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ABSTRACT: Arsenic trioxide (As,0;) has achieved groundbreaking success in the treatment of acute
promyelocytic leukemia (APL). However, its toxic side effects seriously limit its therapeutic application in the
treatment of solid tumors. To detoxify the severe side effects of arsenic, herein we synthesized innovative 2D
ultrathin As,Se; nanosheets (As,Se; NSs) with synergistic photothermal-triggered immunotherapy effects. As,Se;
NSs are biocompatible and biodegradable under physiological conditions and can release As(III) and Se(0).
Furthermore, selenium increases the immunomodulatory efficacy of arsenic treatments, facilitating reprogramming
of the tumor microenvironment by As,Se; NSs by enhancing the infiltration of natural killer cells and effector tumor-
specific CD8" T cells. The synergistic combination of photothermal therapy and immunotherapy driven by As,Se;
NSs via a simple but effective all-in-one strategy achieved eflicient anticancer effects, addressing the key limitations
of As,O; for solid tumor treatment. This work demonstrates not only the great potential of selenium for detoxifying
arsenic but also the application of 2D As,Se; nanosheets for cancer therapy.
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INTRODUCTION drugs seriously limits its clinical therapeutic efficacy in solid
Arsenic drugs have become the first-line therapy in the clinic tumor treatment. "

owing to their outstanding efficacy in treating acute

promyelocytic leukemia (APL)."” The complete remission Received:  October 24, 2023

rate of APL patients following arsenic trioxide (As,O;) Revised:  January 20, 2024

treatment is approximately 83—95%, and this treatment has Accepted: January 22, 2024

attracted widespread attention from the scientific community Published: January 26, 2024

for arsenic-based antitumor drugs.3 However, the contradiction

between the high efficacy and high systemic toxicity of arsenic
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Scheme 1. Schematic Illustration of the As,Se; Nanosheets with Excellent Biosafety, Bioavailability, Photothermal Conversion
Efficiency, and Immune Microenvironment Remodeling Capabilities Enhanced the Synergistic Photothermal Therapy and
Immunotherapy for Solid Tumor Therapy Via an All-in-One Strategy”
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“(a) Synthesis process of As,Se; NSs via high-pressure crystallization and a liquid-phase exfoliation strategy. (b) Detoxified biosafety of As,Se; NSs
in vivo. (c) Enhanced photothermal-triggered immunotherapy of As,Se; NSs in vivo.

The chemical form of arsenic determines the mode of
toxicity.” Trivalent arsenic is generally considered to be more
toxic than pentavalent arsenic. Among inorganic arsenic agents,
arsenic trioxide (As,O;) is one of the most toxic forms of natural
arsenic.” However, As,Oj also produces strong side effects, such
as liver damage and prolongation of the QTc interval on
electrocardiography (ECG).”® Many excellent efforts have been
made by Gao et al. and Ma et al. to overcome these limitations,
including the development of multifunctional drug delivery
systems, such as hollow silica-, low-attachment peptide-, or
poly(lactic-co-glycolic acid) (PLGA)-modified As,O;-based
multifunctional drug delivery systems,”™"" especially ferritin-
delivery arsenic nanomedicines with very high cancer cell-
binding affinity and high arsenic delivery efficiency.'” However,
the additional drug delivery platforms have raised continual
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concerns about the inevitable cumulative burden on the liver
and the corresponding lack of overdose detoxification
mechanisms.'*~'® These dilemmas emphasize the desperate
need to develop some strategies to efficiently detoxify arsenic
and enhance its therapeutic effect.

Fortunately, selenium (Se), an essential trace element
involved in maintaining human health, was shown to have a
mutual detoxification relationship with arsenic.'”~"" A reliable
detoxification mechanism in the body involves the reaction of
arsenic and selenium in the liver, which accelerates their
excretion in bile.”* Moreover, the intake of selenium at the
nutritional level reduces cancer incidence by regulating immune
functions through the diverse redox-regulating activities of
selenoproteins, reversing the immunosuppression of the tumor
microenvironment to promote an antitumor immune-activating
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Figure 1. Characterization of As,Se; NSs. (a) SEM image of bulk As,Se; after high-pressure crystallization. (b) TEM image, (c) particle diameter
distribution, (d) AFM image, (e) XRD pattern, (f) XPS spectrum, and (g, h) EDS spectrum of the As,Se; NSs.

status.”' ~** Pioneering work by Chen et al. on the development
of Se-based therapy revealed the tremendous potential of Se in
reprogramming the immune microenvironment of lung
adenocarcinoma, generating vaccine nanoadjuvants, attenuating
allergic dermatitis, recognizing metallodrugs, and reinvigorating
cancer radioimmunotherapy.”* >’ A promising combination of
selenium and arsenic to form As,Se; could be an excellent
strategy for lowering the toxic effects and increasing the
therapeutic and immunomodulatory efficacy of arsenic treat-
ments.

As a type of arsenide chalcogenide, As,X; (X =S, Se, and Te)
is predicted to be a semiconductor with anisotropic carrier
mobilities, optical properties, intrinsic ferroelectricity, and
equivalent stripping energy to graphene.’®™** As,Se; is a bulk-
layered crystal with monoclinic structures similar to those of
As,S; and is widely used as an electrophotographic photo-
conductor.**** Layered two-dimensional (2D) materials have
achieved excellent therapeutic effects in antitumor therapy due
to their outstanding optical properties.”” >’ Importantly,
layered two-dimensional (2D) arsenic nanomaterials have
shown large success in the application of electronic devices,
energy systems, and cancer therapy.'”**~** In addition, the
typical ultrathin layered structure of two-dimensional nanoma-
terials provides outstanding in-plane electron mobilities and
adjustable bandgaps to achieve high photothermal conversion
efficiencies.””** This hyperthermic mode converts light energy
into thermal energy to engender noninvasive photothermal
therapy (PTT).** Notably, the calculated indirect bandgap of
bilayer As,Se; was 2.202 eV, which is similar to that of single-
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layered black phosphorus (2.0 eV).*”* To endow As,Se; with a
controlled material topography and multifunctional properties,
layered 2D As,Se; nanosheets are extremely promising.
However, little effort has been devoted to the synthesis of 2D
As,Se; nanosheets.

