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Abstract

The development of phototherapeutics with high photothermal conversion efficiency (PCE) and strong ability

to generate reactive oxygen species under single near-infrared (NIR) laser irradiation for immuno-phototherapy
applications remains a significant challenge. Herein, we optimally selected the molecule IT-4 F with an acceptor-
donor-acceptor (A-D-A) strucssture to prepare water-dispersible nanoparticles (NPs) by assembly with DSPE-PEG-
NH,. Such NPs have NIR absorption and fluorescence peaks at 728 and 817 nm, respectively. They can generate
singlet oxygen (102) and superoxide anion (O, ™) under laser irradiation, with a 102 generation quantum yield

of 31.5%. They can also effectively convert photon-energy into heat with a high PCE of 42.8%. The outstanding
properties of IT-4 F NPs enable them to be used in NIR fluorescence imaging guided photothermal therapy (PTT),
and photodynamic therapy (PDT). Moreover, PDT and PTT triggered immunogenic cell death and PANoptosis

in tumor cells, which not only inhibited tumor growth and metastasis in mice model, but also induced a robust
immune response, evidenced by increased infiltration of CD8* T cells, CD4™ T cells, dendritic cells, and a decreased
presence of immunosuppressive cells such as myeloid-derived suppressor cells and regulatory T cells. The efficacy
of IT-4 F NPs in organoid of human breast cancer was also verified.
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Introduction inducing tumor cell apoptosis and immunogenic cell

Immunotherapy activated by photodynamic therapy
(PDT), known as immuno-photodynamic therapy
(IPDT), utilizes the high cytotoxic reactive oxygen spe-
cies (ROS) generated by photosensitizers under laser
irradiation to efficiently kill tumor cells in situ [1]. This
process simultaneously releases tumor-associated anti-
gens, thereby activating the immune system for effective
treatment of distant and metastatic tumors. IPDT not
only retains the advantages of PDT, such as high selectiv-
ity, no resistance, and minimal side effects, but also offers
benefits such as reduced systemic toxicity, improvement
of the tumor immunosuppressive microenvironment,
and prevention of cancer recurrence through immune
memory [2, 3]. Qu, et al. [4]. used PCPDTTBTT as the
photosensitizer to design a novel light-responsive nano-
platform that targets the pancreatic ductal adenocarci-
noma (PDAC) tumor microenvironment (TME) using
tumor-specific intermediate factor nanobodies (Nbs).
Under laser irradiation, this platform generates ROS,

death (ICD), ultimately preventing tumor progression
and remodeling the immunosuppressive TME lympho-
cytes by increasing T cell infiltration. Similarly, Ren, et al.
[5] designed a novel rhenium complex (Re-TTPY) capa-
ble of generating singlet oxygen (*O,), superoxide anion
(Oy™+), and hydroxyl radical (-OH) under laser irradiation.
This complex induces ferroptosis via PDT while trig-
gering ICD and promoting the maturation of dendritic
cells (DCs) and T cell infiltration. Overall, IPDT not only
treats primary tumors but also promotes the infiltration
of immune cells into tumors and enhances anti-tumor
immune responses.

Photosensitizer plays a key role in the efficacy of IPDT.
However, the generation of ROS in PDT is limited by the
hypoxic nature of the TME [6, 7]. Hypoxia leads to meta-
bolic reprogramming in tumor cells, impairing immune
cell function and consequently affecting immune
responses [8]. Additionally, immunosuppressive cells
within the TME, such as M2 macrophages and regulatory
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T cells (Tregs), can exacerbate this issue, suppressing
anti-tumor immune responses [9, 10]. To overcome these
challenges, various strategies have been proposed [11].
For example, to enhance oxygen supply to tumors and
improve PDT efficacy, Li, et al. [12] developed an acid-
ity-responsive biodegradable iridium-based (IPC) nano-
medicine composed of iridium ions, chlorin e6 (Ce6),
and polyvinylpyrrolidone. IPC accumulates at high levels
in tumors, catalyzing excess hydrogen peroxide to pro-
duce oxygen while depleting intracellular glutathione in
cancer cells. As a result, Ceb6 is released, generating ROS
more effectively upon laser irradiation. Moreover, IPC
nanomedicines alleviate tumor hypoxia, amplifying PDT
effects, inducing more ICD, and enhancing anti-tumor
immunity by reversing the immunosuppressive TME.
Similarly, Lan, et al. [13] developed a nanoscopic metal-
organic framework, Fe-TBP, made of iron oxide clusters
and porphyrin ligands. Fe-TBP can convert intracellular
H,0, to O, through the Fenton reaction, overcoming
hypoxia, enabling PDT to generate 'O, under both nor-
moxic and hypoxic conditions. This leads to non-inflam-
matory tumor immunotherapy and significant infiltration
of cytotoxic T cells. However, it is important to note that
the single mode of cell death induced by PDT reduces
tumor-specific antigens, limits the generation of in situ
tumor vaccines, and reduces the diversity of regulatory
immune cells, thus weakening the overall effect of IPDT.
Recent studies reported that ROS generated during
PDT can damage heat shock proteins, while the heat
generated by photothermal therapy (PTT) can acceler-
ate blood flow, thereby increasing oxygen concentration
in the tumor region [14]. By combining PDT and PTT, it
is possible to enhance the PDT treatment effect caused
by oxygen, and leverage this synergy to promote ICD,
further improving the efficacy of immune-phototherapy
(IPT) for tumor treatment [15]. For example, Li, et al.
[16] used PCPDTTBTT as photosensitizer to integrate
aggregation-induced emission luminogens (AIEgen) with
Prussian blue (PB) nanocatalysts for powerful cancer
immunotherapy. The dimethylamine-substituted AIEgen
exhibited impressive near-infrared (NIR) laser-induced
PDT capabilities and photothermal conversion. By incor-
porating AIEgen into porous PB NPs, followed by encap-
sulation in M1 macrophage membranes, a tumor-specific
therapeutic and diagnostic nanomedicine was developed.
This strategy effectively limits the molecular motion of
AlEgen, thereby enhancing PDT efficiency and NIR flu-
orescence brightness. Additionally, PBNPs catalyze the
generation of oxygen by decomposing the excess H,O,
expressed in tumors, further enhancing PDT efficacy. The
NIR absorption of PB also improves photoacoustic imag-
ing and photothermal effects. Wu, et al. [17] designed
a novel Ln@Fe nanoparticle composed of lanthanide-
doped luminescent nanoparticles (LnNPs) conjugated
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with Ce6 and Fe**-gallic acid (GA). GA mediates the
reduction of Fe** to Fe?*, which then participates in the
Fenton reaction to generate -OH. Laser excitation of Ce6
produces 'O, for PDT. Furthermore, Fe-GA serves as a
PTT agent, and the PTT process enhances ROS genera-
tion. Ln@Fe NPs not only improve the synergistic anti-
tumor efficacy by promoting ROS generation, but also
effectively inhibit tumor metastasis by activating robust
anti-tumor immunity.

