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phene nanosheets for carotid body
tumor combination therapy†

Huaxiang Lu,‡a Weimin Li,‡a Peng Qiu,‡a Xing Zhang,a Jinbao Qin,*a Yuting Cai*b

and Xinwu Lu *a

Combination therapy is a cornerstone of tumor therapy, which canmake up for the shortcomings of a single

treatment and improve the cure rate of cancer. Near infrared induced therapy is widely applied owing to

good accessibility, safety profile, and a wide range of effectiveness. Here, we use reduced nanographene

oxide (rNGO) sheets with MnO2 nanoparticles as a photothermal agent to trigger further photodynamic

therapy and chemotherapy. Doxorubicin (DOX, chemotherapeutic agent) and methyl blue (MB,

photosensitizer) are loaded onto graphene oxide through a strong physical bond and rapidly released

under high temperature. Besides, MnO2 nanoparticles can catalyze hydrogen peroxide inside of tumor

and produce oxygen as a raw material for photodynamic therapy. In vitro experiments illustrated an

effective ablation of PC-12 cells by rGO@MnO2/MB/Dox incubation combined with 808 nm near-

infrared (NIR) laser radiation. For in vivo experiments in a model of carotid body tumor, rGO@MnO2/MB/

Dox was locally injected, followed by 808 nm NIR laser irradiation. We found that the number of tumor

cells was significantly reduced, the tumor volume was reduced, and there were no side effects. This may

provide a new idea for the combination treatment of carotid body tumor.
Introduction

The carotid body tumor (CBT) is a rare neck tumor originating
from paraganglion chemical receptors at the carotid artery
bifurcation and occurs once in every 30 000 cases.1 Usually, CBT
is benign and its malignant biological behavior is rare,
accounting for about 4–10% of cases. CBT normally occurs as
a painless, slowly increasing neck mass, pressuring
surrounding tissues, possibly followed by dysphagia or swal-
lowing pain.2 Previous studies have found that radiotherapy,
chemotherapy, or embolization has little effect as the nal
treatment, and surgical resection remains the primary recom-
mendation. However, due to the rich blood supply of tumors,
the close relationship with neurovascular anatomy, and surgical
resection difficulties, this treatment option still has signicant
risks and various complications.3
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Photothermal therapy (PTT) and photodynamic therapy
(PDT) are two main kinds of general phototherapy protocols of
tumor treatment owing to the advantages of higher efficiency,
deeper penetration, less adverse side effects, and non-surgery.4

The principle of PTT is to convert light energy into heat energy
and induce the subsequent cell necrosis or apoptosis.5 Mean-
while, PDT is based on photosensitizers that adsorb light energy
and generate toxic reactive oxygen species (ROS) to kill cancer
cells.6,34 Compared to other methods, light is an ideal external
stimulus because it is easy to adjust, focus, and control
remotely. Near-infrared (NIR) light (with wavelengths in the
800–1200 nm range) has greater tissue penetration, making it
more suitable for PTT and PDT.7 In recent years, nanomaterials
such as gold nanoparticles,8 CNTs,9 black phosphorus,10 and
MoS2 nanomaterials11 act as both a PTT agent and a drug
nanocarrier to integrate chemotherapy with photothermal
therapy to enhance the cytotoxicity on tumor. The ideal PTT
candidate should have the following properties: (i) suitable
nanoparticulate size and uniform shape for phagocytosis; (ii)
good dispersibility in aqueous solutions; (iii) sufficient photo-
thermal conversion efficiency; (iv) exhibit low or no cytotoxicity
in living systems. For photosensitizers of PDT, most of the work
focuses on three groups (porphyrin family, chlorin family and
dyes family) owing to the higher yield of singlet oxygen forma-
tion and maximum absorption in the wavelength range 650–
800 nm for deeper located tissues.12 However their poor solu-
bility in water limits their intravenous administration. Mean-
while, hypoxia, arisen in solid tumors, not only promotes tumor
© 2022 The Author(s). Published by the Royal Society of Chemistry
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metastasis but also weakens PDT owing to the lack of oxygen.13

For effective chemotherapy, controlled drug release is necessary
for sustained chemotherapy and smart stimulation release
including light,14 temperature,15 pH16 and ultrasound17 is
developed exhibiting fast response.

