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1. Introduction

NIR-Il fluorescence and PA imaging guided
activation of STING pathway in photothermal
therapy for boosting cancer immunotherapy
by theranostic thermosensitive liposomesf

Qi Long,# Yuliang Yang,#® Fangling Liao,® Haoting Chen,® Dongyue He,?
Shengliang Li, ©2° Pengcheng Li,** Weisheng Guo {2 *® and Yafang Xiao*®

Photothermal immunotherapy has shown great potential for efficient cancer treatment. However, the
immunosuppressive tumor microenvironment forms a heavy barrier for photothermal-induced anti-
tumor immunity by inhibiting dendritic cell (DC) maturation and cytotoxic T cell response. Moreover, the
lack of reliable spatiotemporal imaging modalities makes photothermal immunotherapy difficult to guide
tumor ablation and monitor therapeutic outcomes in real time. Herein, we designed a theranostic
thermosensitive liposome (PLDD) as a versatile nanoplatform to boost the adaptive anti-tumor immunity
of photothermal immunotherapy and to achieve multiple bioimaging modalities in a real-time manner.
PLDD contains two major functional components: a multifunctional photothermal agent (DTTB) and
an immune potentiator STING pathway agonist (DMXAA). Upon irradiation, the heat generated by
DTTB induced the immunogenic cell death (ICD) of the tumor and dissociated the structure of
thermosensitive liposome to release DMXAA, which ultimately activated the STING pathway and
promoted the ICD-induced immune response by increasing DC cell maturation and T cell recruitment.
Moreover, the DTTB in PLDD displayed excellent second near-infrared (NIR-II) fluorescence and
photoacoustic (PA) dual-modal imaging, which provided omnibearing information on the tumor and
guided the subsequent therapeutic operation. Therefore, this versatile PLDD with light-triggered
promotion of anti-tumor immunity and multiple spatiotemporal imaging profiles holds great potential
for the future development of cancer immunotherapy.

fewer adverse effects but a considerable risk of tumor
recurrence.” To address these challenges, PTT with mild heat

Photothermal therapy (PTT) has been considered one of the
most promising strategies for localized tumor ablation by
transferring the photoenergy into heat.'” However, the
dilemma for current PTT is that excessive temperature can
completely ablate the tumor but cause irreversible damage to
surrounding healthy tissues, while mild temperature shows
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has been recently integrated with immunotherapy to potentiate
anti-tumor immune response.””” Upon irradiation, hyperther-
mia generated by PTT arouses the immunogenic cell death
(ICD) of tumor cells and releases tumor-associated antigens
(TAAs) and damage-associated molecular patterns (DAMPs),
which activate the anti-tumor immune response and effectively
reverse the immunosuppressive tumor microenvironment by
elevating the antigen-specific T cell response and activation
and enhancing the antigen-presenting ability and maturation
of dendritic cells (DCs).® ! Although PTT can induce the ICD of
tumor cells, the immunosuppressive tumor microenvironment
is still a significant barrier to the enhancement of anti-tumor
immune response by inhibiting DC maturation and cytotoxic
T cell response, which considerably compromises the thera-
peutic effect of the combined immunotherapy.'>*?

The stimulator of interferon genes (STING) DNA sensing
pathway has been proven as an effective immunotherapy
target for potent local immune stimulation to many highly
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immunosuppressive tumors, such as brain tumor glioblas-
toma."*"® The activated STING pathway produces type I inter-
feron (IFN), recruits TANK binding kinase 1 (TBK1), and
up-regulates the expression of interferon regulatory factor 3
(IRF3), signal transducer and activator of transcription 6 (STAT6),
an inhibitor of kappa-B kinase (IKK) and various pro-
inflammatory cytokines.'®"*' Thus, STING agonist can promote
DC maturation, accelerate antigen presentation, activate T
cells, and induce tumor cell apoptosis, and eventually initiating
the anti-tumor immunity for cancer treatment.*>** However,
the therapeutic effect of STING agonist is compromised owing
to the rapid plasma clearance, poor membrane permeability,
and low accumulation in the tumor.”*>” Drug delivery systems
(DDSs) based on nanotechnology present a great potential to
intelligently control the release of drugs, which can protect the
drug from premature degradation, optimize the pharmacoki-
netic profile and manipulate drug distribution in tissues. DDSs
with smart drug carriers can release active ingredients at
appropriate sites in response to certain physiological variables
or external physicochemical stimuli, such as pH, enzyme, light,
heat, magnetic force, and ultrasound.?®**° Therefore, develop-
ing an intelligent drug delivery system of STING agonist with
controlled release is an urgent need to boost the anti-tumor
immunity of photothermal immunotherapy.

