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Cobalt/Manganese Oxides as
Theragnosis Nanoplatforms With
Magnetic Resonance/Near-Infrared
Imaging for Efficient Photothermal
Therapy of Tumors

Jichun Liu'f, Genfa Wu'?, Zhiyong Tang', Qi Sun’, Jianxin Wu?* and Renfa Lv™
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The combination of near-infrared (NIR) response and imaging response is a hot research
area in which the functions of nanomaterials are maximized. However, the types of such
materials reported so far present problems such as requiring complex synthesis. In
this study, hydrophilic, porous, and hollow cobalt/manganese oxide (CMO) nanocrystals
(NCs) were successfully prepared via a facile and green hydrothermal route. The CMO
NCs show strong near-infrared (NIR) absorption, which results from their defect structure
due to the coexistence of Co?* and Co3* in the as-prepared CMO NCs. Thus, the CMO
NCs exhibit excellent photothermal performance, showing photothermal efficiency of up
to 43.2%. In addition, the CMO NCs possess good magnetic resonance (MR) imaging
performance, with longitudinal relaxivity (1) of up to 3.48 mM~" s~ Finally, for the first
time, we prove that the CMO nanocrystals are a promising photothermal agent. Our
work provides insights into the application of Mn-based control agents and photothermal
agents for photothermal theragnosis therapy.

Keywords: cobalt/manganese oxides, photothermal agents, near-infrared absorption, photothermal theragnosis
therapy, magnetic resonance imaging

INTRODUCTION

Photothermal therapy (PTT), a promising approach to cancer treatment (Li et al., 2010, 2013;
Hessel et al., 2011; Tian et al., 2011), has attracted widespread attention recently because of its
superior advantages over traditional treatments such as chemotherapy, surgery, and radiation
therapy. The key to the success of photothermal therapy is the development of photothermal
agents. Currently, various kinds of photothermal agents are being been explored, including metal
nanoparticles (Lee et al., 2019; Zhang D. et al., 2019), carbon-based nanomaterials (Wang et al.,
2016; Sobhani et al., 2017), semiconductors (Mou et al., 2015; Zhang X. et al., 2019), and organic
compounds (Zha et al., 2013). However, PTT alone is not enough, because contemporary medical
diagnosis and treatment require accurate and detailed information on the cancers (i.e., their shape,
location, and size). Thus, contrast agents must be introduced. Therefore, nanomaterials that couple
near-infrared absorption and imaging properties are much more fit for treating cancers (Hahn et al.,
2010; Lee et al., 2012). However, multifunctional nano-biomaterials are mainly composite materials
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[for example, MnSe@Bi;Se; (Song et al., 2015) and Fe3;Oy4
@Cu,_«S nanoparticles (Tian et al., 2013)], which usually have
a rather complicated and cumbersome preparation procedure,
resulting in low productivity and heterogeneity. Therefore, a
single material that combines NIR and imaging properties [such
as Cu3BiS; (Liu et al, 2016), Cu-Fe-S (Zhao et al., 2016),
and WO3_x (Chen et al., 2013)] is preferable for photothermal
theragnosis therapy, and great efforts have been made in
this respect.

Manganese-based oxide nanomaterials (Chen et al, 2014;
Song et al., 2015) have been proved to be a promising substitute
for gadolinium nanomaterials (Jao et al., 2010; Chen et al., 2014)
and have been clinically used as imaging contrast agents for
MR imaging. Moreover, manganese is an essential element of
the human body. However, manganese-based nanomaterials that
have been previously reported (such as MnSe and MnO,) have
very poor absorption properties in the NIR range and thus cannot
be used as photothermal agents (Song et al., 2016). One possible
solution is to develop a manganese-based nanomaterial with a
porous structure in which the photothermal efficiency can be
improved (Dong et al., 2013).

In this work, we report the application of hydrophilic porous
and hollow cobalt/manganese oxide (CMO) nanocrystals (NCs)
as photothermal and T';-MR imaging control agents. This work,
as far as we know, is the first report in which CMO NCs
are used as photothermal agents, a functionality that results
from their unique porous and hollow structure. These NCs
also possess impressive T1-MR imaging performance, with the
longitudinal relaxivity (r;) up to 3.48 mM~! s™!. Due to the
coexistence of Co** and Co®T in the as-prepared CMO NCs,
the resulting NCs exhibit very intense NIR absorption due to
electron transitions between Co?* and Co®*. Therefore, the
hydrophilic CMO NCs can be used as an excellent NIR-induced
photothermal agent. Furthermore, the hydrophilic CMO NCs
show excellent biocompatibility.

RESULTS AND DISCUSSION

Synthesis and Characterization

Hydrophilic porous and hollow CMO NCs were synthesized via
a simple hydrothermal method by the reaction of Co(NO3), with
KMnOy in a DMF solution at 120°C for 24 h. During preparation,
polyvinylpyrrolidone (PVP) was added into the reaction as
a surface ligand to improve their biocompatibility, and this
coating was determined by FTIR (Figure S1). Thus, the CMO
NCs are hydrophilic and can be used as photothermal agents
without any further modification. Scanning electron microscope
(SEM, Figure 1A) and transmission electron microscopy (TEM,
Figure 1B) images demonstrate that the as-prepared products
were porous and hollow. The size of the NCs was found to
be 80nm based on the TEM and SEM images (Figure S2).
Furthermore, the size of the NCs in buffer solution (such as
PBS) as determined by dynamic light scattering (DLS) shows
almost no change over time, confirming that they have excellent
dispersion (Figure S3). X-ray photoelectron spectroscopy (XPS,
Figure $4) revealed the composition and elemental state of the
as-prepared products. It showed that the products mainly contain

the elements O, Mn, and Co, with no other impurities. We also
analyzed the valency state of Mn and Co in the CMO NCs.
Figure 1C shows the Mn 2p spectrum for the CMO NCs. The
binding energy of Mn 2p;,; (653.7eV) and Mn 2p3/; (641.6eV)
can be assigned to Mn (IV) coordinated to Mn in CMO (Wang
et al., 2003). Also, the binding energy of Co (Figure 1D) in the
peaks at 779.9 and 795.0eV, as well as two shakeup satellites
demonstrated that there was a mixed cobalt oxidation state,
ie, Co?" and Co’" (Tang et al, 2016), indicating a defect
structure in the CMO NCs. The CMO NCs obtained were further
characterized by X-ray powder diffraction (XRD) (Figure S5). It
was seen that the crystal phase of the nanocrystals consisted of
Co304 and MnO,, confirming the formation of CMO. According
to the above results, it can be concluded that porous and hollow
CMO NCs were successfully formed.

Photothermal Performance

Photothermal agents with intense NIR absorption are necessary
to realize photothermal therapy. The general wavelengths of
NIR laser sources that emit photothermal agents include 808,
915, 980, and 1064 nm. As shown in Figure 2A, the as-prepared
MCO NCs show strong absorption from 700 to 1,000 nm due to
the defect structure resulting from the coexistence of Co** and
Co’*t in as-prepared CMO NCs. By measuring the CMO NC
concentration via inductively-coupled plasma atomic-emission
spectroscopy (ICP-AES), the excitation coefficient of CMO NCs
was determined to be 12.8 Lg~!'cm™!. This value is higher
than those of CuS and Au nanostructures (Tian et al., 2011;
Zhang D. et al., 2019). Thus, the CMO NCs may possess good
photothermal performance. The general wavelengths of NIR
laser sources that emit photothermal agents include 808, 915,
980, and 1,064 nm. The NIR absorption intensity at 808 nm
of the as-prepared nanocrystals is higher than those at other
general wavelengths of NIR laser sources, which leads to higher
photothermal conversion efficiency. Thus, 808 nm lasers were
chosen to evaluate the photothermal performance of CMO NCs.
Various concentrations (i.e., 0, 25, 50, and 100 ppm) of CMO NCs
were exposed to an 808 nm laser (0.3 W cm~2) to evaluate their
photothermal effect. As expected, the CMO NCs showed good
photothermal conversion performance, with a concentration-
dependent photothermal effect (Figure 2B).

The NIR-driven photothermal conversion efficiency of the
CMO NCs (50 ppm) was also measured by a modified method
similar to that reported by Roper et al. (2007). An aqueous
dispersion of CMO NCs was continuously exposed to an 808 nm
laser with a power of 0.189 W for 300s. When the temperature
of the system reached a steady state, the 808 nm laser was shut
off. The temperature change during cooling was monitored to
confirm the rate of heat transfer of the system (Figure 2C). Based
on Roper’s work, the photothermal conversion efficiency (Roper
etal., 2007), nt, was calculated by the following Equation (1):

hA(Tmax - Tamb) — Qo

I(1 —10=4) W

nr=

where A is the surface area of the container, 4 is the heat transfer
coeflicient, Ty, is the temperature of the ambient surroundings,
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FIGURE 1 | (A) SEM image and (B) TEM image of the as-prepared CMO nanocrystals. XPS spectra of (C) Mn 2p and (D) Co 2p.
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FIGURE 2 | (A) UV-vis-NIR absorbance spectrum of CMO NCs dispersed in water. (B) Temperature change of CMO NCs in water at various Mn®* concentrations
(i.e., 0, 25, 50, and 100 ppm) as a function of irradiation time. (C) Photothermal effect of CMO NCs (50 ppm). (D) Time constant of CMO NCs from the system. The
laser is an 808 nm laser with a power of 189 mW.
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T'max is the maximum system temperature, and (Tmax = Tamp)
was 21.4°C according to Figure 2C. Qy is the rate of heat input
(mW), A, is the absorbance intensity (1.53509) at 808 nm, and I
is the laser power used (mW, 189 mW). The value of hA can be
obtained from Figure 2D and can be derived using the following
Equation (2):

mDCD
hA

(2)

Ty =

where mp and Cp are the mass of water (0.1 g) and heat capacity
(4.27 g_l) of water, respectively, and 7 is the time constant.
Qo was tested to be 27.7 mW. Based on the data recorded,
the NIR-driven photothermal conversion efficiency (nr) of the
CMO NCs was calculated to be 43.2%, which is high enough for
photothermal therapy of cancers.

In vitro Photothermal Therapy

The excellent photothermal performance of MCO NCs indicates
that these NCs have great potential to be used as phototherapy
agents. Before the realization of photothermal therapy with MCO
NCs in vivo, their cytotoxicity was measured through a CCK-
8 assay with Saos-2 cells. From Figure S6A, we can see that
these MCO NCs appeared to have very low toxicity. The in vitro
phototherapy therapy effect of MCO NCs to Saos-2 cells was then
studied. After the different treatments indicated in Figure S6B,
a CCK-8 evaluation was first used to judge the cell mortality
rate. The resulted of CCK-8 assay demonstrated that the laser or
MCO NCs alone could not kill the cells but that the cell mortality
rate for the MCO NCs at 50 ppm combined with 808-nm-laser
irradiation was ~95%, indicating a significantly photothermal
effect in vitro. Moreover, to visualize the in vitro phototherapeutic
effect of CMO NCs, Saos-2 cells after the indicated treatments
were co-stained with propidium iodide (PI) and calcein-AM. The
result of live/dead cell staining analysis (Figure 3) matched well
with those of CCK-8 evaluation, further confirming an efficient
in vitro photothermal effect.

MR Imaging

In addition to serving as photothermal agents, CMO NCs can
also serve as an imaging contrast agent. Phantom imaging
and proton T; relaxation tests were carried out on CMO
NCs at varied Mn concentrations. As shown in Figure 4A, the
T1-weighted MR imaging signal intensity was increased with
an increase in the concentration of CMO nanocrystals. The
longitudinal relaxivity (r;) value of the CMO NCs was calculated
to be 3.48 mM~! s7!, indicating that they are an efficient MRI
contrast agent (Figure 4B).

We then evaluated the T,-weighted MRI signal of CMO
NCs in animal experiments. From Figure 4C, we can see that
the signal in tumor sites increased over time after intravenous
injection of a PBS solution of CMO NCs due to the enhanced
permeability and retention (EPR) effect. Therefore, CMO NCs
can serve as an efficient T';-weighted MR imaging contrast agent.

In vivo Photothermal Therapy
We then evaluated photothermal therapy of cancers in vivo. First,
the mice were divided into four groups, referred to as (a) CMO

NC injection + 808-nm laser irradiation (Group 1, Treatment),
(b) PBS + 808 nm laser irradiation (Group 2, Laser), (c) saline
injection (Group 3, Saline), and (d) CMO NC injection (Group
4, NCs). An infrared thermal camera was applied to measure
the temperature change at tumor sites. Due to the excellent
photothermal effect of CMO NCs, infrared thermal images with
obvious contrast were achieved (inset in Figure 5A). As we can
see in Figure 5A, the temperatures of the tumor surface could
increase dramatically from ~31 to 62°C due to the excellent
photothermal effect of CMO NCs.

After the indicated treatment, the tumor sizes and body
weights in each group were recorded every 2 days. As shown
in Figure 5B, the tumors of mice in the treatment group
disappeared, and no reoccurrence was observed (Figure 5B,
Figure S7). In marked contrast, the tumors gradually increased
in the three control groups and did not differ between those
groups. In addition, there was no obvious difference in body
weight among the four groups of mice (Figure 5C), indicating
that the given conditions did not produce obvious toxic effects.

Hematoxylin and eosin (H&E) staining analysis of tumor
slices from each group was also conducted to evaluate the
photothermal therapy effect. The morphology and size of tumor
cells in the three control groups (Groups 2-4) showed little
change, while the tumor cells in the experimental group (Group
1) showed obvious necrosis (Figure5D). These results are
matched well with the tumor growth data. Therefore, CMO NCs
can be used as efficient photothermal theragnosis agents with the
irradiation of an 808-nm laser.

Finally, the in vivo long-term toxicity of the as-prepared CMO
NCs was evaluated by histological examination of major organs
to observe the shape and the size of cells after intravenous
injection of CMO NCs at a dosage of 15 mg/kg. The organs
included the lung, heart, spleen, liver, and kidney. As shown in
Figure 6, there is no tissue damage or adverse effect compared
with those of the control groups. This suggests that these CMO
NCs, under the given conditions, are not obviously toxic.

CONCLUSION

In conclusion, CMO NCs with a porous and hollow structure,
as a new imaging-guided photothermal therapy agent, have been
successfully prepared by a simple hydrothermal route. The as-
prepared CMO NCs have good dispersion and show intense NIR
absorption owning to their defect structure, and thus exhibit
excellent photothermal conversion performance. They are also
effective for MR imaging in vivo. Furthermore, the in vitro and
in vivo toxicity results indicate their excellent biocompatibility.
With the exposure to NIR light and an external magnetic field,
the CMO NCs can be used as theragnosis nanoplatforms with
MR/NIR imaging for efficient photothermal theragnosis therapy.

EXPERIMENTAL SECTIONS

Synthesis of Hydrophilic CMO NCs

First, 1 mmol Co(NOs); and 0.25 mmol KMnOs were
consecutively dissolved in 40mL N, N-dimethylformamide
(DME). Next, 500mg of poly (vinyl pyrrolidone) (PVP) was
added. The reaction was then kept at 120°C for 24h in a
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25 ppm-NEs; +'Laser 50 ppm NCs + Laser

FIGURE 3 | Live/dead cell staining analysis after incubation with CMO NCs at indicated concentrations: (A) PBS, (B) 12.5ppm, (C) 25 ppm, (D) 50 ppm, and then
under the exposure of an 808 nm (0.3 W/cm~2) for 5 min. Magnification: 100 times.
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FIGURE 4 | (A) Phantom images of the CMO NCs. (B) Proton T4 relaxation measurements at varied Mn concentrations (C) T1-weighted MR imaging in vivo of a
tumor-bearing mouse before and after intravenous injection of a solution of CMO NCs. The position of the tumor is marked by yellow dotted circles.
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FIGURE 5 | (A) Temperature curves of tumors as a function of irradiation time. Insert: Full-body infrared thermal images of two Saos-2 tumor-bearing mice injected
with saline (left) or MCO NCs (right) by intravenous injection, respectively, and irradiated with an 808-nm laser (0.7 W cm~2) for 5min. (B) Growth curves of tumors in
the four groups after the indicated treatments. (C) Body-weight curves as a function of time in the four groups. (D) Representative H&E-stained histological images of
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stainless steel autoclave. The products were collected through
centrifugation and were finally washed with ethanol and
deionized water three times.

Characterization

The morphology and the size of the NCs was determined
by TEM (JEM-2100F, JEOL, Japan). UV-Vis-NIR absorbance
spectra were obtained with a UV-Visible-NIR spectrophotometer
(UV-1902PC, Phenix) at room temperature. The crystal phase
of CMO NCs was measured by XRD (Rigaku D/Max-2550V,
Geigerflex). The oxidation state of the CMO NCs was measured
through X-ray photoelectron spectra (XPS, ESCA-Lab 250Xi).
The concentration of Mn ions released from CMO NCs was
tested by ICP-AES (Leeman Laboratories Prodigy).

Measurement of the Photothermal Effect
of CMO NCs

For the evaluation of the photothermal performance of CMO
NCs, 100 pL of CMO NCs dispersed in deionized water at
various concentrations was exposed to irradiation from an
808 nm laser. The temperature change was recorded by a thermal
imaging camera.

In vitro Cellular Experiment of CMO NCs
Saos-2 cells were used as the model of cancer cells to assess the
biocytotoxicity of the CMO NCs. Saos-2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) combined with
5% CO, at 37°C prior to use. For cytotoxicity evaluation in
vitro, Saos-2 cells (1 x 10* cells per well) were seeded in 96-
well plates. After cultivation for 24h, the upper layer of the
DMEM medium was removed through a straw and was washed
several times by PBS. CMO NCs dispersed in DMEM at varied
concentrations were then added into the wells. After 24 h,a CCK8
(Dojindo Laboratories, Kumamoto) assay was used to measure
cell viability. For photothermal therapy of Saos-2 cells in vitro,
the cell suspension was dispensed in 200 L centrifuge tubes (1 x
10 cells every tube) and incubated with CMO NCs. These Saos-2
cells were then irradiated with an 808 nm laser (0.3 W cm™2) for
5 min. After that, the Saos-2 cells were co-stained with propidium
iodide (PI) and calcein-AM. The live/dead fluorescence images
were taken with a fluorescence microscope (Leica DMi8). All of
the experiments were carried out four times.

MR Imaging

The dispersions of CMO NCs with varied Mn concentrations (0-
0.8 mM) were scanned at room temperature via an animal MR
imaging scanner, using a 0.5 T MRI scanner at room temperature.
All animal procedures were agreed on with the institutional
animal use and care committee at Shanghai Changhai Hospital
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Non-invasive removal of thrombosis is a difficult problem in clinical vascular disease.
Herein, we reported magnetic hyperthermia combined photothermal therapy for celiac
vein thrombosis using FesS4 nanoparticles as thrombolytic agents under the stimulation
of a near infrared (NIR) laser and an external alternating magnetic field (AMF). FegS4
nanoparticles showed excellent magnetothermal conversion performance under the
continuous stimulation of an AMF and very good photothermal conversion performance
under the irradiation of a NIR laser. Moreover, FegS,4 nanoparticles exhibited a synergistic
thermal conversion effect under the co-stimulation of NIR and AMF. In addition, the
FesS4 nanoparticles possess the ability for magnetic resonance (MR) imaging with
the transverse relaxivity (r2) is up to 53.1 mM~" s~'. Finally, we, for the first time,
proved the FegS4 nanoparticles as a promising thrombolytic agent for both photothermal
thrombolytic capacity and magnetothermal thrombolytic ability. Our work provides the
insight of hyperthermia for removal of the thrombosis.

Keywords: photothermal therapy, magnetocaloric therapy, thrombosis, iron sulfide, magnetic resonance imaging

INTRODUCTION

Cardiovascular disease is one of the main causes of harm to human health (Mackman, 2008;
Engelmann and Massberg, 2013). Because the blood vessels are aging and the blood vessel wall
is damaged, it is easy to form the thromboses in the blood vessel, and it is also more likely to
suffer from diseases such as hypertension and arteriosclerosis. Surgery and chemotherapy are still
the main treatment options for thrombosis. Surgical treatment causes great pain to the patient’s
body; chemotherapy is non-targeting and belongs to systemic administration, which has great side
effects (Voros et al., 2015). Traditional treatments often treat known thrombi, but may cause new
problems for blood vessels. Older people with thrombosis often do not dare to use thrombolytic
drugs. Therefore, it is of great significance to develop an efficient and accurate thrombosis treatment
system for non-invasive and precise treatment of thrombosis.

Clinically approved thrombolytic agents are characterized by short half-life, short blood
flow life and damage to local bleeding (Hacke et al, 2008; Derex and Nighoghossian,
2009). Nanoparticles have proven to be promising diagnostic agents for the treatment of a
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variety of diseases and have relatively long blood circulation
agents (Vogel and Venugopalan, 2003; Mahmoudi et al,
2011; Li et al, 2017). At present, it has been reported that
hyperthermia can achieve a good thrombolytic effect (Voros
et al, 2015; Wang X. et al, 2017). Hyperthermia methods
include photothermal therapy and magnetic hyperthermia (Dai
et al,, 2019). Photothermal therapy is the treatment through heat
generated by near-infrared (NIR) light-induced photothermal
reagents (Fang et al., 2012; Zhang et al., 2013; Chen et al., 2014; Li
et al,, 2014, 2015, 2017). Wang et al. prove that heat generated
by the photothermal effect of gold can achieve the purpose of
thrombolysis (Wang X. et al., 2017). Magnetic hyperthermia is
a way in which a magnetothermal conversion reagent generates
heat to treat a disease under the action of an external alternating
magnetic field (AMF) (Wang F. et al, 2017; Li et al, 2018;
Dai et al,, 2019). The magnetocaloric effect of iron oxide has
been shown to accelerate the dissolution of blood clots in Voros
et al.” report (Voros et al, 2015). However, there are more or
less defects in the way of thrombolysis. In the photothermal
treatment, due to the poor penetration of light, it is impossible
to treat deep thrombus, such as celiac vein thrombosis. In the
case of iron oxide magnetothermal treatment of thrombus, it
causes certain side effects due to the long-term presence of iron
oxide in the body. Therefore, there is a great of necessary and
importance to adjust the current strategy for treating thrombosis
to treat thrombosis.

FesS4 nanoparticles have similar properties to iron oxide (Liu
et al,, 2014). It has been revealed that Fe3S4 nanoparticles have a
very good magnetocaloric effect which could be used in magnetic
hyperthermia for deep thrombosis (Guan et al., 2018; Moore
et al., 2019). Moreover, Fe3S; nanoparticles have been shown
to degrade rapidly in vivo (Guan et al., 2018). Therefore, Fe3S4
nanoparticles show great potential for the magnetic hyperthermia
for deep thrombosis. Herein, we reported hyperthermia for celiac
vein thrombosis using Fe3S; nanoparticles as a thrombolytic
reagent under the stimulation of a NIR laser and an AMF. Fe3Sy
nanoparticles show a synergistic thermal transition effect under
the co-action of a NIR laser and an AMF. In addition, the Fe3Sy
nanoparticles possess the ability for magnetic resonance (MR)
imaging with the transverse relaxivity (r) is up to 53.1 mM™!
s~ L. Finally, we, for the first time, proved the Fe3S; nanoparticles
as a promising thrombolytic agent for magnetic hyperthermia for
celiac vein thrombosis.

RESULTS AND DISCUSSION

Synthesis and Characterization of Fe3S,

Nanoparticles

Hydrophilic Fe3S4 nanoparticles were synthesized via a simple
hydrothermal method by reaction the FeSO4 with L-Cysteine
in water at 220°C for 20h. During the preparation, the
polyvinylpyrrolidone (PVP) was added into the reaction as
surface ligand to improve their biocompatibility. Thus, the
Fe3S4 nanoparticles are capped by PVP (demonstrated by
FTIR, FigureS1) and hydrophilic, and can be used as
thrombolytic agents without any further modification. As

shown in Figure 1A, transmission electron microscopy (TEM)
image demonstrated that the as-prepared products were highly
dispersible nanoparticles. The size of NCs was found to
be 17.7nm based on the TEM images (FigureS2). More
microstructure information can be achieved from high resolution
TEM (Figure 1B). It shows an interplanar spacing of 0.298 nm,
which can be indexed to (220) planes of greigite structured
Fe3S4. As shown in Figure 1C, X-ray diffraction (XRD) pattern
of the products could be well-matched with that of greigite
structured Fe3S; (JCPDS file no.: 16-0713), indicating that we
obtained pure greigite structured Fe3 S, with high crystallinity. X-
ray photoelectron spectroscopy (XPS) revealed the composition
and element state of the as-prepared products (Figure S3). It
showed that the products mainly contain Fe and S elements with
no other impurities. We analyzed the valency state of Fe in Fe3Sy
nanoparticles. Figure 1D shows Fe 2p spectrum for the FesS4
nanoparticles. It was demonstrated that there was a mixed Fe
oxidation state, i.e., Fe>™ and Fe’t (Guan et al., 2018), indicating
a defect structure in Fe3S4 nanoparticles. According to the above
results, it can be concluded that the pure Fe3S4 nanoparticles with
high crystallinity was successfully formed.

Magnetocaloric Conversion Performance
of Fe3S4 Nanoparticles

Figures 2A,B shows the magnetocaloric conversion performance
of Fe3S4 nanoparticles. Under the continuous simulation of AMF
(4.2 x 10° A m~! s71), the temperature of Fe3S4 nanoparticles
with a concentration of 0.5 mg/mL can increase by 12.8°C, while
the temperature change of pure water is not obvious. When the
concentration is increased to 1.0 mg/mL, the temperature of
Fe3S4 nanoparticle dispersion can be raised by 20°C which is
high enough to dissolve thrombus. Figure 2C shows the thermal
imaging of pure water and Fe3S4 nanoparticles (1.0 mg/mL)
under the action of an AMF for 5 min, respectively. As we can
see from Figure 2D, a high contrast image was obtained. These
results indicated that Fe3S; nanoparticles showed an excellent
magnetocaloric conversion performance.

Photothermal Conversion Performance of

Fe3S,4 Nanoparticles

We also measured the UV-vis absorbance spectrum of the
Fe3S; nanoparticles, which is important for photothermal
performance. From Figure 3A, we can see that the Fe3Sy
nanoparticles showed a strong absorption in the NIR region
from 700 to 1,000 nm, resulted from the defect structure in
Fe3S4 nanoparticles. Then varied concentrations (0-0.5 mg/mL)
of Fes3S4 nanoparticles were exposed to an 808nm (0.33W
cm™2) laser to evaluate the photothermal effect. As expected,
the Fe3S4 nanoparticles showed a good photothermal conversion
performance with concentration-dependent photothermal effect
(Figure 3B). Fe3S; nanoparticles with a concentration at 0.5
mg/mL, the temperature can increase by about 30°C, while
the temperature of pure water showed little change. The
photothermal performance of Fe3S4 nanoparticles ensured the
potential of Fe3S4 nanoparticles as a thrombolytic reagent.
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(D) High resolution XPS spectra of Fe in FegS4 nanoparticles.
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FIGURE 1 | (A) TEM image of as-prepared FezS4 nanoparticles. (B) High resolution TEM image of Fe;S4 nanoparticles. (C) XRD pattern of FezS, nanoparticles.

Synergistic Thermal Conversion Effect

To test the synergistic thermal conversion effect of Fe3Sy
nanoparticles, Fe3Ss nanoparticles (500 ppm, 100 pL) was
assessed under the simultaneous stimulation including a NIR
(808nm, 0.33W cm™?) laser and an AMF (42 x 10° A
m~! s71) for 5min. Temperature change was recorded by a
thermal imaging camera. It was found that the temperature
elevation can reach 37.1°C under the co-stimulation of
NIR and AMF (Figure4A). From Figure4B, we can see
that the temperature change from the co-stimulation of
NIR and AMF was much higher the that from the single
stimulation of NIR or AME, indicating a synergistic thermal
conversion effect.

Combined Therapy of Thrombotic in vitro

Due to the excellent thermal conversion performance of FesSy
nanoparticles, we measured the in vitro thrombolytic capacity of
Fe3S4 nanoparticles under an 808 nm (0.33 W cm™2) laser and/or
an AMF (42 x 10° A m™! s71). Thrombosis was obtained 1
week after ligation of the abdominal vena cava in mice using the
surgical suture. A thrombus block was placed in a 20 mL glass
vial followed by a 5mL Fe3S,4 nanoparticle solution. Finally, it
was irradiated by an 808 nm (0.33 W cm™2) laser and/or an AMF
(4.2 x 10° A m~! s71) for in vitro thrombolysis. As a control,
the thrombus block in another bottle containing nanoparticle
solution wasn’t stimulated by NIR laser. It showed that the
thrombus can be partially dissolved under the stimulation of

NIR or AMF combined with Fe3S; nanoparticles. Moreover,
when co-stimulated by NIR and AME, the thrombus was almost
disappeared (Figure S4). However, the thrombus in the control
showed little change. Therefore, Fe3S4 nanoparticles can be
used as a thrombolytic agent under the stimulation of NIR
or/and AMF.

MR Imaging Guided Thrombotic in vivo

Fe3S4 nanoparticles can be served for imaging guided magnetic
hyperthermia of thrombosis. We established a model of deep vein
thrombosis using black C57 mice, and the penetration depth of
the laser did not reach the lesions. Moreover, the temperature
of the hair of the C57 mice increased after laser irradiation to
cause burntness. So we use magnetic hyperthermia to dissolve the
thrombus. First, Fe3S4 nanoparticle’ phantom images and proton
T, relaxation test at varied Fe concentrations were measured. As
shown in Figure 5A, T,-weighted MR imaging signal intensity
was increased with the increase of the concentration of Fe3Sy
nanoparticle. The transverse relaxivity (r;) value of the CMO
NCs was calculated to be 53.1 mM~! s7!, indicating an efficient
MRI contrast agent (Figure5B). We then evaluated animal
experiments on the T-weighted MR imaging guided magnetic
hyperthermia of thrombosis. From Figure 5C, we can see that the
signal in thrombosis sites (left) was light white. Under the action
of Fe3S4 nanoparticles combined with AME, light white region
in thrombosis sites (right) obviously decreased. Therefore, Fe3Sy
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FIGURE 3 | (A) UV-vis absorbance spectrum of the FesS4 nanoparticles. (B) Temperature change of the FesS4 nanoparticles in water at varied concentrations (i.e., O,
0.125, 0.25, and 0.5 mg/mL) as a function of the irradiation time of an 808 nm laser (0.33 W cm~2).

nanoparticles can be served as an efficient thrombolytic agent  indicated that Fe3S4 nanoparticles have good biocompatibility
in vivo. to the liver and heart (Zhang et al., 2018). Then histological

Biomaterials must have good biocompatibility in clinical = examination analysis for main organs was performed to
applications. Then in vivo long-term toxicity of the as-prepared  observe the shape and the size of cells after the intravenous
Fe3S4 nanoparticles was evaluated by blood bioanalysis and  injection of Fe3S4 nanoparticles at a dosage of 12 mg/kg. The
hematoxylin and Eosin analysis, respectively. There was no  organs included the heart, kidney, liver, lung, and spleen. As
obvious difference detected in alanine aminotransferase (ALT)  shown in Figure 6C, there is no tissue damage or adverse
and aspartate aminotransferase (AST) (Figures 6A,B), which  effect compared with those of control groups. This suggests
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of a mouse with celiac vein thrombosis before (left) and after (right) an intravenous injection of a solution of the Fe3zS4 nanoparticles followed by the simulation of AMF.

that these Fes3Ss nanoparticles at the given dose are not
obviously toxic.

It was reported that inorganic nanoparticles (quantum dots
used as a model system) with relatively large sizes would
accumulate in reticuloendothelial systems (RES) such as liver and
spleen for long periods of time (Choi et al., 2007). Ideally, it would
be the best to make Fe3S4 nanoparticles quickly excreted from
the normal organs of the body, while being able to effectively
accumulate and retain in lesions. A study from guan reported that
the clearance of Fe3S4 nanoparticles was quickly post intravenous
injection (Guan et al., 2018). We also studied the distribution and
metabolism of the Fe3S4 nanoparticles, mice were intravenously
injected with 12 mg-kg ™! of the Fe3S4 nanoparticles. At different
intervals of time (i.e., 1, 3, 7, and 10 days, n = 3 at each time
point), mice were sacrificed to obtain major organs including
kidney, spleen, heart, liver, and lung. These organs were digested
and solubilized. An ICP-MS analysis was used to determine

Fe content in each organ. It was (Figure S5) found that the
Fe3S4 nanoparticles mainly accumulate at spleen and liver,
indicating that Fe3S4 nanoparticles was mainly degraded in these
two organs.

CONCLUSION

In conclusion, Fe3S4 nanoparticles, as a new imaging-guided
thrombolytic agent, have been successfully prepared by a
simple hydrothermal route. The as-prepared Fe3S4 nanoparticles
have a good dispersity and show an excellent magnetothermal
conversion performance and photothermal effect, and exhibited a
synergistic thermal conversion effect under the co-stimulation of
NIR and AMF. They also possess an effective MR imaging in vivo.
Furthermore, the in vivo toxicity results indicate their excellent
biocompatibility. With the stimulation of an external AMF and
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a NIR laser, the Fe3S4 nanoparticles can be used as thrombolytic
agents with MR imaging guided hyperthermia of thrombosis.

EXPERIMENTAL SECTIONS

Synthesis of Fe3S4 Nanoparticles

One millimole of FeSO4; and 1 mmol L-cysteine were
consecutively dissolved in 40 mL water. Seven hundred milligram
of poly (vinyl pyrrolidone) (PVP) was then added. Then the
reaction was kept at 220°C for 24 h in a stainless steel autoclave.
The products were collected through centrifugation and finally
washed with ethanol and deionized water for three times.

Characterization

The morphology as well as the size of nanoparticles was achieved
by TEM (JEOL JEM-2010FE Japan). The crystal phase of Fe3Sy
nanoparticles was measured by XRD (Bruker D4). The oxidation
state analysis of Fe3S; nanoparticles was measured by X-ray
photoelectron spectra (XPS, ESCA-Lab 250Xi). Concentration of
Fe ions released from Fe3S4 nanoparticles was tested by ICP-AES
(Leeman Laboratories Prodigy).

Measurement of Magnetocaloric
Conversion Performance of Fe3S,
Nanoparticles

For the evaluation of the
performance of Fes3Ss; nanoparticles,

magnetocaloric  conversion
100 pL of FesSy

nanoparticles dispersed in deionized water at varied
concentrations was simulated under the external AMF (4.2
x 10° A m~! s7!). Temperature change was recorded by a
thermal imaging camera.

Measurement of Photothermal Effect of

Fe3S; Nanoparticles
For the evaluation of the photothermal performance of Fe3S4
nanoparticles, 100 pL of Fe3S; nanoparticles dispersed in
deionized water at varied concentrations was exposed upon the
irradiation of an 808 nm laser. Temperature change was recorded
by a thermal imaging camera.

Thrombotic Animal Model

All animal experiments were approved by the Animal Ethics
Committee of Karamay central hospital. 8-week-old C57 mice
were anesthetized and laparotomy, the inferior vena cava was
separated, and the inferior vena cava was ligated under the left
renal vein with a surgical line (Kyogashima et al., 1999).

Hyperthermia of Thrombosis in vitro

To evaluate in vitro thrombolytic capacity of Fe3S4 nanoparticles
under the irradiation of a NIR laser or/and AME, thromboses
was obtained 1 week after ligation of the abdominal vena cava
in mice using a surgical line. A thrombus block was placed in a
20 mL glass vial followed by a 5 mL Fe3S4 nanoparticle solution.
Finally, it was irradiated by an 808 nm laser or/and AMF for in
vitro thrombolysis. As a control, the thrombus block in another

Frontiers in Materials | www.frontiersin.org

18

December 2019 | Volume 6 | Article 316


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Fu et al.

Hyperthermia of Thrombosis

bottle containing nanoparticle solution wasn’t stimulated by the
808 nm laser or/and AMF.

MR Imaging Guided Hyperthermia of

Thrombosis in vivo

The Fe3S4 nanoparticle dispersions with varied Fe concentrations
(0-0.28 mM) were scanned at room temperature via the animal
MR imagine scanner under a 0.5T MRI scanner at room
temperature. Before in vivo MR imaging guided magnetic
hyperthermia of thrombosis, thrombosis model mouse were
scanned with the same MR scanner with the same parameters
to be a control. After intravenous injection with the FesS4
nanoparticle dispersion (100 pL, 12 mg/kg) followed by
stimulation under an AMF, the thrombosis model mouse were
scanned again with the MR scanner.

Histological Examination Analysis and
Blood Analysis

As for the histological examination, one mouse in each group
was killed under anesthesia after the indicated treatment.
Then the organs included the heart, kidney, liver, lung,
and spleen were harvested, and then sectioned into 4um
slices using a conventional microtome, finally stained with
H&E. The slices were examined via a microscope. Also, the
blood from mice in control group and Fe3Ss group was
collected to test the biocompatibility of Fe3S; nanoparticle to
major organs.
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Localized surface plasmon resonances (LSPRs) in heavily doped copper chalcogenides
are unique because LSPR energy can be adjusted by adjusting doping or stoichiometry.
However, there are few investigations on the LSPRs of bimetal copper-based
chalcogenides. Herein, bimetal CusFeS,4 (CFS) nanoparticles were synthesized by a facile
hot injection of a molecular precursor. The tunable plasmon resonance absorption of CFS
nanoparticles is achieved by the decrease of the ratio of copper to iron and the treatment
of n-dodecylphosphoric acid (DDPA). After surface modification with polyethylene glycol
(PEG), the CFS nanoparticles with a plasmon resonance absorption peak at 764 nm can
serve as promising photothermal agents, showing good biocompatibility and excellent
photothermal performance with a photothermal conversion efficiency of up to 50.5%, and
are thus used for photothermal therapy of cancers under the irradiation of an 808-nm
laser. Our work provides insight into bimetal copper-based chalcogenides to achieve
tunable LSPRs, which opens up the possibility of rationally designing plasmonic bimetal
copper-based chalcogenides.

Keywords: CusFeS; nanoparticles, plasmon resonances, bimetal copper-based chalcogenides, photothermal
agents, photothermal therapy

INTRODUCTION

Localized surface plasmon resonances (LSPRs) of nanostructures contribute to enhanced tunable
optical absorption in the near-infrared (NIR) region, which is great for the improvement of
the photothermal performance of photothermal nanoagents (Luther et al., 2011; Manthiram and
Alivisatos, 2012; Yang et al., 2013; Li et al., 2015). As noble metals are stable under various
conditions and have high carrier densities, most reports of LSPRs have been performed on them
(Huang et al., 2011a,b; Manthiram and Alivisatos, 2012). There are also reports of LSPRs in doped
semiconductor nanostructures, including copper chalcogenides (Liu et al., 2013; Balitskii et al.,
2014), tin oxides (Kanehara et al., 2009; Garcia et al., 2011), and zinc oxide (Buonsanti et al., 2011).
LSPRs in heavily doped copper chalcogenides are unique because LSPR energy can be adjusted by
adjusting doping or stoichiometry (Luther et al., 2011; Tian et al., 2011; Li et al., 2015). There have
been a few reports on copper chalcogenides with enhanced photothermal performance by adjusting
doping for photothermal therapy of cancers (Hessel et al., 2011; Tian et al., 2013; Li et al., 2014a,
2015).

The LSPRs of copper-based chalcogenide compounds is an important factor affecting their
photothermal conversion efficiency. As the plasmon resonance absorption of gold nanostructures
is much higher than the inter-band absorption of organic materials, the photothermal conversion
efficiency of gold nanostructures is one of the currently reported high photothermal conversion

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 21

February 2020 | Volume 8 | Article 21


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.00021
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.00021&domain=pdf&date_stamp=2020-02-18
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:doctorwang618@126.com
https://doi.org/10.3389/fbioe.2020.00021
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00021/full
http://loop.frontiersin.org/people/839602/overview

Yuan et al.

Photothermal Agents

materials (Yavuz et al., 2009; Tang et al., 2012). The hole-doped
copper-based chalcogenides have a high extinction coefficient
similar to that of the metal plasmon resonance absorption. Tian
etal. developed a novel hole-doped semiconductor photothermal
conversion material, i.e., CugSs disk-shaped nanocrystals (Tian
et al., 2011). The extinction coeflicient and photothermal
conversion efficiency of this CugSs nanocrystal at 980 nm are
as high as ~1.2 x 10° M~! cm™! and 25.7%, respectively,
which are higher than the extinction coeflicient (~1.1 X
10° M~! cm™!) and the photothermal conversion efficiency
(23.7%) of gold nanorods under the same test conditions.
Therefore, the photothermal conversion efficiency of the hole-
doped semiconductor can be improved by regulating the
plasmon resonance absorption. Zhao et al. and Luther et al.
have demonstrated that the plasmon resonance absorption of
hole-doped copper-based chalcogenides depends on the carrier
concentration in the doped semiconductor (Zhao et al., 2009;
Luther et al., 2011). Therefore, the plasmon resonance absorption
of hole-doped copper-based chalcogenide is different from that of
metals. It can control the position and intensity of the plasmon
resonance absorption peak not only by changing the morphology
and particle size of the semiconductor, but also by changing its
structure and composition. For a hole-doped alloy copper-based
chalcogenide [such as Cuy—xS,Se1—y, Cup—xSyTe;—, (0 <x,y <
1)] compound, the bandgap can be controlled by tuning the ratio
of chalcogen (S and Se, Te) (Wang et al., 2011; Liu et al,, 2013),
and it is also possible to increase the hole density by increasing the
Cu defect to achieve the regulation of the position and intensity
of local surface plasmon resonance absorption (Dorfs et al., 2011;
Garciaetal,, 2011; Hsu et al., 2011; Scotognella et al., 2011). Wang
et al. have prepared Cu;—,SySe;—, compounds by a simple one-
step synthesis method and have realized the effective regulation
of plasmon resonance absorption by regulating the composition
and structure of the compounds (Wang et al, 2011). Many
groups have reported hole-doped plasma resonance absorption
effect of copper chalcogenides. Recently, it has been reported that
the doping of indium can change the particle size, morphology,
and crystal phase of Cu,_,S nanocrystals, which in turn affects
its plasmon resonance absorption (Wang and Swihart, 2015). In
addition, the synthesized copper chalcogenide compounds can
still achieve the regulation of plasma absorption by oxidation
or reduction (Kriegel et al., 2012). Balitskii et al. have reported
an interesting phenomenon: They synthesized oleylamine-
coated Cu,_,Se nanocrystals, and then partially exchanged the
oleylamine ligand with n-dodecylphosphoric acid (DDPA) or 1-
dodecanethiol (DDT) to blue or red shift the plasma absorption
of the Cuy_,Se nanocrystals (Balitskii et al., 2014). Therefore,
plasma absorption can also be adjusted by changing the surface
ligand. In summary, the plasmon resonance absorption of copper
chalcogenides can be changed and improved by controlling
the doping, morphology, structure, composition, particle size,
and surface ligand of the hole-doped copper chalcogenide
compounds, thereby improving the photothermal conversion
efficiency. However, there are few investigations on the LSPRs of
bimetal copper-based chalcogenides.

In this work, we report CusFeS; (CFS) nanoparticles as
a promising photothermal agent for efficient photothermal

therapy of cancers. The plasmon resonance absorption of
CFS nanoparticles could be tuned by the increase of the
ratio of iron to copper during the reaction leading to the
increased defect structure in CFS. The plasma absorption of
CFS nanoparticles could also be tuned by exchanging the
oleylamine ligand with n-dodecylphosphoric acid (DDPA). The
CFS nanoparticles with a plasmon resonance absorption peak at
764nm can be used as the 808-nm laser-driven photothermal
agents for the photothermal therapy of cancers after surface
modification by polyethylene glycol (PEG). To the best of our
knowledge, this work is the first report on the tunable plasmon
resonance of CFS.

MATERIALS AND METHODS

Synthesis of Molecular Precursor

CuCl,-2H,0 and FeCl3-6H,O were fully dissolved in water, and
then a solution of sodium diethyldithiocarbamate (SDEDTC)
was added and stirred for 1h. The brown products were then
filtered, washed with water several times, and then dried at room
temperature before use.

Synthesis of CFS Nanoparticles

Twenty-five milliliters of oleylamine (Aladdin) was added in
a flask, and then heated to 120°C within under the magnetic
stirring with a continuous flow of dry argon gas. The solution
was then heated to 300°C and kept for 30 min. Subsequently,
another 5ml of oleylamine containing the molecular precursors
was injected into the above hot solution. The reaction was kept
for 10 min. After cooling to room temperature, the end products
were collected via centrifugation and washed with ethanol twice.

DDPA Treatment

Three hundred microliters of the resulting solution containing
about 4mg of CFS nanoparticles was mixed with 4ml of 0-
20mM DDPA in toluene. The solution was then sonicated for
about 15 min.

