor observed by CLSM (scale bar = 20 lm) and MFI quantification. *p < 0.05, ***p < 0.001 vs. PBS;
##p < 0.01, ###p < 0.001 vs. EPA + P18; +p < 0.05, +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^^^p < 0.001 vs. EPA + P18 L+; &&p < 0.01, &&&p < 0.001 vs. Lip\EPA\P18 L+; $$p < 0.01 vs.
Lip\EPA\P18-APBA L+. Data presented as mean ± SD (n = 3).
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Fig. 5. In vivo therapeutic efficiencies of formulations against primary tumors and anti-tumor immunity. (A) Treatment schedule of anti-primary tumor experiments. (B)
Change in body weight of B16F10 tumor-bearing mice (n = 6). (C) Primary tumor volume changes after various treatments (n = 6). (D) Images of excised tumors on day 14
(scale bar = 1 cm) (n = 6). (E) The inhibition ratio of tumor weight on day 14. (F-I) FCM analysis and percentage of mDCs (CD40+, CD80+ CD86+) in TDLNs (n = 3). (J)
Quantification of intratumoral Try/Kyn ratio in mice after different treatments (n = 3). **p < 0.01, ***p < 0.001 vs. PBS; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. EPA + P18; +p < 0.05,
++p < 0.01, +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^p < 0.05, ^^p < 0.01 ^^^p < 0.001 vs. EPA + P18 L+; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. Lip\EPA\P18 L+; $p < 0.05, $$$p < 0.001
vs. Lip\EPA\P18-APBA L+. Data presented as mean ± SD.
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Fig. 6. In vivo anti-tumor immunity. Serum levels of (A) IL-6, (B) TNF-a, and (C) IFN-c in mice after different treatments (n = 3). FCM analysis and percentages of (D, G) Th cells
(CD3+ CD4+), (E, H) CTLs (CD3+ CD8+), and (F, J) Tregs (CD4+ Foxp3+) in primary tumors (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS; #p < 0.05, ##p < 0.01, ###p < 0.001 vs.
EPA + P18; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. EPA + P18 L+; &&p < 0.01, &&&p < 0.001 vs. Lip\EPA\P18 L+; $$p < 0.01,
$$$p < 0.001 vs. Lip\EPA\P18-APBA L+. Data presented as mean ± SD.
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in the Lip\EPA\P18-APBA L + and Lip\EPA\P18-APBA-HA L+ groups
over the 14 days. The tumor inhibition rates in terms of tumor
weight in the Lip\EPA\P18-APBA L+ and Lip\EPA\P18-APBA-HA
L+ groups on day 14 were 91.32% and 95.45%, respectively, show-
ing no significant difference (Fig. 5E). These results indicated that
Lip\EPA\P18-APBA L+ and Lip\EPA\P18-APBA-HA L+ exhibited
14
enhanced tissue targeting capabilities, enabling easier delivery to
the tumor site.

We further determined if the above formulations could trigger
an immune response in vivo. The mice were sacrificed on day 14,
DCs in TDLNs were collected and stained, and the maturated DCs
(mDCs) were analyzed by FCM. DC maturation was quantified by



Fig. 7. In vivo anti-tumor lung metastasis efficacy. (A) Schematic illustration of anti-metastasis experiment. (B) Number of metastatic nodules in the lung (n = 6). (C, D)
Images of metastatic nodules and H&E staining images in the lung (n = 6) (scale bar = 50 lm). FCM analysis and percentages of (E-I) mDCs (CD40+, CD80+ CD86+) and (G, J)
CTLs (CD3+ CD8+) in the lung (n = 6). **p < 0.01, ***p < 0.001 vs. PBS; ###p < 0.001 vs. EPA + P18; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. Lip\EPA\P18-APBA-HA; ^p < 0.05, ^^p < 0.01,
^^^p < 0.001 vs. EPA + P18 L+; &&&p < 0.001 vs. Lip\EPA\P18 L+; $$$p < 0.001 vs. Lip\EPA\P18-APBA L+. Data presented as mean ± SD.
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the expression of CD40, CD80, and CD86 markers (Fig. 5F-I).
According to the previous studies [14], P18-mediated PDT and
PTT could effectively stimulate DC maturation, and liposomes
mediated P18 entry into tumor cells, which was in accordance
with the in vitro research. The combination of EPA and P18, and
Lip\EPA\P18-APBA-HA modestly stimulated tumor cells to
release TAAs, leading to DC maturation. Interestingly, laser irra-
diation significantly enhanced DC maturation in all groups, par-
ticularly in the Lip\EPA\P18-APBA-HA L+ group (CD40+ 41.63%,
CD80+ CD86+ 37.35%). After reaching the tumor site, the surface
modification of Lip\EPA\P18-APBA-HA facilitated the exposure
of more target ligands through pH-response transformation, pro-
moting internalization by tumor cells. In vitro, results indicated
that increased uptake of drugs by tumor cells promoted the
release of TAAs and subsequent activation of DC maturation.
Therefore, Lip\EPA\P18-APBA-HA L+ effectively activated DC
maturation. Furthermore, we examined the in vivo conversion
of Trp to Kyn (Fig. 5J). Consistent with in vitro studies, free
EPA + P18 and EPA + P18 L+ slightly down-regulated the Kyn/
Trp ratio. Tumor targeting mediated by liposomes resulted in
an increased drug concentration at the tumor site, leading to a
significant decrease in the Kyn/Trp ratio in each drug-loaded
liposome group. Interestingly, Lip\EPA\P18-APBA-HA L+ exhibited
the most effective inhibition of IDO, possibly attributed to the
enhanced-targeting design of the dual drug delivery system,
which increased internalization of Lip\EPA\P18-APBA-HA into
tumor cells and drug release with laser irradiation, thereby
enhancing the inhibitory effect of EPA from Lip\EPA\P18-APBA-
HA L+ on IDO in tumor cells. Immune-related cytokines also play
a crucial role in anti-tumor immune responses. Th1-type cytoki-
nes, such as IL-6, TNF-a, and IFN-c, primarily mediate cellular
immunity and promote the cytotoxicity of CTLs [45,46]. There-
fore, we collected serum samples from mice after the different
treatments and analyzed these cytokines via ELISA (Fig. 6A-C).
Drug-loaded liposomes exhibited higher immune intensity com-
pared with the free drug group. Lip\EPA\P18-APBA-HA L+ resulted
in the highest cytokine secretion, demonstrating the successful
triggering of an immune response. Additionally, CTLs directly tar-
get and eliminate tumor cells and Th cells are crucial in the
immune regulation process. Both CTLs and Th cells have key roles
in the anti-tumor immune response, while Tregs regulate the
immune response negatively and facilitate the escape from
immune surveillance [46]. Therefore, we evaluated the infiltra-
tion of Th cells (CD3+ CD4+), CTLs (CD3+ CD8+), and Tregs (CD4+