With the development of photothermal immunotherapy in
clinical applications, it is vital to develop reliable imaging
modalities for photothermal immunotherapy to accomplish a
theranostic platform.*'*> Compared with fluorescence imaging
in the visible and first near-infrared (NIR-I) region, the second
near-infrared (NIR-II, 1000-1700 nm) fluorescence displays
deeper penetration depth, reduced photon scattering, lower
tissue background, and higher temporal-spatial resolution,
which is more suitable for deep-seated tumors imaging.**™*°
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Photoacoustic (PA) imaging is another bioimaging technique
for the focal plane of tissue, which can achieve deep (5-7 cm)
tissue imaging with high spatial resolution.>® However, most
photothermal agents usually have PA imaging but weak or no
NIR-II fluorescence.’’*® Therefore, developing a photothermal
nanomedicine with NIR-II fluorescence and PA imaging
can provide omnibearing tumor information and guide the
subsequent therapeutic operation in anti-tumor photothermal
immunotherapy.

In this study, we designed versatile theranostic thermo-
sensitive liposomes (TSL), denoted as PLDD, for boosting
cancer photothermal immunotherapy guided by NIR-II fluores-
cence and PA dual-modal imaging (Scheme 1). The skeleton of
TSL was constructed using liposome (DSPE-PEG-2K and lecithin)
and phase change materials (lauric acid and stearic acid).>* A NIR-II
donor-acceptor-donor oligomer (DTTB), which was previously
reported by our group, was integrated into the TSL as a
photothermal and bioimaging agent.*® Owing to the effective
NIR-II fluorescent core (benzobisthiadiazole) and strong donor-
acceptor conjugation, DTTB can efficiently produce heat and
display excellent NIR-II fluorescence and PA dual-modal ima-
ging upon irradiation. The STING agonist, DMXAA, was loaded
inside the TSL as an immune potentiator. Upon laser irradia-
tion, the heat generated by DTTB induced the ICD of tumor
cells and disrupted the TSL structure to release DMXAA. The
release of DMXAA activated the STING pathway and signifi-
cantly promoted the ICD-induced immune response by increasing
DC cell maturation and T cell recruitment in tumors. Ultimately,
the in vivo experiment results showed that PLDD achieved an
excellent anti-tumor effect on murine lung cancer through boosted
photothermal immunotherapy, with the guidance of effective NIR-
I fluorescence and PA dual-modal imaging. Thus, this versatile
theranostic TSL with a light-triggered elevation of anti-tumor
immunity and spatiotemporal imaging profiles will provide a new
perspective for cancer photothermal immunotherapy.

2. Experimental section
2.1 Materials and reagents

All reagents and solvents were of analytical grade and used
as received. Soybean lecithin was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. Stearic acid was obtained from
Sigma-Aldrich. Lauric acid (97%) and DMXAA (Vadimezan)
were purchased from Shanghai Aladdin Bio-Chem Technology
Co., LTD. PEG2000-DSPE was purchased from MedChem-
Express. Ethyl alcohol, methanol, tetrahydrofuran (THF), and
dimethyl sulfoxide (DMSO) were provided by Shanghai Macklin
Biochemical Technology Co., Ltd.

2.2 Preparation of PCM and PLDD

PCM was prepared by applying a nanoprecipitation method.
First, lauric and stearic acids were dissolved in methanol at a
ratio of 4:1. Lecithin and DSPE-PEG2000 were dissolved in a
4% aqueous ethanol solution at 1 mg mL~" concentration and
a 3:1 ratio. Then, we heated the phospholipid solution to
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Scheme 1 Schematic illustration of multiple bioimaging-guided activations of the STING pathway in photothermal therapy for boosting cancer
immunotherapy by theranostic PLDD. (A) Preparation of PLDD. (B) Activated STING pathway to promote ICD-mediated photothermal immunotherapy

guided by NIR-II fluorescence and PA imaging dual modal imaging.

around 50 °C. The desired payloads (48 pL of 2.5 mg mL ™"
DTTB in THF and 48 L of 2.5 mg mL ™' DMXAA in DMSO) were
added to 600 pL PCM solution and mixed well with ultrasonic.
After that, we added the above solution dropwise into the
preheated phospholipid solution with ultrasonic for 5 min.
The nanoparticles were solidified in an ice bath for 2 minutes.
After returning to room temperature, the large particles were
removed by filtration membrane (0.22 pm), and the free excess
components were removed by ultrafiltration tube (Sartorius,
MWCO = 100 kDa) three times.

