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ABSTRACT Here, we present a precision cancer nanomedicine based on Bi,S; nanorods
(NRs) designed specifically for multispectral optoacoustic tomography (MSOT)/X-ray
computed tomography (CT)-guided photothermal therapy (PTT). The as-prepared Bi,S;
NRs possess ideal photothermal effect and contrast enhancement in MSOT/CT bimodal
imaging. These features make them simultaneously act as “satellite” and “precision
targeted weapon” for the visual guide to destruction of tumors in vivo, realizing effective
tumor destruction and metastasis inhibition after intravenous injection. In addition, toxicity
screening confirms that BiyS; NRs have well biocompatibility. This triple-modality-
nanoparticle approach enables simultaneously precise cancer therapy and therapeutic

monitoring.
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anomedicines offer unprecedented
N opportunities to reach the objectives

such as promoting the precision
treatment of cancer and mitigating unde-
sired side effects.'? Over the past decade,
precision nanomedicines have been exten-
sively explored to fabricate theranostics that
integrate multiple imaging approaches and
therapeutic modalities.>~'* Among these in-
vestigations, imaging-guided photothermal
therapy (PTT) has drawn considerable atten-
tion. PTT employs an efficient light harvest-
ing agent for the localized conversion of
the tissue-transparent near-infrared (NIR,
A =700—1100 nm) light into heat to ablate
cancer cells.'*™*° Multimodality imaging
provides PTT with real-time guidance to
diagnose disease, guide procedures, monitor
therapeutic response, and treat disease with
greater specificity and sensitivity.?' 32
By distinguishing from the assorted imaging
approaches, X-ray computed tomography
(CT) is a mainstay of clinical diagnostic
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modality with the advantages of high resolu-
tion, no depth limitation, and allowing for
three-dimensional (3D) reconstruction.3~33
However, pharmacokinetic limitations of
clinically available CT contrast agents (small
iodinated molecules), including short circula-
tion half-lives and nonspecific distribution,
are the main causes of CT failure for tumor
target imaging and angiography.>*” More-
over, various intrinsic limitations of CT
imaging particularly with respect to poor soft
tissue contrast, low throughput capacity,
limited accessibility, and ionizing radiation
also represent as notable hurdles that
prevent the application of CT for clinical
diagnosis.3® Thus, combining CT with an-
other imaging technique that can fully take
the advantages of each while avoiding the
drawbacks of both is more preferable for
the precision diagnosis since no single mod-
ality is perfect and sufficient to obtain all
the necessary information.>® From this point,
multispectral optoacoustic tomography (MSOT)
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based on the photoacoustic effect induced by NIR
absorption and subsequent thermal expansion is
harnessed to render much higher spatial resolution
to soft tissues and offer real-time monitoring.**~*3
Therefore, the bimodal imaging associating CT with
MSOT is a good choice for precision diagnosis, which
could overcome the shortcomings of two imaging
modalities and leverage the advantages of the both,
providing the improved feasibility, precision, and effi-
cacy of diagnosis.***>

Bismuth-based nanoparticles (NPs) such as Bi,Ss
nanodots and Bi,Sez nanoplates have been employed
as CT contrast agents, arising from their high X-ray
attenuation capability, long residence time, low toxi-
city, no residues in the organism, and cost effective-
ness, which thereby reduces the required dose and
allows more flexibility in the clinical setting.*®~*& More-
over, as a direct thin band gap n-type semiconductor
(~1.3 eV), Bi,S3 NPs with high NIR absorption coeffi-
cient have been used as the NIR-absorber to extend
the absorption wavelength to the NIR region for the
improvement of solar harnessing capability of solar
cells.**>2 Encouraged by the ideal NIR absorption
property of Bi,S3 NPs, it is very possible to use them
as the MSOT and PTT agents, which thus makes them
become a simple but powerful precision nano-
medicine that comprises Bi,S3 NPs only without any
additional functional components to simultaneously
achieve MSOT/CT bimodal imaging and PTT.

