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Abstract

Cancer treatment by inducing tumor cell immunogenic cell death (ICD) is critical for
tumor therapy. However, ICD activation by single pathway is often limited in practical
application due to its low efficiency. In addition, the low pH and anoxic microenvi-
ronments in solid tumors greatly limit the effective activation of ICD. Herein, hollow
manganese dioxide (H-MnO,) nanomaterials were selected to load both Mitoxantrone
(MTZ) and Chlorin e6 (Ce6) due to its hollow structure and ability to release drugs in
the acidic environments. Thus, the synergy of photodynamic therapy (PDT), photo-
thermal therapy (PTT) and chemotherapy can induce the process of immunogenic
cell death, stimulate the maturation of dendritic cells (DCs), and activate the immune
response to kill tumor cells dramatically. Efficient immunotherapeutic effects were
obtained when MnO,-C/M-HA was given intravenously to 4T1 tumor-bearing BALB/c
mice with 660 nm near-infrared laser irradiation. This study overcame the limitations of
monotherapy and provided a multifunctional platform for tumor immunotherapy.

Keywords: Manganese dioxide, Photodynamic therapy, Photothermal therapy,
Chemotherapy, Immunogenic cell death

Introduction

Immunotherapy for cancer usually includes immune checkpoint therapy, CAR-T cell
technology, and cancer vaccines (Yang 2015; Zhang and Zhang 2020). The immuno-
genicity of tumor cells is an emerging determinant of tumor immunotherapy. It has been
found that it is possible to increase the immunogenicity of tumor cells by modulating
their death process (Garg and Agostinis 2017). Immunogenic cell death (ICD) is a pro-
cess in which dying tumor cells promote the maturation of dendritic cells by producing
damage associated molecular patterns (DAMPs), including calreticulin (CRT), high-
mobility group box 1 (HMGB1), and adenosine triphosphate (ATP) (Krysko et al. 2012;
Kroemer et al. 2013). Mature dendritic cells can present antigens to T cells and promote
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the formation of cytotoxic CD8" T lymphocytes (Bol et al. 2016; Sabado et al. 2017),
thus further realizing the killing of tumor cells.

ICD can usually be induced by some phototherapeutic pathways. Photodynamic ther-
apy (PDT) mainly refers to a process in which the photosensitizer is activated by laser
irradiation with specific wavelength and reactive oxygen species (ROS) are produced,
thus producing cytotoxic effects on tumor cells (Agostinis et al. 2011; Donohoe et al.
2019). The PDT process has been reported to be able to induce ICD (Alzeibak et al.
2021). While photothermal therapy (PTT) is that, after laser irradiation photothermal
agent produces high temperature above 42 °C, thus inducing the damage and necrosis of
tumor cells (Zou et al. 2016; Deng et al. 2021). PTT is also a pathway to induce ICD (Xu
and Liang 2020). What’s more, some common chemotherapeutic drugs such as doxoru-
bicin (DOX) (Dai et al. 2020), can also be used as inducers of ICD. However, the use of
a kind of single treatment to induce ICD-induced treatment is not strong. For instance,
phototherapy approaches such as PDT and PTT are often inefficient in their anti-
tumor treatment due to the limited tissue penetration during laser irradiation (Jeong
et al. 2021). In particular, the PDT process is extremely oxygen-dependent. Therefore,
combining multiple therapeutic approaches such as PDT, PTT and chemotherapy may
induce higher levels of ICD to increase tumor immunogenicity (Li et al. 2019; Zhang
et al. 2021).

Mitoxantrone (MTZ) as a chemotherapy agent can induce ICD (Fan et al. 2017; Mei
et al. 2020). In addition, it can also be used as a photothermal agent due to its strong
near-infrared absorption in the wavelength range of 600—700 nm (Wang et al. 20204, b;
Ni et al. 2021). Chlorin e6 (Ce6), a common photosensitizer, can be activated by near-
infrared laser at 660 nm to induce the production of ROS (Phua et al. 2019; Wang et al.
20204, b). Thus, Ce6 should be a good option to use in conjunction with MTZ. But the
PDT process depends on the abundance of oxygen (O,), so it is often limited by the
tumor’s anoxic environment to produce enough ROS (Sun et al. 2020). Moreover, free
MTZ and Ce6 have limited targeting and are difficult to reach the tumor site. Hence,
we need to find a suitable carrier to simultaneously load two drugs and assist them to
achieve better synergistic therapy.

Tumor tissue is usually in a low pH, anoxic environment (Boedtkjer and Pedersen
2020; Liu et al. 2021a, b). Its unique properties can greatly limit the function of cytotoxic
T lymphocytes, while manganese dioxide (MnO,) can react with glutathione (GSH) or
hydrogen peroxide (H,0,) in acidic tumor microenvironment to decompose into Mn*"
and produce O, to improve the hypoxic tumor environment (Yang et al. 2017; Cao et al.
2020; Huang et al. 2020). The O, produced during this reaction can be used by the PDT
process. Besides, hollow MnO, structure can also achieve effective drug delivery and
drug release (Yang et al. 2017), which can be used as an efficient drug delivery carrier.

In this work, we synthesized MnO,-C/M-HA nanomaterials to implement the photo-
chemo-immunotherapy (Fig. 1). The hollow MnO, structure was used to load the pho-
tothermal chemotherapy agent MTZ and the photosensitizer Ce6. The outer layer was
coated with hyaluronic acid (HA). After entering the acidic environment of tumor,
MnO, could react with GSH and H,0,, degrade to Mn?", and then the two drugs were
released. The nanomaterials could produce enough O, by reacting with H,0,. Under
660 nm near-infrared light stimulation, the activation of Ce6 induced the production
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Fig. 1 Schematic illustration of designing MnO,-C/M-HA for photo-chemo-immunotherapy. MnO, degrades
after reaction in acidic environment, releasing Ce6 and MTZ. Under the irradiation of 660 nm near-infrared
laser, Ce6 is activated and induces ROS production. MTZ also plays a role in both chemotherapy and

PTT. Synergistically stimulate tumor cells to release DMAPs, promote DCs maturation, and further induce
anti-tumor immune response

of ROS, resulting in toxic effects on tumor cells. Meanwhile, MTZ also induced thermal
ablation of tumor cells by photothermal heating. The chemotherapy effect of MTZ itself,
combined with PDT and PTT, could induce strong ICD effects. DAMPs release from
dying tumor cells were stimulated to induce DCs maturation, which could present anti-
gens to T cells and activate anti-tumor immunity.

