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Immune checkpoint inhibitors (ICIs) become integral in clinical practice, yet their application in cancer therapy
is constrained by low overall response rates and the primary resistance of cancers to ICIs. Herein, this study
proposes aggregation-induced emission (AIE)-based nanoparticles (NPs) for a more effective and synergistic
approach combining immunotherapy and photodynamic therapy (PDT) to achieve higher responses than anti-
PD-L1 monotherapy. The TBP@aPD-L1 NPs are constructed by functionalizing azide group-modified TBP-2
(TBP-N3) with anti-PD-L1 antibodies via the DBCO-S-S-PEG200o-COOH linker. The anti-PD-L1 target the tumor
cells and promote the TBP-N3 accumulation in tumors for enhanced PDT. Notably, the TBP-N3, featuring
aggregation-induced emission, boosts reactive oxygen species (ROS) generation through both type I and type II
processes for enhanced PDT. The TBP@aPD-L1-mediated PDT induces more powerful effects of direct tumor cell-
killing and further elicits effective immunogenic cell death (ICD), which exerts anti-tumor immunity by acti-
vating T cells for ICI treatment and reshapes the tumor immune microenvironment (TIME), thereby enhancing
the efficacy of PD-L1 blockade of anti-PD-L1. Consequently, TBP@aPD-L1 NPs demonstrated significantly
enhanced inhibition of tumor growth in the mouse model of malignant melanoma (MM). Our NPs act as a facile
and effective drug delivery platform for enhanced immunotherapy combined with enhanced PDT in treating MM.

1. Introduction decade [2,3]. Moreover, MM represents the type of solid tumor with the

highest number of mutations, possessing the ability to evade the im-

Malignant melanoma (MM), originating from skin melanocytes, ex-
hibits an exceptionally high degree of malignancy and ranks third
among the most common types of skin cancer [1]. It is the main cause of
death for skin cancer, with the global incidence of melanoma projected
to increase to nearly 510,000 new cases and 96,000 deaths in the next

mune system [4,5]. For patients in advanced stages, the combination of
surgical intervention with radiotherapy or chemotherapy is often
required; nevertheless, it leads to significant damage to the body [6,7].
In recent years, immunotherapy has stood out as a groundbreaking
approach that has revolutionized MM treatment by demonstrating
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robust anti-tumor activities through the reinvigoration of the host im-
mune system [8,9]. The PD-L1 small molecular weight inhibitors or
PD-L1 antibodies are extensively developed for immunotherapy [10,
11]. They bind to PD-L1 on tumor cells, disrupt the PD-1/PD-L1 pathway
and thereby restore anti-tumor immunity [12,13]. Immune checkpoint
inhibitors (ICIs) in immunotherapy have gained approval as treatments
for advanced MM, with anti-PD-L1 antibodies (atezolizumab, durvalu-
mab, and avelumab) being the most widely used [12,13]. Despite its
widespread clinical use, monotherapy with ICIs has limited efficacy and
primary resistance in 60%-70 % of melanoma patients, and the response
rates, which are still far from satisfactory, severely hinder their further
clinical applications [14-17]. The issue of sensitivities to ICIs in these
patients needs to be urgently addressed.

The combination of photodynamic therapy (PDT) and ICI therapy
demonstrates superior anti-tumor efficacy compared to ICI mono-
therapy. There is a growing interest in the use of PDT for combination
therapy of cancers due to its low side effects, good spatiotemporal
selectivity and no drug resistance [18-20]. More importantly, PDT
effectively induces immunogenic cell death (ICD) of cancer cells,
remodeling the tumor immune microenvironment (TIME), which
transforms “cold” tumors into “hot” ones and activates anti-tumor im-
mune responses [21-23]. Reprogramming the immunosuppressive
TIME is highly beneficial for improving sensitivity to ICIs [24]. PDT
utilizes photosensitizers (PSs) to absorb the light of the appropriate
wavelength, interacting with molecular oxygen (O-) to generate reactive
oxygen species (ROS) which induces damage and death of cancer cells.
PSs are key elements for PDT and their properties are crucial for the
cytotoxic and immune effects induced by PDT. Conventional PSs are
highly hydrophobic and prone to aggregation in biological systems. The
aggregation-caused quenching (ACQ) effect greatly diminishes the effi-
cacy of PDT [25]. The development of aggregation-induced emission
luminogen (AIEgen) has brought a feasible solution to this issue and
provided new opportunities for PDT. AlEgens exhibit significantly
enhanced emissivity and ROS generation when aggregated, compared to
when they are present as monomers, thereby compensating for the
shortcomings of traditional PSs [26,27]. Moreover, the majority of
currently developed PSs belong to type II, which are oxygen-dependent
and their application is severely limited in hypoxic tumor environments.
In contrast, type I PSs can effectively kill tumor cells even under hypoxic
conditions, highlighting the urgent need for designing effective type I
PSs for PDT in cancer treatment [28]. TBP-2, a novel AlEgen, efficiently
generates ROS via both type I and type II processes, making it suitable
for the construction of various anti-bacterial and anti-tumor systems.
However, the high electronegativity and lack of targeting capabilities
towards tumors limit its application [29]. Functionalizing TBP-2 with
anti-PD-L1 not only improves the targeting of PSs to tumors but also
enhances the effect of anti-PD-L1 by remodeling the TIME.

In this study, we reported the design of core-shell nanoparticles
(NPs), TBP@aPD-L1 NPs, with the core of TBP-2 functionalized by anti-
PD-L1 via the DBCO-S-S-PEG200o-COOH linker. We initially modified
TBP-2 with an azide group (-N3) to generate TBP-N3, allowing the -N3 of
TBP-N3 to conjugate to the linker through a click chemistry reaction.
Subsequently, amphipathic TBP-linkers self-assembled into nano-
particles, exposing carboxyl groups (-COOH) on the surface to react with
amino groups (-NHg) of anti-PD-L1 by amidation reaction to obtain
TBP@aPD-L1 NPs. TBP-2 effectively avoided the disadvantages of ACQ
for enhanced PDT due to its AIE properties and significantly enhanced
ICD induction in tumor cells, thus further synergistically promoting the
immunotherapeutic effect of anti-PD-L1. TBP@aPD-L1 NPs were pre-
cisely delivered to the tumor cells because of the tumor-targeting effects
of anti-PD-L1, thereby achieving enhanced PDT effects as well. We
demonstrated that TBP@aPD-L1 NPs were much more effective in
inhibiting tumor growth compared to anti-PD-L1 alone or TBP-Nj
mediated PDT. This “all in one” nanoplatform effectively modulated the
TIME by DC maturation and T cell infiltration and combated MM
through the enhanced synergistic effects of PDT and immunotherapy
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(Scheme 1). This strategy offers a promising approach for designing
nanomedicine using AIEgens, while also expediting the clinical appli-
cation of AlEgens as PSs. The combination of AlEgens and ICIs in-
troduces novel possibilities for enhancing immunotherapy, developing
multimodal synergistic treatments and providing a promising thera-
peutic option for patient populations exhibiting limited responses to
ICIs.

2. Experimental section
2.1. Chemicals and reagents

TBP-N3 was provided by the laboratory of Professor Wenjun Miao
(Chongqing, China). DBCO-S-S-PEGg0p-COOH was acquired from
Chongqing Yusi Medical Technology Cable Co., Ltd (Chongqing, China).
Anti-PD-L1 antibodies (BE0101) were purchased from BioXCell (New
Hampshire, USA). Dimethyl sulfoxide (DMSO) was provided by Kelong
Chemical Co., Ltd (Chengdu, China). 1-Ethyl-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-Hydroxy succinimide (NHS) and
9,10-Anthracenediyl-bis(methylene)-dimalonic acid (ABDA) were ob-
tained from Macklin (Shanghai, China). Roswell Park Memorial Institute
(RPMID)-1640 Medium and 0.25 % Trypsin-ethylenediaminetetraacetic
acid (EDTA) were obtained from Gibco Life Technologies (Grand Is-
land, USA). Fetal Bovine Serum (FBS) was purchased from VivaCell
(Shanghai, China). The murine melanoma cell line (B16F10) was from
Procell Life Science & Technology (Hubei, China). The murine pulmo-
nary epithelial cell line (MLE-12) was obtained from WheLab (Shanghai,
China). Cell counting kit-8 (CCK-8) was obtained from TargetMol
(Boston, USA). 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA)
and YO-PRO-1 were from Beyotime Biotechnology (Shanghai, China).
Singlet oxygen sensor green (SOSG) was acquired from MeilunBio
(Dalian, China). Anti-calreticulin (27298-1-AP) and GAPDH mouse an-
tibodies (60004-1-Ig) were from Proteintech (Wuhan, China). APC-
CD80 monoclonal antibodies (17-0801-81) were from Thermo Fisher
Scientific (Waltham, USA). All other chemicals were of analytical grade
and did not require further purification. All experiments were conducted
with Deionized (DI) water (Millipore, USA, 18.2 MQ).