Therefore, we designed newMnO2 nanoparticle doped nano-
reduced graphene oxide sheets with doxorubicin (Dox, chemo-
therapeutic agent) and methylene blue (MB, photosensitizer)
(rGO@MnO2/MB/Dox). We intelligently combined
photothermal/photodynamic/chemotherapy together to get all
in one therapy. When rGO@MnO2/MB/Dox nanoparticles were
injected into the tumor area, nanoparticles entered tumor cells
via the endocytic lysosomal pathway and increased accumula-
tion in tumors through an enhanced permeability and retention
(EPR) effect.18 The temperature of the tumor area increased
under NIR irradiation for PTT because the rGO spherical shell
and MnO2 nanoparticles adsorbed light energy. Meanwhile, the
high temperature and mild acidic environment of the tumor
area stimulate the release of Dox for chemotherapy. Meanwhile,
MnO2 nanoparticles had unique reactivity with H2O2 in tumor
cells to sustainably produce O2, which improved tumor
oxygenation in vivo and improved the productivity of ROS.

Given that there are no studies on the photothermal treat-
ment of carotid body tumor and it needs more feasible treat-
ments, we used the rGO@MnO2/MB/Dox nanoparticles to
explore the effect on carotid body tumor.
Experimental section
Synthesis of nano-reduced graphene oxide (rGO)

The graphene oxide solution was synthesized by a modied
Hummers' method.19 In brief, in the beginning, 1 g expandable
graphite was mixed with 10 g sodium chloride crystals, followed
by 30 min ne grinding and sodium chloride was removed by
water washing. Later, treated graphite was dissolved into
150 mL concentrated sulfuric acid in a ask. Later, 40 g KMnO4

was gradually added into the above solution under strong stir-
ring and reacted at room temperature overnight. Then the
whole ask was transferred to an oil bath and the temperature
was increased to 60 �C and reacted for 6 h with strong
mechanical stirring. Aerwards, the mixture was poured into
1 L DI water and stirred for another 1 h and 40 mL 30% H2O2

was added dropwise to the solution until no more bubbles
appeared. The GO sheets were collected by centrifugation and
washed with DI water several times until the pH was around 7.
To get nano-reduced graphene oxide, an ultrasonic cell dis-
ruptor (1000 W, 20 Hz) was utilized at room temperature for
10 h.
Synthesis of rGO@MnO2

Freshly prepared KMnO4 aqueous solution (0.1 M, 20 mL) was
added into the prepared GO dispersions (5 mg mL�1, 100 mL)
dropwise under magnetic stirring and reacted for 4 h at room
temperature in the dark. Finally, rGO@MnO2 was collected by
centrifugation and washed with water.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fabrication of rGO@MnO2/MB/Dox nanoparticles

The fabrication process was similar to nanoprecipitation.
Briey, rGO@MnO2 nanoparticles were dispersed into iso-
propanol with vigorous sonication and the concentration is
100 mg mL�1. Lecithin and DSPE-PEG5000 (3 : 1 by weight)
were dissolved in 4% aqueous ethanol solution at a concentra-
tion of 1 mg mL�1. The phospholipid solution (30 mL) was
heated to 50 �C. The rGO@MnO2 solution (1 mL)mixed with the
desired package (500 mL 2.5 mg mL�1 Dox in DMSO and 100 mL
2.5 mg mL�1 MB in DMSO) was then added dropwise into the
preheated phospholipid solution with strong sonication. Aer
cooling down in ice water for 3 min, the cloudy solution was
warmed up to ambient temperature and sonication for 3 min,
followed by ltration through a surfactant-free cellulose acetate
membrane. The unencapsulated molecules and organic
solvents were removed using centrifugation. Aer washing with
water three times, the resultant nanoparticles were suspended
in water for further use.

Photothermal effect of nanospheres

GO, rGO, and rGO@MnO2 solutions with the same concentra-
tion (0.1 mg mL�1) were exposed to an 808 nm NIR laser at
a power density of 1.5 W cm�2 for 10 min and the temperature
was recorded at intervals of 15 s by using a thermal imager
(UTi165K).

