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It remains a challenge to develop an effective therapeutic agent with low cost and
good biocompatibility for cancer therapy. Based on its dark color, we hypothesized
that, the extraction from black rice grains, denoted BRE, could serve as a photothermal
conversion agent. The results showed that BRE confers a high photothermal conversion
efficiency up to 54.13%. The combination of BRE and near infrared (NIR) treatment
enables effective photothermal tumor ablation, and suppress tumor metastasis via
inhibiting the epithelial-mesenchymal transition (EMT) pathway. In addition, BRE exhibits
no obvious toxicity in vivo. Therefore, BRE could serve as a promising photothermal
therapy agent with a low toxicity to treat cancer.

Keywords: black rice, photothermal therapy, tumor, lung metastasis, epithelial-mesenchymal transition

INTRODUCTION

Despite great efforts that have been devoted to fight against cancer, it still poses a major threat
to human health (Siegel et al., 2019). The current available strategies of cancer treatment include
surgical therapy, chemotherapy (Yang et al., 2019), radiation therapy (RT) (Peng et al., 2020),
photothermal therapy (PTT) (Jia et al., 2019), photodynamic therapy (PDT) (Wu et al., 2020), and
immunotherapy (Feng et al., 2020). Among these cancer therapeutics, PTT has been developed
vigorously in recent years which could convert the absorbed light energy into heat (Chen Y. et al.,
2019). The advantage of PTT is that near infrared (NIR) could irradiate the subcutaneous and local
tumor directly, so the constant high temperature could kill tumor cells precisely and ablate solid
tumors(Chen D. et al., 2019). The black phosphorus (Chen et al., 2017), CuS–MnS2 nanomaterials
(Chen W. et al., 2019), Au nanoparticle (Depciuch et al., 2020), and other metallic materials (Yuan
et al., 2020) have been used as photothermal agent in cancer treatment. However, the metallic
materials have certain drawbacks such as serious toxicity, expensive reagents, and complicated
preparation procedure (Li et al., 2018), which have limited their further applications (Deng et al.,
2019). Therefore, it is crucial to develop novel photothermal biomaterials with lower cost and better
biocompatibility.

Compared with chemically synthetic biomaterials, natural biomaterials with excellent
biocompatibility, and biodegradability are preferred in recent clinical trials. Currently, many
biomaterials have been studied in photothermal ablation of tumors. For instance, natural sodium
humate, biodegraded from the humic acid, had been applied as an excellent photothermal agents
to induce tumor cell death (Miao et al., 2018). In addition, nanoparticles extracted from cuttlefish
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ink have been used to inhibit tumor growth by synergizing
immunotherapy and PTT, showing excellent ability in the
repolarization of tumor-associated macrophages and enhanced
recruitment of cytotoxic T lymphocytes as well as photothermal
killing effect (Deng et al., 2019). Inspired by studies to develop
natural biomaterials, we are interested in developing cheaper and
more accessible food-sourced PTT agents.

Black rice, mostly planted in the East Asia, is deemed a
traditional and natural food (Samyor et al., 2017). It is widely
used due to the low cost, easy accessible, and high nutritious value
(Park et al., 2017), outstanding physicochemical characteristics
and antioxidant potential (Pang et al., 2018). In addition,
black rice is rich in water-soluble bioactive compounds such
as phenolic acids, tocopherols, polyphenols, B vitamins, and
anthocyanins (Wu et al., 2019) with excellent antioxidant, anti-
obesity, and anti-diabetic capacity. These characteristics enabled
black rice valuable for health and widely used as a food additive in
the food processing industry (Aprodu et al., 2019). Anthocyanin,
one of the major components of black rice, could significantly
inhibit the proliferation, migration, and metastasis of breast
cancer cells through targeting the RAS/RAF/MAPK pathway
in vitro (Chen X.Y. et al., 2015). Moreover, black rice could
enhance the immune response through inducing the proliferation
and differentiation of immune cells in vivo (Fan et al., 2017).
However, it remains unclear whether the black rice could be
applied as a photothermal agent for tumor treatment.