2.3 Evaluation of DMXAA release

200 pL of PLDD solution (20 pg mL ™' in PBS) was irradiated
under an 808 nm (1 W cm™?) laser for 5 min. After laser
irradiation, 800 puL of PBS was added to the solution, and the
mixed solution was filtered using an ultrafiltration tube
(100 kDa). The lower layer of the solution was used for HPLC
analysis with acetonitrile/water as the eluent at a detection
wavelength of 286 nm to determine the DMXAA concentration.
The free DMXAA and PLDD without light treatment were also
analyzed by applying HPLC as control groups under the same
conditions.

2.4 Photothermal effect of PLDD

The PLDD solution was dispersed into six concentrations
(80, 40, 20, 10, 5 and 0 pg mL ') and irradiated with a
wavelength of 808 nm laser for 5 minutes. Temperatures were
monitored using an infrared imaging device (Fluke, Ti400)
every 30 s. Subsequently, 200 uL PLDD (40 ug mL ') was taken
into the centrifugal tube. Next, the PLDD were irradiated for
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5 minutes with an 808 nm laser at 1, 0.75, 0.5 and 0.25 W cm >
power densities. Temperatures were monitored using an infra-
red imaging device (Fluke, Ti400) every 30 s.

2.5 Cell viability assay

The cytotoxicity of PLDD was investigated using a cell counting
kit-8 (CCK-8) assay (Beyotime). Microtiter plates with 96 wells
were plated with LLC at a density of 5 x 10" per well, and the
cells were seeded for adherent growth and treated 24 h later.
Each well was added to 100 puL of PLDD drug of different
concentrations and incubated for 4 h. The light group was
exposed to an 808 nm laser for 5 min (1 W cm™?) and incubated
for 24 h. The OD value of the microplate reader was measured
at 450 nm. The cells were treated with PBS as the control group.

2.6 Live/dead cell staining

LLC (2 x 105 per well) was incubated in confocal dishes for
24 h. Then, we divided them into five groups: PBS, PLDD, Laser,
PLDT + L, and PLDD + L. We added PLDT/PLDD to the
corresponding groups for 4 h of incubation. The irradiation
condition is an 808 nm laser for 5 min (1 W cm™?). The cells
were washed with PBS three times and then treated with calcein
AM (5 pL) and PI (10 pL). After incubation for 15 min,
all samples were imaged by the CLSM.

2.7 Animal model

The LLC tumor xenograft models were established by subcuta-
neously injecting onto the flank of the female BALB/c nude
mice (4-6 weeks) with 100 pL of 1 x 107 LLC cell suspension per
mouse. All animal experiments were performed in compliance

This journal is © The Royal Society of Chemistry 2023
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with the Guide for the Care and Use of Laboratory Animals
(China, GB/T 35892-2018). The animal protocol was approved
by the Institutional Animal Care and Use Committees at the
Guangzhou Medical University.

2.8 In vivo photoacoustic imaging and NIR-II fluorescence
imaging

When the tumor volume was around 100 mm?, the C57BL/6]
mice bearing subcutaneous LLC tumors were injected with free
DTTB (1 mg mL ™, 100 pL) and PLDD (1 mg mL ™", 100 pL) via
intravenous injection. Then, we anesthetized the mice by inad-
vertent intrathecal injection of Zoletil 50 and serazine hydro-
chloride and put them on a heating pad to maintain their body
temperature. The photoacoustic images were captured at
selected time intervals (0, 6, 12, 24, and 24 h) under different
laser excitations of 680, 710, 730, and 910 nm using the Vevo
LAZR system (FUJIFILM VisualSonics, Toronto, Canada).
The fluorescence imaging was performed at 0, 2, 12, 24 and
36 h after injection with a near-infrared two-region imager.
The imaging conditions of small animal photoacoustic imaging
equipment were set as follows: 808 nm excitation, 60 mW cm™>
power density, 1200 nm long-pass filter, and 300 ms exposure time.

2.9 Immunofluorescence staining

The changes in CRT, HMGB1 and y-H2AX levels of tumor tissue
were evaluated by immunofluorescence staining. LLC subcuta-
neous tumor bearing mice were constructed. When the tumor
size was about 100 mm?, the mice were divided into different
groups, including PBS, PLDD, Laser, PLDT + L and PLDD + L.
The dosage of PLDD/PLDT for mice was 500 pg mL™*, 100 pL.
After 12 h of administration, the mice in the Laser, PLDT + L
and PLDD + L groups were irradiated by an 808 nm laser
(1 W em™?) for 5 min. One day after the irradiation, the tumors
were taken for immunofluorescence staining using anti-CRT,
anti-HMGB1 and anti-yH2AX antibodies.