2.2. Synthesis and characterization of TBP@aPD-L1 nanoparticles

TBP-N3 (1 mg) and DBCO-S-S-PEG2(0o-COOH linker (2 mg) were
dissolved and mixed in DMSO solution, then the mixture slowly added to
DI water (9500 pL) and treated with ultrasound for 1 min. The TBP-S-S-
PEG2000-COOH (TBP-linker) self-assembled to form nanoparticles (NPs)
after stirring at 300 rpm overnight at room temperature. Next, the TBP-
linker mixtures were dialyzed using dialysis sacks of MWCO 5000Da and
stored at 4 °C. The suspensions of TBP-linker NPs (2 mL) were diluted to
8 mL with DI water and subsequently reacted with anti-PD-L1 (100 pg)
at 25 °C for 4 h in the presence of NHS (17.4 pg) and EDC (15.3 pg). After
dialysis with the dialysis bag of 300 kDa, TBP@aPD-L1 NPs were
collected and stored at 4 °C. Then the TBP-N3, TBP-linker NPs, and
TBP@aPD-L1 NPs were characterized by transmission electron micro-
scopy (TEM, JEM-2100F, JEOL Ltd., Japan). Zeta potentials ({) using
Malvern Zetasizer (Nano ZS90, UK). We used a UV-vis spectrometer
(Techcomp UV-2600, China) to quantify the TBP@aPD-L1 NPs. Fluo-
rescence signals of TBP-N3 were measured by a spectrofluorometer FS5
(Edinburgh Instruments, UK).

2.3. The assay of intracellular GSH content

B16F10 cells were seeded in six-well plates at a density of 1 x 10°
cells per well and cultured overnight. B16F10 cells were co-incubated
with nanoparticles for 6 h, after the cell density reached 80 %. Then,
the cells were rinsed twice with 1 mL of PBS and collected by centrifu-
gation at 1000 rpm for 5 min. The cell pellet was sonicated using the
Ultrasonic Cell Disruptor (Power: 300 W) in an ice-water bath. The
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Scheme 1. Schematic illustration of AIEgen-self-assembled NPs with anti-PD-L1 functionalization for enhanced synergistic PDT and immunotherapy against MM. (A)
Schematic illustration of TBP@aPD-L1 NPs synthesis. (B) Schematic illustration of robust systemic anti-tumor immunity activated by TBP@aPD-L1 NPs through a
combination of PDT to trigger ICD and PD-L1 blockade. The B16F10 model was constructed using C57BL/6J mice, and TBP@aPD-L1 NPs were injected via the tail
vein. NPs targeted tumor cells via anti-PD-L1 and released anti-PD-L1 in the presence of glutathione (GSH), which exerted PD-L1 blockade for ICI treatment.
TBP@aPD-L1 NPs generated ROS via I and II pathways under white light irradiation, leading to tumor cell destruction and triggering effective ICD, which further
remodels the TIME by inducing DCs maturation and T cells infiltration and transforms immunologically “cold” tumors into “hot” tumors, improving the efficacy of
PD-L1 blockade. This “all in one” nanoplatform effectively enhanced PDT and immune responses and combats MM through the synergistic effects of PDT and
immunotherapy.
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ultrasonication lasts for 5 s at 30 s intervals, and the process is repeated 5
times. At the end of the treatment, the sample was centrifuged at 4 °C,
12000 rpm for 15 min, and the supernatant was collected. The super-
natant was assayed using a GSH detection kit.

2.4. Studies of ROS generation in vitro

The ABDA solution (80 pM) was mixed with TBP-N3 (10 pM),
TBP@aPD-L1 (10 pM), and Chlorin e6 (Ce6, 10 pM), respectively, in
water (2 mL) under dark conditions, and then the mixtures were irra-
diated (0.1 W cm’z, 5 s each time). The ABDA solution (80 pM) was
mixed with TBP-N3 (10 uM), TBP@aPD-L1 (10 pM), and Rose Bengal
(RB, 10 pM), respectively, in water (2 mL) under dark conditions, and
then the mixtures were irradiated (0.1 W cm’z, 5 s each time). The
absorption of ABDA at 378 nm was recorded to obtain the singlet oxygen
(102) formation rate. For the detection of hydroxyl radical (eOH), the
different nanoparticles and 3,3',5,5-Tetramethylbenzidine (TMB) were
mixed and irradiated, and the change in absorbance of TMB at 650 nm
was measured on a UV-Vis spectrometer. 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO, 70.8 mM) was mixed with TBP@aPD-L1 NPs (1 mM)
and irradiated by white light (0.1 W ecm™2, 5 min). The signals of «OH
were recorded by an ESR spectrometer (Bruker EMXplus-6/1, Germany).

2.5. Anti-PD-L1 release assay of TBP@aPD-L1 NPs

TBP@aPD-L1 NPs (10 pM) were mixed with glutathione (GSH, 10
mM) and subsequently dialyzed in PBS. The absorbances of anti-PD-L1
in the dialysate at 280 nm at different time points were measured by
UV-vis spectroscopy.

2.6. Cell culture and cytotoxicity assay

The bone marrow (BM) cells were collected from the bone marrow of
8-week-old C57BL/6J mice and stimulated with granulocyte-
macrophage colony-stimulating factor (GM-CSF, 20 ng mL™!) and
interleukin 4 (IL-4, 10 ng mL™!) to generate BM-derived dendritic cells
(BMDCs). In short, after removing all muscle tissues from the femurs and
tibiae, the bones were placed in a 10 cm dish with RPMI-1640. Both ends
of the bones were cut with scissors in the dish, and then the marrow was
flushed out using RPMI-1640 (2 mL) with a syringe. The cell suspension
was passed through nylon mesh to remove small pieces of bone and
debris, and red cells were lysed with ammonium chloride. After
washing, 2 x 10° cells were resuspended in the medium supplemented
with GM-CSF and IL-4 and then placed in Petri dishes. On day 3, an equal
volume of fresh medium supplemented with GM-CSF and IL-4 was added
to the plate. On day 6, 50 % of the medium was aspirated and replaced
with equal volume of fresh medium containing GM-CSF and IL-4. Den-
dritic cells (DCs) were harvested on day 7 of culture based on the
morphological accumulation of medium-sized 10-cell to 50-cell DC ag-
gregates, which appear at this time loosely attached to adherent cells
[30,31]. B16F10 cells were cultured at 37 °C in an incubator containing
5 % CO3 and cultured in RPMI-1640 medium containing 10 % FBS and 1
% Penicillin-Streptomycin Solution. B16F10 cells were seeded into
96-well plates with 6 x 10° cells/well and cultured overnight. Then, the
cells were incubated with different concentrations of TBP-N3 and
TBP@aPD-L1 NPs for 12 h before being irradiated by white light. After
incubation for another 12 h, the cytotoxicity was evaluated by CCK-8
assay according to the manufacturer’s instructions.

2.7. Western blot

Total protein: Cells were washed with pre-cooled PBS and lysed with
Cell Lysis Buffer (200 pL) for Western and IP containing 1 % protease
inhibitors (Phenylmethanesulfonyl fluoride, PMSF, Beyotime Biotech-
nology) for 30 min at 4 °C. Then supernatants were harvested after
centrifugation at the speed of 12000 rpm for 15 min.
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Membrane protein: The washed cells were collected in EP tubes, and
1 mL of Membrane Protein Extraction Reagent A was added. After gentle
mixing, the tubes were placed on ice for 15 min to facilitate the release
of cell membrane proteins. The cell suspension was then transferred to a
pre-cooled glass homogenizer and subjected to approximately 30 ho-
mogenization cycles to ensure adequate cell disruption. After homoge-
nization, the suspension was centrifuged at 700 g for 10 min at 4 °C to
collect the supernatant. The supernatant was then centrifuged again at
14,000 g for 30 min to precipitate membrane fragments. After aspirating
the supernatant, 200 pL of Membrane Protein Extraction Reagent B was
added. The precipitate was resuspended by vortexing for 5 s, then
incubated on ice for 5 min. This step was repeated twice to ensure
complete extraction of membrane proteins. Finally, the supernatant was
collected and centrifuged at 14,000 g for 5 min to obtain a purified
membrane protein solution.