The epithelial-mesenchymal transition (EMT) is curial for
the metastatic behaviors of tumor cells (Hennessy et al., 2009).
EMT involves a series of genetic and phenotypic changes,
which contribute to the transformation of early epithelial cells
into invasive malignant cancer cells (Lamouille et al., 2014).
The process of EMT can be activated by genetic changes
or other responses to external environment (Georgakopoulos-
Soares et al., 2020). EMT also could promote early cancer cell to
transdifferentiate into mesenchymal-like cells such as carcinoma
cells and cancer stem cells, thus the cancer cell could acquire
migration and invasion ability and detach from epithelial cell
mass. During EMT process, the epithelial cells could lead to cell
depolarization, reduced or even lost of cell–cell contacts and
changing into a fibroblast-like morphology (Xu et al., 2018).

Developing therapeutic strategies with high efficiency as well
as low toxicity and cost to drastically eliminate tumors is the
ultimate goal in the cancer treatment. In this study, we have
studied BRE as a photothermal agent for its high photothermal
conversion efficiency up to 54.13%. This natural food could
efficiently inhibit tumor growth and metastasis via EMT pathway
with low toxicity. Prospectively, BRE might be a promising
photothermal agent for tumor therapy.

MATERIALS AND METHODS

Materials
BRE (containing 25% anthocyanin) was purchased from
TIANXINGJIAN biochemical technology company (Xi
An, China). Crystal violet was obtained from Beyotime
biotechnology company (Shanghai, China). Fetal bovine

serum (FBS), Phosphate buffer solution (PBS), Pyridine and
dimethyl sulfoxide (DMSO), and Dulbecco’s modified eagle
medium (DMEM) were provided by Gibco-BRL (Grand Island,
New York, United States). LIVE/DEADTM Cell Imaging
Kit was bought from Thermo Fisher Scientific (Waltham,
MA, United States). Snail, vimentin, N-Cadherin, β-Actin
antibody, radioimmunoprecipitation assay buffer (RIPA), and
protease/phosphatase inhibitor cocktail (100×) were obtained
from CST (Boston, MA, United States). 4% paraformaldehyde
was obtained from Fude biotechnology company (Hangzhou,
China). Matrigel was bought from Corning (Kangning,
New York, United States).

BRE Solutions Preparation
The concentration of the BRE solution was set as 20 mg/mL and
stored in 4◦C for further use.

Cell Culture
Murine breast cancer cell 4T1 cell line (4T1 cells) was obtained
from ATCC and cultured with DMEM containing 10% FBS and
1% penicillin-streptomycin solution (100×) at 37◦C with 5% CO2
humidified atmosphere.

The Detection of UV-vis-NIR Absorption
Spectra
To explore the absorption spectra of BRE in the near infrared
region (700–900 nm), 3 mL BRE solutions with concentrations of
1, 2, 5, 10, 15, and 20 mg/mL were determined using the UV-2600
spectrophotometer (Shimadzu Co., Japan).

Evaluation of Photothermal Effect and
Photostability
To measure the photothermal effect of BRE, a series
concentration of 1, 2, 5, 10, 15, and 20 mg/mL BRE were
irradiated (808 nm, 1 W/cm2) for 10 min, and the temperature
change was recorded by an infrared thermal imaging camera
(Shanghai Xilong Optoelectronics Technology Co. Ltd., China).
Besides, the 10 mg/mL concentration of BRE was irradiated and
recorded at different power density (0.5, 0.75, 1, and 2 W/cm2)
for 10 min, respectively. To further study the photostability, the
real-time temperature change of BRE by irradiating 10 mg/mL
solution with an 808 nm laser (1 W/cm2) for 10 min (laser
on) and then cooling to room temperature without irradiation
for 10 min (laser off) were recorded. Such heating/cooling
processes were repeated four times and used in the calculation
of photothermal conversion efficiency. And the details of
calculation were given in previous work (Hou et al., 2018).

Live/Dead Staining Assay
4T1 cells were seeded on 96-well plates at a density of 5 × 103

cells/well and incubated with DMEM complete growth medium
for 24 h. Then, the cells were treated with different concentrations
(0, 2, 5, and 10 mg/mL) of BRE for 24 h. After that, the cells were
irradiated with an 808 nm laser (1 W/cm2) for 5 min and stained
using the Live/DeadTM Cell Imaging Kit for 30 min. Then, the
cells were washed twice with PBS and the living cells or dead cells
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were observed and photographed using a fluorescent microscope
(Nikon ECLIPSE Ti-U, Japan).