Materials and methods

Materials, cell lines and animals

Ammonium hydroxide, formaldehyde (HCHO) and potassium permanganate (KMnO,)
were purchased from TCI (Shanghai, China). Tetraethyl orthosilicate (TEOS) and resor-
cinol were purchased from Aladdin (Shanghai, China). Chlorin e6 (Ce6) was purchased
from Meilunbio (Dalian, China). Mitoxantrone (MTZ) was purchased from Med-
ChemExpress (Shanghai, China). hyaluronic acid (HA) was purchased from Feiyubio
(Nantong, China). 4/,6-diamidino-2-phenylindole (DAPI), 2’,7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA), calcein/propidium iodide (PI) Cell Viability/Cytotoxicity
Assay Kit and ATP Assay Kit were purchased from Beyotime (Shanghai, China). Cobalt
chloride (CoCl,) was purchased from TMstandard (Beijing, China). MTS Cell Prolif-
eration and Cytotoxicity Assay Kit was purchased from Keygenbio (Nanjing, China).
YF®488-Annexin V/PI Cell Apoptosis Kit was purchased from Bioscience (Shang-
hai, China). GM-CSF and Recombinant Mouse IL-4 were purchased from Novopro-
tein (Beijing, China). Collagenase I and Collagenase IV were purchased from BioFroxx
(Germany). HMGB1 ELISA kit was purchased from MSKBIO (Wuhan, China). Mouse
TNEF-a and IL-6 Precoated ELISA kit were purchased from DAKEWE (Beijing, China).
Antibodies used in this study are listed in Additional file 1: Table S1. 4T1 cells were pur-
chased from American Type Culture Collection and incubated under 37 °C within 5%
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CO, atmosphere. Culture medium was composed of high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 1% penicillin and streptomy-
cin. BALB/c female mice (SPF grade, 4—6 weeks old, weighing approximately 18 g) were
purchased from Huachuang Sino (202203A002). These mice were raised in Laboratory
Animal Center of Nanjing University of Chinese Medicine. All experiments conformed
to animal ethics.

Synthesis of MnO,-C/M-HA

The H-MnO, were synthesized by a previously reported method (Yang et al. 2017).
Firstly, 1.3 mL ammonium hydroxide and 1.4 mL TEOS were added to a 2:1 mixture
of ethanol and distilled water. The white translucent SiO, core was obtained by water
bath stirring at 30 °C. Then, 0.12 g resorcinol and 0.3 mL HCHO were added and mixed
overnight at 30 °C to obtain the SiO,@RF template. After centrifugation at 12,000 rpm
and cleaning for three times, 0.4 g KMnO, was added for ultrasonic reaction for 6 h.
After centrifugation at 12,000 rpm and cleaning for three times, precipitation was taken
and resuspended. Then an appropriate amount of 1 M NaOH solution was added, and
etched in water bath at 80 °C for 6 h. After centrifugation at 12,000 rpm and cleaning
for three times, H-MnO, products could be obtained. For drug loading, the H-MnO,
solution (1.0 mg mL™') was mixed with different concentrations of Ce6 and MTZ for
12 h at room temperature. Before that, the stock solution of the drug was diluted with
pure water to the required concentration before loading. Finally, the loaded product
was mixed with 0.5 mg mL~! HA whose pH had been adjusted to 7.4 for 2 h under the
normal temperature. After centrifugation at 12,000 rpm and cleaning for three times,
MnO,-C/M-HA could be obtained.

Characterizations

Transmission electron microscopy (TEM, JEM-2200CX) was applied to characterize the
morphology of nanomaterials. UV-vis spectra were measured by multiskan spectrum
(FlexA-200). The zeta potentials of nanomaterials were determined by a zeta potential
analyzer (NanoSight NS300). The nitrogen adsorption curve was measured by specific
surface and porosity analyzer (ASAP 2460 3.01). The supernatant was detected by spec-
trophotometry (NanoDrop 2000C) for drug loading and release.

Photothermal properties and stability

Various concentrations of MnO,-C/M-HA solutions (20, 40, 60, 80 and 100 pg mL™)
were irradiated by 660 nm laser (1.0 W cm™2, 15 min). The changes in temperature were
monitored by the infrared camera (Testo 869). Then, 660-nm laser with different power
densities (0.6, 0.7, 0.8, 0.9 and 1.0 W cm™2) were applied to 100 pg mL~! MnO,-C/M-HA
solutions and the temperature was recorded. Next, H,O, Ce6 and H-MnO, were also
measured as comparisons. At last, the temperature in the heating—cooling process and
four cycles of on/off states were also measured.

Cellular uptake
4T1 cells were seeded in 24-well plates for 24 h. Then, the medium in each well was
replaced with the same concentration (20 ug mL ") of free Ce6 or MnO,-Ce6-HA for 2 h
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or 6 h. Wash with PBS three times to remove unswallowed drugs. After fixation with 4%
paraformaldehyde for 15 min, the cells were labeled with 4/,6-diamidino-2-phenylindole
(DAPI). Wash three times with PBS to remove excess DAPI. The samples were imaged
by cellular imaging system (Thunder, Leica).

