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ARTICLE INFO ABSTRACT

Keywords:

Immunogenic cell death (ICD) process associated with phototherapy is a promising strategy to inhibit tumor
growth and metastasis. To facilitate deep tumor-penetrating photo-immunotherapy, we herein report a near-
infrared (NIR) light-triggered carrier-free nanoplatform (IR837) loaded with indocyanine green (ICG) and im-
mune adjuvant R837. The IR837 nanoparticles were prepared as carrier-free nanoassembly and showed good
photostability. With the thermal-responsive polydopamine as the shell, the IR837 (~78 nm) can efficiently
disassociate into smaller size (~10 nm) under NIR irradiation. Through intravenous injection, IR837 displays
prolonged blood circulation and turns into the smaller-sized nanoaggregates to deeply penetrate in the core sites
of tumors. The ICD process is then induced and results in dendritic cells (DCs) maturation to initiate the immune
response. Eventually, the “cold” tumor would be reversed into the “hot” tumor, promoting the immunothera-
peutic outcomes against in-situ and distal tumors under mild temperature (45 °C). In summary, our research
provides a prospective intelligent nanodelivery system to perform efficient photothermal immunotherapy against
primary and distal tumor growth with hopefully low side effect.

Phototherapy
Immunogenic cell death
Carrier-free nanoplatform
Deep penetration

Distal tumor

1. Introduction

Tumor progression is highly dependent on the immunosuppressive
tumor microenvironment (ITM). Therefore, the “cold” tumors with low
immunogenicity cannot stimulate the immune system to kill the tumors
by dendritic cells (DCs) or cytotoxic T lymphocytes (CTLs) [1-2].
Consequently, traditional immunotherapeutic strategies, such as im-
mune checkpoint blockade (ICB) and chimeric antigen receptor T cell
(CAR-T) therapies [3-4] usually could not achieve satisfactory anti-
tumor effect [5-7]. Thus, the conversion of immunosuppressive “cold”
tumors into immunoactivated “hot” tumors would be helpful in
achieving efficient anti-tumor efficacy.

Increasing findings suggest that immunogenic cell death (ICD) can
elicit immune responses [8-9] by releasing damage-associated molec-
ular patterns (DAMPs), including calreticulin (CRT), high mobility

* Corresponding authors.

group protein B1 (HMGB1) and adenosine triphosphate (ATP) [10]. The
CRT can mature dendritic cells (DCs) and engulf dying tumor cells.
Besides, HMGB1 and ATP can trigger antigen-specific antitumor T cell
responses to kill tumor cells [11]. It has been proposed that most
chemotherapeutic and phototherapeutic drugs can cause the ICD pro-
cess [8]. Chemotherapeutic molecules may cause damage to normal
tissues and immune system [12-13]. On the contrary, photothermal
therapy holds the advantages in accurate and minimally invasive
treatment against cancer [14-16].

It has been found that near-infrared (NIR) FDA-approved photosen-
sitizer, indocyanine green (ICG) can induce ICD pathway [17], which
would further activate the immune system to achieve anti-tumor effects
[18-20]. However, only photothermal therapy or ICD process cannot
sufficiently suppress the tumor growth [21-22], especially against distal
or metastatic tumors, since the light can just penetrate within several
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millimeters. Therefore, more consideration was recently focused on
combining immunological molecules into the phototherapies via nano-
delivery approach by using R837 and CpG as immunostimulated mole-
cules, or IDO inhibitor (IDOi) as immunomodulatory component
(Table S1) [23-25]. The immunoadjuvant, TLR7 agonist R837 has been
reported to promote DCs maturation, which would favor the ICD pro-
cess. However, R837 is poorly soluble for systematic administration
[26-27]. Considering that intravenous administration has the advantage
of rapid absorption with high bioavailability, and the dose is usually
much lower than other administration routes [28-29], several nano-
particle systems have been proposed to codeliver R837 with ICG
[27,30]. Most of these nanocarriers showed high therapeutic tempera-
ture up to nearly 60 °C. However, the excessively high temperature may
cause damage to healthy tissues [31-32]. Also, the nanoparticle systems
need to be further rationally designed in terms of convenient prepara-
tion, responsive release of the payload and low administrated dose.
Hence, to facilitate efficient phototherapy and ICD-induced immu-
notherapy against tumor growth, we herein propose an intelligent
nanocarrier system of ICG and R837 (IR837) (Scheme 1). This nano-
formulation contains NIR molecule ICG to guide an image-guided pho-
totherapy and induce thermal-responsive ICD process, TLR7 agonist
R837 to stimulate DCs maturation, and thermal-responsive polydop-
amine layer to improve the stability of the formulation and dissociate
the nanoparticles while temperature is elevated. The three components
are all FDA-approved, which ensures the good biocompatibility for in
vivo administration. The ICG conjugates with R837 through hydro-
phobic interaction and n—n stacking, then encapsulated with the poly-
dopamine as the shell to obtain the carrier-free IR837 nanoparticles. The
IR837 nanoplatform exhibits good stability with the proper size (~78
nm) for intravenous injection. More importantly, the nanoplatform can
convert the “cold” tumor into “hot” tumor through the following ratio-
nally designed processes. (i): IR837 nanoformulations accumulate in
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tumor sites through EPR effect, and photothermal treatment of surface
tumors is carried out under NIR light irradiation. Meanwhile, as the
tumor temperature increases, the nanoformulations would be dissoci-
ated into small nanoparticles, which would promote the deep penetra-
tion of IR837 in tumor site. (ii) The photothermal treatment induces
DAMPs release from dying cells and triggers the ICD process. (iii) The
ICD process assisted with R837 would induce DC maturation and
enhance the antigen presenting capacity. (iv) The systematic immune
response would be activated and CD8" cells are proliferated in tumor
and spleen. (v) The infiltration of DCs and CTL cells in tumor would
convert the “cold” tumor into “hot”, and the anti-tumor effect will be
investigated against both primary and distal tumors.