Inhibition of Cloning Ability
4T1 cells were seeded on 6-well plates at a density of 2000
cells/well and incubated with DMEM medium for 24 h. Then,
the cells were treated with different concentrations (0, 0.5, and
1 mg/mL) of BRE and were irradiated for 10 min (808 nm,
1 W/cm2), and were incubated for another 12 h and 24 h
respectively. At fixed time points, the cells were washed twice with
PBS and cultured with fresh DMEM medium for another 7 days.
Then the cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 20 min. After that, the cells were washed
twice with PBS and stained with 1% crystal violet dissolved in PBS
for 30 min. The colony numbers were counted, and photographs
were taken using a microscope (Nikon ECLIPSE Ti-U, Japan).

In vivo Anti-tumor Effect
Four-week old female BALB/c mice were purchased from animal
laboratory center of Guangdong Province and housed in SPF
laboratory animal room. And all animal experiments were
approved by Institutional Animal Care and Use Committee
(IACUC). The mice were divided into four groups including
control group, PBS + NIR, BRE and BRE + NIR group
(n = 6). 1 × 106 4T1 cells resuspended in 100 µL PBS were
subcutaneously injected into the flanks of mice. When tumor
size reached 100 mm3, 50 µL of BRE solution (20 mg/mL) or
PBS were intratumorally injected into the tumor region of the
mice. The control group received no treatment and the BRE
group was only intratumorally injected BRE solution. The mice
of PBS + NIR treatment groups and BRE + NIR group were
irradiated for 10 min (808 nm, 1 W/cm2). During irradiation,
temperature change and thermal images of these mice were
monitored by an infrared thermal imaging camera. After that,
the relative tumor volume and body weight were recorded every
two days. The survival rate was calculated when all mice were
dead or the mice of control, PBS + NIR and BRE group were
dead while the mice of BRE+ NIR group remained alive 40 days
after treatment. To examine the pathological changes of the
tumor, one tumor-bearing mouse from each group was sacrificed
one day after treatment, and the tumors were dissected and
stained with H and E.

Inhibition of Migration Ability
4T1 cells were suspended in serum-free DMEM medium at a
density of 5 × 105 cells (200 µL) and seeded in the upper
chamber of the transwell. The lower cell chamber was added with
500 µL DMEM complete growth medium. Then, the cells were
treated with different concentrations (0, 0.5, and 1 mg/mL) of
BRE and were irradiated for 10 min (808 nm, 1 W/cm2). After
being cultured for another 24 h, the upper cells were cleaned with
cotton swab and transwells were washed twice with PBS and fixed
with 4% paraformaldehyde for 20 min. And the cells were washed
twice with PBS and stained with 1% crystal violet dissolved in PBS
for 30 min. The membranes were obtained and fixed with neutral
gum on the slides overnight. Then the slides were photographed
using a microscope (Nikon ECLIPSE Ti-U, Japan).

Inhibition of Invasion Ability
Matrigel (50 µL) was added into the upper chamber of the
transwell insert and incubated at 37◦C for 2 h. Then 4T1 cells
were seeded on the transwell upper chamber at a density of
5 × 105 cells/well (200 µL) and incubated with serum-free
DMEM medium. The lower chambers were 24-well plates added
with 500 µL DMEM complete growth medium. Later, the cells
were treated with different concentrations (0, 0.5, and 1 mg/mL)
of BRE and irradiated for 10 min (808 nm, 1 W/cm2). After 72
h incubation, the upper chambers were cleaned with cotton swab
and the transwells were washed twice with PBS and fixed with
4% paraformaldehyde for 20 min. Then the cells were washed
twice with PBS and stained with 1% crystal violet dissolved in
PBS for 30 min. The membranes were obtained and fixed with
neutral gum on the slides overnight. Pictures of the slides were
taken using a microscope (Nikon ECLIPSE Ti-U, Japan).

Western Blotting
Western blotting was used to determine the expression level
of EMT related proteins. In brief, 4T1 cells were cultured in
6-well culture plates (3 × 105 cells/well) overnight. The cells
were treated with different concentrations (0, 0.5, and 1 mg/mL)
of BRE and were irradiated for 10 min (808 nm, 1 W/cm2),
the cells were incubated for another 24 h. Afterward, the
cells were collected and whole-cell extracts were prepared with
a RIPA buffer containing 1% protease/phosphatase inhibitor
cocktail (100×), and separated by 10–12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis SDS-PAGE, and transferred to
nitrocellulose membranes (Millipore). Antibodies including snail
(3879s, CST), vimentin (5741s, CST), N-Cadherin (13116s, CST),
β-actin (4967s, CST) were used in this study.