NIR/pH-triggered drug release

To measure the release prole of Dox under NIR irradiation,
10 mL of the rGO@MnO2/MB/Dox solution was placed in
a dialysis bag (MWCO ¼ 140 000), and then the dialysis bag was
sealed and immersed into 90 mL of PBS buffer solution (pH 7.4
or 4) to investigate the effect of pH. Meanwhile, the same dial-
ysis bag was irradiated with an 808 nm NIR laser at a power
density of 1.5 W cm�2 for 48 h for NIR stimulations. At set time
points, 1 mL solution was retrieved for UV-vis spectrometry at
480 nm.

The photodynamic effect

1,3-Diphenylisobenzofuran (DPBF) was selected as the probe to
monitor the singlet oxygen produced by rGO@MnO2/MB/Dox.
The absorption peak of DPBF at 410 nm was recorded at
different irradiation time points. All the solutions were bubbled
with nitrogen gas for 1 h to remove oxygen inside before the
test.

Cellular experiments

To compare and evaluate the photothermal effects and cyto-
toxicity of rGO@MnO2/MB/Dox and rGO. A rat chromophobe
cell PC-12 was cultured in high-glucose DMEM supplemented
with 10% fetal bovine serum according to the instructions. Aer
being incubated with 100 mg mL�1 rGO@MnO2/MB/Dox or rGO
for 12 hours and washed with phosphate-buffered saline solu-
tion (PBS), some PC-12 cells were irradiated under an 808 nm
NIR laser. Then the irradiated and unirradiated PC-12 cells were
collected for TEM assay. Thus, the phagocytosis of PC-12 cells
Nanoscale Adv., 2022, 4, 4304–4313 | 4305
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on rGO@MnO2/MB/Dox or rGO and the ablation of PC-12 cells
by the 808 nm NIR laser were observed. The activity assay of PC-
12 cells was then performed. First, the cytotoxicity of
rGO@MnO2/MB/Dox or rGO on PC-12 was assessed using CCK-
8 cell proliferation assay (Dojindo Laboratories, Kumamoto,
Japan). PC-12 cells were co-cultured with different concentra-
tions of rGO@MnO2/MB/Dox or rGO (0, 50, 100, 150, 200, and
400 mg mL�1) for 12 h, and then PC-12 cell survival was exam-
ined by CCK8 cell proliferation assay. The safe concentration of
PC-12 was then selected for the following assays. PC-12 cells
were co-cultured with rGO@MnO2/MB/Dox (100 mg mL�1) for
12 h and then irradiated with an 808 nm NIR laser at different
power densities (0, 0.35, 0.7 and 1.4 W cm�2) for 5 min. Cell
viability was measured using the CCK-8 cell proliferation assay.
In another comparison, PC-12 cells were incubated using
different concentrations of rGO@MnO2/MB/Dox (0, 50, 100 and
150 mg mL�1) for 12 h, and then half of them were irradiated for
5 min using an 808 nm NIR laser at a power density of 0.7 W
cm�2. Meanwhile, in order to compare the PTT effect of
rGO@MnO2/MB/Dox with GO, some PC-12 cells were incubated
with GO (100 mg mL�1), and then half of them irradiated with an
808 nm NIR laser at a power densities of 0.7 W cm�2, and these
cells were stained with calcein AM/PI (Dojindo Laboratories,
Shanghai, China) and observed and photographed with a Zeiss
LSM 510 immunouorescence microscope (Carl Zeiss Strasse,
Oberkochen, Germany).35 Flow cytometry (FCM) was performed
to perform cell apoptosis analysis aer annexin V/PI staining.

Animal experiments

Nude mice (male, age: 8 weeks) were purchased from the
Shanghai Model Biology Research Center (Shanghai, China). All
animal operations followed the guidelines for care and use of
laboratory animals by the Shanghai Jiao Tong University School
of Medicine and were approved by the Animal Ethics
Committee of the Ninth People's Hospital Affiliated to the
Shanghai Jiao Tong University School of Medicine. Surgically
resected specimens of patients diagnosed with CBT were cut
into multiple 1 cm3 masses. Aer successful intraperitoneal
injection of sodium pentobarbital sodium (40 mg kg�1) in the
mice, longitudinal incisions were made on their backs and the
CBT masses were subcutaneously inserted. Finally, incisions
were closed layer by layer. One week later, the incisions healed
well, the back tumor volume was stable, and no necrosis or
liquefaction was detected. Hence, the CBT model was success-
fully established.