To realize the above speculation, we fabricated Bi,Ss
nanorods (NRs) and then for the first time applied them
as a single-phase theranostic platform that leveraged
MSOT/CT bimodal imaging to enable spatial- and
temporal-specifically guided PTT. The theranostic prin-
ciple based on the Bi,S; NRs is presented in Scheme 1.
First, uniform oleic acid (OA)-coated Bi,S3; (OA-Bi,Ss)
NRs were scalably prepared by a readily solvothermal
method. Second, an amphiphilic nontoxic surfactant
Tween was applied to functionalize Bi,S; NRs to render
them water dispersibile and prolong the residence
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Scheme 1. Schematic illustration of the theranostic princi-
ple based on the unique properties of the Bi,S; NRs.
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time in vivo. Next, MSOT and CT were employed to
visualize the trace of Bi,S3 NRs against the period of
circulation in vivo. We successfully demonstrated that
the Bi,S3 NRs can be used not only as a powerful CT
contrast agent to realize both the angiography and
organic imaging, but also as the MSOT contrast en-
hancer to real-time monitor the presence of NRs at
the tumor site. Finally, these Bi,S3 NRs further serve
as powerful photothermal therapeutics to effectively
ablate primary tumors and preclude their metastasis.
The strategy provides a simple but powerful theranos-
tic platform to achieve multimodality imaging-guided
PTT for precision cancer treatment.

RESULTS AND DISCUSSION

Typical transmission electron microscope (TEM)
images of the as-synthesized Bi,S3 NRs showed a uni-
form size with diameter of about 10 nm and length up
to 50 nm (Figure 1a; Figure S1, Supporting Information).
X-ray diffraction (XRD), energy dispersive X-ray spec-
troscopy (EDS), and X-ray photoelectron spectroscopy
(XPS) were conducted to investigate the chemical
composition and purity of the as-prepared Bi,Ss NRs.
The XRD pattern shown in Figure S3, panel a demon-
strates that all the peaks could be well indexed to the
orthorhombic Bi,Ss crystal (JCPDS No. 43—1471). EDS
results further confirmed that only Bi and S were
detected in the sample, except the C and O that came
from the surface modification and environment
(Figure S3b). To further evaluate the NRs composition
and oxidation state, XPS characterization was per-
formed. Two peaks centered at 159.9 and 163.8 eV, as
shown in Figure S3, panel ¢, correspond to the Bi 4f;/,
and Bi 4fs,, peaks of Bi*" ions, respectively. The peak
located at 161.2 eV is assigned to S** 2p.3” No peaks
were detected for metallic Bi and other impurities,
which indicates the high purity of the as-prepared
Bi,S3 NRs. To render them well dispersibility in physio-
logical solutions and improve their biocompatibility,
the as-prepared Bi,Ss NRs were further functionalized
with a commercially available surfactant Tween 20.
Tween could enable them with good dispersibility in
water while protecting the NRs from nonspecific ad-
sorption of proteins due to their unique molecular
structure, which thus offers an opportunity for NRs to
home in tumor via enhanced permeation and reten-
tion (EPR) effect.>* After Tween surface modification,
the hydrodynamic size of Bi,Ss NRs as illustrated in
inset of Figure 1, panel a is about 90 nm, that is, larger
than that of NRs in the TEM image (50 nm), which
confirms that a condense Tween layer cover on the
surface of the NRs is present. The successful functio-
nalization of OA-Bi,Ss with Tween 20 is also confirmed
by the Fourier transform infrared (FTIR) spectra as
shown in Figure S3, panel d. Tween-modified Bi,S3
(Tween-Bi,S3) NRs exhibited well stability in various
physiological solutions (Figure S2).
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Figure 1. Bi,Ss NRs characterization and in vitro cell experiments. (a) TEM images of as-prepared Bi,S; NRs. Inset: dynamic
light scattering figure of Bi,Ss NRs. (b) UV—vis—NIR absorbance spectra of Bi,S3 NRs. Inset: photos of as-prepared Bi,S; NRs
solution in deionized (DI) water. (c) The photothermal profiles of pure water and aqueous dispersions of Bi,S3 NRs with
different concentrations under 808 nm laser irradiation with a power density of 1 W cm 2. (d) Plot of temperature change (AT)
of Bi,S3 NRs solution of different concentrations over a period of 10 min. Inset: IR images of water and Bi,S; NRs solution
(1 mg mL™", 1 mL) after laser irradiation (1 W cm™2, 10 min). (e) Cell viability of 4T1 cells after cultured with various
concentrations of Bi,S3 NRs for 24 h. (f) Cell viability of 4T1 cells incubated with Tween-Bi,S; NRs at various concentrations
upon NIR irradiation. (g) Time-dependent cellular uptake of Tween-Bi,S; NRs determined by inductively coupled plasma mass
spectrometry (ICP-MS) after incubation at concentrations of 20 and 50 ;ig mL™~". (h, i) Dark-field optical microscopy image of
cells incubated with different concentrations of Bi,S; NRs for 24 h, while control was shown in the inset.