Evaluation of in vivo Lung Metastasis
Inhibition
Four-week old female BALB/c mice were divided into two groups
including control group and BRE + NIR group. 1 × 106 4T1
cells resuspended in 100 µL PBS were subcutaneously injected
into the flanks of mice. When the tumor size was reached
100 mm3, 50 µL of BRE solution (20 mg/mL) or PBS were
intratumorally injected into the tumor region of the mice. The
mice of control groups and BRE+NIR group were irradiated for
10 min (808 nm, 1 W/cm2). 30 days later, all mice were sacrificed
and lungs were obtained and photographed alone. The numbers
of lung metastasis were further counted, and lung slides were
stained with H and E.

Evaluation of in vivo Animal Toxicity
Four-week old female BALB/c mice were divided into two groups
including control group and BRE treatment group. The mice
of BRE treatment group were intravenously injected with 100
µL BRE solution (20 mg/mL) while the control group received
100 µL PBS solution in the same method. After that, the mice
were housed for 30 days until they were sacrificed for toxicity
assay. 150 µL whole blood were collected in tubes with spray-
coated K2EDTA for future blood routine assessment including
WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and PLT assay.
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500 µL whole blood were collected in normal EP tubes for
future assessment of hepatic and renal toxicity. Blood samples for
biochemical test were temporarily stored in -20◦C for 2 h, and
were incubated in 37◦C for 1 h before centrifuged for 10 min
(3000 rpm). After that the serum was collected for AST, ALT,
BUN, and SCR assay. Major organs (including heart, liver, spleen,
lung, and kidney) of all mice were collected after sacrifice. All
major organs for histological analyses were fixed in 10% neutral
buffered formalin, processed, and embedded in paraffin, cut into
4-µm-thick sections, and subsequently stained with H and E. H
and E staining analysis were used to assess the in vivo toxicity.

Statistical Analysis
Quantitative data were expressed as mean ± standard deviation
(SD). The statistical differences were assessed using One-way
ANOVA analysis. All tests were analyzed using statistical software
(SPSS version 20.0). P-values of < 0.05 were considered to be
statistically significant.

RESULTS AND DISCUSSION

Characterization of BRE
Exacted from black rice containing 25% anthocyanin, was
derived by serial dilution of BRE powder purchased from
TIANXINGJIAN Biochemical Technology Company with PBS
(pH = 7.4). First, the vis-NIR absorbance spectrum (700–900 nm)
of BRE solutions was assessed. The absorbance of BRE solutions

was smoothly decreased from 700 nm to 900 nm, and the relation
with different concentrations was close to linear with the R2 up
to 0.97 at 808 nm laser (Figures 1A,B), indicating that BRE
solutions had a strong absorbance in NIR wavelength. When
irradiated for 10 min at 808 nm (1 W/cm2), the temperature of
BRE solution was increased faster and higher with the increasing
concentrations of BRE solutions. As a negative control, the same
irradiation had little impact on PBS solution. The 1T of the BRE
solution at the concentration of 20 mg/mL was about 35.2◦C,
indicating the photothermal capability that matches many
photothermal materials such as Pd@Au/Ce6/PAH/H-MnO2
(Figure 1C; Liu et al., 2020). In addition, we further showed
that the photothermal performance of BRE was dependent on
the irradiation power density (Figure 1D). The 1T of the BRE
solutions irradiated with the power density at 2 W/cm2 was about
41.3◦C. As shown in Figure 1E, the temperature of BRE solutions
(10 mg/mL) was increased sharply when the laser was on for
10 min (1 W/cm2) and decreased when the laser was off. The
temperature change was highly reproducible similarly to many
photothermal materials such as FA-CuS/DTX@PEI-PpIX-CpG
nanocomposites (Chen L. et al., 2019), suggesting the superb
photothermal stability of BRE solutions.

Based on the above data, the photothermal conversion
efficiency (η) of BRE solutions was calculated according to
the previously reported method (Hou et al., 2018). The fitting
linear curve of time data versus -lnθ was acquired from the
cooling period, and the time constant (τs) for heat transfer
was calculated to be 182.9 s. The η value of BRE solution was

FIGURE 1 | Characterization of BRE. (A) The vis-NIR absorbance spectrum (700–900 nm) of BRE with different concentrations. (B) The fitting curve of the
absorbance of BRE at 808 nm with different concentrations (R2 = 0.97). (C) Photothermal images and corresponding temperature elevation of BRE with different
concentrations under an 808 nm laser irradiation (10 min, 1 W/cm2). (D) Temperature elevation of BRE (10 mg/mL) with different power densities under an 808 nm
laser irradiation. (E) Heating/cooling curves of BRE (10 mg/mL, 1 W/cm2) for four repeated irradiation cycles. (F) The fitting linear curve of time data versus -lnθ

acquired from the cooling period, and the time constant (τs) for heat transfer was calculated to be 182.9 s.
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determined to be 54.13% (Figure 1F), which was obviously
superior to commercial gold nanorods (21%) (Hessel et al., 2011).
In summary, these results indicated that the BRE solution is a
promising candidate for PTT.