Cell viability and cytotoxicity assay

For cell cytotoxicity assay, 4T1 cells were seeded in 96-well plates at a density of 5 x 10
per well for 24 h. Therein, CoCl, was utilized to mimic hypoxia in 4T1 breast cancer cells
(Yu et al. 2021). 4T1 cells were seeded in 96-well plates overnight and then pretreated
with PBS containing 100 pM CoCl, for 8 h. Then, 4T1 cells were incubated with PBS,
MnO,-HA, MnO,-Ce6-HA, MnO,-MTZ-HA and MnO,-C/M-HA for 6 h and then
treated with or without 660 nm laser irradiation (1.0 W cm™2, 15 min). For another 24 h,
the cell viability was studied by MTS assay and the absorbance at 490 nm was measured
by a multiskan spectrum (FlexA-200). To further compare cell activity and cytotoxicity
between different treatment groups, calcein-AM and propidium iodide (PI) double-flu-
orescent staining were used for cell live/dead assay. In addition, YE®488-Annexin V and
PI were also used to dye cells for flow cytometric analysis to calculate the apoptosis rate
of the cells.

Detection of cellular ROS

4T1 cells were seeded in 24-well plates for 24 h under normoxic and hypoxic conditions.
Then, 4T1 cells were incubated with PBS, Ce6, MnO,-Ce6-HA and MnO,-C/M-HA for
6 h and then treated with or without 660 nm laser irradiation (1.0 W cm™2, 15 min).
After changing serum-free medium, the 2’/,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) was added to each well for 20 min (Han et al. 2020; Wang et al. 20204a, b).
After washing with PBS for three times, the samples were observed under a fluorescence
microscope (MF52-N).

In vitro detection of ICD biomarkers

For the western blot detection of CRT and HMGBI, 4T1 cells (2 x 10° per well) were
seeded in 6-well plate. Then, the cells were incubated with PBS, MTZ, MnO,-MTZ-HA
and MnO,-C/M-HA for 6 h, and irradiated with or without 660 nm laser irradiation (1.0
W cm™2, 15 min). Following another 24 h, the supernatant of cell culture medium was
collected for enzyme-linked immunosorbent assay (ELISA) and the extraction of cell
protein was carried out for subsequent operations. After electrophoresis, membrane
transfer, blocking, primary antibody incubation and secondary antibody incubation,
the final samples were developed with imaging system (Azure C-500). For the immu-
nofluorescence (IF) of CRT and HMGBI, 4T1 cells (5 x 10* per well) were seeded in
24-well plate containing cellular slivers. Then, the cells were incubated with PBS, MTZ,
MnO,-MTZ-HA and MnO,-C/M-HA for 6 h, and irradiated with or without 660 nm
laser irradiation (1.0 W cm ™2, 15 min). Following another 24 h, the cells on slivers were
fixed for subsequent operations. After the process of fixation, permeabilization, block-
ing and immunostaining, counter staining and mounting, the final samples were imaged
by cellular imaging system (Thunder, Leica). Calreticulin-Rabbit Polyclonal Antibody
and HMGB1-Rabbit Polyclonal Antibody were used for primary antibodies. Secondary
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antibody for western blot was Goat anti-Rabbit IgG. Secondary antibody for IF was Cor-
aLite 488 or Cy3-Goat anti-Rabbit IgG.

Detection of intracellular ATP

4T1 cells (1 x 10° per well) were seeded in 12-well plate and then incubated with PBS,
MTZ, MnO,-MTZ-HA and MnO,-C/M-HA for 6 h, and irradiated with 660 nm laser
irradiation (1.0 W c¢cm™2, 15 min). For another 24 h, remove the medium and add 100 ul
cell lysate per well. After centrifugation at 12,000 g at 4 °C for 5 min, supernatant was

taken for subsequent determination.

In vitro DC maturation

Bone marrow-derived dendritic cells (BMDCs) were obtained from BALB/c female mice
femur and tibia, then cultured in DMEM medium supplemented with 15% FBS, GM-
CSF (20 ng mL™") and IL-4 (10 ng mL™?) at 37 °C for 6 days to acquire immature DC.
Then, 4T1 cells and BMDCs were inoculated on both sides of non-contact communica-
tion cell chip for 24 h. Next, 4T1 cells were incubated with PBS and MnO,-C/M-HA for
6 h, and irradiated with 660 nm laser irradiation (1.0 W ¢cm™2, 30 min). For another 24 h,
the cells were fixed for immunofluorescence staining. PE/Cyanine7 anti-mouse CD1l1c,
APC anti-mouse CD80 and PE anti-mouse CD86 were used for staining.

Ex vivo fluorescence imaging and in vivo photothermal effect

For ex vivo imaging, the 4T1 tumor-bearing mice were intravenously injected with free
Ce6 or MnO,-C/M-HA, and the mice were killed at 12 h after injection, and the major
organs were collected for imaging. The fluorescence images were taken by an optical
imaging system (IVIS Spectrum, PerkinElmer). 4T1 tumor-bearing mice were intrave-
nously injected with PBS and MnO,-C/M-HA of 2.5 mg kg™, followed by irradiated (1.0
W cm™2, 660 nm) for 5 min. The changes in tumor temperature were monitored by the
infrared camera (Testo 869).

In vivo synergistic anti-tumor therapy

4T1 cells (5 x 10°) were subcutaneously injected into the breast pad of female BALB/c
mice (4—6 weeks, 18-20 g). Then, the mice were randomly divided into 7 groups (n=5).
When the tumor volume reached 100 mm?, mice were intravenously injected with PBS,
Free MTZ+ Ce6, MnO,-Ce6-HA, MnO,-MTZ-HA and MnO,-C/M-HA of 2.5 mg kg™!
every 3 days. At 12 h post-injection, some groups of mice were irradiated by 660 nm
laser for 5 min (1.0 W cm™2). Tumor volumes and body weight were measured every
other day, and tumor volumes were measured by the equation: V= (length) x (width)?/2.
After 14 days of treatment, the mice were killed and the tumor, heart, liver, spleen, lung,
kidney tissues and peripheral blood were collected. The fixed tumor sections were sub-
jected to immunohistochemistry or immunofluorescence assay. The other major organ
tissues were also stained with hematoxylin and eosin (H&E).