2. Materials and methods
2.1. Preparation and characterization of IR837 nanoformulation

Typically, 1 mM of ICG in aqueous solution (500 pL) and 1 mM of
R837 in DMSO (500 pL) was separately dispersed into ultrapure water
(3.98 mL) under stirring (1000 rpm). Then 1 mM of dopamine hydro-
chloride in aqueous solution (20 pL) was introduced into the solution.
After stirring for 1 h, the mixed solution was purified in a dialysis bag
(MWCO = 1000 Da) at room temperature for 24 h to remove free mol-
ecules. The loading efficiencies of ICG and R837 were determined by UV
absorbance on a microplate reader (Tecan, Switzerland) and high per-
formance liquid chromatography (HPLC, Shimadzu LC20, Japan),
respectively. The encapsulation efficiency (EE) was then calculated by
the following equation: EE (%) = molecule loaded / molecule added x
100%.

The particle size and zeta potential of IR837 were analyzed using a
Zeta Sizer (Malvern, UK). The morphology of IR837 was recorded by
transmission electron microscope (TEM, FEI Talos, USA).
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Scheme 1. (a) The design and preparation of carrier-free nanoplatform IR837 to codeliver ICG and R837; (b) Schematic illustration of the NIR-triggered photo-
therapy combined with the ICD-based immunotherapy against primary and distal tumors after intravenous injection of IR837.
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2.2. Photothermal response and ROS generation ability of IR837

To evaluate photothermal performance of IR837, free ICG and IR837
were treated with the NIR laser irradiation (808 nm, 0.3-1.2 W/cm?,
5-10 min). The temperature was measured, and the infrared thermal
images were recorded using an infrared thermal imaging camera (FLIR,
USA). The photothermal conversion efficiencies (PCE, 7) were calcu-
lated by the equation described in Supplementary Information.

ROS generation was evaluated using a fluorescence probe SOSG. In
brief, 10 pM SOSG solution was added into ICG or IR837 solution, fol-
lowed by irradiation under NIR laser (808 nm, 0.5 W/cm?, 6 min). The
fluorescence emission spectra of SOSG were profiled every 0.5 min to
calculate the ROS generation based on the fluorescence intensity of
SOSG at 525 nm.

The 2,7-dichlorofluorescein diacetate (DCFH-DA) was used to detect
intracellular ROS generation. 4 T1 cells (2 x 10° cells per well) were
seeded in 12-well plates and incubated overnight. Then the cells were
treated with PBS, free ICG or IR837 (5 pM ICG) for 4 h and then exposed
to NIR laser irradiation (808 nm, 0.5 W/cm?, 5 min). Subsequently, the
ROS generation was tracked by fluorescence microscope (Leica, Ger-
many) after DCFH-DA staining.

2.3. Cellular uptake and distribution of IR837 nanoparticles

The cellular uptake of IR837 nanoparticles was studied by confocal
laser scan microscope (CLSM). 4 T1 cells were seeded in 35 mm confocal
dishes and incubated overnight. Then the cells were treated with ICG or
IR837 (containing 10 pM ICG) for 10 h. After washing with PBS, the cells
were fixed with 4% paraformaldehyde and the nuclei were stained with
DAPI. Images were then acquired using a confocal laser scanning mi-
croscope (CLSM, Zeiss LSM 800, Germany). For intracellular trafficking
study, the lysosome and nuclei of IR837-treated cells were labeled with
Lyso-Tracker and DAPI, respectively.