Evaluation of in vitro Anti-tumor Effect
To investigate the photothermal tumor cell killing ability
of BRE in vitro, Live/Dead staining assay was conducted.
While the cells were alive in the BRE group, there was
massive cell death in the culture after the treatment with
NIR (Figure 2A). In further support of the photothermal
killing ability of BRE, the colony formation ability of tumor
cells after BRE + NIR treatment was assessed. The cloning

formation efficiency of tumor cells at 12 and 24 h after
BRE (1 mg/mL) + NIR treatment was significantly reduced
(Figures 2B,C). Therefore, the combinational treatment of tumor
cells with BRE and NIR have apparent anti-tumor activity
in vitro.

Evaluation of in vivo Anti-tumor Effect of
BRE
To evaluate the in vivo anti-tumor effect, BALB/c mice
harboring syngeneic 4T1 tumors were divided into four
groups including control, PBS + NIR, BRE, and BRE + NIR
group (n = 6). During BRE + NIR treatment, the local
temperature of 4T1 tumors was increased to 55.4◦C, much

FIGURE 2 | The evaluation of in vitro anti-tumor effect. (A) The Live/Dead fluorescence images of 4T1 cells treated with BRE at different concentrations for 24 h and
placed under an 808 nm laser irradiation (1 W/cm2) for 5 min. (B) Photograph of 4T1 clone forming, quantification of 4T1 cloning efficiency with the BRE and NIR
treatment in 12 h. (C) Photograph of 4T1 clone forming, quantification of 4T1 cloning efficiency with the BRE and NIR treatment in 24 h. *P < 0.05, **P < 0.01,
***P < 0.001 compared with the control.
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higher than that of PBS + NIR group (29.1◦C), enough
to kill tumor cells and ablate subcutaneous tumors in vivo
(Figures 3A,B). In addition, the size of the tumors after
BRE + NIR treatment was smaller than that after other
three treatments,suggesting that the combinational BRE and
NIR treatment could effectively suppress tumors in vivo
(Figure 3C). The survival rate of tumor-bearing mice
after BRE + NIR treatment was much higher than that of
other three treatments (Figure 3D). The body weight of
tumor-bearing mice after various treatments showed no
apparent difference, suggesting that BRE + NIR treatment
confers a low toxicity (Figure 3E). Histological analysis
of the tumors showed that the tumors after BRE + NIR
treatment exhibited extensive necrosis, indicating efficient
tumor ablation (Figure 3F). These results indicated that the
combinational BRE and NIR treatment could efficiently cause

local hyperthermia of tumor tissues, and thus presenting
a promising treatment for solid tumors with superb
killing efficiency.

Mechanisms of in vitro and in vivo
Suppression of Lung Metastasis
Preventing tumor recurrence or inhibiting tumor metastases is
as important as the ablation of original tumors (Jin et al., 2018).
Therefore, the impact of BRE + NIR treatment on migrational
ability and invasive ability was also studied. The migration and
invasion of tumor cells were significantly reduced after the BRE
(1 mg/mL) + NIR treatment when compared to other three
treatments (Figures 4A,B).

Because EMT is required for the metastatic behaviors
of invasion and migration, we examined the expression of

FIGURE 3 | The evaluation of in vivo anti-tumor effect. (A) Photothermal images and (B) temperature curves of BALB/c mice bearing 4T1 tumors irradiated with
808 nm for 10 min (1 W/cm2). (C) The relative tumor volume of different treatment groups. (D) The survival rate of different treatment groups. (E) The body weight of
different treatment groups. (F) The tumor HE staining of different treatment groups. Data are presented as mean ± SD. ***P < 0.001.
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EMT related mesenchymal markers, including N-cadherin,
Vimentin, and Snail (Polyak and Weinberg, 2009). Our
data showed that BRE treatment reduced the expression
of Snail, Vimentin, and N-Cadherin, indicating that BRE
treatment exhibits strong anti-EMT effects. In addition,
NIR enhanced the anti-EMT effectiveness, suggesting that
the combinational BRE and NIR treatment inhibits the
transformation of early epithelial cells into mesenchymal stem
cells (Figure 4C).