In vivo immune response of the combined therapeutics
Tumor tissue samples were lysed with RIPA lysis buffer according to the protocol and

tumor tissue proteins were extracted for western blot. Tumor tissues were cut into small
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pieces and immersed in 0.5 mg mL~! Collagenase I and 0.5 mg mL~! Collagenase IV
solution for 40 min at 37 °C to obtain single-cell suspension. Then, the cells were stained
with PE/Cyanine7 anti-mouse CD11lc, APC anti-mouse CD80, Brilliant Violet 421"
anti-mouse CD86, APC anti-mouse CD3 and PE anti-mouse CD8, followed by flow
cytometry analysis (Beckman Gallios). Proinflammatory cytokines in serum including
TNEF-a and IL-6 were detected by ELISA immunoassay kit.

Biosafety assessment of MnO,-C/M-HA

In order to evaluate the biosafety of MnO,-C/M-HA in vivo, 12 healthy female BALB/c
mice were prepared. And peripheral blood was collected at day 1, 4 and 7 after tail vein
injection of MnO,-C/M-HA for biochemical analysis of liver and kidney function. Mice
blood cells were collected for hemolysis experiment. The whole blood collected in the
anticoagulant tube was centrifuged at 3000 rpm for 10 min to obtain blood cells. After
three times cleaning with PBS, the blood cells were diluted to 4% volume concentra-
tion. Nanomaterials of different concentrations were mixed with blood cells, and the vol-
ume concentration of blood cells was 2%. After incubation at 37 °C for 3 h, the blood
cells were centrifuged at 3000 rpm for 15 min, and the supernatant was taken to meas-
ure the absorbance at 540 nm. Hemolysis rate (%)=[OD (sample) —OD (PBS)]/[OD
(ddH,0) — OD (PBS)] x 100%.

Statistical analysis

All the data were presented as mean & SD. One-way analysis of variance (ANOVA) was
used to determine the significance of the difference. Statistical significance was set at
*p<0.05, *p<0.01, **p <0.001.

Results and discussion

Synthesis and characterization of Mn0O,-C/M-HA

The procedure for the synthesis of H-MnO, is illustrated in Additional file 1: Fig. S1.
We first prepared SiO,, on this basis to form SiO,@RF and further synthesize SiO,@
MnO,. This method mainly used SiO, as the core, and then formed MnO, shell through
the chemical reaction between RF and KMnO,. Finally, the SiO,@MnO, can be etched
into H-MnO, under alkaline conditions. The H-MnO, presented mesoporous shell and
hollow spherical structure which observed by transmission electron microscopy (TEM)
(Fig. 2a). The porosity and specific surface of H-MnO, were measured by Brunauer—
Emmett—Teller (BET). Nitrogen adsorption experiments showed that H-MnO, had
a high specific surface area due to its hollow structure and pores, which proved that
H-MnO, could be used as an effective drug delivery carrier (Fig. 2b). MTZ is a com-
monly available chemotherapy drug for delivery. Ceb6 is also a commonly used photosen-
sitizer. The two drugs diluted into different concentrations were mixed with 1 mg mL™*
H-MnO, under dark conditions overnight. Drugs can be loaded onto the carrier through
the micropores on the surface of H-MnO,. After centrifugation, the absorbance of
supernatant at drug characteristic wavelength was determined by spectrophotome-
try. It is found by calculation that, at the feeding weight ratio (Drug: MnO,) of 1:2, the
loading ratio (Fig. 2c) of Ce6 and MTZ was evaluated to be 39.05% and 43.75%. And
at the feeding weight ratio (drug:MnO,) of 1:1, the loading ratio of Ce6 and MTZ was
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Fig. 2 Synthesis and characterization of MnO,-C/M-HA. a TEM image of H-MnO, nanoparticles. b N,
adsorption/desorption isotherms of the H-MnO, nanoparticles. ¢ Ce6 and MTZ loading ratios in MnO, at
different feeding drug: MnO, ratios. d The UV-Vis absorption spectra of Ce6, MTZ, MnO,-HA and MnO,-C/
M-HA. e Zeta potential of H-MnO,, MnO,-C/M and MnO,-C/M-HA, and data were expressed as mean =4 SD
(n=3). f Percentages of released Ce6 and MTZ from MnO,-C/M-HA over time under different conditions.
Data were expressed as mean£SD (n=3)

evaluated to be 93.99% and 93.18%. The UV-Vis absorption spectra (Fig. 2d) of Ce6,
MTZ, MnO,-HA and MnO,-C/M-HA can also confirm the successfully loading of Ce6
and MTZ. Due to the loading of two drugs, the absorption peaks of the nanomaterials at
400 nm and in the range of 600-700 nm have changed. The UV absorption spectra for
samples loaded with only one drug in Additional file 1: Fig. S2 can be used as a reference
too. By comparing the changes in Zeta potential (Fig. 2e) of H-MnO,, MnO,-C/M and
MnO,-C/M-HA can also demonstrate the successful drug loading and package of HA.
With surface HA coating, it is obvious that the stability and dispersion (Additional file 1:
Fig. S3) of MnO,-C/M-HA were also improved.

According to TEM results in Additional file 1: Fig. S4, MnO, can be locally cleaved into
Mn?" under acidic conditions. To validate drug release (Fig. 2f), the MnO,-C/M-HA
were studied in solutions at different pH values. When the pH is 7.4, the nanomaterials
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were very stable and few drugs were released. Compared with pH 7.4, the release speeds
of drugs were much faster in mild acidic solutions. The release rate of MTZ reached
67.09% under the condition of pH 5.5 at 24 h. And the release rate of Ce6 is 51.21%.
Thus, through the verification of the morphology and structure, drug loading properties
and drug release efficiency of H-MnO,, we proved that H-MnO, can be used as an effec-
tive carrier for MTZ and Ce6 combined delivery.