2.10 Western blot experiment

LLC cells were grown in six-well plates overnight, and PBS, PLDT
and PLDT were added to every cell well. After 4 h of incubation, the
light group was illuminated with an 808 nm laser (1 W cm™?) for
5 min, and the cells were then incubated for 24 h. The cells were
lysed using RAPA lysate for 30 min and then centrifuged to remove
the protein supernatant. Samples were quantified for total protein
using the BCA Protein Quantification kit, and 25 pL of loading
buffer was added to 100 pL of the sample. After thorough mixing,
the samples were boiled in boiling water at 100 °C for 10 min. After
natural cooling, the samples were centrifuged and dumped into
the bottom of the centrifuge tube. Western blot was used to
analyze the expression of each protein in the total protein. The
antibodies used in this experiment were anti-CRT, anti-HMGB1,
anti-STING, anti-IRF3, anti-pIRF3, and anti-GAPDH (Abcam Inc.,
Cambridge, MA, USA).

2.11 Detection of T cells and DC cells

LLC subcutaneous tumor bearing mice were constructed. When
the tumor size was about 100 mm?®, the mice were divided into

This journal is © The Royal Society of Chemistry 2023
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different groups: PBS, PLDD, Laser, PLDT + L and PLDD + L
groups. The dosage for the mice was 500 ug mL™", 100 pL. After
12 h of administration, the mice in the Laser, PLDT + L and
PLDD + L groups were illuminated under an 808 nm laser
(1 W em™?) for 5 min. One day after the light exposure, single-
cell suspensions were taken from the tumor and spleen. T cells
in the spleen were stained with antibodies CD3, CD4 and CD8
for flow cytometry. DC cells in the tumor were stained with
antibodies CD11c, CD86 and CD80 for flow cytometry.

2.12 In vivo antitumor treatments

When the tumor grew to about 70 mm?, the mice were divided
into five groups: PBS, PLDD, Laser, PLDT + L, and PLDD + L.
The dose concentration for each mouse was 500 pg mL ™",
100 pL. Mice in the light group were exposed to an 808 nm
laser light (1 W em™?) for 5 min at 12 h after drug administra-
tion. Temperature changes were recorded with a thermal
imager. Body weight and tumor volume were recorded daily
during the 14 day treatments. Mice were sacrificed on the last
day of the treatments, and the tumors were weighed and
photographed. The heart, liver, spleen, lung and kidney of
mice in each group were taken for H&E staining, and the blood
was processed for blood routine and liver and kidney index
detection.

2.13 Statistical analysis

Error bars were based on standard deviation (SD) and n =3 or 6.
The data are presented as Mean + SD. Statistical analysis was
performed following a two-tailed unpaired ¢ test: *p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001.

3. Results and discussion
3.1 Preparation and characterization of PLDD

To fabricate TSL with a suitable phase transition temperature
for controllable drug release, two-phase change components of
TSL, named lauric acid (LA) and stearic acid (SA), were mixed in
different ratios to adjust their phase transition temperatures.
As shown in Fig. 1(A), a mixture of LA and SA with a mass ratio
of 3:1 displayed a phase transition temperature of around
42 °C, which is suitable for mild heat-triggered drug release
while avoiding hyperthermia injury. Based on this, we con-
structed our PLDD with phase change materials (LA: SA=3:1),
the NIR-II photothermal agent (DTTB), the STING agonist
(DMXAA) and other materials for building liposome structure
(DSPE-PEG2000 and lecithin) using hydration ultrasound
(Scheme 1(A)). The size distribution of the PLDD nanosphere
in 1 x PBS was 124 £ 2.81 nm measured by dynamic light
scattering (DLS), which is consistent with the PLDD image of
transmission electron microscopy (TEM). The relatively low
polymer dispersity index (PDI) and TEM image indicate good
dispersion and uniformity of PLDD in water (Fig. 1(B)).
In addition, the size variation in PLDD in water was measured
within a week, and no significant change in size was observed,
demonstrating the good stability of PLDD in water (Fig. S1, ESIt).
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Fig. 1 Preparation and characterization of PLDD. (A) DSC curves of lauric acid, stearic acid, and a mixture of lauric and stearic acids at a 3:1 mass ratio.
(B) TEM and DLS images of PLDD. Scale bars = 200 nm. (C) HPLC absorption curves of DMXAA and PLDD. (D) Temperature profiles of different
concentrations of PLDD under irradiation. (E) Temperature profiles of 40 ug mL~* PLDD under irradiation with different power densities. (F) HPLC
absorption curves of DMXAA released from PLDD with or without irradiation. All samples were dispersed in 1 x PBS buffer for measurements.
(G) Statistical plot of DMXAA release. n = 3. (H) Release curves of DMXAA from PLDD at different temperatures. (I) DLS and TEM of PLDD with or without

irradiation.