In light of these considerations, in this work, we successfully
synthesized arsenic selenide nanosheets (As,Se; NSs) by liquid
exfoliation after high-temperature crystallization, and the
resulting material exhibited excellent photothermal conversion
efficiency. This hyperthermia improved the immunogenicity of
the tumor and created a favorable niche for tumor-infiltrating
lymphocyte (TIL) recruitment, thereby facilitating Se-mediated
immunotherapy. Importantly, compared with NaAsO, and
Na,Se, As,Se; NSs are biocompatible and biosafe when
degraded under physiological conditions to release As(III)
and Se(0), and the coexistence of Se and As reduces the systemic
toxicity of As,Se; NSs. The selenium derived from these
biodegradable As,Se; NSs promotes the conversion of Se to
selenoenzymes in the liver, further preventing the oxidative
damage induced by As. Furthermore, the addition of Se
enhances the therapeutic effect of As,Se; NSs by reprogramming
the tumor microenvironment (TME) through the infiltration of
natural killer (NK) cells and effector tumor-specific CD8" T
cells. The resulting As,Se; NSs, which have high biocompati-
bility, detoxifying capability, biosafety and bioavailability,
photothermal conversion efliciency, and immune microenviron-
ment reshaping ability, led to great enhancement of synergistic
photothermal therapy and immunotherapy via an all-in-one
strategy.
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Figure 2. PTT effect and antitumor mechanism analysis of As,Se; NSs. (a) UV spectrum of As,Se; NSs. (b) Temperature changes in As,Se; NSs
at different concentrations with a 635 nm NIR laser at 2.0 W/cm? for 10 min. (c) Photothermal stability of As,Se; NSs for six on/off irradiation
cycles. (d) Changes in the temperature of As,Se; NSs in different physiological buffers. (e) Viability of 4T1 cells cultured with As,Se; NSs with
or without 635 nm NIR laser (2.0 W/cm?) irradiation for 10 min. (f) Viability of 4T1 cells cultured with As,Se; NSs and different cell death
inhibitors. (g, h) The uptake of As,Se; NSs was detected by ICP—MS in vitro. (i) Calcein AM (green) and PI (red) staining of 4T1 cells after
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Figure 2. continued

thermal therapy in vitro was captured by fluorescence microscopy. (j) Apoptosis analysis of 4T1 cells by flow cytometry after different
treatments. (k) XPS detection of the change in valence of As and Se. (1) The binding partners of As,Se; NSs and (m) the enrichment pathways

affected by As,Se; NSs in cancer cells.

RESULTS AND DISCUSSION

Synthesis and Characterization of As,Se; NSs. The
therapeutic effect of 2D materials is highly anticipated,
demonstrating excellent potential as a pharmaceutical plat-
form.*® The liquid exfoliation method is the preferred strategy
for the preparation of high-quality 2D materials because of its
mild operation conditions.*”** In this work, arsenic selenide was
first crystallized under high pressure in an alkaline solution and
subsequently exfoliated in N-methylpyrrolidone (NMP) to
synthesize As,Se; nanosheets (As,Se; NSs) (Scheme la and
Figure S1). Scanning electron microscopy (SEM) results
indicated that after high-pressure crystallization in alkaline
solution, amorphous arsenic selenide powder can be trans-
formed into layered stacked crystals (Figure 1a). Based on the
relationship between the stripping energy and solvent polarity,
As,Se; NSs were successfully synthesized by exfoliation in NMP,
as indicated by the transmission electron microscopy (TEM)
images (Figure 1b). The effective particle size of the As,Se; NSs
was approximately 134.83 nm, as determined via dynamic light
scattering (DLS) detection, which was consistent with the TEM
image (Figure 1c).

The thickness of 2D materials significantly affects the
photoelectric properties of nanoparticles by modulating the
bandgap width, and the thickness of As,Se; NSs, as detected by
atomic force microscopy (AFM), was approximately 2.5 nm,
which was twice the theoretical value of 12.096 A for the single-
layer arsenic selenide a-axis (Figure 1d). Based on these findings,
we determined that the synthesized As,Se; nanosheets were
composed of bilayers. Furthermore, the indirect bandgap of
As,Se; NSs detected by UV—visible diffuse reflectance spec-
troscopy (UV—Vis-DRS) was 1.65 eV (Figure S 1d), indicating
good optical properties.*’

The compositions of As,Se; NSs and the As,Se; precursor
were detected via X-ray diffraction (XRD). Both the As,Se; NSs
and the As,Se; precursor were determined to be As,Ses,
consistent with Joint Committee on Powder Diffraction
Standards (JCPDS) 75-0739 (Figure le). Next, by X-ray
photoelectron spectroscopy (XPS), the binding energy of the As
3d orbital was 42.48 eV, whereas that of the Se 3d orbital was
54.68 eV, indicating the charges of As(III) and Se(II) (Figure
1f). In addition, energy-dispersive spectroscopy (EDS)
confirmed the colocalization of As and Se (Figure 1g). The
spectrum showed clear peaks corresponding to As and Se, and
the semiquantitative results indicated that the ratio of As/Se was
~2:3 (Figure 1h and Table S1), which was further confirmed by
inductively coupled plasma mass spectrometry (ICP—MS)
(Table S2).

In Vitro Studies of Photothermal As,Se; NSs. The
indirect bandgap of bilayer As,Se; was 1.65 eV, which endowed
As,Se; NSs with potential photothermal conversion efficiency.
This photothermal conversion was then investigated. First, the
UV spectrum showed that As,Se; NSs exhibited broad peak
absorption near 600 nm (Figure 2a). Considering the spectral
and laser tissue penetrability, a 635 nm laser was chosen for
photothermal conversion of As,Se; NSs. Within 10 min, the
temperature of the As,Se; NSs (25 pg/mL) reached 73.4 °C at
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2.0 W cm™? while maintaining stability for 6 cycles (Figure 2b,c
and Figure S2). Afterward, in physiological buffer, the
photothermal conversion of As,Se; NSs was maintained at the
same efficiency as that in water (Figure 2d). Moreover, the
photothermal conversion efficiency of As,Se; NSs was
determined via a common method, and the 7 value of As,Se;
NSs was 39.85%, which was higher than that of most reported
PTT agents (Figure S2c).”"™>*