Photothermal therapy and immunohistochemistry

Mice were randomly divided into control or experimental
groups. The tumor in the experimental group was locally
injected with rGO@MnO2/MB/Dox (100 mL), while the control
received the same amount of PBS solution. Then, the tumor was
vertically irradiated with an 808 nm near-infrared (NIR) laser
with a power density of 0.7 W cm�2 for 5 min. A GX-300 pho-
tothermal medical equipment and infrared camera (Shanghai
Arret Electronics Co., Ltd., Shanghai, China) were used to
monitor temperature changes in real time. The volumes of
4306 | Nanoscale Adv., 2022, 4, 4304–4313
tissue swelling on the back of the mice were measured imme-
diately aer treatment, on days 3, 7, and 14. Finally, the mice
were sacriced two weeks aer surgery for blood biochemical
indices and histological analyses.

Tumor masses in experimental and control groups were
xed with paraformaldehyde (PFA), sectioned with paraffin, and
stained with hematoxylin/eosin (HE). Images were recorded
with a light microscope (Nikon, Tokyo, Japan) and analyzed
with Image-Pro-Plus (IPP). Meanwhile, frozen sections were
analyzed by immunohistochemistry (CD56, CgA, NSE, S100,
Syn, Tunnel).

Long-term toxicity analyses

Blood samples were also collected for biochemical analyses. The
heart, liver, lung, and kidney were extracted for HE staining for
histological analyses.

Results and discussion
Synthesis and morphology of rGO@MnO2

Fig. 1a illustrates that GO was partially reduced during the
strong sonication process because the ID/IG ratio was increased
from 0.71 to 0.93 and rGO could be further oxidized by the
introduction of KMnO4 because the ID/IG ratio decreased to
0.82, which matched with previous work.20 Meanwhile, the
bands located at 570 cm�1 in the spectra of rGO@MnO2 can be
ascribed to the symmetric stretching vibrations of Mn–O of
MnO2.21 MnO2 nanoparticles were formed during this oxidation
reaction and loaded onto GO nanosheets. The XPS result in
Fig. 1b also conrmed the formation of MnO2. In particular, two
peaks (654.6 and 643.2 eV) are ascribed to Mn4+.22 The
morphology and structure of rGO@MnO2 were reected by TEM
results in Fig. 1c where the whole size was around 150 nm,
which are designed to be phagocytized by tumor cells. The
interplanar spacing on rGO sheets belonged to the (100) plane
of MnO2 as shown in Fig. 1d.23,24 The elemental mapping also
conrmed the existence of Mn element, which uniformly covers
the whole surface of rGO nanosheets in Fig. 1e.

Characterization of rGO@MnO2/MB/Dox for all in one
function

As shown in Fig. S1a,† vesicular rGO@MnO2/MB/Dox nano-
particles with a diameter range of 150–200 nm were observed by
SEM. The nanoparticles were uniformly dispersed in an
aqueous solution. The average hydrodynamic diameter was
determined by DLS and aer encapsulation with MB/Dox the
diameter was increased from 143.32 to 183.42 nm as shown in
Fig. S1b.† Meanwhile the good stability in water was proved by
the fact that the size did not show obvious changes even in the
past two weeks as shown in Fig. S1c.† To investigate the pho-
tothermal properties, an 808 nm NIR laser at a power density of
1.5 W cm�2 was introduced to irradiate at the same concen-
tration (0.1 mg mL�1) for 6 min. From Fig. 2a, GO had week
photothermal properties and the photothermal efficiency
greatly increased aer been reduced to rGO owing to fewer
defects, which match with previous reports.25 MnO2 doping
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphology of rGO@MnO2 nanoparticles. (a) Raman spectrum of GO, rGO, and rGO@MnO2. (b) XPS high-resolution scans of Mn 2p in
rGO@MnO2 nanoparticles. (c) TEM images of rGO@MnO2. (d) TEM images of rGO@MnO2 nanoparticles with a high-magnification image of
crystals. (e) Elemental mapping of C, O and Mn of rGO@MnO2 nanoparticles.
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could further improve the photothermal properties and the
temperature reached 55.2 �C in 5 min because of the high
photothermal conversion performance of MnO2 (ref. 26), which
even could compensate for the loss of oxidation of GO. The
successful loading of Dox/MB was proved by using UV-vis
spectra shown in Fig. 2c, and the two peaks of the black line
represent Dox and MB compared with each pure solution,
which could dissolve into ethyl alcohol from nanoparticles.
More importantly, rGO@MnO2 exhibits faster and stronger O2