The fluorescence spectrum of PLDD is mainly distributed in the
NIR-II regions with a maximum emission at 915 nm and a tail
towards 1300 nm (Fig. S2, ESIt). As shown in Fig. S3 (ESIt), the
normalized absorbance of PLDD involves the typical absorbance
peaks of DTTB and DMXAA, indicating the successful encapsula-
tion of DTTB in PLDD. We further calculated the encapsulation
efficiency and drug loading of DTTB and DMXAA by conducting
high-performance liquid chromatography (HPLC) (Fig. 1(C)).
The encapsulation efficiency and drug loading of DTTB were

8532 | J Mater. Chem. B, 2023, 11, 8528-8540

calculated as 93.67% and 5.6%, respectively, and those of
DMXAA were 43.2% and 2.5%, respectively.

To evaluate the NIR-II-triggered drug release of PLDD, we
first investigated its photothermal effect. Compared to the
control group of deionized water, 80 pg mL ™' of PLDD can
reach the phase transition temperature (42 °C) within a few
seconds under NIR-II light irradiation, and the temperature
continues to increase to 60.3 °C in 5 min, indicating their
excellent photothermal effect (Fig. 1(D) and Fig. S4A, ESIf).

This journal is © The Royal Society of Chemistry 2023
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Moreover, the photothermal effect of PLDD showed a concen-
tration/power dependent temperature variation under 808 nm
laser irradiation (Fig. 1(D), (E) and Fig. S4B, ESIt). Then, the
laser-triggered release performance of DMXAA was investigated
through component analysis and size changes. As shown in
Fig. 1(F), the DMXAA characteristic peak of PLDD significantly
increased after laser irradiation for 5 min compared to PLDD
without laser, as measured by HPLC, demonstrating the con-
siderable release of free DMXAA in PLDD. The DMXAA release
of PLDD upon irradiation was determined as 75.3% of the
initial amount, which is almost a ten-fold increase than PLDD
without laser (7.67%) (Fig. 1(G)). We then measured the release
profile of DMXAA for 8 h at phase transition temperature
(42 °C) and room temperature (25 °C), respectively. As shown
in Fig. 1(H), almost 80% of DMAXX was released from PLDD
within 1 h and then slowly released to nearly 90% over the next
7 h at 42 °C; however, less than 10% of DMXAA can be released
from PLDD in 8 h at 25 °C. These results indicate the excellent
thermosensitivity of PLDD for on-demand DMXAA release.
Moreover, we measured the size change in PLDD before and
after illumination. The results demonstrate that the size of
PLDD decreased from 124 + 2.81 nm to 70 + 4.23 nm after laser
irradiation, which is consistent with the corresponding TEM
images (Fig. 1(I)). Therefore, the as-prepared PLDD displayed
excellent photothermal response for laser triggered release of
STING agonists, holding great potential for further in vitro and
in vivo studies.

3.2 In vitro anti-tumor effect of PLDD

To evaluate the in vitro anti-tumor effect of PLDD, LLC cell
viability measurements, including CCK-8, flow cytometry ana-
lysis, and live/dead cell staining, were conducted using PLDD
and PLDT (without DMXAA) under irradiation. First, the LLC
cells incubated with PLDT or PLDD for 24 h display little
cytotoxicity without light (Fig. 2(A)), indicating their good
biocompatibility. However, upon irradiation, both PLDD and
PLDT show typical concentration-dependent cytotoxicity owing
to their excellent photothermal effect (Fig. 2(B)). It is note-
worthy that PLDD shows slightly better photo-cytotoxicity than
PLDT, demonstrating that the release of the SING agonist
promotes cell apoptosis. Then, the cell apoptosis of PLDD
and PLDT was measured using an annexin V-FITC/PI co-staining
assay by flow cytometry analysis and quantification (Fig. 2(C)
and Fig. S5, ESIt). The results indicated that PLDT and PLDD
did not induce cell apoptosis in the absence of light. However,
the PLDT group with laser (PLDT + L) induced 22.1% and 29%
of LLC cells in the early and late stages of apoptosis upon
irradiation, respectively, and PLDD + L induced 16% and
43.3% of LLC cells in the early and late stages of apoptosis,
respectively. Both PLDT and PLDD exerted good apoptotic
induction performance under irradiation, and the release of
DMXAA accelerated cell apoptosis to the late stage. To visually
evaluate the in vitro anti-tumor effect of PLDD, the live/dead cell
staining of LLC cells was further employed using the Calcein
AM/PI co-staining assay in which the live cells were stained with
Calcein AM (green fluorescence) and the dead cells were

This journal is © The Royal Society of Chemistry 2023
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stained with PI (red fluorescence). As shown in Fig. 2(D),
although both groups of PLDT + L and PLDD + L showed
noticeable red fluorescence in the field, PLDD + L achieve more
red fluorescence region than PLDT + L, indicating their excel-
lent anti-tumor effect under irradiation.