The protein solution was mixed with 5 x SDS-PAGE sample loading
buffer and denatured at 100 °C for 10 min. Equal amounts of the proteins
were resolved by 7.5 % SDS-PAGE gels and transferred to the poly-
vinylidene fluoride (PVDF) membrane. Membranes were blocked with 5
% skim milk in TBST buffer and incubated overnight at 4 °C with pri-
mary antibodies (1:1000 dilution) in TBST. Then the membrane was
incubated with horseradish peroxidase (HRP) conjugated goat anti-
mouse or goat anti-rabbit secondary antibody (1:1000 dilution) in
TBST buffer at room temperature with shaking for 60 min. Finally,
protein expression levels were detected by chemiluminescence (ECL)
reagent and the images were captured using CheniDoc Imaging System
(Thermo Scientific Waltham).

2.8. Immunofluorescence staining

Experimental procedure for immunofluorescence staining of cell
cultures. B16F10 cells after treatments of different nanoparticles were
fixed with 4 % paraformaldehyde for 15 min and then blocked by 5 %
BSA for 1 h. Then B16F10 cells were incubated with specific primary
antibodies for 30 min at 4 °C and followed by incubation with fluores-
cent dyes-labeled secondary antibodies at room temperature for 1 h.
Immunofluorescence staining was imaged using a Leica TCS SP8
confocal laser scanning microscope (CLSM). Besides, intracellular ROS
levels were detected with DCFH-DA and SOSG.

Experimental procedure for immunofluorescence staining of tissue.
Fix the tissue sample using paraformaldehyde embed it in paraffin, and
cut it into thin sections (8 pm thick) using a microtome. Perform antigen
retrieval by boiling tissue sections in a citrate buffer (pH 6.0) for 15 min
in a microwave. Block non-specific binding sites by incubating tissue
sections in 5 % BSA for 1 h at room temperature. Incubate the tissue
sections with primary antibodies (diluted in blocking buffer) overnight
at 4 °C, and then wash the tissue sections with PBS (3 times, 5 min each)
to remove the unbound primary antibody. Incubate the tissue sections
with the secondary antibody (1:200 dilution) in blocking buffer for 1 h
at room temperature, and then wash the tissue sections with PBS (3
times, 5 min each) to remove unbound secondary antibodies. Stain the
nuclei with a nuclear counterstain (DAPI) diluted in PBS for 10 min at
room temperature. Next, mount tissue sections onto glass slides using
the antifade mounting medium (Beyotime) and cover with a coverslip.
Visualize immunofluorescence signals using CLSM.

2.9. Detection of 10, and H50, under hypoxic conditions in vitro

To construct the hypoxic tumor model, B16F10 cells were cultured in
an incubator chamber at 37 °C in a humidified, 1 % O, 5 % CO-, and 95
% No atmosphere for 0 h, 6 h and 12 h. The HIF-1a expression levels in
different treatment groups were detected by western blot. To detect the
10,, B16F10 cells were incubated with SOSG (50 pM) for 4 h after
different times of hypoxia. The fluorescence was immediately observed
by CLSM after being washed with PBS two times. To detect the ROS via
type I processes ROS via I, the B16F10 cells were treated with PBS, anti-
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PD-L1, TBP-N3, and TBP@aPD-L1 (2 pg mL™D), respectively, and then
cultured under hypoxia condition for 12 h. The cells were incubated
with dihydrorhodamine 123 (DHR123, 10 pM) for 30 min under nor-
moxic or hypoxic conditions. After then washed with PBS for two times,
the cells were irradiated with white light (0.1 W cm_z, 6 min). The
fluorescence was immediately observed using CLSM.

2.10. Induction of DCs maturation

B16F10 cells were seeded in the upper chamber at a density of 1 x
108 cells per well and cultured overnight. BI6F10 cells were incubated
with the different nanoparticles for 6 h and irradiated with white light
(0.1 W em™2, 6 min). The upper B16F10 cells were then co-cultured with
the lower DCs. After 24 h of co-incubated, DCs were collected for flow
cytometry (FCM) assays. Meanwhile, the lower supernatants were
collected to detect tumor necrosis factor-o (TNF-a) expression by an
enzyme-linked immunosorbent assay (ELISA) kit. The ELISA was per-
formed according to the protocol of Quanzhou Jiubang Biotechnology
Co., Ltd.

2.11. Flow cytometry

To detect TBP@aPD-L1 NPs targeted B16F10 cells, 6-well plates with
B16F10 cell densities reaching 80 % were collected after incubation
with nanoparticles for 1, 2, and 4 h. The B16F10 cells were then directly
detected of red fluorescence through the PercP-Cy5.5 channel. For
apoptosis detection in B16F10 cells, B16F10 cells were treated with
different nanoparticles for 12 h after reaching 80 % density in 6-well
plates. The culture was continued for an additional 12 h after 6 min of
light exposure per well. BI6F10 cells were resuspended in FACS buffer
(200 pL), and DAPI (0.5 mg mL™!) and Annexin V-APC (2 pL) were
added. Incubate at room temperature away from light for 15 min and
then test. For the examination of DCs maturation stimulation, DCs were
collected and incubated with CD16/CD32 antibody for 10 min. Then,
the cells were labeled with APC-CD80 antibodies for 30 min at 4 °C.
Afterward, the cells were rinsed twice with 1 mL of PBS and centrifuged
at 300 g for 5 min. Ultimately, the cells were resuspended in FACS buffer
(200 pL) for flow cytometry analysis (Becton, Dickinson (BD) and
Company FACS Celesta, USA).

2.12. B16F10 mouse melanoma model

The male C57BL/6J mice at 6 weeks of age were obtained from the
Experimental Animal Center of Chongqing Medical University
(Chongqing, China). The mice were administered 1 x 10° B16F10 cells
(100 pL of PBS for each mouse) in the right dorsal. When tumor volume
reached about 80~120 mm?, the mice were randomly divided into six
groups (n = 5): PBS (control), free anti-PD-L1, TBP-N3, TBP@aPD-L1,
TBP-N3 with white light (TBP-N3 + L), TBP@aPD-L1 with white light
(TBP@aPD-L1 + L). The dosages of TBP-N3 were 10 mg kg’l. Treat-
ments were administered on days 0, 3, and 7 via tail vein injections of
nanoparticles, followed by tumor irradiation with white light (0.1 W
cm ™2, 20 min) at 12 h post-injection. Body weight and tumor volume
were monitored every two days. The tumor volume was calculated as the
formula: tumor volume = (tumor width)2/2 x tumor length. The mice
were sacrificed after 12 days. Subsequently, the tumors were collected
and analyzed by Hematoxylin & Eosin (H&E) staining and immunoflu-
orescence staining to estimate the anti-tumor efficacy. All animal ex-
periments were performed according to the protocols approved by the
Animal Care and Use Committee of Chongqing Medical University
(Chongqing, China) (Approval number: IACUC-CQMU-2023-0304).

2.13. Fluorescent localization of TBP-N3 in vivo

The mice were sacrificed to dissect the tumors at different time
points after intravenous administration (10 mg kg™') of TBP-N3 or
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TBP@aPD-L1 NPs. The tissue sample was immediately stored in an OCT
embedding box and rapidly frozen using liquid nitrogen. Remove the
tissue block and immediately place it in a cryostat for frozen sectioning,
with a section thickness of 8 pm. Subsequently, the fluorescence in-
tensity of each group of tumor tissues was observed by the CLSM.

2.14. The process of H&E staining

The tissue sections are deparaffinized in xylene and then rehydrated
through a series of graded alcohols. The sections are stained with he-
matoxylin, which binds to the nuclei. The sections are then rinsed in
water. The sections are differentiated in acid alcohol, which removes
excess hematoxylin from the tissue. The sections are briefly rinsed in
alkaline water to “blue” the nuclei, which enhances the contrast be-
tween the nuclei and the cytoplasm. The sections are counterstained
with eosin, which stains the cytoplasm and extracellular matrix. The
sections are then dehydrated through a series of graded alcohols and
cleared in xylene before mounting with a coverslip.

2.15. Statistical analysis

GraphPad Prism software (vision 9.0.0 (121)) was applied for data
analysis. The results were presented as mean =+ SD of at least three in-
dependent experiments. Student’s t-test was utilized to determine the
statistical significance between the two groups. Three or more groups
were compared by one-way analysis of variance (ANOVA). A p-value
<0.05 was considered statistically significant (*p < 0.05, **p < 0.01,
**¥kp < 0.001, ****p < 0.0001), ns: no significance.