However, multifunctional therapeutic agents that com-
bine photosensitizers and photothermal agents have
drawbacks that make them unsuitable for practical appli-
cations. These include difficulties in controlling the ratio
of active components, poor experimental reproducibility,
and the need for multiple laser wavelengths for excitation
[18]. Therefore, the design and synthesis of molecules
that can simultaneously generate ROS and heat under
excitation at a single NIR wavelength is of great signifi-
cance for the development of IPT [19, 20].

Considering the strong NIR absorption capabilities of
photovoltaic molecules [21], in this study, we assembled
a molecule with an acceptor-donor-acceptor (A-D-A)
structure, IT-4 F, and combined it with DSPE-PEG-NH,
to prepare water-dispersible NPs for NIR fluorescence-
guided IPT. As shown in Scheme 1, IT-4 F contains a large
planar indacenodithienothiophene (IDTT) central unit
acting as electron-donating fused-ring core, and a fluo-
rinated 2-(3-oxo-2,3-dihydroinden-1-ylidene) malononi-
trile (INCN) as an electron-withdrawing unit. The A-D-A
structure provides strong intramolecular charge transfer
(ICT) and NIR absorption and fluorescence properties.
Moreover, the alkyl chains effectively prevent m-m stack-
ing interactions between IT-4 F molecules. The assembly
of the hydrophobic IT-4 F with the amphiphilic DSPE-
PEG-NH, formed water-dispersible IT-4 F NPs which
exhibited excellent photostability and biocompatibility,
displaying intense NIR absorption and fluorescence with
peaks at 728 nm and 817 nm, respectively. Moreover, the
IT-4 F NPs effectively converted photon energy into heat
with a photothermal conversion efficiency (PCE) of up
to 42.8%, while generating 'O, and O, with a quantum
yield for the generation of 'O, of 31.5%, which is com-
parable with previous results as shown in Table S1. The
study further validated the application of these NPs in
PDT and PTT, leading to various forms of cell death, such
as ICD and PANoptosis. PANoptosis refers to multiple
cell death process that integrates pyroptosis, apoptosis,
and necroptosis, collectively contributing to an inflam-
matory response that facilitates immune activation. This
process promoted the generation of in situ tumor vac-
cines, and accelerated blood circulation, enabling the
delivery of immune cells to peripheral immune organs,
thus mobilizing and activating systemic immune cells.
This in turn reshaped the TME and ultimately enhanced
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Scheme 1 Schematic representation showing the preparation and application of IT-4 F NPs

the capability of immuno-phototherapy to treat both pri-
mary and metastatic tumors. Lastly, the therapeutic effi-
cacy of IT-4 F NPs was further assessed using organoids
cultured from patient-derived tumor tissues. The IT-4 F
NPs possess both PDT and PTT capabilities under a
single near-infrared wavelength excitation, simplifying
the treatment process compared to current nanomateri-
als that require multiple wavelength excitations. More-
over, IT-4 F NPs can trigger various forms of cell death,
such as immunogenic cell death and PANoptosis. This
work offers a novel approach to enhancing cancer treat-
ment through the integration of photothermal and pho-
todynamic effects, while also eliciting strong anti-tumor
immunity, thus contributing significantly to the field of
nanomedicine and cancer immunotherapy.