Foxp3+) in tumors by FCM (Fig. 6D-J). Th cells and CTLs were
increased, while Tregs decreased in all treatment groups, com-
pared with the PBS group, with the highest levels of Th cells
and CTLs and the lowest levels of Tregs in the Lip\EPA\P18-
APBA-HA L+ treated group. The Th cells/Tregs and CTLs/Tregs
ratios were 15.01 and 14.58, respectively (Fig. S9). These results
indicate that Lip\EPA\P18-APBA-HA effectively eliminated pri-
mary tumors and stimulated strong anti-tumor immunity under
laser irradiation.

In vivo anti-tumor lung metastasis efficacy

In this study, we established a mouse melanoma metastasis
model and treated the mice with different treatments every 2 days.
The mice were sacrificed on day 14 to assess the inhibitory effects
of the drug combinations and carriers on lung metastasis (Fig. 7A).
The metastatic nodules and morphology of the mouse lungs were
studied to assess the efficacy of the preparations (Fig. 7B and C).
The number of lung metastatic nodules was significantly decreased
in the Lip\EPA\P18-APBA-HA L+ group compared with the Lip\EPA
\P18 L+ and Lip\EPA\P18-APBA L+ groups, indicating the superior
inhibitory effects of the Lip\EPA\P18-APBA-HA L+ preparation
16
(Fig. 7B). We further assessed the therapeutic effect of each prepa-
ration by H&E staining of tissue sections (Fig. 7D). On day 14, the
lung tissue structures in the PBS group were destroyed and the
alveoli had disappeared. Tumor tissues in the EPA + P18 and Lip
\EPA\P18-APBA-HA groups displayed infiltrative growth, and part
of the lung tissue structure was destroyed. Smaller metastases
were observed after exposure to light, with the most obvious
anti-metastatic effect in the Lip\EPA\P18-APBA-HA L+ group. In
conclusion, we found that this dual-drug delivery system provided
the most effective treatment for melanoma metastasis, emphasiz-
ing the necessity of combining EPA and P18.

The anti-metastatic mechanism of the formulations in the lungs
was further investigated using FCM. Mouse lungs were extracted
on day 14 to assess DC maturation. Regardless of the markers used,
the DC maturation rate in the free EPA + P18 group was approxi-
mately half that in the Lip\EPA\P18-APBA-HA L+ group. This con-
firmed that EPA + P18-loaded liposomes enhanced the
maturation of DCs, particularly in combination with laser irradia-
tion. In contrast to the in vitro results, Lip\EPA\P18-APBA-HA
L+ was associated with greater DC maturation compared with Lip
\EPA\P18-APBA L+ according to CD40 labeling (Fig. 7E and H)
and CD80 and CD86 co-staining (Fig. 7F and I). Additionally, we
evaluated the infiltration of CTLs (CD3+ CD8+) in the lungs
(Fig. 7G and J). CTLs were significantly increased in each treatment
group compared with the PBS group, especially in each liposome
group. The proportions of CTLs in the Lip\EPA\P18-APBA L+ and
Lip\EPA\P18-APBA-HA L+ groups were 3.22 times and 4.22 times
than the PBS group, respectively. These results indicate that Lip
\EPA\P18-APBA-HA L+ may enhance the immune response induced
by TAAs, inhibit tumor cell metastasis, and achieve an optimal
anti-melanoma therapeutic effect.

Conclusions

This study developed an HA-modified dual drug delivery system
(Lip\EPA\P18-APBA-HA) to target melanoma. The HA coating
enhanced the stability of the liposomes in serum and facilitated
their accumulation at the tumor sites. At pH 6.5, Lip\EPA\P18-
APBA-HA mainly utilized APBA-SA-mediated cellular uptake,
demonstrating its efficacy in B16F10 cells, and indicating its poten-
tial for targeting tumor cells in vivo. Lip\EPA\P18-APBA-HA exhib-
ited superior internalization by tumor cells in the TME via its two-
stage targeted design. Furthermore, the intracellular release of EPA
from Lip\EPA\P18-APBA-HA was triggered by thermal radiation,
thereby inhibiting IDO activity in the TME, and promoting activa-
tion of the immune response. Consequently, Lip\EPA\P18-APBA-
HA L+ effectively induced anti-tumor immunity by promoting
DCs maturation, CTLs activation, Tregs suppression, and regulating
cytokine secretion, to inhibit the proliferation of melanoma and
lung metastasis. These findings suggest that the proposed targeted
nano-drug delivery system provides a promising strategy for
enhancing the inhibitory effects of the combination of EPA and
P18 on melanoma proliferation and metastasis.
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