generation capacity with H2O2 as MnO2 accelerates O2 genera-
tion as shown in Fig. S2.†28 To quantitatively analyze the
generation of singlet oxygen, the typical 1,3-diphenylisobenzo-
furan (DPBF) agent was applied. The generation of singlet
oxygen could oxidize DPBF to decrease its absorbance intensity
in the UV-vis spectrum at a wavelength of 410 nm.27 It could be
© 2022 The Author(s). Published by the Royal Society of Chemistry
found that the absorbance intensity of DPBF decreased signif-
icantly upon the exposure of DPBF solution to NIR irradiation in
the presence of rGO@MnO2/MB/Dox/H2O2 for 10 min (Fig. 2d),
demonstrating the quick production of singlet oxygen during
PDT. Importantly, the slight decrease of the rGO@MnO2/MB/
Dox group illustrated the function of the catalyst MnO2,
which consumed H2O2 and supplied O2 for singlet oxygen.
Fig. 2e demonstrates the 808 nm NIR laser triggered Dox
release, and without irradiation only 11.8% of Dox was released
aer 24 h and 34.8% of Dox was released under irradiation
because heat will accelerate molecular motion. And Fig. 2f
shows the inuence of pH where the release of Dox from
rGO@MnO2/MB/Dox is greatly inhibited in neutral solution but
accelerated in mildly acidic buffer solution with a 24 h-releasing
amount of 39.6% (pH 4) owing to the break of hydrophobic
Nanoscale Adv., 2022, 4, 4304–4313 | 4307
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Fig. 2 Characterization of rGO@MnO2/MB/Dox nanoparticles. (a) The rate of temperature rise at a constant laser function power (880 nm, 1.5 W
cm�2) for GO, rGO and rGO@MnO2 solutions with the same concentration (0.1 mg mL�1). (b) IR thermal images of 0.1 mg mL�1 rGO@MnO2

solution. (c) UV-vis absorption spectra of free Dox (green), free MB (red) and rGO@MnO2/Dox/MB (black) in ethyl alcohol. (d) Comparison of the
decay rate of DPBF under NIR laser irradiation at different times. (e and f) Dox release profiles of rGO@MnO2/Dox/MB with or without NIR laser
irradiation and different pH environments.
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interactions between multifunctional GO and aromatic Dox
molecules. This pH-responsive release was vital for chemo-
therapy as rGO@MnO2/MB/Dox could maintain the drug when
injected into neutral blood vessels and start to release within
acidic tumor tissues.

This indicated that rGO@MnO2/MB/Dox is an excellent PTT
agent and has potential applications in cell ablation in vitro.
In vivo experiment and histological analyses

A prerequisite for the removal of chromophores is their ability
to take up tiny nanoparticles. TEM results showed that PC-12
cells co-incubated with rGO@MnO2/MB/Dox exhibited signi-
cant phagocytosis compared to normal PC-12 cells and no
signicant organelle damage was observed. However, PC-12
cells co-cultured with rGO@MnO2/MB/Dox exhibited signi-
cant nucleolysis and cytolysis aer 5 min exposure to an 808 nm
NIR laser at a power density of 0.7 W cm�2 (Fig. 5). In contrast,
4308 | Nanoscale Adv., 2022, 4, 4304–4313
the cells co-cultured with rGO showed little change. TEM
analysis showed that rGO@MnO2/MB/Dox combined with NIR
treatment could effectively remove PC-12 cells and promote cell
death. Cytotoxicity assays were then performed to determine
whether rGO@MnO2/MB/Dox could be safely used in biomed-
ical and clinical studies. First, rGO@MnO2/MB/Dox was co-
cultured with PC-12 cells for 12 h. It was found that there was
no signicant difference in cell viability between the
rGO@MnO2/MB/Dox group and the control group (Fig. 3) at the
concentrations of 150 mg mL�1 and below, so in the subsequent
experiments, 100 mg mL�1 rGO@MnO2/MB/Dox was co-cultured
with PC-12 cells to ensure their biosafety. Next, the effect of NIR
laser power density on cell viability was analyzed to explore the
optimal power of the 808 nm NIR laser, and cell viability was
measured by CCK-8 cell proliferation assay, and live/dead cells
were stained with calcein AM/PI and examined under a uo-
rescence microscope. The results showed that the viability of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cytotoxicity of rGO@MnO2/Dox/MB and PTT, and the in vitro PTT effect of rGO@MnO2/Dox/MB in combination with 808 nm NIR laser
irradiation on PC-12 cells. (a) In vitro relative cell viability of PC-12 cells co-cultured with or without various concentrations of rGO@MnO2/Dox/
MB for 12 h. (b) Relative viabilities of PC-12 cells under NIR laser irradiation at different power densities (0, 0.35, 0.7, and 1.4 W cm�2) alone (black)
or after incubation with CuCo2S4 NCs (80 mg mL�1) (grey). (c) Relative viabilities of PC-12 cells after incubation with rGO@MnO2/Dox/MB at
different concentrations (0, 50, 100, and 150 mg mL�1) alone (black) or followed by NIR laser irradiation (0.7 W cm�2) after incubation (grey).