2.4. Ex vivo tumor penetration of IR837 in 4 T1 tumor spheroids

4 T1 tumor spheroids were prepared and employed to investigate the
photo-triggered deep penetration of IR837 in tumor. Briefly, each well of
96-well plates was coated by 1% agarose (50 pL) and then irradiated
with UV light for 30 min. After that, the plate was added with 1.0 x 10%
4 T1 cells per well. After incubation for 3 days, the spheroids were
identified and then treated with IR837 under laser irradiation (808 nm,
0.5 W/cm?, 5 min). The Z-stack images of spheroids were recorded by
CLSM for deep penetration analysis.

2.5. Invitro cytotoxicity assay

MTT assay was performed to evaluate the cytotoxicity of different
formulations. 4 T1 cells (5 x 10° cells per well) were seeded into 96-well
plates and incubated overnight. After treated with different concentra-
tion (0-15 pM) of ICG formulations for 12 h with or without laser
irradiation (808 nm, 0.5 W/cm?, 5 min), the cells were then incubated
with the medium containing 20 pL. MTT solution. Then the medium was
replaced by 150 pL of DMSO, and the microplate reader was used to
determine the absorbance of different samples at 562 nm. The relative
cell viability was calculated according to the following formula:

Relative viability (%) = (ODsample — ODpgs) / (ODpjank — ODpgs) X 100%

For live/dead cell double staining, 4 T1 cells (1 x 10° cells per well)
were seeded into 24-well plates and incubated overnight. After treated
with different ICG formulations (5 pM ICG) for 6 h with or without laser
irradiation (808 nm, 0.5 W/cm?, 5 min), the cells were stained with
calcein-AM and propidium iodide (PI) solution and then imaged by
CLSM. For apoptosis evaluations, the cells treated with different for-
mulations were stained with Annexin V-FITC and PI solution for flow
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cytometry analysis. The results were then processed by Flowjo software.

2.6. CRT expression, HMGB1 and ATP release from the tumor cells

CRT expression and HMGBI release were examined by immunoflu-
orescence analysis. 4 T1 cells (2 x 10* cells per dish) were seeded into
35 mm confocal dishes and incubated overnight. Subsequently, the cells
were incubated with different formulations (5 pM ICG) for 6 h and then
exposed under the laser irradiation (808 nm, 0.5 W/cmz, 2 min). Then
the cells were fixed using 4% paraformaldehyde for 20 min and per-
meabilized with 0.1% Triton-100 for 15 min. After blocked by 10% goat
serum for 1 h, the cells were incubated with primary antibodies (anti-
CRT, anti-HMGBI1 and anti-HSP70) at 4 °C overnight. The cells were
then incubated with Alexa Fluor 488-labeled secondary antibody (1 h)
and DAPI (15 min), then washed with PBS for three times. Finally, the
cellular fluorescent images were examined by CLSM. For flow cytom-
etry, The cells were collected after blocked by 10% goat serum, then
incubated with antibodies of CRT and HSP70 and detected by flow cy-
tometer. For ATP release assay, the cells were treated as indicated above,
and the supernatants were used to detect ATP release by a chem-
iluminescence assay Kkit.

2.7. In vitro maturation of BMDCs

To investigate in vitro maturation of bone marrow-derived dendritic
cells (BMDCs), we isolated BMDCs from the bone marrow of female
BALB/c mice, and seeded the BMDCs (1 x 10° cells per well) into 24-
well plates. In another 24-well plate, 4 T1 cells (1 x 10° cells per
well) were treated with the ICG formulations (5 pM ICG) for 6 h. After
irradiated with NIR laser (808 nm, 0.5 W/cm?, 1 min), the medium
supernatants were collected and added into the BMDCs. After 24 h, the
BMDCs were stained using anti-mouse antibodies of CD11c-APC, CD80-
FITC and CD86-PE to identify the activated BMDCs by flow cytometry.

2.8. Hemolysis test, pharmacokinetics and biodistribution of IR837

For hemolysis test, the fresh blood was collected from tumor-free
BALB/c mice (5 to 6 weeks) and the red blood cells (RBCs) were then
obtained under centrifugation at 2500 rpm for 10 min, then the RBCs
were washed with PBS three times and suspended in PBS. The RBCs were
mixed with different concentrations of IR837 for 1 h and then centri-
fuged. Finally, the supernatant was measured by a microplate reader at
560 nm. For hematology assay, the fresh blood was collected from
tumor-free BALB/c mice (5 to 6 weeks) treated with PBS or IR837 for 10
days, and tested using an animal blood cell analyzer (BC-2800Vet).

Tumor-free BALB/c mice (5 to 6 weeks) were divided into two groups
and intravenously injected with free ICG and IR837 (1.0 mg ICG/kg),
respectively. Then the blood samples were collected from the retro-
orbital plexus at predetermined time points (0.083, 0.5, 1.167, 3, 7, 12,
and 24 h), and the centrifuged at 1500 rpm for 10 min to obtain the
plasma. The plasma half life of ICG was measured by relative fluores-
cence intensity measured on a microplate reader.