3. Results and discussion
3.1. Preparation and characterization of TBP@aPD-L1 NPs

We selected TBP-2 as our PS to address the ACQ issue of PSs due to its
excellent AIE properties in aqueous media and remarkable PDT effects in
the hypoxic environment [32]. First of all, TBP-2 was modified by the
-N3 to form TBP-N3 complexes (Scheme 1A). The -N3 modification
facilitated its conjugation to the DBCO-S-S-PEG2p0o-COOH linker
through click chemistry. The successful -N3 modification on TBP-2 was
confirmed by 'H NMR and mass spectrum (Fig. S1 A-B).The PL intensity
results showed that TBP-Nj still retained good AIE characteristics, with
fluorescence intensity increasing as the proportion of water in the sol-
vent increased (Fig. 1A-B). TBP-N3 exhibited the same absorption peak
at 480 nm as TBP-2 and the emission peak at 725 nm occurring in the red
spectral region (Fig. S2). All these results are consistent with the pre-
vious report on TBP-2 [32]. Additionally, -N3 modification greatly
improved the membrane permeability of TBP-2, and the red fluores-
cence of TBP-2 was intracellularly observed in the cytoplasm (Fig. S3).
Although in previous studies, TBP-2 was proved to have a high ROS
production yield, its photodynamic effects on mammalian cells are
restricted by its two positive charges [33]. Due to the negative charge on
the cell membrane, TBP-2 was adsorbed on the cell membrane, resulting
in a low translocation ability into cell interiors and hindering its capacity
to exert satisfactory PDT effects [34]. So delivery systems based on
platelet membrane membranes and bacteria were developed to enable
the effective intracellular accumulation of TBP-2 [33,35]. -N3 modifi-
cation significantly increased the cellular uptake of TBP-2, thereby
laying the foundation for enhanced PDT efficacy. Subsequently, TBP-N3
was employed to construct nanoparticles in the following experiments.

The synthetic procedures of TBP@aPD-L1 NPs were clearly illus-
trated (Scheme 1A). In the beginning, the linker was conjugated to TBP-
N3 to generate the amphiphilic TBP-linker NPs by the click chemistry
reaction. Fourier-transform infrared (FT-IR) spectroscopy showed that
the characteristic peaks of the -N3 at 2100 cm ™! disappeared on the TBP-
linker NPs, and the C=0 bands peak at 1640 cm™! as well as the C-O
bands at 1100 cm™! of the linker appeared on the TBP-linker NPs,
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Fig. 1. Preparation and characterization of TBP@aPD-L1 NPs. (A) The PL intensity of 200 pM TBP-N3 in DMSO/water mixtures with different water fractions (fw).
Conditions: Aex = 488 nm. (B) The plots of PL intensity at 725 nm of TBP-Nj3 at different fw. (C) FT-IR spectrum of TBP-N3, linker, TBP-linker NPs. (D) FT-IR
spectroscopy of TBP-N3, linker, TBP-linker NPs, anti-PD-L1 and TBP@aPD-L1 NPs. (E-G) TEM images of TBP-N3, TBP-linker NPs and TBP@aPD-L1 NPs. (H) Hy-
drodynamic size distribution of TBP-N3, TBP-linker NPs and TBP@aPD-L1 NPs measured by DLS. (I) Zeta potential of different materials in PBS. (J) Fluorescence
intensity and hydrodynamic size of TBP@aPD-L1 NPs dispersed in PBS for different storage periods. (K) TEM images of TBP@aPD-L1 NPs with or without GSH. (L)
UV-vis absorption spectra of anti-PD-L1 released from TBP@aPD-L1 NPs at PBS buffer (Red: TBP@aPD-L1 NPs + GSH, Black: TBP@aPD-L1 NPs).

proving that the linker was successfully conjugated to TBP-N3 (Fig. 1C)
[36,37]. Anti-PD-L1 were further modified to the outside of the
TBP-linker NPs through amide bonds between the -NHj on the anti-
bodies and the -COOH on the linkers to form TBP@aPD-L1 NPs. We
firstly employed Raman spectroscopy to confirm the conjugation of the
antibody and linker. As shown in Fig. S4A, the Raman peaks of the
dibenzocyclooctyne group (-DBCO) of the linker appear on the
anti-PD-L1-linker at 2158 cm™! as characteristic peaks, and at the same
time the Raman peaks at 1000 cm ™! and 1670 cm ™! for phenylalanine
and tryptophan in the anti-PD-L1 appear on the anti-PD-L1-linker,
indicating the successful conjugation of the antibody and linker [38,

39]. The UV-vis absorption spectra demonstrate that TBP@aPD-L1 NPs
exhibited typical TBP-2 peaks at 480 nm, and an obvious change in the
shape of the spectra at 310 nm compared to TBP-linker NPs, suggesting
the successful anti-PD-L1 conjugation to TBP-linker NPs (Fig. S4B). To
further confirm the conjugation of the antibodies to TBP-linker NPs, the
FT-IR analysis was conducted. Compared to the TBP-linker group, the
spectroscopy demonstrated that TBP@aPD-L1 NPs exhibited the char-
acteristic peaks of the antibody, including the amide II band at
1510~1570 cm ™! and the amide III band at 1200~1335 cm™?, indi-
cating the successful conjugation of the anti-PD-L1 to TBP-linker NPs
(Fig. 1D). Subsequently, the optimal ratio of antibodies to the TBP-linker
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NPs for the synthesis of TBP@aPD-L1 NPs was assessed. Different con-
centrations of anti-PD-L1 to 25 pg mL~! TBP-linker NPs were used to
generate TBP@aPD-L1 NPs. The intensity of red fluorescence on
B16F10 cells stained by TBP@aPD-L1 NPs was examined via FCM, and
the ratio of 10 pg mL™! antibody to 25 pg mL~! TBP-linker NPs was
eventually determined with the highest fluorescence (Fig. S5A). The
morphology and size of TBP-N3, TBP-linker NPs and TBP@aPD-L1 NPs
were examined by transmission electron microscope (TEM). TBP-N3
formed small, irregular nanoparticles with diameters of tens of nano-
meters through aggregate formation (Fig. 1E). When exposed to DI
water under ultrasound conditions, TBP-linkers self-assembled into NPs
with a hydrophilic outer shell and a hydrophobic TBP-N3 inner core. The
TBP-linkers formed uniform NPs with larger diameters of around 100
nm (Fig. 1F). TBP@aPD-L1 NPs became further enlarged after antibody
modification with diameters over 200 nm (Fig. 1G). Dynamic light
scattering (DLS) also demonstrated that the particle size increased with
modification, which was consistent with the TEM results (Fig. 1H). Zeta
potentials of nanoparticles in different groups were measured. After
TBP-N3 was loaded with the linker, the potential decreased from +32.3
mV (TBP-N3) to +9.63 mV (TBP-linker) due to the negative charge of the
-COOH on the linker. It then increased to +20.3 mV (TBP@aPD-L1) after
the conjugation of the anti-PD-L1 (Fig. 1I). All these results indicate the
successful synthesis of TBP@aPD-L1 NPs. To investigate the stability of
the TBP@aPD-L1 NPs, the newly synthesized NPs were dispersed in PBS
for 7 days. The stability was evaluated by comparing the size and fluo-
rescence with DLS and fluorescence spectrophotometry, respectively.
Fig. 1J shows no significant changes in DLS and fluorescence intensity,
indicating that TBP@aPD-L1 NPs exhibited good stability in PBS. To
facilitate subsequent experiments, the concentration of TBP@aPD-L1
NPs was quantified by TBP-N3 absorbance according to the calibration
curve by the UV-vis absorbance of TBP-N3 (Fig. S5B).