Surface Modification

Two milligrams of PEG-NH; was added in 4 ml of the resulting
solution containing about 10 mg of CFS nanoparticles in toluene.
The resulting solution was then sonicated for 10 min. Thereafter,
10ml of deionized water was added in the above solution and
sonicated for another 10 min. The products were obtained by
centrifugal collection and washed with ethanol twice.

Characterization

TEM (JEOL JEM-2010F Japan) was used to measure the
morphology and size of the CFS nanoparticles. UV-Vis-NIR
absorbance spectra of CFS nanoparticles were obtained through
a UV-Visible spectrophotometer (UV-1900, Phenix) at room
temperature. X-ray photoelectron spectra (XPS, ESCA-Lab
250Xi) were used to test the oxidation state analysis of CFS
nanoparticles. XRD (Bruker D4) was used to measure the crystal
phase of CFS nanoparticles. ICP-AES (Leeman Laboratories
Prodigy) was used to measure the concentration of ions released
from CFS nanoparticles.
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Photothermal Effect

To measure the photothermal effect of the CFS nanoparticles,
CFS nanoparticles with different concentrations dispersed in
deionized water were irradiated under an 808-nm laser (0.5 W
cm™2) for 5 min. Temperature change of CFS nanoparticles was
monitored and recorded by an infrared thermal camera.

Cellular Experiment in vitro

K7M2 cells were used as a model to assess the cytotoxicity of
the CFS nanoparticles to cancer cells. K7M2 cells were cultured
in Roswell Park Memorial Institute (RPMI-1640) and incubated
at 37°C in the presence of 5% CO,. For cytotoxicity evaluation
of the CFS nanoparticles in vitro, K7M2 cells were seeded in
the 96-well-plates at a density of 1 x 10* cells every well. After
cultivation for 24h, the suspension medium was aspirated by
pipette and washed with PBS three times. CFS nanoparticles
dispersed in RPMI-1640 with different concentrations were
added into the wells one by one. After co-culture 24 h, a standard
CCKS8 evaluation was used to investigate the cell viability of CFS
nanoparticles to K7M2 cells. For photothermal therapy effect of
K7M2 cells in vitro using CFS nanoparticles, K7M2 cells were
cultured CFS nanoparticles in RPMI-1640 for 24 h. These cells
were then irradiated upon an 808-nm laser at a power density of
0.5W cm~2 for 5min. After then, the K7M2 cells were stained
with both calcein AM and PI and then imaged by a Leica
DMi8 fluorescence microscope. All of the tests were measured
three times.

Photothermal Therapy in vivo

The immunodeficiency nude mice were subcutaneously injected
by K7M2 cells (4 x 10° cells for each mouse) into the left thigh to
obtain the desired tumor model. K7M2 model mice were then
divided randomly into four groups (six mice for each group)
when the tumor volumes reached about ~100 mm?. PBS solution
containing CFS nanoparticles (50 ppm, 100 pl) or PBS solution
alone was injected intravenously into the tumor sites of the nude
mice. The mice with or without the CFS nanoparticle’s injection
were then irradiated to an 808-nm laser with a power density at
0.5W c¢m~2 for 5min. During the treatment, the temperature
changes of tumor surface were monitored and recorded by a
NIR thermal medical camera. After the indicated treatments, we
recorded the body weight and tumor size of the mice in four
groups every 2 days to evaluate the photothermal therapy effect.
Relative tumor volumes were calculated as V/V, where V was
the initial tumor volume before the therapy.

Long-Term Toxicity Analysis

As for the tumors’ histological examination analysis, a mouse
from the each group was sacrificed under anesthesia after the
indicated treatment. Then, the tumors from the sacrificed mice
were harvested, sectioned into 4-pm slices, and stained with
hematoxylin and eosin (H&E). The slices were examined via a
microscope. Mice were sacrificed to collect blood sample for
blood biochemistry and complete blood panel analysis after
intervals of 3, 6, 9, and 12 days, respectively.

RESULTS AND DISCUSSION

Oleylamine-capped CFS nanoparticles were synthesized
by a facile hot injection of a molecular precursor. The
molecular precursors were obtained by reacting CuCl,-2H,0
as well as a certain molar ratio of FeClz-6H,O with sodium
diethyldithiocarbamate (SDEDTC). Figure 1A presents the
transmission electron microscopy (TEM) image of CFS
nanoparticles obtained from the reaction with a ratio of 20% for
iron source to copper source. One can see that the as-prepared
CFES products showed very good dispersion from the TEM
image. The size of CFS nanoparticles was found to be 18.2nm
based on the statistics of 100 nanoparticles from the TEM
images (Figure S1). Figure 1B showed more microstructure
information from the high-resolution TEM; an interplanar
spacing of 0.194 nm was observed, assigned to (110) planes of
bornite structured CusFeS,. In addition, selected area electron
diffraction of the individual CFS nanoparticles from the high-
resolution TEM can be indexed to the [110] zone axis of bornite
structured CusFeSy, which indicated the single-crystalline nature
of these nanoparticles (Figure S2). As shown in Figure 1C, all of
the main peaks of X-ray XRD pattern of the CFS products can be
matched well with those of bornite structured CusFeSs (JCPDS
file no. 24-0050), showing a high crystallinity for pure CFS. XPS
results (Figure S3) demonstrated that the obtained products
mainly contain Cu, Fe, and S elements. We also analyzed the
valency state of Cu and Fe in CFS nanoparticles. In Figure 1D, it
exhibited the high-resolution Cu 2p spectrum (red line) and Fe
2p spectrum (blue line) for the CFS nanoparticles. The binding
energy peaks at 931.8 and 951.7eV could belong to Cu (I)
coordinated to Cu in CFS nanoparticles (Chang et al., 2013).
Generally speaking, the existence of Cu(Il) in copper-based
photothermal agents could contribute to the defect structure,
thus resulting in NIR absorption (Li et al., 2015). However, no
binding energy peak at around 940 eV was detected, indicating
that there was no Cu (II) existing in CFS nanoparticles (Chang
et al., 2013). Therefore, no copper defect structure was found
in CFS obtained from the reaction with a ratio of 20% for iron
source to copper source. In addition, the binding energy peaks at
711.2 and 724.1 eV could be assigned to Fe(III) coordinated to Fe
in CFS nanoparticles (Guan et al., 2018). Based on the obtained
results, we can conclude that CFS nanoparticles with high purity
and crystallinity were achieved.

The optical absorption spectrum of CES nanoparticles,
obtained from the reaction with a ratio of 20% for iron source
to copper source, showed a peak around 1,100 nm. The NIR
absorption may be attributed to 3d electronic transitions from
the valence band to an intermediate band, similar to CuFeS,
nanocrystals (Ghosh et al., 2016) and CuCo,S4 nanocrystals
(Li et al., 2017). The ratio of Cu to Fe was found to be 4.99,
confirmed by ICP-AES. Interestingly, the ratio of 4.82, 4.75, 4.71,
and 4.67 for Cu to Fe can also be obtained by the addition
of precursors with the ratio of 22, 24, 26, and 28% for iron
source to copper source, respectively, indicating different copper
deficiencies. The high-resolution XPS spectra of Fe 2p and Cu
2p in CFS nanoparticles obtained from the reaction with a ratio
of 28% for iron source to copper source are given in Figure $4.
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FIGURE 1 | (A) A typical TEM image of CFS nanoparticles. (B) The high-resolution TEM image of CFS nanoparticles. (C) XRD patterns of CFS nanoparticles. (D) The
high-resolution XPS spectra of Fe 2p (blue line) and Cu 2p (red line) in CFS nanoparticles.
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FIGURE 2 | (A) UV-vis-NIR spectra of the CFS nanoparticles obtained from the addition of precursors with different ratios for iron source to copper source.
(B) UV-vis-NIR spectra of the CFS nanoparticles after the treatment of DDPA.

It was found that the peaks of Cu?* and Fe?* were detected, ~ CFS nanoparticle solution with DDPA, a blue shift was observed
further indicating the formation of defect structures (Changetal.,  (Figure 2B). The blue shift up to 500 nm was achieved when
2013; Guan et al., 2018). Previous work has demonstrated that the ~ the concentration of DDPA was increased to 20 mM. After the
plasmon resonance absorption peak will shift blue as the copper  treatment by 20 mM, the CFS nanoparticles showed little change,
defects increase (Balitskii et al., 2014). In order to verify it, we ~ which can be confirmed from the TEM image and XRD pattern
measured the optical absorption spectrum of CFS nanoparticles  of CFS nanoparticles (Figure S5). Therefore, the LSPRs of CFS
with different ratios of Cu to Fe. As expected, there was a blue  nanoparticles can be tuned by the addition of precursors with
shift with the increase of copper deficiencies (Figure2A). It  different ratios for iron source to copper source and the treatment
has been revealed that copper deficiency could be achieved by =~ of DDPA, respectively.

oxidizing copper in the crystal. When the CFS was prepared In general, both 980-nm light and 808-nm light have been
from the reaction with a ratio of 20% for iron source to copper  used as laser sources for the photo-responsive imaging and
source, the obtained CFS products were processed with DDPA  treatments of tumors due to their security and deep tissue
to achieve CFS with different deficiencies. When treating the  penetration (Smith et al., 2009). However, as the main constituent
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FIGURE 3 | (A) The temperature changes of the CFS nanoparticles dispersed in water with different concentrations of Cu®* (0-100 ppm) vs. the irradiation time of the
808-nm laser. (B) Relationship curves of temperature change as a function of the concentration of CFS nanoparticles.
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FIGURE 4 | (A) Photothermal effect of CFS nanoparticles under the irradiation of an 808-nm laser for 300's; then, the laser was shut off and the temperature was
recorded for another 300 s. (B) Time constant of CFS NCs from the system. 7 = 73.2s.

of living organisms, the absorption intensity of the water at
980 nm is confirmed to be 30 times higher than that at 808 nm
(Li et al., 2014b). It has been proved that a 980-nm laser
irradiation at a power intensity of 0.72 W/cm? can make the
temperature of the pure water increase by 15.1°C, while only
3.0°C for an 808-nm laser in the same conditions (Li et al.,
2014b). This means that the 808-nm laser exhibits deeper tissue
penetration and less photo-damage to the surrounding healthy
tissues compared to the 980-nm laser (Wu and Butt, 2016). In our
experiments, The CFS nanoparticles, obtained from the reaction
with a ratio of 22% for iron source to copper source, showed a
plasmon resonance absorption peak at 764 nm, which is close to
808 nm. Therefore, an 808-nm laser was used as the excitation
source for photothermal therapy. Photothermal agents should
be hydrophilic before realizing their biological application; thus,
a ligand exchange process was performed to modify the CES
nanoparticles’ surface property using PEG. We then measured
the photothermal effect of PEG-coated CFS nanoparticles. As
shown in Figure 3, CFS nanoparticles exhibited a concentration-
dependent photothermal effect. As a control, the pure water
showed almost no temperature raise under the exposure of an
808-nm laser (0.5W cm™2). However, with the increase of the
concentration of CFS nanoparticles (ie., 12, 25, 50, and 100
ppm), the temperature was increased by 12.7-37.2°C, indicating

that CFS nanoparticles can efficiently convert NIR light energy to
heat energy.

The 808-nm laser-driven photothermal conversion efficiency
of the CFS nanoparticles was also measured and calculated by
Roper et al’s reported method (Roper et al., 2007). The CFS
nanoparticles with a concentration of 50 ppm were exposed to
the 808-nm laser (0.192 W) for 300 s. The laser was shut off when
the temperature of the system reached a steady state (Figure 4A).
Cooling time constant was measured to confirm system’s rate
of heat transfer (Figure 4B). Then, the photothermal conversion
efficiency (n7) of CFS nanoparticles could be calculated by
the following:

Q1 — Qo

11— 104) W

nr

In which Q; and Qp are the rate of heat input (in units of mW)
of the solvent with and without CFS nanoparticles. I is the laser
power (in units of mW, 192 mW). A, is the absorbance (0.8345)
at irradiation wavelength (808 nm). The value of Q; and Qo are
derived according to:

(2)

Q= hA(Tmax - Tamb)
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FIGURE 5 | (A) Cell viability incubated with different concentrations of CFS nanoparticles. (B) Cell viability after the indicated photothermal treatments. (C-F)
Live/dead cell staining analysis after photothermal therapy with CFS nanoparticles at different concentrations. Magnification: 100 times.
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h is the heat transfer coefficient, and A is the container’s surface
area. Ty, is the ambient surrounding temperature, T,y is the
maximum temperature of the system, and (Tmax — Tamp) Was
17.6°C obtained from Figure 4A. The Qp was independently
measured with a quartz cuvette cell containing pure water and
calculated to be 18.7 mW. The value of hA can be calculated from:

mpcp
Ts

hA = 3)
where mp and cp are the mass (0.1g) and heat capacity (4.2]
g~ 1) of pure water, which was used as solvent, respectively. 7, is
the sample system time constant. According to the achieved data,
the 808-nm laser-driven photothermal conversion efficiency (1)
of the CFS nanoparticles was calculated to be 50.5%, indicating
the promising potential for photothermal therapy of cancers. To
evaluate the NIR photostability of the CFS nanoparticles, the
aqueous dispersion (50 ppm) was irradiated with 808-nm laser
(1.0 W cm™2) for 10 min (LASER ON, Figure S6), respectively,

followed by naturally cooling to room temperature for 30 min
(without irradiation, LASER OFF). It was shown that there
was little loss of the maximum temperature elevation after four
cycles of LASER ON/OFF. The result indicated that the CFS
nanoparticles showed good NIR photostability.

Motivated by the excellent photothermal performance of CFS
nanoparticles, we evaluated the potential of these nanoparticles
as photothermal agents. Before realization of their biological
application, the cytotoxicity of CFS nanoparticles was evaluated
by a standard CCK-8 assay method with K7M2 cells (Figure 5A).
It can be seen that these CFS nanoparticles appeared to be
very low toxicity. With a concentration up to 200 ppm, the
cell viability can still be up 80%. The in vitro photothermal
therapy to K7M2 cells using CFS nanoparticles was then
studied. After the treatment with varied concentration of CFS
nanoparticles, a standard CCK-8 evaluation was used to test
the cell viability (Figure 5B). The cell mortality rate increased
with the increase of the concentration. The cell mortality rate
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FIGURE 6 | (A) Temperature curves of tumors as a function of irradiation time of an 808-nm laser. (B) The infrared thermal images of the tumor-bearing mice
intravenously injected with the PBS (the left mouse) or CFS nanoparticles (the right mouse), respectively. (C) Body weight curves over time in the four groups after
indicated treatments. (D) Growth curves of tumors over time in the four groups after indicated treatments. (E) Photographs of mice in the four groups after the
indicated photothermal treatments for 14 days.

of the treatment combined CFS nanoparticles (50 ppm) and the
irradiation of an 808-nm laser was ~92%, demonstrating an
excellent photothermal effect in vitro. When the concentration
of nanoparticles was increased to 100 ppm, the cell death rate
was increased by 7%. Thus, the optimized concentration should
be 50 ppm. In addition, to visualize the in vitro photothermal
therapy effect of CFS nanoparticles, K7M2 cells after the showing
treatments were co-stained with calcein-AM and propidium
iodide. The results (Figures 5C-F) were consistent with the result
of the CCK-8 assay, demonstrating the efficient photothermal
effect in vitro.

The photothermal therapy effect of cancers in vivo was
evaluated. The tumor-bearing mice were divided randomly into

four groups: (a) CFS nanoparticle injection + 808-nm laser
irradiation (CFS+NIR); (b) PBS + 808-nm laser irradiation
(PBS+NIR); (c) PBS injection (PBS); and (d) CFS nanoparticle
(CFS). The temperatures of tumor surface injected with CFS
nanoparticles could dramatically increase from ~30 to ~59°C,
resulting from the photothermal effect of CFS nanoparticles
(Figure 6A). As a control, the temperatures of tumor surface
injected with PBS solution only increased by less than 3°C.
During the treatment, a medical thermal camera was used to
monitor and record the temperature change of tumor sites. As
expected, infrared thermal images with a high contrast were
achieved (Figure 6B), indicating that CFS nanoparticles still
showed excellent photothermal effect in vivo.
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FIGURE 7 | (A) H&E-stained slices of main organs. Magnification: 100 times. (B) Blood biochemistry of mice receiving intravenous injection of CFS at different time
points. The examined parameters include aspartate aminotransferase (AST, left) and alanine aminotransferase (ALT, right).

Spleen

idney

9, "

ALT (ULL)

6
Time (Day)

12

After the indicated treatment, the body weights and tumor
sizes from each group were recorded every 2 days. We can see
that there was almost no difference in body weight among the
four groups of mice (Figure 6C), indicating the low toxicity
of CFS at the given conditions. In addition, tumors of mice
in group (a) disappeared and there was no reoccurrence
observed (Figures 6D,E), while the tumors gradually increased
and showed no difference in the three control groups. H&E
staining analysis was also analyzed immediately after treatment
to evaluate the photothermal therapy effect after the CFS/NIR
laser treatment. The tumor cells in the three control groups
showed very little change in morphology and size, while those
in the experimental group (CFS+NIR) showed obvious necrosis,
such as nuclear condensation, shrinkage of the malignant
cells, lysis, and fragmentation (FigureS7). Therefore, CFS
nanoparticles showed great potential for photothermal therapy
of cancers.

As in vivo biosafety of nanomedicines is always of great
concern for application in photothermal therapy, further bio-
safety experiment on histological examination analysis with
H&E staining for the main organs was conducted to observe
the size, shape, and number of cells after the intravenous
injection of CFS nanoparticles (10 mg/kg). From the HE
staining of the major organs, including heart, kidney, spleen,
liver, and lung, no inflammation or damage is observed
(Figure 7A). The parameters related to the serum biochemistry
(Figure 7B) showed no meaningful changes. The evidence
further confirmed that the CFS nanoparticles have promising
potential for photothermal therapy. However, deep systematic
studies of pharmacokinetics and pharmacodynamics are still

pretty important for future clinical application of such a
material. This kind of material may also have other specific
potential, such as magnetic resonance imaging, that can
further transform the platform for multiple use to promote its
clinical translation.

CONCLUSION

In conclusion, hydrophilic CusFeS; nanoparticles with a
plasmon resonance absorption peak at 764 nm that served as
an efficient photothermal agent have been successfully prepared
by a facile thermal decomposition route and, subsequently, a
surface modification process. The plasmon resonance absorption
of CusFeS, nanoparticles could be tuned by the decrease of the
ratio of copper to iron and the treatment of DDPA leading to
the formation of defect structures. Moreover, CFS nanoparticles
showed excellent biocompatibility, demonstrated by the in vitro
and in vivo toxicity results. With the exposure of the NIR light,
the CusFeS, nanoparticles can be used for efficient photothermal
therapy of cancers.
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Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease for which
treatment focuses on suppressing an overactive immune system and maintaining the
physiological balance of synovial fibroblasts (SFs). We found that miR-30-5p was
highly expressed in rheumatoid arthritis synovial fibroblasts (RASFs). Subsequently,
we predicted that phosphatidylinositol 3-kinase regulatory subunit 2 (PIK3R2) might
be a putative target of miR-30-5p. Recent studies have reported that PIK3BR2 can
maintain the physiological homeostasis of RASFs. Therefore, miR-30-5p inhibitor has
the potential to be used in the treatment of RA, but low levels of miR-30-5p inhibitor
internalization affect its application. Triptolide (TP) is an effective drug in the treatment of
RA but induces severe toxicity and has a narrow therapeutic window. In this study, the
cell internalization performance of miR-30-5p inhibitor was improved by loading it into
cell membrane penetrating peptide (CADY)-modified mesoporous silica nanoparticles
(MSNs), and the toxicity of TP was decreased by loading it into a controlled drug
release system based on MSNs. The nanodrug carrier was constructed by filing a
phase-change material (PCM) of 1-tetradecanol and drugs into MSNs that could be
triggered by an NIR laser with thermo-chemo combination RA therapy. Our results
show that the miR-30-5p inhibitor-loaded MSNs@CADY significantly inhibited RASF
proliferation and increased apoptosis. In addition, MSNs@PCM@TP under 808 nm
laser irradiation were effective in downregulating immune system activation in an RA rat
model. Finally, the results of a pharmacodynamics study showed that the combination
of MSNs@CADY@mIiR-30-5p inhibitor and MSNs@PCM@TP under 808 nm laser
significantly increased the effectiveness of RA treatment. These findings provide a novel
understanding of RA pathogenesis and a theoretical basis for RA treatment.

Keywords: rheumatoid arthritis, triptolide, miR-30-5p, NIR laser-responsive, mesoporous silica nanoparticles
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INTRODUCTION

Rheumatoid arthritis (RA) is a complex autoimmune disorder
with two main characteristics: hyperactivity of the immune
system and abnormal proliferation of synovial fibroblasts (SFs)
(Zwerina et al., 2005; Onozaki, 2009; Mullen and Saag, 2015;
Collison, 2016). Current treatment for RA mainly focuses on
maintaining the physiological homeostasis of synovial cells and
suppressing the activity of the immune system. It is believed
that damage to articular cartilage and bone tissue in RA is
mainly caused by the activation and proliferation of synovial
cells. The activation and proliferation of synoviocytes are
closely related to apoptosis. The PI3K/AKT signaling pathway
activity is prominent in SFs, and its abnormal activation can
create an imbalance between SF proliferation and apoptosis
(Qu etal, 2019).

PIK3R2 is a negative regulator of the PI3K/AKT signaling
pathway. In 2016, Zhao et al. reported that miR-126 targeting
of PIK3R2 promotes the proliferation of rheumatoid arthritis
synovial fibroblasts (RASFs) and resistance to apoptosis by
regulating PI3K/AKT (Gao et al., 2016). Downregulation of miR-
126 may indirectly inhibit the PI3K/AKT signaling pathway by
targeting PIK3R2, disrupting the balance between RASF survival
and death. It has been suggested that PIK3R2, which maintains
the physiological homeostasis of SFs (Gao et al., 2016), may be a
potential target for the treatment of RA.

Many Chinese herbal medicines, such as Tripterygium
Wilfordii Hook F (TWHEF), which is the most prominent,
have been reported to be effective in treating RA (Fan et al,
2018). Triptolide (TP), an epoxy diterpenoid lactone compound,
is considered an important anti-inflammatory and immune
inhibitory component of TWHEF. The anti-arthritis activity of
TP has also been reported (Kong et al., 2013; Li et al., 2014;
Fan et al, 2016). Many clinical trials have also confirmed
that TP has a good anti-inflammatory effect, especially in RA.
Unfortunately, the hepatotoxic, nephrotoxic, and hematological
toxic effects of TP limit its clinical applicability (Xue et al., 2011;
Zhang et al., 2012).

Mesoporous silica nanoparticles (MSNs) have been widely
used as pharmaceutical carriers, and the surface of MSNs
can be easily modified by polypeptides or other functional
groups. For example, cell penetrating peptides such as CADY
have been widely used to modify MSNs to facilitate the
effective entry of drug carriers into cells (Cai et al, 2017;
Dowaidar et al., 2017). The porous structure of MSNs enhances
their release performance and their drug load capacity, the
effect of which prevents the side effects caused by locally
high drug concentrations administered in a short time,
which can be problematic when drugs are administered alone
(Jeong et al., 2015).

Drug release can be controlled by using photothermal
materials, such as near infrared response photothermal
controlled-release drug carriers by irradiating the material
with near infrared laser, and the side effects of the loaded drug
can be reduced. Indocyanine green (ICG) is a drug approved
by Food and Drug Administration (FDA) and widely used in
clinical liver and kidney function evaluation with relatively

high safety (Saxena et al., 2004; Manchanda et al., 2010). ICG
has been used as a photothermal material in RA treatment
(Tang et al., 2017). Phase-change materials (PCMs) are a
kind of material with great latent heat hat and can change
between solid and liquid at a relatively constant temperature
(Choi et al, 2010). In this study, 1-tetradecanol was selected
as the photothermal response phase change material. The
melting point of tetradecanol is 38-39°C (Moon et al,
2011). Moreover, the material has good biocompatibility
and low oral toxicity.

The drug TP was blended with ICG, which exerts
photothermal effects into tetradecanol, and the tetradecanol
blends were loaded into the channels and internal cavities
of MSNs at a temperature higher than that of tetradecanol
to form a laser responsive drug controlled-release system.
Because tetradecanol (hereinafter referred to as PCM) is
solid at normal temperature, the adriamycin and ICG loaded
into the system are “solidified” in tetradecanol, and thus, the
controlled-release system is characterized by of “zero drug
release” during the delivery process. When the system is
irradiated by near-infrared laser (808 nm), the indocyanine green
in the system will produce heat and melt the tetradecanol, thus
releasing TP and finally fulfilling the purpose of photothermal
controlled-release of drugs.

Here, miR-30-5p was identified to be overexpressed in 80%
(32 of 40) of the clinical RA tissues examined and verified that
the miR-30-5p inhibitor was a potent reagent that relieved RA
through PIK3R2 pathways. Furthermore, we combined a miR-30-
5p inhibitor with TP, a traditional drug for treatment of RA, and
delivered a miR-30-5p inhibitor with a CADY-modified MSNs to
deliver TP with near infrared response photothermal controlled-
release MSNs. We ultimately obtained an outstanding result:
the combination of the MSNs@CADY @miR-30-5p inhibitor and
MSNs@PCM@TP under 808 nm laser significantly reduced the
symptoms of RA in the joints of rats. These findings provide a
novel understanding of RA pathogenesis and a theoretical basis
for RA treatment.

MATERIALS AND METHODS

Ethics Statement

The patients included in the present study provided written
informed consent. The study was approved by the Ethical Board
of China-Japan Union Hospital of Jilin University.

Sample Preparation and Cell Culture

Forty consecutively RA patients (28 females and 12 males;
aged 29-59 years) treated at the Immuno-Rheumatology Clinic
from January 1 to December 31, 2018, and 15 volunteers
were joined the study. The inclusion criteria were as follows:
patient participation was approved by the Hospital Human
Ethics Committee, and each participant signed an informed
written consent; all patients with RA fulfilled the criteria of
the American College of Rheumatology (Altman et al., 1986;
Arnett et al, 1988); the average time of clinical treatment
was 7.45 £ 3.26 days; according to the Larsen classification
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system (Larsen et al, 1977), weight-bearing anteroposterior
and lateral X-ray photos of the affected knee were taken, the
patients we selected were all candidates for early synovectomy,
and all radiographs were evaluated by the same experienced
orthopedists; no contraindication to anesthesia or surgery; and
no other major diseases. All volunteers were patients with joint
injury who were admitted to China-Japan Union Hospital of
Jilin University for joint repair, aged 34-48 years (mean age
of 39.9 years). Exclusion criteria were patients who had ever
been treated with disease-modifying antirheumatic drug trerapy,
absence of joint swelling and limited range of motion, or above
Larsen stage II in the operated knee joint.

Rheumatoid arthritis synovial fibroblasts were obtained
during arthroplasty or synovectomy from forty patients with
RA following the method described below. The synovial tissue
specimens were washed five times with Hank’s buffer (pH 7.5)
5 min and then minced and placed in a 10 cm? culture flask with
4 ml of DMEM (Gibco BR) and 120 pl of type II collagenase, and
then incubated at 37°C for 6 h. Then, 3 ml of trypsin without
EDTA was used to detach the cells from the flask for subsequent
screening. Cultured RASFs from passages 4-10 were used for
experiments in this study.

The human fibroblast-like synoviocyte cell line (HFLS)
was obtained from Cell Applications, Inc. (San Diego, CA,
United States). A human renal epithelial cell line (293 cells) and
a human hepatocyte cell line (HL-7702 cells) were purchased
from Feng Hui Biotechnology, Co., Ltd. The cells were cultured
in DMEM (HyClone, Thermo Fisher) supplemented with 10%
FBS (HyClone, Thermo Fisher), 1% penicillin streptomycin (1000
U/ml) (Gibco, Invitrogen). All cell lines were cultured in a cell
incubator at 37°C under 5% CO,

RNA Isolation and qRT-PCR

TRIzol reagent (Thermo Fisher Scientific) was used for total
RNA extraction. One milliliter of Trizol was added to selected
cells, and the mixture was shaken violently and then let stand
for 5 min at 25°C. Next, 200 pl of chloroform was added,
and the mixture was shaken violently, then place the mixture
at 25°C for 5 min, after 12,000 rpm centrifuging at 4°C for
15 min. 500 mL of supernatant and 300 l of isopropanol
was gently mixed, then place the mixture for 10 min at
25°C, and centrifuged at 12,000 rpm at 4°C for 15 min,
the supernatant was then discarded. Next, 1 mL 75% alcohol
was added to the centrifuge tube, which was gently shaken,
then place the mixture for 5 min at 25°C, and centrifuged at
7500 rpm at 4°C for 15 min, the supernatant was discarded.
RNA free water (15 pL) was added to the centrifuge tube,
and the precipitate was gently blown for dissolution. The
reverse transcription procedure was 42°C for 2 min, 50°C for
15 min, and 85°C for 2 min. After the reaction, the cDNA
was stored at —80°C. cDNA was synthesized through reverse
transcription using an RT reagent kit (BEENbio, Shanghai,
China). The mRNA levels of the genes were analyzed by qRT-
PCR using a 2 x SYBR qPCR kit (BEENDbio, Shanghai, China),
as described in the manufacturer’s protocols. Data in all panels
are representative of three independent experiments with six
replicates per detection. The results were analyzed according to

the 27 AACt formula. The primers used in this paper are shown
in Supplementary Table 1.

Western Blot Analysis

Fifty micrograms of protein was resolved on 10% SDS-PAGE
gels and transferred to PVDF membranes (Millipore, Billerica,
MA, United States). The membranes were incubated with
primary antibodies and a secondary antibody labeled with
HRP. The following primary antibodies were used: rabbit
anti-PIK3R2 (PA5-84807, Thermo Fisher, United States), anti-
PI3K (3811S, CST, United States), anti-p-PI3K (4228S, Cell
Signaling Technology, United States), anti-AKT (4691S, CST,
United States), anti-p-AKT (4060S, CST, United States), anti-
B-actin (4970S, CST, United States), and rabbit anti-human
PTPN22 (ab182239, Abcam, United States).

Enzyme Linked Immunosorbent Assay

After various treatments, serum was extracted from the fresh
blood of the experimental and control rats. The samples were
diluted in 1 x dilution buffer to be in the range of concentrations
used in the assay. IL-2 enzyme linked immunosorbent assay
(ELISA) was performed using an ELISA kit from R&D Systems
(D2050), and IL-6 and TNF-a ELISA were performed follow the
kit instruction (ab46027 and ab181421). The levels of IL-2, IL-
6 and TNF-a released into the supernatant were analyzed by
ELISA, as described in the manufacturer’ instructions. All ELISA
measurements were performed in triplicate.

Cell Proliferation Assay

MTT assay was used to detect the cell proliferation. Briefly, the
cells were seeded in 96-well plates 5 x 10° per well. All cell groups
were incubated for 24, 48, or 72 h. MTT was added to each well,
and the cells were sustained and incubated at 37°C for 4 h with
5% CO,. The solution was then discarded, 300 pl of dimethyl
sulfoxide (DMSO) was added to each well, and the cells were
shaken for 15 min at 25°C to dissolve the crystals. The absorbance
of the samples was checked at 570 nm using an ELX800 universal
microplate reader (Biotek Instruments, Inc.). Experiments were
replicated three times.

Annexin V and Propidium lodide (PI)
Staining

Apoptosis of nanoparticle-treated cells was assessed by flow
cytometry by labeling the cells with FITC-Annexin V and PI
assay. Cells were cultured at a density of 6 x 10* per 6 cm dish
and grown overnight. Then, 100 pg/ml MSNs, MSNs@CADY,
MSNs@CADY@miR-30-5p or ~ MSNs@CADY@miR-30-5p
inhibitor were added to the cells, and incubated for 48 h.
Washing with PBS for three times, the cells were incubated
at 25°C with Annexin V-FITC and PI stain in darkness for
10 min. Samples consisting of 10,000 stained cells were analyzed
using flow cytometry.

Synthesis of 120 nm MSN Nanoparticles
The MSNs were synthesized as (Sha et al., 2018) reported with
some modifications (Rosenholm et al., 2010; Wang et al., 2015).
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The 120-150 nm MSNs were first synthesized using
aminotrimethoxysilane (APS) as the amine provider, TMOS
as the silica precursor, and cetyltriethylammnonium bromide
(CTAB) as the structure-directing agent (Rosenholm et al., 2009).
Two hundred milligrams of CTAB (Aldrich, St. Louis, MO,
United States) was dissolved in 150 ml of 2M NaOH and 48 ml of
water and heated to 80°C. Next, 1.2 ml of tetraethyl orthosilicate
(Aldrich, 98%) was added. After incubation for 15 min at
80°C, 300 w1 of 3-(trihydroxysilyl) propyl methylphosphonate
(Aldrich, 42%) was added, then stirred for 2 h. The particles
were collected after 12,000 rpm centrifugation and washed with
methanol three times.

CADY Attachment

The self-assembled peptide CADY (GLWWKAWWKAWWK
SLWWRKRKRKA) was purchased from Sangon Biotech
Company. The CADY peptide was covalently conjugated to
MSN-COOH using EDC and NHS. Two milligrams of MSN-
COOH was dissolved in 1 ml of MES buffer (pH 6.0), and
then, 4 mg of EDC and 4.2 mg of NHS were added. Then, the
mixture was stirred for 4 h at 4°C. Subsequently, 100 pl of
CADY antibody solution (10 mg/ml) was added and stirred
for 4 h at 4°C. Then, it was washed three times with PBS to
remove excess EDC. NHS, CADY and MSNs@CADY were
suspended in 450 mM miR-30-5p inhibitor, after stirring for 48 h
in the dark, MSNs@CADY@miR-30-5p inhibitor was collected
by centrifugation, following PBS washing for three times, and
vacuum dried overnight at room temperature.

Cellular Uptake and Internalization

A total of 2 x 10* HFLS cells were seeded in glass-bottom
plates (35 mm, Corning Incorporated) in DMEM with 10%
FBS and incubated at a final concentration of 50 pg/ml FITC-
labeled MSNs and FITC-labeled MSNs@CADY for 24 h. The
cells were incubated with 60 nM LysoTracker Red DND-99
(Beyotime Institute of Biotechnology, Haimen, China) for 1 h
at 37°C. After washing with PBS, the cells were fixed with
4% paraformaldehyde and stained with 10 pg/ml DAPI (4,6~
diamidino-2-phenylindole, Sigma). The cells were washed three
times with PBS and mounted. Micrographs were first observed
under a Nikon fluorescence microscope (Nikon Eclipse Ti-S,
CCD: Ril) and then under a laser scanning confocal microscope
(Leica TCS sp5, Germany) used for confocal luminescence
imaging with a 63 x oil immersion objective lens.

Preparation of MSNs@PCM@TP

Since the melting point of PCM tetradecanol is 38-39°C, it
is necessary to sufficiently mix ICG and PCM for loading
into MSNs at a temperature higher than the melting point.
First, 100 mg of tetradecanol was heated to 60°C to fully
melt, and then, 10 mg of ICG and 15 mg of TP were added
and thoroughly mixed by magnetic stirring for 2 h (Kalaria
et al, 2009). Then, 100 mg MSNs were mixed with a large
amount of chloroform, added to the PCM mixture solution, and
stirred for 2 h at 60°C. During this mixing process, with the
volatilization of trichloromethane, the PCM@TP-ICG mixture
slowly infiltrates the mesopore cavities of MSNs through the

mesopores. Finally, excessive hot water is added to the above
preparation system to produce two phases that are obviously
incompatible with each other: the MSNs water phase with
PCM@TP-ICG and the chloroform phase with PCM@TP-ICG
not encapsulated. The two phases were separated rapidly, and
the water phase was immersed in an ice water solution for
cooling for 1 min and then centrifuged at 1,1000 rpm for
5 min. The precipitates were washed with precooled deionized
water 8 times and then freeze dried for 24 h at —50°C and
0.8 mbar in vacuum. The MSNs loaded with PCM@TP-ICG
were recorded as MSNs@PCM@TP. In addition, with the same
preparation method, the system constructed without TP is
recorded as MSNs@PCM.

Testing of miR-30-5p and TP Loading
Capacity of MSNs@CADY@miR-30-5p

Inhibitor and MSNs@PCM@TP

MSNs@CADY was suspended in 450 mM miR-30-5p and
miR-30-5p inhibitor. After stirring for 48 h in the dark,
MSNs@CADY@miR-30-5p and  MSNs@CADY@miR-30-
5p inhibitor were collected by centrifugation, washed with
PBS three times, and vacuum dried overnight at 25°C. The
concentrations of miR-30-5p and miR-30-5p inhibitor were
measured with a Nanodrop 3000 spectrophotometer (Thermo
Fisher). The miR-30-5p loading capacity of the nanoparticles
was calculated based on changes in miR-30-5p concentration
before and after loading. The concentration of TP was measured
by UV-Vis spectroscopy at 218 nm, and the TP-loading capacity
of MSNs@PCM@TP was calculated according to the changes
in TP concentration before and after loading by using UV-Vis
spectroscopy at 218 nm.

For the miR-30-5p and TP drug release experiment,
MSNs@CADY@miR-30-5p inhibitor and MSNs@PCM@TP were
dispersed in 15 ml of PBS (pH 7.4) in semipermeable dialysis bags
at 37°C with gentle shaking then take 4 ml of the released medium
and add another 4 ml fresh medium. The amount of released TP
was measured by UV-Vis spectroscopy at 218 nm. The amount of
released miR-30-5p inhibitor was measured by a Nanodrop 3000
spectrophotometer.

Animals and Experimental Procedures

and RA Evaluation

A collagen-induced RA rat model was generated according to
a previous report (Wang et al., 2018). Female Sprague-Dawley
rats (8 weeks old) were purchased from the Animal Center of
Northeastern University. All animal experimental procedures
were approved by the Laboratory of Animal Ethical Committee of
Northeastern University. The rats were randomly allocated into
eight groups (n = 6), and the rat grouping administration method
and doses are shown in the Table 1.

In brief, except for rats in the control group, the rats in
each group were intradermally injected with 600 pg of bovine
type II collagen in 50% complete Freund’s adjuvant, and a
booster was administered with the same dose of CII in 50%
incomplete Freund’s adjuvant 14 days later. Starting 15 days after
the first immunization, the rats in the respective groups were

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2020 | Volume 8 | Article 170


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Nanomaterials in Rheumatoid Arthritis Therapeutics

TABLE 1 | The appropriate dose and method of administration in rats.

Group Administration method Drugs Dose

Control group I.P. PBS (pH 7.5) 2 ml/time

RA model group I.P. PBS (pH 7.5) 2 ml/time
Methotrexate (MTX) group I.P. MTX 2.5 mg/kg

TP group I.P. TP 50 ng/kg
MSNs@PCM@TP group + 808 nm I.P. MSNs@PCM@TP 100 pg/ml

laser

MSNs@PCM@TP group I.P. MSNs@PCM@TP 100 pg/ml
MSNs@CADY@miR-30-5p inhibitor I.C. MSNs@CADY@miR-30-5p inhibitor 100 pg/ml

group

MSNs@CADY@miR-30-5p I.C. (MSNs@CADY@miR-30-5p inhibitor), MSNs@CADY@mIR-30-5p 100 pg/ml MSNs@CADY@miR-30-5p
inhibitor + I.P. |.P. MSNs@PCM@TP + 808 nm laser inhibitor + I.P. inhibitor + 100 pg/ml I.P.
MSNs@PCM@TP + 808 nm laser MSNs@PCM@TP + 808 nm laser MSNs@PCM@TP + 808 nm laser
group

administered different nanodrug treatments. The concentrations
of the different nanoparticles were 100 mg/ml, the dose of I1.C.
MSNs@CADY and I.C. MSNs@CADY @miR-30-5p inhibitor was
30 ml/kg, and the dose of L.P. MSNs@PCM@TP was 55 ml/kg.
The rats were given administered the drug every 7 days, while
the control group and the RA model group received only
saline injections.

The symptoms were classified as follows: none, weak, mild,
moderate, and severe with scores from 0 to 4, respectively (Le
Goft et al., 2009). The highest possible cumulative score of a
single rat was 16.

Characterization

The morphology and structure of the products were characterized
using a SEM (S-4800) and a TEM (JEOL JEM-2100F) at
accelerating voltages of 5 kV and 200 kV, respectively. The pore-
size distribution of the products was determined by dynamic
light scattering (DLS) using a Malvern Zeta Seizer instrument.
N, adsorption-desorption isotherms were measured using a
Micromeritics ASAP 2020 M porosity analyzer. The samples
were outgassed at 573 K for at least 2 h in a vacuum.
The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods were used to determine pore volume, pore size
and the surface areas of the samples.

Zeta Potential

Electrokinetic measurements were obtained at 25°C in a PBS
(pH 7.2) between each functionalization step using a Zetasizer
Nano apparatus (Malvern Instruments, United Kingdom).
The zeta potential was calculated: on the basis of the
Schmolukowski model.

Fourier Transform Infrared (FT-IR) Analysis

Chemical analyses of MSNs, FITC-labeled MSNs and CADY-
coated FITC-labeled MSNs were carried out using an FI-IR
spectrophotometer (Model 100 series, PerkinElmer, Inc.). The
Spectra were recorded at ambient temperature over a wave
number range of 4,000-400 cm~! at a 2 cm™! resolution based
on an average of 64 scans.

Ultraviolet Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopic analysis of TP was measured with an
ABTRONICS Model No. LT2900 spectrophotometer in the
range of 200-400 nm.

Statistical Analysis

The data are expressed as the mean £ SEM. All statistical
analyses were performed using SPSS version 17.0. ANOVAs with
post hoc LSD (SPSS, Chicago, IL, United States) were used to
analyze data among groups, while Student’s t-tests were used
for all statistical analyses. A p-value of < 0.05 was considered
statistically significant.

RESULTS

miR-30-5p Was Overexpressed in RA
Clinical Tissues

To analyze the expression levels of miRNAs in RA patients, we
screened tissues from 40 RA patients and 15 healthy volunteers,
and we identified that miR-30-5p was overexpressed in 32 RASFs
(32/40, 80%) compared with expression in the corresponding
adjacent tissues (Figure 1A). Using TargetScan Human 7.2, we
found that PIK3R2 was a putative target of miR-30-5p. Then,
in the HFLS cells transfected with miR-30-5p, both the mRNA
and protein level of PIK3R2 were decreased significantly, while
transfection with the miR-30-5p inhibitor resulted in a significant
increase in PIK3R2, suggesting that miR-30-5p targeted PIK3R2
(Figures 1B,C and Supplementary Figure 1).

Synthesis and Characterization of the
MSNs and Surface Modifications

Nanoparticles with stable structures are the basis of drug
carrier construction. In this study, MSNs were constructed as
previously described with some modifications (Biswas, 2017),
and their structure was characterized. The results of the TEM
(Figures 2A,B), SEM (Figure 2C), and DLS (Figure 2E)
analyses showed that the particle sizes of the MSNs were 120-
150 nm. The N, adsorption-desorption isotherms showed that
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FIGURE 1 | miR-30-5p is overexpressed in RA clinical tissues and regulates the expression of PIK3R2 in the studied cell lines. (A) Relative mRNA expression of
miR-30-5p in samples from 40 patients (28 males and 12 females) undergoing surgery was tested by gPCR. (B) Relative mRNA expression of PIK3R2 in HFLS cells
transfected with miR-30-5p or miR-30-5p inhibitor, as determined by gPCR. (C) Protein expression of PIK3R2 in HFLS cells transfected with miR-30-5p or
miR-30-5p inhibitor, as determined by Western blotting. Experiments in (B,C) were repeated three independent times (*p < 0.05, **p < 0.01, and ***p < 0.001).
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the mesoporous distribution of the MSNs was approximately
3 nm (Figure 2D).

MSN Modifications and Drug Loading

Separate MSNs are easily aggregated in hydrophilic solvents,
which affects MSN application. PEG-COOH modification on
the surface of MSNs can resolve the nanoparticle aggregation
issue. Similarly, polypeptides and fluorescent groups can be
added to the surface of MSNs through carboxyl groups. In this
study, we constructed MSNs@CADY for the smooth delivery
of gene-targeting drugs into cells with FITC modification of
the MSN surfaces to track the entry of nanodrug carriers
into cells. Figures 3A-E shows the patterns and DLS test
results for different nanoparticles (MSNs, MSNs-PEG-COOH,
FITC-labeled MSNs-PEG, CADY-coated MSNs@miRNA, and
MSNs@PCM@TP). Zeta potential was used to detect the
surface modification effect of the nanoparticles. As shown in
Figure 3F, FITC-labeled MSNs or CADY coated FITC-labeled
MSNs emitted bright green fluorescence upon irradiation with an
ultraviolet lamp, indicating that these modifications can be used
to trace the nanodrug carriers. Compared with the zeta potential
of the MSNss (8.54), the zeta potential of the MSNs@PEG-COOH,
FITC-labeled MSNs and CADY-coated MSNs was 36.42, 9.07,
and 8.96 fold, respectively (Figure 3G). The FT-IR spectra of
the MSNs, FITC-labeled MSNs and CADY coated FITC-labeled
MSNs are shown in Figure 3H and indicate that the surface of
the MSNs was successfully modified by FITC and CADY.