Photothermal properties of MnO,-C/M-HA

Considering the NIR absorption of MnO,-C/M-HA at about 660 nm, the photother-
mal properties of MnO,-C/M-HA was studied. As presented in Fig. 3a, b, the temper-
ature of MnO,-C/M-HA of different concentrations (20, 40, 60, 80 and 100 pg mL™")
were measured by infrared thermal imager every 60 s within 15 min. The temperature
of MnO,-C/M-HA solutions with a concentration of 100 pg mL~"! could be raised to
55.5 °C under laser irradiation (660 nm, 1.0 W cm™2). In addition, the temperature of the
MnO,-C/M-HA solutions of 100 ug mL ™! also increased along with the increase of irra-
diation power (0.6, 0.7, 0.8, 0.9 and 1.0 W cm~2) (Fig. 3c). The higher the power selected,
the more obvious the temperature rose. To further prove the major heating components,
as illustrated in Fig. 3d, MTZ is the most effective photothermal agent that can heat up
in MnO,-C/M-HA nanomaterials compared to other components such as MnO, and
Ce6. By turning laser on and off, temperature changes of 100 ug mL™' MnO,-C/M-HA
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Fig. 3 Photothermal properties of MnO,-C/M-HA. a Infrared thermal image of MnO,-C/M-HA with different
concentrations and under different irradiation time of the 660 nm laser (1.0 W cm™2). b Photothermal heating
curves of MnO,-C/M-HA with different concentrations under NIR laser (660 nm, 1.0 W cm~2). ¢ Photothermal
heating curves of MnO,-C/M-HA (100 ug mL~") exposed to 660 nm laser with different power densities. d
Photothermal heating curves of H,O, Ce6, H-MnO, and MnO,-C/M-HA under 660 nm laser irradiation (1.0

W cm~?). e Temperature variation curve of MnO,-C/M-HA under 660 nm laser irradiation (1.0 W cm™2).
Temperature changes of MnO,-C/M-HA during four on/off cycles of laser irradiation
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were recorded (Fig. 3e) and the photothermal stability of MnO,-C/M-HA was also
tested under four cycles of heating and natural cooling (Fig. 3f). It was found that the
photothermal effect of nanomaterials remained basically steady. The above experiments
explained the MnO,-C/M-HA could be used as a kind of stable nanodrug with excellent
photothermal stability to ensure sustained photothermal tumor cell killing.

Cytotoxicity of MnO,-C/M-HA in vitro

Before evaluating the effect of MnO,-C/M-HA on 4T1 tumor cells, the uptake of nano-
materials by 4T1 cells was observed. The cell uptake of free Ce6 and MnO,-Ce6-HA
at different time points was observed by cellular imaging system (Additional file 1: Fig.
S5). The results showed that the uptake of MnO,-Ce6-HA by 4T1 cells was significantly
higher than that of free Ce6. This suggests that drug delivery through H-MnO, and the
inclusion of HA in the outer layer can increase drug uptake by 4T1 cells. Then, MTS
assay was used to determine the effects of different drug treatment groups on 4T1 cyto-
toxicity at the same concentration for 24 h. Unmodified H-MnO, itself had less toxic
effects on 4T1 cells. The cytotoxicity of nanomaterials was greatly enhanced after drug
loading, and the killing effect was enhanced under the irradiation of 660 nm laser (Addi-
tional file 1: Figs. S6—S8). As shown in Fig. 4a, when treated with MnO,-HA loaded with
only one drug, it could have a certain degree of inhibition of cell activity compared with
no drug loading. However, when MnO,-HA was simultaneously loaded with MTZ and
Ceb, the cell activity can be significantly inhibited under laser irradiation. The cell via-
bility after MnO,-C/M-HA with laser irradiation treatment was only 31.32%. This indi-
cated that laser irradiation can simultaneously activate the PTT of MTZ and the PDT
of Ce6. PTT and PDT, together with the chemotherapy effect of MTZ itself, synergisti-
cally inhibited the viability of 4T1 cells. In addition, we also used CoCl, to simulated cell
hypoxia. According to Additional file 1: Fig. S9, the killing effect of MnO,-C/M-HA with
laser irradiation on 4T1 cells was still very obvious under the condition of hypoxia. The
cell viability was only 52.16%. This suggested that the effect of MnO,-C/M-HA nano-
materials was not affected by the hypoxic environment. It was mainly due to the oxy-
gen provided by MnO,. To further compare the cell activity and cytotoxicity of different
treatment groups, cell live and dead assay was performed by Calcein-AM and PI double-
fluorescence staining (Fig. 4b). YF®488-Annexin V and PI were also used to stain cells,
and the apoptotic populations of the 4T1 cells treated with different formulations were
analyzed and compared by flow cytometry (Fig. 4c). The quantitative results are shown
in Fig. 4d. Compared with other treatment groups, MnO,-C/M-HA with laser irradia-
tion could hardly induce cell apoptosis. The apoptosis rate of the cells under this treat-
ment could reach 96.81% on average.

In order to further verify the effect of PDT and ROS generation, we added DCFH-
DA probe (Han et al. 2020; Wang et al. 2020a, b) to the treated cells and observed the
production of ROS by fluorescence microscope (Fig. 4e). Under normoxia conditions,
cells treated with Ce6, MnO,-Ce6-HA and MnO,-C/M-HA could produce ROS after
laser irradiation, and the treatment groups with MnO, providing oxygen to Ce6 could
produce more ROS. In the hypoxic condition, only adding Ce6 and laser irradiation
produced insufficient ROS, but the MnO,-Ce6-HA and the MnO,-C/M-HA treatment
groups could produce more ROS after laser irradiation (Additional file 1: Fig. S10).
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Fig. 4 In vitro experiments with MnO,-C/M-HA. a The cytotoxicity of 4T1 cells of varying formulations

with or without 660 nm (1.0 W cm™2, 15 min) for 24 h. b Fluorescence images of Calcein-AM and Pl double
stained 4T1 cells treated by different formulations. Scale bar: 100 um. ¢ Flow cytometric analysis of apoptosis
of 4T1 cells receiving different treatments and evaluated by Annexin V and P! staining. d Quantifcation
results of apoptotic cells. I, Control; Il, MnO,-HA + laser; lll, MnO,-Ce6-HA + laser; IV, MNO,-MTZ-HA + laser; V,
MnO,-C/M-HA; VI, MnO,-C/M-HA + laser. e Fluorescence microscope images of ROS generation by DCFH-DA
staining in cells. Scale bar: 100 um. f Western blot analysis of CRT, HMGB1 proteins expression after 4T1 cells
treated with different approaches. |, Conttrol; Il, MTZ; Ill, MNO,-MTZ-HA; IV, MnO,-C/M-HA; V, MTZ +laser;