As shown in Figure 1, panel b, the aqueous solution
of Tween-Bi,S; NRs was brown, and the UV—vis-NIR
spectrum exhibited that Bi,S; NRs have a broad
absorption in the NIR region (700—1100 nm) since it
is a semiconductor with a band gap of 1.3 eV that
expand the light absorption to NIR region.***® The
high NIR absorption capability of Bi,S3 NRs motivates
us to investigate their NIR photothermal properties,
which play a key role for their applications in MSOT and
PTT. To examine their photothermal properties, the
temperature trends of the aqueous dispersion of Bi,Ss
NRs with different concentrations (0.05, 0.1, 0.25, 0.5,
0.8,and 1 mg mL™") were measured under the irradia-
tion of 808 nm NIR laser (1 W cm~2), and pure water
was used as the control (Figure 1c). The temperature
of Bi,S3 NRs samples raised rapidly accompanied with
the increase of irradiation time or the concentration
of the Bi,S3 NRs. For example, the temperature of the
aqueous dispersion of the Bi,S3 NRs with the concen-
tration of 1 mg mL™" can increase by ~50 °C within
10 min (Figure 1d), while the temperature of pure
water showed mild temperature change (only ~5 °C).
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These results imply that the Bi,S3 NRs can rapidly
and efficiently convert the NIR energy into thermal
energy. Moreover, according to the obtained data
(Figure S4a,b), the photothermal conversion efficiency
is calculated to be ~28.1% (see Supporting Informa-
tion for details).>>® The study on photostability of
Bi,S3 NRs was also carried out, and the results clearly
show that upon the continuous irradiation by NIR laser
for 1 h, the absorption of Bi,S; NRs has no obvious
reduction, which indicates their good photostability
that is very important toward for further applications
(Figure S5). Therefore, Bi,S3 NRs have the remarkable
potential to be applied as the PTT agent and MSOT
contrast agent.

For further biomedical applications, it is necessary
to understand the cytotoxicity of these NRs. First,
the capability to internalize a sufficient amount of
NRs in cancer cells is measured since it is critical for
their toxicity effect and the further therapeutic effect.
Quantification of cellular internalization of Bi,S; NRs
reveals that with the increase of NRs concentration
and incubation time, the internalization of NRs steadily
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Figure 2. In vitro photothermal effect. Live—dead staining of 4T1 cells. 4T1 cells were incubated with different concentrations
of Bi,S; NRs for 24 h and irradiated for 8 min using an 808 nm laser with three different power densities.