Cytotoxicity Induced by
MSNs@PEG-COOH in 293, HFLS and

HL-7702 Cells

The cytotoxicity induced by the MSNs-PEG-COOH in the 293,
HFLS and HL-7702 cells was tested using an MTT cell activity
detection assay. The results showed that MSNs-PEG-COOH had
no cytotoxicity at concentrations of 6.25-200 pg/ml after 24 and
48 h of incubation (Figures 4A-C).

Cellular Internalization of FITC-Labeled
MSNs and FITC-Labeled MSNs@CADY

One of the key characteristics of nanodrug carriers is their
ability to effectively deliver drugs into cells. Modification of
membrane-penetrating peptides on the surface of drug carriers
can effectively improve the efficiency of drug carriers against
the cell membrane barrier. The secondary amphipathic peptide,
CADY, has low cytotoxicity and no immunogenicity and has
been verified to enhance the efficiency of drug uptake by
cells (Rittner et al., 2002; Crombez et al., 2009; Konate et al.,
2016).

In this study, to better introduce nanodrug carriers into HFLS
cells, CADY modified MSNs (MSNs@CADY) were constructed,
and FITC was used as a tracer for the MSNs. A total of
100 pg/ml FITC-labeled MSNs and FITC-labeled MSNs@CADY
were separately incubated with HFLS cells for 12 h. As
shown in Figure 5, compared with the amount of MSNs,
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FIGURE 2 | Synthesis and characterization of MSNs. (A,B) TEM image of MSNs at different magnifications. (C) SEM image of MSNs. (D) The mesoporous
morphology and mesoporous distribution (inset) of MSNs were determined by the Ny adsorption-desorption isotherms. (E) Dynamic light scattering (DLS)
determination of the particle diameter of MSNs.
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more MSNs@CADY (green fluorescence) was observed in and
around the HFLS cells.

miR-30-5p Inhibitor-Loaded
MSNs@CADY Can Inhibit Proliferation
and Promote the Apoptosis of RASFs by

Targeting PIK3R2

PI3K/AKT is a signaling pathway with high activity in SFs,
and its abnormal activation can create an imbalance in SF
proliferation and apoptosis. The miR-30-5p inhibitor loaded
MSNs@CADY was constructed. According to the loading
capacity results, 11.57 mg of miR-30-5p and 11.96 mg of
miR-30-5p inhibitor were loaded in 1 mg of MSNs@CADY.
The encapsulation efficiency of MSNs@CADY@miR-
30-5p was similar to that of MSNs@CADY@miR-30-5p
inhibitor, and both were able to stably release microRNA
for at least 48 h (Figure 6A). RASFs were treated with
100 pg/ml MSNs, MSNs@CADY, MSNs@CADY@miR-30-5p
or MSNs@CADY@miR-30-5p inhibitor for 24 h, and the
expression of PIK3R2, PI3K, p-PI3K, AKT, and p-AKT was

analyzed. As shown in Figures 6B,C and Supplementary
Figure 2, the MSNs@CADY@miR-30-5p inhibitor upregulated
the expression of PIK3R2 and downregulated the expression
of p-PI3K and p-AKT. We also examined the proliferation
and apoptosis of RASFs upon treatment them with nanodrug
carriers and found that the MSNs@CADY @miR-30-5p inhibitor
suppressed RASF proliferation (Figure 6D) and promoted
RASF apoptosis (Figure 6E) in RASFs, suggesting that
the MSNs@CADY@miR-30-5p inhibitor can suppress the
growth of RASFs.

MSNs@PCM@TP Under 808 nm Laser
Downregulated Activation of the Immune
System in the RA Rat Model

Tripterygium wilfordii has been used clinically as an
immunosuppressive agent in recent years. TP, an effective
component in Tripterygium wilfordii, is one of the most
important anti-inflammatory and immunosuppressive reagents
that has been demonstrated in clinical trials (Ziaei and
Halaby, 2016). However, a large amount of evidence has
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Merge

shown that TP induces a certain degree of toxicity mainly
in the heart, liver, bone marrow, chest, spleen, kidney, and
reproductive system (Zhen et al, 1995; Shamon et al., 1997).
Near infrared response nanodrug carriers have been used
to improve many toxic drug formulations due to controlled
release performance. et al. (2005) constructed TP-
PLA-NPs, which were found to enhance the antirheumatic
inflammatory effect and decrease the toxicity of TP in the kidney,
liver, and testis.

Here, we loaded TP together with PCM onto the MSNs and
specifically tested the capacity of 230 nm MSNs to load TP
(Figure 7A). The results showed that 1 mg of MSNs could
load as much as 45.27 pg of TP. The temperature change of
on MSNs@PCM under 808 nm laser was shown in Figure 7B,
according to the results, under 808 nm laser, the temperature
of MSNs@PCM increases rapidly, after 120s of irradiation, the
temperature can rise to about 45°C, and finally to about 50°C.
We then tested the encapsulation and release efficiency of the

Liu

MSNs@PCM@TP in PBS at pH 7.4 with or without 808 nm
laser. As shown in Figure 7C, under 808 nm laser, the cumulative
drug release rate reached approximately 30% after 12 h, followed
by a sustained slow release for a long period of time. However,
without 808 nm laser irradiation, almost no TP is released from
the MSNs@PCM@TP.

PTPN22 is a negative regulator of immune activation and
plays an important role in RA (Clarke et al., 2017, 2018;
Carmona and Martin, 2018). To detect the effect of the
MSNs@PCM@TP + 808 nm laser on the expression of PTPN22
in RA rats, we compared the mRNA and protein levels of PTPN22
in the thymus and spleen of rats treated with 100 pg/ml of
MSNs@PCM@TP + 808 nm laser for 1 week with those of
the RA and RA + TP groups. Both the mRNA and protein
levels of PTPN22 were found to increase significantly in the
MSNs@PCM@TP + 808 nm laser group (Figures 7D,E and
Supplementary Figure 3). The protein levels of IL-2, IL-6, and
TNF-a in rat serum were also measured. According to the results,
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MSNs@PCM@TP + 808 nm laser significantly decreased the
protein levels of IL-2, IL-6, and TNF-a compared with the levels
in the free TP group (Figures 7F-H).

The Combination of
MSNs@CADY@miR-30-5p Inhibitor and
MSNs@PCM@TP Has Great Potential for
RA Treatment

Drugs are administered in different ways according to their
mechanism of action and mode of absorption (Qian et al,
2019). Synergistic treatments with different drugs and different
administration modes are widely used in clinical settings, and
the therapeutic effects of combinations are often better than
those of each individual drug alone. Therefore, we implemented a
combination of I.C. MSNs@CADY @miR-30-5p inhibitor and I.P.
MSNs@PCM@TP + 808 nm laser to treat RA rats.

Firstly, the biocompatibility of MSNs, MSNs@CADY and
MSNs@PCM were tested in mice. According to the results, a
final concentration of 500 pg/ml MSNs, MSNs@CADY and
MSNs@PCM had caused no significant toxic reaction in the
experimental group, and there was no significant difference

in the weight change between the experimental group and
the PBS control group (Supplementary Figure 4). For the
animal experiments, we used the two most common drugs
for RA, TP and MTX, as positive controls. Longitudinal
measurements indicated that the joint diameter and arthritis
scores of the rats treated with 1.C. MSNs@CADY@miR-
30-5p inhibitor alone and of the rats treated with LP.
MSNs@PCM@TP + 808 nm laser were significantly lower than
those of the L.P. MTX and TP control group rats. Importantly,
the effect of 1.C. MSNs@CADY@miR-30-5p inhibitor + LP.
MSNs@PCM@TP + 808 nm laser was significantly greater than
the effect of either 1.C. MSNs@CADY@miR-30-5p inhibitor
or L.P. MSNs@PCM@TP + 808 nm laser alone (p < 0.001,
Figures 8A,B). F Results of histological examination showed
severe articular cartilage destruction and inflammatory cell
infiltration in the bone tissue in the RA groups. In contrast, a
nearly healthy bone structure and articular cartilage surface were
observed in the I.C. MSNs@CADY@miR-30-5p inhibitor + L.P.
MSNs@PCM@TP + 808 nm laser group, and the therapeutic
effect in the L.C. MSNs@CADY@miR-30-5p inhibitor + LP.
MSNs@PCM@TP + 808 nm laser group was also greater than
that in the I.P. MTX and LP. TP group (Figure 8C). These
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results indicate that the combination of MSNs@CADY @miR-30-
5p inhibitor and MSNs@PCM@TP + 808 nm laser could be a
potential treatment option for RA.

DISCUSSION

As a chronic autoimmune disease, rheumatoid arthritis mainly
affects joint tissue and promotes osteopenia around the joint
(Tanaka and Ohira, 2018). In this study, TP plus miR-30-5p
inhibitor delivered via modified MSNs was evaluated for its
therapeutic efficacy in RA.

Currently, RA treatment focuses on suppressing the overactive
immune system and maintaining the balance between the
proliferation and apoptosis of SFs. Given the rapid development
of RA treatment drugs, most patients can control their RA
symptoms. However, due to the reduced distribution of the
RA drugs in diseased joints after administration, the curative
effect is not ideal, and adverse reactions are severe. Furthermore,
these drugs generally have poor bioavailability and must be
administered frequently and in high doses (Xiao et al., 2009).

Therefore, the adverse reactions of normal tissues to RA drugs
limit the widespread clinical use of these drugs. Targeted therapy
can deliver drugs to the lesion site, tissue or specific cells,
providing a way to resolve the problems described above.
As a targeted drug delivery system, nanopreparations have
been widely studied and applied. At the cellular level, the
PI3K/AKT signaling pathway phosphorylates and regulates many
proteins related to cell metabolism, apoptosis, proliferation
and differentiation, and inhibits cell apoptosis and promotes
tumor growth. PIK3R2 is a negative regulator of the PI3K/AKT
signaling pathway (Stanczyk et al, 2008; Song et al, 2016).
PIK3R2 maintaining the balance between proliferation and
apoptosis of SFs (Fan et al., 2018). Our results showed miR-30-5p
overexpression and PIK3R2 downregulation in 32 of 40 clinical
cases of RA. The expression of PIK3R2 decreased significantly
in SFs transfected with miR-30-5p, which indicates that the
inhibition of miR-30-5p can be used to maintain the balance
between SF proliferation and apoptosis by increasing PIK3R2.
To improve the efficiency of miR-30-5p inhibitor in the
RASFs, cell membrane penetrating peptide CADY-modified
MSNs with good biocompatibility and release characteristics
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were constructed. The results show that the cell entry
efficiency of MSNs@CADY was significantly greater than that of
MSNs. MSNs@CADY @miR-30-5p inhibitor effectively inhibited
proliferation and promote apoptosis of the RASFs by targeting
PIK3R2 to regulate the PI3K/AKT signaling pathway.
Tripterygium Wilfordii Hook F is a traditional Chinese
herbal medicine used to treat RA. It has good efficacy and
is also cost effective. TP is the main active ingredient in
TWHEF (Li et al, 2014). TP can inhibit the secretion of
inflammatory cytokines and chemical factors by inhibiting the
transcription activities of purine-box and NF-«kB in epidermal
cells, monocytes, human peripheral blood lymphocytes and T
cells. Previous studies have shown that TP can also interfere
with the expression of proinflammatory factors in LPS-stimulated
mouse macrophages and can significantly inhibit their induction
in vivo (Moore et al., 2001; Min et al., 2004). However, the use
of TP is restricted because of the toxic side effects it induces
in the heart, liver, bone marrow, chest, spleen, kidney, and
reproductive system. Many studies have verified that loading
TP into nanoparticles with good release properties is useful in
reducing its cytotoxicity by reducing the local concentration of
TP and prolonging the time of drug action (Mei et al., 2003;
Liu et al, 2008). To ameliorate the side effects induced by
TP, we loaded TP into near infrared response photothermal

controlled-release MSNs, to control the release time of TP.
According to the results, under 808 nm laser, the cumulative
drug release rate reached approximately 30% after 12 h followed
by a sustained slow release for a long period of time. However,
without 808 nm laser irradiation, almost no TP was released
from MSNs@PCM@TP. In subsequent animal experiments,
MSNs@PCM@TP + 808 nm laser increased the mRNA and
protein levels of PTPN22 in the thymus and spleen in the RA
rats, while it decreased the protein levels of IL-2, IL-6 and TNF-a
in RA rat serum, thereby achieving the objective of inhibiting the
over activated immune system. Finally, .C. MSNs@CADY @miR-
30-5p inhibitor plus I.P. MSNs@PCM@TP + 808 nm laser were
used in combination to treat RA rats, and the combination
therapy significantly improved the therapeutic effect on RA by
affecting different pathways of the overactive immune system and
the imbalance of SFs.

In summary, this study demonstrated that the efficient
delivery of triptolide plus miR-30-5p inhibitor using
modified MSNs has therapeutic efficacy in RA treatment.
The results of the pharmacodynamic study showed that the
combination of MSNs@CADY@miR-30-5p inhibitor and
MSNs@PCM@TP + 808 nm laser relieved joint swelling to
some extent and inhibited articular cartilage destruction in the
synovium. These findings suggest that the effective release of the
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traditional Chinese medicine TP and the newly identified miR-
30-5p inhibitor through the use of modified MSNs could lead to
the development of innovative therapeutic approaches for RA.
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The doped semiconductor nanocrystal with free holes in valence band exhibits strong
near-infrared (NIR) local surface plasmon resonance effects, which is essential for
photothermal agents. Herein, the hydrophilic Sb doped SnO» nanocrystals were
successfully prepared by a simple hydrothermal synthesis method. The doping makes
the Sb doped SnO» nanocrystals possessing defect structures. Compared with the un-
doped SnO» nanocrystals, Sb doped SnO» nanocrystals exhibit stronger absorption in
the NIR region from 500 to 1,100 nm and higher photothermal conversion efficiency
(up to 73.6%) which makes the synthesized Sb doped SnO» nanocrystals be used as
excellent photothermal agents. Importantly, Sb doped SnO, nanocrystals can efficiently
kill cancer cells both in vitro and in vivo under the irradiation of a 980 nm laser with a
power density of 0.6 W cm~2. In addition, Sb doped SnO, nanocrystals can also be
served as efficient CT imaging agents owing to the large X-ray attenuation coefficient
of tin.

Keywords: Sb doped SnO, nanocrystals, near-infrared absorption, photothermal agents, CT imaging,
photothermal theragnosis therapy

INTRODUCTION

Photothermal therapy (PTT) is a technique that uses light absorbers (i.e., photothermal agents)
to absorb near-infrared (NIR) laser energy to generate excessive heat to “cook” cancer cells (Yang
et al., 2010; Li et al., 2013). It is a potential and effective method to target cancer cells without
damaging to surrounding healthy tissues. Nanomaterials currently reported with special optical
properties are widely served as photothermal therapeutic agents, mainly including the following
categories, namely, organic compound nanomaterials, carbon-based nanomaterials, precious metal
nanostructures, and semiconductor nanomaterials (Zhang et al., 2012; Chen et al., 2013, 2014; Yang
et al,, 2013). Among these, the most widely studied photothermal agents are gold nanostructures
which have excellent photothermal conversion effects, but their stability decreases after long-
term laser irradiation (Zhang et al, 2012). Therefore, researchers have developed some novel
photothermal therapy agents with good photostability. Improving the photothermal conversion
efficiency of photothermal agents is essential for the practical application of photothermal therapy.
For example, the photothermal conversion efficiency of polypyrrole material is 44.7% when excited
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by 808 nm laser (Chen et al., 2012), the photothermal efficiency
of CuyS4 nanocrystal is 56.7% when excited by 980 nm laser
(Li et al,, 2014), and the photothermal efficiency of Cuy_,Se
nanocrystal is 22.7% when excited by 808 nm laser (Hessel et al.,
2011). Generally speaking, a photothermal agent which shows
higher photothermal conversion efficiency could cause the same
death rate of cancer cells with a shorter laser irradiation time, a
lower laser irradiation density, or a lower dose of materials. In
contrast, a photothermal agent which has lower photothermal
conversion efficiency requires higher agent concentration, longer
laser irradiation time, or higher laser power density. To give an
example, because Cu,_xSe nanocrystals have low photothermal
conversion efficiency, the 808 nm laser power density required
for them as a photothermal agent is as high as 30 W cm™2
(Hessel et al., 2011), which is much higher than the laser power
density limitation (0.33 W cm™2) of the United States National
Standard. In addition, in order to increase the in vivo circulation
time of nanomaterials, the diameter of intravenously injected
nanoparticles should generally be between 10 and 100 nm (Jiang
et al., 2008; Choi et al., 2009). However, the diameters of
some reported photothermal agents deviate from this size range.
For example, CuS superstructure (Tian et al.,, 2011b), W13O49
nanowire (Chen et al.,, 2013), Au nanoshell (Liu et al., 2012),
hollow CuS nanoparticle (Dong et al., 2013) and polyaniline
(Yang et al., 2011) are all larger than 100 nm; Fe304 @ Cuy—S
(Tian et al., 2013) and Ge nanoparticles (Lambert et al., 2007)
are smaller below 10 nm, thus limiting their bioapplications. It
has been reported that large nanoparticles would be excluded
through the reticuloendothelial tissue system (principally from
the spleen and liver), small nanoparticles may be excluded
through the kidney (Osaki et al., 2004; De Jong et al., 2008). In
order to meet the extensive needs of PTT in the future, some
novel photothermal therapeutic agents showing suitable size,
good photostability, high photothermal performance, and low
toxicity are necessary to be developed for effective photothermal
therapy of cancer cells.

As a new type of photothermal conversion materials,
semiconductor nanomaterials have many unique advantages.
For example, semiconductor nanomaterials have the advantages
of low cost, stable performance, easy functionalization, and
facile preparation (Li et al., 2015). Two types of semiconductor
photothermal nanomaterials, according to the causes of NIR
absorption, have been reported. The first category is defect-
structure semiconductor photothermal nanomaterials. The near-
infrared absorption for this kind of materials is caused by
the migration of carrier concentration caused by defects,
and the absorption intensity and position vary with the
degree of defects, including copper-based chalcogenides and
transition metal oxides (Tian et al.,, 2011a; Chen et al., 2013).
Copper-based chalcogenides are mainly p-type semiconductors
with copper defects and many hole carriers whose migration
could produce NIR absorption. The near-infrared absorption
source of photothermal materials for transition metal oxides is
resulted from oxygen deficiency. The second type is intrinsic
semiconductors. The near-infrared absorption for this kind of
nanomaterials is based on intrinsic band gap absorption (Song
et al,, 2015), including WS,, MoS,, Bi,Ses, etc. Compared

with intrinsic semiconductor photothermal conversion materials,
there are more types of defect-structured semiconductor
photothermal agents. Plasma absorption peaks can also be tuned
by defect adjustment to further improving its photothermal
effect, but intrinsic semiconductors do not have this property.

The free holes in valence band of doped semiconductor
nanocrystal make the nanocrystals strong and tunable near-
infrared local surface plasmon resonance effects (LSPRs) (Luther
et al,, 2011). Furthermore, by doping and adjusting the plasmon
resonance wavelength of the nanocrystal to be equal to or
close to the wavelength of the driving laser, the photothermal
performance of the nanocrystals can be great improved (Li et al.,
2014). These properties have prompted us to develop new types
of semiconductor nanocrystals with suitable sizes, high self-
doping. To the best of our knowledge, this work is the first
report on Sn doped SnO; nanocrystals as photothermal agents,
with a diameter of approximately 18 nm, strong NIR absorption,
73.6% photothermal conversion efficiency. Most importantly,
these nanoparticles can be suitably used as 980 nm laser-driven
photothermal therapy agents, and can effectively kill cancer cells
both in vivo and in vitro under the irradiation of a 980 nm laser
with a prompt laser power density (0.6 W cm~2). In addition,
the Sn doped SnO; nanocrystals can also be used as CT imaging
agents due to inherent properties, i.e., large X-ray attenuation
coefficient of tin.

MATERIALS AND METHODS

Synthesis of Sb Doped SnO,

Nanocrystals

For a typical preparation of 10% Sb-doping nanocrystals, SnCly
(0.9 mmol) and SbCl; (0.1 mmol) were dissolved in 5 mL DMF
to prepare the precursor. After that, the precursor was added in
a Teflon-lined autoclave in a mixed solvent (20 mL DMF and
20 mL ethanol), followed by 0.5 g PVP and 10 mL PEG. The
reaction was kept at 160°C for 20 h. The green precipitate was
centrifuged at 10,000 rpm for 10 min and washed twice with
ethanol. For the synthesis of un-doped SnO; nanocrystals, no
SbCl; was added during the process of preparation the precursor.
SnCly (1.0 mmol) was dissolved in 5 mL DMF to prepare
the precursor. For the synthesis of varied molar percent Sb-
doped SnO; nanocrystals, different molar ratios of SnCly and
SbCl3 were added, making the total amount of metal precursors
1 mmol. The following reaction conditions remained unchanged.

Characterization

For the information of microstructure, morphology, and size of
Sb-SnO; nanocrystals and the un-doped SnO; nanocrystals, can
be obtained from TEM microscope (JEOL JEM-2010F). XPS was
obtained by -ray photoelectron spectrometer (ESCA-Lab). The
UV-vis absorption spectrum data is passed through Shimadzu’s
UV-1900 UV-vis-NIR spectrophotometer, using a quartz cuvette
with a light path of 1 cm. The XRD patterns were achieved
from a X-ray diffractometer (Bruker D4). The tin ions can be
determined by Leeman laboratory inductively coupled plasma
atomic emission spectrometer (ICP-AES).
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In order to test the photothermal performance of Sb-SnO,
nanocrystals and the un-doped SnO; nanocrystals, a 980 nm
laser was used to irradiate through a quartz cuvette filled with
nanocrystal dispersions (80 ppm). A 980 nm laser with adjustable
external power (0-2 W) was used as the light source. After
calibration, the power is ~0.3 W and the spot size is ~0.15 cm?.
Insert a thermocouple with an accuracy of +0.1°C into the
appropriate position in the above aqueous dispersion to avoid
direct laser irradiation to the probes. The temperature changes
were recorded every 5 s by a thermocouple thermometer.

CT Imaging With Sb-SnO, Nanocrystals
Sb-SnO; nanocrystals with different concentrations were
scanned using a CT scanner. Before injection of Sb-SnO,
nanocrystals, the mice were subjected to CT scanning as
a control. Then the nanocrystals dispersion (5 mg/kg) was
intratumorally injected into tumor model mice, and then the
mice were subjected to CT scanning.

Photothermal Therapy of in vitro Cancer

Cells With Sb-Sn0O, Nanocrystals

SCCI5 cells were distributed in 96-well plates at a density of
100,000 cells per well, and cultured in RPMI-1640 medium at a
temperature of 37°C and a CO, concentration of 5% for 24 h.
Subsequently, the cell culture medium was removed, and the cells
were washed three times with PBS buffer solution. 100 wL Sb-
SnO; nanocrystal dispersed in PBS was added to different wells at
a concentration gradient, and the culture was continued for 24 h.
Using a 980 nm laser with a power of 0.6 W cm ™2 (power ~0.3 W,
spot size ~0.15 cm?), the cells were irradiated for 0 min and
5 min, respectively, and then the cell survival rate was detected
by CCK-8 essay. All tests are performed independently twice.

Quantitative Analysis of Extracellular
Phagocytosis

The uptake of Sb-SnO, nanocrystals by SCC15 cells by was
evaluated by ICP-AES. SCCI15 cells were first seeded in 24 well
plates, each with a density of 1 x 10° cells. After incubation with
for 24 h, 200 wL of Sb-SnO; nanocrystals were then added to
different wells (0, 20, 40, and 80 ppm). After incubation for 12 h,
the cell culture fluid was removed. Prior to ablation with aqua
regia, cells were carefully washed 5 times with PBS, and then
diluted with ultrapure water for ICP-AES analysis to measure the
amount of nanocrystals taken up by each cell.

Photothermal Therapy of in vivo Cancer
Cells With Sb-SnO, Nanocrystals

All animal experiments are conducted according to the
guidelines of the Animal Protection and Use Committee.
Some immunodeficiency (SCID) nude mice were simultaneously
inoculated with 1 x 10% SCC15 cells and the tumors were
cultured for 28 days. SCID nude mice were randomly divided
into four groups when the tumors grew to 5-8 mm in diameter,
In Group 1, the mice were intratumorally injected only with PBS
solution (PBS); In Group 2, the mice were only irradiated with
980 nm laser (NIR); In Group 3, the mice were intratumorally

injected with un-doped SnO; nanocrystals (80 ppm) dispersed
in PBS solution, and then irradiated with 980 nm laser
(SnO; + NIR); In Group 4, the mice were intratumorally injected
with Sb-SnO, nanocrystals (80 ppm) dispersed in PBS solution,
and then irradiated with 980 nm laser (Sb-SnO, + NIR). The
tumor mice in the Group 2 and Group 4 were simultaneously
irradiated with a 980 nm laser (0.6 W cm~2) for 5 min. During
laser treatment, real-time infrared thermal imaging of the whole
body of the mouse was recorded by using a photothermal analysis
medical device attached to an infrared camera.

After the indicated treatments, the mice were sacrificed, and
the tumor was removed and embedded in paraffin to make 4 pm
slices. These slices were stained with H&E, inspected with the
fluorescent lens of the Zeiss lens 40CFL, and the images were
processed with the Zeiss image camera system.

Main Organ Analysis for Long-Term
Toxicity

As for the main organ’ histological examination analysis,
a healthy mouse was intravenously injected with Sb-SnO,
nanocrystals (10 mg/kg); as a control, another mouse was
intravenously injected with PBS. After 15 days, the main
organs (including heart, kidney, spleen, liver, and lung) from
the sacrificed mice were harvested, and then sectioned into
4 pwm slices, stained with H&E. The slices were examined
via a microscope. To study the distribution of the Sb-SnO,
nanocrystals, healthy mice were intravenously injected with Sb-
SnO; nanocrystals (10 mg-kg™!). These mice were sacrificed to
extract major organs at indicated time points (i.e., 1, 3, 7, and
14 days, n = 4 at each time point). These organs were then
solubilized and then diluted using deionized water for ICP-MS
analysis to determine tin content in each sample.

RESULTS AND DISCUSSION

In the presence of a surface ligand (PVP) and a mixed solvent
(ethanol and DMF), hydrophilic nanocrystals coated with PVP
(determined by FTIR in Supplementary Figure S1) can be
prepared by a simple hydrothermal synthesis method. In order
to determine the structural crystal phase of the synthesized
nanocrystals, we used X-ray diffractometer to characterize the
samples, as shown in Figure la. All the X-ray diffraction
peaks of the as-prepared products can be well matched with
the cassiterite phase SnO; without any other phases (such
as SbyOs and SnO), indicating that the doped Sb occurs by
replacing Sn atoms in the SnO, structure. In addition, the lattice
constants are very close to those in the JCPDS file (No. 14-
1445), which proved that the Sb doped SnO; nanocrystals were
formed. Transmission electron microscopy (TEM) images show
that the Sb-SnO; nanocrystals are well dispersed (Figure 1b),
with an average diameter of ~18 nm. Further microstructural
information of the synthesized Sb-SnO, nanocrystals can be
obtained from high resolution transmission electron microscopy
(HRTEM, Supplementary Figure S2). The HRTEM image shows
that the sample is single crystal with a lattice spacing of 0.334 nm,
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which can be indexed to the (110) crystal plane of the Sb-
SnO; crystal. In addition, the obtained fast Fourier transform
(FFT) (Supplementary Figure S3) can belonged to the [110]
crystal band axis of Sb-SnO, crystals. To further confirming the
oxidation states of Sb and Sn atoms, XPS analysis was performed.
From the XPS results, one can see that there was only Sb, Sn,
and O in the Sb doped SnO; (Sb-SnO,) without other impurities
(Supplementary Figure S4). The high resolution XPS spectra of
Sn 3d in Sb-SnO, were given in Figure 1c. The peaks at 487.4
and 495.8 eV were assigned to Sn 3ds/, and Sn 3d3,; of Sn (IV)
in Sb-SnO; crystals, respectively (Xu et al., 2013). The binding
energies at 533.4 and 542.8 eV can be, respectively, attributed to
Sn** 3ds/; and Sn°>* 3d3; in Sb-SnO; crystals (Figure 1d). The
mixed valence of Sn in Sb-SnO; nanocrystals indicated the defect
structures of the nanocrystals, which is essential for the optical
properties of semiconductor photothermal agents. The actual
doping contents can be obtained from the XPS analysis. It was
found to be about 9.2%, which are slightly lower than the target
content. Based the results above, it can be proved that we have
successfully synthesized Sb-SnO; nanocrystals.

The most notable feature of the obtained Sb-SnO,
nanocrystals is that they have strong absorption in the near
infrared region due to the defect structure. PVP-coated Sb-SnO,

nanocrystals are well dispersed in water even for a month, still
showing strong NIR absorption, indicating that the nanocrystals
have good stability and good dispersion. Figure 2A shows the
UV-vis-NIR absorption spectra of Sb-SnO; nanocrystals at
a concentration of 80 ppm. As demonstrated in Figure 1d,
there was defect structure in the Sb-SnO, nanocrystals, which
made the nanocrystals showing strong NIR absorption. There
was an enhanced absorption from 500 to 1,100 nm. The strong
absorption strength is mainly attributed to many defects and high
monodispersion. However, the un-doped SnO, nanocrystals
showed little NIR absorption (resulted from the band gap
absorption) as they have no defect structures (Figure 2B).
Due to the near-infrared absorption characteristics of Sb-SnO,
nanocrystals and the strong absorption wavelength at 980 nm,
these nanocrystals can be better used as photothermal agents for
cancer treatment driven by 980 nm laser. We then measured the
photothermal performance of Sb-SnO;, nanocrystals (80 ppm)
under the continuous irradiation of a 980 nm laser with a power
of 0.3 W. The nanocrystals’ temperature increased from room
temperature (26.7°C) to 57.2°C (Figure 2C). As an alternative,
pure water was also irradiated by 980 nm laser for 5 min and
only increased from room temperature to 30.2°C, and the
temperature rise was less than 4°C. To better illustrate the
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FIGURE 2 | (A) UV-vis spectra and (B) photothermal effect of Sb-SnO» nanocrystals. (C) UV-vis spectra and (D) photothermal effect of SnO, nanocrystals.

photothermal effect of Sb-SnO, nanocrystals, the photothermal
conversion of un-doped SnO, nanocrystals was also measured.
As shown in Figure 2D, the temperature of un-doped SnO,
nanocrystals at the same condition only increased from room
temperature to 41.8°C which is much lower than that of Sb-SnO,
nanocrystals. Therefore, the doping in SnO, nanocrystals made
Sb-SnO; nanocrystals possess defect, strong NIR absorption, and
excellent photothermal effect.

The photothermal conversion efficiency is an important index
for evaluating the photothermal performance of photothermal
agents. Generally speaking, photothermal reagents with high
photothermal conversion efficiency cause the same death rate
of cancer cells only with lower agent concentration, shorter
illumination time, or lower laser irradiation power density, which
is a healthy biological tissue advantageous. In order to further
study the advantages of the photothermal properties of our
synthesized Sb-SnO, nanocrystals, we tested the photothermal
conversion efficiency of Sb-SnO; nanocrystals.

According to the report of Roper et al. (2007), we tested
the photothermal conversion efficiency of Sb-SnO; nanocrystals.
The nano-particles are dispersed in the medium (such as water).
After laser irradiation with a certain power, the light energy

is converted into thermal energy. The heat transferred by the
nano-particles to the medium is a fixed value per unit time.
When the heat transfer from the nanoparticles to the medium
reaches a balance with the heat transfer from the medium to
the surrounding environment, the temperature will not change.
Based on this, Roper derives the calculation formula (1) of the
photothermal conversion efficiency as following:

Tamb) — Qo
I(1 —10~4%)

hA(Tmax -
nr=

(1)

In which & is the heat transfer coeflicient and A is the surface
area of the container. Ty is the highest temperature of the
system, and T,yp is the ambient temperature. I is the laser
power (mW), and A, is the absorption of the medium at the
excitation wavelength. Qp, heat input rate (mW) of the system,
can be independently calculated due to the light absorption
of the solution. hA can be obtained by measuring the rate of
cooling temperature after light source shut off. The value of hA
is obtained by the following formula (2):

mp CD

hA @

T =
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FIGURE 3 | (A) Temperature change of Sb-SnO» nanocrystals irradiated by a 980 laser for 300 s, then shut off the laser for 300 s. (B) Time constant of Sb-SnO»
nanocrystals. (C) Temperature change of un-doped SnO» nanocrystals irradiated by a 980 laser for 300 s, then shut off the laser for 300 s. (D) Time constant of
un-doped SnO, nanocrystals.
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FIGURE 4 | (A) CCK-8 essay for Sb-SnO, nanocrystals and SnO» nanocrystals incubated with cells for 24 h, respectively. (B) Photothermal therapy of cancer cells
in vitro with Sb-SnO» nanocrystals and SnO» nanocrystals, respectively.
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FIGURE 5 | Confocal micrographs of the cells after different treatments: (a) PBS, (b) 20 ppm nanocrystals, (c) 40 ppm nanocrystals, (d) 80 ppm nanocrystals. The
cells were irradiated by a 980 nm laser with a power density of 0.6 W cm~2. Magnification: 100 times.

Where 1, is the time constant of the cooling system after the laser
shut off, and mp and Cp are the mass and specific heat capacity
of the dispersed nanoparticle medium, respectively.

Based on the above formula, we can calculate the
photothermal conversion efficiency of Sb-SnO; nanocrystals. We
used a 980 nm laser with a power density of 0.3 W to irradiate the
Sb-SnO; nanocrystal water dispersion (80 ppm), and then the
laser was turned off to allow it to cool naturally. The temperature
change during the entire process was recorded, as shown in
Figure 3A. According to the cooling process after the laser
turned off, the negative natural logarithm curve of cooling time
and temperature driving force is obtained (Figure 3B). According
to Figure 3A, (Tmax — Tamp) is 21.4°C. According to Figure 2A,
the value of Aggg is 0.75. Qp was measure to be 130.4 mW by
independent measurement of pure water without nanocrystals.
The mass of water is 0.3 g and the specific heat capacity is 4.2 ]
g~ L. In Figure 3B, the slope of the curve is the time constant

of heat transfer in the system, t, is 86.4 s. Therefore, the heat
conversion efficiency of Sb-SnO; nanocrystals under the 980 nm
laser irradiation can be calculated to be 73.6%. This value (73.6%)
is much higher than those of other semiconductor photothermal
agents. To better understanding the effect Sb-doping on
photothermal conversion efficiency of Sb- SnO;, nanocrystals,
we have calculated the photothermal conversion efficiencies of
varied Sb-doping. The results were shown in Supplementary
Table S1. It was found that photothermal conversion efficiency
increased with the increase of Sb doping, but the increasing
trend slowed down when the doping content reached to 8%. As
a control, the photothermal conversion efficiency of un-doped
SnO; nanocrystals under the same conditions was calculated
to be 52.4% (Figures 3C,D), much lower than that of Sb-SnO;
nanocrystals due to the fact that no defects existed in un-doped
SnO; nanocrystals. In general, the photothermal conversion
efficiency is higher with higher NIR absorption. In addition, due
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to the size-dependent light absorption and scattering effects, the
photothermal conversion efficiency of Sb-SnO, nanocrystals is
higher than those of the previously reported nanoparticles with
lager size.

As the synthesized Sb-SnO; nanocrystals have high
photothermal conversion efficiency, we therefore believe
that these synthesized nanocrystals can be used as an excellent
photothermal therapeutic agent. To confirm our conjecture,
we first used the CCK-8 essay with SCCI5 cells to evaluate
the photothermal toxicity of Sb-SnO, nanocrystals in vitro.
Therefore, we cultured different concentrations of Sb-SnO;
nanocrystal dispersion in PBS (0, 5, 10, 20, 40, 80, and 160 ppm)
with SCC15 cells for 24 h, and then tested the cell viability
by CCK-8 essay. We first studied the destruction of cells with
Sb-SnO; nanocrystalline PBS dispersion in the absence of laser
irradiation, as shown in Figure 4A. The results showed that
at a material concentration of 40 ppm, the cell survival rate is
about 90% (Figure 4A). When the concentration increased to
80 ppm, the cell viability was still above 80%, indicating the good
biocompatibility. Compared with the un-doped the SnO, (green
histogram), the biocompatibility showed little difference. The
good biocompatibility provides an effective reference to evaluate
the damage of Sb-SnO;, nanocrystals to cells under the laser
irradiation. It can be seen from Figure 4B (red histogram) that
in the presence of Sb-SnO; nanocrystals (80 ppm), only ~2% of

the cells were survived when irradiated by a 980 nm laser (output
power 0.6 W cm™2) for 5 min. As a control, ~98% of the cells
without laser irradiation were survived (red histogram), which
demonstrated that Sb-SnO, nanocrystals can be of promising
photothermal agents. We also evaluated the photothermal
toxicity of un-doped SnO; to cancer cells (green histogram).
We can directly see that the cell viability is much lower using
un-doped SnO; nanocrystals. ~22% of the cells treated with
un-doped SnO; were survived, while only ~2% of cells survived
treated with Sb-SnO, nanocrystals. In order to better evaluate
the efficiency of Sb-SnO, nanocrystals as a photothermal
agent in vitro, it is very necessary to study the uptake effect of
nanocrystals by cancer cells. We used ICP-AES to detect the
amount of nanocrystals taken by each cell after co-incubation
of Sb-SnO; nanocrystals and SCC15 cells for 12 h. As shown in
Supplementary Figure S5, with the increase of the concentration
of nanocrystals (i.e., 0-80 ppm), the uptake of nanocrystals per
cell after 12 h of culture increased (0.080-5.35 pg/cell). This
indicated that Sb-SnO; nanocrystals can be engulfed by cells
through endocytosis.

In order to more intuitively observe the effect of the
photothermal effect of Sb-SnO, nanocrystals on the SCC15
cells, we stained the live and dead cells with calcein-AM and
propidium iodide. Figures 5a-d shows the confocal micrographs
of the cells after different treatments. It indicated that the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2020 | Volume 8 | Article 673


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Lvetal

Photothermal Therapy

A 48- B ]
AAAMMALLAAAAMAALLALALLA 54 —s—Sb-Sn0,+NIR
1 W 2
i "‘.{MA" Sb-sn?z — S {1 —*—Sn0y+NIR /%
5 ..,-o-"'”“"“.*w esoe®s 2g 000 2 4 SRR /
/f’ 7 Sn0, > g PR
i s o ]
S 40 11 £ 3l /I
e 14 — /
= 36 >
24
J— B L] '6 s /i/ - ‘——i’—’é
- Water E 1 /‘/ ; —a—t"
324 .--l’ 'E 14 —
0 50 100 150 200 250 300 0 4 8 12
Time (s) Time (day)
c PBS NIR SnO,+NIR Sb-SnO,+NIR

FIGURE 7 | (A) Photothermal effect after injection of PBS, SnO,, and Sb-SnOs, respectively. (B) Tumor volume changes in different groups. (C) Mice picture after
indicated treatments for 14 days. (D) H&E images of ex vivo tumor sections in different groups.

dead cells increased more with the increase of concentration
of nanocrystals. When the concentration of nanocrystals was
80 ppm, all the cells are almost dead. The results of live/dead
cell staining analysis were matched well with CCK8 assay. Both
the live/dead cell staining analysis and the CCK8 assay confirmed
that Sb-SnO, nanocrystals combined with NIR laser irradiation
showed a good inhibitory effect on SCC15 cell proliferation.
Sb-SnO; nanocrystals not only have a good photothermal
effect, but also have great potential in CT imaging diagnosis.
Since Sn has a large atomic number, it can have a large X-ray
attenuation coefficient like Au, Bi, and I (Liu et al., 2016;
Zhou et al,, 2016). Thus Sb-SnO, nanocrystals can be used
as CT contrast agents. To test the hypothesis, we measured

the Sb-SnO, nanocrystals with different concentrations for
CT imaging scanning experiments. It showed that the CT
signal increased with the increase of the concentration of
nanocrystals (Figure 6a). At the same time, it can be seen in
Figure 6b that as the HU value of nanocrystals increased linearly
with concentration, which illustrated the water dispersion of
nanocrystals showing good dispersibility. The slope of the HU
value of this nanocrystals is about 15.3 HU L/g (Figure 6b), which
is high enough for CT imaging. Next, we evaluated the in vivo CT
imaging performance of Sb-SnO, nanocrystals. Before injection
of Sb-SnO; nanocrystals, the mice were subjected to CT scanning
as a control. Then the nanocrystals dispersion was injected into
tumor model mice by intratumoral injection. Figure 6¢ reveals
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the CT view of the mouse tumor site before and after the injection
of nanocrystals (100 pL, 5 mg mL™!). As shown in the figure, the
tumor area has a clear signal after injection compared with before
injection, and the corresponding tumor injection site also shows
a bright contrast with other soft tissues. At the same time, the CT
average of the tumor area is much higher than other soft tissues.
These results indicated that Sb-SnO; nanocrystals can be used as
an efficiency CT imaging agents.

In vitro cell experiments show that Sb-SnO, nanocrystals can
effectively kill cancer cells under the drive of 980 nm laser. In
order to make an overall assessment of the photothermal effect
of Sb-SnO, nanocrystals, we also explored the photothermal
treatment effect of Sb-SnO, nanocrystals on tumor model mice
driven by 980 nm laser (Supplementary Figure S6). During
the laser treatment, an infrared camera can be used to monitor
the temperature change the tumor. As shown in Figure 7A,
there was a significant heating effect under laser irradiation in
Group 4; for comparison, there was a lower temperature increase
in Group 3. This happened because Sb-SnO; nanocrystals had
better photothermal effect than SnO, nanocrystals. For mice in
Group 2, NIR laser alone cannot make the temperature of the
tumor obvious increase.

After treatments, tumor volume changes are recorded every
2 days. As shown in Figure 7B, Tumor were significantly
suppressed in group 4; the tumor suppression of the third group
is lower than that of the fourth group. As comparison, the
tumor in Groups land 2 grew rapidly and there was no obvious
difference between the two groups. We can also see the difference
in tumor changes from the pictures of the mice 14 days after
treatments (Figure 7C), which was consistent with the tumor
growth curves in Figure 7B. These results indicated that Sb-SnO,
nanocrystals still showed excellent photothermal performance
in vivo. It can be concluded that Sb-SnO, nanocrystals combined
with NIR laser irradiation can successfully inhibited tumor
growth due to the excellent the photothermal effect resulted from
Sb-SnO; nanocrystals.

For further evaluation the photothermal ablation effect of
tumor cells in vivo, we stained the tumor tissue with H&E. The
micrograph after staining is shown in Figure 7D. As we expected,
a large number of death of cancer cells treated by injection with
Sb-SnO; nanocrystals and then laser irradiation were observed,
but less cell death in SnO; nanocrystals and laser irradiation.
For the control groups, the shape and size of cancer cells were
almost unchanged. These results indicated that cancer cells
in vivo can also be effectively destroyed by the high temperature
generated by the photothermal effect of Sb-SnO, nanocrystals.
Taken together, these results undoubtedly confirm that the
synthesized Sb-SnO; can be used as excellent photothermal
theranostics agents due to their excellent photothermal effect
and CT imaging performance, and have great potential for
photothermal treatment of cancers.

To evaluate the in vivo biosafety of Sb-SnO, nanocrystals,
further bio-safety experiment on histological examination
analysis with H&E staining for the main organs was conducted
to observe the size, shape and number of cells after the
intravenous injection of Sb-SnO;, nanocrystals. From the H&E
staining of the major organs including heart, kidney, spleen,

liver, and lung, no inflammation or damage is observed
(Supplementary Figure S7). To study the distribution of the
Sb-SnO; nanocrystals, the contents of nanocrystals accumulated
in main organs were also evaluated. It showed (Supplementary
Figure S8) that the Sb-SnO, nanocrystals mainly accumulate at
liver and spleen, which indicates that this material was mainly
degraded in these two organs.