Considering the high photothermal conversion capability of
As,Se; NSs in vitro, we then tested the photothermal therapeutic
effect of As,Se; NSs on cells. Breast cancer is the most common
cancer and has the highest mortality rate; thus, effective
treatment is urgently needed.>® Thus, in this work, the mouse
breast cancer cell line 4T1 was selected, and the cytotoxicity of
As,Se; NSs was evaluated in 4T1 cells. As the crucial constituent
elements in As,Se; NSs, the corresponding single-element salts
NaAsO, and Na,Se were selected for comparison of two reactive
valence ions, while bulk As,Se; was selected as a control to offset
the advantages of the 2D As,Se; structure (Figure S3a). As
shown, the IC, value of the As,Se; NSs was 0.79 + 0.27 g/mL
with 635 nm laser irradiation and 17.51 + 1.09 pg/mL without
irradiation. The phototoxic index (PI) of As,Se; NSs was 22.16,
indicating a significant difference in phototoxicity and emphasiz-
ing the PTT effect of As,Se; NSs in killing cancer cells (Figure 2e
and Figure S3b). In comparison, the ICj, value of NaAsO, was
1.47 + 0.08 pug/mL (Figure S3a). Moreover, this cytotoxicity
was verified through calcein AM and propidium iodine staining
(Figure 2i). Next, the mode of cell death induced by As,Se; NSs
after irradiation was elucidated through the addition of cell death
inhibitors, and this cell death was rescued by the apoptosis
inhibitor Z-VAD-FMK, indicating that As,Se; NSs induced
apoptosis (Figure 2f). Apoptosis was further confirmed through
Annexin V and propidium iodide staining. As shown, both
As,Se; NSs+635 nm and NaAsO, induced 4T1 cell apoptosis
(Figure 2j).

Stability and Mechanism of As,Se; NSs In Vitro. To
thoroughly elucidate the action of As,Se; NSs under
physiological conditions, we first examined the oxidative
degradation of As,Se; NSs at 37 °C. As a result, more than
50% of the As(III) was released and became soluble within 72 h,
while less than 0.5% of the Se could be detected in aqueous
solution; this percentage was speculated to be Se(0) (Figure
S3c,d). The degradable release of soluble As(III) from As,Se,
NSs ultimately contributes to the cytotoxicity of the As,Se; NSs.
The TEM and EDS results indicated that the As,Se; NSs
gradually disintegrated and aggregated in water, and the Se/As
ratio gradually increased (Figure S3e—g). These results
emphasized the biodegradability of As,Se; NSs under
physiological conditions after 12 h. As the uptake of As,Se;
NSs significantly increased (as indicated by the As and Se
contents) after 12 h (Figure 2g,h), we then evaluated the valence
states of As and Se by XPS at different reaction times and found
that both valence states of As and Se increased after 12 h,
indicating the oxidation of As and Se in As,Se; NSs under
physiological conditions (Figure 2k).

This oxidation of As,Se; NSs was found to affect biological
pathways in cancer cells after As,Se; NSs treatment, and the
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Figure 3. Biosafety of As,Se; NSs combined with PTT in vivo. (a) Hemolysis analysis of As,Se; NSs. (b—f) Blood hematological and (g—i)
biochemical analyses of mice that received repetitive treatments at different dosages. (j) Schematic of organ toxicity induced by As,Se; NSs
compared with that induced by NaAsO, and Na,Se. (k) Pathological analysis of the spleen, liver, heart, lung, and kidney by H&E staining; scale
bar: 100 gm. (1) Western blot analysis of the expression of TXNR1 and GPX4 in liver tissues from mice injected with As,Se; NSs for 1, 3, and 7
days. (m) Integrated density of the bands determined via Western blot analysis. (n) Schematic of the biotransformation of As,Se; NSs. All the
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Figure 3. continued

values are expressed as the means + SDs of triplicate samples. Statistical significance was assessed by one-way ANOVA. P < 0.05 (*), P < 0.01

(%), P < 0.001 (*%%), or P < 0.0001 (*#%:%),

interaction between As,Se; NSs and intracellular proteins was
also an important factor affecting the mechanism of cell death.
Therefore, the cellular binding proteins of As,Se; NSs were
subsequently identified. After extraction of the protein coronas
adsorbed on As,Se; NSs, the binding proteins were then
analyzed via protein mass spectrometry profiling (Figures S4—
S6). As a result, the protein with the most reliable peptide was
the cytoskeleton protein KRT1, followed by the Hspa8 protein,
which participates in a variety of cell processes and the correct
folding of the proteome (Figure 21 and Table S3).>* Then,
according to the bioinformatic enrichment analysis by wikipath-
ways, the pathways enriched in the most abundant binding
proteins were mRNA processing, followed by cytoplasmic
ribosomal proteins and translation factors, all pointing to the
translation process of proteins (Figure 2m). These results
indicated that after irradiation, As,Se; NSs bind to proteins
involved in glycolysis, cytoskeleton regulation, and the cell cycle,
affecting the protein translation process in cells.