3.3 Dual modal imaging and biodistribution of PLDD in vivo

In vivo NIR-II fluorescence and PA dual-modal imaging of PLDD
were investigated in LLC tumor-bearing mice. For the PA
imaging, we first tested the PA signal of the PLDD solution
with different concentrations in small tubes, and the results
showed that the PLDD solution displayed excellent PA signals
with a good linear correlation between concentrations and
signal intensities (Fig. 3(A) and (B)). The PA spectra of PLDD
were scanned with full wavelength mode, and the peak
appeared at around 714 nm (Fig. 3(C)). Then, we measured
the in vivo PA signal of PLDD in LLC tumor-bearing mice.
Compared with the free DTTB control group, PLDD showed a
more intense signal because of the improved accumulation in
the tumor, and the peak value appeared at 12 h after intrave-
nous injection administration (Fig. 3(D) and (E)). For the NIR-II
fluorescence imaging, we first tested the NIR-II fluorescence
signals of PLDD solution with a series concentration using
a 1200 nm long-pass filter under irradiation, and the PLDD
solution displayed excellent NIR-II fluorescence signals with a
good linear correlation between concentrations and signal
intensities (Fig. S6A and B, ESIt). Then, PLDD was intrave-
nously injected into the LLC tumor-bearing mice for in vivo
NIR-II fluorescence imaging. As shown in Fig. 3(F), the NIR-II
fluorescence signal of PLDD started to show a clear margin of
the tumor after 6 h of administration, and the signal gradually
reached its peak after 12 h of administration, consistent with
the peak timing of PA imaging. Compared with the free DTTB
control group, PLDD exhibited a stronger signal intensity and a
longer retention time in the tumor, indicating its excellent
tumor accumulation behavior. The improved accumulation of
PLDD could be attributed to the advantages of the liposome
drug delivery system, including PEGylation, negative surface
charge and stable and controllable particle size, which provides
a prolonged circulation time and stealth function for escape
from the reticulo-endothelial system (RES).*"**

Moreover, the biodistribution of PLDD was investigated by
performing a quantitative analysis for NIR-II fluorescence signals
of the main organs and tumor of mice after 12 h of administra-
tion. As shown in Fig. 3(G) and Fig. S6C (ESIY), except for the liver
and spleen, tumor (13.78 + 1.62%) is the third highest site of
accumulated PLDD, followed by lung, kidney and heart. PLDD
accumulation is almost six-fold higher than free DTTB (2.25 +
0.87%), indicating that their excellent pharmacokinetics are
beneficial for anti-tumor treatment. However, more than 80% of
free DTTB accumulated in the liver, lung and spleen, which are
the major organs of RES (Fig. 3(G)). This is most likely attributed
to the strong hydrophobicity of DTTB, making free DTTB aggre-
gate into irregular large particles in the blood stream and quickly
targeted and cleared out by RES. Moreover, the lack of protection
against hydrophilic PEGylation decreases the blood circulation
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Fig. 2 In vitro antitumor effects of PLDD. ( B) Photo-cytotoxicity of LLC cells treated

(*p < 0.05, **p < 0.01, ***p < 0.001).

time of free DTTB and increases the risk of being cleared out
by RES.*

3.4 Boosted adaptive immune response of PLDD

To evaluate the boosted adaptive immune responses by PLDD
during photothermal therapy, we first verified the PTT-induced
ICD by measuring its typical biomarkers in PTT-treated LLC
tumor-bearing mice, including calreticulin (CRT), high mobility
group box 1 protein (HMGB1), and adenosine triphosphate
(ATP).**~** Immunofluorescence assay was conducted to evalu-
ate the levels of ICD-associated biomarkers in tumor sections
with different treatments. The results suggested that the levels
of CRT (green fluorescence) and HMGB1 (green fluorescence)
significantly increased after treatment with PLDT + L and PLDD
+ L (Fig. 4(A)). We also measured the protein expression of
CRT and HMGBI in tumor cells after different treatments by
western blot. As shown in Fig. 4(B), CRT expression increased

8534 | J Mater. Chem. B, 2023, 11, 8528-8540

while HMGB1 expression decreased in the PLDT + L and PLDD
+ L groups because the cell transferred CRT into the cell surface
while releasing HMGB1 outside the cell during the PTT proce-
dure. The ATP level was detected with the ATP ELISA kit, and
cells treated with PLDT + L and PLDD + L displayed higher ATP
levels than the other groups (Fig. 4(C)). The above results
indicate that the photothermal effect of PLDD can successfully
activate the ICD of tumor cells to further trigger adaptive anti-
tumor immunity.