CONCLUSION

In conclusion, the hydrophilic Sb doped SnO;, nanocrystals
with a size of 18 nm were successfully prepared by a facile
hydrothermal synthesis method. The doping makes the Sb-SnO;
nanocrystals possessing defect structures, which contributes to
the enhanced absorption in the NIR region. Thus the Sb-
SnO, nanocrystals show excellent photothermal effect, with
photothermal conversion efficiency up to 73.6%. Compared with
un-doped SnO; nanocrystals, experiments on cancer cells both
in vitro and in vivo proved that the photothermal effect from
Sb-SnO; nanocrystals can more effectively kill cancer cells. In
addition, Sb-SnO; nanocrystals can also be used as efficient CT
imaging agents owing to the large X-ray attenuation coefficient of
tin. Therefore, the synthesized Sb-SnO, nanocrystals can be used
as excellent photothermal theragnosis agents.
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Cu3BiS3 Nanocrystals as Efficient
Nanoplatforms for CT Imaging
Guided Photothermal Therapy of
Arterial Inflammation
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! Department of Vascular Surgery, The First Affiliated Hospital of Bengbu Medical College, Bengbu, China, 2 School
of Pharmaceutical Sciences, Nanjing Tech University, Nanjing, China

Cardio-cerebrovascular diseases caused by chronic inflammatory atherosclerosis
seriously damage human health. Nano-photothermal technology has been proven
to inhibit the development of vascular inflammation, but the currently reported
photothermal agents cannot efficient monitor it during the development of the disease.
Herein, we designed and prepared an efficient bifunctional nanoplatform for CT imaging
guided photothermal therapy of arterial inflammation. CugBiSz nanocrystals with a
size of about 12 nm were synthesized by a simple hydrothermal method. The as-
prepared CugzBiSs nanocrystals showed intense absorption in the NIR region, thus
exhibited amazing photothermal effect. The photothermal conversion efficiency of
CusBiS3 nanocrystals was reach up to 58.6% under the excitation of an 808 nm
laser with a power density of 0.4 W cm~2. CugBiS3 nanocrystals can efficiently kill the
macrophages both in vitro and in vivo, which plays an important role in the development
of atherosclerosis, thus can be used as an effective way to inhibit the occurrence of
hypertension. Importantly, CuzBiSz nanocrystals can be used as an efficient CT contrast
agent to monitor carotid inflammation. Our work provides an insight for imaging guided
photothermal therapy of arterial inflammation.

Keywords: CuzBiS3 nanocrystals, atherosclerosis, arterial inflammation, photothermal therapy, CT imaging

INTRODUCTION

Atherosclerosis (AS) is one of the cardiovascular diseases which are the leading cause of human
death (Libby et al., 2011; Tzoulaki et al., 2016). Macrophages are the key cells that play an important
role in AS formation. Nanoparticle based photothermal therapy (PTT) exhibits a very promising
potential due to its less side effects which can kill macrophages resulted from the photothermal
effect of nanoparticles, comparing to the traditional whole body chemotherapy, and stent implant
surgery having in-stent restenosis risks (Tabas, 2010; Wang et al., 2019). With the development
of nanotechnology, PTT technology as an emerging minimally invasive technology shows great
potential for the diagnosis and treatment of atherosclerosis (Qin et al., 2015). Photothermal therapy
technology is to use photothermal materials with good optical property of near-infrared (NIR)
absorption under laser irradiation to achieve local high temperature, thereby effectively killing
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cells at the lesion site with no surgery (Li et al, 2013,
2017; Song et al., 2017). The NIR (700-1400 nm) laser is an
important NIR light source widely used in phototherapy which
has very strong penetration ability to biological tissues (Liu
et al., 2016). During the progression of atherosclerosis, massive
infiltration of monocytes/macrophages and other inflammatory
cells and the pathological proliferation of vascular smooth
muscle cells promotes plaque formation, secondary stenosis
and even occlusion, leading to the occurrence of ischemic
diseases (Wang et al., 2019; Zhang et al., 2019). Similar to
cancer cells, hyperthermia can also be used to inhibit or kill
the aforementioned pathologically expanded cells. Although this
minimally invasive technique is widely used in the treatment of
cancer, there are few reports on its application to atherosclerosis,
and the application of photothermal therapy technology to
atherosclerosis has important research significance.

Nano-photothermal technology, especially NIR-laser-driven
photothermal therapy technology, has been rapidly developed
in recent years. If photothermal treatment technology is to
be applied to the treatment of atherosclerosis, the main issue
is to explore photothermal agents with low toxicity, multi-
function and high photothermal effect (Chen et al., 2013; Li
et al., 2014; Shao et al.,, 2016; Jin et al., 2018). This is consistent
with the application of photothermal therapy technology in
cancer treatment. Photothermal agents reported to date mainly
include carbon materials, organic materials, metal materials and
semiconductor materials (Chen et al., 2013). Gold nanostructures
are the most extensively and thoroughly studied photothermal
agents, but the morphology of noble metal nanostructures will
obviously change under the continuous irradiation by lasers
which ultimately affect their photothermal properties (Tian et al.,
2013). Also, precious metals’ price is also one of the issues to
restrict the development of such photothermal agents. Organic
compounds mainly include nanoparticles of dyes, polyaniline
and polypyrrole (Li et al, 2018; Li and Pu, 2019). This
type of photothermal conversion material is biodegradable, but
easily photodegradable or photobleached. Carbon photothermal
materials, including graphene and carbon nanotubes, have stable
performance, but low light absorption coefficient (Robinson
et al., 2010, 2011). Semiconductor photothermal nanomaterials
show several advantages, such as low price, simple synthesis,
high absorption coefficient, stable photothermal performance,
and easy functionalization (Meng et al., 2016; Ni et al., 2017;
Tan et al.,, 2017).

Ternary semiconductor nanomaterials can inherit the
properties of the corresponding binary semiconductors and
produce new characteristics (Liu et al., 2016; Zhou et al., 2016;
Li et al., 2017). In particular, copper-based bimetallic sulfides
containing elements with imaging properties (such as copper
iron sulfur, copper cobalt sulfur, copper manganese sulfur,
and copper bismuth sulfur) can theoretically be used as both
photothermal agents and imaging contrast agents. Moreover,
since the valence of copper in the bimetallic copper-based sulfide
is mainly monovalent, it is easily oxidized to divalent and thus
degraded in the body (Liu et al., 2016). Therefore, the bimetallic
copper-based sulfide is expected to be an ideal photothermal
diagnostic agent. However, the previously reported bimetallic

sulfides do not have plasmon resonance near-infrared absorption
properties. The main reason is that these compounds do not
have defective structures. The Cu3BiS; nanocrystals designed
and synthesized by Hu et al. used these materials for the first
time in the diagnosis and treatment of cancer (Ai et al., 2011).
By adjusting the copper defects of Cu3BiS; nanocrystals, the
as-prepared Cu3BiS; nanocrystals can simultaneously exhibit
intense NIR absorption properties like Cu,_,S nanocrystals due
to copper defects, and also possess CT imaging capability due
to the inherently high X-ray attenuation coeflicient of bismuth.
However, the size of Cu3BiS3; nanocrystals is difficult to adjust.
The resulting nanocrystals are large in size and have poor
photothermal effects (Hessel et al., 2011; Li et al., 2017). Thus
the nanocrystals are easily restricted to the kidneys after being
injected into the mice via the tail vein. Reducing its size can
effectively improve its photothermal performance, and shorten
the time in the body (Liu et al., 2016). It has been reported that
adjusting the morphological structure or size of materials can
improve the MRI/CT imaging performance (Ai et al., 2011; Lee
et al., 2012). Therefore, the key to solving the unsatisfactory
photothermal/imaging performance of bimetallic sulfide lies in
the fine-tuning synthesis of the defect degree, morphology and
particle size of bimetallic copper-based sulfide nanomaterials.

In this work, we designed and prepared Cu3BiS3; nanocrystals
with a size of about 12 nm by a modified hydrothermal method in
the presence of ethylenediamine. Cu3BiS; nanocrystals showed
intense absorption in the NIR region, thus exhibited excellent
photothermal performance. The photothermal conversion
efficiency of Cu3BiS; nanocrystals reached up to 58.6% under
the irradiation of an 808 nm laser at a power density of 0.4 W
cm ™2, What's more, Cu3BiS; nanocrystals can efficiently kill the
macrophages both in vitro and in vivo, which plays an important
role in the development of atherosclerosis, thus can be used as
an effective way to inhibit the occurrence of hypertension. In
addition, Cu3BiS; nanocrystals can be used as an efficient CT
contrast agent for carotid inflammation. As far as we know, this
is first work on Cu3BiS; nanocrystals for CT imaging guided
photothermal therapy of arterial inflammation.

MATERIALS AND METHODS

Synthesis of Cu3zBiS3; Nanocrystals

Cu(NO3); (1 mmol), Bi(NO3); (1 mmol), and Sodium
dimethyldithiocarbamate (3 mmol) and polyvinylpyrrolidone
(PVP, 100 mg) were fully dissolved in deionized (DI, 40 mL) water
under stirring, ethylenediamine (100 pwL) was then added. The
precursor solution was then transferred to a PTFE hydrothermal
reactor, and kept at 200°C for 24 h. Black products could be
obtained by centrifuge. The products were washed with ethanol
and deionized water three times.

Characterization

Transmission electron microscope was used to detect the shape
and size of Cu3BiS; nanocrystals. UV-vis spectrophotometer
was used to detect the absorption spectrum of Cu3BiS;3
nanocrystals. X-ray photoelectron spectrometer was used to

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

August 2020 | Volume 8 | Article 981


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Luetal. Photothermal Therapy of Arterial Inflammation

analyze the electronic spectrum of Cu3BiS3 nanocrystals. X-ray  working solution (the ratio of CCK-8 reagent to medium is 1:10).
diffractometer was used to detect the phase of Cu3BiS;  After that, CCK-8 working solution (100 pL) was added to each
nanocrystals. Inductively coupled plasma emission spectrometer ~ well. After 1 h, a multi-functional microplate reader was used
was used to test the concentration of released ions. 808 nm lasers  to detect the absorbance at 450nm wavelength, and the analysis
were used as the light source. data was collected.

Cell Culture Live/Dead Cell Staining

Raw264.7 macrophage cells was routinely digested and The cultured Raw264.7 cells were collected and inoculated in a
centrifuged. After removing the supernatant, DMEM high 96-well plate and in an incubator (37°C, 5% CO;). When the
glucose complete medium was added to resuspend the cells. The  degree of cell fusion reached 80%, the cells were incubated with
resuspended cells were incubated in a petri dish at a density of or without Cu3BiS; nanocrystals in high glucose medium for
1 x 10°/cm? and continue culturing in an incubator (37°C, 5% 12 h. The cells were divided into different groups: blank control
CO3). The cells were digested with trypsin, and continued to  group (Control); Cu3BiS3 nanocrystals combined with 808 nm

expand when the degree of cell fusion reaches 80%. laser at different power density (0.1, 0.2, 0.4 W/cm?). After the
treatments, the culture supernatant was removed, washed with
CCK-8 Cell Viability Test PBS for three times. CalceinAM and PI were then added, and

Raw264.7 cells were incubated in a 96-well plate. After the cell ~incubated in a 37°C incubator for 20 min. Then the cells were
fusion reached 80%, cells were incubated for 12 h with Cu3BiS3 observed under an inverted fluorescence microscope.
nanocrystals with different concentrations (0, 10, 20, 40, 80, 160,

320 ppm). Then the Raw264.7 cells were excited by an 808nm Animal Model Construction

laser (0.3 W/cm?, 5 min). Then the medium was removed and  All animal experiments were approved by the Animal Ethics
the cells were washed with PBS three times to prepare CCK-8 Committee of The First Affiliated Hospital of Bengbu Medical
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FIGURE 1 | (a) Typical TEM image of CugBiS3 nanocrystals. (b) High resolution TEM image of CuzBiSz nanocrystals. (€) XRD pattern of CuzBiSz nanocrystals.
(d) UV-vis-NIR spectra of CugBiSz nanocrystals at room temperature.
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College. 28 of 8-week-old ApoE-/- mice were selected and fixed
on the rat board after anesthetized with chloral hydrate. The left
carotid artery was exposed under the microscope via making a
longitudinal incision in the left neck. A 5 mm length silicone tube
was placed around the left carotid artery to wrap it around the left
carotid artery. The silk thread was ligated and fixed, and the skin
and subcutaneous layers were sutured layer by layer, placed in a
35°C incubator to wake up, and then put back into the cage.

Infrared Thermal Imaging and
Photothermal Therapy in vivo

Two weeks after the surgery, ApoE-/- mice were divided into
two groups: control group and experiment group. The mice were
locally injected with PBS or Cus3BiS; nanocrystals. The mice
were simultaneously irradiated to the 808 nm lasers (0.4 W/cm?,
5 min). An infrared thermal imaging camera was used to detect
the temperature change of the mice during the treatment.

Histological Analysis

The overall status of the mice in each group was observed
after surgery. The mice were sacrificed by spinal dislocation
on 14 days of photothermal treatment. The left carotid

artery and main organs of each group were surgically
obtained and dehydrated with 10% sucrose for 1.5-2
h. After that, they are transferred to 30% sucrose for
soaking overnight, and then embed frozen sections with
OCT to make continuous sections with a thickness of
6-8 pwm. The slices were dried overnight in a dark and
ventilated place. The next day, the slices were loaded into
a slice box and sealed and stored in a —20° refrigerator;
or after dehydration, they were embedded into paraffin
blocks to make continuous slices with a thickness of 6-
8 pm. When necessary, the sections were stained for
immunofluorescence or immunohistochemical, observed
under a fluorescence microscope.

Carotid Tissue Immunofluorescence
Staining

Carotid artery slices were soaked in PBS for three times (5 min
each time) to remove OCT embedding agent. The membrane
was perforated with 0.1% Triton-X for 10 min, rinsed with
PBS for three times. 5% goat serum was blocked at room
temperature for 30 min. Diluted anti-mouse CD68 and CD31
antibodies were added, respectively. The slides were removed
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FIGURE 2 | (A) Temperature of CusBiSz nanocrystals with different concentrations (0, 20, 40, 60, 80 ppm) under the excitation of an 808 nm laser (0.4 W cm™2,
300 s). (B) Temperature change as a function of the concentration of CugBiSz nanocrystals. (C) Temperature change of CuzBiSz nanocrystals (80 ppm) under the
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the next day and rinsed with PBS for three times. DAPI (1:500)
was added dropwise to stain nuclei for 30 s, rinsed twice with
PBS for 5 min each time. After anti-fluorescence quenching,
the tablet was sealed, observed and photographed under a
fluorescence microscope.

Carotid Artery Hematoxylin-Eosin

Staining

The slices of carotid artery and main organ tissues were rinsed
with distilled water for three times, 5 min each time. Then the
slices were stained with hematoxylin and eosin (HE) dye for
2 min, rinsed with distilled water. The slices were gradually
dehydrated with 70, 85, 95, and 100% alcohol in sequence.
Finally, The slices were observed under microscope after sealing
with neutral gum.

CT Imaging

Cu3BiS; nanocrystals with varied concentrations (0, 0.5, 1.0,
2.0, 4.0 mg/mL) were placed in PE tubes and then scanned
by CT imaging system. CT imaging in vivo was performed
using Cu3BiS; nanocrystals as CT contrast agents. ApoE-/-
mice with carotid inflammation model were locally injected
with Cu3BiS; nanocrystals dispersed in PBS in surgical site.

Pre- and post-injection, the mice were scanned by the same
CT imaging system.

Long-Term Toxicity in vivo

The long-term toxicity in vivo of Cu3BiS3; nanocrystals
was evaluated by H&E analysis of major organs and the
biodistribution of Cu3BiS; nanocrystals in main organs. For
H&E analysis of major organs (lung, liver, spleen, kidney, and
heart), healthy mice were intravenously injected with CuzBiS3
nanocrystals (10 mg-kg~!, treatment group) or PBS solution
(control group), major organs were collected for H&E analysis.
The biodistribution of the CuzBiS3 nanocrystals was evaluated by
intravenous injection with Cu3BiS; nanocrystals (10 mg-kg™?).
Major organs were achieved at different time points (i.e., 1, 3, 6,
9 days) for H&E analysis.

RESULTS AND DISCUSSION

Hydrophilic Cu3BiS; nanocrystals were synthesized by
hydrothermal method. In Figure la, transmission electron
microscopy (TEM) image presented that the synthesized
CuzBiS; nanocrystals showed good dispersion. The size of
nanocrystals was about 12 nm (Supplementary Figure S1)

FIGURE 3 | Confocal images of fluorescence staining live/dead cells incubated with CugBiSz nanocrystals then excited by an 808 nm laser with varied power
densities: (@) 0 W cm2, (b) 0.1 W cm™2, (c) 0.2 W cm 2, (d) 0.4 W cm 2. Magnification: 200 times.
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which was much smaller than that of previously reported
Cu3BiS; nanocrystals (Li et al., 2017), indicating that the
synthesized nanocrystals were more suitable for bioapplication.
This reduction in particle size may be related to the presence of
ethylenediamine. As an ion complexing agent, ethylenediamine
can control the release rate of iron ions in the reaction, and
the size of nanocrystals can be reduced (Liu et al., 2020). We
further studied the microstructure of CuzBiS3 nanocrystals with
high-resolution transmission electron microscopy (HRTEM).
As shown in Figure 1b, the single crystal plane spacing was
0.307 nm, which corresponded to the crystal plane spacing
of the (031) plane of Cu3BiS; nanocrystals. Additionally, all
the X-ray diffraction patterns (XRD, Figure 1c) of Cu3BiSs3
nanocrystals can be well indexed as Cu3BiS; nanocrystals. The
lattice parameters were consistent with those on the JCPDS file
(No. 16-0713). The perfect match indicated that the synthesized
Cu3BiS3 nanocrystals with high crystallinity and high purity. We

then measured the optical property. As expected, the Cu3BiS3
nanocrystals showed strong absorption in NIR region centered
at 905 nm (Figure 1D), indicating that Cu3BiS3 nanocrystals
showed great potential as photothermal agents.

The intense NIR absorption of Cu3BiS; nanocrystals
motivated us to evaluate the photothermal performance of
CuzBiS3 nanocrystals. The aqueous dispersions of nanocrystals
with varied concentrations were placed in the PE tubes, and
excited by an 808 nm laser. The temperature change was
recorded by infrared thermal imager. As shown in Figure 2A,
the temperature of aqueous dispersions of nanocrystals increased
dramatically under the irradiation of the 808 nm laser, while the
temperature of pure water showed little change, indicating that
Cus3BiS; nanocrystals exhibited excellent photothermal effect. As
the concentration increased, the elevated temperature increased.
Obviously, Cu3BiS3 nanocrystals showed concentration-
dependent photothermal effect. Figure 2B provides the direct
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FIGURE 5 | Immunofluorescence staining of macrophages, endothelial cells, and merge pictures in the (A) control group (PBS) and (B) experimental group (CBS).

Magnification: 200 times.
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relationship between the concentration of Cu3BiS3 nanocrystals
and the temperature. When the concentration was 80 ppm,
the temperature of the aqueous dispersion was increased by
37.2°C, while the temperature of pure water was increased
by less than 2°C, demonstrating the excellent photothermal
performance of Cu3BiS; nanocrystals. To further evaluate
the photothermal performance of Cu3BiS; nanocrystals, the
photothermal conversion efficiency of Cu3BiS; nanocrystals
was measured according to previously reported methods. As
shown in Figure 2C, 80 ppm of Cu3BiS3; nanocrystals was excited
by the 808 nm laser (0.3 W) until the temperature reached
equilibrium and no longer changed. Then the laser was removed
away, and the cooling temperature during the cooling process
was recorded (Figure 2D). The time constant can be calculated
to be 98.3 s. Thus, the photothermal conversion efficiency of
Cu3BiS; was calculated to be 58.6% which is high enough for
photothermal therapy.

In order to detect the cytotoxicity of CuszBiS; nanocrystals,
we used different concentrations of Cu3BiS; nanocrystals
(0~320 ppm) to co-culture with macrophages for 12 h,
and then tested the cell activity of each group by CCK-8
experiment. The results showed that the concentration was below
160 ppm, Cu3BiS3 nanocrystals had no significant effect on the
activity of macrophages (Raw264.7); when the concentration
reached 320 ppm, Raw264.7 activity decreased significantly
(see Supplementary Figure S2A). Based on the photothermal
curves of CuzBiS3; nanocrystals under the action of near-infrared
light, Cu3BiS; nanocrystals showed a good heating effect at
a concentration of 40 ppm; the temperature was increase by
20°C. We thus chose 40 ppm as the concentration used in
subsequent experiments.

Macrophage infiltration is one of the main causes of
arterial inflammation and arterial stenosis, so we examined
the effect of thermal effects based on Cu3BiS; nanocrystals
on macrophage activity. Cell phagocytosis experiments without

using an additional target or selective groups have been studied
by many groups (Van Furth et al., 1979; Han et al,, 2016; Wang
etal., 2019). Nanoparticles were mostly aggregated in lysosomes,
and macrophages have much larger amounts of lysosomes than
endothelial cells (Van Furth et al., 1979; Han et al., 2016; Wang
et al,, 2019). In that case, macrophages, as a kind immunocyte,
phagocytized a higher proportion of nanoparticles than other
cells. As shown in Supplementary Figure S2B, the CCK-8 test
found that most cells under the co-action of CuzBiS3 nanocrystals
and 808 nm laser irradiation (0.4 W ecm™~2), and the cell activity
was significantly higher than those of cells treated with NIR
laser at lower power density. As expected, the cell activity of
the control group (no NIR laser irradiation) did not change
significantly. Meanwhile, NIR Laser alone had almost no effect on
the cell activity (Supplementary Figure S3). In addition, we also
stained the living/dead cells of each treatment group to further
clarify the status of the cells in each treatment group. As shown
in Figures 3a-d, no significant cell death was observed in the
control group, while nearly 40% of the cells treated with the
808 nm laser (0.1 W cm™2) were killed, 55% of the cells treated
with the 808 nm laser with a higher power density of 0.2 W
cm ™2 were killed, and more than 90% of the cells treated with
the 808 nm laser were killed when the laser power density was
0.4 W cm™2, which was consistent with the CCK-8 results.

After verifying that CusBiS3; nanocrystals can effectively kill
macrophages in vitro, we further used ApoE-/- mice to make
arterial inflammation and stenosis models for photothermal
therapy in vivo. ApoE-/- mice were divided into two groups:
control group and experiment group. The mice were locally
injected with PBS or Cu3BiS; nanocrystals. The mice were
simultaneously excited by the 808 nm lasers (0.4 W/cm?, 5 min).
An infrared thermal imaging camera was used to detect the
surface temperature change of the mice during the treatment.
The infrared thermal imager dynamically recorded the local
temperature changes of the left neck of the mouse. As shown
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in Figures 4a,b, the local temperature of the Cu3BiS; + PTT
group can rapidly increase to 46.6°C within 300 s, while the local
temperature of the PBS + PTT group still kept below 35°C during
the whole process, showing an obvious contrast in infrared
thermography. Therefore, Cu3BiS; nanocrystals still showed
excellent photothermal effect in vivo driven by the 808 nm laser.
Two weeks after photothermal therapy in vivo, the left
carotid artery of each group of mice was removed for
immunofluorescence staining. In immunofluorescence, we used
CD68 as a marker for macrophages and CD31 as a marker for
vascular smooth muscle cells. The results showed that the number
of infiltrated CD68" macrophages in the middle artery wall of the
control group (PBS + NIR, Figure 5A) was much higher than that
of experiment (Cu3BiS3; + PTT, Figure 5B) group. This indicates

that the photothermal therapy based on Cu3BiS3 nanocrystals
can effectively inhibit the infiltration of macrophages in the
inflammatory arterial wall in a short period of time, which may
reduce the adverse results caused by the infiltration of a large
number of inflammatory macrophages.

In order to further evaluate the effect of ablation of arterial
wall macrophages on reducing the thickness of the arterial wall
and inhibiting the progress of arterial stenosis, we tested the
thickness of the carotid artery wall of mice by HE staining. The
results showed that the thickness of the intima/media in the
experimental (CBS + NIR) group was much lower than that
in the control (PBS + NIR) group (Figures 6A,B). Effectively
inhibit the thickening of the intima/media of the arterial wall,
thereby reducing the occurrence of arterial stenosis. In addition,
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this result was consistent with the arterial wall inflammatory
macrophage infiltration results (Figure 6C). The relative quantity
of macrophages in the experimental group was much lower than
that in the control group. The arterial intima/media thickness
was positively correlated with the amount of arterial wall
macrophage infiltration to a certain extent, further indicating
that inflammatory macrophage infiltration in the artery, the key
role in wall hyperplasia. The most sensitive part in a carotid
artery should be the thin layer of endothelial cells, however,
in the previous study, it has found macrophages are even
more vulnerable than endothelial cells (Peng et al., 2015, 2020;
Wang et al,, 2019). And because the highest temperature in
this photothermal proves is lower than 50°C (Figure 4b), it
would not cause much damage to the carotid artery. According
to previous studies, photothermal process can cause some
inflammation response, while there is also reports indicate
that the laser irradiation can inhibited excessive inflammation,
facilitated angiogenesis, as well as improving revascularization
(Dong et al., 2018; Ma et al.,, 2018). As for the material itself,
previous work has been proofed that they have little inflammation
response (Peng et al, 2020). And nti-CD68 receptor-targeted
Fe-doped hollow silica nanoparticles were used as dual-modal
US/MRI contrast agent for identifying macrophages of aorta
ventralis atherosclerotic plaques in ApoE-/- mice (Ji et al., 2018).
To sum up, we can think that photothermal therapy based on
Cu3BiS; nanocrystals can effectively suppress the thickening of
the arterial wall by ablating inflammatory macrophages in the
arterial wall in the short term, thereby effectively inhibiting the
occurrence of arterial stenosis.

In addition to the excellent photothermal effect, Cu3BiSs
nanocrystals also exhibited excellent CT imaging performance
because of the high attenuation coeflicient of bismuth. Cu3BiS3
nanocrystals with varied concentrations (0, 0.5, 1.0, 2.0,
4.0 mg/mL) were placed in PE tubes and then scanned by
CT imaging system. As shown in Figure 7A, CT signal was

increased with the increase of the concentration of Cu3BiS;3
nanocrystals; the CT signal of CusBiS; nanocrystals with
a concentration of 4 mg/mL was higher than that of pure
water, indicating the excellent CT imaging performance. In
addition, CT values increased linearly with the concentration
of Cu3BiS; nanocrystals. The slope was calculated to be
19.55 HU L/g, higher than some of previously reported
CT contrast agents (Figure 7B). We then studied the CT
imaging in vivo using Cu3BiS; nanocrystals as CT contrast
agents. ApoE-/- mice with carotid inflammation model
were locally injected with CuzBiS; nanocrystals dispersed
in PBS in surgical site. Pre- and post-injection, the mice
were scanned by a CT imaging system. As shown in
Figure 7C, there was a significant difference in CT signal
pre- and post- injection of Cu3BiS; nanocrystals in the
artery of ApoE-/- mice. Therefore, Cu3BiS3; nanocrystals
can be an efficient CT contrast agent for CT imaging of
carotid inflammation.

The long-term toxicity in vivo of CuzBiS3 nanocrystals
was evaluated by H&E analysis of major organs and the
biodistribution of Cu3BiS; nanocrystals in main organs. For
H&E analysis of major organs (lung, liver, spleen, kidney, and
heart), healthy mice were intravenously injected with CuzBiS3
nanocrystals (10 mg-kg™!, treatment group) or PBS solution
(control group), major organs were collected for H&E analysis.
It was found that the shape and size of the cells both in the
treatment group and in the control group almost showed no
change (Supplementary Figure S4), indicating the low toxicity
in vivo of Cu3BiS; nanocrystals. The biodistribution of the
Cu3BiS; nanocrystals was evaluated by intravenous injection
with Cu3BiS; nanocrystals (10 mg kg™!). Major organs were
achieved at different time points (i.e., 1, 3, 6, 9 days). It showed
(Supplementary Figure S5) that the Cu3BiS; nanocrystals
mainly accumulate in the kidney and spleen after the intravenous
administration. The content in these two organs gradually
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decreased over time, indicating that Cu3BiS3 nanocrystals were
mainly degraded through these two organs.

CONCLUSION

In conclusion, Cu3BiS; nanocrystals with a size of about
12 nm were successfully designed and prepared by a simple
hydrothermal method. Cu3BiS; nanocrystals showed excellent
photothermal effect when driven by an 808 nm laser. The
photothermal conversion efficiency of Cu3BiS3 nanocrystals was
calculated to be 58.6% due to the strong NIR absorption. Under
the irradiation of an 808 nm laser, Cu3BiS; nanocrystals can
efficiently kill the macrophages both in vitro and in vivo, which
plays an important role in the development of atherosclerosis,
thus can be used as an effective way to inhibit the occurrence of
hypertension. In addition, Cu3BiS3; nanocrystals can be used as an
efficient CT contrast agent for carotid inflammation. Therefore,
Cus3BiS3 nanocrystals show great potential for CT imaging guided
photothermal therapy of arterial inflammation.
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Bi»S3 nanostructures can theoretically have photothermal properties. However, there
are few reports on the application of bismuth sulfide in photothermal therapy due to the
poor photothermal effect. To address this problem, herein we obtained Bi»Sz nanorods
with defect structures via a facile method. Due to the special shape and defects, the
Bi»S3 nanorods exhibited a strong absorption band in the NIR region, thus showed
excellent photothermal effect. The photothermal conversion efficiency of BioS3 nanorods
was calculated to be as high as 78.1% due to the strong NIR absorption. Importantly,
the photothermal ablation experiments both in vitro and in vivo proved that the BirS3
nanorods can effectively kill cancer cells under the irradiation of an 808 nm laser. In
addition, BinSz nanorods can be used as effective CT imaging agents due to inherently
high X-ray attenuation coefficient of bismuth. Our work demonstrated that the BioS3
nanorods were very promising photothermal nanoplatforms for photothermal therapy of
cancers, guided by CT imaging.

Keywords: Bi»S3 nanorods, photothermal agents, CT imaging, photothermal therapy, photothermal conversion
efficiency

INTRODUCTION

Photothermal therapy (PTT), which utilizes photothermal agents to convert near-infrared (NIR,
700-1400 nm) light energy into heat energy to “cook” cancer cells, has attracted increasing
attention in recent years (Li et al., 2018). Some progresses have been achieved in the research of
photothermal agents, but the application of photothermal therapy still faces considerable challenges
(Yang et al., 2019). What’s more, only a few of the nanostructured materials obtained by chemical
synthesis that have been reported so far exhibit the absorption properties necessary for near-
infrared light-to-heat conversion materials. Gold nanostructures have been extensively studied at
the initial development stage of photothermal agents (Poper et al., 2007; Wang et al., 2009; Liu
et al,, 2012). Due to their adjustable absorption bands from the visible region to the near-infrared
region, the gold nanostructures possess attracting photothermal performances. However, these
gold nanostructures, especially gold nanorods, irreversibly transform into nanoparticles under
the irradiation of NIR lasers (Tian et al., 2013). Therefore, several kinds of photothermal agents
(including graphene oxides, semiconductors, and organic materials) were developed as alternatives
to gold nanostructures (Chen et al., 2013). However, most of reported photothermal agents are
hydrophobic, so complex hydrophilic modification processes are needed to make them meet the
requirements of photothermal therapy applications (Hessel et al., 2011; Tian et al., 2011; Li et al.,
2014). Since the hydrophilic modification will change the dielectric constant of the nanostructure,
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the optical absorption properties of the nano-agents would be
affected (Hessel et al., 2011). In addition, the 808 nm wavelength
is widely used to study the photothermal effect of photothermal
agents. The safely limit power density of the 808 nm laser on
the skin is too low (~0.33 W ¢m~2) (Robinson et al., 2010).
At this power density, the photothermal effects produced by
photothermal agents are mostly difficult to kill cancer cells
due to the poor photothermal performance of photothermal
nano-agents (Liu et al., 2016; Zhang et al., 2016). Most of the
photothermal agents reported so far have a single function and
do not have imaging capabilities (Chang et al., 2013; Li et al,,
2014). In this way, the early development of cancer cannot
be monitored, which delays the timing of cancer treatment.
There are also some reported photothermal agents that can
simultaneously perform photothermal treatment and imaging
diagnosis of tumors, but there are also certain problems. For
example, Cu3BiS; has photothermal effect and CT imaging
capability, but the photothermal efficiency is low (Li et al,
2015). Therefore, in order to meet the severe requirements of
photothermal therapy in the future, it is of great necessity to
explore novel photothermal agents with excellent photothermal
effect and multifunction.

It has been reported that Bi;S; nanostructures with a direct
band gap structure can exhibit a local plasma resonance effect
(LSPR) in NIR region (Song et al., 2015). Moreover, due to
its excellent biocompatibility and properties with photothermal
effect resulted from intrinsic band gap absorption; BiyS3
nanostructures have proved to be a promising photothermal
agent (Xie et al, 2017). Additionally, bismuth is a high
atomic number element with a relatively high X-ray attenuation
coefficient, which can be used for CT imaging detection to
observe the development of early tumors in cancer (Ai et al.,
2011). However, because the absorption of bismuth sulfide is
derived from the intrinsic band gap, it is difficult to adjust its
optical properties, and it also makes its absorption coefficient
and photothermal efficiency low. Therefore, there are few reports
on the application of bismuth sulfide in photothermal therapy.
Previous studies have confirmed that nano-agents can have
absorption bands in the near infrared region due to their
special morphology (Chen et al, 2010; Xu et al, 2012; Li
W. et al.,, 2013). For example, gold nanorods may have long-
axis absorption peaks in the near infrared region compared to
gold nanoparticles (Chen et al., 2010). Thus bismuth sulfide
with special morphology may have an absorption peak in
the near infrared region. In general, Bi;S; nanostructures can
theoretically have excellent photothermal properties and CT
imaging capabilities.

In this work, Bi,S3; nanorods served as photothermal
theragnosis agents were prepared via a facile method. Due to
the special shape and defects, the Bi,S; nanorods exhibited a
strong absorption band in the NIR region, thus showed excellent
photothermal effect with a photothermal conversion efficiency
up to 78.1%. Importantly, BiyS3 nanorods can effectively kill
cancer cells both in vitro and in vivo under the irradiation
of an 808 nm laser. In addition, Bi,S; nanorods can be used
as effective CT imaging agents due to inherently high X-ray
attenuation coefficient of bismuth. Our work demonstrated that

the Bi,S3 nanorods are promising photothermal nanoplatforms
for photothermal therapy of cancers, guided by CT imaging.

MATERIALS AND METHODS

Synthesis of Bi»S3 Nanorods

Bi;S; nanorods were synthesized by a modified solvothermal
method. Under magnetic stirring, 1 mmol of Bi(NO3)3 and 1.5
mmol of sodium diethyldithiocarbamate were fully dissolved
in ethylene glycol (EG, 25 mL) and polyethylene glycol (PEG,
My = 400 Da, 15 mL). The solution was then transferred to a
50 mL stainless steel reactor and kept at 180°C for 24 h. The black
products can be obtained by ethanol washing and centrifugation.

Characterization

The morphology, microstructure, and size of the BiS3
nanorods can be determined by TEM. The XRD test was
performed using a Bruker D4 X-ray diffractometer using Cu Ka
radiation (A = 0.15418 nm). The XPS test was performed
on X-ray photoelectron spectrometer. The UV-vis-NIR
absorption spectrum data was obtained from Shimadzu’s
UV-vis spectrophotometer. The released ions can be determined
by Leeman laboratory inductively coupled plasma atomic
emission spectrometer.

In order to measure the photothermal conversion
performance of BiyS3 nanorods, the light source was an
808 nm wavelength semiconductor laser with adjustable external
power (0-1 W). 0.1 mL of nanorod dispersion with different
concentrations was irradiated by an 808 nm laser. The output
power was independently calibrated by a portable optical
power meter and is ~0.2 W, with a spot size of ~0.66 cm?. The
temperature was recorded every 5 s by a thermal imaging camera.

To further evaluate the photothermal performance of Bi,S3
nanorods, we tested the photothermal efficiency of 40 ppm
nanorods using a previous reported method (Roper et al., 2007).
The Bi,S3 nanorods were dispersed in deionized water and
continuously irradiated by an 808 nm laser (0.3 W cm™?2). The
radiation source was immediately turned oftf when a steady-state
temperature rise was achieved, and the temperature decrease
was recorded to test the heat transfer rate of the system. The
calculation formula (1) of the photothermal conversion efficiency
(n7) is as follows:

_hA(TmaxTamb) - Qo

=10 —104) W

In which I is the laser power, A, is the absorption at the excitation
wavelength. A is the surface area of the container. h is the heat
transfer coefficient. T}y, is the highest temperature of the system,
and Ty, is the room temperature. Q is the heat input rate
(mW). The value of hA is obtained by the following formula (2):

mpCp
hA

2)

Ts =

Among them, T, is the time constant of sampling system. mp and
Cp are the mass (0.1 g) and specific heat capacity (4.2 J/g) of the

Frontiers in Materials | www.frontiersin.org

August 2020 | Volume 7 | Article 234


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Jiang et al.

Photothermal Therapy of Cancers

dispersed nanoparticle media, respectively. The value of T, can be
obtained by formula (3):

3)

T—T
t=—z,nf = —z,In <7“””’)

max — Tamb

Therefore, the time constant of the system heat transfer can be
obtained by the linear relationship between the cooling time and
the negative natural logarithm of the temperature driving force.

CT Imaging

Bi;S3 nanorods aqueous dispersion (100 pL) with varied
concentrations was placed in PE tubes; these PE tubes were
fixed with a self-made device, and directly used a micro-
CT imaging system.

EL-4 tumor (~5 x 8 mm) model mice were first anesthetized
with 100 wL 10% trichloroacetaldehyde, intratumoral injection
of nanostructured PBS dispersion (100 pL, 5 mg mL-1), and
the mice were scanned via micro-CT imaging system before
and after the injection of nanorods. Scanning parameters are
consistent with those of in vitro experiments. CT images were
reconstructed on the same workstation using software provided
by the supplier. The CT value was obtained by the software of
CT imaging workstation. All animal experiments are conducted
according to the guidelines of the Institutional Animal Care
and Use Committee of the Huashan Hospital affiliated to
Fudan University.

Photothermal Treatment of Cancer Cells

in vitro

EL-4 cells are distributed in 96-well plates at a density of 10,000
per well. The cells were incubated in an RPMI-1640 medium
at a temperature of 37°C and a CO; concentration of 5%.
Subsequently, the cells were washed with PBS three times. 100 uL
of Bi;S3 nanorods dispersed in PBS at different concentrations
was then added to the wells, and the incubation was continued
for 24 h. An 808 nm laser with a power density of 0.3 W cm™2
(power: ~0.2 W, spot size: ~0.66 cm?) was used to irradiate
the cells for 5 min. Cell survival rate can be determined by
CCK-8 essay. In order to optimize the effect of laser power
density on cell viability, 100 wL of Bi,S3 nanorod dispersion
with a concentration of 40 ppm was added to the wells, and the
incubation was continued for 24 h. An 808 nm laser with varied
power density was used to irradiate the cells for 5 min. Then
CCK-8 evaluation was used to measure the cell viability. All tests
are performed independently three times.

Photothermal Therapy of Cancer Cells

in vivo

The mice were inoculated with 1.5 x 10° EL-4 cells. When
the tumor diameter of the mice grew to 5-8 mm for 3 weeks,
the mice were divided into four groups (5 mice in each group)
randomly. Group 1: intratumoral injection of Bi,S3 nanorods
(i.e., NRs); Group 2: intratumoral injection of normal saline and
irradiation with 808 nm laser (i.e., NIR); Group 3: intratumoral
injection of Bi;S3 nanorods and irradiation with 808 nm laser
with a power density of 0.3 W cm™? (i.e., 0.3Treatment); Group

4: intratumoral injection of Bi;S3 nanorods and irradiation
with 808 nm laser with a power density of 0.5 W cm™2 (i.e.,
0.5Treatment). For Group 1 and 2, the potential in vivo toxicity
of Bi,S3 nanorods or NIR laser alone was mainly investigated.
For group 3 and 4, the two groups were examined for the effect
of power density on cancer cells under the combined action of
Bi,S3 nanorods and 808 nm lasers. For groups 2 and 4, they
were investigated to evaluate the photothermal effect in vivo of
Bi,S3 nanorods. After different treatments, tumor volume and
body weight of the mice are measured every 2 days. Then the
mice were sacrificed and the tumors were removed from the
mice and embedded in paraffin to make 4 pum slices. These slices
were stained with H&E, then inspected with the fluorescent lens
of the Zeiss lens, and the image was processed with the Zeiss
image camera system.

Biocompatibility Evaluation in vivo

Healthy mice were intravenously injected with 10 mg-kg™! of
the Bi,S3 nanorods. Major organs, including lung, liver, spleen,
kidney and heart, were achieved at different time points (i.e.,
1, 7, 14, 21 days, n = 3). These organs were then solubilized,
and determined by ICP-AES analysis to confirm the content of
bismuth. Blood samples from the Bi,S3 nanorod group and PBS
group were collected at the different time points (i.e., 0, 1, 7, 14,
21 days) to evaluate the aspartate aminotransferase (AST) and
alanine aminotransferase (ALT). In addition, the major organs
were collected for histological analysis pre- and post-injection of
Bi,S3 nanorods at varied time points (i.e., 7, 14, 21 days).

RESULTS AND DISCUSSION

In order to prepare BiS3 nanorods (NRs), Bi(NO3)s3, Sodium
diethyldithiocarbamate and polyethylene glycol (PEG) were fully
dissolved in ethylene glycol (EG) to form a uniform solution,
which was then transferred to a reaction kettle and reacted
at 180°C for 24 h. Black products can be obtained after
centrifuge and washing with water for three times. In order
to clarify the crystal phase of the synthesized products, we
characterized the sample with an X-ray diffractometer. All the
main peaks of X-ray diffraction patterns (Figure 1a) of the
products can be well matched with the peaks of orthorhombic
structured Bi,S3; (JCPDS No. 17-0325). From Figure 1la, the
very narrow and intense peak of (130) indicated that the
nanostructure grew along the (130) direction. Subsequently,
we analyzed the elemental composition and oxidation states of
the products, as shown in Figure 1b. The X-ray photoelectron
spectrum (XPS) revealed that the sample contained five elements,
ie, Bi, S, O, N, and C. The elements O, N, and C were
from the reaction precursors, indicating that the sample
contained only Bi and S. The high resolution XPS of Bi
and S indicated that the valence of bismuth was trivalent,
and the valence of sulfur was a mixture of monovalent and
divalent, meaning that there existed defect structure in Bi,Ss3
(Supplementary Figure S1). The TEM image (Figure 1c)
revealed that the Bi,S; nanostructures were monodispersed
nanorods with sizes ranging from 50 to 300 nm. From the
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FIGURE 1 | (a) XRD pattern of Bi»S3 nanorods. (b) XPS spectra of BiS3z nanorods. (c) TEM and (d) high resolution TEM of Bix Sz nanorods.
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high resolution TEM image (Figure 1d), it can be seen that
these nanorods were formed by the directional arrangement of
bundled 5-22 nm nanorods. The microstructure information of
nanorods can be further obtained from high-resolution TEM.
The interplanar spacing was 0.357 nm, corresponding to the
spacing of the (310) plane of the orthorhombic structured
Bi,S3. Therefore, it can be concluded that Bi,S; nanorods were
successfully prepared.

Since the surface ligand of Bi,S3 nanorods was PEG, the
nanorods were hydrophilic and can be directly dispersed in
water without complicated surface modification. The absorption
property of Bi»S3 nanorods in the NIR region has an important
influence on its photothermal effect. Figure 2A shows the UV-
vis absorption spectrum of BiS3 nanorod aqueous dispersions.
Surprisingly, there was a broad and strong absorption band
in the NIR region which was very different from those of
Bi,S; nanomaterials. After the concentration of the nanorod
aqueous dispersion was determined by inductively coupled
plasma atomic emission spectrometer (ICP-AES), the excitation
coefficient of Bi;S;3 nanorods can be calculated to be 12.3
L g! cm™! which was higher than those of previously
reported BiyS; nanomaterials (Song et al., 2015; Xie et al,
2017). The strong NIR absorption motivated us to evaluate
their photothermal effect of BiyS; nanorods. Although the

maximum absorption wavelength of Bi,S3; nanorods was
centered at 550 nm (Figure 2A), 550 nm is located in
the visible light region which exhibits weak penetration and
strong scattering in biological tissue. The wavelength of the
light source that excites the photothermal agent is in the
range of 600-1400 nm. According to the optical properties
of Bi,S; nanorods, 808 nm lasers were chosen to study the
photothermal effect. We measured the temperature change
of the nanorods with a concentration gradient under the
irradiation of an 808 nm laser. As shown in Figure 2B, the
temperature of BiyS3 nanorod dispersion at a concentration
of 40 ppm increased by 22°C under an 808 nm laser
irradiation at a power density of 0.3 W cm™2, while the
temperature of pure water only increased by less than 2°C
at the same conditions. It can be concluded that Bi,S;3
nanorods can quickly and efficiently convert 808 nm laser energy
into heat energy. Thus the Bi,S3 nanorods showed excellent
photothermal effect. Photothermal stability is an important
indicator for evaluating photothermal agents. As shown in
Figure 2C, the maximum temperature rise showed almost
no changes after five circles of laser on/off, indicating the
excellent photothermal stability of Bi;S; nanorods. We also
measured the optical properties of Bi;S3 nanorods after the four
circles of laser ON/OFF. The absorption intensity showed little
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FIGURE 2 | (A) UV-vis spectra and (B) photothermal effect of Bi»Sz nanorods. (C) Temperature change of BioS3 nanorods during the five circles of laser ON/OFF.
(D) UV-vis spectra of Bi»S3 nanorods before (red line) and after photothermal stability measurement.

decrease (Figure 2D), further confirming the good photothermal
stability. Therefore, Bi;S3 nanorods can be very promising
photothermal agents due to the excellent photothermal effect and
photothermal stability.