The biodistribution of IR837 was studied in 4 T1 tumor-bearing
mice. The model was developed by subcutaneously injecting 4 T1 cells
(1 x 10° cells per mouse) into the right flank of each female BALB/c
mouse (5-6 weeks). When the tumor volume reached about 150 mm3,
the mice were intravenously injected with free ICG or IR837 (1.0 mg
ICG/kg). At certain time points (0, 3, 6, 12, 24, and 48 h), the NIR
fluorescence signals were recorded using the In Vivo Imaging System
(IVIS Spectrum, PerkinElmer, USA). The major organs were collected
and imaged at 24 h after injection. For in vivo PTT performance, the
thermal images were recorded when the tumor site was irradiated with
NIR laser (808 nm, 0.5 W/cmz, 5 min) after injection.



S. Wang et al.

Chemical Engineering Journal 442 (2022) 136322

Fig. 1. Preparation and characterization of IR837
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2.9. In vivo tumor inhibition and immunohistochemical assay

The 4 T1-bearing mice model was established as described above.
When the tumor volume reached about 100 mm?®, the mice were
randomly divided into 6 groups and intravenously injected with
different formulations at the ICG dose of 1 mg/kg, then irradiated with
NIR laser (808 nm, 0.5 W/cmz, 5 min). Mice treated with PBS were used
as the control group. The weight of the 4 T1-bearing mice were recorded

Omin 1min 2min 3min 4min 5min

PBS

Time (min) Time (min)
20 15
IR837 d —e—0.3 Wiem? o e —+—5uM ——T7.5uM .
+— 0.5 Wiem? - —a—10 yM —+— 15 M v
151 —+—0.8 Wiem? P At o

every day, and the tumor volume was calculated according to the for-
mula: Tumor volume = (length x widthz) / 2.

For anti-distal tumor therapy, 1 x 10° 4 T1 cells per mouse were
subcutaneously injected into the left flank of the mice after the injection
of primary tumor for 6 days, and the tumor volume on the left flank was
measured every day. For hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC) assay, the mice were sacrificed to collect
tumors and main organs (liver, heart, lung, kidney and spleen). After
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Fig. 2. PTT and PDT performance of IR837 nanoplatform under NIR laser irradiation. (a) Infrared thermal images of PBS, ICG and IR837 (containing 10 pM
ICG) under laser irradiation (808 nm, 0.5 W/cmz, 5 min). (b) Temperature profile of different solutions under laser irradiation. (¢) Temperature changes of IR837
under laser irradiation for four cycles of heat-cooling experiment. (d) Temperature profiles of IR837 under different power of laser irradiation. (e¢) Temperature
profile of IR837 in different concentration under laser irradiation (0.5 W/cm?). (f) Fluorescence intensity changes of SOSG at 525 nm after incubated with ICG or
IR837 under irradiation (0.5 W/cm?). Fluorescence images (g) and mean fluorescence intensity (h) of 4 T1 cells stained by DCFH-DA after incubated with various
formulations with (+) or without (-) the laser (scale bar: 100 pm, ***p < 0.001).
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cm?, 5 min) and the mean fluorescence intensity (h) of each group. Scale bar: 100 pm. ***p < 0.001. (i) Flow cytometry analysis and (j) quantitative evaluation of 4
T1 cell apoptosis after treatment with various formulations through Annexin V-FITC/PI staining (LL: lower left; LR: lower right; UR: upper right; UL: upper left). ***p

< 0.001.

weighted, all tumor samples were fixed with 10% formalin solution and
embedded in paraffin. Then 5 pm-thick paraffin sections were sliced for
H&E and IHC assay. To evaluate the therapeutic biosafety of IR837, the
plasma samples were subjected to the hematology analysis of
biochemical markers correlated with liver and kidney function accord-
ing to the instruction of assay kit.

2.10. In vivo evaluation of ICD process and immune response

The ICD process was evaluated by detecting CRT expression,
HMGBI1, and ATP release in 4 T1 tumor harvested from the tumor-
bearing mice in paraffin sections and single-cell suspension. IHC assay
was used to analyze the CRT expression and HMGB1 release as described
above. The ATP in the cell suspension was analyzed by luminescence
assay as illustrated above.

On the 10th day after the phototherapy, we collected the tumors and

spleens of the mice to prepare the single-cell suspension. To detect the
DCs and T lymphocytes infiltration in tumor site or spleen, we stained
the single-cell suspension in tumor or spleen with fluorescent-labeled
antibodies of CD11c-APC, CD80-FITC, CD86-PE, CD3-APC, CD4-FITC
and CDS8-PE, for flow cytometry analysis. The cells of
CD11c¢*CD80"CD86™, CD37CD4" and CD37CD8" were recognized to
be matured DCs, helper T lymphocytes and cytotoxic T lymphocytes,
respectively. Meanwhile, IHC analysis of tumor sections was performed
to visualize cytotoxic T lymphocytes and regulatory T lymphocytes ac-
cording to the quantification of CD8 and CD25, respectively.