Experimental section

Materials

IT-4 F was purchased from Organtec Ltd. DSPE-PEG-
NH,-2000 was purchased from ShangHai ToYongBio
Tech. Inc. SOSG was purchased from Shanghai Mao-
kang Biotechnology Co., Ltd. Dihydrorhodamine 123
(DHR 123), 022, and DHE probe were purchased from
Beijing BioLab. Technology Co., Ltd. MTT was obtained
from Sigma-Aldrich Trading. High mobility group pro-
tein Bl (HMGBI1) and Calreticulin (CRT) antibody
was purchased from ABclonal Biotechnology Co., Ltd.
ATP Assay Kit was purchased from Beijing Beyotime

Biotechnology Co., Ltd. 4T1 cell line was purchased by
Wuhan Servicebio Technology Co., Ltd. Anti-cleaved
Caspase 3 antibody (CST), anti-cleaved GSDME anti-
body (CST), anti-cleaved Caspase 7 (CST), anti-pMLKL
(S345) antibody (CST) were purchased by Cell Signaling
Technology, Inc. Six-week-old female BALB/c mice were
purchased by Hunan SJA Laboratory Animal CO.,LTD.

Instruments

UV-vis spectra were obtained by a Shimadzu UV-2600
spectrophotometer. Fluorescence spectrum spectra were
measured on an RF-6000 spectrophotometer. Scanning
electron microscopy (SEM) images were captured from
JSM-7610FPlus, JEOL Ltd. Particle size and zeta poten-
tial were obtained by a Malvern ZS particle size and zeta
potential analyzer. Fluorescence cellular images were
obtained under an inverted fluorescence microscope
(Leica DMIL LED) and a CLSM (Leica SP8). MTT cell
viability experiments were performed using an enzyme-
labeled instrument (Varioskan LUX).

Preparation of IT-4 F NPs

IT-4 F (3.0 mg) and DSPE-PEG-NH,-2000 (6.0 mg) were
dissolved in 1.0 mL of tetrahydrofuran (THF). The mix-
ture was slowly added to 20.0 mL of water while being
ultrasonicated. Then, the solution was transferred to a
dialysis bag (MWCO =3500 DA) and dialyzed with mag-
netic stirring for 24 h, changing the water every 4 h to
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remove excess DSPE-PEG-NH, and THF. An aqueous
solution of IT-4 F NPs was obtained and stored in the
dark at 4 °C.

Determination of singlet oxygen in IT-4 F NPs solution

1 pL of the SOSG were added to 2.0 mL of IT-4 F NPs
solution (3.6 uM). The solution was irradiated with a
735 nm laser (1 W/cm?). The fluorescence spectra of
SOSG were measured every 10 s. The fluorescence spec-
trum of SOSG in pure water was also measured under
the same conditions.

Determination of superoxide anion in IT-4 F NPs solution
DHR 123 was used as superoxide anion detection
reagent. 1 pL of DHR 123 was added to 2.0 mL of IT-4 F
NPs solution (5 pM). The solution was irradiated with
735 nm laser (0.5 W/cm?). The fluorescence spectra of
DHR 123 were measured every 10 s. The fluorescence
spectrum of DHR 123 in pure water was also measured
under the same conditions.

Determination of photostability of IT-4 F NPs solution
IT-4 F NPs solution (3.6 uM) was exposed to 735 nm
laser (1 W/cm?) for 10 min. The absorption spectra of
IT-4 F NPs solution were measured every minute. The
absorption spectra of Indocyanine Green (ICG) (13.7
uM) were also measured under the same conditions.

Determination of stability of IT-4 F NPs solution
IT-4 F NPs solution (3.6 uM) was stored in darkness at
4 °C. The absorption spectra and particle size distribution
of the solution were measured daily for 7 days.

Measurement of temperature increase of IT-4 F NPs
solution

IT-4 F NPs solution at different concentrations (12.5
uM, 6.3 uM, 3.1 uM, 1.5 pM, and 0) was irradiated with
735 nm laser (1 W/cm?) for 10 min. A thermocouple
was then used to record the temperature variation of the
solutions.

Determination of photothermal cycle of IT-4 F NPs solution
1.0 mL of IT-4 F NPs solution (12.5 pM) was exposed to
735 nm laser (1 W/cm?) for 10 min. After the solution
was cooled down to room temperature, the irradiation
was continued for another 10 min. The temperature of an
ICG solution (12.5 uM) was also tested under the same
conditions.

Determination of photothermal conversion efficiency of
IT-4 F NPs

The absorbance at 735 nm of IT-4 F NPs solution was
adjusted to 0.1. The solution was exposed to 735 nm laser
(1 W/cm?) for 10 min and then cooled down for 10 min.

Page 5 of 16

The temperature of pure water was also determined
under the same conditions.

Cell culture

4T1 cells, a mouse breast cancer cell line, were cultured
in an RPMI 1640 medium containing 10% fetal bovine
serum. The cells were incubated in an incubator satu-
rated with 5% CO, at 37 °C. The cells were digested with
0.25% trypsin-EDTA solution and subjected to subse-
quent passage.

Cytotoxicity assay

Dark toxicity: The cytotoxicity of IT-4F NPs on 4T1 cells
was determined using the MTT assay. Cells were inocu-
lated into two 96-well plates at a density of 2x 10* cells
per well, and incubated for 24 h. Next, the cells were cul-
tured with different concentrations of IT-4F NPs in the
dark for 20 h. Then, 200 puL of RPMI 1640 medium con-
taining 0.5% MTT was added to each well, and the cells
were cultured for another 4 h. After removing the cul-
ture medium, 150 pL of dimethyl sulfoxide (DMSO) was
added to each well. The culture plates were then oscil-
lated on a shaker at a low speed for 10 min. The absorp-
tion at 490 nm was measured using an enzyme-labeled
instrument.