In order to further study the photothermal properties of Bi,S3
nanorods, we calculated the photothermal conversion efficiency
of the Bi;S3 nanorods using a method similar to the previous
report (Roper et al., 2007). We recorded the temperature change
of the nanorod solution (40 ppm) under the irradiation of an
808 nm laser (0.25 W) with time until an equilibrium temperature
was reached (Figure 3A). The time constant (t;) of the system
heat transfer can be obtained from Figure 3B, and was calculated
to be 63.9 s. Based on the data in Figures 2A, 3, we calculated
the photothermal conversion efficiency of the Bi,S; nanorods
driven at 808 nm to be 78.1% which was much higher than some
previously reported semiconductor pohotothermal agents (Song
et al, 2015). The as-prepared Bi;S; nanomaterials exhibited
higher excitation coefficient (12.3 L g=! cm™!) than those of
previously reported BiS3 nanomaterials (Song et al., 2015; Xie
etal., 2017). Usually, the NIR absorption of Bi;S3 nanomaterials is
derived from intrinsic band gap which resulted in low excitation
coeflicient. In our work, the Bi;S3 nanomaterials possessed defect
structure and special shape. The defect structure made the Bi,S3

nanomaterials have metal-like absorption properties. Meanwhile,
the special shape made its absorption peak blue shift (Chen et al.,
2010). Therefore, the as-prepared Bi,S; nanomaterials showed
higher excitation coefficient due to the defect structure and
special shape, contributing to the high photothermal conversion
efficiency. Similar to the Cuy_Te nanocrystals, the optical
property of these BiyS3 nanorods can be adjusted through the
shape and defects (Li W. et al., 2013). Therefore, the Bi,S3
nanorods can be expected to be used as photothermal agents for
cancer treatment by 808 nm laser-driven photothermal therapy.
The excellent photothermal properties of Bi,S; nanorods
inspired us to study the therapeutic effects of the nanorods on
tumor cells. Prior to this, we evaluated the toxicity of the Bi,S3
nanorods. Bi;S; nanorods incubated with EL-4 cancer cells for
24 h, and then a standard CCK-8 essay was used to evaluate the
cell survival rate. It was found that the cell viability was 92% when
the concentration was 40 ppm (Supplementary Figure S2A) at
which the temperature of Bi;S3 nanorods dispersion could reach
22°C and was enough to kill cancer cells. When the concentration
reached up to 160 ppm, the cell survival rate was still as high
as 85%, indicating that Bi,S3 nanorods showed low toxicity.
Previously reported photothermal agents used a larger laser
power for photothermal treatment due to the low photothermal
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FIGURE 3 | (A) Temperature change of Bi»Sz nanorods (40 ppm) irradiated by an 808 laser for 300s, then shut off the laser for 300 s. (B) Time constant of BioSg
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FIGURE 4 | Images of staining live/dead cells treated with an 808 nm laser at different power density. (a) 0 W cm™2. (b) 0.1 W cm™2. (c) 0.2 W cm™2. (d) 0.3 W cm2.

efficiency of photothermal agents. We then studied the effect of
photothermal treatment of the nanorods (40 ppm) on cancer
cells under different laser power density conditions. As shown
in Supplementary Figure S2B, cell viability decreased as the
laser power density increased. When the laser power density
was 0.3 W cm™2, the cell viability is less than 2%, indicating
an excellent phototherapy of cancer cells in vitro. In order to
observe vividly the effect of the photothermal effect of BiS3
nanorods on the El-4 cells, we stained the live and dead cells with
calcein-AM and propidium iodide. Figure 4 shows the confocal
micrographs of the cells after photothermal treatment under an

808 nm laser with indicated power density. It indicated that the
dead cells increased more with the increase of power density, and
the results of live/dead cell staining analysis were matched well
with CCK-8 assay in Supplementary Figure S2B. Both the CCK8
assay and the live/dead cell staining analysis confirmed that Bi,S3
nanorods combined with NIR laser irradiation showed a good
phototherapy effect on El-4 cell proliferation.

CT imaging is an effective detection tool which is widely
used in clinical diagnosis and medical research. Many elements
with high X-ray attenuation coeflicients have been developed to
be used as CT imaging diagnostic agents, including bismuth,

Frontiers in Materials | www.frontiersin.org

72 August 2020 | Volume 7 | Article 234


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Jiang et al.

Photothermal Therapy of Cancers

Before

(right) the injection of Bi» Sz nanorods.

FIGURE 5 | (a) CT signals of Bi»S3 nanorods. (b) CT value as a function of the concentration of Bi»Sz nanorods. (¢) CT image of a mouse before (left) and after

(o
»

120

©
o
1

ig

CT value (HU)
5
g

iodine, gold, lanthanides, etc. Thus Bi,S3 nanorods can be used
for CT imaging detection. We placed Bi,S3 nanorods aqueous
dispersions with different concentrations in test tubes for CT
imaging experiments. Figure 5a shows CT images of BiyS3
nanorods aqueous dispersions with different concentrations. It
was obviously observed that the CT signal intensity gradually
increased as the concentration increased. At the same time,
it can be seen in Figure 5b that the HU value of the Bi,Ss3
nanorods increased linearly with the concentration, and the slope
(Figure 5b) of the HU value of the Bi,S3 nanorods was about 27.1
HU L/g, which was higher than those of some other nanomaterial
(Li J. et al,, 2013; Li et al, 2015). Subsequently, we used EL-
4 tumor model mice to evaluate the in vivo CT imaging effect
of Bi;S3 nanorods. Before the injection of Bi,S3 nanorods, the
tumor model mice were scanned by CT as a control. After that,
the nanostructure dispersion was injected into the tumor model
mice by intratumoral injection. Figure 5c reveals the CT coronal
view of the mouse tumor site before and after intratumoral
injection of Bi;S3 nanorods (100 L, 5 mg mL~1). As shown
in the Figure 5c¢, the tumor area showed a clear signal after
injection compared with that before injection. The tumor site
injected with Bi;S3 nanorods also showed a brighter contrast then

other soft tissues. Additionally, the average CT value of the tumor
area increased from 17 to 125. Therefore, Bi,S3 nanorods were
expected to be used as diagnostic reagents for CT imaging.

As Bi;S; nanorods had excellent photothermal properties,
we believed that these nanorods can be used as photothermal
therapeutic agents in vivo. We explored the photothermal
treatment effect of Bi;S3 nanorods on tumor model mice driven
by 808 nm laser. EL-4 cell tumor model mice were randomly
divided into four groups (see experimental section) and received
different treatments. During the 808 nm laser treatment, an
infrared camera can be used to obtain an infrared thermal
image of the whole body of the mouse. After 100 s, the surface
temperature of the Group 4 (injected Bi,S3 nanorods and then
irradiated with an 808 nm laser at 0.5 W cm™2) increased
to ~55°C, while the temperature change of Group 1 (only
808 nm laser irradiation) didn’t not increase significantly as
the irradiation time was extended (Figure 6A). These results
indicated that the Bi;S3 nanorods still had a good photothermal
effect in vivo. After the corresponding treatment, we recorded the
change in tumor volume 2 days using vernier calipers. As shown
in Figure 6B, the tumor disappears without recurrence only for
the mice in Group 4. The tumor volume of mice in Group 3was

Frontiers in Materials | www.frontiersin.org

V£] August 2020 | Volume 7 | Article 234


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Jiang et al. Photothermal Therapy of Cancers
A 1 B 6-
60 - BT w —s—0.5Treament
—_ ] - 0.5Treatment S {|—*—NRs
9 55 V3 b —4~0.3Treament
= | 4 2 44| —v—NIR
[+}) o @
= 504
= - g |
=1 1 A =)
2 45 © I —=
o 1 A S 24
Q. {a e
€ 4 o
(4 14 £ 4
- ] NIR =1
A -
35.WIWV\NVW’\WNWWVVWVVVVWV\’WVWV\ 04
T T y T T T T T T T T 1 T T T T T T T
0 50 100 150 200 250 300 0 2 4 6 8 10 12 14
Time (s) D
(o3 22 -
—s—0.5Treatment et X °;":"'
204 —e—NRs .l . i ng s %
—_ —a—0.3Treatment o .
2 —v—NIR 2
£ 184 { p
@ S — - S— P . » DS s, R TR "W
164 e X Dls 3ty p ot 2
o _0.3Treatment 0.5Treatment
S ook e RSN T ) CEIE SR R
8 14- ' o e * b d.
12 T T T T
0 4 8 12
Time (day) 4 T
FIGURE 6 | (A) Photothermal effect after injection of PBS, and Bi»S3 nanorods under the irradiation of the 808 nm laser with a power density of 0.5 W cm™2,
respectively. (B) Tumor volume and (C) Body weight changes in different groups. (D) H&E images of ex vivo tumor sections in different groups. Magnification: 200
times.

significantly inhibited but the tumor was still growing because
the laser power density in Group 3 was lower. Although the
photothermal effect from the nanorods (40 ppm) could efficiently
kill cancer cells in vitro under the irradiation of the 808 nm
laser (0.3 W cm™2), the power density of the lasers will be
attenuated when the laser passes through the skin of the mice,
making the inhibition of tumor growth rather than complete
elimination in Group 3. The tumors of the mice in the other
two control groups were not suppressed, and the tumor growth
curves between the two groups were almost indistinguishable. We
also tested the weight changes of each group of mice after the
indicated treatment. There was no significant difference between
the four groups of mice (Figure 6C), indicating that the treatment
conditions we gave showed no side effects.

After treatment, all tumors were taken out and made into
4 pm slices. The slices were stained with H&E. The micrographs
after staining are shown in Figure 6D. As expected, compared
with Group 3 and 4, the changes in size, morphology and
cell nuclear were not clearly observed in the Groups 1 and 2
injected with nanorods alone or only irradiated with laser. Cell
necrosis in Groups 1 and 2 was only ~5.3 and 8.7%, respectively
(Supplementary Figure S3). However, cancer cells injected with

nanorods showed severe cell destruction after laser irradiation.
After co-treatment with nanorods and lasers, cell necrosis such
as nuclear shrinkage, nuclear rupture, and nuclear dissolution
occurred. In addition, as the laser power density was increased
from 0.3 W cm™2 to 0.3 W cm~2, more cell necrosis was
observed. It can be observed that the interstitial structure around
the cells is more severely damaged, and some cells are completely
detached from the cells in Group 4. The tumor cell necrosis
rate in Groups 3 and 4 was 55.2 and 90.8%, respectively. These
results indicated that cancer cells in vivo can be effectively killed
by the photothermal effect of Bi,S3 nanorods. Therefore, the
combination of Bi;S3 nanorods and 808 nm laser is very feasible
for photothermal therapy of cancer cells.

Photothermal agents should have excellent biocompatibility.
We first studied the biodistribution of the Bi;S; nanorods.
Healthy mice were intravenously injected with 10 mg-kg~!
of the Bi;S3 nanorods. Major organs, including lung, liver,
spleen, kidney and heart, were achieved at different time
points (ie, 1, 7, 14, 21 days, n = 3). These organs were
then solubilized, and determined by ICP-AES analysis to
confirm the content of bismuth. It showed (Supplementary
Figure S4) that the Bi,S; nanorods mainly accumulate in
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the liver and spleen after the intravenous administration,
indicating that Bi;S3 nanorods were mainly degraded through
these two organs. Furthermore, blood samples from the
BiyS; nanorod group and PBS group were collected at the
different time points (ie., 0, 1, 7, 14, 21 days). No obvious
difference was observed in the aspartate aminotransferase (AST,

Figure 7A) and alanine aminotransferase (ALT, Figure 7B),
indicating that Bi,S; nanorods showed little influence on
liver and kidney at the given dose. In addition, the major
organs were collected for histological analysis pre- and post-
injection of Bi;S3 nanorods at varied time points (i.e., 7, 14,
21 days). No obvious organ damage, such as the change of the
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shape and size of the cells, were noted compared with the control
group (Figure 7C). The results suggested that the Bi;S3 nanorods
showed good biocompatibility.

CONCLUSION

In conclusion, the Bi;S3 nanorods were successfully prepared
by a facile solvothermal synthesis method to be served as a
promising photothermal theragnosis agent. The Bi,S3 nanorods
exhibited a strong NIR absorption band due to the special
shape and defects, thus showed amazing photothermal effect
with a photothermal conversion efficiency as high as 78.1%.
The photothermal ablation experiment of cells both in vitro and
in vivo prove that the Bi»S3 nanorods have a good photothermal
effect under the irradiation of an 808 nm laser and can effectively
kill cancer cells. In vivo and in vitro CT imaging experiments
demonstrate that Bi,S3 nanorods are expected to be effective CT
imaging agents. Therefore, the Bi;S3 nanorods can be used as
promising photothermal theragnosis agents due to the excellent
photothermal effect, CT imaging capability and low toxicity.
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The integration of photothermal therapy and chemotherapy has been recognized
to be an efficient strategy through the instant thermally ablation and long-term
chemical inhibition, thus achieving high therapeutical effect. In the present work, we
designed and prepared Cu7S,@SiO»/DOX nanocomposites and used them as efficient
nanoplatforms for synergistic photothermal-chemo therapy on melanoma tumors.
The Cu7S;4@SiO»/DOX was constructed by firstly synthesizing CuzS4 nanocrystals,
then in situ growing SiO» shell on the surface of Cu;Ss nanocrystals, and finally
loading DOX within SiO» shell. The Cu;S;@SiO»/DOX was composed of CuzSy
core as the photothermal transducer, SiO, shell as DOX carrier and DOX as the
model of anticancer drug. Once exposed to a 1064 nm laser, the Cu7S4@SiO»/DOX
could simultaneous generate heat for photothermal therapy and accelerate the DOX
release. When the Cu7S,@SiO»/DOX was injected into the center of tumor, the tumor
exhibit rapid temperature elevation once exposed to the NIR laser and the tumor
growth is significantly inhibited through the synergistic photothermal-chemo therapy, in
comparison to the limited therapeutical effect of photothermal therapy or chemotherapy
alone. Therefore, the Cu7S,@SiO»/DOX with photothermal-chemo function can be used
as excellent nanoplatforms for treating solid tumor with high theoretical effect.

Keywords: Cuy_,S nanocrystals, mesoporous SiO,, photothermal therapy, chemotherapy, melanoma

INTRODUCTION

The near infrared (NIR) light-driven cancer treatments have caught a numerous attention for years
due to the NIR light with higher tissue-penetration depth than visible light and the better safety
than ultraviolet light (Cheng et al., 2014; Vankayala and Hwang, 2018). Among these NIR-induced
therapy modalities, the photothermal therapy is an emerging one that utilizes NIR absorbents
as energy transducers to convert NIR laser energy into heat (>42°C), so that thermally ablate
cancer cells (Zou et al,, 2016; Yu et al., 2018b). For the development of photothermal therapy,
the photothermal nanoagents are the key point and they should be capable of strong and broad
NIR photoabsorption and high photothermal conversion efficiency. Apart from the noble metal
nanostructures (Dreaden et al., 2011; Huang et al.,, 2011) and the organic-based nanoparticles
(Liu et al.,, 2013; Zha et al,, 2013), the recent progress of photothermal nanoagents focus on
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semiconductor nanomaterials because of their abundant
types, tunable composites, photostability as well as efficient
photothermal effect (Huang et al., 2017). The semiconductor-
based photothermal nanomaterials mainly include the metal
oxides such as the doped TiO,_, nanocrystals (Ren et al,
2015; Ou et al, 2016; Yu et al., 2017) and oxygen-deficient
WO3_, nanocrystals (Xu et al., 2015; Wen et al., 2016), and
the metal sulfides including Cu,_,S nanostructures (Tian et al.,
2011a,b) and BiS3; nanodots (Li et al., 2016). For example,
Cuy,Ss nanoparticles were prepared by the thermolysis of
Cu(DEDTC), precursors and they exhibited strong NIR
absorption, photostability and photothermal conversion
efficiency up to 56.7%, which were used as a photothermal
nanoagent for the photothermal ablation of cancer cells (Li
et al., 2014). However, the therapeutical effect of photothermal
therapy is executed only under the illumination of laser and
it would disappear instantly when laser is switched off. Thus,
to achieve the long-term therapeutical effect for photothermal
nanoagents, it is quite necessary to combine with other
therapeutical modalities.

The integration of photothermal therapy and chemotherapy
has been recognized to be an efficient strategy through the
instant thermally ablation and long-term chemical inhibition
(You et al, 2012; Yu et al, 2018a; Zhang et al, 2020).
Importantly, the photothermal effect can accelerate the drug
releasing rate and induce the chemo-sensitization effect, thus
achieving the synergistic effect with higher therapeutical results
than photothermal therapy or chemotherapy alone. Up to data,
there are a number of nanoagents with the photothermal effect
and drug loading capacity, which can be allocated into two types.
The first type consists the photothermal nanomaterials with a
large volume of inner cavity or high specific surface area, such
as CuS$ hollow nanospheres (Wang et al., 2018), two-dimensional
MoS; nanosheets (Liu et al., 2014) and metal-organic frameworks
(Zhang et al., 2018). For instance, CuS hollow nanospheres with
87.7% of high doxorubicin (DOX) content were prepared while
the DOX release rate at pH 7.4 was only 4.6% and at pH 5.0 was
10.3% within 10 h (Wang et al,, 2018). The second type is the
combination of photothermal nanoagent and drug carrier, which
includes CugSs@mSiO,-PEG core-shell structures (Song et al.,
2013), Au@copolymer-liposome nanostructures (Zheng et al.,
2016) and CuS@gel nanocomposites (Meng et al., 2016). For
example, a thermosensitive MEO,MA@MEO;MA-co-OEGMA
nanogels were firstly prepared and then CuS nanoagents were
in situ deposited within nanogels, whereas the DOX loading
content was less than 10%, (Meng et al., 2016). Therefore, it is of
great importance to design and synthesis of photothermal-chemo
nanoagents with the high photothermal conversion efficiency and
high drug loading capacity.

In order to integrate synergistic photothermal-
chemo functions, we prepared a Cu;S;@SiO,/DOX. The
CuyS4@Si0,/DOX was constructed by firstly synthesizing
CuyS4 nanocrystals, then in situ growing SiO, shell on the
surface of CuyS4 nanocrystals, and finally loading DOX within
SiO, shell. The Cu;S4@SiO; nanoplatforms exhibited the
strong and broad NIR absorption and could rapidly convert
1064 nm laser energy into heat with the efficiency of 48.2%,

and they also demonstrated large specific surface area and
pores with high DOX loading content of 59.8%. Importantly,
After the irradiation cycles, 90.1% of DOX was released from
Cu;S4@Si0,/DOX with the help of 1064 nm NIR laser at pH 5.4
in comparison to 61.5% of the released DOX without irradiation,
indicating photothermal effect accelerated the DOX release.
More importantly, when Cu;S4@SiO,/DOX was intratumorally
injected into tumor-bearing mice, the tumor growth was
heavily inhibited through the synergistic photothermal-chemo
therapy compared with the limited therapeutical effect of
photothermal therapy or chemotherapy alone. Therefore, the
CuyS4@Si0,/DOX with high photothermal conversion efficiency
and drug loading capacity can be used for treating solid tumor
with high therapeutical effect.

MATERIALS AND METHODS

Materials

Sodium diethyldithiocarbamate (SDEDTC), CuCl,-2H,0 (AR),
oleic acid (AR), oleylamine (80-90%), cetyltrimethylammonium
bromide (CTAB), sodium hydroxide (NaOH, AR), doxorubicin
hydrochloride (DOX) and tetraethylorthosilicate (TEOS, GR)
were brought from Sigma Aldrich.

Preparation of Cu7S4 Nanocrystals

The Cu;S4 nanocrystals were prepared by a typical thermolysis
method (Li et al., 2014). Firstly, CuCl,-2H,O (20 mmol) was
dissolved into 10 mL deionized water, which was then dropwise
added into aqueous solution of SDEDTC (90 mL, 50 mmol)
under magnetically stirring. After stirring for 2 h, the above
solution was centrifuged (5000 rpm, 5 min) and washed with
deionized water. The precipitate [Cu(DEDTC), precursor] was
dried in vacuum at 50°C for further use. Secondly, oleic acid
(15 mL) and oleylamine (10 mL) were added into three-
neck bottle and heated to 280°C within 30 min under the
continuous nitrogen flow to remove any moisture and oxygen.
The Cu(DEDTC); precursor (1 mmol) dissolved in 2 mL oleic
acid was injected to the three-neck bottle and heated at 280°C
for 10 min. The dark green mixture was quickly cooled to
60°C by air flow and then 20 mL ethanol was introduced to
precipitate Cu;S4 nanocrystals. Finally, the CuzS4 nanocrystals
were dispersed in ethanol followed by centrifuging and washed
with ethanol for three times.

Preparation of Cu;S;,@SiO»

Nanoplatforms

The Cu;S4@SiO; nanoplatforms were prepared by in situ
growing SiO, shell on the surface of CuyS4 nanocrystals.
Firstly, the hydrophobic Cu;S4 nanocrystals were converted
into hydrophilic CuyS4 through the surface-modification with
CTAB. The CuyS4 nanocrystals in chloroform solution (5 mL,
10 mg/mL) were added into aqueous solution of CTAB (20 mL,
100 mg/mL), which was stirred vigorously at 40°C for 24 h
and then centrifuged to collect hydrophilic Cu;S4 nanocrystals.
Secondly, the hydrophilic CuyS4 nanocrystals were dispersed
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into 50 mL deionized water, followed by the introduction of
NaOH solution (0.1 mL, 10 mg/mL) and TEOS (0.1 mL) under
sonication. After 1 h of sonication, then 100 wL of PEG-silane
was added and the mixture was maintained at 40°C for another
8 h. The products were centrifuged and washed with deionized
water for three times for collecting Cu;S4@SiO; nanoplatforms.

Characterizations

The size, morphology, phase of Cu;S4@SiO, nanoplatforms
were characterized by using JEOL 2100F transmission electron
microscopy (TEM). The photoabsorption of Cu;S4@SiO;
nanoplatforms was studied on a Shimadzu UV-1900
spectrophotometer. The concentration of copper irons released
from the Cu;S4@SiO; nanoplatforms was determined by an
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). The specific surface area and pore diameter of Cu;S4@SiO;
powder were investigated on the Autosorb-iQ/Autosorb-iQ
Brunauer-Emmett-Teller (BET).

Photothermal Conversion Efficiency

The photothermal performance of Cu;S;@SiO, nanoplatforms
was investigated by illuminating their aqueous dispersion at a
series of concentrations under a 1064 nm laser with the output
power density of 0.6 Wem™2. The temperature change was
recorded by using a thermal imaging camera. The photothermal
conversion efficiency of Cu;S;@SiO, was calculated according
to the previous report (Li et al.,, 2014) by applying the below
equations:

_hA(ATmax,dis - ATmax,HZO (1)
N I(1 — 10~ A1064)
mDCD
= 2
Ts hA (2)

Where I and A4, respectively, stand for the NIR laser intensity
and the absorbance at 1064 nm. AT,y dgis and ATmay H,0 are
the temperature change of deionized water and the solution
containing CuyS4@Si0, nanoplatforms. The /& and A are the heat
transfer coefficient and the surface area, and the value of hA is
determined from Eq. 2 by using the system time constant T
with the help of the mass (mp) and the heat capacity (Cp) of
deionized water.

Dox Loading and Releasing

For loading DOX, Cu;S$;@SiO, (2.5 mL, 10 mg/mL) and
DOX (10 mg) were dispersed into PBS solution, which was
magnetically stirred in the dark. After 24 h of stir, the mixture
was centrifuged (12,000 rpm, 30 min) and the supernatant was
collected. The DOX loading content was calculated based on
(load weight of DOX/Cu;S4@SiO,/DOX) x 100%, in which
the load weight of DOX was determined by (10 mg - DOX
in the supernatant). For DOX releasing, Cu;S;@SiO,/DOX was
dispersed into PBS at pH 7.4 or pH 5.4 and divided into two
groups. One group was used as control and 0.5 mL solution were
taken out which was centrifuged (12,000 rpm, 15 min) at each
time point. Another group was irradiated by a 1064 nm NIR
laser (0.6 Wem™2) at a specific time. The DOX releasing rate was

calculated by using (the release weight of DOX/the load weight of
DOX) x 100%.

Photothermal-Chemo Therapy in vitro
Melanoma cells were seeded into a 96-well plate (1.2 x
10* cells per well) at 37°C in the presence of 5% CO, for
24 h. After incubation, the cell medium was removed, the
cells were divided into four groups: (1) control, (2) DOX,
(3) CuyS4@Si0,/DOX+NIR, (4) CuyS4@SiO,+NIR. Hundred
microliter of the dispersion at varied concentrations was then
added into the wells. After incubation for another 24 h, the cells
were washed with PBS buffer solution for three times. Then the
cells were irradiated with/without a 1064 nm laser. Cell viability
was measured using the CCK-8 assay.

To visually compare the viability difference in cellular level
among four groups, cells were seeded into a 24-well plate at a
density of 1.2 x 10° cells per well. After the cells in the four
groups were treated, the cells were stained with calcein AM (live
cells) and propidium iodide (dead cells) to distinguish live cells
with green fluorescence and dead cells with red fluorescence.

Photothermal-Chemo Therapy in vivo

and Histological Examination

The BALB/c mice (~16 g, male) with 4T1 tumors (the surface
diameter of 0.3~0.5 cm) on the back were divided into four
groups (n = 3): (1) The control group; (2) DOX group; (3)
CuyS4@Si02+NIR group; (4) CuyS4@Si02/DOX+NIR group.
The mice in (2) group were intratumorally injected with DOX
PBS solution (50 L, 80 pg), and mice in (3 and 4) group were,
respectively, injected with Cu;S,@SiO; (50 L, 0.1 mg mL™!)
or CuyS;@Si0,/DOX PBS solution (50 L, 0.1 mg mL~!). The
tumors on mice in (3, 4) group were exposed to a 1064 nm NIR
laser (0.6 Wem™2) at the 0.5 h post-injection and mice body.
After treatments, mice in all groups were observed regarding their
body weight and tumor sizes. When a tumor size was beyond
1.0 cm, mice in all groups were sacrificed and tumors were
extracted for histological examination.

RESULTS AND DISCUSSION

The Cu;S4@SiO; nanoplatforms were prepared by in situ
growing SiO; shell on the surface of Cu;S; nanocrystals.
Firstly, CuyS4 nanocrystals were synthesized through a typical
thermolysis method, where the Cu(DEDTC), precursor with
Cu source and S source was heated to 280°C for 10 min
to produce uniform Cu;S4 nanocrystals. Secondly, the Cu;S4
nanocrystals were served as the core to allow the coating of
SiO; shell through the hydrolysis of TEOS. During the SiO;
coating, CTAB were used as a soft template. SiO, grew around
the template due to electrostatic interactions. Supplementary
Figure S1 shows the size and zeta potential of nanoparticles
during the process of synthesis. FTIR spectra in Supplementary
Figure S2 demonstrated that PEG was coated on the surface of
Cu7S4@SiO; nanoplatforms, thus the nanoplatforms could be
realized the bioapplication directly. The as-obtained Cu;S4@SiO,
nanoplatforms have a uniform morphology and the average size
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of 100 nm, as shown in the TEM image (Figure 1a). Obviously,
the Cu;S4@Si0, nanoplatforms consist of CuySy as the core and
SiO; as the shell, and the CuzS4 nanocrystals have the average
diameter of 50 nm and the SiO; shells have the average thickness
of 25 nm. The nanoplatforms showed good dispersion as the size
in water showed little change over time demonstrated by dynamic
light scattering (DLS, Supplementary Figure S3). Furthermore,
the high-resolution (HR-TEM) image in Figure 1b demonstrates
the apparent lattice with an interplane d spacing of ~0.277 nm,
which can be indexed to the (110) plane of the orthorhombic
CuzS4 (JCPDS card no. 22-0250), which verifies the core is
CuyS4 nanocrystals. Subsequently, the phase of Cu;S;@SiO,
powders was characterized by using XRD. The XRD pattern
(Figure 1c) reveals that there are four prominent peaks centered
at 27.87°, 32.30°, 46.40°, and 54.70°, which can be respectively,
corresponded to the (202), (220), (224), and (422) planes for
the orthorhombic Cu;Ss (JCPDS card no. 22-0250). It should
be noted that there is a broad peak between 10° and 40°, which
should be attributed to the characteristic peak originating from
the amorphous SiO; shell. Supplementary Figure S4 shows the

XPS spectra of Cu 2p in the Cu;S4@SiO, nanoparticles. The
binding energy peaks at 932.8 and 954.6 eV can be assigned to
Cu™ coordinated to Cu in Cu;S;@SiO, nanoparticles, whereas
the binding energy peak at 943.2 eV is formally described as
Cu?*. The coexistence of Cu™ and Cu?" indicated the Cu
vacancies on the surface of Cu;S4 nanocrystals (Li et al., 2015).
Thus, the above results confirmed the successful preparation of
Cu;S4@Si0; nanoplatforms with CuzS4 core and SiO; shell.
Subsequently, the photoabsorption of Cu;S4@SiO;
nanoplatforms was studied by using UV-vis-NIR spectrometer.
The Cu;S4@SiO; nanoplatforms can be well dispersed into
deionized water and their aqueous solution shows the dark
green. As demonstrated in UV-vis-NIR photoabsorption spectra
(Figure 1d), the aqueous solution containing Cu;S;@SiO,
nanoplatforms exhibits the strong absorption in the UV-vis
region with the edge at ~590 nm, which can be ascribed to
the bandgap absorption of Cu;S4 as a typical semiconductor.
Importantly, the aqueous solution of CuyS4@SiO, demonstrates
a strong and broad NIR absorption (>650 nm) and the
absorption intensity goes up with the increase of wavelength
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FIGURE 1 | (a) TEM image of Cu;S,@SiO» nanoplatforms showing the CuzS, core and mesoporous SiO» shell. (b) HR-TEM image of Cu;S4 core with the clear
lattice. () XRD pattern of Cu7S,@SiO» nanoparticles. (d) The typical UV-vis-NIR photoabsorption spectrum of CuzS4@SiO, dispersed in deionized water.
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up to 1100 nm. Compared to the bandgap-induced UV-vis
absorption, this kind of NIR absorption should be attributed
to the localized surface plasmon resonances (LSPR) effect
because of Cu vacancies on the surface of CuyS4 nanocrystals,
which has been reported for other Cu;_,S nanocrystals
(Zhao et al., 2009; Luther et al., 2011). By determining the
Cu;S4@Si0; nanoparticle concentration via ICP-AES, the
extinction coefficient of the nanoparticles at 1064 nm was
measured to be 13.9 L g~! cm™!, which was higher than the
that of cobalt/manganese oxide (CMO) nanocrystals (Liu et al.,
2019). Thus, CuyS4@SiO, nanoplatforms are capable of strong
and broad NIR photoabsorption because of Cu;Sy core.

Owing to the strong NIR absorption, we further explored the
photothermal performance of Cu;S4@SiO, nanoparticles. The
wavelength of NIR laser is quite important for photothermal
therapy, and two biological transparency windows are reported
as NIR-I (650-950 nm) and NIR-II (1000-1350 nm). Compared
to the commonly used 808 nm, 915 m and 980 nm NIR

penetration depth by considering absorption and scattering
effects (Tsai et al., 2013). Therefore, we selected 1064 nm
NIR laser to study the photothermal effect of Cu;S;@SiO;
nanoparticles. When exposed to a 1064 nm NIR laser at the
intensity of 0.6 W cm™2, the temperature of deionized water
increases slightly (~1.3°C) within 5 min of irradiation, which
confirmed the negligible photothermal effect from deionized
water (Figure 2A). In contrast, once exposed to laser, the
aqueous solutions containing Cu;S;@SiO, nanoparticles exhibit
rapid temperature elevation within 120 s and then show a
slow temperature elevation due to the balance between heat
production and loss. Figure 2B summarizes the temperature
elevation versus to the concentration, and they are determined
to be 14.2, 21.8, 31.5, and 39.4°C for the concentration
of 10, 20, 30, and 40 ppm, respectively. To further clarify
the photothermal performance of Cu;S;@SiO, nanoparticles,
we carried out an experiment to calculate its photothermal
conversion efficiency. The aqueous solution of Cu;S;@SiO,

laser, 1064 nm NIR laser can offer more efficient tissue nanoparticles were subjected to a 1064 nm NIR laser on/oft, and
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FIGURE 2 | (A) Temperature curves of solution containing the CuzS4@SiO» nanoparticles with the Cu concentration of 0-40 ppm. (B) The Temperature elevation
versus the concentrations of Cu7S,@SiO, nanoparticles. (C) Temperature curve of a solution containing the Cu7S,@SiO, nanoparticles with 1064 nm NIR laser
on/off. (D) The linear fit of time data with In(6) to obtain system time constant ts.
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FIGURE 4 | The DOX-releasing profile of CuzS;@SiO»/DOX in (A) PBS solution (pH = 7.4) and (B) acetate buffer (pH 5.4) in the absence or presence of 1064 nm
NIR laser.

the whole temperature change was recorded in Figure 2C. The
system time constant T, can be obtained by linearly plotting the
time data with In(6), as shown in Figure 2D. By referencing
to the previous reports, the photothermal conversion efficiency
of Cu;S4@SiO; nanoparticles is 48.2% which is comparable to
the reported CuS nanomaterials (Li et al., 2014). Therefore, the
CuyS4@SiO, nanoparticles can rapidly and efficiently convert
1064 nm NIR laser energy into heat with the concentration-relied
photothermal performance.

After demonstrating the photothermal performance of
CuyS4@SiO, nanoparticles, we evaluated their DOX loading
capacity due to the SiO; shell. Prior to loading DOX, the
Brunauer-Emmett-Teller (BET) surface area and pore size were
investigated by using nitrogen adsorption-desorption curves. The
nitrogen adsorption/desorption isotherms (Figure 3A) illustrate
that the Cu;S;@SiO, nanoparticles have a specific surface area
of 125.9 m?/g, showing the high surface area. In addition, the

pore diameter of CuyS;@SiO, nanoparticles was also recorded
and the average pore diameter was determined to be ~4.5 nm
(Figure 3B). Therefore, the mesoporous SiO; shell confers high
specific surface area and pores, which will facilitate the following
DOX loading.

The release ability of DOX from Cu;S4@SiO2/DOX (the
DOX loading content is 29.8%) was studied by dispersing
CuyS4@Si0,/DOX into PBS solution. At the time point of 1,
2, 3, 4, 6, 8, and 10 h, part of solution was taken out from
the original 10 mL dispersion and centrifuged for collecting
the released DOX in the supernatant, and the amount of
DOX in the supernatant was calculated by applying absorption-
concentration curve. Figure 4A shows the DOX releasing
profile at pH 7.4, and it is clear that, with the prolong
of time, the DOX releasing rate unceasingly goes up which
can be determined to be 19.5% at 1 h, 28.4% at 2 h, and
39.4% at 4 h. After 4 h, the DOX releasing rate becomes
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Cu,S,@SiO,+NIR

FIGURE 5 | Confocal images of calcein AM (green, live cells) and propidium
iodide (red, dead cells) co-stained cells after incubation with
Cu7S,@Si0,/DOX for different treatments. Magnification: 100 times.

very slow. In order to study the effect of NIR laser-induced
photothermal effect on the DOX releasing rate, we irradiated
the Cu;S4@SiO,/DOX dispersion at the time point of 1, 2,
3, 4, 6, 8, and 10 h by using a 1064 nm NIR laser (5 min,
0.6 W cm™2). For instance, after the firstly irradiation, the
DOX releasing rate is calculated to be 45.8% which is much
higher than that (28.4%) at the 2 h, indicating NIR laser-
induced photothermal effect can significantly enhance the DOX
releasing rate. After the irradiation cycles, 75.6% of DOX is
released from CuyS4@Si0,/DOX with the help of 1064 nm NIR
laser in comparison to 47.4% of the released DOX without
irradiation, within 10 h. Thereby, it is concluded that the
CuyS4 nanocrystals within Cu;S;@Si02/DOX can produce heat

to accelerate the DOX release. To study the DOX release
behavior from Cu;S;@SiO,/DOX at the simulating tumor
microenvironment, the release of the DOX against buffer solution
at pH 5.4 was measured. It was found that the drug release rate
became much faster at pH 5.4 (Figure 4B) due to the increase
in the solubility of the DOX under acidic conditions, which is
beneficial for cancer therapy since the microenvironments of
extracellular tissues of tumors and intracellular lysosomes and
endosomes are acidic.

Giving the efficient photothermal conversion effect, the high
DOX loading capacity and the NIR-enhanced DOX releasing,
CuyS4@S8i02/DOX can be used as excellent nanoagents for
photothermal-chemo therapy. To demonstrate the synergy
effect of photothermal-chemo therapy, the combination index
of Cu;S;@Si0,/DOX nanoparticles was measured according
to previous work (Wang et al, 2013). The half-maximal
inhibitory concentration (IC50) of cancer cells incubated with
CuyS4@Si10,/DOX nanoparticles for combination photothermal-
chemo therapy is 0.52 mg mL™!, while the IC50 for the sole
photothermal therapy and chemotherapy is 0.67 and 1.35 mg
mL~!, respectively. The combination index was calculated
to evaluate the combination effect of different therapies and
found to be 0.823, which demonstrated the synergistic effect
of Cu;S4@SiO,/DOX nanoparticles for photothermal-chemo
therapy. Additionally, to visualize the efficiency of photothermal-
chemo therapy, cells after the indicated treatments were co-
stained with calcein-AM and propidium iodide (PI, Figure 5).
The results further demonstrated the synergetic effect.

Before realizing bioapplication, the Cu?t release of
CuyS4@Si0; nanoparticles in PBS was evaluated because of
Cu?* being toxic. It was revealed that the concentration of the
released Cu?t from Cu;S;@SiO; nanoparticles was very low
(Supplementary Figure S5), which caused almost no toxicity.
We then evaluated the toxicity in vivo of CuyS4@SiO;. In the
experimental group, the material was injected intravenously into
mice, while mice in the control group were injected with PBS.

65°Cly o

356°C

FIGURE 6 | (a) The thermal image of mice after intratumorally injecting with CuzS4@SiO»/DOX PBS solution (right) or PBS solution (left) under the irradiation of
1064 nm NIR laser at the power density of 0.6 Wem™2. (b) The temperature curves showing the temperature change in tumor area.
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FIGURE 7 | (A) The relative tumor volumes of mice after different treatments over a period of 14 days. (B) The body weight of mice in these groups. (C) The typical
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FIGURE 8 | The typical images of tumor slices stained with H&E assay for
(a) Cu7S4@SiO,/DOX+NIR group, (b) Cu7S4@SiO»+NIR group, (¢) DOX
group, and (d) Control group.

After a month, HE analysis of the main organs of mice in the
two groups showed no significant difference (Supplementary
Figure $6). To perform photothermal-chemo therapy of tumors,

mice bearing with melanoma tumor were randomly allocated
into four groups as follow: (1) The control group; (2) DOX group;
(3) CuyS4@SiO,+NIR group; (4) Cu;S4@Si0,/DOX+NIR
group. The mice in (2) group were intratumorally injected
with DOX PBS solution (50 pL, 80 pg), and mice in (3 and 4)
group were intratumorally injected with Cu;S4@SiO; (50 L,
0.1 mg mL™!) and Cu;S;@Si0,/DOX PBS solution (50 L,
0.1 mg mL~!). Figure 6a shows the typical thermal image of
mice with the tumor area exposed to a 1064 nm NIR laser (0.6
Wem™2), in which the tumor treated with Cu;S;@Si0,/DOX
shows the bright red while the tumor received PBS exhibits the
normal color. The surface temperature of tumor treated with
Cu;S,@Si0,/DOX increases from ~34.2°C to the balanced
~57.9 °C at 300 s, resulting in temperature elevation of 23.7°C
which was much higher than that (3.5°C) for the tumor received
PBS (Figure 6b). Thus, the Cu;S4@SiO,/DOX within tumor
remain high photothermal conversion effect, which can convert
1064 nm NIR laser energy into enough heat to thermally ablate
cancer cells.

After different treatments, mice in all groups were raised
under the standard condition for the long-term observation of
cancer treatment efficacy. The tumor sizes and body weights were
recorded. The change of relative tumor volumes is demonstrated
in Figure 7A. Obviously, the tumor volume in the control
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group increases greatly which was five times the initial volume.
For the tumors in the DOX group and Cu;S;@SiO,+NIR
group, their growth has been inhibited, due to the cytotoxicity
of DOX for DOX group and the photothermal therapy for
CuzS4@SiO2+NIR group. Interestingly, in the case of the tumors
in the Cu;S4@Si0O2/DOX+NIR group, their volume goes down
continuously with the significant inhibition efficiency compared
to the other three groups. The high inhibition efficiency should
be due to the synergistic photothermal-chemo effect from the
combination of Cu;S;@SiO,/DOX and NIR laser irradiation. On
the one side, the photothermal therapy can instantly kill part of
cancer cells through high temperature, and on the other side,
the load DOX within Cu;S;@Si0,/DOX can continuous release
to kill the remaining cancer cells, thus achieving the synergistic
effect on melanoma tumors. In addition, there was no any sign
of loss in body weight for all groups (Figure 7B). Therefore,
the satisfactory inhibition efficiency can be realized from the
synergistic photothermal-chemo therapy by the combination of
Cu7S4@Si0,/DOX and 1064 nm NIR laser, while no obvious side
effect for mice.

Furthermore, mice in all groups were sacrificed when a tumor
size was beyond 1.0 cm (Figure 7C). The tumors were extracted
for the sacrificed mice, which were embedded in paraffin and
crysectioned into slices. After stained with H&E assay, the
tumor slices were imaged for histological examination. Figure 8
manifests the typical morphology of tumor cells, and the cancer
cells shows the normal and complete morphology in regard to the
cell size, shape and nuclear. The significant cell damage is noticed
for Cu;S;@SiO2/DOX+NIR group (Figure 8a), including the
destroyed cell membranes and the condensed nucleus. For
the tumor cells in the Cu754@SiO,+NIR group (Figure 8b)
and DOX group (Figure 8c), there are some cells showing
the destroyed morphology, indicating the limited therapeutical
effect through photothermal therapy or chemotherapy. On the
contrary, the cell size and shape showed no difference in the
control group (Figure 8d). The above histological examination
solidly verifies the higher therapeutical effect of photothermal-
chemo therapy than photothermal therapy or chemotherapy.

CONCLUSION

In summary, we prepared the Cu;S;@SiO,/DOX and used
them as efficient nanoplatforms for synergistic photothermal-
chemo therapy on melanoma tumors. The Cu;S4@SiO2/DOX
was prepared by firstly synthesizing CuyS4 nanocrystals, then
in situ growing SiO, shell on the surface of Cu;S; nanocrystals,
and finally loading DOX. The Cu;S4@SiO; consisted of Cu;Sys
core with the average diameter of 50 nm and SiO; shell with
the average thickness of 25 nm. The Cu;S4@SiO; nanoplatforms

REFERENCES

Cheng, L., Wang, C., Feng, L, Yang, K, and Liu, Z. (2014). Functional
nanomaterials for phototherapies of cancer. Chem. Rev. 114, 10869-10939.
doi: 10.1021/cr400532z

exhibited the strong and broad NIR absorption and rapidly
converted 1064 nm laser energy into heat, and they also
demonstrated high specific surface area and a large amount of
pores with high DOX-loading content of 59.8%. Importantly,
under the irradiation of 1064 nm laser, Cu;S;@SiO,/DOX
simultaneous generated heat and accelerated the DOX release.
Give these advantages, mice were intratumorally injected with
Cu;S4@Si0,/DOX and irradiated with1064 nm laser, which
achieved the highest therapeutical effect through synergistic
photothermal-chemo therapy compared to photothermal therapy
or chemotherapy alone. Therefore, the Cu;S;@Si0,/DOX can be
served as novel and efficient photothermal-chemo nanoagents for
efficient tumor therapy.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ninth
People’s Hospital, Shanghai Jiao Tong University School of
Medicine.