Then, we investigated the activation of the STING pathway
by PLDD under irradiation cGAMP, a natural ligand for STING
proteins, can be produced by recognizing cytoplasmic tumor
DNA by cGAS. Binding cGAMP to STING induces translational
changes in STING proteins, and activation of the downstream
signaling cascade IRF-3, ultimately leading to the upregulation
of type I interferon (e.g., interferon-f) and activated CD8" T cells
in the tumor microenvironment.*” Therefore, the activation of

This journal is © The Royal Society of Chemistry 2023
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the STING pathway can be evaluated by detecting DNA damage,
STING pathway-related protein expression and interferon-f
(INF-B) content. Immunofluorescence was used to detect the
formation of phosphorylated H,AX histone (y-H,AX), a key
biomarker of DNA double-strand breaks.*® The PLDD + L group
displayed the most abundant y-H,AX (red fluorescence) expres-
sion in the tumor section (Fig. 4(A)), indicating severe DNA
damage. It is noteworthy that the PLDT + L group also showed
partial red fluorescence, suggesting that the heat of PTT may
cause DNA damage. The above results provide a prerequisite for
the activation of the cGAS-STING immune pathway. Western
blot was used to detect the expression of STING, IRF3 and
p-IRF3. As shown in Fig. 4(D), the PLDD + L group increased the
expression of the STING protein and promoted the expression
of the IRF3 protein and its phosphorylated protein. Moreover,
serum levels of INF-$ were measured after treatments using an

This journal is © The Royal Society of Chemistry 2023

ELISA kit, and the results showed that the INF-$ level was
obviously elevated in the PLDD + L group (Fig. 4(E)). The above
results demonstrate that the triggered release of DMXAA suc-
cessfully activated the cGAS-STING immune pathway under
irradiation, leading to an increase in type I interferon and
ultimately enhancing adaptive immunity.

We also examined the expression of relevant immune cells
after different treatments. As shown in Fig. 4(F), (G) and
Fig. S7A (ESIt), compared with the PBS group, the PLDT + L
group achieved only a 2.3-and 3.0-fold increase in CD11¢'CD86"
and CD11¢'CD80", respectively, while the group of PLDD + L
increased the level of CD11c'CD86" and CD11c'CD80" by
4.5-fold and 3.6-fold, respectively. As shown in Fig. 4(H), (I)
and Fig. S7B (ESI{), the PLDT + L group increased only the
number of CD3'CD4" and CD3'CD8" by 13.8% and 6.93% of
total leukocytes, respectively, while PLDD + L enhanced the
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(I) CD3*CD8™" in LLC tumor tissues after different treatments. n = 3. (*p < 0.05, **p < 0.01).

number of CD3'CD4" and CD3"CD8" by 16.8% and 12% of total
leukocytes, respectively. The above results suggest that the
release of DMXAA under irradiation can amplify the adaptive
immune response and produce and mature more immune
cells, such as DC and T cells, to reverse the tumor immuno-
suppressive microenvironment and ultimately promote photo-
thermal immunotherapy.

3.5 In vivo anti-tumor study of PLDD

The anti-tumor study of PLDD was conducted using LLC tumor-
bearing mice. When the tumor grew to approximately 70 mm?,
100 pL of PLDD, PLDT (500 pg mL™') or 1 x PBS were
intravenously injected into LLC tumor-bearing mice. Then,
the mice were locally irradiated by an 808 nm laser after 12 h

8536 | J. Mater. Chem. B, 2023, 11, 8528-8540

of administration. The therapeutic effects were assessed daily
until the end of the 14 day observation period (Fig. 5(A)). The
temperature changes in mice tumors under irradiation were
recorded using an infrared thermal image camera, and the
PLDT + L and PLDD + L groups showed dramatic temperature
increases owing to the excellent photothermal effect of DTTB,
which ensured the complete release of the STING agonist
(Fig. 5(C) and (D)). The tumor volume and body weight of
the mice were recorded daily during the 14 day treatment.
As shown in Fig. 5(B), the PLDD + L group achieved the smallest
tumor volume among all treatments, indicating the good anti-
tumor effect of photothermal immunotherapy. There was no
significant change in body weight in each group of mice during
the entire treatment procedure, demonstrating that no severe