Excellent Biosafety, Detoxifying Capability, and
Bioavailability of As,Se; NSs under Therapeutic Con-
ditions. Biosafety and biocompatibility are the primary
evaluation criteria for nanomaterials for further therapeutic
investigation in vivo. In this work, the detoxification effect of the
combination of As, which has a high anticancer efficacy, and Se,
which has a detoxification function, was also confirmed. First,
the hemolysis rate of As,Se; NSs was determined, and the
excellent hemolytic properties confirmed the biological safety
and bioavailability of As,Se; NSs when they were injected
through the tail vein (Figure 3a). Then, a 4T1 tumor-bearing
mouse model was constructed, and the model mice were divided
into 7 groups. After tail vein injection of saline, NaAsO,, Na,Se,
bulk As,Se;, As,Se; NSs, 635 nm irradiation or As,Se; NSs + 635
nm irradiation at an arsenic concentration of 15 mg/kg for 14
days, the results revealed no observable abnormalities in routine
blood or biochemical analyses after As,Se; NSs treatment, while
a sharp increase in the number of white blood cells and
percentage of lymphocytes was observed with NaAsO, treat-
ment, indicating that the acute inflammatory reaction induced
by toxic NaAsO, can be significantly reduced with the addition
of detoxified selenium to As,Se; NSs (Figure 3b—i). This
reduction probably originated from the reaction of arsenic and
selenium in the liver, accelerating excretion in bile and
preventing the excessive accumulation of As. Importantly,
evaluations of metabolic excretion via blood, urine, and feces
further confirmed the rapid and efficient excretion of As after 24
h (Figure S7). Furthermore, we tested the enrichment of As,Se,
NSs by ICP—MS, which demonstrated the degradation of
As,Se; over time in various organs (Figure S8). Thus, the
coexistence of Se and As in As,Se; NSs reduced the systematic
toxicity in this work. In addition, hematoxylin and eosin (H&E)
staining of crucial organs further demonstrated the ability of
As,Se; NSs to ameliorate the severe damage to the spleen, liver,
lungs, and kidney caused by Na,Se and the severe liver, lung, and
kidney damage caused by NaAsO, (Figure 3jk and Figure S9).
All of these results confirmed the excellent biosafety and
detoxifying ability of As,Se; NSs in improving acute and long-
term toxicity under therapeutic conditions, overcoming the key
challenges of using arsenic drugs for solid tumor treatment.
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As an essential trace element that is bioavailable when present
as a selenozyme, selenium mediates the regulation of vital redox
processes to prevent excessive oxidative damage. Under
physiological conditions, the biodegradation of As,Se; NSs to
form Se(0) may promote the conversion of Se to selenoenzymes
in the liver. Notably, GPX4 and TXNRDI1 are two main
selenoenzymes that are responsible for the reduction of
hydroperoxide and the regulation of cellular redox reactions,
growth, and differentiation.”>° Thus, to confirm the conversion
of selenium in the liver, we evaluated the biotransformation
formulations of selenium after intravenous injection of As,Se;
NSs for 1, 3, and 7 days. As displayed in Figure 3l,m, compared
with those in noninjected mice, the expression of GPX4 and
TXNRDI in treated mice was significantly upregulated after 3
days but slightly increased after 7 days. The elevated expression
of GPX4 and TXNRD1 demonstrated that the selenium derived
from As,Se; NSs in the liver was readily bioavailable, and this
biotransformation decreased with the excretion of As,Se; NSs
over time (Figure 3n). Moreover, this biotransformation of
selenium to selenoenzymes GPX4 and TXNRD1 further relieves
the oxidative damage induced by As in the liver.

The Photothermal and Antitumor Immune Modulat-
ing Capabilities of As,Se; NSs. As an excellent photothermal
agent, the photothermal effect of As,Se; NSs was investigated in
vivo (Figure 4a). As displayed in Figure 4b, the temperature of
the illuminated tumor site was monitored by photothermal
imaging after As,Se; NSs injection, and the temperature of the
tumor increased from 37.8 to 51.4 °C in S min, indicating that
the As,Se; NSs also achieved excellent photothermal effects in
vivo (Figure 4c).

Encouraged by the immune-regulating functions of Se in
reversing immunosuppression to achieve antitumor immune-
activating status and reprogramming the immune microenviron-
ment,”*°~** hyperthermia improved the immunogenicity of
tumors and created a favorable niche for tumor-infiltrating
lymphocyte (TIL) recruitment,””*® thereby facilitating Se-
mediated immunotherapy. The immune-modulating capabil-
ities of Se-based As,Se; NSs in cancer therapy were subsequently
explored.

After the administration of saline, NaAsO,, Na,Se, bulk
As,Ses, As,Se; NSs, 635 nm irradiation, or As,Se; NSs + 635 nm
irradiation to 4T1 tumor-bearing mice for 24 h, the dendritic
cells (DCs) in the lymph nodes were first separated. The
percentage of CD80" and CD86" DCs was significantly elevated
to 15% after As,Se; NSs+635 nm treatment, indicating obvious
activation of antigen presentation and processing. In this
process, DC maturation was also activated in NaAsO, (Figure
4d and Figure S10a), which is consistent with the reported role
of arsenic in inducing acute immune responses. ' Next, T cells in
the lymph nodes were detected by CD69 labeling. As shown, T
cells were evaluated after treatment with bulk As,Se, 635 nm,
As,Se; NSs, or As,Se; NSs+635 nm. Although a lower level of
CD4" T cells was produced in the As,Se; NSs group than in the
bulk As,Se; group, the 2-fold increase in the number of
anticancer CD8" T cells demonstrated the effective activation of
effector anticancer activity by As,Se; NSs (Figure 4e—f and
Figure S10b). Most importantly, the activation of DCs and T
cells by As,Se; NSs+635 nm was the most significant among the
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Figure 4. Photothermal and immune activation induced by As,Se; NSs combined with PTT in vivo. (a) Schematic illustration of the therapeutic
process. (b, c) NIR light (635 nm laser, 0.5 W/cm?)-triggered photothermal conversion ability of As,Se; NSs in mice. Statistical percentages of
(d) CD80" and CD86" DCs, (d) CD69* CD4" T cells, and (d) CD69* CD8* T lymphocytes infiltrating lymph nodes from different groups
determined by flow cytometry analysis. (g) Schematic mechanism of immune activation by As,Se; NSs. (h) Statistical analysis of CD8" T cells
and CD4" T cells in the spleen, (i, j) CD8*/IFN-y" and CD4"/Foxp3" T cells in the spleen, and (m, n) CD8"/IFN-y* and CD4"/Foxp3* T cells in
the TME by flow cytometry analysis. The levels of GZB (k), IFN-y (1), IL12/P70 (o), and TNF-a (p) in the serum of mice after different
treatments. (q, r) Statistical analysis of the percentages of memory CD4" T cells and memory CD8" T cells by flow cytometry analysis. All the
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Figure 4. continued

values are expressed as the means + SDs of triplicate samples.
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Statistical significance was assessed by one-way ANOVA. P < 0.05 (*), P < 0.01
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all-in-one strategy by As,Se; NSs.

treatments. These findings indicate that hyperthermia via As,Se;
NSSs effectively improved tumor immunogenicity, facilitating the
differentiation of DCs and recruiting CD8" T cells and CD4" T
cells to reach tumor-draining lymph nodes and exert innate
anticancer immune effects.

The detection of immune cells in the spleen and tumor
microenvironment was subsequently conducted to evaluate the
effect of As,Se; NSs on antitumor immune activation after 14
days of treatment. Flow cytometry analysis of the spleen revealed
that both As,Se; NSs and As,Se; NSs + 635 nm induced an
increase in the number of CD4" and CD8" T cells in the spleen
(Figure 4h and Figure S11). Furthermore, an increase in the
CD4" T and CD8" T-cell numbers induced by As,Se; NSs and
As,Se; NSs of +635 nm was also observed in the tumor
microenvironment (TME) (Figure S12). Further analysis of the
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immune cell types was conducted to distinguish the
immunosuppressive cells and effective immune activation cells
in the TME. We next detected the subsequent effector tumor-
specific CD8" T cells and Treg cells among the CD4* T cells.
Our results showed that As,Se; NSs+635 nm treatment
significantly promoted an increase in the number of CD8"/
IFN-y* T cells and a decrease in the number of CD4"/Foxp3*
Treg cells in both the tumor microenvironment and spleen
(Figure 4i,j,m,n). In particular, the increase in the CD8*/IFN-y*
T-cell population was 2.45 times greater than that induced by
NaAsO, treatment (Figure S12b). Thus, the photothermal-
triggered anticancer immune activation of As,Se; NSs
contributed to the excellent antitumor immune-modulating
capabilities of As,Se; NSs in activating T-cell immunity and
reshaping the tumor immune microenvironment, and the
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capabilities of As,Se; NSs were superior to those of NaAsO, and
Na,Se.