Fig. 4 Representative images of calcein AM (green)/PI (red) staining for living (green)/dead (red) cells after incubation with rGO@MnO2/Dox/MB
or GO (0.1 mgmL�1) followed by NIR laser irradiation (0.7W cm�2). (a) PC-12 cells alone. (b) PC-12 cells incubated with GO (0.1 mgmL�1). (c) PC-
12 cells incubated with rGO@MnO2/Dox/MB (0.1 mg mL�1). (d) PC-12 cells incubation with GO followed by NIR laser irradiation (0.7 W cm�2). (e)
PC-12 cells incubated with rGO@MnO2/Dox/MB followed by NIR laser irradiation (0.7 W cm�2).

Fig. 5 (a) An overall review of PC-12 cells. (b) High-resolution representative TEM image of rGO@MnO2/Dox/MB swallowed by cells. (c)
Representative TEM image of PC-12 cells incubated with the PBS solution of rGO@MnO2/Dox/MB after laser irradiation.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

7:
13

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PC-12 cells decreased gradually with increasing laser power, but
the power density of 0.7 W cm�2 was similar to the maximum
value of 1.4 W cm�2 and it was safer. The combination of
© 2022 The Author(s). Published by the Royal Society of Chemistry
rGO@MnO2/MB/Dox could remove most of the PC-12 cells
(Fig. 3). And to investigate the effect of this composite, we chose
to compare rGO@MnO2/MB/Dox with rGO for a comparative
Nanoscale Adv., 2022, 4, 4304–4313 | 4309
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Fig. 6 Temperature change of the two groups.

Fig. 7 Volume change of the two groups. *P < 0.05.
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study. Some PC-12 cells were co-cultured with GO (100 mg
mL�1), and half of them were irradiated with a NIR laser. Cal-
cein AM (green)/PI (red) staining for living (green)/dead (red)
Fig. 8 Histological analysis of carotid body tumor in the two groups (m

4310 | Nanoscale Adv., 2022, 4, 4304–4313
cells showed that only a very small fraction of cells in the GO +
NIR group died, while the majority of cells in the rGO@MnO2/
MB/Dox + NIR group died (Fig. 4). As apoptosis is an impor-
tant type of programmed cell death, which can be induced by
the thermal effect, we used annexin V/PI stanning to determine
the rGO@MnO2/MB/Dox effect on the PC-12 cell and discrimi-
nate between cell apoptosis and necrosis. Toward this end, FCM
was performed showing that compared with the rGO@MnO2/
MB/Dox group, the rGO@MnO2/MB/Dox + NIR group exhibited
a signicantly higher mid/late apoptosis (38.4 vs. 4.88%) index
of the PC-12 cell with a statistical difference. Meanwhile, the
necrosis index of macrophages was different between the two
groups (Fig. S4†). These results demonstrated that rGO@MnO2/
MB/Dox could ablate PC-12 effectively partly by inducing cell
apoptosis. These results indicate that rGO@MnO2/MB/Dox is
a safe and low toxic photothermal material that can effectively
ablate PC-12 in combination with an 808 nm NIR laser. GO
failed to show signicant cell destruction under NIR treatment.
The results of in vitro PTT indicate the need to further explore
the effects of rGO@MnO2/MB/Dox in animal models. As a type
of extra-renal pheochromocytoma, the vast majority of CBTs are
benign, and given the greater risk of surgical resection and
complications, reduction in size to improve symptoms is also
a viable option. In vitro experiments using PC-12 cells have
demonstrated the safety and efficacy of rGO@MnO2/MB/
Dox.29–31 Therefore, we established a CBT model in nude mice
using specimens from CBT patients, and then subcutaneously
implanted in the mice. One week later, the tumor on the back of
nude mice was stable without dissolution, and the CBT model
was successfully established (Fig. S3†). Then, a rGO@MnO2/
MB/Dox solution (100 mL) was percutaneously injected into
the tumor in the experimental group and an equal volume of
PBS was injected into the tumor for the control group. Then
local irradiation (0.7 W cm�2) was performed on themice's back
using an 808 nm NIR laser. At the same time, temperature
changes in the whole body were recorded using an infrared
camera. Within 5 min, the local surface temperature of the
experimental group progressively increased from 25 to 57 �C,
while the PBS control group increased only slightly (Fig. 6). The
agnification: 200 times).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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above results conrmed the excellent photothermal effect of
rGO@MnO2/MB/Dox. By measuring the volume of the tumor,
we found that in the experimental group the volume decreased
gradually over time compared with the control group (Fig. 7).