Phototoxicity: After incubating with IT-4 F NPs in the
dark for 4 h, cells were irradiated with 735 nm laser (1 W/
cm?) for 10 min. Next, the cells were incubated for 16 h.
The remaining steps were the same as those described for
the dark toxicity test.

To achieve individual PDT and PTT treatments [22,
23], we maintained a constant temperature (25 °C) or
treated the cells with 100 uM ascorbic acid. The remain-
ing steps were the same as those described for the photo-
toxicity test.

Intracellular reactive oxygen species (ROS) test

A green fluorescent probe, DCFH-DA, was used to
detect the total ROS in cells. A green fluorescent probe,
022, was used to detect the singlet oxygen in cells. A red
fluorescent probe, DHE, was used to detect intracellular
superoxide anion. The samples were divided into differ-
ent groups as follows: PBS group, PBS+L group, IT-4 F
NPs group, and IT-4 F NPs + L group.

Total ROS: 4T1 cells were cultured in a 6-well plate
until their density reached 60-70%. Next, an RPMI 1640
medium containing 12.5 pM IT-4 F NPs was added to
the plate to co-culture with 4T1 cells for 4 h. Then, the
cells were incubated with a diluted DCFH-DA medium
for 30 min. Cells in the PBS + L group and IT-4 F NPs+L
group were irradiated with 735 nm laser (1 W/cm?) for
10 min. Finally, the cells were observed under an inverted
fluorescence microscope, and images were captured.
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Singlet oxygen: 4T1 cells were cultured in confocal
dishes until the density reached 60-70%. Next, an RPMI
1640 medium containing 12.5 pM IT-4 F NPs was added
to the 4T1 cells and co-cultured for 4 h. Then, the cells
were incubated with a medium diluted with 022 for
30 min. Cells in the PBS+L group and IT-4 F NPs+L
group were irradiated with 735 nm laser (1 W/cm?) for
10 min. Finally, a confocal laser scanning microscope was
used to observe the cells and capture their images.

Superoxide anion: 4T1 cells were cultured in confocal
dishes until the density reached 60-70%. Next, an RPMI
1640 medium containing 12.5uM IT-4 F NPs was co-cul-
tured with 4T1 cells for 4 h. Then, the cells were incu-
bated with a medium diluted with DHE for 30 min. Cells
in the PBS + L group and IT-4 F NPs + L group were irra-
diated with 735 nm laser (1 W/cm?) for 10 min. Finally,
the confocal laser scanning microscope was used to
observe the cells and capture their images.

Immunogenic cell death assays

4T1 cells were seeded in 24-well plates and treated with
IT-4 F NPs (12.5 pM) for 4 h. Cells were then exposed to
735 nm laser (1 W/cm?) for 10 min, followed by an addi-
tional 3 h incubation. After removing the medium, cells
were washed three times with PBS and fixed with 500 pL
paraformaldehyde for 25 min. They were used in HMGB1
release, CRT exposure, and ATP release experiments
respectively.

HMGBI release: Triton X-100 (500 puL) was added for
5 min to permeabilize the cells, then BSA (500 uL) was
used to block for 1 h. After washing, the cells were incu-
bated with primary antibody overnight at 4 °C. The next
day, the primary antibody was removed, and the cells
were washed before adding secondary antibody for 1 h
at 4 °C. After further washing, DAPI (500 pL) was added
for 10 min in the dark. Finally, cells were imaged under a
fluorescence microscope.

CRT exposure: The paraformaldehyde was aspirated,
and cells were washed with PBS. Then, 500 puL BSA were
added for 1 h at room temperature to block. After remov-
ing the BSA, cells were washed with PBS, and 500 pL
primary antibody was applied overnight at 4 °C. The pri-
mary antibody was removed, and cells were washed three
times with PBS. Next, 500 pL secondary antibody was
added for 1 h at 4 °C. Following the secondary antibody
incubation, cells were washed with PBS and stained with
500 puL DAPI for 10 min in the dark. Finally, cells were
examined under a fluorescence microscope and images
were captured.

ATP release: The culture medium from each well was
collected for the detection of ATP using an ATP detec-
tion kit according to the manufacturer’s instruction,
respectively.
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Western blot analysis

4T1 cells were seeded in 6-well plates and cultured
for 24 h up to about 80% confluence. The experiment
was divided into the following four groups: PBS group,
PBS+L group, IT-4 F NPs group, and IT-4 F NPs+L
group. L presents laser irradiation. Cells were washed
twice with PBS and collected using a cell scraper. Then,
the cells were digested with RIPA lysate on ice for 30 min,
and the protein solution was obtained by centrifugation.
Subsequently, the protein concentration was determined
by BCA protein assay kit. Finally, standard western blot
was performed. Anti-cleaved Caspase 3 antibody (CST),
anti-cleaved GSDME antibody (CST), anti-cleaved Cas-
pase 7 (CST), anti-pMLKL (S345) antibody (CST) were
applied. Finally, the protein was detected by Bio-Rad.