VI, MnO,-MTZ-HA + laser; VIl, MnO,-C/M-HA 4+ laser. g Fluorescence microscopic images to show the CRT
exposure on and HMGB1 release from 4T1 cells after various treatments. Scale bar: 50 um. h Detection of the
released HMGB1. All the data were displayed as mean £ SD (*p < 0.05, **p <0.01 and ****p <0.0001)

Taken together, these results demonstrated that PDT, PTT and chemotherapy had been
combined to achieve a significant effect on 4T1 cells by using MnO, as a carrier and pro-
viding oxygen.

ICD response of MnO,-C/M-HA in vitro

MTZ itself can act as the inducer of ICD. PDT and PTT can also cause ICD. When
ICD occurs, CRT expression is increased on the surface of tumor cells, sending a
“eat me” signal to immune cells, which activates the immune response. HMGB1
itself is a protein highly expressed in the nucleus of tumor cells. When tumor cells
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are stimulated, HMGB1 passes through the nuclear membrane and plasma mem-
brane, migrates and releases into the extracellular cell, and activates the corre-
sponding immune pathway (Krysko et al. 2012; Fucikova et al. 2020). As displayed
in Fig. 4f, CRT and HMGBI proteins expression after 4T1 cells treated with different
drugs were assessed by western blot. Among different treatment groups, the expres-
sion of CRT proteins in the MnO,-C/M-HA with laser treatment group was signifi-
cantly higher than that in the other groups, while the content of HMGB1 was lower
than that in the other groups. In addition, as shown in Fig. 4g, after 4T1 cells were
treated with MnO,-C/M-HA with laser irradiation, the expression of CRT proteins
on cell membrane was particular obviously. However, the expression of HMGB1 pro-
teins in the nucleus were decreased compared with the control group, indicating that
HMGBI1 protein was released from the cell after drug stimulation. Besides, cell cul-
ture supernatants of different treatment groups were collected for ELISA, and the
results showed that the release level of HMGB1 in MnO,-C/M-HA with laser irradia-
tion experimental group was the highest (Fig. 4h). These results indicated that MTZ
itself, as well as the synergistic effect of PTT and PDT, induced ICD as expected. The
induction effect of multiple combinations was stronger than that of single therapy.
What’s more, Mn>* provided by MnO, also played an auxiliary role in the activation
of immunity (Liang et al. 2018; Ding et al. 2020).

In the process of ICD, in addition to the role of CRT and HMGBI in recruiting
antigen presenting cells, ATP can also be released in an autophagy-dependent man-
ner to send a “find me” signal to DC precursor cells and promote the clearance of
tumor cells by immune cells (Krysko et al. 2012; Fucikova et al. 2020). In addition,
when tumor cells undergo apoptosis or are in a toxic state, the intracellular ATP level
will also decrease. According to the results shown in Additional file 1: Fig. S11, when
MnO,-C/M-HA and laser were used to treat 4T1 cells, the content of ATP in 4T1
cells was significantly reduced. These results indicated that the level of ATP in 4T1
cells decreased after being stimulated by nanodrugs, and ATP was induced to be
released outside cell. Moreover, the induction effect of MnO,-C/M-HA plus light is
stronger than that of other treatment groups, which fully proves the multiple stimula-
tion advantages and good application effect of MnO,-C/M-HA nanomaterials.

In order to further verify the activation effect of DAMPs released by tumor cells
on BMDCs in vitro during ICD (Liang et al. 2018), we conducted three-dimensional
co-culture of 4T1 cells and BMDCs by non-contact communication cell chip (Addi-
tional file 1: Figs. S12 and S13). After mixing the matrix glue with the culture medium
containing cells in equal proportion, 4T1 cells and BMDCs were inoculated at both
ends of the chip, respectively, for 3D non-contact co-culture of cells (Fang et al. 2021).
4T1 cells were inoculated with MnO,-C/M-HA and irradiated with laser to stimulate
tumor cells to release DAMPs, which reached the end of BMDCs through the chan-
nel, thus stimulating the maturation of BMDCs. According to the immunofluores-
cence results of the expression of DC maturity markers CD80 and CD86 in Additional
file 1: Figs. S14 and S15, the maturity of BMDCs after 4T1 cells were stimulated with
MnO,-C/M-HA with laser irradiation was more obvious than that of the PBS group,
indicating that this kind of nano-drugs could induce ICD well and stimulated DCs

maturation as expected in vitro.
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In vitro studies, we verified the cytotoxicity and apoptosis inducing effect of
MnO,-C/M-HA on 4T1 tumor cells. Next, the CRT, HMGB1 and ATP expressed
or released by tumor cells after stimulation were detected, which proved that
MnO,-C/M-HA could synergically enhance ICD. Finally, the activation of DCs in vitro

was verified, providing sufficient data support for subsequent anti-tumor immunother-
apy in mice.