3. Results and discussion
3.1. Preparation and characterizations of IR837

The IR837 nanoformulation was prepared through n-x stacking and
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hydrophobic interaction between ICG and R837, and encapsulated with
polydopamine shell to improve the stability and thermal response
(Fig. 1a). The UV-vis spectra (Fig. 1b) of IR837 nanoparticles showed
the characteristic peaks of R837 and ICG at 325 and 780 nm, respec-
tively. We then optimized the molar ratio of ICG versus R837 based on
the results of particle size and encapsulation efficiencies. As shown in
Figure S1 and Table S2, the optimal molar ratio of ICG to R837 was
determined to be 1:1. Under this condition, the encapsulation effi-
ciencies of ICG and R837 were 41.30% and 28.36%, respectively. The
mean diameter of IR837 was 78.93 nm (Fig. 1c; Figure S2a) with ho-
mogenous and spherical morphology (Fig. 1d), which would contribute
to tumor accumulation through EPR effect. Compared with the nano-
particles without polydopamine (Figure S3), IR837 nanoparticles
showed more uniform and stable morphology. After laser irradiation for
5 min (808 nm, 0.5 W/cm?), the polydopamine shell was dissociated and
the IR837 nanoparticles were disparted into smaller (~10 nm) and
irregular ones (Fig. 1d-e, Figure S2b), which would favor the deep
tumor penetration in vivo.

We then studied the stability of IR837. As seen in Fig. 1f, the particle
size and zeta potential of IR837 were very stable when it was stored at
room temperature in dark for 7 days. Besides, IR837 remained stable in
diluted medium, and the lyophilized IR837 still turned homogeneous

after it was resonstited (Figure S4). To further evaluate the photo-
stability, we measured the UV absorbance of ICG and IR837 samples
after irradiation for 5 min and found that the absorbance of ICG solution
significantly declined, but only slightly decreased for IR837 (Fig. 1g-h;
Figure S5), which revealing the good stability of the IR837 during
storage and phototherapy.

3.2. In vitro photoactivity evaluation of IR837

The in vitro photoactivity was evaluated by measuring the temper-
ature increment and ROS generation under the irradiation (808 nm, 0.5
W/cm?). As shown in Fig. 2a-b, the temperature increased nearly 9 °C
for ICG solution and 12 °C for IR837 nanoparticles (containing 10 pM
ICG). Then the photothermal conversion efficiency (PCE) was tested
based on the heat-cooling assay [33], and determined to be 47.88% for
IR837, which was twice higher than free ICG (23.64%). These results
suggested higher PTT efficiency of IR837 formulation (Figure S6a-b,
Table S3). In addition, heat-cooling experiments (Fig. 2c) showed that
IR837 still exhibited stable photothermal response in the period of three
cycles, suggesting the promising potential of IR837 for continuous
photothermal therapy. Moreover, the IR837 nanoformulation displayed
both concentration-dependent and irradiation intensity-dependent
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patterns (Fig. 2d—e).

Next, we tested the PDT effect of IR837 using the singlet oxygen
(0,) indicator SOSG. As seen in Figure S6¢-d, without laser irradiation,
there was little fluorescence of SOSG observed at 525 nm for ICG and
IR837 group. Upon the irradiation for 6 min, the fluorescence was
remarkably increased in both groups (Fig. 2f). Interestingly, the intra-
cellular 10, generation (Fig. 2g-h) in IR837-treated cells was nearly 2.5-
fold stronger than that in ICG-treated cells, suggesting an enhanced
intracellular PDT effect in IR837 group, which was probably induced by
the promoted cellular uptake of IR837 than free ICG.

3.3. Cellular uptake and penetration of IR837

To study the cellular uptake of IR837, we incubated 4 T1 cells with
different formulations and tracked the intracellular distribution of dyes
by confocal laser scanning microscope (CLSM). As shown in Fig. 3a-b,
the red fluorescence in IR837-treated cells was significantly stronger
than those treated with ICG, and the mean fluorescence intensity of the
cells in IR837 group was about 2-fold higher than that of the ICG group
(Figure S7), further suggesting the improved cellular uptake of IR837.
The cellular uptake of IR837 was monitored at different time intervals
(Figure S8) and indicated a time-dependent uptake of IR837. Then the
intracellular distribution was explored by co-localization of IR837
emission with lysosome staining probe, Lyso-Tracker Green. The results
showed a consistent localization between the two dyes (Fig. 3c-d),
which revealed that the IR837 nanoparticles were possibly internalized
through endocytosis pathway.