Biological experiment in vivo
The animal experiments were approved by the Ethics
Committee for Experimental Animal of The First Affili-
ated Hospital of Hunan Normal University. Six-week-old
female BALB/c mice were used in this experiment.
Establishment of subcutaneous tumor model: Mice
were subcutaneously inoculated with 1 x 10° tumor cells.
After the tumor size reached about 200 mm?, mice were
randomLy divided into 4 groups (5 mice in each group)
as follows: PBS group, PBS +L group, IT-4 F NPs group,
and IT-4 F NPs+L groups. L presents laser irradia-
tion. 100 uL of either PBS or IT-4 F NPs (12.5 puM) were
injected into each tumor site. After injection, mice in
the PBS+L group and IT-4 F NPs+L group were irra-
diated with 735 nm laser (1 W/cm?) for 10 min. After 2
weeks, the mice were euthanized. During the treatment,
the weight of each mouse was measured using a balance,
the length and width of the tumor were measured using
a vernier caliper, and the tumor volume was calculated.
At the same time, to calculate the survival rate of mice,
BALB/c tumor-bearing mice were randomly divided into
4 treatment groups (n=5 in each group), and the treat-
ment methods were the same as above. The survival rate
of mice in different groups was calculated according to
the formula of Nj;/N;y» Where Ny, is the number of
live animals, and N, the number of the initial animals
before treatment.

total

Infrared thermal imaging of mouse tumor

Mice in the PBS + L group and IT-4 F NPs + L group were
irradiated with 735 nm laser (1 W/cm?) for 10 min. Dur-
ing irradiation, a thermal imager was used to take their
photos, and the temperature changes of the tumor site in
tumor-bearing mice were recorded.

In vivo fluorescence imaging
When the tumors of BALB/c tumor-bearing mice
reached approximately 200 mm?®, the mice were injected
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intratumorally with 100 pL of IT-4 F NPs (12.5 uM). Sub-
sequently, fluorescence imaging experiments were per-
formed using the VILBER imaging system (Aex =680 nm,
Aem =700-750 nm), and draw the contour of the mouse
with lines [24].

Detection and analysis of delivery detection mechanism
The blood of mice was analyzed by blood biochemistry,
blood routine, and cytokine detection. Visceral organs
and tumors of mice were sectioned. The partial tumor
and spleen were used for immunocyte flow cytometry
analysis. The partial tumors were used for multiple fluo-
rescent staining section analysis.

Establishing organoids and evaluating the antitumor effect
At the beginning of the experiment, all patients provided
informed consent. We obtained tumor biospecimens
from patient with breast cancer. The solid tumors were
fragmented and embedded in a hydrogel containing cells
(2x10° cells/mL), then seeded into 48-well plates. On
day 5, the organoids were treated, refreshed with new
medium, and cultured for an additional 2 days before
assessing cell viability.

Theoretical calculations

All theoretical calculations are performed on the Gauss-
ian 16, Revision C.01. (Gaussian, Inc., Wallingford CT,
2019). For density-functional theory (DFT) calcula-
tions, The HOMO/LUMO orbitals of the monomer and
ground-state (S;) molecular geometries are stimulated
at B3LYP/6-31G(d) level. The electrostatic potential is
then calculated based on the optimized S, molecular
geometries at the same level and analyzed with Multi-
wifn 3.8 dev [25, 26]. The HOMO/LUMO orbitals of the
Dimer are stimulated using B3LYP-GD3B]/6-31G(d). For
time-dependent DFT (TD-DFT) calculations, molecu-
lar geometry optimization in the first singlet excited
state (S;), excited energies, and EST are calculated using
B3LYP functional, 6-31G(d) basis set. The HOMO/
LUMO orbitals and Maps of ESP surfaces are visualized
with the Visual Molecular Dynamic program [27].

Data analysis

At least three times were repeated for all experiments
with error bars (meanzSD). Significance analysis was
performed using One-way ANOVA. The significant dif-
ferences were indicated as follows: ***p <0.001, **p <0.01,
and *p <0.05. The statistical analysis software application
is GraphPad Prism 8.0.2. The number of mouse samples
in immune data analysis was 3 (n=3).
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Results and discussion

As shown in Fig. 1A, IT-4 F features a large planar
indacenodithienothiophene (IDTT) central unit as an
electron-donating fused-ring core, and a fluorinated
2-(3-ox0-2,3-dihydroinden-1-ylidene) malononitrile
(INCN) as an electron-withdrawing unit. This A-D-A
structure with strong intramolecular charge transfer
(ICT) enables NIR absorption and fluorescence.

To understand the photophysical properties of IT-4 F,
theoretical calculations at the b3lyp/6—31 g(d) level were
carried out using density functional theory (DFT). The
electrostatic potential (ESP) map of IT-4 F shown in
Fig. 1B revealed that the positively charged regions are
concentrated on the benzene and thiophene rings in the
center of the molecule, while negative charges are mainly
present on its terminal units. As shown in Fig. 1C, the
highest occupied molecular orbital (HOMO) orbitals
are predominantly distributed on the electron-donating
benzene and thiophene core, and to a lesser extent on
both ends of the molecule. The energy gap (AE) between
HOMO and the lower unoccupied molecular orbital
(LUMO) of IT-4 F was calculated as 2.093 eV, giving it a
long emission wavelength. The energy gap between the
excited singlet (S) and excited triplet (T) states (AEgr)
was small, with a AEg; 5 of only 0.062 eV, facilitating the
intersystem crossing (ISC) and promoting the generation
of singlet oxygen.