In addition to T cells, natural killer (NK) cells are presumed
to be key effectors of cancer immunosurveillance that
spontaneously kill cancer cells.”” NK cell-mediated tumor cell
killing is dependent on granzyme B (GZB) and perforin, and the
secretion of proinflammatory cytokines and chemokines (such
as IFN-y, TNF, IL-6, CCLS and GM-CSF) by NK cells exerts
direct antitumor effects and modulates the responses of
dendritic cells (DCs) and T cells.”” Therefore, the serum levels
of related cytokines were measured after treatment to determine
the activation of the NK cells. The increased levels of TNF-a and
IFN-y promoted NK cell activation, and the elevated levels of
the tumor-killing cytokines GZB and IFN-y secreted by NK cells
after As,Se; NSs+635 nm treatment confirmed the activation of
NK-mediated natural immune responses, which were independ-
ent of antibodies and complement and directly killed tumor cells
(Figure 4k,1,0,p).

Based on the increase in antitumor immune activation
observed, we further examined the production of immunological
memory cells to evaluate the formation of long-term
immunological memory. The spleen cells were stained for
CD3/CD4/CD62L/CD44 and CD3/CD8/CD62L/CD44,
while the memory T cells were identified by low CD62L and
high CD44 expression.””*> As shown, only As,Se; NSs+635 nm
treatment significantly activated the differentiation of memory
CD4" T cells and CD8" T cells and further accelerated the
formation of long-term immunological memory to prevent the
recurrence of secondary tumors (Figure 4q,r).

Taken together, these findings suggest that treatment with
As,Se; NSs after irradiation first activates the differentiation of
mature DCs and recruits CD4" T cells and CD8" T cells to the
lymph nodes, which in turn activates the differentiation of
effector CD8" T cells in the spleen and the migration of T cells to
the tumor microenvironment. In addition, the innate immune
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response occurs via the activation of NK cells. Moreover, the
significant reduction in immunosuppressive Treg cells and the
effective activation of tumor-specific CD8* T cells reshaped the
TME together, making cold tumors immunologically hot
(Figure 4g). These results indicate that the use of selenium-
containing As,Se; NSs may be a potential approach for achieving
simultaneous immunotherapy and photothermal therapy
through a simple but effective method.

In Vivo Therapeutic Effect of As,Se; NSs on Cancer Via
an All-in-One Strategy. Finally, the therapeutic effect of
As,Se; NSs via an all-in-one strategy was investigated in vivo. A
4T1 tumor-bearing mouse model was constructed, and after 0, 3,
6, and 10 days of treatment with saline, NaAsO,, Na,Se, bulk
As,Ses, As,Se; NSs, 635 nm irradiation, or As,Se; NSs + 635 nm
irradiation at an arsenic concentration of 15 mg/kg, the mice
were injected via the tail vein and observed for 14 days. The
corresponding 635 nm irradiation was applied 2 h after
administration to reduce metabolic loss. Through this enhanced
PTT effect, the 4T1 tumor volume and weight were significantly
suppressed by As,Se; NSs and As,Se; NSs+635 nm, while no
obvious inhibition was observed in the groups treated with 635
nm, NaAsO,, Na,Se, or bulk As,Se; (Figure Sa). After 14 days,
the mice were sacrificed, and the tumors were separated and
stained with hematoxylin-eosin (H&E) and terminal-deoxy-
nucleotidyl transferase-mediated nick end labeling (TUNEL).
Both H&E and TUNEL staining revealed significant apoptosis
in tumor tissues induced by As,Se; NSs after 635 nm irradiation,
reflecting the high therapeutic efficacy of As,Se; NSs (Figure Sd
and Figure S14).

Notably, the weight of the surviving mice was not significantly
affected by the treatments (Figure Sb). In terms of the survival
rate of the treated mice, Na,Se induced strong physiological
toxicity in vivo, with a survival rate of only 37.5%, and the survival
rate of mice treated with NaAsO, and bulk As,Se; was 75%.
Importantly, no deaths were observed in the As,Se; NSs or
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As,Se; NSs + 635 nm-treated groups, further confirming the
biosafety, detoxifying capability, and high therapeutic efficacy of
As,Se; NSs in vivo (Figure Sc).

Considering the remodeling of “hot” tumors and the long-
term immunological memory induced by As,Se; NSs + 635 nm
treatments, we next elucidated the impact of the immunother-
apeutic effects on 4T1 metastatic tumors. A mouse model of
metastasis was generated by injecting 4T1 cells through the tail
vein, after which the mice were subjected to different treatments
(Figure 6a). As displayed in Figure 6b, the photographic
appearance and H&E staining of lung tissues confirmed that
treatment with As,Se; NSs or As,Se; NSs + 635 nm could
significantly inhibit lung metastasis in mice, demonstrating the
promising potential of As,Se; NSs for preventing cancer
metastasis.

Taken together, the resulting selenium-containing As,Se;
NSs, which are highly biocompatible and capable of
detoxification, biosafety, photothermal conversion efficiency,
and immune microenvironment reshaping, led to greatly
enhanced chemotherapy, PTT, and immunotherapy via a simple
but effective all-in-one strategy. In this work, the high efficiency
of As,Se; NSs enhanced the cancer photothermal immunother-

apy.