This journal is © The Royal Society of Chemistry 2023
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side effects occurred (Fig. 5(E)). After this anti-tumor treatment,
the tumors of all groups were dissected to be weighed and
photographed, and 80% of the tumors in the PLDD + L group
were eliminated (Fig. 5(F) and (G)). Moreover, compared with
the groups of PBS, PLDT, and Laser within 12 days of biological
death, all mice survived in the PLDT + L and PLDD + L groups
after treatment (Fig. 5(H)). We also performed an H&E staining
assay of the treated tumor sections (Fig. 5(I)), and the results

This journal is © The Royal Society of Chemistry 2023

showed that the tumor treated with PLDD + L had the most
severe damage, while the tumor treated with the other treat-
ments was partially damaged or had no obvious damage,
indicating the boosted photothermal immunotherapy of
PLDD + L by the activation of the STING pathway.
Furthermore, we examined the serum levels of tumor-related
factors interleukin-6 (IL-6) and tumor necrosis factor-o. (TNF-o.) in
each group after treatments. IL-6 is an important proinflammatory
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cytokine that promotes both innate and adaptive immune
responses, whereas TNF-o shows the extent of tumor necrosis.
Therefore, assessing the overall levels of IL-6 and TNF- in vivo
can reflect the anti-tumor effect of photothermal immunother-
apy. As shown in Fig. S8A and B (ESIt), compared with the PBS
group, the levels of IL-6 and TNF-o in the serum of mice treated
with PLDD + L increased 2.47-fold and 2.3-fold, respectively,
than those of the PBS group, and 1.3-fold and 1.1-fold, respectively,
than those of the PLDT + L group. These results indicate that the
activation of the cGAS-STING pathway can promote the level of
immune-related factors and enhance the immune response.

Liver

A Heart

PBS

PLDD

PLDD+L PLDT+L Laser

PBS PLDD

Laser PLDT+L PLDD+L

Spleen

View Article Online

Paper

3.6 Biosafety evaluation of PLDD

To evaluate the biosafety of PLDD in vivo, we performed H&E
staining of the following major organs after the end of treat-
ment (Fig. 6(A)): the heart, liver, spleen, lung, and kidney. The
results showed that there were no obvious toxicity or morpho-
logical abnormalities in the main organs of each treatment
group, indicating that PLDD did not cause any systematic organ
damage during the entire photothermal immunotherapy. Then,
the whole blood of the mice was collected at the end of the
treatment for routine blood tests. As shown in Fig. 6(B), the
hematological parameters remained within the normal range
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Fig. 6 Biosafety evaluation of PLDD. (A) H&E-stained images of the heart, liver, spleen, lung, and kidney of LLC tumor-bearing mice after 14 days of
treatment. The scale bar is 100 pm. (B) Heat map of blood routine in whole blood samples from LLC tumor-bearing mice after 14 days of treatment.
Blood biochemical statistics of (C) CRE, (D) ALT, (E) UREA, and (F) AST in LLC tumor-bearing mice after 14 days of treatment. n = 3.
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after various treatments. Moreover, we collected serum from
mice for biochemical analysis. As shown in Fig. 6(C-F), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), urea
and uric acid showed no significant hepatorenal toxicity. The
above results show that PLDD does not cause any systematic
toxicity or liver/kidney injury, indicating its good biocom-
patibility and biosafety for the photothermal immunotherapy
of cancer.

4. Conclusions

In conclusion, a versatile theranostic TSL (PLDD) has been
developed for boosting cancer photothermal immunotherapy
guided by NIR-II fluorescence and PA dual-modal imaging. The
PLDD was constructed using the photothermal agent (DTTB), a
STING agonist (DMXAA), phase change materials (LA and SA)
and other liposome structure materials. The DTTB endows
PLDD with efficient heat production and high resolution of
NIR-II fluorescence and PA dual-modal imaging upon irradia-
tion. The DMXAA activated the STING pathway to reverse the
immunosuppressive environment of the tumor and promoted
the ICD-induced adaptive anti-tumor immunity mainly by
increasing the DC maturation and T cell recruitment. Both
in vitro and in vivo experiments demonstrated an excellent
photothermal effect, spatiotemporal dual-modal imaging, and
boosted adaptive anti-tumor immunity for photothermal
immunotherapy. This versatile theranostic TSL with a light-
triggered elevation of anti-tumor immunity and spatiotemporal
imaging profiles will provide a promising approach for future
cancer treatment.
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