It has been proposed that the nanoparticles with size of ~ 100 nm
exhibited high accumulation around the leaky regions of the tumor
vasculature, but low penetration into the dense collagen matrix of solid
tumor [34]. On the contrary, the nanoformulations with smaller particle
size (<20 nm) are believed more favorable in deep tumor penetration
[35]. Therefore, we used 4 T1 tumor spheroids as the ex vivo 3D tumor
model, and investigated the tumor penetration of IR837 under thermal

§
)
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response of the polydopamine layer. The results showed that in the
tumor spheroids treated with IR837 before irradiation, the fluorescence
mostly located on the periphery of the tumor spheroids (Figure S9). By
contrast, after irradiation, the IR837-treated cells showed stronger
fluorescence from the deeper site of 90 pm. This observation clearly
demonstrated enhanced penetration capability of IR837 after irradia-
tion, which is probably attributed to the increased temperature in tumor
site and sequentially dissociation of IR837.

3.4. Cytotoxicity assay

Next, MTT assay was applied to investigate the cytotoxicity of
different formulations in 4 T1 tumor cells. After incubated with ICG and
IR837 up to 15 pM without laser applied, the 4 T1 cells remained high
viability, suggesting the low cytotoxicity of the IR837 nanoformulation.
When the cells were exposed to NIR laser (808 nm, 0.5 W/cmz, 5 min),
the IR837 displayed obvious antitumor efficacy (Fig. 3e-f; Figure S10).
The photo-induced antitumor effect was then evaluated using live-dead
double staining assay. As seen in Fig. 3g, there was almost no PI fluo-
rescence in the cells without laser irradiation. After exposure to laser
irradiation, more cells were dead in IR837 group than ICG group
(Fig. 3h), which verified efficient phototoxicity of IR837 over ICG. The
flow cytometry results (Fig. 3i-j) demonstrated that the highest
apoptosis (65.1%) was observed in IR837 plus irradiation group, which
would benefit the occurrence of ICD-induced immune responses.

3.5. Invitro evaluation of ICD-activated BMDCs maturation

Phototherapy has been reported to induce an immunological
response through immunogenic cell death (ICD) process (Fig. 4a), which
is usually characterized by release of damage associated molecular
patterns (DAMPs), such as adenosine triphosphate (ATP), high mobility
group box 1 (HMGB1) and heat shock protein 70 (HSP70) from dying
tumor cells [36]. Hence, we investigated the phototherapy-induced ICD
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by analyzing CRT expression on the 4 T1 cells incubated with PBS, R837
and ICG formulations (5 pM ICG) using immunostaining analysis and
flow cytometry. CLSM results displayed that under irradiation, ICG
could slightly induce CRT exposed to the cell surface. However, the CRT
expression was significantly promoted in the cells treated with IR837
under irradiation (Fig. 4c-d), and the flow cytometry results
(Figure S11) showed similar results with CLSM. Furthermore, the
HMGB1 release was evaluated. The immunofluorescence results showed
that the green fluorescence of nuclear protein HMGB1 overlapped well
with the nucleus in the groups without laser irradiation, indicating little
release of HMGBI1 from the cells. Under the irradiation, the release of
HMGB1 was induced from the nucleus in both ICG and IR837 groups
(Fig. 4e), in which the HMGBI release in IR837 group (87.7%) was 3.0-
fold more than ICG group (Fig. 4f). Then, we measured the ATP release,
as it serves as chemotaxis reagent to recruit antigen presenting cells
(APCs) to facilitate the ICD process. The results showed that the cells
treated with IR837 under laser irradiation released more ATP than ICG
with irradiation (1.4 fold) and IR837 without irradiation (1.5 fold)
(Fig. 4b). Moreover, the expression of HSP70 was significantly up-
regulated in IR837 group under irradiation by CLSM and flow cytom-
etry (Figure S12). These results suggested remarkable photothermal-
induced ICD process.

As ICD process could promote the maturation and antigen-presenting
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ability of DCs, we further investigated ex vivo maturation of BMDCs.
After isolated from female BALB/c mice [37], BMDCs were incubated
with the supernatants of 4 T1 cells pre-treated with different formula-
tions, then characterized by flow cytometry. The cells with
CD11c*CD80"CD86™ would be defined as matured BMDCs. As shown in
Fig. 4g, under the irradiation, significantly more matured BMDCs
(41.8%) were acquired in IR837 group than R837 (13.40%) and ICG
(18.8%) group (Figure S13), which proving effective maturation of
BMDCs through ICD process induced by IR837 with laser.

3.6. In vivo pharmacokinetics and photothermal response of IR837

To study the blood biocompatibility of the nanoparticles, we thus
performed the hemolysis test. As shown in Figure S14, the hemolysis
rate of IR837 with different concentrations was lower than 5.0%.
Furthermore, hematology assay of BALB/c mice showed consistent re-
sults between PBS and IR837 groups (Table S4). These results suggested
good blood compatibility of IR837.