CONCLUSION

In summary, in this work, by combining detoxified selenium and
therapeutic arsenic, we successfully synthesized 2D ultrathin
As,Se; nanosheets by liquid exfoliation after high-temperature
crystallization to reduce toxicity and enhance the therapeutic
efficacy of arsenic treatments. Importantly, under physiological
conditions, As,Se; NSs can be degraded to release As(III) and
Se(0), and the coexistence of Se and As reduces systematic
toxicity, accelerating the rapid and efficient metabolic excretion
of arsenic via blood, urine, and feces. Notably, in the liver, the
selenium derived from biodegradable As,Se; NSs promotes the
conversion of Se to selenoenzymes, and this biotransformation
of selenium to selenoenzymes GPX4 and TXNRDI further
relieves the oxidative damage induced by arsenic. In addition,
the 2D structure and suitable bandgap endow As,Se; NSs with
excellent photothermal conversion efliciency. This hyper-
thermia improved tumor immunogenicity and created a
favorable niche for facilitating Se-mediated immunotherapy.
As,Se; NSs reprogrammed the tumor microenvironment
(TME) by increasing the infiltration of natural killer (NK)
cells and the number of effector tumor-specific CD8" T cells,
enhancing the efficacy of the TME. Mechanistically, As,Se; NSs
may bind to proteins involved in glycolysis, cytoskeleton
regulation, and the cell cycle, affecting protein translation via
photothermal-triggered cancer cell lethality. The high bio-
compatibility, detoxifying capability, biosafety and bioavail-
ability, high photothermal conversion efficiency, and immune
microenvironment reshaping ability of the synthesized As,Se;
NSs led to greatly enhanced synergistic immunotherapy and
photothermal therapy via a simple but effective all-in-one
strategy, developing the multifunctional therapeutic strategies
for cancer therapy.

METHOD

Materials. Arsenic selenide powder (>99.999%) and Na,Se
were purchased from MERYER. NaAsO, was purchased from
Sigma—Aldrich. NMP was purchased from J&K Scientific. A
Cell Counting Kit-8 (CCK-8) and Annexin V-FITC/PI
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apoptosis detection kit were obtained from KeyGEN Bio-
technology (China). Fluorochrome-conjugated antibodies, such
as antimouse CD3-FITC (#100203), antimouse CD4-PE
(#116005), antimouse CD8a-APC (#100712), antimouse
CDI11c-APC (#117310), antimouse CD8O-FITC (#104705),
antimouse CD86-PE (#105007), antimouse CD69-FITC
(#104505), antimouse CD44-PerCP (#103035), and antimouse
CD62L-APC (#104411), were purchased from BioLegend (San
Diego, USA). Fluorochrome-conjugated antibodies, such as
antimouse FoxP3-FITC (#11-5773-82), antimouse CD25-APC
(#17-0251-81) and antimouse CD8a-PE (MA1-10304), were
purchased from introvigen.

Preparation of As,Se; NSs. Arsenic selenide powder (3.00
g) was crystallized at 200 °C in NaOH solution (pH 12,27 mL)
for 24 h. Then, 200 mg of As,Se; was added to 100 mL of N-
methylpyrrolidone (NMP) and sonicated in an ice bath for4 hat
1200 W. Next, the solid obtained by centrifugation at maximum
speed was further exfoliated in 25 mL of NMP for 16 h at 600 W
to adjust its size and yield. Finally, the resulting brown
suspension was centrifuged at 2500 rpm for 10 min to remove
the residual unexfoliated particles, and the supernatant
containing arsenic selenide nanosheets (As,Se; NSs) was
collected for further use. Importantly, ICP—MS was used to
measure the concentration of As,Se; NSs as a function of arsenic
concentration.

Characterization of As,Se; NSs. For scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and atomic force microscopy (AFM), the As,Se; NSs were
dispersed in ethyl alcohol. SEM was performed on a TESCAN
MIRA LMS system with an operating voltage of 3 kV. AFM was
performed on a Bruker Dimension Icon system. TEM was
performed on a JEM-1200EX system. A JEOL JEM-F200 model
(Japan) with an accelerating voltage of 200 kV was used for the
morphological observations (high-resolution), and an energy
spectrum model JED-2300T was used for the surface scanning.
X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with Al Ka X-ray radiation to investigate the valence state of the
realgar nanocrystals. Powder X-ray diffraction (XRD) patterns
were recorded on an X-ray diffractometer (Bruker D-8 Advance,
Cu Ka radiation source). The different sizes of As,Se; NSs were
measured via DLS (Brookhaven BI-200SM).

Cell Lines. 4T1 cells (mouse breast cancer cells) were
purchased from the American Type Culture Collection
(Manassas, VA), authenticated by using short tandem repeat
(STR) typing, and confirmed to be mycoplasma free by
KeyGEN Biotech Co., Ltd. (Nanjing, China). 4T1 cells were
subsequently cultured in DMEM or a-MEM (Gibco)
supplemented with 10% FBS (Gibco), 100 units/ml penicillin,
and SO units/ml streptomycin at 37 °C in a CO, incubator (95%
relative humidity, 5% CO,).

Photothermal Effect Measurements. The photothermal
effects of As,Se; NSs at different concentrations (0, 3.125, 6.25,
12.5, and 25 ug/mL) and in different solutions were evaluated
by using a 635 nm laser at 2.0 W/cm” for 10 min. Moreover, the
photothermal stability of As,Se; NSs for six on/off irradiation
cycles was monitored. The temperature was recorded with an
infrared thermal camera.

Light/Dark Cytotoxicity Analysis. The cytotoxicity of
As,Se; NSs on 4T1 cells was assessed by a CCK-8 assay
(KeyGen). For the experiment, cells were seeded into 96-well
plates at a density of approximately 5000 cells per well overnight.
Then, the cells were incubated with 100 uL of fresh medium
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(10% FBS) containing different concentrations of As,Se; NSs
for 48 h. The Light Experiment Group was treated with a 635 nm
laser at 2.0 W/cm? for 10 min after incubation of As,Se; NSs
(As,Se; NSs + 635 nm), while the Dark Experiment Group was
wrapped in tin foil. Subsequently, 5 4L of a CCK-8 solution was
added to each well and incubated for another 4 h. After
incubation, the color intensity of the medium was measured at
450 nm using a microplate reader (Tecan Infinite M1000 PRO)
to calculate the cell viability. All of the experiments were
conducted three times to ensure reproducibility of the results.
The cells were pretreated with the cell death inhibitor Z-VAD-
FMK, the ferroptosis inhibitor Fer-1 and DFO, the necrosis
inhibitor Nec-1, and the autophagy inhibitor chloroquine for 10
min.