Epithelial-mesenchymal transition could contribute
to the dissociation of cancer cells from the primary
tumor foci and intravasation into blood vessels
(Hennessy et al., 2009) leading to distant metastases in
other organs (Obenauf and Massagué, 2015). In order
to assess the inhibitory ability of BRE + NIR on lung
metastasis in vivo, lung metastasis model was conducted.
Our data indicate that only BRE and BRE + NIR treatments

suppressed the lung metastasis (Figures 5A,B), In addition,
BRE + NIR treatment was more potent than BRE
treatment in suppressing lung metastasis and improving
survival (Figures 5A,B). Therefore, PTT and anti-EMT
activities of BRE + NIR treatment contribute to inhibiting
the formation of metastatic lung nodules (Figure 5C;
Chen W. et al., 2015).

Evaluation of in vivo Toxicity
To evaluate the in vivo toxicity of BRE, the BALB/c mice
were injected intravenously with 100 µL BRE solution
(20 mg/mL) while the control group received the same
volume of PBS solution. 30 days after treatment, all mice
were sacrificed for in vivo toxicity study. The blood was
subjected to the blood routine assessment, hepatic, and
renal toxicity assessment. Besides, the HE staining of major
organs were also analyzed to detect the toxicity of BRE

FIGURE 4 | Inhibition of migration, invasion and anti-EMT ability. (A) Photograph and quantification of 4T1 migration ability with the BRE and NIR treatment.
(B) Photograph and quantification of 4T1 invasion ability with the BRE and NIR treatment. (C) Western blotting of relative mesenchymal markers including
N-cadherin, Vimentin and Snail. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control.
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FIGURE 5 | Mechanisms of in vivo inhibiting lung metastasis. (A) Photographs and numbers of lung metastases in different treatment groups. (B) The HE staining of
lung in different treatment groups. (C) Schematic diagram of BRE and laser radiation for inhibiting lung metastasis and EMT. Data are presented as mean ± SD.
*P < 0.05, **P < 0.01 compared with the control.

(Figure 6A). Blood routine assessment included WBC,
RBC, HGB, HCT, MCV, MCH, MCHC, and PLT assays,
the indexes showed little difference between the control
and BRE treatment group, supporting the notion that
BRE have no apparent blood toxicity in vivo (Figure 6B).
Moreover, in vivo hepatic and renal toxicity was evaluated
by AST, ALT, BUN, and SCR assays respectively. Our
results showed that these values were identical between the
control and BRE group, indicating that BRE did not induce
hepatic and renal toxicity (Figure 6C). In addition, the
histological analysis indicated that the major organs of BRE
treated mice showed little pathological changes, suggesting
that BRE did not induce systemic toxicity (Figure 6D).
Together, these data show that BRE does not induce blood
toxicity, hepatic and renal toxicity or even systemic toxicity
in vivo, and thus representing a safe photothermal agent for
in vivo application.

CONCLUSION

In summary, BRE, the exaction of the traditional food
black rice, has been developed as a novel and low-cost
PTT agent with effective anti-tumor and anti-metastasis
abilities. With excellent photothermal stability and photothermal
conversion efficiency (54.13%), the temperature of BRE could
be increased high enough to induce tumor cell death. In
the context of anti-tumor and anti-metastasis activities, the
results show that the combination of BRE and NIR treatment
could significantly inhibit the tumor growth by elevating the
local hyperthermia and metastasis by suppressing EMT. In
addition, the in vivo toxicity data show that BRE causes
no obvious systemic toxicity and paved the way for its
clinical use. In summary, promising therapeutic effectiveness,
low cost, and low toxicity highlight the potential of BRE
in tumor therapy.
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FIGURE 6 | The evaluation of in vivo toxicity. (A) The scheme of in vivo toxicity assay. (B) The blood routine assessment of control and the BRE (20 mg/mL)
treatment group. (C) Physiological function assessment of hepatic and renal toxicity from control and BRE (20 mg/mL) treatment group. (D) The HE staining of major
organs of control and BRE (20 mg/mL) treatment group. Data are presented as mean ± SD.
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