Antitumor efficiency of MnO,-C/M-HA in 4T1 tumor-bearing BALB/c mice
The in vivo anti-tumor efficacy of MnO,-C/M-HA was examined in 4T1 tumor-
bearing BALB/c female mice. The treatment schedule is shown in Fig. 5a. Specifi-

cally, BALB/c female mice were randomly divided into seven groups on the seventh
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Fig. 5 Antitumor efficiency of MnO,-C/M-HA in 4T1 tumor-bearing BALB/c mice. a Schematic illustration of
treatment schedule for 4T1 tumor-bearing BALB/c mice. b Tumor growth curves of different groups during
the therapeutic course of 14 days. ¢ Photographs of excised solid tumors at the end of anti-tumor studies.

d Tumor weights of different groups at the endpoints of treatment schedule. e Body weight changes of

4T1 tumor-bearing BALB/c mice of different groups during the treatment. f Histopathological analysis:
immunohistochemical or immunofluorescence staining of the sections from excised tumors on day 14 in
terms of H&E and TUNEL. Scale bars: 100 um for H&E and 200 um for TUNEL. g-h Semi-quantitative statistical
analysis of H&E staining and TUNEL staining of tumor tissue slices. All the data were displayed as mean 4 SD
(*p<0.05,**p<0.01 and ****p <0.0001)
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day after 4T1 tumor cell inoculation on breast pad to give different treatments. The
laser (660 nm, 1.0 W ¢cm ™2 for 5 min) was applied 12 h after intravenous injection
with different drugs. In order to ensure that the drug can successfully reach the tumor
site after intravenous injection, fluorescent imaging of the main organs and tissue
was performed 12 h after administration (Additional file 1: Fig. S16). By detecting
the fluorescence of Ce6 (Phua et al. 2019; Han et al. 2020; Liu et al. 2021a, b), it was
observed that the drug could reach the tumor site smoothly.

The body weight and tumor volume were monitored regularly during the treatment.
As shown in Fig. 5b, the mice in control group and control with laser group showed
rapid growth in tumor volume. In contrast, the increase in tumor size was signifi-
cantly inhibited in the MnO,-C/M-HA with laser irradiation group. Figure 5c shows
the photos of the solid tumors removed after the treatment, and the actual tumor
size of each group was consistent with the changes in tumor volume measured above.
Moreover, the tumor weight also exhibited the same tendencies in different groups
(Fig. 5d). The body weights of mice had no obvious changes during the 14 days of
treatment (Fig. 5e). Besides, at the end of the anti-tumor study, the hematoxylin and
eosin (H&E) staining of the main organs also showed no difference from normal
(Additional file 1: Fig. S17), indicating that the drug had little influence on the normal
growth of mice.

We also tested the hemolytic reaction of MnO,-C/M-HA as shown in Additional
file 1: Fig. S18. Compared with the positive control group (water and red blood
cells), it was found that MnO,-HA and MnO,-C/M-HA had a very low hemoly-
sis rate and good blood compatibility. Besides, we evaluated the in vivo toxicology
of MnO,-C/M-HA. MnO,-C/M-HA was intravenously injected into healthy female
Balb/c mice. Blood samples were collected at 1, 4 and 7 days after administration. Lev-
els of liver function markers such as alanine aminotransferase (ALT), alkaline phos-
phatase (ALP) and aspartate aminotransferase (AST), as well as creatinine (CREA),
blood urea nitrogen (BUN) and total blood protein (TP) were tested. As shown in
Additional file 1: Fig. S19, we found that the indexes of mice were within the normal
range, indicating that MnO,-C/M-HA did not cause significant liver and kidney dam-
age. It had low toxic side effects.

For tumor tissue, H&E staining and immunofluorescence staining of TUNEL (cell
apoptosis marker) (Fig. 5f) showed the largest damaged area in tumor tissues and a
significant increase in cell apoptosis after treatment with MnO,-C/M-HA with laser
irradiation. The other groups with incomplete treatment had relatively moderate dam-
age to tumor tissue. And Additional file 1: Fig. S20 shows the whole tumor staining of
TUNEL. Based on the H&E staining results, the cell density of tumor tissues was ana-
lyzed semi-quantitatively. According to the results in Fig. 5g, it can also be found that
after MnO,-C/M-HA combined with light treatment, the cell density of tumor tissue
was significantly reduced. The cell density of tumor tissues in MnO,-C/M-HA with laser
irradiation group was only 19.15%. Combined with TUNEL fluorescence staining of
tumor tissue slices, we performed semi-quantitative analysis of apoptotic area in tumor
tissue. According to the results in Fig. 5h, we can also find that in the group treated with
MnO,-C/M-HA plus light, the proportion of apoptosis occurred in tumor tissues was
the highest. It could reach 34.52% on average, 18.76 times that of the control group.
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Immune response induced by MnO,-C/M-HA in vivo

In order to ensure the immunotherapy effect of MnO,-C/M-HA, we also verified the
in vivo photothermal effect of MnO,-C/M-HA during the treatment (Fig. 6a, b). As
monitored by infrared thermal camera under laser irradiation (660 nm, 1.0 W cm™?), the
surface temperature of the tumor injected with MnO,-C/M-HA increased to 54.2 °C. To
test the effect of ICD in vivo, we collected tumors on the 14th day of treatment to verify
the expression of CRT and HMGBI protein in tumor tissues by western blot (Fig. 6c¢).
Combined with the results of immunohistochemical staining (Additional file 1: Fig. S21),
we found that the treatment of MnO,-C/M-HA with laser irradiation remarkably pro-
moted the expression of CRT and the release of HMGBI. The expression or release of
these two proteins was relatively insufficient in other treatment groups. To further clar-
ify the immune response of MnO,-C/M-HA induced ICD, we analyzed the infiltrating
immune cells at the tumor site by flow cytometry. Initially, we analyzed the DC matura-
tion in the tumor (Fig. 6d and Additional file 1: Fig. S22). The results showed that DCs
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Fig. 6 Immune response induced by MnO,-C/M-HA in vivo. a Photothermal images of tumor-bearing mice
model. b The temperature changing curves of photothermal imaging in tumor site under laser treatment
(660 nm, 1.0W cm™2, 5 min). ¢ Western blot results of CRT and HMGB1 expression in tumor tissues. |, Control;
Il, Control + laser; Ill, Free MTZ 4 Ce6 +laser; IV, MnO,-Ce6-HA + laser; V, MnO,-MTZ-HA +laser; VI, MnO,-C/
M-HA; VI, MnO,-C/M-HA + laser. d-e Flow cytometry examined DC maturation levels and CD3* CD8* T cells
in the tumor tissue of mice. f-g ELISA results of the level of the secreted TNF-a and IL-6 in blood serum after
various treatments. All the data were displayed as mean £ SD (*p <0.05, **p <0.01 and ***p <0.001)
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maturity was the highest in MnO,-C/M-HA with laser treatment group which could
reach 6.43% averagely about 2.07 times of the control group. It indicates that DMAPs
released by tumor cells successfully recruited DCs cells and effectively stimulated the
maturation of DCs after drug stimulation. Mature DCs are associated with antigen pres-
entation, thereby activating the anti-tumor effects of T cells (Jia et al. 2020; Zhou et al.
2021). Next, we analyzed the infiltration of T lymphocytes in the tumor by flow cytom-
etry (Fig. 6e and Additional file 1: Fig. S23). It suggested that the MnO,-C/M-HA with
laser irradiation group recruited more infiltrating CD8" T cells which reached 4.08%
averagely. It was about 5.67 times higher than the control group. This indicates that the
adaptive immune response can be successfully induced in mice after the stimulation of
MnO,-C/M-HA photoactivated nanomaterials.