AUTHOR CONTRIBUTIONS

LZ and HP contributed equally to this work. LZ, HP, and
XH designed the project and wrote the manuscript. LZ, HP,
and YL carried out the experiment. LZ and FL performed
the experimental data analysis. All the authors contributed to
discussion of the results.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81402258, 81702781, 81972524,
and 81602366) and the Science and Technology Commission of
Shanghai (17DZ2260100).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.579439/full#supplementary- material

Dreaden, E. C., Mackey, M. A., Huang, X. H., Kang, B., and El-Sayed, M. A. (2011).
Beating cancer in multiple ways using nanogold. Chem. Soc. Rev. 40, 3391-3404.
doi: 10.1039/c0cs00180e

Huang, X., Zhang, W., Guan, G., Song, G., Zou, R., and Hu, J. (2017). Design
and functionalization of the nir-responsive photothermal semiconductor

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 579439


https://www.frontiersin.org/articles/10.3389/fbioe.2020.579439/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.579439/full#supplementary-material
https://doi.org/10.1021/cr400532z
https://doi.org/10.1039/c0cs00180e
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Photothermal-Chemotherapy

nanomaterials for cancer theranostics. Acc. Chem. Res. 50, 2529-2538. doi:
10.1021/acs.accounts.7b00294

Huang, X. Q,, Tang, S. H., Mu, X. L,, Dai, Y., Chen, G. X,, Zhou, Z. Y., et al. (2011).
Freestanding palladium nanosheets with plasmonic and catalytic properties.
Nat. Nanotechnol. 6, 28-32. doi: 10.1038/nnano.2010.235

Li, B., Wang, Q., Zou, R,, Liu, X,, Xu, K., Li, W, et al. (2014). Cu7.254 nanocrystals:
a novel photothermal agent with a 56.7% photothermal conversion efficiency
for photothermal therapy of cancer cells. Nanoscale 6, 3274-3282. doi: 10.1039/
c3nr06242b

Li, B, Ye, K, Zhang, Y., Qin, J., Zou, R, Xu, K,, et al. (2015). Photothermal
theragnosis synergistic therapy based on bimetal sulphide nanocrystals
rather than nanocomposites. Adv. Mater. 27, 1339-1345. doi: 10.1002/adma.
201404257

Li, Z. L., Hu, Y., Chan, M. L., Howard, K. A, Fan, X. L, Sun, Y., et al. (2016).
Highly porous PEGylated Bi2S3 nano-urchins as a versatile platform for in vivo
triple-modal imaging, photothermal therapy and drug delivery. Nanoscale 8,
16005-16016. doi: 10.1039/c6nr03398a

Liu, J. C., Wu, G. F, Tang, Z. Y, Sun, Q, Wu, J. X, and Lv, R. F.
(2019). Cobalt/manganese oxides as theragnosis nanoplatforms with magnetic
resonance/Near-infrared imaging for efficient photothermal therapy of tumors.
Front. Mater. 6:286. doi: 10.3389/Fmats.2019.00286

Liu, T., Wang, C, Gu, X,, Gong, H., Cheng, L., Shi, X. Z, et al. (2014).
Drug delivery with PEGylated MoS2 nano-sheets for combined photothermal
and chemotherapy of cancer. Adv. Mater. 26, 3433-3440. doi: 10.1002/adma.
201305256

Liu, Y. L, Ai, K. L, Liu, J. H, Deng, M,, He, Y. Y, and Lu, L. H.
(2013). Dopamine-melanin colloidal nanospheres: an efficient near-infrared
photothermal therapeutic agent for in vivo cancer therapy. Adv. Mater. 25,
1353-1359. doi: 10.1002/adma.201204683

Luther, J. M., Jain, P. K., Ewers, T., and Alivisatos, A. P. (2011). Localized surface
plasmon resonances arising from free carriers in doped quantum dots. Nat.
Mater. 10, 361-366. doi: 10.1038/nmat3004

Meng, Z., Wei, F., Wang, R., Xia, M., Chen, Z., Wang, H.,, et al. (2016).
NIR-laser-switched in vivo smart nanocapsules for synergic photothermal
and chemotherapy of tumors. Adv. Mater. 28, 245-253. doi: 10.1002/adma.
201502669

Ou, G, Li, Z., Li, D., Cheng, L., Liu, Z., and Wu, H. (2016). Photothermal therapy
by using titanium oxide nanoparticles. Nano. Res. 9, 1236-1243. doi: 10.1007/
s12274-016-1019-8

Ren, W. Z,, Yan, Y., Zeng, L. Y., Shi, Z. Z., Gong, A., Schaaf, P, et al. (2015). A
near infrared light triggered hydrogenated black TiO2 for cancer photothermal
therapy. Adv. Healthc. Mater. 4, 1526-1536. doi: 10.1002/adhm.2015
00273

Song, G., Wang, Q., Wang, Y., Lv, G, Li, C, Zou, R, et al. (2013). A
low-toxic multifunctional nanoplatform based on Cu9S5@mSiO2 core-shell
nanocomposites: combining photothermal- and chemotherapies with infrared
thermal imaging for cancer treatment. Adv. Funct. Mater. 23, 4281-4292. doi:
10.1002/adfm.201370178

Tian, Q. W, Jiang, F. R, Zou, R. J,, Liu, Q.,, Chen, Z. G., Zhu, M. F,, et al.
(2011a). Hydrophilic Cu9S5 nanocrystals: a photothermal agent with a 25.7%
heat conversion efficiency for photothermal ablation of cancer cells in vivo. ACS
Nano 5,9761-9771. doi: 10.1021/nn203293t

Tian, Q. W., Tang, M. H., Sun, Y. G,, Zou, R. J., Chen, Z. G., Zhu, M. F,, et al.
(2011b). Hydrophilic flower-like CuS superstructures as an efficient 980 nm
laser-driven photothermal agent for ablation of cancer cells. Adv. Mater. 23,
3542-3547. doi: 10.1002/adma.201101295

Tsai, M. F., Chang, S. H. G., Cheng, F. Y., Shanmugam, V., Cheng, Y. S., Su,
C. H,, etal. (2013). Au nanorod design as light-absorber in the first and second
biological near-infrared windows for in vivo photothermal therapy. ACS Nano
7, 5330-5342. doi: 10.1021/nn401187¢

Vankayala, R., and Hwang, K. C. (2018). Near-Infrared-light-activatable
nanomaterial-mediated phototheranostic nanomedicines: an emerging
paradigm for cancer treatment. Adv. Mater. 30:1706320. doi: 10.1002/adma.
201706320

Wang, D., Dong, H., Li, M., Cao, Y., Yang, F., Zhang, K, et al. (2018).
Erythrocyte-cancer hybrid membrane camouflaged hollow copper sulfide
nanoparticles for prolonged circulation life and homotypic-targeting

photothermal/chemotherapy of melanoma. ACS Nano 12, 5241-5252.
doi: 10.1021/acsnano.7b08355

Wang, Y., Wang, K. Y., Zhao, J. F,, Liu, X. G, By, J.,, Yan, X. Y., et al. (2013).
Multifunctional mesoporous silica-coated graphene nanosheet used for chemo-
photothermal synergistic targeted therapy of glioma. J. Am. Chem. Soc. 135,
4799-4804. doi: 10.1021/ja312221g

Wen, L., Chen, L., Zheng, S., Zeng, J., Duan, G., Wang, Y., et al. (2016). Ultrasmall
biocompatible WO3-x nanodots for multi-modality imaging and combined
therapy of cancers. Adv. Mater. 28, 5072-5079. doi: 10.1002/adma.201506428

Xu, W., Meng, Z., Yu, N, Chen, Z., Sun, B, Jiang, X,, et al. (2015). PEGylated
CsxWO3 nanorods as an efficient and stable 915 nm-laser-driven photothermal
agent against cancer cells. RSC Adv. 5, 7074-7082. doi: 10.1039/C4RA15524F

You, J., Zhang, R., Zhang, G. D., Zhong, M., Liu, Y., Van Pelt, C. S,, et al.
(2012). Photothermal-chemotherapy with doxorubicin-loaded hollow gold
nanospheres: a platform for near-infrared light-trigged drug release. J. Controll.
Release 158, 319-328. doi: 10.1016/j.jconrel.2011.10.028

Yu, N, Hu, Y, Wang, X, Liu, G, Wang, Z, Liu, Z, et al. (2017).
Dynamically tuning near-infrared-induced photothermal performances of
TiO2 nanocrystals by Nb doping for imaging-guided photothermal therapy of
tumors. Nanoscale 9, 9148-9159. doi: 10.1039/c7nr02180a

Yu, N, Li, J., Wang, Z, Yang, S., Liu, Z., Wang, Y., et al. (2018a). Blue Te
nanoneedles with strong nir photothermal and laser-enhanced anticancer
effects as “all-in-one” nanoagents for synergistic thermo-chemotherapy of
tumors. Adv. Healthc. Mater. 7:1800643. doi: 10.1002/adhm.201800643

Yu, N., Wang, Z., Zhang, J., Liu, Z., Zhu, B., Yu, J., et al. (2018b). Thiol-capped Bi
nanoparticles as stable and all-in-one type theranostic nanoagents for tumor
imaging and thermoradiotherapy. Biomaterials 161, 279-291. doi: 10.1016/j.
biomaterials.2018.01.047

Zha, Z., Yue, X,, Ren, Q., and Dai, Z. (2013). Uniform polypyrrole nanoparticles
with high photothermal conversion efficiency for photothermal ablation
of cancer cells. Adv. Mater. 25, 777-782. doi: 10.1002/adma.2012
02211

Zhang, K., Meng, X., Cao, Y., Yang, Z, Dong, H., Zhang, Y., et al. (2018).
Metal-organic framework nanoshuttle for synergistic photodynamic and low-
temperature photothermal therapy. Adv. Funct. Mater. 28:1804634. doi: 10.
1002/adfm.201804634

Zhang, M. Y., Liu, X. J., Luo, Q., Wang, Q., Zhao, L. J., Deng, G. Y., et al. (2020).
Tumor environment responsive degradable CuS@mSiO2@MnO2/DOX
for MRI guided synergistic = chemo-photothermal therapy and
chemodynamic therapy. Chem. Eng. J. 389:124450. doi: 10.1016/].Cej.2020.
124450

Zhao, Y., Pan, H.,, Lou, Y., Qiu, X., Zhu, J., and Burda, C. (2009). Plasmonic
Cu2-xS nanocrystals: optical and structural properties of copper-deficient
copper(I) sulfides. J. Am. Chem. Soc. 131, 4253-4261. doi: 10.1021/ja80
5655b

Zheng, T. T., Li, G. G., Zhou, F., Wu, R, Zhu, J. J., and Wang, H. (2016).
Gold-nanosponge-based multistimuli-responsive drug vehicles for targeted
chemo-photothermal therapy. Adv. Mater. 28, 8218-8226. doi: 10.1002/adma.
201602486

Zou, L., Wang, H., He, B., Zeng, L., Tan, T., Cao, H,, et al. (2016). Current
approaches of photothermal therapy in treating cancer metastasis
with nanotherapeutics. Theranostics 6, 762-772. doi: 10.7150/thno.
14988

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer XH declared a shared affiliation, with no collaboration, with the
authors to the handling editor.

Copyright © 2020 Zhang, Pan, Li, Li and Huang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 579439


https://doi.org/10.1021/acs.accounts.7b00294
https://doi.org/10.1021/acs.accounts.7b00294
https://doi.org/10.1038/nnano.2010.235
https://doi.org/10.1039/c3nr06242b
https://doi.org/10.1039/c3nr06242b
https://doi.org/10.1002/adma.201404257
https://doi.org/10.1002/adma.201404257
https://doi.org/10.1039/c6nr03398a
https://doi.org/10.3389/Fmats.2019.00286
https://doi.org/10.1002/adma.201305256
https://doi.org/10.1002/adma.201305256
https://doi.org/10.1002/adma.201204683
https://doi.org/10.1038/nmat3004
https://doi.org/10.1002/adma.201502669
https://doi.org/10.1002/adma.201502669
https://doi.org/10.1007/s12274-016-1019-8
https://doi.org/10.1007/s12274-016-1019-8
https://doi.org/10.1002/adhm.201500273
https://doi.org/10.1002/adhm.201500273
https://doi.org/10.1002/adfm.201370178
https://doi.org/10.1002/adfm.201370178
https://doi.org/10.1021/nn203293t
https://doi.org/10.1002/adma.201101295
https://doi.org/10.1021/nn401187c
https://doi.org/10.1002/adma.201706320
https://doi.org/10.1002/adma.201706320
https://doi.org/10.1021/acsnano.7b08355
https://doi.org/10.1021/ja312221g
https://doi.org/10.1002/adma.201506428
https://doi.org/10.1039/C4RA15524F
https://doi.org/10.1016/j.jconrel.2011.10.028
https://doi.org/10.1039/c7nr02180a
https://doi.org/10.1002/adhm.201800643
https://doi.org/10.1016/j.biomaterials.2018.01.047
https://doi.org/10.1016/j.biomaterials.2018.01.047
https://doi.org/10.1002/adma.201202211
https://doi.org/10.1002/adma.201202211
https://doi.org/10.1002/adfm.201804634
https://doi.org/10.1002/adfm.201804634
https://doi.org/10.1016/J.Cej.2020.124450
https://doi.org/10.1016/J.Cej.2020.124450
https://doi.org/10.1021/ja805655b
https://doi.org/10.1021/ja805655b
https://doi.org/10.1002/adma.201602486
https://doi.org/10.1002/adma.201602486
https://doi.org/10.7150/thno.14988
https://doi.org/10.7150/thno.14988
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

1' frontiers
1In Materials

ORIGINAL RESEARCH
published: 25 September 2020
doi: 10.3389/fmats.2020.00289

OPEN ACCESS

Edited by:

Ming Ma,

Shanghai Institute of Ceramics (CAS),
China

Reviewed by:

Wenlong Zhang,

Xinxiang Medical University, China
Guoying Deng,

Shanghai General Hospital, China

*Correspondence:
Gang Li
ligang@zjnu.cn

Xin Jin
slytix@163.com

Specialty section:

This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Materials

Received: 11 June 2020
Accepted: 30 July 2020
Published: 25 September 2020

Citation:

Huang S, Li G, Yang Z, Hua M,

Yuan Z and Jin X (2020) CuFeS»
Nanoassemblies With Intense
Near-Infrared Absorbance

for Photothermal Therapy of Tumors.
Front. Mater. 7:289.

doi: 10.3389/fmats.2020.00289

Check for
updates

CuFeS,>; Nanoassemblies With
Intense Near-Infrared Absorbance
for Photothermal Therapy of Tumors

Shan Huang', Gang Li?*, Zhengyuan Yang', Min Hua?, Zhe Yuan* and Xin Jin®*

" College of Engineering, Zhejiang Normal University, Jinhua, China, ? School of Mechanical Engineering, Hubei University
of Arts and Science, Xiangyang, China, > USC-SJTU Institute of Cultural and Creative Industry, Shanghai Jiao Tong
University, Shanghai, China, * Xingzhi College, Zhejiang Normal University, Jinhua, China, ® Department of Orthopedics,
Shengli Oilfield Central Hospital, Dongying, China

Photothermal therapy is an efficient cancer treatment method. The development
of nanoagents with high biocompatibility and a near-infrared (NIR) photoabsorption
band is a prerequisite to the success of this method. However, the therapeutic
efficiency of photothermal therapy is rather limited because most nanoagents have a
low photothermal conversion efficiency. In this study, we aimed to develop CuFeS,
nanoassemblies with an excellent photothermal effect using the liquid-solid-solution
method. The CuFeS, nanoassemblies we developed are composed of ultrasmall
CuFeS, nanoparticles with an average size of 5 nm, which have strong NIR
photoabsorption. Under NIR laser illumination at 808 nm at the output power intensity
of 1.0 W cm~2, the CuFeS, nanoassemblies could rapidly convert NIR light into heat,
achieving a high photothermal conversion efficiency of 46.8%. When K7M2 cells were
incubated with the CuFeS», nanoassemblies and then exposed to irradiation, their
viability decreased progressively as the concentration of the CuFeS, nanoassemblies
increased. Furthermore, a concentration of 40 ppm of CuFeS, nanoassemblies was
lethal to the cells. Importantly, after an intratumoral injection of 40 ppm of CuFeS,
nanoassemblies, the tumor showed a high contrast in the thermal image after laser
irradiation, and tumor cells with condensed nuclei and a loss of cell morphology could
be thermally ablated. Therefore, the CuFeS, nanoassemblies we synthesized have a
high biocompatibility and robust photothermal effect and can, thus, be utilized as a
novel and efficient photothermal agent for tumor therapy.

Keywords: near infrared light, bioimaging, photothermal conversion, CuFeS, nanoassemblies, cancer therapy

INTRODUCTION

Photothermal therapy, which utilizes ex vivo near-infrared (NIR) lasers to irradiate photothermal
materials within a tumor to generate heat (>45°C) so that tumor cells can be thermally ablated,
is an emerging treatment modality for killing cancer cells with high therapeutic efficiency (Zou
etal., 2016; Vankayala and Hwang, 2018). The use of photothermal materials with broad and strong
photoabsorption in the NIR region (650-1100 nm) is essential for successful photothermal therapy.
Photothermal therapy using NIR lasers attracts increasing attention from researchers all over the
world due to its safety and high tissue-penetration capacity compared to visible and ultraviolet light.
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Up to date, several kinds of photothermal materials have been
investigated and used for treating malignant tumors, including
organic nanoparticles, such as polypyrrole nanoparticles (Zha
et al., 2013) and melanin nanoparticles (Liu et al., 2013), reduced
graphene oxide nanosheets (Yang et al., 2010; Robinson et al,,
2011) and carbon dots (Ge et al., 2015), metal nanostructures
(Au nanorods (Dreaden et al., 2011), Pd nanosheets (Huang
et al, 2011), and Bi nanoparticles (Yu et al, 2018b), and
semiconductor nanomaterials, such as mental sulfides and oxide-
based nanocrystals (Tian et al., 2011b; Huang et al., 2017; Yu
et al., 2017, 2018a). In particular, a number of semiconductor
nanomaterials have received tremendous attention due to their
tunable composites, easy synthesis, and strong and stable
photothermal effect. For example, CuS-based photothermal
nanomaterials have been reported with varied ratios of Cu/S
and different morphologies, such as CuS nanodots (Li et al,
2010), flower-like CuS superstructures (Tian et al., 2011b), CugSs
nanocrystals (Tian et al., 2011a), and Cuy.,S4 nanocrystals (Ling
et al., 2014). These photothermal nanomaterials have exhibited
strong photothermal effects under the irradiation of NIR lasers at
different wavelengths (808, 915, 980, and 1064 nm). However, the
application of semiconductor nanomaterials is rather hindered
because of their unsatisfactory biocompatibility and hydrophobic
surface. Thus, it is still necessary to develop semiconductor
nanomaterials with high photothermal conversion efficiency and
biocompatibility for photothermal therapy of malignant tumors.

Most recent research has increasingly focused on ternary
nanostructures instead of metal mono- and dichalcogenides.
Ternary nanostructures are capable of strong photoabsorption
and also have a tunable feature for adjusting their intrinsic
photoabsorption band and adding imaging properties, which
can be employed for multimodal imaging and enhanced
therapies (Jiang et al., 2017). For example, ternary CusFeS4
cubes with an average size of 5 nm and a strong NIR
photoabsorption and magnetic resonance imaging (MRI) ability,
which enables them to be used as T;-weighted MRI contrast
and photothermal nanoagents, have been developed by using the
pyrolysis route (Wang et al., 2018). The Cu-Fe-S and Cu-Fe-
Se nanostructures, with different compositions, such as CusFeSys
particles, CusFeS4 nanocrystals, Cuy.;Fe;.1S; nanocrystals, and
CuFeS; nanocrystals, are one of the most interesting ternary
systems (Pei et al., 2011; Gabka et al., 2016; Zhao et al., 2016;
Wang et al., 2018). Among these Cu-Fe-S nanostructures, CuFeS,
nanocrystals are antiferromagnetic semiconductors, showing an
excellent photoabsorption band ranging from the ultraviolet
region to the NIR region. Currently, there are only a few available
methods for preparing CuFeS, nanocrystals. For example, one
method involves the injection of sodium diethyldithiocarbamate
to a mixture of CuCl,, FeCls, and oleic acid in 1-dodecanethiol.
The CuFeS; nanocrystals obtained by using this method have
an average size of ~6 nm and an optical band gap of 1.2 eV,
which is much higher than that (0.6-0.7 eV) of bulk CuFeS,
(Wang et al., 2010; Kumar et al., 2013). However, these synthesis
methods require a complex operation and usually lead to water
solubility problems, which limits their bio-applications. It has
been revealed that nanoassemblies, similar to self-assembled
WO3_y hierarchical nanostructures (Li et al., 2014) and CuS

superstructures (Tian et al., 2011b) could serve as excellent
laser-cavity mirrors which could make near-infrared light reflect
multiple times on the surface of nanoassemblies, and thus can
be used to promote the photothermal conversion efficiency.
Therefore, it is vital to develop a simple method for synthesizing
CuFeS; nanocrystals with strong NIR photoabsorption, a high
photothermal conversion efficiency, and hydrophilicity.

The aim of this study was to synthesize CuFeS,
nanoassemblies to be used as efficient photothermal nanoagents
for photothermal therapy of cancer cells both in vitro and
in vivo. The CuFeS, nanoassemblies are prepared by using
the liquid-solid-solution method, in which the metal ions
of Cu’* and Fe** react with the S precursor in the mixed
solution containing deionized water, ethanol, oleic acid, sodium
oleate, and poly(N-vinyl-2-pyrrolidone) at 180°C for 48 h. The
obtained CuFeS; nanoassemblies are composed of ultrasmall
CuFeS; nanoparticles, and they exhibit a strong and broad
NIR photoabsorption. Under laser irradiation at 808 nm,
the aqueous solution containing the CuFeS, nanoassemblies
can rapidly convert laser energy into heat, achieving a high
photothermal conversion efficiency of 46.8%. Importantly,
after incubation with CuFeS, nanoassemblies, cancer -cells
show high activity without laser irradiation, indicating that the
CuFeS; nanoassemblies are highly biocompatible. Moreover,
when the CuFeS; nanoassemblies are injected into tumors,
the tumors show high contrast in thermal images and can be
thermally ablated using laser irradiation at 808 nm. Therefore,
the CuFeS; nanoassemblies can be utilized as novel and efficient
photothermal nanoagents for tumor therapy.

MATERIALS AND METHODS

Synthesis of CuFeS,; Nanoassemblies
CuCl,-2H,0, FeCl3-6H,0, 1-dodecanethiol, oleic acid, sodium
oleate, poly(N-vinyl-2-pyrrolidone) (PVP, K30), and anhydro
ethanol were purchased from Sigma and were used without
further purification. The CuFeS; nanoassemblies were prepared
by using the liquid-solid-solution method. In a typical synthesis
route, CuCl,-2H,O (0.5 mmol) and FeCl3-6H,O (0.5 mmol)
were introduced to a mixed solution containing deionized water
(5 mL), ethanol (10 mL), oleic acid (10 mL), sodium oleate
(5 mmol), and PVP (0.5 mg), and the mixture was stirred for
30 min at room temperature (~23°C). Then, 10 mmol of 1-
dodecanethiol was introduced into the above solution, which was
stirred again for 60 min. The solution was sealed and treated
in an autoclave at 180°C for 48 h. Then, the black precipitates
were washed three times with a solution of ethanol/water (8/2
vol.). One part of the black precipitates was dispersed into the
deionized water while another part was vacuum dried at 60°C.

Characterization of the CuFeS,

Nanoassemblies

The morphology of the CuFeS, nanoassemblies was studied by
using transmission electron microscopy (TEM, JEOL2100F). The
composites and phase of the CuFeS, powder were measured by
using x-ray photoelectron spectroscopy (XPS, EscaLab) and an
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x-ray diffractometer (XRD, Bruker D4). The photoabsorption
of the CuFeS, nanoassemblies in deionized water was tested
by using a spectrophotometer (Shimadzu, UV-1900). The
photothermal performance was investigated using a laser at
808 nm to illuminate the CuFeS, nanoassemblies in deionized
water, and their temperature change was recorded using a
thermal imaging camera (FLIR A300).

Cytotoxicity Test

Cytotoxicity testing of the CuFeS, nanoassemblies was carried
out by using the methyl thiazolyl tetrazolium (MTT) assay. In a
typical procedure, K7M2 cells were seeded into 96-well culture
plates at a density of 1 x 10*/well under standard conditions for
12 h. Then, the medium was replaced with a new medium that
contained CuFeS, nanoassemblies at the final concentrations of
0, 2.5, 5, 10, 20, 40, 80, and 160 ppm, followed by incubation for
24 h. Subsequently, the cells were washed with PBS, and fresh
medium containing MTT (5 mg mL~!) was introduced to each
well. After incubation for 2 h, the old medium was discarded,
followed by the addition of 100 L of dimethyl sulfoxide solution,
and the absorption intensity at 570 nm was measured.

Photothermal Cell Therapy

To measure the efficiency of photothermal therapy in vitro, K7M2
cells were cultured into 96-well plates (1 x 10* cells/well) under
standard conditions. After 12 h, the cell medium was replaced
with fresh medium containing the CuFeS; nanoassemblies at the
final concentrations of 0, 10, 20, and 40 ppm. A total 1 h later, the
K7M2 cells were exposed to laser illumination at 808 nm (1.0 W
cm™2, 5 min). Subsequently, the cells were washed with PBS
for the MTT test. In the meantime, after photothermal therapy,
cells in the parallel group were stained with Calcein AM and
Propidium iodide (PI) using the Calcein AM/PI assay for 1 h and
imaged by using a microscope (Leica).

Photothermal Therapy of Solid Tumors

Mice bearing K7M2 tumors with a surface diameter of ~0.5 cm
were divided into two groups (n = 3/group) and they were
anesthetized with pentobarbital (50 mg kg~!) before laser
irradiation. The mice in the first group (PBS + Laser) were
intratumorally injected with a PBS solution (50 pL) and
irradiated at 808 nm with a laser (1.0 W ¢m™2, 5 min). The
mice in the second group (CuFeS; + Laser) were intratumorally
injected with CuFeS, nanoassemblies in PBS solution (50 pL,
40 ppm) and then irradiated at 808 nm with a laser (1.0 W
cm~2 for 5 min). During the irradiation, the thermal image of
the mouse body was monitored, and the surface temperature of
the tumor was recorded.

Histological Examination

After photothermal therapy for 1 day, mice in all groups
were sacrificed to harvest the tumors and main organs which
were subsequently fixed in paraffin and then cryosectioned.
The tissue slices were subsequently stained with hematoxylin
and eosin (H&E), and examined using a digital microscope
(Zeiss AxioCam MRc5).

Biocompatibility in vivo

The biodistribution of the CuFeS; nanoassemblies was evaluated
using healthy mice intravenously injected with 12 mg-kg~! of
the CuFeS; nanoassemblies. Major organs, such as kidney, liver,
spleen, heart, and lungs were achieved at different time points
(i.e,, 1, 7, 14, 20 days) after administration. Copper content in
these organs were determined by ICP-AES analysis. Meanwhile,
blood samples were collected at different time points (i.e., 0, 1,
7, 14, 20 days) after the intravenous injection of the CuFeS,
nanoassemblies (12 mg-kg—!) or PBS solution.

RESULTS AND DISCUSSION

The CuFeS, nanoassemblies were prepared by using the liquid-
solid-solution method, in which the metal ions of Cu?** and
Fe>* reacted with the S precursor in a mixed solution containing
deionized water, ethanol, oleic acid, sodium oleate, and PVP
at 180°C for 48 h. After the end of the reaction, black
precipitates were obtained, and their morphology and size
were first characterized by using TEM. The TEM image in
Figure 1a reveals that the black precipitates are composed of
nanoparticles with a size of 200-500 nm and do not have a
clear morphology. The size of as-prepared products in water
measured by dynamic light scattering (DLS) were around 400 nm
(Supplementary Figure S1A), indicating that those products
were mostly individually dispersed. Moreover, the size of the
products in PBS determined by DLS showed very little change
over time (Supplementary Figure S1B), also indicating a good
dispersion. It should be noted that the term nanoassemblies is
used to describe the sample as it is composed of a number of
ultrasmall particles, which have an average size of ~5 nm. The
high resolution TEM image in Figure 1b exhibits a clear lattice
with an interplane spacing of ~0.3 nm, which corresponds to the
(112) plane of the tetragonal CuFeS; (JCPDS card no. 81-1959),
indicating that the ultrasmall particles are CuFeS,. Furthermore,
the phase of CuFeS; nanoassemblies was also studied by using the
XRD pattern (Figure 1c); there were three prominent diffraction
peaks at 27.9°, 46.4°, and 55.0° which can be well indexed to
(112), (220), and (312) of the tetragonal CuFeS, (JCPDS no. 81-
1959), respectively. Therefore, the above TEM and XRD analyses,
demonstrate the successful synthesis of CuFeS; nanoassemblies.
Subsequently, the elements of CuFeS, nanoassemblies were
investigated using XPS. The XPS survey spectrum (Figure 1d)
confirmed the obvious signals of Cu 2p, Fe 2p, and S 2p, which
suggested that the nanoassemblies are made of Cu/Fe/S elements.
In addition, the average Cu:Fe:S composition of the CuFeS;
nanoassemblies was determined to be 1.00:0.97:2.12, which is
quite close to the ideal ratio of 1:1:2. From the Cu 2p core-level
spectrum (Supplementary Figure S2A), we could observe Cu!™
2p3/2 at 932.6 eV and Cult 2p2/2 at 952.5 eV while there was no
trace of a satellite peak for Cu** 2ps, at around 942 eV, verifying
that the Cu element in the CuFeS, nanoassemblies is Cul™.
For the Fe2p core-level spectrum (Supplementary Figure S2B),
Fe 2p3/, and 2p;/, are, respectively, centered at 710.6 eV and
723.6 eV which are in good agreement with Fe3*, indicating that
the Fe element in the CuFeS; nanoassemblies is at the state of + 3.
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FIGURE 1 | Characterization of CuFeS, nanoassemblies using transmission electron microscopy (TEM) (a) TEM image, (b) High resolution (HR)-TEM image,
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survey spectrum of CuFeS, nanoassemblies.

Thus, XPS analysis confirmed the presence of Cu!™ and Fe** in
the CuFeS; nanoassemblies.

It has been reported that CuFeS; nanomaterials are capable
of NIR absorbance. To study the photoabsorption performance,
CuFeS; nanoassemblies were dispersed into deionized water and
tested by using a UV-vis-NIR spectrophotometer. The solution
of CuFeS; nanoassemblies is dark yellow, and it shows a strong
and broad absorbance ranging from 300 to 1100 nm with
the peak centered at 500 nm (Figure 2A). Subsequently, we
investigated the NIR-laser-induced photothermal effect by using
an 808 nm laser to illuminate the CuFeS, nanoassemblies in
deionized water. Under the illumination of the laser at 1.0 cm~2,
the temperature of deionized water goes up by less than 1.8°C
after irradiation for 5 min, indicating no obvious photothermal
effect for deionized water (Figure 2B). With the addition of the
CuFeS$; nanoassemblies, the temperature goes up quickly and the
temperature elevation is determined to be 10.8, 20.4, or 29.7°C for
the concentrations of 10, 20, or 40 ppm, respectively, indicating
a rapid laser response and a high photothermal conversion.
The above results confirm the strong and concentration-related

performance of the CuFeS; nanoassemblies when illuminated by
a NIR laser at 808 nm.

In order to calculate the photothermal conversion efficiency
(n) of the CuFeS, nanoassemblies, we dispersed them into
deionized water, which was then exposed to 808 nm NIR laser
(1.0 cm™2, 5 min) irradiation. The temperature curve during
the laser’s on and off periods was recorded, as demonstrated
in Figure 3A. The temperature quickly increased once the
nanoassemblies were exposed to 808 nm irradiation and then it
decreased when the laser was turned off. Figure 3B shows the
system time constant t; which was obtained from the cooling
period when the laser was switched off, and was determined to be
168.4 s. The photothermal conversion efficiency was calculated by
using the following equations:

hA (A Tmax,dis_ A Tmax,HZO)
I(1 — 10~4s0s )

‘rl:

mDCD
hA

s =
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FIGURE 2 | (A) A representative photograph and photoabsorption spectrum of the CuFeS, nanoassemblies dispersed in water. (B) Temperature elevation curves of
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where I and Agpg stand for the NIR laser power and
the absorbance of dispersion at 808 nm, respectively. The
value of hA can be calculated from the equation used to
calculate the system time constant t; with the help of the
mass (mp, 0.2 g) and the heat capacity (Cp, 4.2 ] g_l) of
deionized water. AT,y dis and ATmax H20 are the temperature
changes of the CuFeS; nanoassemblies and of deionized water,
respectively. The photothermal conversion efficiency of the
CuFeS; nanoassemblies was calculated to be 46.8%. Therefore,
the CuFe$S; nanoassemblies have a high photothermal conversion
efficiency, indicating a great potential to be utilized as an efficient
photothermal nanoagent for treating cancer cells.

Next, we investigated the effects of these CuFeS;
nanoassemblies on the viability of K7M2 cells in vitro through the
MTT method. After incubation with the CuFeS, nanoassemblies
at the concentrations of 0, 2.5, 5, 10, 20, 40, 80, and 160 ppm
for 24 h (Figure 4A), K7M2 cells retained high viability. Their

viability at 160 ppm was determined to be as high as >85%,
indicating the low cytotoxicity of the CuFeS; nanoassemblies.
Moreover, we have investigated the photothermal therapeutic
ability of the CuFeS, nanoassemblies by incubating them
with cells and then irradiating them with a laser at 808 nm
(1.0 cm™2, 5 min). Compared to the cells that were not incubated
with CuFeS, nanoassemblies, the viability of the cells treated
with CuFeS, nanoassemblies decreased as the concentration
of the added CuFeS, nanoassemblies increased. The average
viability of the K7M2 cells was 78, 36.5, and 8.6% at the
CuFeS; nanoassemblies concentrations of 10, 20, and 40 ppm
(Figure 4B), respectively. In the meantime, the treated cells were
treated with a Calcine AM/PI assay to clarify the therapeutic
photothermal effects of the CuFeS,; nanoassemblies. Laser-
irradiated cells treated with PBS showed green fluorescence
(Figure 5a), which indicated that the laser had no effect on the
activity of these cells. In contrast, laser-irradiated cells incubated

Frontiers in Materials | www.frontiersin.org 92

September 2020 | Volume 7 | Article 289


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Huang et al.

Photothermal Therapy

>

1004

Cell viability (%)
» (=2 (<]

N
o
I

o
I

FIGURE 4 | (A) The relative viability of K7TM2 cells after incubation with the CuFeS, nanoassemblies at a series of concentrations (0, 2.5, 5, 10, 20, 40, 80, and
160 ppm). (B) The relative viability of KTM2 cells after incubation with the CuFeS, nanoassemblies (0, 10, 20, and 40 ppm) followed by laser irradiation at 808 nm.
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FIGURE 5 | Fluorescence images of Calcein AM/Propidium iodine-stained K7M2 cells after incubation with (a) PBS solution and (b-d) the CuFeS, nanoassemblies
at different concentrations (10, 20, and 40 ppm) followed by laser irradiation at 808 nm.

with the CuFeS, nanoassemblies simultaneously showed green
and red fluorescence at the concentration of 10 ppm, whereas
only red fluorescence appeared at the concentration of 40 ppm,
indicating all cells were killed (Figures 5b-d). Thus, we can
confirm that, when exposed to the 808 nm NIR laser, the high
photothermal effect of the CuFeS, nanoassemblies has a high
therapeutic efficiency in K7M2 cells.

After establishing the high photothermal ablation efficiency
in vitro, we further examined the photothermal therapy in vivo.

Mice bearing K7M2 tumors with a surface diameter of
~0.5 cm were divided into two groups: (1) PBS + Laser, (2)
CuFeS; + Laser. The center of the tumors of mice in group
(1) was injected with PBS solution (50 pL), while the tumor
center of mice in group (2) was injected with a CuFeS, PBS
solution (50 pL, 40 ppm). The tumors in groups (1) and (2)
were then laser-illuminated at 808 nm with an output power
intensity of 1.0 cm~2 for 5 min, and the thermal image of the
mouse body was captured. Figure 6a demonstrates the thermal
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FIGURE 6 | (a) Thermal image of a mouse body showing the tumor area injected with PBS (left) and CuFeS, nanoassemblies (right) and exposed to 808 nm NIR
laser irradiation. (b) Typical temperature elevation curves of the treated tumors. (c) Photographs of mice after photothermal therapy. (d) Growth curves of tumors
over time in the two groups after the treatments. (e) Body weight curves over time in the two groups after the treatments.

image of mice in groups (1) and (2), demonstrating that the
tumor treated with the CuFeS, PBS solution showed a much
brighter red fluorescence than that of the tumor treated with
the PBS solution. The temperature profile of tumors in groups
(1) and (2) is shown in Figure 6b. The tumor treated with the

CuFeS; PBS solution showed a high max temperature of 63°C
whereas the PBS-treated tumor exhibited a max temperature
of 38°C. The high temperature in the tumor area is attributed
to the high photothermal conversion efficiency of the CuFeS,
nanoassemblies, which can result in a high therapeutic effect.
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After the photothermal therapy, a scar could be found at the
site of the CuFeS;-treated tumor at day 2, while the original
tumor and scar disappeared at day 14 (Figure 6¢). Additionally,
the tumors of mice in group (2) were disappeared and there
was no reoccurrence observed (Figure 6d), while the tumors
gradually increased in group (1). What's more, there was almost
no difference in body weight among the two groups of mice
(Figure 6e), indicating the low toxicity of CuFeS; nanoassemblies
at the given conditions.

After photothermal therapy, the mice in the two groups were
sacrificed, and tumors were extracted and sectioned for H&E
staining. The typical images of H&E-stained tumor slices are
shown in Figures 7a,b. The cells of the tumor which were injected
with PBS and irradiated have a normal morphology, indicating
the laser had no effect on tumor cells at the given intensity. On
the contrary, the cells of the tumor which were injected with
the CuFeS; nanoassemblies and irradiated by 808 nm lasers had
condensed nuclei. In addition, the loss of normal cell morphology
can be observed. Furthermore, the average cell necrosis rate was
88.4% in tumors treated with CuFeS, and laser irradiation which
was significantly higher than that (11.8%) of tumors treated with
PBS and laser irradiation (Figure 7c). Therefore, the CuFeS,
nanoassemblies developed in this study have been demonstrated

to have excellent photothermal performance in vivo, and can,
thus, be employed as an efficient nanomaterials for photothermal
therapy of solid tumors.

The ideal photothermal agents should have excellent
biocompatibility for biological applications. The biodistribution
of the CuFeS; nanoassemblies was evaluated using healthy
mice intravenously injected with 12 mgkg™! of the CuFeS,
nanoassemblies. Major organs, such as the kidney, liver, spleen,
heart, and lungs were achieved at different time points (ie.,
1, 7, 14, 20 days) after administration. Copper content in
these organs were determined by ICP-AES analysis. It showed
(Supplementary Figure S3) that the CuFeS, nanoassemblies
mainly accumulated in the liver and spleen after the intravenous
administration. The content in these two organs gradually
decreased over time, indicating that CuFeS; nanoassemblies
were mainly degraded through these two organs. The cytotoxicity
of CuFeS, nanoassemblies on major organs was evaluated via
H&E analysis. A total 20 days of the intravenous injection of
the CuFeS, nanoassemblies (12 mgkg™!) or PBS solution,
major organs were collected for H&E analysis. The shape
and size of the organs in the two groups almost showed
no change (Supplementary Figure S4). Meanwhile, blood
samples were collected at the different time points (i.e., 0, 1,
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7, 14, 20 days) after the intravenous injection of the CuFeS,
nanoassemblies (12 mg-kg~!) or PBS solution. There was
no obvious difference in the alanine aminotransferase (ALT,
Supplementary Figure S5A) and aspartate aminotransferase
(AST, Supplementary Figure S5B), which indicated that CuFeS,
nanoassemblies at the given dose showed almost no effect on the
liver and kidney. Therefore, the CuFeS; nanoassemblies showed
excellent biocompatibility.

CONCLUSION

In summary, the CuFeS; nanoassemblies we synthesized in this
study are efficient photothermal nanoagents for photothermal
therapy of cancer cells in vitro and in vivo. The CuFeS;
nanoassemblies are synthesized by using the liquid-solid-
solution method, and are composed of ultrasmall CuFeS,
nanoparticles with an average size of 5 nm. Furthermore, the
CuFeS; nanoassemblies exhibit strong NIR photoabsorption
and can rapidly convert laser energy into heat, achieving a
high photothermal conversion efficiency of 46.8%. Following
incubation with CuFeS, nanoassemblies without laser
irradiation, cancer cells retain high activity indicating the CuFeS,
nanoassemblies have high biocompatibility. However, under laser
irradiation at 808 nm the cells can be thermally ablated due
to the high photothermal effect of the CuFeS; nanoassemblies.
Furthermore, when the CuFeS; nanoassemblies are injected into
tumors, the tumors show a high contrast in thermal images when
laser-irradiated, and the tumor cells are then thermally ablated.
Therefore, the CuFeS, nanoassemblies can be utilized as novel
and efficient photothermal nanoagents for tumor therapy and
inspire the development of other novel nanoagents using an
assembly strategy.
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Chronic inflammation mediated by artery infiltrated macrophages plays critical role in
artery restenosis after endovascular therapy. Evidence has demonstrated the potential
ability of photothermal therapy (PTT) in eliminating chronic inflammation by targeting
inflammatory cells including macrophages. Recently, increasing attention has been
payed to copper chalcogenide nanocrystals doped of radiocontrast agent, e.g., bismuth
(Bi) for computed tomography (CT) guided PTT. However, the application of imaging
guided PTT in preventing artery restenosis is lacking and limited. Herein, a novel
multifunctional CuBiS» nanoparticles (CuBiSo NPs) were synthesized for CT imaging
guided PTT in artery re-stenosis prevention. The optimum amount and other conditions
of CuBiS, NPs were optimized to exert the maximum ablation effect on macrophages
with good biocompatibility. /n vivo carotid injury model revealed that CuBiS, NPs
exhibited promising therapeutic effect on inhibition of artery stenosis by eliminating
macrophages with excellent CT imaging ability. The recent study highlights a new cost-
effective metal nanostructures-based nanotechnology in prevention of artery restenosis
after endovascular therapy.

Keywords: CuBiS, nanoparticles, computed tomography, photothermal therapy, arterial restenosis, endovascular
treatment

INTRODUCTION

Atherosclerosis remains a devastating disease affecting cardio/cerebrovascular system with
high morbidity and mortality (Toyohara et al, 2020). Although endovascular treatment i.e.,
percutaneous transluminal angioplasty (PTA) and stent implantation is somehow considered
the treatment of choice when dealing with atherosclerotic stenosis or occlusion (Baumgartner
et al., 2018), it would unavoidably lead to the injury of arterial endothelium, release of various
cytokines and chemokines, and subsequent recruitment of circulating monocytes to the arterial
wall (Koelwyn et al., 2018; Morley et al., 2018). Once activated, infiltrated monocytes differentiate
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into macrophages, mediating chronic inflammation of the
injured artery (Koelwyn et al., 2018). Evidence has been growing
that inflammatory macrophages play crucial role in artery
restenosis after endovascular treatment (Sun et al., 2016; Pei et al.,
2019). Infiltrated macrophages secrete matrix metalloproteinase
(MMP) to degrade extracellular matrix and pro-inflammatory
cytokines to stimulate the proliferation and transformation of
smooth muscle cell (SMC) via different signaling pathways,
eventually leading to the negative remodeling of the artery,
i.e, artery restenosis (Yamashita et al, 2015; Zhao et al,
2017). Therefore, depletion of local aggregated inflammatory
macrophages would provide a powerful mean to prevent
artery restenosis.

Due to excellent properties of tissue penetration and
minimally invasive, near-infrared (NIR) light driven
photothermal therapy (PTT) based on nanomaterials could
induce apoptosis and cell death by targeting intracellular protein
and DNA (Al-Barram, 2020; Zhang et al., 2020; Zhi et al,
2020). With the advantages above and novel nanoparticles
being developed (such as modified/decorated metal-organic
framework based nanomaterial), nanotech PTT has been
shown to be greatly applied in the anti-tumor theranostics,
cardiovascular diseases and nervous system diseases, etc. (Shan
et al.,, 2018; Luo et al., 2019; Wang et al., 2019; Pan et al., 2020;
Zhou et al., 2020). Using ZD2-engineered gold nanostar@ metal-
oragnic framework nanoprobes, it has been reported that the
nanoprobes based PTT was efficient in treating triple-negative
breast cancer with good magnetic resonance imaging property
(Zhang et al., 2018). Nevertheless, we have previously reported
that other nanoparticles, e.g., CuCo,S4 nanocrystals, MoO;
nanoclusters, Fe3S; nanoparticles, polypyrrole nanoparticles,
and gold nanorods as PTT agents, can effectively alleviate
inflammation by eliminating inflammatory macrophages (Peng
etal., 2015; Qin et al,, 2015; Wang et al., 2019; Zhang et al., 2019).
Collectively, growing evidence suggest that nanoparticles as PTT
agents may be an attractive and promising therapeutic target for
chronic inflammation, including artery re-stenosis. However, the
potential use of nanoparticle-based PTT in preventing artery
restenosis after endovascular intervention is still lacking.