Before the performance of phototherapy, we first investigated the
pharmacokinetics of ICG and IR837 after intravenous injection into
healthy mice. As shown in Fig. 5a, the ICG showed a half life (t;,2) of
5.32 h, while IR837 formulation exhibited a prolonged blood circulation
with ty 5 of 12.95 h (Figure S15). Subsequently, the tumor accumulation
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of IR837 in 4 T1 tumor-bearing mice was monitored (Fig. 5b), and in
vivo images showed that the ICG fluorescence distributed in multiple
parts of the body within 12 h. After 12 h, the fluorescence gradually
became weak. However, the fluorescence in tumor site was continuously
bright in IR837 group. Even over 24 h after injection, the fluorescence
was still strong and mainly located at the tumor site, indicating a pro-
longed tumor retention of IR837 (Fig. 5c). After 24 h, the tumors and
major organs were collected and imaged (Fig. 5d). As seen in ICG group,
the fluorescence in liver and kidney was significantly stronger than that
in tumor, suggesting that ICG was metabolized rapidly through the liver
and kidney. In contrast, the IR837 fluorescence in tumor was obviously
stronger than other organs, and was about 6-fold higher than ICG group
(Fig. 5e), which further confirmed the enhanced tumor accumulation of
IR837. Moreover, IR837-treated tumor showed stronger fluorescence
after NIR irradiation (Figure S16), which suggested enhanced penetra-
tion of IR837 after irradiation benefited from the thermal-induced
dissociation.

Next, we recorded the infrared thermal images of 4 T1 tumor-bearing
mice intravenously injected with IR837, and irradiated by laser 24 h
after the intravenous injection. Considering the extremely high tem-
perature (above 50 °C) could generate immunosuppressive cytokine,
immune escape of tumor cells [38] as well as damage to normal tissues
[39-40], we used a low NIR laser density (0.5 W/cm?) in the photo-
therapeutic experiments. As shown in Fig. 5f-g, the tumor temperature
in ICG group increased by about 5.9 °C (up to 38.6 °C), and rose to
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45.1 °C in IR837-treated mice. The mild temperature in IR837 group
would favor the phototherapy with hopefully less harmful to healthy
tissues.

3.7. Photo-induced antitumor efficacy of IR837 in tumor-bearing mice

For in vivo anti-tumor phototherapy, we established the 4 T1 tumor-
bearing mice model by subcutaneous injection of 4 T1 cells (1 x 10° cells
per mouse) into the right flank. When the tumor volume reached about
100 mm?, the mice were randomly divided and treated by PBS, R837,
ICG and IR837 (1.0 mg/kg of ICG) with or without NIR laser irradiation
(808 nm, 0.5 W/cmz, 5 min) at 24 h after the injection (Fig. 6a). Then
the tumor volume and body weight of the mice were monitored in the
following 17 days. The tumor growth was slightly inhibited in ICG or
R837 groups, while obviously inhibited in the IR837 plus laser group
(Fig. 6b). The results indicated that phototherapy or immunotherapy
alone cannot achieve efficient antitumor effect. As expected, synergetic
effect of photo-induced immunotherapy was observed in IR837 group.
At the 17th day, the tumor weight of mice in IR837 group with irradi-
ation was 5.9-fold lighter than that of PBS group (Fig. 6¢, h and 1i).
Administration of IR837 with irradiation achieved the tumor suppres-
sion rate as high as 83.83% and even two mice in this group were finally
tumor-free. Hematoxylin-eosin (H&E) staining results showed the tumor
cell damage and nuclear deformation in IR837 with irradiation
(Figure S17), confirming that the IR837 showed great potential in the

Fig. 7. ICD process and systematic immune acti-
vation induced by photothermal immunotherapy
in 4 T1 tumor-bearing mice after intravenously
injected with different formulations. (a) Schematic
‘ illustration of the immune system activation. (b) IHC