Tumor cells have the high content of glutathione (GSH), with con-
centrations as high as 10 mM [40]. As an important antioxidant, GSH
scavenges ROS produced in the cell and impedes PDT action [41,42].
Therefore, the nanoplatform, which simultaneously generates ROS and
consumes GSH, is ideal for PDT. While TBP@aPD-L1 NPs are exposed to
GSH to release anti-PD-L1 and TBP-2, the disulfides in the linker could
consume GSH in tumor cells. To confirm the responsiveness of
TBP@aPD-L1 NPs to GSH, changes in particle size were detected by TEM
and DLS after GSH treatment and the results showed that the particle
size was significantly reduced after GSH treatment (Fig. 1K and Fig. S6).
Meanwhile, the release of anti-PD-L1 was assayed by measuring the
UV-vis absorbance of the dialysate at 280 nm at different time points
during dialysis. The absorbance increased over time and reached the
release plateau at 8 h after GSH treatment (Fig. 1L). Furthermore, to
validate the GSH consumption by NPs, the cells were ultrasonically lysed
after treatment and the concentration of GSH was detected using the
GSH detection kit. GSH in the cell was found to be significantly reduced
in the TBP-N3 and TBP@aPD-L1 treated groups. And the level of GSH
was significantly lower in the TBP@aPD-L1 group than that in the
TBP-N3 group. This indicates that TBP@aPD-L1 NPs could consume
GSH, which is conducive to impairing the scavenging of ROS and
weakening the antioxidant capacity of tumor cells (Fig. S7). Unexpect-
edly, the GSH level in the TBP-Nj3 treated group was also reduced,
indicating that TBP-Nj itself acts as a GSH scavenger. This might be due
to multiple unsaturated bonds in TBP-N3. Unsaturated bonds serve as
reaction sites to GSH for irreversible Michael addition by GSH, resulting
in GSH consumption [43,44]. All these data demonstrated the
GSH-responsive TBP@aPD-L1 NPs were successfully synthesized.

3.2. ROS generation by TBP@aPD-L1 NPs via both type I and type II
pathways

ROS production is the major mechanism by which PDT triggers
tumor cell death. Due to the hydrophobicity of traditional PSs, their
aggregation in physiological circumstances severely impairs ROS
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generation. The most noteworthy advantage of AIEgens is their excellent
ROS generation ability in the aqueous environment [45]. To compare
the ROS generation capacity with conventional and commercial PSs, we
dissolved Chlorin e6 (Ce6), Rose Bengal (RB), TBP-N3 and TBP@aPD-L1
NPs in water and then assayed their reactive singlet oxygen (10) pro-
duction by the decomposition of ABDA upon white light irradiation. The
absorbance of ABDA at 378 nm was recorded at various irradiation times
(Figs. S8A-B). The decrease in absorbance of ABDA (AAbs) was utilized
to evaluate the photosensitivity in ROS production. The absorbance
decreased remarkably in the TBP-N3 and TBP@aPD-L1 groups, which
was much lower than that in the Ce6 and RB groups (Fig. 2A-B).
Considering their superior performance than Ce6 and RB under the same
circumstances, TBP-N3 and TBP@aPD-L1 NPs show great potential as
replacements for commercial PSs after further investigation into their
biosafety. Subsequently, we examined the generation of total ROS in the
cells after NPs treatment by FCM using the DCFH-DA probe. Fluores-
cence intensities in the control with PBS, anti-PD-L1, TBP-N3 and
TBP@aPD-L1 groups with no irradiation were low and comparable. The
intensities of the DCFH-DA probe increased greatly in the TBP-N3 and
TBP@aPD-L1 groups after white light irradiation (TBP-N3 + L and
TBP@aPD-L1 + L, respectively), which indicates their robust ROS pro-
duction for PDT (Fig. 2C and Fig. S8C). Immunofluorescence using the
DCFH-DA probe verified that the ROS levels in the TBP-N3 + L and
TBP@aPD-L1 + L groups, especially in the TBP@aPD-L1 + L group,
were significantly higher than those in the TBP-N3 and TBP@aPD-L1
groups, respectively (Figs. S8D-E). Furthermore, the intracellular ROS
generation of TBP-N3 was further confirmed using a singlet oxygen
sensor green (SOSG) probe. The stronger SOSG fluorescence intensity
was exhibited in the TBP-N3 + L and TBP@aPD-L1 + L groups, espe-
cially in the TBP@aPD-L1 + L group (Fig. 2D-E). Anti-PD-L1 modifi-
cation could effectively promote the ROS production efficiency of
TBP-N3 in the cell, and this might be because the targeting ability of
anti-PD-L1 enhances the accumulation of TBP-N3 in cells. In the next
section, the tumor-targeting of TBP@aPD-L1 NPs was further validated.

Most of the current PSs used in clinical settings work for PDT via the
type II mechanism. The tumor microenvironment is hypoxic, so the
application of traditional PSs is greatly restricted by the low Oy con-
centration [46,47]. The effectiveness of PDT can be improved by the
introduction of agents such as MnO, that elevate the O, concentration in
the tumor microenvironment, which is referred to as oxygen-boosted
PDT [48]. However, while MnO, catalyzes oxygen production in the
tumor microenvironment, its efficacy may be hampered by the low
concentration of the intracellular substrate (H,O2 < 50 pM) and bio-
logical toxicity [49]. ROS production is less oxygen-dependent in type I
pathway and oxygen-dependent in type II pathway [50,51]. Therefore, it
is urgently needed to develop less oxygen-dependent type I PSs for PDT
treatment of cancers. In our study, we evaluated the ability of
TBP@aPD-L1 to generate ROS through the type I pathway by measuring
the eOH content. Firstly, we examined ¢OH by electron spin resonance
(ESR) with DMPO as the spin-trap agent. With crystalline violet (CV) as
the positive control, a typical ESR spectrum of DMPO-OH adduct
derived from e¢OH was observed in the TBP-N3 and TBP@aPD-L1 NPs
groups upon white light irradiation (Fig. 2F). Next, 3,3',5,5-tetrame-
thylbenzidine (TMB) was used to monitor the production of eOH, as
TMB can be oxidized by eOH to the blue-green color with maximum
absorbance at 650 nm. We observed the appearance of an absorption
peak at 650 nm (Fig. 2G) and the color change of the solution (Fig. 2H)
in the TBP-N3 and TBP@aPD-L1 groups with TMB after white light
irradiation. These results indicate that our NPs can effectively produce
ROS via type I reaction, which greatly reduces the dependence on oxy-
gen and achieves more efficient PDT in the tumor microenvironment. To
confirm the type I ROS production in the cells, we established the cell
culture models of hypoxia and assayed the ROS levels after different
treatments in the hypoxic condition using dihydrorhodamine 123
(DHR123) probes. The expression of HIF-1a in B16F10 cells significantly
increased after 6 h of hypoxia and became more pronounced after 12 h,
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Fig. 2. ROS generation of NPs under light irradiation. (A-B) The detection of the 'O, generation by the degrading of ABDA indicator in the presence of Ce6, RB, TBP-
N3 and TBP@aPD-L1 NPs under white light irradiation. (C) Flow cytometry of B16F10 cells with ROS-reactive DCFH-DA to assess the ROS level. (D-E) The CLSM
images and fluorescence intensity of SOSG were used to analyze the production of ROS in B16F10 cells after different treatments under white light irradiation. (F)
ESR signals of DMPO in the presence of NPs before and after irradiation with white light. (G-H) Absorbance variations and color change of TMB at 650 nm after
white light irradiation. (I-J) CLSM images and fluorescence intensity of DHR123 in B16F10 cells were analyzed to assess the effects of different treatments under
normoxic and hypoxic conditions. “+ L” represents in combination with white light irradiation. Power density: 0.1 W cm 2. Scale bars: 50 pm. The data shows the
mean + SD. (n = 3). Statistical significance was calculated by one-way ANOVA: *P < 0.05, **P < 0.01, ****P < 0.0001, ns: no significance.
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which indicates that our cell culture model of hypoxia was successfully
established (Figs. SOA-B). We then evaluated the 102 level in B16F10
cells after hypoxia at distinct time points using SOSG probes. As shown
in Figs. S9C-D, the fluorescence intensity of the SOSG probe showed a
significant decrease after 12 h of hypoxia, compared to that in the
normoxic group. This is consistent with the concept that the production
of type II ROS is oxygen-dependent. BI6F10 cells were then exposed to
different treatments after 12 h of hypoxia and stained with DHR123
probes. The CLSM results show that the DHR123 fluorescence intensities
in the TBP-N3 + L and TBP@aPD-L1 + L groups were much higher than
those in the groups without light irradiation, which suggests that TBP-N3
could produce type I ROS. Additionally, the greater fluorescence in-
tensity observed in the TBP@aPD-L1 + L group compared to the TBP-N3

A Control  anti-PD-L1

TBP-N,

N TBP@aPD-L1
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+ L group provides evidence for the targeting capability of anti-PD-L1.
More notably, the DHR123 fluorescence intensities remained compa-
rable under hypoxic conditions to those under normoxic conditions,
which indicates that the ROS production by TBP-Nj3 could be less
oxygen-dependent (Fig. 2I-J). All the data above indicate that TBP-N3
and TBP@aPD-L1 NPs possess excellent capability to generate ROS
through both type II and type I pathways.