To understand the photophysical properties of the
molecules in the aggregated state, the HOMO-LUMO
orbitals of the IT-4 F dimer were further calculated. As
shown in Fig. 1D, the HOMO orbitals are mainly distrib-
uted on the two molecules, while the LUMO orbitals are
mainly distributed on one of the molecules of the dimer,
where strong intermolecular charge transfer enhances
the molecular photothermal conversion efficiency. Com-
pared to the monomolecular state, both AE and AEg; are
smaller in the aggregated state, extending the absorption/
emission wavelength and favoring the generation of sin-
glet oxygen.

As shown in Fig. 1E and F, IT-4 F dissolved in THF dis-
played NIR absorption and fluorescence peaks at 667 nm
and 750 nm, respectively. Furthermore, the hydropho-
bic IT-4 F was further assembled with the amphiphilic
DSPE-PEG-NH, to form water-dispersible IT-4 F NPs.
Upon formation of the NPs, m-m stacking interactions
between molecules are enhanced, resulting in a red shift
in both absorption and fluorescence spectra to 728 nm
and 817 nm, respectively (Fig. 1G, H). The Zeta potential
of the aqueous I'T-4 F NPs solution was measured at -23.7
mV, indicating good water dispersibility. Furthermore,
these NPs demonstrated excellent stability, as evidenced
by the consistent absorption spectra, particle distri-
bution, and morphology over a 7-day period (Fig. 1I).
As shown in Fig. S1, the PDI of the NPs was found to
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Fig. 1 (A) Schematic representation showing the preparation of IT-4 F NPs. (B) The ESP map of IT-4 F. (C, D) Diagram showing calculated frontier molecu-
lar orbital of monomeric and dimeric IT-4 F NPs. Calculated energy levels of the singlet and triplet excited states of monomeric and dimeric IT-4 F NPs.
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be 0.263, and the average diameter was approximately
103 nm, a size suitable for cellular uptake.

As displayed in Fig. 2A-C, the absorption spectra of
IT-4 F NPs showed minimal changes following laser irra-
diation, whereas the same parameters for Indocyanine
Green (ICG) showed a significant decline. Surprisingly,
IT-4 F NPs exhibited excellent ROS generation capabil-
ity under 735 nm laser irradiation. As shown in Fig. 2D-],
laser irradiation of IT-4 F NPs aqueous solution induced
the fluorescence of SOSG and DHR123 increased mark-
edly. Conversely, in the absence of IT-4 F NPs, the fluo-
rescence of SOSG and DHR123 showed no obvious
changes, suggesting IT-4 F NPs could effectively generate

10, and O,'~ upon laser irradiation. The 'O, generation
quantum yield was calculated to be 31.5%.

Due to the strong NIR absorption, IT-4 F NPs exhib-
ited significant photothermal conversion capability. As
shown in Fig. 2], under 735 nm laser irradiation, the tem-
perature of the IT-4 F NPs solution increased with both
higher concentrations and longer irradiation times. For
instance, a 12.5 pM IT-4 F NPs solution reached approxi-
mately 55 °C, whereas pure water (without NPs) showed
only a 4 °C increase after 10 min of irradiation at 1 W/
cm?® (Fig. 2K). The PCE of the NPs at 735 nm was calcu-
lated to be 42.8%. In addition, the NPs exhibited excel-
lent photostability. Similarly, the temperature of the NPs
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Fig. 2 The change in the UV-Vis absorption spectrum of IT-4 F NPs (A) and ICG (B) under 735 nm laser irradiation at 0.5 W/cm? for 10 min. (C) Time-
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solution exposed to laser irradiation could reach to 55 °C Figure 3A shows the schematic application of IT-4 F
after 5 laser on-off cycles, while that of ICG solution only ~ NPs in in vitro cell experiments. The cytotoxicity and
increased to 42 °C (Fig. 2L). phototoxicity of IT-4 F NPs against 4T1 cells were quan-

titatively evaluated. To achieve individual PDT and
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PTT treatments, we maintained a constant temperature
(25 °C) or treated the cells with 100 pM ascorbic acid, a
well-known ROS scavenger. The MTT assay was used
to quantitatively evaluate the effect of IT-4 F NPs on
4T1 cells. As shown in Fig. 3B, in the absence of laser
irradiation, cell viability remained above 94% after incu-
bation with 12.5 pM IT-4 F NPs. However, when cells
were treated with the same concentration of NPs fol-
lowed by 735 nm laser irradiation for 10 min, individual
PDT and PTT treatments resulted in 35% and 49% cell
death, respectively. When PDT and PTT were performed
simultaneously, cell viability decreased to approximately
35%. Furthermore, cell viability following laser exposure
was found to be concentration-dependent. These results
suggest that either IT-4 F NPs or laser irradiation alone
do not induce significant cancer cell death, while their
combination leads to a substantial reduction in cell via-
bility. This demonstrates their potential for synergistic
phototherapy. To investigate whether IT-4 F NPs induce
toxicity in normal tissues, we conducted additional
experiments using different doses of IT-4 F NPs on the
normal murine mammary epithelial cell line NMuMG.
As shown in Fig. S4, combined with the results of IT-4 F
NPs treatment on 4T1 cells, 12.5 pM IT-4 F NPs effec-
tively killed tumor cells while having minimal impact on
normal cells.