Cell Uptake Experimentation. 4T1 cells were seeded into
6-well plates at a density of approximately 200,000 cells per well
overnight. Then, the cells were incubated with 2 mL of fresh
medium (10% FBS) containing 8 yg/mL As,Se; NSs for 1, 3, 6,
and 12 h. The cells were subsequently collected and counted,
after which the arsenic and selenium concentrations were
determined via ICP—MS.

Degradation Analysis of As,Se; NSs in H,O. As,Se; NSs
were added to ddH,O for 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h.
Next, the mixture was separated at maximum speed, and the
arsenic and selenium concentrations in the supernatant were
determined via ICP—MS.

Detection of Cell Apoptosis. Cell apoptosis was detected
using an Annexin V-FITC Apoptosis Detection Kit (KeyGEN
Biotech Co., Ltd.) following the manufacturer’s protocol.
Briefly, 4T1 cells were seeded onto six-well plates at 2.0 X 10°
cells/well for 24 h. Then, 2 pg/mL As,Se; NSs was added,
followed by incubation for 12 h. Moreover, NaAsO,, Na,Se, and
bulk As,Se; were administered in equivalent proportions. For
low toxicity, Na,Se (2 tg/mL Se) and bulk As,Se; (2 ug/mL As)
were administered at equivalent As/Se concentrations of As,Se;
NSs. Specifically, for excessive toxicity, NaAsO, (1 ug/mL As)
was selected for this study, which had the same effect as As,Se;
NSs + 635 nm (Figure 2j). After incubation at 37 °C for 12 h, the
cells were collected and stained with the Annexin V-FITC
apoptosis detection kit dye. Fluorescence detection was
performed using the FL-1H and FL-2H channels of a flow
cytometer (BD FACSCalibur).

Detection of Cellular ROS Levels. ROS levels were
determined using a Reactive Oxygen Species assay kit
(KeyGEN) following the manufacturer’s protocol. The treat-
ment processes were the same as those in the apoptosis assay.
Then, the medium was removed, and the cells were washed 3
times with PBS and probed with 10 yM DCFH-DA in serum-
free DMEM. After incubation in 5% CO, at 37 °C for 30 min,
the cells were collected, and fluorescence was detected by using
the FL-1H channel of a flow cytometer (BD FACSCalibur).

Live/Dead Cell Detection. 4T1 cells were seeded in 96-well
plates at a density of approximately 10,000 cells per well and
incubated overnight. The treatment processes were the same as
those in the apoptosis assay. Live/dead cell detection by
fluorescence microscopy (ZEISS) was performed using a live/
dead double staining kit (catalog no. KGAF001, KeyGEN)
according to the recommended protocol.

Valence Detection of As and Se In Vitro. 4T1 cells were
seeded overnight following treatment with 15 pug/mL As,Se;
NSs with or without a 635 nm laser. After different incubation
times, the supernatant was discarded and the cells were
collected. Then, 75% ethanol was used to fix the cells for 15
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min, and pure ethanol was used to dehydrate the cells for 15 min.
Next, the solid was collected by centrifugation at a maximum
speed. After freeze-drying, the valence states of As and Se were
determined via XPS.

Binding Proteins of As,Se; NSs Detected by Mass
Spectrometry Analysis. As,Se; NSs were mixed with the
protein lysate of 4T1 cells for 24 h. Then, As,Se; NSs and the
binding protein of As,Se; NSs were collected by centrifugation
at 12,000 rpm and washed 3 times. The precipitate was
separated by deformed gel electrophoresis because the As,Se;
NSs were too large to enter the gel. Next, the gel was stained with
Coomassie blue. The entire target lane was subsequently
removed; decolorization, reduction, alkylation, and trypsin
enzyme digestion were performed, and the peptide sample was
extracted. After spin drying, the peptide segment samples were
resuspended in an aqueous solution containing 0.1% (v/v)
formic acid and then analyzed by LC—MS/MS. The LC was
separated by using a low-pH mobile phase, and an instrument
was used to connect the Vanquish Neo liquid phase in series
with an Orbitrap Explorer 480 mass spectrometer (Thermo
Fisher Scientific). The mass spectrometry data were quantita-
tively analyzed using Thermo Proteome Discoverer 2.5.

Hemolysis Analysis. As,Se; NSs were dispersed in 0.9%
NaCl and mixed with 0.5 mL of red blood cells for 8 h. In
addition, 0.9% NaCl solution and Triton X-100 (10 mg/mL)
were used as the negative control and positive control,
respectively. After incubation, the mixture was centrifuged at
3000 rpm for 10 min. Then, 100 yL of the supernatant was
transferred to a 96-well plate, and the OD540 value of the
samples was measured using a microplate reader (Tecan Infinite
M1000 PRO). The hemolysis rate (HR) was calculated
according to Formula 1

ODsample - ODnegative
HR(%) = X 100%
ODpositive - ODnegative (1)

where OD is the absorbance of the sample at 540 nm.

As,Se; NSs for In Vivo Photothermal Therapy of Solid
Tumors. All animal experiments were performed in accordance
with the National Institutes of Health animal care guidelines.
Animal protocols were approved by the Institutional Animal
Care and Use Committees on Animal Care (Nanjing University,
IACUC-D2202146).

To establish the tumor-bearing mouse model, female BALB/c
mice purchased from the Model Animal Research Center of
Nanjing University (Jiangsu, China) were subcutaneously
injected into the left foreleg armpit of each mouse with 1.0 X
10°4T1 cells in 100 4L of PBS. Tumor size was determined by a
Vernier caliper at frequent intervals, and the tumor volume (V)
was calculated by formula 2

L x W?
2 (2)

where L is the length of the tumor and W is the width of the
tumor. The mice were randomly divided into 7 groups (n =S per
group).

To evaluate the in vivo photothermal therapeutic eflicacy of
As,Se; NSs, As,Se; NSs were administered via tail vein injection
at an arsenic concentration of 15 mg/kg. After diffusion for 2 h,
the tumor underwent 635 nm NIR laser irradiation (0.5 W/ cm?
for S min), and the corresponding temperature change was
recorded using a digital infrared thermal camera. Na,Se (15 mg/
kg Se) and bulk As,Se; (15 mg/kg As) were administered at

V(mm®) =
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equivalent As/Se concentrations. For excessive toxicity, 3 mg/kg
As in NaAsO, was chosen as the relatively effective and safe
concentration.”®

After 0, 3, 6, or 10 days of treatment, the antitumor effect was
tested on the 14th day due to the large tumor volume in the
control group. Changes in body weight and tumor size were
measured for 14 days. Moreover, the survival of tumor-bearing
mice treated with different modalities was monitored. On day
14, the mice were euthanized, and the tumor tissue was collected
and fixed with 10% neutral buffered formalin. Then, the tumors
were embedded in paraffin, processed into 100 ym sections, and
stained with hematoxylin and eosin (H&E). The images were
obtained by digital microscopy. In addition, tumor tissue was
collected on day 14 for terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining.