staining of apoptosis and ICD process markers (Ki67,
HSP70, CRT and HMGB1) in the tumor sections. Scale
bar: 100 pm. (¢) Quantitative analysis of Ki67 protein.
(d) Relative release of ATP in single-cell suspension of
the tumors. (e) Percentage of mature DC
(CD807CD86™") detection in the tumor site through
flow cytometry. (f) Quantitative analysis of mature
DC (CD80'CD86"). Helper T lymphocytes
(CD3"CD4™") (g) and cytotoxic T lymphocytes (CTLs)
(CD3"CD8") (h) in tumor site after photo-
immunotherapy. Helper T lymphocytes (CD37CD4™)
(i) and CTLs (CD3"CD8") (j) in spleen after photo-
immunotherapy. (k) Immunofluorescence (IF) stain-
ing of CTLs (CD8") and regulatory T lymphocytes
(Treg, CD25") in the tumor sections. Scale bar: 100
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antitumor treatment. Overall, even under low dose (1 mg/kg) of ICG and
mild temperature elevation to about 45 °C, the anti-tumor effect was still
obvious. To investigate whether the phototherapy would effectively lead
to antitumor immunotherapy, we established distal tumor model on
BALB/c mice by subcutaneous injection of 4 T1 cells (1 x 10° cells per
mouse) into the left flank. As shown in Fig. 6d—e, j-k, after injected with
IR837 under irradiation on primary tumor, the growth of the abscopal
tumors was also inhibited, which suggested that the administration of
IR837 with laser irradiation could lead to effective treatment against
distal tumor growth. During the treatment, there was almost no weight
fluctuation of the mice (Fig. 6f). Furthermore, the plasma biochemical
markers indicating liver and kidney function were determined, such as
alanine aminotransferase (ALT), blood urea nitrogen (BUN) and aspar-
tate transaminase (AST), and results showed that level of the markers
was almost similar in IR837 and PBS group (Fig. 6g, Figure S18), con-
forming the low side effect of IR837 administration. The H&E staining
(Figure S19) results suggested good biocompatibility of IR837.

3.8. Verification of the antitumor immune response

The immune-potentiating effects of IR837 nanoplatform were then
clarified in 4 T1 tumor-bearing mice (Fig. 7a). The immunohistochem-
ical (IHC) staining results showed that the expression of ki67 protein in
the tumor of IR837 irradiation group was significantly reduced (27.7%),
indicating that proliferation of tumor cells was inhibited (Fig. 7b—c).
After that, ICD process was studied by measuring the release of DAMPs
(CRT, HSP70, HMGB-1 and ATP) in dying tumor cells (Fig. 7b, d). As
HSP70 protein could effectively activate dendritic cells (DCs), HSP70
protein was significantly upregulated in IR837 group with irradiation,
suggesting the possibility of immune response induced by HSP70. Then,
the IHC examination of the tumor sections verified the in vivo CRT
exposure and HMGB1 release, and the chemiluminescence assay of
single cell suspension confirmed the ATP release. These results demon-
strated the occurrence of ICD process induced by the phototherapy.

Next, we investigated the ability of IR837 to stimulate in vivo DC
maturation (CD11c*, CD80", CD86™). The tumor tissue was harvested
to prepare the single cell suspension for flow cytometry, and the results
(Fig. 7e~f) showed that neither free ICG nor R837 could stimulate DC
maturation. However, mature DCs was found in IR837 group under
irradiation, indicating that the phototherapy-induced ICD process by
IR837 could effectively activate immune response in tumor site.

As the matured DCs could activate cytotoxic T lymphocytes (CTLs)
and helper T lymphocytes, and induce systematic immune effect
[41-42], we studied immune cells infiltration at tumor site and sys-
tematic immune activation in spleen of the mice on the 10th day after
the injection. As shown in Fig. 7g-h, IR837 administration with irradi-
ation induced the highest level of CD37CD4" helper T cells and
CD37CD8" CTLs in tumor (Figure S20a), and the infiltration of these
immune cells would benefit the reversion of “cold” tumor into “hot”.
Moreover, IR837 group with irradiation led to the highest proportion of
CTLs and helper T lymphocytes in the spleen (Fig. 7i-j, Figure S20b),
confirming that injection of IR837 followed by laser could effectively
activate systematic immune. To visualize the CD8" and CD25" T cells in
tumor tissue, we then performed immunofluorescence staining of tumor
sections and found that IR837 under irradiation efficiently activated
CD8™ CTLs in tumor (Fig. 7k). Inmunofluorescence results showed that
IR837 could significantly downregulate the percentage of CD25" Treg
cells under light exposure (Fig. 71), indicating the remodeled tumor
microenvironment. All results above demonstrated that IR837 could
activate the immune system by inducing ICD under irradiation and turn
the “cold” tumor into “hot” with systematic anti-tumor efficiency.

4. Conclusion

In this study, we designed a photothermal-induced immunotherapy
nanoplatform IR837 for efficiently and deeply penetrating anti-tumor
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treatment. IR837 nanoparticles were conveniently constructed based
on a coordination interaction between ICG and R837, and stayed stabe
within one week. After administration, the IR837 nanoformulation held
a prolonged half-life (2.4 times than free ICG). The nanoplatform was
dissociated into smaller nanoparticles in response to high temperature,
which greatly favors the deep penetration of ICG into the solid tumor
under mild temperature (45 °C). The immune system was then activated
through ICD process aided with R837. Finally, the immunotherapy
successfully converted “cold” tumor into “hot” tumor against both pri-
mary and distal tumor. To sum up, our design provides a promising
synergistic therapy of photothermal treatment with immunotherapy in
anti-tumor therapy with efficient outcome and good biocompatibility.
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