Metal sulfides are kinds of ideal candidate materials for
photothermal applications, but their band gaps are usually too
large to absorb significant fractions of NIR light and it has been
gathering interest that by means of combining Cu™ and Bi**, the
ternary sulfides CuBiS$; is formed (Dufton et al., 2012). CuBiS; is
a semiconductor material with an energy gap distributed between
1.5 and 2.1 eV with good light absorption capability. Askari
and Askari (2019) reported that CuBiS, demonstrated good
photothermal property and showed anticancer effect on AGS
cancer cell line via apoptosis pathway in vitro. On one hand, due
to non-carcinogenic or toxic properties, bismuth is considered
safe in pharmaceutical application and some of its components
or compounds as an anti-inflammatory, antiviral and antifungal
agents are widely used in clinical treatment (Tiekink, 2002; Tuchi
et al., 2008). Moreover, accumulating evidence has been reported
that by doping of radiocontrast agent, e.g., bismuth, copper
chalcogenide nanocrystals exhibited excellent property for CT
guided PTT, which has attracted great attention (Liu et al., 2015).

However, evidence of CuBiS; based PTT in preventing artery
re-stenosis is lacking.

In current study, CuBiS; nanoparticles (CuBiS, NPs) were
synthesized and characterized in vitro/vivo and photothermal
properties of the nanoparticles were further evaluated.
Moreover, the cytotoxicity and PTT effect of CuBiS; NPs
on inflammatory macrophages were also assessed in vitro.
Carotid inflammation/endothelium injury model was established
by using 29G Syringe needle mimicking endothelia damage
after endovascular intervention. After that, PTT was conducted
based on local injection of CuBiS; NPs to the surrounding of
the injured carotid artery. Of note, we specially evaluated the
imaging ability of CuBiS; NPs for in vivo tracking by small
animal CT device. Histologic analysis demonstrated the effect of
PTT in attenuating artery wall inflammation and stenosis. Also,
histologic analysis of major organs and blood examination were
performed to evaluate the biocompatibility of CuBiS; NPs.

MATERIALS AND METHODS

Materials

Raw264.7 (mouse macrophage) was obtained from Fuheng Cell
Bank, Fudan University (Shanghai, China) for the in vitro study.
High glucose (4,500 mg~! mlL) Dulbecco's Modified Eagle/s
Medium (DMEM), penicillin/streptomycin and fetal bovine
serum were purchased from Gibco (Carlsbad, CA, United States).
The CD68 antibody and corresponding 2nd antibody were
purchased from Thermo Fisher Scientific (United States). Cell
Counting Kit-8 (CCK-8) and Calcein-AM/PI Double Stain Kit
were purchased from Thermo Fisher Scientific (United States).

CuBiS,; NPs Synthesis and

Characterization
One-step hydrothermal process (Wang et al., 2019) was used
for the synthesis of the CuBiS, NPs according to the method
described previously. Briefly, 0.256 g CuCl,.2H,O and 0.16 g
BiCl; was mixed and stirred with 30 mL anhydrous alcohol
and 50 mL glycerol by magnetic stirrer, during which thiourea
resolution (i.e., 0.19 g thiourea dissolved in 10 mL anhydrous
alcohol) was dropped and stirred together for 10 min. After that,
the mixture solution was transferred to a flat flask for constant
temperature water bath heating at 60°C for 1 h and moved to
a Teflon lined autoclave to be heated at 160°C for 12 h. After
centrifugation (5,000 r/min), the precipitate was then collected
and washed with 75% ethanol and deionized water three times.

Scanning electron microscopy (SEM) characterized the
size and morphology properties of the CuBiS; NPs. UV-vis
absorption spectra were measured by Jasco V-7000 UV-visible-
NIR spectrophotometer (Tokyo, Japan). X-ray diffractometer
(XRD) analysis were conducted using Aeris X-ray diffractometer
(Malvern, United Kingdom). Fourier transform infrared
(FTIR) spectra were analyzed by KBr pellet methods using
TruDefender™ FTX/FTXi infrared spectrometer (Thermo
Fisher Scientific; United States).

The power of 808 nm semiconductor laser (Hangzhou Qiulai
Optoelectronics Technology Co. Ltd., China) could be externally
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adjusted (average 1.5 W). Calibration of the output power of
lasers was conducted by using a hand-held optical power meter
(Newport model 1918-C, CA, United States).

Cell Culture and Characterization

Raw264.7 macrophages were cultured in DMEM medium
(4,500 mg~! mL glucose, with 10% FBS and 1%
streptomycin/penicillin) and maintained at 37°C in a humidified
5% CO; atmosphere. Cellular immunofluorescence (IF) staining
was performed to identify Raw264.7 macrophage properties by
the fluorescence microscope (Olympus, Japan).

Cytotoxicity and Cell Viability

The cytotoxicity of CuBiS; NPs on macrophages was evaluated
in the absence of PTT. Raw264.7 was co-cultured with CuBiS;
NPs at different concentrations (0, 80, 160, 320 mg/mL) for
12 h. CCK-8 cell proliferation assay was used to measure the
cell viability of macrophages after co-incubation with CuBiS,
NPs, following which the safe concentration of CuBiS, NPs
was determined and utilized for the subsequent in vitro or
in vivo experiments. Next, the photothermal effects of CuBiS,
NPs on macrophages was assessed. Raw264.7 was co-cultured
with CuBiS, NPs at a predetermined concentration above for 12 h
and subjected to 808 nm NIR laser irradiation for 5 min. After
that, the irradiated macrophages stained with Calcein AM/PI
(Calcein AM labeled-green, PI labeled-red, respectively) were
observed under fluorescence microscope to discriminate living
and dead cells. Flow cytometry (FCM) was performed to assess
cell apoptosis analysis after Annexin V/PI staining following the
procedures described previously (Wang et al., 2019).

Intracellular SEM

CuBiS; NPs engulfed by macrophages was observed by
intracellular Transmission Electron Microscope (TEM; JEM-
1400, Tokyo, Japan).

Animal Model and Photothermal Therapy
The animal experiment protocol was approved by Ethics Review
Committee of Shanghai Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine. Male, 8-week-old
apolipoprotein E knockout mice (ApoE~/~ mice; Shanghai
Southern Model Biological Co., Ltd.) were raised under
specific pathogen-free (SPF) conditions. The method for artery
inflammation and endothelium injury mice model is briefly
described as follows: First anesthetize the ApoE~/~ mouse by
intraperitoneal injection of pentobarbital sodium (40 mg/kg),
after that the left common carotid artery (CCA) was dissected,
and blocked by a blocking clamp at the proximal end, an incision
was then made at the distal end of CCA, following which a
29G needle (BD Insulin Syringe Ultra-Fine®) was inserted to
the CCA. To mimic the endothelium injury by endovascular
treatment, the needle in CCA was rotated for three circles and
pushed forward-back for three times. After closing the incision,
the carotid artery was sheathed with a constrictive silica collar as
previously descripted (Wang et al., 2019).

After 14 days, 100 mL (160 mg/mL) CuBiS, NPs were
injected into the left carotid arteries, while the contralateral right

carotid artery was sham-operated to serve as intra-animal control
(without silica collar). Twelve hours after injection, all the necks
were irradiated at 808 nm NIR laser with power density of
0.5 W cm~2 for 5 min. GX-300 photothermal medical device
was used to record the temperature of full-body infrared thermal
images dynamically.

Computed Tomography in vivo

Small animal CT scanning was used to determine the imaging
ability of CuBiS; NPs. Endothelium injury model mice received
CT scanning before and after perivascular injection with the
CuBiS; NPs (160 mg/mL, 100 mL, per mouse). CT data were
acquired using X-ray voltage biased to 50 kVp with a 670
(A anode current with projection angles of 720°. Afterward,
3-dimensional CT imaging was established to observe the
distribution of CuBiS; NPs around the left carotid artery.

Tissue Histological Findings and Blood

Examination

Fourteenth day after PTT, all the mice were sacrificed
for histopathological examination. Both sham-operated and
collared carotid arteries were harvested. The tissue infiltrating
macrophages was stained for its surface maker CD68 and the
immunofluorescent signal was detected by microscope which was
further quantified using Image-Pro Plus software. The number
of infiltrated macrophages were counted by two investigators
blinded to group information. Hematoxylin-eosin (HE) staining
was performed to determine the thickness of the intima-media of
arteries by the Image-pro Plus software.

To assess the biocompatibility and toxicity of the CuBiS,; NPs
in vivo, major viscera, e.g., heart, liver, spleen, lung and kidney
were made at 4-6 nm sections slides for HE staining. Five age-
sex matched healthy ApoE~/~ mice were sacrificed as control.
Biochemical parameters of the blood samples were measured in
Shanghai Research Center.

Statistics Analysis

Quantitative data was represented as means =+ standard deviation
(SD), and one-way Annona analysis was used to compare
the difference among multiple groups. Students f-test was
used when appropriate. A P-value < 0.05 was considered
statistically significant. All data are representative of at least three
independent experiments.

RESULTS AND DISCUSSION

Characterization of CuBiS,> NPs

CuBiS; NPs were synthesized according to one-step
hydrothermal method described previously. Figure 1A
shows the XRD pattern of the as-synthesized products. The
pattern of the sample can be matched well with the emplectite
CuBiS, phase (JCPDS no. 43-1473), without no other peaks.
EDS analysis (Supplementary Figure S1) showed that the
products was composed of three elements (i.e., Cu, Bi, and S),
further indicating the high purity of the CuBiS; NPs. As
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FIGURE 1 | Characterization of CuBiSo NPs. (A) XRD pattern and the corresponding standard pattern of CuBiS, NPs. (B) SEM images of CuBiS, NPs, Scale bars:
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FIGURE 2 | Representative of TEM images of Raw264.7 co-incubated with CuBiS, NPs. Scale bar: 500 nm. (A,B) Macrophages incubated with 160 mg/mL

shown in Figure 1B, SEM results confirmed the products were
nanoparticles with an average diameter of 240 nm (range from
180 to 400 nm). Figure 1C exhibits the UV-vis absorbance
spectrum of the aqueous dispersion of CuBiS, NPs. It showed
an intense absorption band centered at 910 nm. The strong
NIR absorption made the nanoparticles possess the potential of
to be PTT agents. Moreover, the zeta potential of CuBiS; NPs
(160 mg/mL) was recorded by zeta potential analyzer (Nicomp
73000) for 5 min, the result of which showed that the average
zeta potential value was -1.86 mV.

As an important member of mononuclear phagocytic system,
macrophages have powerful phagocytosis. Therefore, before
determining the cytotoxicity and photothermal properties of
CuBiS; NPs on Raw 264.7, we explored the phagocytosis
of macrophages toward the CuBiS, NPs by TEM. The

results showed efficient phagocytosis of CuBiS, NPs with no
obvious accumulation or sever damage to other organelles of
macrophages (Figure 2).

To evaluate the photothermal effect of CuBiS, NPs, the
temperature evolution at different CuBiS; NPs concentration
(0, 80, 160, 320 mg/mL) under continuous 808 nm wavelength
laser irradiation for 300 s were recorded, showing that the
temperature was elevated in dramatic and smooth pattern
with increasement of CuBiS,; NPs concentration (Figure 3A).
Cytotoxicity of CuBiS, NPs on macrophages should be
considered before other biomedical applications. To this end,
Raw264.7 was co-cultured with CuBiS, NPs for 12 h in
the absence of PTT. Subsequently, the CCK-8 assay was
conducted to measure the concentration-dependent cytotoxic
effect of CuBiS, NPs on Raw264.7 (Figure 3B). Finally, no
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FIGURE 3 | Screening the optimal concentration of CuBiS, NPs for photothermal therapy. (A) In vitro photothermal effect of PBS and CuBiS, NPs in aqueous
solution at different concentrations. (B) Relative cell viabilities of macrophages after co-incubation with CuBiS, NPs at different concentrations for 12 h without
photothermal therapy. (C) Relative cell viabilities of macrophages after co-incubation with CuBiS, NPs at different concentrations for 12 h under photothermal
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FIGURE 4 | Photothermal effect of CuBiS, NPs on macrophages by Calcein AM/PI and flow cytometry. (A-C) Representative images of live (green) or dead (red)
cells without or with CuBiS, NPs co-incubation (160 mg/mL), respectively. Scale Bar: 100 pwm.
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FIGURE 5 | CuBiS, NPs based PTT induced apoptosis of macrophages. Flow cytometry analysis of Raw264.7 apoptosis after different treatments: (A) Control;
(B) CuBiSy; (C) CuBiS, + PTT. Cell apoptosis was detected by flow cytometry with annexin-V-FITC and PI. CuBiS, NPs + PTT group showed higher early (Q7) and
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FIGURE 6 | Demonstration of computed tomography imaging property of CuBIS, in vitro and in vivo. (A) The CT signals intensity of different CuBiS, concentration
in vitro. (B) CT value (HU) of the CuBiS, NPs as a function of the concentration of NPs. (C,D) 3-D CT imaging of mice without and with CuBiS, NPs being injected
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FIGURE 7 | In vivo thermal effect of CuBIS, NPs in vivo. (A,B) Representative of infrared thermal images of the mice after being injected with PBS or CuBiS, NPs
under laser irradiation. (C) Temperature changes according to irradiation time in corresponding squared regions (red: PBS control; black: CuBiS, NPs group).
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significant difference on cell cytotoxicity was identified between
the CuBiS; NPs group and the control group below the
concentration of 160 mg/mL, while significant cytotoxicity
was observed when macrophages were co-incubated with
CuBiS; NPs at concentration above 160 mg/mL, indicating that
CuBiS; NPs exhibited good biocompatibility at concentration of
160 mg/mL (Figure 3B).

To investigate the applicability of CuBiS, NPs based PTT,
in vitro evaluation of their photothermal efficacy was performed.
Raw264.7 macrophages were co-cultured with CuBiS,; NPs at
160 mg/mL for 12 h, and then subjected to 808 nm NIR
irradiation (0.3 W/cm?). Calcein AM/PI results demonstrated
that few dead cells were observed in the control group, and
CuBiS; NPs group (Figures 4A,B). While about 60% dead cells
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FIGURE 8 | CuBiS, NPs based PTT mitigated arterial inflammation in vivo. (A-C) Representative of HE and Immunofluorescence stanning of carotid artery from
control group, CuBiS, group and CuBiS, + PTT group, respectively. (D,E) Representative of CD68 + macrophages positive area and artery wall thickness in each

group, respectively. Scale bar: 50 pm.
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were observed in the CuBiS, NPs + PTT group (Figure 4C).
In accordance with Calcein AM/PI, the CCK-8 assay showed
similar results (Figure 3C). The above results showed that CuBiS,
NPs based PTT exhibited excellent photothermal property with
remarkable macrophages death being observed.

Apoptosis is an important type of programmed cell death
which can be induced by thermal effect, whether it is involved
in CuBiS; NPs based PTT induced cell death is unknown.
Annexin V/PI duo-stanning detects the signals of Annexin V
and the impermeable nucleic acid dye, respectively, which can
quantify the proportion of mid- and late-apoptotic cells, we
used Annexin V/PI stanning to determine the CuBiS, NPs
based PTT effect on macrophages and discriminate cell apoptosis
and necrosis. Toward this end, FCM was performed showing
that compared with CuBiS, NPs group, CuBiS; NPs + PTT
group exhibited a significantly higher either early apoptosis
(18.3 vs. 0.21%) or mid/late apoptosis (60 vs. 5.9%) index of
macrophages with statistical difference (Figure 5). In contrast
to programmed cell death, necrosis is the death process in
which cells are subject to strong physical and chemical or
biological factors that cause disordered changes in cells. As shown
in Figure 5, the necrosis index of macrophages was identical
between CuBiS; NPs group and CuBiS; NPs + PTT group,
indicating that the type of CuBiS, NPs based PTT induced
macrophages death was mainly apoptosis instead of necrosis.
The above results demonstrated that CuBiS, NPs based PTT

could ablate macrophages effectively by inducing cell apoptosis
(Figures 5A-C), which possesses great potential to alleviate
chronic inflammation mediated by macrophages.

CT Imaging Assessment and

Photothermal Effect of CuBiS; NPs

in vivo

Nanomaterials have drawn great attention over the decades and
been widely utilized in biomedicine (Cole et al., 2015; Zhang
et al, 2016). Nanoplatforms can integrate imaging moieties
and therapeutic species flexibly, which has been widely applied
in cancer diagnosis and treatment (Liu et al, 2007). Among
numbers of investigations, CT imaging guided PTT has been
widely reported and highly recognized. Conventional contrast
agents have the disadvantages of short imaging time and potential
nephrotoxicity, while new nanocrystal contrast agents such
as Bi;S3, TaOx, and other nanoparticles (NPs) overcome the
above shortcomings and has high absorption coefficient (Ai
et al., 2011; Lee et al., 2012; Leeuwenburgh et al., 2013; Cheng
et al, 2014). With high density (p) and atomic number (Z),
Bi element was reported to possess high attenuation coefficient
of X-ray (Elsabahy et al., 2015). With long vascular half-life,
Bi,S3 nanoplates was reported to gain considerable potential
to achieve enhanced CT efficacy with lower agent dose in
future clinical use (Rabin et al., 2006). In addition to the
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FIGURE 9 | In vivo biocompatibility test of CuBiS, NPs. (A) HE staining of major viscera showed no obvious histopathological changes in heart, intestine, kidney,
liver, lung, or spleen between the control group and the CuBiS, group. Scale bar: 50 wm. (B) Laboratory blood test of control group and CuBiS, group at different
time points (3, 7, 14 days) after CuBiS, NPs injection, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and

creatinine (CR).
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photothermal ablation ability, CT imaging property of CuBiS;
NPs was further assessed in intro and in vivo on the bases of
pre-determined concentration for cytotoxicity and cell viability
evaluation in vitro. Figure 6 presents the CT image of aqueous
dispersions of the CuBiS, NPs with different concentration,
showing that CT signal intensity enhanced with increased
concentrations of the CuBiS, NPs. Meanwhile, the Hounsfield
units (HU) values increased linearly with the concentration of
the CuBiS; NPs. As shown in Figures 6A,B, CuBiS, NPs at
concentration of 160 mg/ml exhibited excellent in vitro imaging
property, which was further tested in vivo showing that distinct
difference was observed in CT images of CuBiS; NPs surrounding
inflammatory artery, demonstrating good CT imaging property
of CuBiS, NPs (Figures 6C,D).

Endovascular repairs would unavoidably cause mechanical
injury to endothelial cells and activates the endothelium
to express massive adhesive molecules and chemokines,
which promotes the recruitment of monocytes, accelerates
differentiation of monocytes into macrophages and aggravate
artery inflammation, leading the restenosis after endovascular
treatment (Sun et al, 2016; Pei et al, 2019). According to
above results, we speculate that the macrophages infiltrated in
the injured lesion of artery endothelium engulf locally injected
non-toxic CuBiS; NPs and provide opportunities for in vivo non-
invasive PTT to attenuate arterial inflammation and stenosis.
Toward this end, a carotid artery inflammation/endothelium
injury model was conducted in ApoE~/~ mice by mechanical
injury to intima using a 29G Syringe needle mimicking

endovascular treatment related endothelium injury to
further validate the feasibility of CuBiS, NPs based PTT
for inhibiting artery restenosis (Supplementary Figure S2).
The mice received local injection of a solution of the CuBiS;
NPs (160 mg/mL, 100 mL) around the left carotid artery
and subjected to NIR laser irradiation (808 nm, 0.5 W
cm~2) 12 h. An equivalent volume of PBS was injected
as control. The local temperatures of the left necks were
recorded by an infrared thermal camera dynamically. In
mice injected with CuBiS; NPs, the local surface temperature
of the left neck gradually increased to 45°C rapidly within
5 min, while non-dramatic increase of the local surface
temperature was recorded in the control group being injected
PBS (Figure 7). After 14 days, the mice were sacrificed,
and the carotid arteries were collected for HE staining and
immunofluorescence examination.

The effectiveness of CuBiS; NPs based PTT for alleviating
arterial inflammation was further assessed by IF (Figures 8A-D),
the results of which showed that the artery-infiltrating
macrophages in the CuBiS, NPs + PTT group reduced greatly.
The HE staining exhibited that the thickness of arterial intima-
media in the CuBiS; NPs + PTT group was much thinner than
that of the CuBiS; NPs group and the control group (Figure 8E).
However, there was no significant difference between the control
group and the CuBiS; NPs group. Thus, the results suggested
CuBiS; NPs as photothermal agents and 808 nm NIR PTT can
effectively eliminate inflammatory macrophages infiltrated in the
layer of artery to inhibit arterial inflammation and stenosis.
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Biocompatibility of the CuBiS,

Nanoparticles

Of note, favorable biocompatibility of NPs should be considered
and guaranteed for living body. Mice from CuBiS; NPs
group and control group (n = 4, each) were sacrificed
14 days after PTT. Paraffin-embedded sections (4 nm) of
major organs were stained with hematoxylin-eosin (HE) dye.
No obvious histopathological changes were found between
the two groups (Figure 9A). No obvious cell degeneration
and necrosis were observed in major viscera (Figure 9A).
Blood samples were tested using Elisa method. Statistical
difference was not gained between the two groups in terms
of alanine aminotransferase (ALT), asparate aminotransferase
(AST), blood wurea nitrogen (BUN), or creatinine (Cr)
(Figure 9B). As dysfunction of endothelial cells contributed
to negative remodeling the artery (e.g., artery restenosis),
Evan’s Blue stanning of the carotid artery from each group
was performed to test the potential side-effect of CuBiS,
NPs on reendothelialization, showing that no difference was
found between the groups (Supplementary Figure S3). These
results show that CuBiS, NPs as PTT agents have no toxic
effects on the major organ function, and thus are safe for
use in vivo.

CONCLUSION

In summary, CuBiS; NPs were successfully synthesized by
one-step hydrothermal method. The NPs showed intense
NIR absorption due to the defect structure, thus were
demonstrated excellent photothermal performance. Due to
the High X-ray attenuation coefficient of bismuth, CuBiS,
NPs possessed CT imaging ability. CuBiS, NPs based
PTT could eliminate macrophages in vitro and in vivo,
expanding the understanding of CuBiS; NPs as efficient
PTT agents for arterial inflammation and restenosis after
endovascular treatment.
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The gold nanostructure is regarded as the most promising photothermal agent due
to its strong localized surface plasma resonance (LSPR) effect. In particular, the
gold nanostructures with sharp spikes on the surface have higher optical signal
enhancement, owing to the sharp tips drastically enhancing the intense nanoantenna
effect. However, current approaches for the synthesis of spiky gold nanostructures
are either costly, complicated, or uncontrollable. Herein, we report a novel strategy
to synthesize gold nano-chestnuts (SGNCs) with sharp spikes as an excellent
photothermal agent. The SGNCs were prepared by a facile one-pot interfacial synthetic
method, and their controllable preparation mechanism was acquired. The SGNCs
exhibited ideal full-spectrum absorption and showed excellent photothermal effect. They
have a photothermal conversion efficiency (n) as high as 52.9%, which is much higher
than traditional photothermal agents. The in vitro and in vivo results show that the
SGNCs could efficiently ablate the tumor cells. Thus, the SGNCs have great potential in
photothermal therapy applied in malignant tumors.

Keywords: SGNCs, photothermal effect, malignant tumor, spike (S), spectral absorption

INTRODUCTION

Tumors, especially malignant tumors, have become one of the greatest threats to human health.
Many strategies were devised for oncotherapy, and photothermal therapy (PTT) is the newest and
most promising strategy among them, which uses PTT agents to convert the near-infrared (NIR)
energy to heat for hyperthermia of tumors (Huang et al., 2017; Liu et al., 2019; Yang et al., 2019;
Fernandes et al., 2020; Wang Y. et al., 2020; Zhang et al., 2020). Lots of PTT agents have been
reported, such as semiconductors (transfer metal sulfide and transfer metal oxide), carbon materials
(carbon nanotube), and noble metals (Liu et al., 2014, 2019; Huang et al., 2017). Among them, gold
nanostructures (GNSs) are the most promising PTT agent, which could obtain strong localized
surface plasma resonance (LSPR) due to their morphology and size (Cao et al., 2014; Furube and
Hashimoto, 2017; Kong et al., 2020; Tabish et al., 2020). GNSs have also been proven not only as
an efficient imaging agent for tumor diagnosis but also as a theranostic agent for thermal ablation
of tumor cells, due to their excellent photothermal effect and tunable optical properties (Xia et al.,
2011;Renetal, 2015; Anetal.,, 2017; D’ Acunto, 2018; Norouzi et al., 2018). For in vivo applications,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 108

October 2020 | Volume 8 | Article 599040


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.599040
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.599040
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.599040&domain=pdf&date_stamp=2020-10-26
https://www.frontiersin.org/articles/10.3389/fbioe.2020.599040/full
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Wan et al.

Gold Nano-Chestnuts for Photothermal Therapy

the LSPR adsorption of GNSs must be optimized to the NIR
region where light has high tissue transparency and penetration
depth. To date, a variety of NIR-absorbing GNSs, such as
nanorods (Xu et al., 2020), nanoshells (Xuan et al., 2016),
nanocones (Zhang et al, 2013), nanocups (He et al, 2012),
nanocages (Xia et al, 2011), and nanostars (Zhang et al,
2019), have been synthesized and widely explored for biomedical
sensing, imaging, and therapy. As viable alternatives, GNSs with
sharp spikes on the surface have emerged and attracted the most
attention for a higher optical signal enhancement, owing to their
sharp tips drastically enhancing an intense nanoantenna effect
(de Silva Indrasekara et al., 2018). This feature leads to a high
LSPR effect and strong adsorption for PTT. Currently, there are
some reports on the synthesis of such spiky gold nanostructures
(SGNSs), for example, peptide-modulated (Yuan et al., 2012;
Yan et al, 2018) or seed-mediated (Sanchez-Gaytan and Park,
2010; de Silva Indrasekara et al, 2018) growth of SGNSs.
However, these approaches are either tedious, complicated, or
uncontrollable with low quality of spikes. Moreover, SGNSs
synthesized by these methods do not exhibit full spectrum
absorbance, although they are highly desired for photo-based
therapy of ablating tumors.

In the current study, we report a novel, facile, scalable strategy
for one-pot synthesis of uniform chestnut-like GNSs densely
populated with sharp spikes on the surface (SGNCs). The SGNCs
were obtained through facile reduction of a gold precursor (an
aqueous solution of HAuCly) by 2-ethoxyaniline (EOA) at an
oil/water interface to modulate the highly branched growth of
GNSs (Figure 1a). The prepared SGNCs show strong absorption,
from the UV to the NIR region (400-1000 nm) instead of
mono- or bimodal absorption for traditional gold nanoparticles
(GNPs), which is due to the dense surface coverage of spikes
with varying diameters and lengths. Furthermore, the SGNCs
exhibited excellent PTT effect, in vitro and in vivo, which can
efficiently ablate tumors under the irradiation of an 808-nm laser.
Thus, SGNCs have a great potential as an excellent PTT agent for
tumor treatment.

EXPERIMENT

Materials

2-Ethoxyaniline, gold (III) chloride hydrate (HAuCly, 99.99%),
and cyclohexane were purchased from Sigma-Aldrich and used
as received. Dulbecco’s modified Eagle’s medium (DMEM), 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI),
and fluoresceinamine isomer I were obtained from Sigma-
Aldrich. Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO),
trypsin-EDTA, and penicillin/streptomycin (5000 U ml) were
purchased from Thermo Fisher Scientific.

Characterization

The SGNCs were imaged using a scanning electron microscope
(SEM, S$-4800) and a transmission electron microscope (TEM,
JEM-2100F). The images of thermal results were recorded by an
SC300 infrared camera (FLIR, VA, United States) and analyzed
with IR images software (FL-IR).

Synthesis of SGNCs

In a typical synthesis, 2.04 mg of HAuCly (6 pmol) was slowly
dissolved in 5 ml of deionized water. Subsequently, 0.5 ml of
an EOA cyclohexane solution (30 mM) was added dropwise
to the above aqueous solution. The mixture was then treated
with ultrasound. The SGNCs were collected by centrifugation
and washed three times with deionized water. Then, the SGNCs
were dispersed in DMF overnight. The SGNCs were further
washed five times. Then, SH-PEG was mixed with the SGNCs
overnight and then the PEG-modified SGNCs were collected
by centrifugation.

Synthesis of GNPs

To prepare GNPs, 1 ml of a 20 mg/ml HAuCly solution was
injected into 500 ml of boiling water containing citrate under
stirring, and then 3 ml of 10 mg/ml sodium citrate was added into
the above solution. The temperature of solution was decreased to
85°C, after refluxing for 40 min. Furthermore, 1 ml of 20 mg/ml
HAuCly solution and 3 ml of 10 mg/ml sodium citrate solution
was added to the above solution. Finally, GNPs were obtained by
centrifugation and washing.

Photothermal Performances in vitro

The solutions of SGNCs and GNPs at a concentration of
300 pg/ml were irradiated with an 808-nm laser (1.0 W/cm?).
The temperature of the solutions was recorded by an infrared
camera (FLIR, VA, United States). To estimate the cell mortality
rate under laser irradiation, the MTT assay was used to evaluate
it. U87MG cells were seeded in 96-well plates, and then these cells
were incubated overnight at 37°C. Further, cells were rinsed with
PBS solution (pH 7.4); the cells were incubated under different
concentrations of SGNCs and GNPs for 4 h at 37°C under the
same conditions. Then, PBS was used to rinse cells a second
time and injected in 200 pl of new culture medium after being
irradiated using an 808-nm laser with ~1 W/cm? for 5 min.
After the irradiation, cells were incubated for another 24 h in
an incubator at 37°C. Procedures for the control group were
identical to the experimental group except for the irradiation.
To further identify the cell viability, Calcein AM and ethidium
homodimer-1 were used to stain the cells to distinguish live
(showing green) and dead (showing red) cells.

In vivo Photothermal Ablation and
Therapy for Tumors

The mice for in vivo experiments were conducted following
the protocols of the Shanghai Committee for the Accreditation
of Laboratory Animal. All processes have been approved by
the Shanghai Science and Technology Commission (Laboratory
Animal Use Permit Number: SYXK2019-0005; Shanghai, China).
All operations were performed after sodium pentobarbital
anesthesia with all efforts made to minimize the suffering of mice.

When the tumor reached a size of ~6 mm, the U§7MG tumor-
bearing mice were randomly divided into three groups (four mice
per group): group I: Control, group II: GNPs, and group III:
SGNCs. For group II and group III, GNPs and SGNCs with a
dose of 5 mg/kg were i.t., injected. Mice in the control group
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FIGURE 1 | (a) Schematic illustration for the synthesis of SGNCs. (b) SEM images of prepared SGNCs from EOA. (c¢,d) TEM images of SGNCs before and after

washed by DMF.

/Cyclohexane +EOA (2-ethoxyaniline)

were did not receive treatment. Mice in groups II and III were
then irradiated by an 808-nm laser at a power density of 1 W/cm?
for 8 min, and an infrared camera was applied to monitor the
temperature changes. The mouse weights and tumor sizes were
measured after treatment every 2 days for 14 days. At day 14, mice
were all killed, and the major organs were isolated for slides. The
slides were stained with hematoxylin/eosin and then observed
with a microscope.

RESULTS AND DISCUSSION

The SGNCs were obtained by an aqueous solution of Au
precursor (HAuCly) mixed with a solution of EOA in
cyclohexane under moderate sonication. The redox reaction
between Au®* and EOA led to the concurrent polymerization of
EOA into spherical poly(EOA) NPs and the formation of uniform
SGNCs on the surface of poly(EOA) (Figures 1b-d). Over time,
the resulting SGNCs detached from the poly(EOA) NPs, leaving
a thin layer of poly(EOA) on the SGNC surface (Figure 1c). The
poly(EOA) layer can be washed away using dimethylformamide
(DMEF), which is a good solvent for poly(EOA) (Figure 1d).
The surface of the SGNCs is densely populated with sharp
spikes with average widths and lengths of ~12 nm and
~40 nm, respectively (Figures 1b,c). The average particle size
was measured to be ~190 nm (Supplementary Figure 1).
The surface of the SGNCs was subsequently modified with
polyethylene glycol (PEG) to improve their biocompatibility in
biological applications.

To understand the growth mechanism of spikes, we evaluated
the time-dependent formation of SGNCs using TEM imaging
and UV-vis spectroscopic analysis. As shown in Figures 2a-
d, immediately after mixing the reactant solutions, bits of tiny
spherical GNPs (~10 nm in diameter) were rapidly formed on the

surface of poly(EOA) NPs (~60 nm in diameter). Approximately
5 min after mixing, many small GNPs presented on the surface
of the polymer spheres, and the diameter of polymer spheres
increased from 50 to 70 nm, suggesting the further reduction
of Au>* to Au® by EOA. The Au deposition continued, spiky
gold thorn gradually grew on the poly(EOA) particles, while
the smaller GNPs disappeared after 5 h. We presume that a
ripening process occurred, leading to the dissolution of the small
GNPs and re-deposition on a few seed GNPs immobilized on
the polymer particles. The reaction was completed in ~5 h to
form a final product of SGNCs of ~190 nm. UV-vis spectra at
the corresponding time points show a gradual increase in the
NIR absorption of the nanostructures as the reaction proceeded
(Figures 2e,f). At the first stage of preparation of SGNCs, there
are bits of GNPs in the poly(EOA) NPs; the absorption peak of
~530 nm is due to the longitudinal LSPR properties of GNPs.
With the growth of the GNPs, the LSPR peaks shifted to red and
became broader due to plasmonic coupling between particles (Hu
etal., 2006). Finally, when the SGNCs were prepared, the obvious
longitudinal peak vanished and formed a broad bandwidth,
which could be attributed to the increasing number of branches
and lengths of GNSs (Cheng et al., 2012; de Silva Indrasekara
et al.,, 2018). Thus, we deduce the preparation mechanism of
SGNCs as in Figure 2g.

We further assessed the potential use of SGNCs as theranostic
agents in PTT and thermal imaging. As shown in Figure 3A,
SGNCs exhibited a significantly higher absorption in the NIR
window (e.g., 808 nm) when compared with GNPs at the
same concentration of Au element. To further investigate the
photothermal performances of the SGNCs and GNPs, the
dispersions of SGNCs and GNPs at a concentration of 300 pLg/ml
and pure water were irradiated under an 808-nm laser with
an energy density of 1 W/cm?. The temperature of the pure
water had an insignificant rise, and a small increase (less than
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10°C) in temperature was observed for the GNP dispersion, while
SGNC dispersion increased to 73.8°C within 600 s (Figure 3B).
Owing to the enhanced LSPR adsorption, the temperature of
SGNCs exhibited an approximately three-fold increase compared
to that of GNPs. The higher photothermal effect of SGNCs than
GNPs was visually observed by thermal images (Figure 3C).
The photothermal conversion efficiency of the SGNCs was
determined according to the previous method (Tian et al., 2011;

Liu et al., 2014): n = % .

After the temperature of the dispersion reached a steady
state, the laser was turned off and the temperature variation
was recorded (Figure 3D). The maximum steady temperature
(T'max) minus environmental temperature (T'sy,y) of the solution
of the SGNCs was 41.5°C. The slope of the linear fitting curve
acquired from the cooling process was used to calculate the T
(Figure 3E). The equation is t = -toIn[(T - T'surr)/(Tmax - Tsurr)]-
Then, the equation of hs = (mpCp)/ts was used to calculate
the hs. Finally, the 808-nm laser heat conversion efficiency (1)
of the SGNCs is calculated to be 52.9%, which is much higher
than traditional photothermal agents, such as gold stars (40.1%)
(Yu et al,, 2020), gold nanorods (23.7%) (Tian et al, 2011),

CuS (38.0%) (Liu et al., 2014), and Bi nanodots (30%) (Lei
et al., 2017). Recent photothermal agents, such as FeCo@C-
PEG nanoparticles (Song et al., 2020), Nano(O-Nonacene)-PEG
(Yin et al., 2019), and upconverting covalent organic framework
(COF) (Wang P. et al,, 2020), are all ingeniously designed for
PTT. However, the presented densely spiky gold nano-chestnuts
are simply designed and showed excellent PTT effect for tumors.
The SGNCs exhibit higher photothermal conversion efficiency
(n) than other photothermal agents, which could be attributed
to the strong spectral adsorption bandwidth in the NIR region.
The SGNCs with dense SGNSs enhance the electromagnetic field
for the tips of the branched particles, which leads to strong
LSPR adsorption (Cheng et al., 2012; de Silva Indrasekara et al.,
2018). These results showed that the SGNCs can be used as an
excellent PTT agent.

The cytotoxicity of SGNCs and their performance in PTT
of tumor cells were evaluated in vitro using U87MG cells. As
illustrated in Figure 4a, the cell viability remained relatively
high after incubation with GNPs or SGNCs with a concentration
as high as 180 pg/ml, indicating good biocompatibility. The
viability of cells incubated with Au nanostructures and exposed
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to an 808-nm laser was further investigated using the MTT
assay (Figure 4b). The cell viability of the GNP-treated groups
showed no obvious divergence from control groups even at
concentrations of ~150 pg/ml. In contrast, the SGNC-treated
group showed a significant reduction in cell viability with
increasing SGNC concentration upon laser irritation. The PTT
of tumor cells was further confirmed by staining living cells of
the aforementioned groups (Figures 4c-e). Most of the cells
were killed by the SGNC-treated group due to the excellent
photothermal effect. Nevertheless, tumor cells’ death was not
significant in the GNP-treated groups and the control group.
GNPs serve as robust PTT agents toward tumor therapy, which
might trigger cancer cell death by a programmed apoptosis
with the activation of the caspase-3 pathway (Ali et al., 2016;
Wang et al., 2018).

The mice were separated into three groups casually (four
mice for each group) to elevate the PTT effect. The mice in
the control group received no treatment. The mice in the GNP
and SGNC groups were intravenously injected with 100 pl of
5 mg/kg GNPs and 100 pl of 5 mg/kg SGNCs, respectively.
Then, the GNP and SGNC groups were irradiated with NIR
laser for 8 min at the tumor site. For the SGNC group,
the tumor temperature rapidly reached 50°C, which is high
enough to irreversibly kill the tumor cells. While the tumor
temperature of the GNP group only increased to below 45°C
(Figure 5A), which is not enough to kill tumor cells (Liu

et al., 2020). After NIR irradiation, the volume change of
tumors along with the body weight of the tumor-bearing mice
were measured every 2 days. We found that the SGNC group
obviously inhibited the growth of tumor cells, even completely
ablating the tumor (Supplementary Figure 2), while tumor
growth had no obvious difference between the GNP group
and the control group (Figure 5B). Moreover, mice in the
SGNC and GNP groups had no significant weight loss during
treatment, implying negligible systemic toxicity of nanomaterials
(Figure 5C). Furthermore, the pictures of organs’ H&E stain
show that tissue structure and cells had no obvious difference
between the SGNC and the PBS group (Figure 5D), further
proving the safety of SGNC treatment.

CONCLUSION

In summary, we have developed a novel facile approach
for the preparation of SGNCs with high density of spikes
and full-spectrum absorption and explored its controllable
preparation mechanism. The SGNCs had a photothermal
conversion efficiency as high as 52.9%. Moreover, the SGNCs
could completely ablate the tumors under NIR irradiation of the
808-nm laser, showing better performance than GNPs due to the
high density of spike structure. Therefore, SGNCs can serve as
good PT agents for tumor therapy.
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The photothermal agents have been widely developed due to the minimally invasive
treatment for targeted tumor photothermal therapy, which is considered to have great
potential for antitumor bioapplications. The development of multifunctional photothermal
agents is extremely challenging. This work presents a novel photothermal theragnosis
agent, i.e., CuGeO3 nanoparticles (CGO NPs), showing intense absorption in the
near-infrared (NIR) window and excellent ability of CT imaging. Due to the strong
NIR absorption, CGO NPs exhibit excellent photothermal effect with a photothermal
conversion efficiency of 59.4%. Moreover, because of the high X-ray attenuation
coefficient of germanium, the CGO NPs have a great potential of CT imaging diagnosis
in clinical application. Additionally, the CGO NPs show negligible cytotoxicity in vitro
and in vivo, indicating that it can be served as an outstanding contrast and anticancer
agent in a biosafe way. Our work opens the way for the development of bimetallic
copper-based oxides used in photothermal diagnostic agents for cancer treatment.

Keywords: photothermal theragnosis agent, multifunction, CT imaging, photothermal therapy, CuGeOj;
nanoparticles

INTRODUCTION

With the development of medical sciences, the average life expectancy of humans has been
significantly improved, but cancer still remains a major threat. Early treatment of cancer, such as
complete resection of the positive edge of the tumor, has a negative impact on health. Thus, the
development of novel therapeutic methods is of great significance for improving cancer therapy
(Lee etal., 2012; Liu et al., 2017). An ideal cancer treatment approach should be with low side effect,
non-invasive, and targeting (Li and Pu, 2019). A large number of nanomaterials with low toxicity
have been reported to efficiently promote photothermal therapy (PTT) for in vivo tumor ablation
(Zhang et al., 2020). The interior properties of nanoparticles, including intrinsic optical and
electrical properties, can be effective for PTT. The compounds of transition metal elements, which
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have a large atomic number and a variety of valences could
attribute to strong absorption in the NIR region. Some of them
also have a large X-ray attenuation coeflicient, such as FeS,
WOy, and Bi;S; (Nam et al,, 2019). Compared with metallic
photothermal agents such as Au nanostructures (Lee et al., 2019),
Ag nanoparticles, and Pt-based nanostructures (Huang et al.,
2011), transition-metal nanoparticles possessing intense optical
properties that are low cost, and have low cytotoxicity can
serve as effective candidates for photothermal therapy of cancers
(Chen et al., 2013).

The ternary semiconductor nanomaterials can inherit the
performance of the corresponding binary semiconductors (Li
et al, 2015, 2017; Wang et al, 2015). A series of studies
have reported that ternary nanomaterials based on copper-
based chalcogenide photosensitizers [for example, CuCo,S4
nanocrystals (Zhang et al., 2019), CuFeS, nanoplates (Ding et al.,
2017), or copper bismuth sulfide (Li et al., 2015)] could show
several exciting properties such as strong absorption in the NIR
region, excellent photothermal effect, and good photothermal
stability. For example, copper-bismuth-sulfur nanostructures
(such as Cu3BiS3) are usually p-type semiconductors. On
the one hand, these nanomaterials may have many carrier
concentrations due to copper defects and exhibit NIR absorption
properties similar to binary copper-based chalcogenides (Li
et al, 2015). On the other hand, the copper-bismuth-sulfur
nanostructures can be used as efficient CT contrast agents like
the BiyS; nanostructure due to the high X-ray attenuation
coefficient of bismuth that has been extensively used for
CT imaging (Ai et al, 2011). In theory, ternary copper-
based semiconductor nanomaterials can show NIR absorption
property and CT imaging ability. CuGeO3 nanoparticles have
recently made some progresses in morphology and crystal phase
control (Fu et al., 2018; O’Neal et al., 2018), but no CuGeQOs3
(CGO) nanoparticles with strong near-infrared absorption are
synthesized (Bassi et al., 1996), which probably resulted from
the low carrier concentration caused by monovalent copper ions
(Tian et al., 2011). However, the concentration of the carriers in a
semiconductor can be adjusted by doping and crystal defects (Li
et al., 2014). These properties make the defect-structured CGO
nanoparticles a new type of photothermal diagnostic agent.

In this work, CGO nanoparticles were designed and
synthesized as biocompatible agents for photothermal therapy
by a facile solvothermal method, which showed a favorable
application in photothermal therapy (PTT) due to their small
size, good dispersion, strong near-infrared (NIR) absorption,
and excellent photothermal effect. In the CGO nanoparticles,
the coexistence of different valences of copper ions attributes
to the obvious absorption in the NIR region that resulted from
the d-d energy band transition of Cu?* (Tian et al., 2011; Li
et al., 2015). As we expected, CGO nanoparticles showed an
amazing photothermal effect with a photothermal conversion
efficiency of 59.4%. CuGeO3 nanoparticles were first used as the
photothermal agents for cancer treatment. When CT imaging was
combined with photothermal therapy, CuGeOs nanoparticles
could enhance antitumor therapy due to the CT imaging-guided
photothermal therapy. In addition, the good biocompatibility
performance of Ge and Ge-containing compounds makes it

possible to be used as dietary supplements (Gao et al., 2019;
Song and Kazarian, 2020).