3.3. Targeting and enhanced photocytotoxic effects of TBP@aPD-L1 NPs
in vitro

All the current PSs used in PDT lack the ability to target tumor cells.
Therefore, the precise and active targeting of PSs is achieved by coupling
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Fig. 3. Evaluation of the targeting ability and cell cytotoxicity for TBP@aPD-L1 NPs. (A) CLSM images of NPs specifically targeting B16F10 cells (Blue: DAPI-stained
nuclei, Green: anti-PD-L1, Red: TBP-N3). (B) The fluorescence of TBP-N3 in B16F10 was assessed using flow cytometry after NPs treatments at different time points.
(C) Cell viability of B16F10 cells incubated with different concentrations of TBP@aPD-L1 NPs for 24 h. (D) The percentage ratio of dead cells with different
treatments. (E) Flow cytometry analysis of apoptosis in BL6F10 cells after different treatments. “+ L” represents in combination with white light irradiation. Power
density: 0.1 W cm ™2 Scale bars: 50 pm. The data shows the mean + SD. (n = 3). Statistical significance was calculated by one-way ANOVA: ****P < 0.0001.
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antibodies in the third generation of PSs [52,53]. In this study, we chose
anti-PD-L1 for coupling TBP-2. As one of the most widely used ICIs in the
clinic, anti-PD-L1 not only target the tumor with PD-L1 expression to
achieve the precise delivery and accumulation of PSs into the tumor site,
but also block the PD-1/PD-L1 signaling pathway to activate the im-
mune cells. The combination of TBP-2 and anti-PD-L1 has not been
studied yet. To validate the tumor cell-targeting and photocytotoxic
effects of TBP@aPD-L1 NPs on tumor cells, B16F10 cells were applied
for in vitro assay. According to both previous reports and our results,
B16F10 highly expresses PD-L1, making it a suitable cell model for the
TBP@aPD-L1 targeting study, with the mouse lung epithelium cell line
MLE-12 as the control (Figs. SI0A-B) [54,55].

B16F10 cells were incubated with anti-PD-L1, TBP-N3 and
TBP@aPD-L1 NPs. By immunofluorescence, the green fluorescence sig-
nals for the anti-PD-L1 could be clearly detected in the TBP@aPD-L1 and
anti-PD-L1 groups. This suggests that TBP@aPD-L1 NPs exhibit the
excellent ability to target tumor cells, similar to anti-PD-L1. We next
detected the red fluorescence of TBP-N3 excited by the 488 nm laser. No
red fluorescence was detected in the control and anti-PD-L1 groups,
whereas distinct red fluorescence was readily discernible in both the
TBP-N3 and TBP@aPD-L1 groups. The red fluorescence intensity of the
TBP@aPD-L1 group was much greater than that of the TBP-N3 group,
which demonstrates that anti-PD-L1 functionalization endowed NPs
with the capacity to target BL6F10 cells and promoted the accumulation
of NPs in B16F10 cells (Fig. 3A). In addition, these results further proved
that the anti-PD-L1 was successfully coupled with TBP-linker NPs. We
obtained the consistent results via FCM, confirming that the red fluo-
rescence in B16F10 after the TBP@aPD-L1 treatment markedly excee-
ded that in the TBP-N3 treated group. The modification with anti-PD-L1
significantly increased the fluorescence intensity of TBP-Ng in the cells,
and this increasing effect was time-dependent (Fig. 3B). In the photo-
therapeutic process, poor photostability of PSs upon light exposure
severely limits the clinical application of PDT [56,57]. The photo-
stability of TBP@aPD-L1 NPs was investigated by cellular imaging of
B16F10 cells under continuous laser irradiation. After 120 scans with
the 488 nm laser by CLSM, the red fluorescence signal of TBP@aPD-L1
NPs showed almost no attenuation, indicating our NPs had good pho-
tostability (Fig. S11). In particular, anti-PD-L1 induced up to 40 % of
PD-L1 internalization after 2 h treatment (Figs. S12A-B). Anti-PD-L1
mediated efficient internalization enhances the endocytosis of NPs
[58]. Effective targeting as well as efficient endocytosis can greatly
promote the accumulation of PSs in tumor cells and enhance the ther-
apeutic effect of PDT [59]. The usage of high doses of PSs can be avoided
with our NPs by delivering the PSs precisely to specific tumor cell
compartments while minimizing contact with normal cells. Therefore,
our strategy of anti-PD-L1 modification on PSs effectively addresses the
limitations of poor tumor targeting associated with traditional PSs, in
contrast to PD-L1 regulation strategies that downregulate PD-L1
expression to block the PD-L1/PD-1 signaling pathway [60,61].

Next, we validated the photocytotoxic effects of TBP@aPD-L1 NPs by
CCK-8 kit under white light irradiation. To assess the dark toxicity of
TBP-N3, varying concentrations of TBP-N3 were added to B16F10 cells
and incubated at 37 °C for 24 h. The CCK-8 results showed that TBP-N3
at 2 pg mL~! displayed almost no toxicity in the absence of light irra-
diation. When the concentrations exceeded 2 g mL ™!, TBP-N; displayed
increased dark toxicity (Fig. S13A). We used 2 pg mL~! of TBP-N3 in the
following experiment for the cytotoxicity evaluation. Under white light
irradiation, TBP-N3 at 2 ug mL ! exhibited obvious cytotoxic effects, and
cell mortality (47 %) was detected (Fig. S13B). In the previous report,
even 10 pg mL ! of TBP-2 showed no cytotoxic effects on COS-7 and HLF
cells [29]. Excluding the effects caused by different cell types, the
phototoxicity of TBP-2 was greatly enhanced due to -N3 modification. To
optimize the time of exposure to light, irradiation at different times was
applied to examine cell viability. Ultimately, we chose 6 min as the
duration of irradiation in the following experiments (Fig. S13C).
TBP@aPD-L1 NPs at 2 pg mL ™! with 6 min of irradiation resulted in the
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death of the cells over 90 %, providing evidence that anti-PD-L1 modi-
fication enhanced the cytotoxic effect of TBP-N3 at the same dose
(Fig. 3C). Dead B16F10 cells were also identified by green fluorescent
YO-PRO-1 probe after co-incubation of TBP@aPD-L1 NPs with irradia-
tion. YO-PRO-1 is essentially non-fluorescent in the absence of nucleic
acids, whereas it emits bright green fluorescence when it enters the cell
and binds to DNA after the cell membrane permeability is altered by cell
death. The green fluorescence of YO-PRO-1 was significantly increased
in the TBP-N3 + L and TBP@aPD-L1 + L groups compared to the control
group (Fig. S13D). The percentage of green fluorescence-positive cells
was quantified and Fig. 3D shows that the dead cells in the TBP@aPD-L1
+ L group were higher than that in the TBP-N3 + L group, which in-
dicates that anti-PD-L1 modification improved the cytotoxic effect of
TBP-N3 on B16F10 cells. Furthermore, the cell death was confirmed by
FCM with Annexin V/DAPIL The dead/dying population in the TBP-N3
and TBP@aPD-L1 groups showed slight increase compared to the con-
trol group. The proportions of dead/dying in the TBP-N3 + L and
TBP@aPD-L1 + L were remarkably increased and the proportion in the
TBP@aPD-L1 + L (~70 %) was significantly higher than that in the
TBP-N3 + L group (~35 %) (Fig. 3E). All these results indicate that
TBP-N3 exhibited strong photocytotoxic effects upon white light irra-
diation, and modification with anti-PD-L1 enhanced the photocytotoxic
effects for more effective PDT.

The photocytotoxic efficiency of the TBP-2-based NPs in our system
was substantially improved. As low as 2 pg mL™! of TBP@aPD-L1 NPs
killed almost all the tumor cells. In Zhu’s study, the bacteria-based
hybrid TBP-2 developed could kill 90 % of CT26 cells at a concentra-
tion as high as 20 pg mL~"! [32]. The high efficiency of our NPs could be
attributed to the -N3 modification, which reduces the positive charge of
TBP-2, and the antibody modification on TBP-2, both significantly
enhancing the targeting of tumor cells. Moreover, the way we con-
structed the NPs was highly beneficial for the aggregation of AIEgens.
Before antibody modification, we conjugated TBP-N3 with the linkers to
form amphiphiles (Scheme 1A). Amphiphiles are natural to
self-assemble to form aggregated cores of TBP-N3 in biological systems
for better performance of AIEgens. Self-assembling nanospheres not only
facilitate the loading of antibodies on the NPs, but also greatly increase
the loading amount of TBP-2 per unit antibody. In our preliminary
experiment, we tried to directly couple antibodies with TBP-2 in the way
how to make antibody drug conjugates (ADCs). The amount of TBP-2
coupled to collected antibodies was very low, resulting in particularly
poor ROS production efficiency and cell-killing effects. Additional ad-
vantages of using self-assembly to construct NPs include simple opera-
tion, high reproducibility and high productivity.