To further explore the intracellular ROS generation,
live cells were incubated with IT-4 F NPs and vari-
ous ROS probes: DCFH-DA, 022, and DHE, which are
indicative of general ROS, 'O,, and superoxide anions,
respectively. Following 735 nm laser irradiation at 1 W/
cm?® for 10 min, cells co-incubated with IT-4 F NPs (12.5
uM) and DCFH-DA exhibited strong green fluorescence
(Fig. 3C), indicative of robust ROS production. Similarly,
cells treated with IT-4 F NPs (12.5 uM) and O22 showed
significant green fluorescence after the same irradiation
conditions (Fig. 3D), confirming the generation of 'O,.
Additionally, cells co-incubated with IT-4 F NPs and
DHR123 displayed strong red fluorescence under the
same laser exposure (Fig. 3E). In contrast, no notable flu-
orescence was observed in the dark or in the absence of
IT-4 F NPs, further supporting that IT-4 F NPs can effi-
ciently enter cells and generate both 'O, and superoxide
anions upon laser irradiation. Additionally, IT-4 F NPs
can effectively generate ROS even in a hypoxic environ-
ment and still kill tumor cells, making them a promising
candidate for PDT in solid tumors (Figs. S2 and S3).

Since laser irradiation induces tumor cell ICD leading
to the expression of damage-associated molecular pat-
terns (DAMPs), the ICD effect mediated by IT-4 F NPs
was investigated. Key indicators were examined, includ-
ing CRT expression on the cell surface and the release
of ATP and HMGB-1 from treated cancer cells. DAMPs
released during ICD function as tumor-associated
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antigens. Its recognized by receptors on DC cell sur-
faces to enable antigen presentation. Consequently, an
inverted fluorescence microscope was used to examine
CRT, HMGBI, and ATP. In 4T1 cells, CRT expression
was minimal under treatments with PBS, PBS+L, or
IT-4 F NPs alone. However, IT-4 F NPs combined with
laser irradiation significantly increased CRT exposure on
the cell surface, along with substantial HMGB1 and ATP
release (Fig. 3F-H). This promotes the phagocytosis of
apoptotic cancer cells by DCs, enhancing the antitumor
immune response. In summary, IT-4 F NPs combined
with laser irradiation effectively induce the ICD effect in
cancer cells.

PANoptosis is generally considered to be an inflamma-
tory PCD regulated by the PANoptosome complex, which
is characterized by activation of pyroptotic, apoptotic
and necroptotic pathways [28]. Caspase 3 and Caspase 7,
essential proteins in the apoptosis pathway, are known to
be activated during the early stage of apoptosis. The up-
regulation of cleaved Caspase 3/7 expression, as depicted
in Fig. 31, signifies the activation of cleaved Caspase 3/7
within the IT-4 F NPs with illumination group, thus pro-
viding additional confirmation of apoptosis occurrence.
Furthermore, considering that pyroptosis represents
another significant mechanism of ROS induction, we
investigated the expression of associated proteins [29].
The up-regulation of cleaved GSDME expression can
be observed in the IT-4 F NPs with illumination group
(Fig. 3]), confirming the activation of cleaved GSDME.
Besides apoptosis and pyroptosis, previous studies have
demonstrated that ROS can induce necrotic apoptosis,
specifically MLKL phosphorylation [30]. Compared with
PBS, PBS with illumination and IT-4 F NPs group, the
expression of pMLKL in IT-4 F NPs with illumination
group was significantly up-regulated, which confirmed
the occurrence of necroptosis (Fig. 3K). These findings
indicate that IT-4 F NPs + laser treatment induces apop-
tosis through caspase3/7 activation, while also trigger-
ing pyroptosis via GSDME cleavage and necroptosis via
MLKL phosphorylation. ROS generated by IT-4 F NPs
under laser irradiation are central to the induction of
PANoptosis, IT-4 F NPs induce ROS generation, which
triggers the activation of multiple cell death pathways.
For example, ROS-mediated activation of caspase3/7
leads to apoptosis, GSDME activation triggers pyropto-
sis, and MLKL activation causes necroptosis. These path-
ways are interconnected and promote the inflammatory
response, further enhancing the immune system’s ability
to target tumor cells [31].

Figure 4A shows the treatment scheme of anti-tumor
therapy in vivo. The imaging capabilities of IT-4 F NPs
in 4T1 tumor-bearing mice were evaluated by intratu-
moral injection of an aqueous solution of IT-4 F NPs.
Following injection, the tumor site displayed strong NIR
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fluorescence, confirming the successful localization of the
NPs (Fig. 4B). Furthermore, after the injection of IT-4 F
NPs, the tumor site was irradiated with 735 nm laser
(1 W/cm?) for 10 min, resulting in a temperature increase
to approximately 57.6 °C, which is sufficient to induce
tumor cell ablation. In contrast, in the absence of IT-4 F
NPs, the temperature at the laser-irradiated site increased
by only 4 °C (Fig. 4C), demonstrating the excellent in vivo
fluorescence and photothermal imaging capabilities of
the NPs. Additionally, we conducted biodistribution and

clearance studies. As shown in Fig. 4D, the nanoparticles
mainly accumulate in the liver and spleen, with relatively
low accumulation in other organs.