Elevated levels of pro-inflammatory cytokines are also a criterion for successful induc-
tion of ICD (Jia et al. 2020; Jiao et al. 2021; Lu et al. 2021). To this end, we detected the
expression of pro-inflammatory cytokines TNF-a and IL-6 in serum of mice in differ-
ent treatment groups by ELISA (Fig. 6f, g). Compared with other control groups, the
levels of TNF-a and IL-6 in serum of mice treated with MnO,-C/M-HA with laser irra-
diation were significantly increased. Concretely reflected in that, the average concen-
tration of TNF-a and IL-6 in the MnO,-C/M-HA with laser irradiation group reached
56.33 pg mL~! and 41.73 pg mL~}, respectively. While the control group only reached
26.81 pg mL~! and 21.66 pg mL~%. All in all, we evaluated the anti-tumor and immune
effect of MnO,-C/M-HA in vivo, demonstrating that the combination of chemotherapy,
PTT, PDT and MnO, nanoplatform can better induce ICD and play the strongest role in
inhibiting primary breast cancer. And the good applicability of this nanodrug is proved
by biosafety evaluation.

Conclusions

In summary, an acid-responsive MnO,-C/M-HA multifunctional nanomaterial was suc-
cessfully developed. Using the hollow structure of H-MnO, nanometer carriers, we suc-
cessfully realized the simultaneous payload of different kinds of drugs. And the uptake
of drugs by tumor cells also increased significantly. ROS production during PDT can be
increased by using oxygen produced by MnO, degrade in an acidic environment. The
effect of phototherapy was obviously enhanced. By loading Ce6 and MTZ, PDT/PTT
can be combined with chemotherapy to enhance the induction effect of ICD. In anti-
tumor therapy, this kind of nanomaterials can effectively stimulate the maturation of
DCs, increase the infiltration of cytotoxic CD8" T lymphocytes, and induce systemic
anti-tumor immune response. Thus, the growth of primary tumors was greatly inhibited
and the damage and necrosis of tumor tissues were induced. This not only makes up for
the limitations of monotherapy in anti-tumor immunity, but also provides a multifunc-
tional immunotherapy nanoplatform for tumor therapy.
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dispersed in H20, PBS and DMEM solution for 24 h. Figure S4. TEM image of H-MnO2 at pH 7.4 and pH 5.5. Figure
S5. Fluorescence microscopic images of 4T1 cells incubated with Free Ce6 or MnO2-Ce6-HA at different time points.
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Scale bar: 50 um. Figure S6. Cell viability of 4T1 with different concentrations of MTZ with or without 660 nm (1.0
W-cm-2, 15 min) for 24 h. Figure S7. Cell viability of 4T1 with different concentrations of MnO2-HA for 24 h. Figure
S8. Cell viability of 4T1 with different concentrations of MnO2-C/M-HA with or without 660 nm (1.0 W-cm-2, 15 min)
for 24 h. Figure S9. The cytotoxicity of 4T1 cells of varying formulations with or without 660 nm (1.0 W-cm-2, 15 min)
for 24 h in hypoxia. Figure S10. Fluorescence microscope images of ROS generation by DCFH-DA staining in cells

in hypoxia. Scale bar: 100 um. Figure S11. Intracellular ATP level after various treatments. Figure $12. Schematic
diagram of co-culture by non-contact communication cell chip. Figure S13. Local structure of non-contact com-
munication cell chip. Figure $15. Immunofluorescence of CD11c in 3D-cell cultures of BMDCs. Scale bar: 50 pym.
Figure S15. Immunofluorescence of CD80/CD86 in 3D-cell cultures of BMDCs. Scale bar: 50 um. Figure S16. Ex vivo
fluorescence images (12 h post-injection) of 4T1 tumor-bearing mice organs or tissue treated with free Ce6 and
MnO2-C/M-HA. Figure S17. H&E staining of heart, liver, spleen, lung, and kidney at the end of antitumor study.
Scale bar: 100 pm. Figure S18. Hemolysis rate by incubating RBCs with MnO2-HA and MnO2-C/M-HA at different
concentrations (25-100 pg/mL) for 4 h. Figure S19. Blood biochemical indices of healthy mice at day 1,4 and 7 after
intravenous injection of MnO2-C/M-HA. Figure S20. The whole tumor staining of TUNEL. Scale bar: 1000 um. Figure
$21. Immunohistochemical assay of CRT and HMGB1 in the tumor tissues after various treatments. Scale bar: 200
um. Figure $22. Representative flow cytometry plots showing mature DCs (CD11¢c+CD80+4CD86+) after various
treatments. Figure S23. Representative flow cytometry plots showing cytotoxic T lymphocytes (CD3+4CD8+4) after
various treatments. Table S1. Antibodies were used for WB, FC or IF/IHC in this study.
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