3.4. Induction of ICD and DC maturation by TBP@aPD-L1 NPs

In addition to directly causing tumor cell death, PDT also induces
ICD of tumor cells, which in turn activates the immune response and
synergistically enhances immunotherapeutic effects [22,62,63]. ICD
enhances the immunogenicity and antigenicity of tumor cells, thereby
increasing the ability of immune cells to recognize and attack tumors
[64]. During this process, the dying cells release proinflammatory cy-
tokines and damage-associated molecular patterns (DAMPs) such as
surface-exposed calreticulin (CRT) and high mobility group box 1
(HMGBI) protein [65]. DAMPs trigger the maturation of dendritic cells
(DCs) and subsequently the mature DCs carrying tumor-specific antigens
activate effector T cells to fight against tumors (Fig. 4A) [66]. To
investigate whether TBP@aPD-L1 NPs could induce ICD, B16F10 cells
were treated with TBP@aPD-L1 NPs under white light irradiation and
the ICD-associated markers were assayed. The ELISA results showed that
the concentrations of HMGB1 in the supernatant of the TBP-N3 + L and
TBP@aPD-L1 + L groups were significantly increased compared to the
TBP-N3 and TBP@aPD-L1 groups, respectively (Fig. 4B). The expression
of membranal CRT was then examined by western blot after PDT
treatment. CRT expressions in the TBP-N3+ L group and TBP@aPD-L1 +



L. Lietal Materials Today Bio 30 (2025) 101387
A B C R
o CRT *.'\150 2 80' x\’(go'

. = Immature _EI . * PR 7 - &,)(}:&\QQ Q'Q%Q@ Q'e:)z@
. DC 4ur, S0 *k SELIRL
HM/?m K, 5 L : CRT [ mE =% o S| ) (Do
g% GAPDH [——=— =" —=—= |-36kDa
=
[0}
S 60 D
8 25
- 30 k%
m I * 1
e (O] ] 1
Activated T cells % 0 \§ \/ - =0 —
\/ D AN [
\\,? (%? ? $ N 2159 —— ‘
a @ << .
(O]
E = 1.0
Control  anti-PD-L1  TBP-N, TBP@aPD-L1 TBP-N,+L TBP@aPD -L1+L ?3
0.5
. Iill 1M
< 0.0
\( $’5 \’(\/
o, X\’b N\
“\\9 '\6? @?} ,‘g? 390
= ’\9?@
i F
O
~ —1

**7 Control *7 anti-PD-L1 7 TBP-N
O c 3 H
o) sond Ao Ao
2} =
A wd ‘Tésoo -
T 1
24.0%| ] 22.8% ] 21.9% o - A il
/ ' 2600 f EEEE]
c T S !
Ke]
st alier Sk el = y B 400
«{ TBP@aPD-L1 { TBP-N,+L «{ TBP@aPD-L1+L 5
i awid e c
8200-
e
L
22.6%| . 412% L ‘ \ ‘ \
] ' . s AN
1.0M = 10M= 1.0M= \ 2
N\ 0 p N
. . . @ \\'? ’\% @ @ 0

» CD8O- AF’C

Fig. 4. TBP@aPD-L1 NPs induce ICD and promote the maturation of DCs. (A) Schematic illustration of ICD effect on DCs maturation. (B) Release of HMGB1 from
B16F10 cells after different treatments for 12 h was detected using the ELISA. (C-D) Western blot and quantitative analysis of CRT expression on B16F10 cells after
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cm~2, Scale bars: 50 um. The data shows the mean + SD. (n = 3). Statistical significance was calculated by one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001,

***Pp < 0.0001.

L groups were increased obviously compared to the TBP-N3 and
TBP@aPD-L1 groups without light irradiation, respectively. CRT
expression in the TBP@aPD-L1 + L group was higher than that in the
TBP-N3 + L group (Fig. 4C-D). To assess the exposure of CRT, cell sur-
face proteins were examined for CRT by CLSM. Cells in the TBP-N3 + L
and TBP@aPD-L1 + L groups exhibited higher fluorescence than the
other groups, especially in the TBP@aPD-L1 + L group, which was
consistent with the western blot results (Fig. 4E). CRT exposure is usu-
ally attributed to endoplasmic reticulum (ER) stress caused by PSs [67].
The subcellular distribution of TBP@aPD-L1 NPs in ER was then
assessed by co-localization analysis with ER-Tracker. The synchronized
intensity profiles of the two co-staining dyes evidenced by CLSM of
TBP-2 (Red) and ER-Tracker (Green) in the region of interest
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demonstrate that TBP@aPD-L1 NPs accumulated in the ER (Fig. S14).
All these results indicate that PDT mediated by TBP-N3 or TBP@aPD-L1
NPs induces ICD in tumor cells, which has great potential to increase the
efficacy of immunotherapy in treating cold tumors. In addition, the
ICD-inducing effect of TBP@aPD-L1 NPs was obviously stronger than
that of TBP-N3. Since the anti-PD-L1 was not an effective inducer for
ICD, the stronger ICD induction observed in the TBP@aPD-L1 + L group
was attributed to the more aggregation of TBP-N3 in tumor cells, facil-
itated by the targeting effect of anti-PD-L1.

ICD molecules have adjuvant-like effects and act as regulator signals
for promoting the maturation of DCs to trigger immune responses
against tumors [68]. Therefore, we established a co-culture system of
B16F10 cells and mouse bone marrow-derived dendritic cells (BMDCs),
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as shown in Fig. 4F, which allowed us to analyze the effect of ICD in
B16F10 cells on DC maturation after PDT treatment. CD80 expression, a
surface marker of the mature DCs, was examined, which plays a very
important role in the process of antigen presentation. The FCM results
showed that CD11c¢"CD80" DCs were significantly upregulated in the
TBP-N3 + L (~33.9 %) and TBP@aPD-L1 + L (~41.2 %) groups,
compared to the control and the groups without light irradiation. This
suggests TBP-N3-mediated ICD could activate DCs and anti-PD-L1
modification on TBP-Ng3 further enhanced this effect (Fig. 4G). The
ELISA results also showed a significant increase in the secretion of tumor
necrosis factor-o (TNF-a) in DC culture supernatants in the TBP-N3 + L
and TBP@aPD-L1 + L groups, compared to the TBP-N3 and
TBP@aPD-L1 groups, respectively. Moreover, TNF-a secretion in the
TBP@aPD-L1 + L group was significantly higher than in the TBP-N3 + L
group (Fig. 4H). All the data suggest that PDT-induced tumor cell death
by TBP@aPD-L1 has a strong ability to activate DCs. DCs play an
important role in bridging innate and adaptive immune responses to
continuously activate cytotoxic T cells [69]. The main reason for the
ineffective immune responses is the suppression of various immune cells
within the tumor microenvironment, driven by the expression of sup-
pressive molecules by tumor cells [70]. Cancer cells secrete
interleukin-6 (IL-6), prostaglandin E2 (PGE2), and some other molecules
to inhibit the maturation and differentiation of DCs, resulting in DCs in
the tumor microenvironment remaining mostly immature [71,72]. Our
NPs exhibit great potential to remodel the tumor microenvironment by
enhancing the immunogenicity of dying cancer cells and promoting DC
maturation. These NPs offer multiple benefits in treating cancers besides
the direct cytotoxic effect of PDT. However, the activating effect on T
cells has not been verified in vitro due to the limitations of experimental
conditions. In the following in vivo experiments, we examined the
infiltration of T cells in tumor tissues.