Two weeks later, mice were killed and tumor specimens were
retrieved for HE and immunohistochemical analyses. Histo-
logically, CBT has a well-developed master cell nest surrounded
by a large number of supporting cells, mainly tumor cells
referring to the master cells.32,33 Due to its neuroendocrine cell
characteristics, immunohistochemical staining of Syn, NSE,
CD56, and CgA was positive, while the supporting cell was
positive for S100. At the same time, Tunel staining was used to
observe cell apoptosis. We observed a presentive master cell
nest in the control group, while some tumor cells were positive
to Syn, NSE, CD56, and CgA staining, which conrmed the
tumor as a CBT. Using NIR laser irradiation, the number of all
cell types in the experimental group signicantly reduced,
including those positive to immunohistochemical staining.
Moreover, nuclear fragmentation and other phenomena
signicantly increased. However, no increase in apoptosis was
observed in the Tunel staining, considering that more cells
Fig. 9 (a) Blood biochemistry assays of both the groups. (b) H&E-staine

© 2022 The Author(s). Published by the Royal Society of Chemistry
presented a necrotic form (Fig. 8). Meanwhile, the mass volume
of the experimental group was slightly lower aer two weeks
compared to the control group, conrming the effectiveness of
photothermal therapy for CBT. However the treatment could
not achieve the same effect as surgical resections but the tumor
grew more slowly, and the degree of compression symptoms
was not achieved. On the other hand, the tumor slowly shrinks
leading to symptom relieving without removal.

A qualied material for treatment should not be toxic for the
body. Therefore, we retrieved blood samples immediately aer
treatment on days 3, 7, and 14 to evaluate biochemical indices
such as ALT, AST, BUN and Cr in mice. We also took heart, liver,
spleen, kidney, and lung samples to detect the toxicity via HE
staining. Regarding biochemical indices, no signicant differ-
ences were detected compared to controls (Fig. 9a). Besides, no
clear inammatory reactions or cell necrosis was observed in
the heart, lung, kidney, and liver tissue samples (Fig. 9b).
Altogether, these results indicated that the photothermal
material was harmless or had little toxicity to mice.
d slices of main organs (magnification: 100 times).

Nanoscale Adv., 2022, 4, 4304–4313 | 4311
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Conclusion

In this study, we successfully synthesized and characterized
rGO@MnO2/MB/Dox with high photothermal efficiency, non-
toxicity and good biocompatibility. rGO@MnO2/MB/DOX incu-
bation combined with 808 nm near-infrared (NIR) laser irradi-
ation can effectively ablate tumor cells and demonstrate the
good photothermal effect of the material in comparison with
GO. We establish an animal model of CBT, and then showed
that rGO@MnO2/MB/Dox combined with 808 nm near infrared
(NIR) irradiation could effectively reduce CBT tumor cells and
shrink the tumor size, which is promising to reduce the surgical
rate and surgical complications of CBT patients, and our study
has demonstrated that rGO@MnO2/MB/Dox is a promising
nano-platform for tumor treatment under 808 nm NIR laser
irradiation, which may be a new approach for CBT treatment.
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