In Vivo Toxicity of As,Se; NSs. Blood was collected from
mice in different treatment groups for hematological analysis
and serum biochemistry assays. Hematological analysis was
performed on a Photoelectric MEK-8222K automatic five-class
blood cell analyzer instrument. Serum biochemistry assays were
performed using an associated assay kit (Nanjing Jiancheng
Bioengineering Institute, China). The major organs (liver,
spleen, kidney, heart, and lung) were harvested, fixed in 10%
neutral buffered formalin, processed routinely into paraffin-
embedded sections, stained with hematoxylin and eosin, and
examined by digital microscopy.

In Vivo Biotransformation of As,Se; NSs. As,Se; NSs
were administered via tail vein injection at an arsenic
concentration of 15 mg/kg, with 0.9% NaCl serving as a
control. After treatment for 1, 3, and 7 days, the livers of the mice
were collected and ground into a homogenate. Total protein was
subsequently extracted from the tissue homogenate (BestBio
BB-3101). The protein concentration was determined by the
Super-Bradford Protein Assay Kit (CWBiotech, Inc., Beijing,
China). The extracts were first separated by SDS—PAGE and
subsequently transferred to a poly(vinylidene difluoride)
membrane (Bio-Rad, CA, USA). The membrane was blocked
with 4% BSA in TBST at 25 °C for 2 h and then incubated with
antibodies at 4 °C overnight. The expression of GAPDH was
used as the internal standard. Primary antibodies against the
following proteins were used: GAPDH (ab824S, 1:1000 for
WB) from Abcam, GPX4 (ab125066, 1:1000 for WB) from
Abcam, and TXNRD1 (ab124954, 1:1000 for WB) from
Abcam. The appropriate secondary antibodies (1:1000 for WB)
were purchased from CST.

DC and T-Cell Stimulation of As,Se; NSs In Vivo. The
mouse model was established as above, and the lymph nodes in
the tumor-draining area were removed after the mice were
sacrificed 24 h after intravenous injection. Then, the lymph
nodes were sieved, treated with erythrocyte lysate, and
centrifuged to obtain a cell suspension. The cell suspension
was subjected to anti-CD11c APC, anti-CD86 PE, and anti-
CD80 FITC antibodies and analyzed via flow cytometry to
detect DCs. In addition, the cell suspension was subjected to
anti-CD69 FITC, anti-CD4 PE, and anti-CD8 APC antibodies
to detect T cells.

Immune Activation Detection of As,Se; NSs In Vivo.
The mouse model was established as described above, and the
mouse spleens and tumors were dissected on day 14. The cell
suspension was subjected to anti-CD3 FITC, anti-CD4 PE, and
anti-CD8 APC antibodies and analyzed via flow cytometry.
Next, anti-CD3 FITC, anti-CD8a PE, and anti-IFN-y APC
antibodies were used to stain the cell suspension, and the cell

suspension was analyzed by flow cytometry to detect effector
tumor-specific CD8" T cells. Anti-CD4 PE and anti-Foxp3
FITC antibodies were used to stain the cell suspension to
distinguish Tregs. Anti-CD25 APC was used to assist in
identifying Tregs in the spleen. Moreover, serum samples were
collected for cytokine detection. The levels of IL-12p70, IFN-y,
GZB, and TNF-a were measured with ELISA kits.

Immune Memory Detection of As,Se; NSs In Vivo. The
mouse model was established as described above, and the mouse
spleens were dissected on day 14. After staining with anti-CD3
FITC, anti-CD8 PE/anti-CD4 PE, anti-CD44 PerCP, and anti-
CD62L APC antibodies, changes in central memory and effector
memory T-cell numbers were determined by flow cytometry.

In Vivo 4T1 Tumor Metastasis Model. To establish the
tumor-bearing mouse model, BALB/c mice were subcuta-
neously injected with 1.0 X 10° 4T1 cells in the left foreleg
armpit. After 7 days of in situ tumor establishment, BALB/c mice
were intravenously injected with different treatments. After 24 h,
1.0 X 10° 4T1 cells were intravenously injected to establish a
metastasis model. After 18 days of treatment, the mice were
sacrificed, and the lungs were harvested. Lung tissues were then
collected and stained with hematoxylin and eosin (H&E).

The Metabolism and Enrichment of As,Se; NSs In
Vivo. For the blood circulation assay, a 10 4L blood sample was
obtained from mice 0, 0.5, 1, 3, 6, 12, 24, 48, and 72 h after
intravenous injection of As,Se; NSs. Similarly, the urine and
feces of the mice were collected at the same time points for
metabolic assessment. The organs were collected at 12, 24, 48,
and 72 h for enrichment assessment. The concentrations of As
and Se were determined via ICP—MS.

Statistical Analysis. All the data are expressed as the mean
+ standard deviation. One-way analysis of variance (ANOVA)
was used for multiple group comparisons. All the statistical
analyses were performed using GraphPad Prism 9.0. Differences
with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), or P < 0.0001
(%) were considered to indicate statistical significance.
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ABBREVIATIONS

APL, acute promyelocytic leukemia; As,Se; NSs, As,Se;
nanosheets; NK cells, natural killer cells; PLGA, poly(lactic-co-
glycolic acid); 2D, two-dimensional; PTT, photothermal
therapy; TIL, tumor-infiltrating lymphocyte; TME, tumor
microenvironment; NMP, N-methylpyrrolidone; TEM, trans-
mission electron microscopy; DLS, dynamic light scattering;
AFM, atomic force microscopy; XRD, X-ray diffraction; JCPDS,
Joint Committee on Powder Diffraction Standards; XPS, X-ray
photoelectron spectroscopy; EDS, energy dispersive spectros-
copy; ICP—MS, Inductive Coupled Plasma Mass Spectrometer;
UV spectrum, ultraviolet and visible spectrum; PI value,
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phototoxic index value; H&E staining, hematoxylin and eosin
staining; DCs, dendritic cells; GZB, granzyme B; TUNEL,
terminal-deoxynucleotidyl transferase-mediated nick end label-
ing
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