3.5. Enhanced synergistic photodynamic therapy and immunotherapy of
TBP@aPD-L1 against MM in vivo

To further explore the anti-tumor effects of TBP@aPD-L1 NPs in vivo,
a syngeneic C57BL/6J mouse model of melanoma was constructed by
subcutaneous transplantation of B16F10 cells and the treatment pro-
cedures were applied as indicated in Fig. SA. Instead of transplanting the
human melanoma cell line in nude mice, we chose the syngeneic model,
involving the inoculation of tumor cell lines of the same background into
an inbred mouse strain. In this model, recipient mice have a complete
immune system with comprehensive immune activity, and their immune
system is compatible with the transplanted cells. This model enables an
accurate and authentic reflection of the immune responses in the tumor
microenvironment during treatment. First of all, we studied the in vivo
accumulation of TBP-N3 or TBP@aPD-L1 NPs over time. Tumor-bearing
mice were injected with TBP-N3 or TBP@aPD-L1 NPs, respectively,
followed by the collection of tumors at 6 h, 12 h, and 24 h post injection,
and the red fluorescence intensity of TBP-N3 was detected by immuno-
fluorescence. The red fluorescence was clearly observed in the tumor of
both TBP-N3 or TBP@aPD-L1 NPs treated groups and the fluorescent
level was significantly higher in the TBP@aPD-L1 group than that in the
TBP-N3 group (Fig. 5B). This demonstrates that anti-PD-L1 modification
promoted the accumulation of PSs at the tumor site. The highest accu-
mulation of fluorescence was observed at 12 h, therefore, this time point
was selected for white light irradiation in the subsequent in vivo exper-
iments (Fig. 5C). When the tumor reached 100 mm3, the mice were
administrated with different treatments as indicated in Fig. 5D. We
monitored the volume of the tumor and body weight every two days.
Tumor volume changes during treatment are shown in Fig. 5D.
Compared to the control group (PBS), the anti-PD-L1 monotherapy
significantly inhibited tumor growth, which is consistent with the pre-
vious reports that BI6F10 cells are responsive to anti-PD-L1 treatment
[73]. TBP@aPD-L1 group exhibited obvious tumor inhibitory effects,
suggesting anti-PD-L1 within TBP@aPD-L1 NPs retain their original
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therapeutic effects. TBP-N3 alone did not affect tumor growth, while
upon white light irradiation, TBP-N3 significantly inhibited tumor
growth, which suggests that TBP-N3 exerts PDT on tumors in vivo. With
white light irradiation, the anti-tumor effects in the TBP@aPD-L1 + L
group were much more pronounced than those in the TBP-N3 + L group
and the anti-PD-L1 group (Fig. 5D). After 12 days of the treatment, the
sizes and weights of dissected tumors were assayed. The same results as
shown in Fig. 5D were obtained, and the tumors in the TBP@aPD-L1 + L
treated mice were the most significantly inhibited (Fig. S5E-F and
Fig. S15). This indicates that TBP@aPD-L1 NPs exerted enhanced syn-
ergistic effects of immunotherapy and PDT during the treatment. Sub-
sequently, we assayed ROS levels in the tumor tissues of mice via the
DHE probe. Fluorescent staining results showed an obvious increase of
ROS in the TBP-N3 + L and TBP@aPD-L1 + L groups compared to the
other groups, suggesting that TBP-N3 upon irradiation could efficiently
generate ROS in tumor tissues. The fluorescent intensity of the DHE
probe in the TBP@aPD-L1 + L group was higher than that in the TBP-Ng
+ L group, indicating that TBP-N3, after anti-PD-L1 modification,
accumulated more at the tumor site due to anti-PD-L1 targeting and
generated more ROS for enhanced PDT (Fig. 5G). Correspondingly, the
proliferation and apoptosis of tumor cells were evaluated using markers
Ki-67 and terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL), respectively. It was clearly observed that the Ki-67 was most
prominently decreased, and the fluorescent TUNEL was most signifi-
cantly increased in the TBP@aPD-L1 + L group, indicating the prolif-
eration of tumor cells was suppressed and apoptosis of tumor cells was
promoted, which is consistent with the results of tumor changes
(Fig. 5H). The biosafety of the material is crucial for its potential clinical
applications and translation [74,75]. Moreover, there was no obvious
weight loss (Fig. S16) and no tissue damage to major organs observed by
Hematoxylin & Eosin (H&E) (Fig. S17) during the treatment, demon-
strating that our NPs induced no systemic toxicity and manifested good
biosafety.

3.6. Immune remodeling of TBP@aPD-L1 against MM in vivo

To verify that PDT by TBP-N3 remodels immunity during treatment,
immunity-related indexes were examined in tumor tissues. CRT was
significantly upregulated in the TBP-N3 + L and TBP@aPD-L1 + L
groups compared to those groups without light irradiation, respectively.
This finding indicates that TBP-N3 successfully induced ICD in vivo after
white light irradiation. Moreover, CRT expression in the TBP@aPD-L1
+ L group was significantly stronger than that in the TBP-N3 + L group
(Fig. 6A-B). The stronger CRT expression in the TBP@aPD-L1 + L group
was attributed to the increased aggregation of TBP-N3 in tumors, facil-
itated by the targeting effect of anti-PD-L1 [76]. Furthermore, we
examined the infiltration of DCs and T cells in tumors. Activated DCs
were marked by CD11cTCD80™ for CLSM assay. Fig. 6C-D showed that
both TBP-N3 + L and TBP@aPD-L1 + L groups exhibited increased
CD11¢"CD80" staining compared to TBP-N3 and TBP@aPD-L1 groups,
respectively, which indicates that TBP-N3 with light irradiation could
promote the maturation of DCs. The proportion of CD11c *CD80™ cells
in the TBP@aPD-L1 + L group was significantly higher than that in the
TBP-N3 + L group. Activated DCs produce a wide range of chemokines to
recruit T cells, which are immune effector cells for killing tumor cells
[77]. Therefore, we further examined the extent of T cell infiltration.
Our immunofluorescence results in Fig. 6E-G for T cells revealed that
there was an obvious increase of CD4" and CD8" T cells in both the
anti-PD-L1 group and TBP@aPD-L1 group compared to the control. This
is consistent with the conceptual consensus that PD-L1 blockade in-
creases T cell infiltration and enhances the cytotoxic function of tumor
infiltrating lymphocytes (TILs) [78]. The proportions of CD4" and CD8*
T cells in the TBP-N3 + L group were significantly higher than those in
the TBP-N3 group, which suggests that TBP-N3 mediated PDT increased
T cell infiltration. Compared with all other groups, the TBP@aPD-L1 + L
group showed the highest percentages of CD4" and CD8™ T cells to the
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= 5). Statistical significance was calculated by one-way ANOVA: *P < 0.05, ***P < 0.001, **

total cells (6 % and 7.5 %, respectively) in tumors. In particular, the
proportions of CD4" and CD8" T cells in the TBP@aPD-L1 + L group
significantly increased compared to those in the anti-PD-L1 and
TBP@aPD-L1 groups, which indicates that TBP@aPD-L1 NPs enhanced
immune remodeling compared to anti-PD-L1 alone (Fig. 6E-G). Hence,
TBP@aPD-L1-induced ICD remodeled the immune status by recruitment
and activation of DCs and T cells which was beneficial for immuno-
therapy. In addition to inducing direct tumor cell death, TBP@aPD-L1
NPs mediated PDT could act as an efficient inducer to promote the
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*P < 0.0001.

anti-tumor immunity of PD-L1 blockade. Summarily, all the results
suggest that our NPs achieved more effective anti-tumor effects than
TBP-N3 + L or anti-PD-L1 alone, ultimately realizing “1 + 1 > 2”
enhanced PDT-ICI synergistic therapy. This “all in one” nanoplatform
offers multiple benefits in treating cancer and holds promise for
enhancing the immunogenicity of dying cancer cells induced by PDT
based on AlEgens. Thus, our study provides a multimodal strategy for
the treatment of MM by simultaneously enhancing PDT and immuno-
therapy and serves as an important reference for addressing the poor
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clinical response to immunotherapy.

4. Conclusion

In conclusion, we have successfully developed multimodal thera-
peutic TBP@aPD-L1 NPs based on AlEgens. These NPs exerted effective
anti-tumor effects on MM by enhancing the synergy of PDT and immu-
notherapy. Notably, the AIE properties, type I ROS generation capacity
and efficient tumor-targeting ability of our NPs enabled them to function
as potent PSs with high ROS production, significantly enhancing the
efficacy of PDT. Moreover, the TBP@aPD-L1-mediated PDT induced
strong ICD, resulting in extensive immune remodeling. The combination
of PDT and immunotherapy facilitated DC maturation, increased T cell
infiltration, and converted “cold” tumors into “hot” tumors. TBP@aPD-
L1 NPs ultimately improved the tumor cell responsiveness to anti-PD-L1
therapy, resulting in enhanced immunotherapeutic outcomes. There-
fore, we provided a targeted nanoplatform based on AIEgens to enhance
the efficiency of ICIs, which offers robust photoimmunotherapeutic ca-
pabilities by combining the simultaneously enhanced PDT and immu-
notherapy. It offers a fresh perspective that encourages further
investigation into the utilization of PDT to address the clinical chal-
lenges associated with ICI application.
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