MATERIALS AND METHODS
Synthesis of CGO Nanoparticles

CGO nanoparticles were synthesized via a simple solvothermal
route. Normally, 0.7248 g of Cu(NO3),-3H,0 and 0.3139 g of
GeO; was fully dissolved in dehydrated ethanol (35 ml) with
magnetic stirring at room temperature until the mixture solution
completely dissolved. After 30 min of stirring, the NaOH solution
(2 M, 100 pl) should be gently added into the ethanol dispersion
of Cu(NO3); and GeO; drop by drop. In this period, the magnetic
stirrer should remain stirring for at least 20 min to make sure
of a sufficient reaction. Next, the homogeneous solution was
transferred into a Teflon-lined autoclave (50 ml in volume).
The temperature of the electric oven should be 140°C, and the
whole reaction may take 24 h. After the reaction, the Teflon-
lined autoclave should cool down to room temperature, and
the products were obtained by centrifuge and washing with
deionized water. Finally, the as-prepared CGO nanoparticles
were redispersed for further modification. In order to improve
the compatibility of CGO NPs, 1 mg of PVP was added to the
obtained CGO NP solution with a concentration of 1.25 mg/ml as
a mixture solution. Similar with previous processes, the resulting
solution should be centrifuged and washed twice with ethanol.

Characterization

The transmission electron microscope (TEM) was used to
determine the morphology, size, and microstructure of CGO
nanoparticles. The UV-vis absorbance performance was
determined by a UV-visible-NIR spectrophotometer at room
temperature. The crystal structure of the samples was obtained
by X-ray powder diffraction (XRD). X-ray photoelectron
spectroscopy (XPS) was used for element composition and
chemical state analysis in CGO nanoparticles. The concentration
of germanium ions was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES). NIR lasers
(808 nm) and an infrared thermal imager were used to obtain
the infrared thermal images of dispersions to evaluate the
photothermal effects of CGO nanoparticles. The power density
of the infrared thermal imager could be adjusted from 0 to
2 W/cm?. The handheld optical power meter was used to
calibrate the output power of the lasers independently.

Photothermal Effect

The photothermal performance of the CGO nanoparticles has
been measured by laser irradiation experiment. The gradient
concentrations of CGO nanoparticle aqueous dispersion were
irradiated under an 808 nm laser (0.5 W cm™2) for 5 min. The
infrared thermal camera was used to monitor and record the
temperature change in CGO nanoparticle dispersion.

In order to calculate the photothermal conversion efficiency
(n) of CGO nanoparticles, we dispersed the CGO nanoparticles
into deionized water, which was exposed to an 808 nm NIR laser
(0.5W cm™2, 5 min). The temperature curve during laser on and
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FIGURE 1 | (a) Transmission electron microscope (TEM) image of as-prepared CuGeOg nanoparticles (CGO NPs). (b) CGO NP microstructure under a
high-resolution TEM. (c) X-ray powder diffraction (XRD) patterns of synthesized CGO and standard CGO on a JCPDS card (no. 32-0333). (d) X-ray photoelectron
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off was recorded. The photothermal conversion efficiency can be
calculated by referring to the following equations:

_ hA(A Tmax - ATmax,watter) (1)
o I(1 — 10~4s08)
mpcp
=—= 2
Ts hA ()

where I is the NIR laser power, and Agog stands for the absorbance
of dispersion at 808 nm. The value of hA can be calculated from
Eq. 2 by using the system time constant t, with the help of the
mass (mp) and the heat capacity (Cp) of deionized water. A Tpax
and A Tiax, water are the temperature change in CGO nanoparticle
dispersion and pure water.

Cell Culture

The Cell Counting Kit-8 (CCK-8) has been used to evaluate the
in vitro cytotoxicity of the CGO nanoparticles. CAL-27 cells were
seeded into 96-well culture plates with a density of 1.5 x 10 cells
per well at 37°C with the presence of 5% CO, for 24 h. Then, the
various concentrations of the CGO nanoparticles (0-320 ppm)
was added to each well and incubated for 24 h. Next, 10 pl of

CCK-8 solution was added to each well of the plate for another
2 h incubation. Each sample was measured three times to reduce
the sampling error.

Photothermal Therapy in vivo

CAL-27 tumor-bearing nude mice were randomly divided into
three groups: (a) mice with no treatments (Control); (b) mice
injected with PBS injection and then irradiated with 808 nm
laser irradiation with power density of 0.5 W/cm? (PPS + NIR);
(c) mice injected with CGO nanoparticle and then irradiated
with 808 nm laser irradiation with power density of 0.5 W/cm?
(CGO + NIR). After the indicated treatment, the tumor size
(~100 mm? before treatment) and body weights were measured
every 2 days for 2 weeks. The calculation of the tumor
volume and the relative tumor volume was determined by V/V
(Gao et al., 2019).

CT Imaging

The micro-CT imaging system was used to obtain the CT images
of the various concentrations of CGO nanoparticles (0, 0.5,
1.0, 2.0, and 4.0 mg/ml). First, the prepared solution of CGO
nanoparticles was directly scanned using a micro-CT imaging
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FIGURE 2 | (A) UV-vis absorption spectrum for CuGeOz NPs with a wide range of 400-1,000 nm. (B) Temperature elevation of the CuGeOgz nanoparticle solution
with different concentrations under irradiation with an 808 nm laser (0.5 W/cm?2, 300 s).
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FIGURE 3 | (A) Photothermal effect of a CuGeO3 NP aqueous solution (50 ppm) irradiated under an 808 nm laser with a power density of 0.5 W/cm2, in which the
process lasted for 5 min, and the laser was then shut off after irradiation. (B) Time constant for heat transfer from the system, determined to be ts = 93.1 s.
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system to measure the CT signal of resulting products at 100 kV.
The manufacturer-supplied software was used to evaluate the CT
values on the same workstation.

All animal experiments were carried out in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of the Second Affiliated Hospital of Chongqing
Medical University. CAL-27 tumor-bearing mice were also
divided into two groups: a. intratumoral injection of PBS (100 1)
and b. intratumoral injection of the CGO nanoparticles (4 mg/ml,
100 wl), and the mice were anesthetized before CT scanning.
Thirty minutes after injection, CT scanning was performed with
parameters similar to those for in vitro experiments.

Long-Term Toxicity in vivo

H&E analysis was conducted to evaluate the effect of CGO
on the main organs (including the heart, liver, lungs, spleen,
and kidneys) after the intravenous administration of CGO
nanoparticles. The contents of nanocrystals accumulated in the

main organs at different time points (i.e., 1, 5, 10, 15 days) were
also evaluated to study the biodistribution.

RESULTS AND DISCUSSION

CGO nanoparticles were synthesized by a simple solvothermal
method and subsequently modified the surface by PVP.
The transmission electron microscopy (TEM) image of CGO
nanoparticles is shown in Figure 1a. It exhibits that the resulting
products have an irregular morphology and dimensions of
around 25 nm (Supplementary Figure S1). Obviously, the as-
prepared CGO nanoparticles was non-aggregated in the TEM
image (Figure 1a), showing very good dispersion. The small size
of CGO nanoparticles can be considered perfect for photothermal
agents as the nanoparticles with this size could have relatively
long blood circulation. More microstructure information is
shown in Figure 1b from the high-resolution TEM (HRTEM).
The lattice spacing from the HRTEM was determined to be
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FIGURE 5 | Confocal microscopy images of CAL-27 cells after incubation
with various concentrations of CGO nanoparticles for phototherapy: (a) PBS,
(b) 20 ppm, (c) 40 ppm, and (d) 80 ppm. The CAL-27 cells were costained
with propidium iodide (red, dead cells) and calcein-AM (green, live cells).
Magnification: 200x.

0.317 nm, assigned to (120) planes of orthorhombic structured
CuGeOs. The XRD analysis of the CGO products shown in
Figure 1c revealed that the obtained products have a high
crystallinity for pure CGO because all of the main reflection
peaks of CGO nanoparticles can be matched well with the
standard cards JCPDS file no. 32-0333, indicating the formation
of the orthorhombic structured of CuGeOs. In Figure 1d, a high
resolution of XPS spectrum for Cu 2p in the CGO nanoparticles
was analyzed to verify the existence of non-equivalent valency
state of copper ions in CGO NPs. There are three sharp
peaks that can be observed in Figure 1d. The peaks at 932.7

and 952.6 eV indicated the presence of Cu™ in as-prepared
CuGeO3 nanoparticles; the peaks at 935.1, 941.6, and 955.2 eV
belonged to Cu?* in CuGeOs nanoparticles (Lv et al., 2016;
Suriyawong et al., 2016). The XPS spectrum demonstrated that
there was a coexistence of copper ions with different valences in
synthesized CuGeO3 nanoparticles, probably resulting in intense
NIR absorption due to d-d electron transition. As reported
before, the existence of different valency ions in transition metal-
based photothermal agents could result in ionized free carriers,
thus contributing to NIR absorption (Li et al., 2014).

The optical properties of the CGO nanoparticles were
investigated by a UV-vis-NIR spectrophotometer in a range from
400 to 1,000 nm. The spectrum of the CGO nanoparticle aqueous
dispersion displayed high absorption in both the visible and near-
infrared regions, as shown in Figure 2A. The absorbance value
was high enough in the NIR region from 600 to 1,100 nm, which
showed the typical absorption properties of ternary copper-based
compounds (Li et al., 2015; Yuan et al., 2020). By determining the
concentration of CGO nanoparticles via ICP-AES, the extinction
coeflicient of the CGO nanoparticles at 808 nm was measured
to be 11.3 L g~! cm™!. We then investigated the photothermal
performance of CuGeO3; NPs. The as-prepared CGO NPs with
gradient concentrations of 0, 20, 40, 80 ppm were irradiated by
an 808 nm laser (0.5 W cm™2) for 5 min. In Figure 2B, we can
see that the temperature change showed an obvious difference
between the CGO nanoparticle aqueous dispersion and pure
water in the photothermal effect experiment. The temperature
can easily reach to ~55°C in 5 min, which was high enough
to kill tumor cells for CGO nanoparticle aqueous solution with
low concentration (80 ppm). However, the temperature of pure
water, as a control, remained almost unchanged (less than 2°C).
According to a previous report, the reproduction and growth
of tumor cells can be suppressed at temperatures of 40-44°C
because a high temperature can result in DNA damage, protein
denaturation, and disruption of the cellular membrane, leading
to eradication of tumor tissues (Nam et al., 2019).
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FIGURE 6 | (a) Infrared thermal imaging pictures of mice treated with PBS (left) and

treatments. (d) Body weight changes in the mice in each group after the treatments.
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of 0.5 W cm~2 for 300 s. (b) The temperature change curve of a local tumor with different treatments for 5 min. (c) Tumor growth curves in each group of mice after

CGO nanoparticles (right), then irradiated by 808 nm lasers with a power density

The photothermal conversion efficiency of copper-based
agents has great influences on their photothermal performance.
To further explore the optical performance of the CGO
nanoparticles, the photothermal conversion efficiency was
measured following Tians report (Tian et al, 2013). With
the continuous irradiation of the 808 nm laser (0.5 W/cm?,
300 s), the temperature change in the solution (80 ppm) was
recorded until the temperature reached a steady-state condition
(Figures 3A,B). Obviously, temperature elevation of the solution
(50 ppm) reached to 51.3°C (the highest point) under irradiation
for 5 min. The temperature of the solution was decreased to
room temperature with time extending after the laser was shut
off. Based on the obtained data, the heat conversion efficiency,
1, of CuGeO3 NPs driven by an 808 nm laser can reach to about
59.4%. Thus, we supposed that the high photothermal conversion
efficiency of these nanoparticles resulted from intense absorbance
in the NIR region, which makes it possible for photothermal
therapy of cancers.

The excellent photothermal performance of CGO
nanoparticles motivated us to further evaluate the potential
of these nanoparticles in vivo. Prior to the bioapplication,
the cytotoxicity in vitro of CGO nanoparticles on cells was
carried out by a CCK-8 assay. The cell viability remained at a

high level (over 85% when the concentration was increased to
160 ppm) after incubation for 24 h (Figure 4A), indicating the
excellent biocompatibility of CGO nanoparticles. Furthermore,
the photothermal therapy effect in vitro on CAL-27 cells was
evaluated by the combination of CGO nanoparticles and 808
nm lasers. The cell viability after the treatment was investigated
by a standard CCK-8 evaluation. Lasers (808 nm) with a power
density of 0.5 W cm~2 were used to irradiate CAL-27 cells
with varied concentrations of CGO nanoparticles. As shown
in Figure 4B, CGO nanoparticles (80 ppm) that mediated NIR
irradiation could induce over 85% cancer cell death at a low
power density of irradiation for 10 min (0.8 W/cm?), indicating
the excellent photothermal therapy effect in vitro.

After costaining with propidium iodide and calcein-AM, the
live/dead staining cells can be obviously observed under the
confocal microscopy, which can help to evaluate photothermal
effect in vitro using CGO nanoparticles due to the distinct
chromatic aberration between live (green fluorescence) and dead
(red fluorescence) staining cells. PBS buffer can be used as a
control experiment. As can be seen in Figure 5a, only live
cell staining (green) was present in the untreated cells. With
the increasing concentration of CGO nanoparticle dispersion,
massive cell death occurred as expected (Figures 5b-d). The
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FIGURE 7 | (A) /n vitro CT images of CGO nanoparticles with different concentrations. (B) CT values as a function of the concentrations of CGO nanoparticles.

Before

cell mortality rate after the treatment could reach to ~90%
(Figure 5d), when CGO nanoparticles (80 ppm) was combined
with the irradiation of an 808 nm laser, further certifying the
efficient photothermal effect in vitro.

Photothermal therapy in vivo using CGO nanoparticles was
then carried out. The mice were randomly divided into three
groups: (a) Control group; (b) PBS + 808 nm laser irradiation
with power density of 0.5 W/cm? (PBS + NIR); (c) CGO
nanoparticle injection + 808 nm laser irradiation (CGO + NIR).
The temperature change in mice was monitored with a thermal
imaging camera during the whole treatment. As expected, the
temperature raised rapidly in the experiment group (a), in sharp
contrast to group (b) without injection of CGO. As shown in
Figure 6a, the tumor site in the experiment group (injected with
CGO nanoparticles) was much brighter than that of the control
group (injected with PBS). That is to say that only mice injected
with CGO nanoparticles can contribute to the above fantabulous
photothermal effects in vivo. Tumor surface temperature curves
(Figure 6b) revealed that the surface temperature of mice injected
with CGO nanoparticles could dramatically increase to about
60°C with the role of an 808 nm laser, while the surface
temperature of mice injected with CGO nanoparticles was still
kept at room temperature. Then, the relative tumor volumes have
been recorded to evaluate the antitumor efficiency for 14 days
(Figure 6c¢). The tumor growth significantly disappeared in the
mice of group (c) sharply compared to the two other control
groups. Evidently, there was no reoccurrence observed in group
(c) after 14 days of treatment, which means that the tumor cells
of mice have disappeared completely, while continuous tumor
development was found in the control groups. The difference

in tumor changes after the treatments at the 14th day after
treatments (Supplementary Figure S2) was matched well with
the tumor growth curves in Figure 6c. After the treatment,
the tumors from the three groups were also analyzed by H&E
staining analysis (Supplementary Figure S3). Tumor cells in
the CGO + NIR group were significantly damaged (nuclear
shrinkage and nuclear dissolution), while tumor cells in the
control group and the PBS + NIR group showed almost no
changes. In addition, the side effect of the photothermal therapy
could be evaluated by measuring the body weight change in
the mice after the treatment. Figure 6d displayed that the body
weight among the three groups of mice did not show notable
differences, suggesting the limited biotoxicity of CGO at the
given conditions.

The early diagnosis of cancer remains a big challenge for
antitumors. CT imaging, as a powerful diagnostic tool, has
been widely used in clinics. It has been reported that a great
deal of metallic elements have been developed as promising
CT contrast agents, such as iodine, bismuth, lanthanides, gold,
and so on. Germanium, as a typical metallic element, has a
relatively high attenuation coeflicient; thus, we believe that CGO
nanoparticles also have great potential to become a contrast agent
for CT imaging, so we evaluated the contrast efficacy of CGO
nanoparticles. As displayed in Figures 7A,B, with the increase in
Ge content, the CT signal enhanced fast (dark to light), and the
signal intensity (Hounsfield units, HU) exhibited linear growth
behavior. These results demonstrated that CGO nanoparticles
could be an efficient CT contrast agent for cancer diagnosis.
All the advantages above motivated us to further investigate the
CT imaging diagnosis application of CGO nanoparticles in vitro.
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As depicted in Figure 7C, first, before intratumoral injection
of CGO nanoparticles, the tumor appeared as a relatively dark
image. After intratumoral injection, the tumor turned to full
brightness at 2 h, demonstrating that CGO can be effective for
imaging diagnosis.

Finally, we evaluated the long-term toxicity in vivo of
CGO nanoparticles. After the intravenous administration of
CGO nanoparticles, H&E analysis was conducted to evaluate
the effect of CGO on the main organs. From the H&E
staining of the major organs (including the heart, liver, lungs,
spleen, and kidneys), no changes in the size, shape, and
number of cells were observed (Supplementary Figure S4).
The contents of nanocrystals accumulated in main organs
at different time points were also evaluated. It showed
(Supplementary Figure S5) that the CGO nanoparticles mainly
accumulated at the kidneys and the spleen, indicating that CGO
nanoparticles could be eliminated in the body through the
kidneys and the spleen.

CONCLUSION

In summary, CuGeO3 nanoparticles have great potential to be
a novel bifunctional photothermal agent due to their small
size (~25 nm), good compatibility and dispersion, excellent
photothermal effect, and CT imaging capability, which can
be easily prepared by a simple solvothermal process and,
subsequently, a surface modification process. The CuGeOs3
nanoparticle solution reveals an intense and strong absorption
band in the NIR region due to the existence of different valence
states of copper ions and the excellent photothermal effect. The
photothermal conversion efficiency of CuGeO3; nanoparticles
was calculated to be 59.4%. Moreover, CuGeO3; nanoparticles
can be used as CT contrast agents for CT imaging both
in vitro and in vivo due to the high attenuation coeflicient of
germanium. Therefore, the CuGeO3s nanoparticles have great
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CuS nanoparticles (NPs) as an effective near-infrared absorption agent have been widely
applied in the photothermal therapy (PTT) of cancer. However, little is known about the
application of CuS NP-based PTT in alleviating arterial inflammation and restenosis, which
affects the long-term prognosis of endovascular treatment. In this study, CuS NPs were
synthesized and used as PTT nanoplatform for ameliorating arterial inflammation induced by
mechanical injury of endovascular treatment. The macrophages possess powerful
phagocytosis toward CuS NPs is evidenced by intracellular transmission electron
microscopic imaging. As illustrated from Cell Counting Kit-8 assay and calcein AM/PI
staining, an efficient depletion of macrophages by CuS NPs coculture combined with
the irradiation with a 915-nm near-infrared laser was achieved. The endarterium injury/
inflammation model was established by insertion of a 29G needle (BD Insulin Syringe Ultra-
Fine®) to the left common carotid artery of an apolipoprotein E knockout mouse to mimic
endarterium damage after endovascular treatment. Local injection of CuS NPs around the
left common carotid artery followed by irradiation with a 915-nm INR laser significantly
depleted infiltrated macrophages and alleviated arterial stenosis. This work emphasizes the
role of CuS NPs as a PTT agent in post-injury remodeling of the arterial wall and provides an
attractive target macrophage that can be depleted to alleviate arterial restenosis.

Keywords: CuS nanoparticles, computed tomography, photothermal therapy, arterial restenosis, macrophage

INTRODUCTION

Atherosclerosis obliterans of the extracranial carotid artery accounts for 15-20% of ischemic strokes
(Li et al,, 2015). Combination of percutaneous transluminal angioplasty and stent implantation has
become alternative to endarterectomy partly because it has the advantages of shorter operation time,
less invasion, and quick recovery (Beckman et al, 2020). Regardless of refinements of the
endovascular technique, the mechanical injury to the endarterium is unavoidable, and
subsequent arterial inflammation and restenosis are still incompletely understood and entirely
unpredictable or unpreventable (Hong and Lee, 2020).

The negative remodeling of the arterial wall mediated by arterial inflammation is a hallmark of
restenosis (Williams et al., 2019). Mechanical injury of endovascular treatment wrecks the integrity
and continuity of the endarterium, which triggers the release of a number of cytokines from
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endothelial cells, neutrophils, and platelets (Arakawa et al., 2005)
and recruits massive circulating monocytes to the arterial intima
(Koelwyn et al., 2018). Via serious signaling pathways (Tong
et al., 2020), recruited monocytes differentiate into macrophages,
which mediates the chronic inflammation of the injured artery
(Koelwyn et al,, 2018). After penetrating into the lesion site,
macrophages contribute to the secretion of matrix
metalloproteinase to degrade the extracellular matrix and
release of pro-inflammatory chemokines to stimulate the
transformation and proliferation of smooth muscle cells,
ultimately leading to arterial restenosis (Jinnouchi et al., 2020;
Tong et al., 2020). Thus, depletion of abnormal infiltrated
macrophages provides novel insights into alleviating restenosis
after endovascular treatment.

Photothermal therapy (PTT) using nanoparticles as near-
infrared (NIR) absorption agents has been widely applied in
medicine, especially cancer therapy (Wang et al, 2020). The
principal mechanism of its therapeutic effect is converting light
energy into thermal energy, which results in degeneration of DNAs
and proteins of target cells (de Melo-Diogo et al., 2017). Taking
advantage of this feature, we have effectively developed this
procedure using CuCo,S; nanocrystals (Zhang et al, 2019),
MoO, nanoclusters (Wang al.,  2019), polypyrrole
nanoparticles (Peng et al,, 2015), and gold nanorods (Qin et al.,
2015) to alleviate arterial inflammation by eliminating
macrophages. As typical semiconductor materials, copper
chalcogenides, especially CuS NPs, have many unique
advantages as new photothermal conversion materials owing to
strong NIR absorbance, photostability, and low toxicity (Zhou
et al,, 2010; Cheng et al,, 2014; Yang et al, 2016). With strong
absorption in the NIR (700-1,400 nm), copper chalcogenides were
first reported as photothermal reagents by Li et al. (2000), who
found that thioglycolate-coated copper sulfide nanoparticle
exhibited good laser-induced photothermal effect in eliminating
cancer cells. CuS NPs, nanoplatforms with dual photoacoustic/
magnetic resonance imaging, and PTT are being widely studied in
the anticancer field (Poudel et al., 2019). In vivo experiments
confirmed evident accumulation of CuS NPs with both imaging
and therapeutic functions in breast cancer, and cancer growth was
inhibited markedly through synergistic photodynamic/PTT (Zhou
etal, 2010; Hu X. et al,, 2020). Despite wide utilization of copper-
based nanoparticle-based PTT on cancer treatment with
promising results, it is currently unknown whether PTT using
CuS NPs as NIR absorption reagent can ameliorate negative
remodeling of arterial wall that is, restenosis after endovascular
treatment by eliminating artery infiltrating macrophages.

Toward this end, CuS NPs were synthesized, and their
characterization and photothermal properties were measured.
The cytotoxicity and PTT effect on macrophages were evaluated
in vitro. The endarterium injury/inflammation model was
established by insertion of a 29G needle (BD Insulin Syringe
Ultra-Fine') to the left common carotid artery of the
apolipoprotein E knockout mouse to mimic endarterium
damage after endovascular treatment. PTT therapy based on
the local administration of CuS NPs was subsequently carried
out. Of note, we specially evaluated the imaging property of CuS
NPs for in vivo tracking by small animal CT device.

et

Photothermal Treatment

Histopathological examination was conducted to assess the
effect of PTT in alleviating arterial restenosis. This work
emphasized the novelty of CT-guided therapy based on CuS
NPs in prevention and treatment of arterial restenosis after
mechanical injury of the endarterium.

MATERIALS AND METHODS

Materials

CuCl,, sodium citrate, and Na,S were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used without
purification. Mouse macrophage cell line, Raw 264.7, was
purchased from the Beijing Cell Bank, the Chinese Academy
of Medical Sciences (Beijing, China). Dulbecco’s modified Eagle’s
medium (DMEM, with high glucose 4,500 mg ml™"), fetal bovine
serum, trypsin-EDTA (0.25%), and penicillin/streptomycin were
purchased from Thermo Fisher (New York, United States). The
primary CD68 antibody and relevant second antibody were
purchased from Thermo Fisher (New York, United States).
The Cell Counting Kit-8 (CCK-8) and Calcein-AM/PI Double
Stain Kit were purchased from Dojindo (Kumamoto, Japan).

Synthesis of CuS Nanoparticles

The CuS NPs were synthesized according to the method
described previously (Zhou et al., 2010). To 1,000ml of
aqueous solution of sodium citrate (0.2g, 0.68 mmol) and
CuCl, (0.1345g, 1 mmol), 1 ml of sodium sulfide solution
(Na,S, 1 M) was added under magnetic stirring at room
temperature. Ten minutes later, the mixture was heated to
90°C and stirred until dark green color appeared, and then the
mixture was transferred to ice-cold water. The Cit-CuS NPs were
obtained and stored at 4°C for further use.

Characterization of CuS Nanoparticles

Scanning electron microscopy (JEM-2010F; Japan) was used to
determine the size, microstructure, and morphological properties
of the CuS NPs. X-ray diffractometer analysis was conducted on a
BT-X X-ray diffractometer (Olympus, Tokyo, Japan). UV-vis
absorption spectra and diffuse reflectance spectra were recorded
by using a TP720 UV-vis-NIR spectrophotometer (Olympus,
Tokyo, Japan) from 400 to 1,000 nm. Fourier transform infrared
spectra were measured by using KBr pellet methods using an
infrared spectrometer (IRPrestige-21; Japan). Contents of ions
released from the synthesized CuS NPs were determined by
inductively coupled plasma atomic emission spectroscopy
(Thermo Fisher, New York, United States). A 915-nm
semiconductor laser (Thorlabs, United States) could be adjusted
externally (0-2 W). Calibration of the output power of lasers was
conducted by using a handheld optical power meter (OLP-35,
VIAVI, United States). To measure the photothermal property,
100 pl of CuS NPs at different concentrations were irradiated with a
915-nm semiconductor laser device at a power density of
0.5Wcm ™ for 5min. To evaluate the photostability of CuS
NPs, the solution was irradiated with a 915-nm laser for 5 min,
followed by natural cooling without irradiation for 5 min. The
procedure was repeated five times. The temperature was recorded
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and imaged simultaneously with a thermal imaging camera (FLIR
A300, United States).

Cell Culture and Characterization

Raw 264.7 macrophages were cultured in Dulbecco’s modified
Eagle’s medium (4500 mg ml™" glucose), supplemented with 10%
fetal bovine serum and 1% streptomycin/penicillin, and
maintained at 37°C in a humidified 5% CO, atmosphere. The
Raw 264.7 macrophages were stained with CD68 and DAPI and
observed using a fluorescence microscope (Olympus, Japan).

Cytotoxicity, Cell Viability Assay, and
Intracellular Transmission Electron

Microscopy

To evaluate the cytotoxicity properties of CuS NPs on
macrophages in the absence of PTT, Raw 264.7 was seeded in
a 96-well plate (1 x 10° per well) and cocultured with CuS NPs at
different concentrations (0, 20, 40, 80, 120, 200, 400, and
800 ugml™") for 12h. CCK-8 cell proliferation assay was
conducted to measure the viability of macrophages after
cocultured with CuS NPs according to the manufacturer’s
instructions. Then, the safe concentration of CuS NPs was
confirmed and used for the subsequent experiments. To assess
the photothermal effects of CuS NPs, Raw 264.7 was cocultured
with CuS, NPs at safe concentration for 12 h and then irradiated
with a 915-nm NIR laser at different power densities (0, 0.3, 0.5,
and 1.0 W cm™2). After that, the irradiated macrophages were
stained with calcein AM/PI to discriminate living and dead cells
(Calcein AM-green fluorescence, PI-red fluorescence) and
observed using an inverted fluorescence microscope (Olympus,
Japan). For the intracellular TEM, CuS NPs engulfed by
macrophages were observed using an intracellular transmission
electron microscope (TEM; JEM-1450, Tokyo, Japan).

Animal Model and Photothermal Therapy
Male, 8-week-old apolipoprotein E knockout mice were enrolled
in the present study. The animal protocol was approved by the
Ethics Review Committee for Animal Experimentation of
Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine.

The mice were anaesthetized by intraperitoneal injection of
40 mg/kg pentobarbital sodium, and then the left common
carotid artery was skeletonized. The LCA was blocked by
cross-clamping at the proximal end, and an incision was then
made at the distal end of the LCA. A 29G needle (BD Insulin
Syringe Ultra-Fine") was inserted to the LCA, rotated, and
pushed forward and backward for three times. After closing
the incision, left carotid arteries were wrapped with a
constrictive silica collar. After 14 days, 100 pl (80 ug ml™') Cu$S
NPs were injected into the constrictive silica collar under the
guidance of small animal ultrasonic instrument, while the
contralateral right carotid arteries were sham-operated to serve
as the intra-animal control. The procedure is shown in
Supplementary Figure S1. Then, 12h after injection, all
groups were subjected to 915-nm NIR laser irradiation at a
power density of 0.5W cm ™ for 5 min.

Photothermal Treatment

In Vivo Computed Tomography

Small animal CT scanning (SkyScan1278, Brooke, German) was
used to determine the imaging property of CuS NPs. The
operated mice (intra-collar injection with 100 ul of CuS NPs,
80 ugml™") were subjected to CT scanning. 3-dimensional CT
imaging was reconstructed to track the distribution of CuS NPs
around the LCA.

Histological Analysis and Blood

Examination

On the 14th day after PTT, all the mice were sacrificed for
histopathological examination. Both collared and sham-operated
carotid arteries were harvested. The arteries were stained with
macrophage surface marker CD68 and DAPI, and the
immunofluorescent signal was detected by using a microscope
which was further quantified by Image] 1.8.0 software. The
number of cells of CD68-positive macrophages was then counted
by two investigators who were blinded to group information. The
thickness of the intima and media of the arteries was observed by using
a microscope after routine HE staining of slides from the carotid
arteries and calculated by Image] 1.8.0. To observe the restoration of
integrity and continuity of the post-injury endarterium, Evans blue
staining was performed following the standard protocol.

To assess the in vivo toxicity and biocompatibility of CuS NPs,
the major viscera, heart, liver, spleen, lung, kidney, and intestine
were made to 4- to 6-nm sections for HE staining, and the
histopathological changes were observed. Seven age-matched
healthy mice were sacrificed as control. All the bloods
biochemical parameters were measured in Shanghai Ninth
People’s Hospital Research Center for Model Organisms.

Statistics Analysis

Parametric data are represented as means + standard deviation,
and comparisons among groups were analyzed by one-way
analysis of variance followed by Bonferroni correction for post
hoc test. The number of macrophages was analyzed by using the
Kruskal-Wallis test with Bonferroni correction. P-value <0.05
was considered statistically significant. All data are representative
of at least three independent experiments. SPSS, version 25.0
(IBM-SPSS, Inc., Armonk, NY), was used to perform statistical
analysis. The comparison results between groups labeled with *
for p < 0.05 and ~ for p < 0.01.

RESULTS AND DISCUSSION

Synthesis and Characterization of CuS

Nanoparticles

Hydrophilic CuS NPs were prepared by a one-step hydrothermal
synthesis method in the presence of sodium citrate. The crystal phase
of the products is characterized by using an X-ray diffractometer
(XRD). Figure 1A shows the XRD pattern of the as-synthesized
products. The pattern of the sample can be matched well with the
hexagonal Cu$ phase (JCPDS no. 43-1473), with no other peaks. EDS
analysis (Supplementary Figure S2) showed that the products were
composed of two elements (Cu and S), indicating the high purity of
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FIGURE 1 | Synthesis and characterization of CuS NPs. (A) XRD pattern of CuS NPs. (B) SEM image of CuS NPs. Scale bar: 50 nm. (C) TEM image of CuS NPs.
Scale bar: 50 nm. (D) UV-vis-NIR absorption spectrum of CuS NPs at room temperature.

100 pm.

FIGURE 2 | Identification specific surface antigen of Raw 264.7. Nuclear is stained with DAPI (blue); specific surface antigen is positive for CD68 (red). Scale bar:

the CuS NPs. As shown in Figures 1B,C, SEM and TEM images
confirmed that the products were nanoparticles with a size of 50 nm,
showing good dispersion. Figure 1D exhibits the UV-vis absorbance
spectrum of the aqueous dispersion of CuS NPs. It showed an intense
absorption band centered at 1,010 nm. The strong NIR absorption
made the CuS NPs an ideal candidate as PTT agents.

Identification of Macrophages and
Intracellular Uptake

As an important member of the mononuclear phagocytic system,
macrophages own the characteristics of strong phagocytosis and

rapid growth. Raw 264.7 has been widely applied to study the
function and characteristics of macrophages. Raw 264.7 was
identified by cell immunofluorescence to determine the
specific ~ surface  antigen of macrophages.  Cellular
immunofluorescence (Figure 2) demonstrated that Raw 264.7
was positive for CD68 (red), and nuclear staining with DAPI
(blue).

Macrophages are known to be the principal participants in
the chronic remodeling of the arterial wall. To detect the
possibility of applying PTT using CuS NPs in ablating
macrophages, we evaluated the phagocytosis of macrophages
toward the CuS NPs using TEM. The intracellular TEM images
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FIGURE 3 | Representative TEM images of phagocytosis of the CuS NPs. (A) Raw 264.7 incubated with the CuS NPs for 12 h. (B) Karyolysis and cytolysis of Raw
264.7 after incubation with the CuS NPs for 12 h and NIR laser for 5 min at a power density of 0.5 W cm™2. The orange arrows indicate the CuS NPs engulfed by
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of Raw 264.7 showed efficient phagocytosis toward the CuS NPs
without obvious damage to organelles (Figure 3A). However,
after coculturing with CuS NPs at a concentration of 80 ug ml™*
for 12 h and then undergoing 915-nm NIR laser irradiation at a
power density of 0.5W cm™> for 5min, significant blebbing,
karyolysis, and cytolysis were observed (Figure 3B), all
indicating that macrophages were induced to apoptosis and/
or necrosis after PTT treatment. Thus, the present PTT using
CuS NPs as photothermal agents demonstrates a potential
application for ablating macrophages to alleviate chronic
inflammation.

Cytotoxicity and Photothermal Effect of the

CuS Nanoparticles on Macrophages
To evaluate the photothermal effect of CuS NPs, the temperature
evolution at different CuS NP concentrations (0, 20, 40, and
80 ugml™') under continuous 915-nm wavelength laser
irradiation for 300s was recorded, showing that the
temperature elevated in a dramatic and smooth pattern with
increment of CuS NP concentration (Supplementary Figure S3).
Biomedical safety is prerequisite for any clinical application, and
the cytotoxicity of the CuS NPs should be assessed. After
incubating with the CuS NPs for 12 h, the CCK-8 assay was
conducted to detect the concentration-dependent cytotoxicity of
the CuS NPs on Raw 264.7. No significant difference was
observed in cell viability at the concentrations under
80 ugml™". When the concentration reached 120 ugml™'; the
viability of Raw 264.7 was slightly affected (Figure 4A).
Therefore, CuS NPs below a concentration of 80 ugml™" were
selected for being cocultured with macrophages in subsequent
in vitro and in vivo experiments.

To study the photothermal effect of CuS NPs on macrophages,
Raw 264.7 was cocultured with CuS NPs of 80 ugml™" for 12 h
and then exposed to 915-nm laser at different power densities (0,

0.25, 0.5, and 1.0 Wcm™>) for 5min. The CCK-8 assay was
conducted to detect the power density-dependent cytotoxicity
of the CuS NPs on Raw 264.7. The viability of Raw 264.7 reduced
slightly at a power density of 0.25 W cm >, However, when the
power density reached 0.5 W cm >, the viability of Raw 264.7
reduced markedly (Figure 4B). Considering the results above,
laser power (0.5 W cm™?) was chosen to mimic the treatment
in vitro.

Next, Raw 264.7 was incubated with CuS NPs of 80 pug ml ™" for
12 h and then exposed to 915-nm laser (0.5 W cm ) for 5 min.
Subsequently, Raw 264.7 cells were stained with calcein AM/PI
for discriminating living (green) cells and dead (red) cells. Calcein
AM/PI results (Figure 4C) showed that no dead cells were
observed in the control group (Figure 4C,a), and about 25%
were dead cells in the CuS NPs group (Figure 4C,b), while about
95% cells were dead in the CuS NPs + PTT group (Figure 4C,c).
The CCK-8 assay showed results consistent with calcein AM/PI
results (Figure 4C,d). Those results demonstrated that PTT using
CuS NPs as NIR absorption agents could eliminate macrophages
effectively and may provide great potential to alleviate arterial
stenosis.

As an important type of programmed cell death, apoptosis
could be induced by the thermal effect of nanoparticles; however,
whether it is involved in CuS-based PTT-induced macrophage
death is currently unknown. To this end, we performed annexin
V/PI staining of macrophages from control, CuS NPs, and CuS
NPs + PTT groups, and the flow cytometry analysis showed that
the necrosis index of macrophages was slightly higher in the CuS
NPs group than in the control group and difference in the
apoptosis index was not found between the two groups. In
contrast, the CuS NPs + PTT group exhibited a significantly
higher either early apoptosis (24.9% vs. 1.97%) or mid/late
apoptosis (32.5% vs. 0.76%) index of macrophages than the
CuS NPs group (Figure 5). However, the necrosis index of the
macrophages was similar between CuS NPs and CuS NPs + PTT
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FIGURE 4 | Cytotoxicity of CuS NPs and its thermal effect on macrophages. (A) The cell viability of macrophages after cocultured with different concentrations of
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FIGURE 5 | Annexin V/PI duostaining of macrophages. CuS NPs + PTT group exhibited a significantly higher either early apoptosis (Q3) or mid/late apoptosis (Q2)

groups, indicating that the macrophage cell death induced by the
CuS NPs-based photothermal effect was mainly apoptosis, rather
than necrosis.

In Vivo Computed Tomography Imaging

In addition to their powerful therapeutic effect, the imaging
function of nanomaterials has drawn great attention. Targeted
delivery of imaging nanomaterials provides a promising

approach for precious location of lesions and accurate
diagnosis of diseases (Ge et al., 2020). The binding of Cu** to
black phosphorus not only enhances photothermal stability and
accelerates degradation, which makes Cu®*-based nanomaterials
the best photothermal agents (Wicki et al., 2015) but also
provides in vivo real-time and quantitative tracking positron
emission tomography-computed tomography (PET-CT)
imaging (Hu K. et al, 2020). Moreover, it was reported that
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FIGURE 6 | Demonstration of 2D-CT and 3D-CT imaging property of CuS NPs in vivo. The orange arrows indicate the CuS NPs and the constrictive silica collars.

chelator-free ®*CuS nanoparticles are suitable for PET-CT
imaging and robust photothermal ablation (Zhou et al., 2010).
In the progression of atherosclerosis, increased accumulation of
%*Cu-labeled vMIP-II comb was confirmed by PET-CT imaging
and was consistent with histopathological characterization of
plaque including increased macrophage number and enlarged
size (Luehmann et al., 2016). Collective data have indicated that
Cu-based nanomaterials are suitable for CT imaging of tumor
and inflammation. As demonstrated in 2D-CT and 3D-CT
(Figure 6), flocculent and high-density imaging of CuS NPs
was confined in the constrictive silica collar that wrapped the
common carotid artery, indicating excellent CT imaging property
of CuS NPs. Moreover, only little diffusion of CuS NPs to the
surrounding tissues and organs was observed, which indicates
that the CuS NPs can be accurately located around the lesion and
play a role in PTT without causing any side effect.

Photothermal Effect on Carotid Artery
Inflammation Induced by Mechanical Injury

to Endarterium
PTA or stent implantation in mechanical injury to the
endarterium is inevitable (Ng et al., 2017). Post-injury platelet/

endothelium interaction promotes penetration of circulating
monocytes through the injured endarterium with the
regulation of cytokines (Arakawa et al, 2005), microRNAs
(Gareri et al., 2016), and adhesion molecules (Hytonen et al.,
2016), resulting in the transformation from monocytes to
macrophages. Accumulating evidence indicate that activated
macrophages surrounding the arterial wall triggers an
overproduction of pro-inflammatory factors, which leads to
severe hyperplasia of smooth muscle cells and arterial
restenosis (Hoare et al, 2019). Therefore, it is plausible that
macrophages are the target of ablation by which PTT using CuS
NPs alleviates arterial inflammation after mechanical injury to
the endarterium and mediates a protective effect on the
endarterium. Apo E knockout mice were used to conduct the
endarterium injury model and to mimic the mechanical injury of
endovascular treatment. According to different treatment
procedures, they were divided into control group, CuS NP
group, and CuS NP + PTT group. After 14 days, the left
carotid arteries were harvested for HE staining and
immunofluorescence staining. The results showed that
compared with the control group and the CuS NP group, the
number of macrophages in the CuS NP + PTT group reduced
greatly (Figures 7A,B). This suggests that PTT using CuS NPs
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FIGURE 7 | Representative immunofluorescence images of the carotid artery. (A) Representative of HE, immunofluorescence (IF) staining, and Evans blue staining
of carotid artery from the control group, CuS NP group, and CuS NP + PPT group, respectively. (B) Representative of the number of CD68* macrophages in each group.
(C) Representative of the artery wall thickness in each group. Scale bar: 200 pm.
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FIGURE 8 | Biocompatibility assay of CuS NPs in vivo. (A) HE staining of major viscera. No significant pathologic changes were observed in the heart, intestine,
kidney, liver, lung, and spleen in the three groups. Scale bar: 200 um. (B) Blood biomedical results of the control group and the CuS NP group at different time points (3,
7, and 14 days) after injection.

can ablate macrophages effectively. What is more, HE staining ~ group and the CuS NP group (Figures 7A,C). The number of
demonstrated that the thickness of the intima and media in the =~ macrophages was revealed to be reduced in the media of the
CuS NP + PTT group was much thinner than that in the control ~ artery in our study, which confirmed the essential role of PTT
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using CuS NPs in the ablation of macrophages. Another
important finding revealed by the present study was that the
thickness of the intima and media was thinnest after the PTT
using CuS NPs, which might be associated with 1) apoptosis and
necrosis of SMCs induced by higher temperature and 2)
inhibition of SMC proliferation through eliminating
macrophages. As either percutaneous balloon angioplasty or
stent transplantation would unavoidably lead to the injury of
the arterial endothelium and endothelial dysfunction, re-
endothelialization of the injured arteries after endovascular
treatment greatly affects later artery restenosis and patency.
Results from Evans blue staining revealed that compared to
the control group and the CuS NP group, re-endothelialization
of the endarterium in the CuS NP + PTT group restored
excellently after PTT as evidenced by more intact and
continuous endarterium (Figure 6A).

Biocompatibility of the CuS Nanoparticles
Favorable biocompatibility of NPs should be considered and
guaranteed for living bodies. Mice from the three groups (n =
7, each) were sacrificed 14 days after PTT, and major viscera were
harvested for histopathological examination. Paraffin-embedded
sections (4 nm) of major viscera (heart, intestine, kidney, liver,
lung, and spleen) were stained with hematoxylin-eosin dye.
Compared with the control group, no obvious pathological
changes such as cell denaturation and necrosis were observed
in the other two groups (Figure 8A). Blood samples were tested
using the ELISA method. Statistical difference was not found
between the three groups in terms of alanine aminotransferase,
aspartate aminotransferase, blood urea nitrogen, or creatinine
(Figure 8B). These results illustrate that CuS NPs as PTT agents
have no side effects and are safe for use in the living body.

Limitations

However, several limitations of the work should be merited
comment. Macrophage necrosis and apoptosis are the key
cellular events in alleviating the negative remodeling of post-
injury endarterium. It is not known whether photothermal effects
against macrophages, rather than other cells, such as fibroblasts
or endothelial cells, contribute to the restoration of post-injury
endarterium. The mechanisms by which PTT induces
macrophage apoptosis have not been investigated fully.
Further investigation is needed to identify the signal pathways
regulating macrophage apoptosis.

CONCLUSION

In conclusion, nontoxic and biocompatible CuS NPs can be
engulfed by macrophages so that efficient photothermal
depletion of macrophages was achieved in vitro and in vivo.
Intra-collar injection of CuS NPs exhibits excellent CT imaging
property and no diffusion to the surrounding tissue, which

Photothermal Treatment

provides precise positioning and targeted therapy. The
therapeutic effects of CuS NPs based PTT is proved by the
decrease in the number of macrophages and arterial intima/
media thickness. To our knowledge, this is the first report that
CuS NP-based PTT plays an important role in alleviating
arterial restenosis by targeting macrophages. The current
study further expanded the understanding of CuS NPs as
PTT agent against carotid arterial restenosis after
endovascular treatment, which may improve the long-term
prognosis of ischemic strokes.
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