The phototherapeutic effects of IT-4 F NPs were also
investigated in tumor-bearing mice. The mice were ran-
domLy assigned to one of four groups: saline, saline+L,
IT-4 F NPs, and IT-4 F NPs+L. Tumor growth in the
IT-4 F NPs + L group showed a significant reduction com-
pared to the other groups, where tumor growth remained
similar (Fig. 4E-G). Importantly, there were no significant
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differences in body weight among the four groups
(Fig. 4H), indicating that the treatments caused mini-
mal systemic toxicity. Survival analysis further revealed
that 60% of the tumor-bearing mice in the IT-4 F NPs+L
group survived for more than 60 days, while all mice in
the saline, saline + L, and IT-4 F NPs groups had died by
day 40 (Fig. 4I). Metastasis analysis revealed numerous
metastatic tumors in the lungs of mice from the saline,
saline + L, and IT-4 F NPs groups. In contrast, no meta-
static lesions were observed in the lungs of mice treated
with IT-4 F NPs + L (Fig. 4]), providing further evidence
that the combination of IT-4 F NPs and laser irradiation
can prevent tumor metastasis. Moreover, IT-4 F NPs
with illumination can have considerable antitumor effect
in patient-derived organoids (Fig. 4K).

The tumors were excised and analyzed using H&E
staining, Ki67, and TUNEL assays to assess tissue dam-
age, cell proliferation, and apoptosis. H&E staining
revealed a distinct necrotic region in the tumors from
the NPs+L group (Fig. 5A). Ki67 analysis indicated a
significant reduction in tumor cell proliferation in this
group (Fig. 5B). Furthermore, TUNEL staining showed
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prominent green fluorescence in the NPs+L group,
indicating enhanced apoptosis (Fig. 5C). These results
suggest that IT-4 F NPs, when combined with laser treat-
ment, effectively induce tumor cell death and inhibit
tumor growth.

To evaluate the biocompatibility of IT-4 F NPs, blood
routine and blood biochemistry analyses were per-
formed, with focus on liver, kidney, and heart func-
tions. As shown in Fig. 5D-F, neither IT-4 F NPs alone
nor IT-4 F NPs+L treatment caused significant adverse
effects on the mice. Additionally, H&E staining of major
organs confirmed the excellent biocompatibility of IT-4 F
NPs, with no observable tissue damage.

We quantified the expression of TNF-a, IFN-y, IL-6
and IL-10 in serum. As depicted in Fig. 6A, the results
suggest that IT-4 F NPs+L can efficiently help induce
tumor cell apoptosis, inhibit tumor growth, and enhance
immune response. Subsequently, the anti-tumor immu-
nity mechanism induced by IT-4 F NPs with illumination
was investigated via flow cytometry and multiple fluores-
cent staining section analysis. As shown in Fig. 6B-C, to
analyze the in vivo TME, flow cytometry was conducted
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on disaggregated tumor and spleen cells from mice
treated with the four treatment groups. Flow cytometry
analysis revealed that the proportion of CD8+ T cells and
CD4+T cells in the tumor microenvironment increased
from 1.51% to 2.11% (PBS) to 34.5% and 44.47% (IT-4 F
NPs + laser), while the infiltration proportion of MDSCs
and Treg decreased by 33.7% and 15.69%. The proportion
of CD8+ T cells and CD4 + T cells in the spleen increased
from 14.03% to 37.17% (PBS) to 31.8% and 60.6% (IT-4 F
NPs +laser), respectively. Additionally, the proportion of
DC cells increased by 0.35%, while the infiltration of Treg
cells decreased by 6.72%. The percentage infiltration of
CD8*/CD4* T of the tumor and spleen was significantly
increased after IT-4 F NPs+ L treatment, indicating the
capability of IT-4 F NPs + L treatment to elicit an adaptive
immune response mediated by CD4" and CD8" T cells. In
addition, the population of myeloid-derived suppressor
cells (MDSCs) and Treg cells of the tumor in the IT-4 F
NPs + L group was significantly decreased compared with
the other treatment groups. Besides, more mature DC
cells and less suppressive Treg cells were recruited in the
spleen after IT-4 F NPs+L compared with that of mice
treated with the saline, saline + L, and IT-4 F NPs groups.
When DC cells (which play a crucial role in the immune
response) recognize an antigen, MHC-I molecules dis-
play it on their surface. Upon migrating to lymph nodes,
DCs present the antigen to T cells, triggering cellular
immunity. At the same time, we also verified the increase
of CD8" T cells, CD4* T cells and the decrease of Treg
cells by immunofluorescence analysis of tumors (Fig. 6D).
In summary, these results indicate that IT-4 F NPs+ L can
effectively enhance the tumor-specific immune response.

Conclusion

This study developed A-D-A type phototherapeutics
based on IT-4 F molecule for tumor immuno-photother-
apy. These IT-4 F NPs exhibit excellent NIR absorption
and fluorescence properties, enabling the simultaneous
generation of ROS and heat under single-wavelength
laser excitation at 735 nm. They achieved a high PCE of
42.8% with outstanding photostability and biocompat-
ibility. In tumor, IT-4 F NPs through the combination of
PTT and PDT effectively induced ICD and PANoptosis in
tumor cells. This included increased infiltration of CD8*
and CD4" T cells and reduced proportions of immuno-
suppressive cells such as MDSCs and Tregs. Additionally,
IT-4 F NPs demonstrated significant anti-tumor effects in
patient-derived organoid models. In conclusion, IT-4 F
NPs offer a highly efficient, safe, and promising new strat-
egy for cancer treatment by integrating the advantages
of PTT, PDT, and IPTT. This study provides important
theoretical and practical support for advancing cancer
immuno-photodynamic therapy.
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