increased (Figure 1g), which indicates the efficient
uptake of Bi,Sz NRs by cells. Intracellular distribution
was further visualized by dark-field imaging. The con-
trol cells without Bi,S3 NRs showed no obvious signals
under dark-field scattering microscopy. However, after
incubation with 50 and 100 ug mL~" of the Bi,S; NRs,
respectively, the cells were saturated with the Bi,S3
NRs aggregations, which indicates efficient cellular
internalization (Figure 1 h,i). These results also indicate
that the Bi,Ss NRs can be used as a useful probe
for dark-field optical imaging with the advantages of
high spatial resolution, well photostability, and none-
blink.>*~>% To evaluate the in vitro cytotoxicity of Bi,S;
NRs with or without NIR laser exposure, the standard
methyl thiazolyl tetrazolium (MTT) assay and live/dead
staining were conducted by using 4T1 cell lines. The
cell viability was not influenced by the mere presence
of the NRs for concentrations up to 300 ug mL™", which
verified that the Bi,S3 NRs possess low cytotoxicity
(Figure 1e). In contrast, upon the NIR laser exposure,
cell viabilities decreased significantly as the concentra-
tion of Bi,Ss NRs or power density increased, and
almost no cells remained alive at a concentration of
100 ug mL™" (power density = 1 W cm™2) (Figure 1fand
Figure 2), which indicates their high photothermal
killing ability of cancer cells upon NIR irradiation. To
make clear the cell death mechanism after photother-
mal treatment, an Annexin-V-FITC/Pl method was con-
ducted by flow cytometry. Figure 3 shows the flow
cytometry graphs of the cells treated by Bi,S; NRs with
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and without laser irradiation. Annexin-V-FITC emission
signal was plotted on the x-axis, while Pl emission
signal was plotted on the y-axis. The quantities of living
cells, early apoptosis cells, and late apoptosis/necrosis
cells were determined by the percentage of Annexin
V~/PI~, Annexin V*/PI~, Annexin V~/PI", and Annexin
V*/PI*. Almost no apoptosis or necrosis cells were
observed in the group of no NIR treatment with the
concentration of up to 100 ug mL™". When the con-
centration is 50 ug mL™", after laser irradiation, the
early apoptosis rate of cells reached 20.7%, the late
apoptosis/necrosis rate was 40.1%. When the concen-
tration is 100 ug mL™", after laser irradiation, the early
apoptosis rate of cells was 1.8%; the late apoptosis/
necrosis rate reached 93.7%. The flow cytometry data
revealed that cells upon photothermal treatment by
Bi,S3 NRs showed irreversible damage, and the cells
could no longer function or recover from the damage.
The results showed that PTT treatment under relatively
high temperature (~50 °C) more significantly induced
4T1 cell late apoptosis/necrosis (93.7%) as compared
with PTT under a mild temperature of about 45 °C
(40.1%).

Precise spatial- and temporal-specific monitoring
of PTT agents in vivo is particularly demanded as it
potentially opens a novel avenue in guiding the ther-
apeutic process, monitoring therapeutic response, and
avoiding the destruction induced by external laser
radiation to surrounding healthy tissue, which conse-
quently would reduce the associated side effects.
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Figure 3. Flow cytometric profiles of 4T1 cells were examined to determine the percentages of apoptosis and late apoptosis/
necrosis cells with different treatments. Statistical data of percentage of apoptosis, dead, and late apoptosis/necrosis cells
under different treatments.

Therefore, we next employed the as-prepared Bi,S;
NRs as the efficient contrast agent for MSOT and CT
imaging. MSOT is a new technology that largely over-
comes the depth and resolution limits of optical ima-
ging. MSOT is greatly welcomed to cross-sectional
“listening” of entire tumors at depths not available to
microscopy and sensitivity not available to CT imaging,
arising from its high spatial resolution to soft tissues
and real-time monitoring.*'** Herein, we first explored
the Bi,S3 NRs as the MSOT contrast agent because of
their high NIR absorption and efficient NIR photother-
mal conversion abilities. To examine MSOT imaging
capability and monitor the trace of Bi,S3 NRs in vivo,
tumor-bearing mice were intravenously (i.v.) injected
with 200 uL of Bi,S3 NRs (2 mg mL™"), and the cross-
sectional photoacoustic (PA) signals of tumors were
recorded at different time intervals. Before NRs injec-
tion, the MSOT image showed observable but weak
PA signals (~1500 au) in the tumor region, which arise
from the contrast of tumor blood. After NRs injection,

the contrast in tumors remarkably enhanced, which
indicates the gradual homing of NRs in tumors
(Figure 4a—e). Quantifying PA signals showed a hom-
ing burst (3 h post injection, ~4270 au), and the signals
lasted up to 24 h (Figure 4f). This result clearly shows
that the Bi,S; NRs have satisfactory residence time
in tumor and are efficiently passively targeted to the
tumor site. The surface coating and appropriate parti-
cles size favored efficient EPR effect may explain the
significant passive targeting and long residence time
in tumors. Besides the application for MSOT imaging,
these Bi,S3 NRs could also be used as CT imaging
contrast agents since they contain Bi atoms that have
strong X-ray attenuation capability.3*3” To assess the
CT contrast performance of Bi,Ss NRs in vitro, Houns-
field units (HU) values were recorded with different NRs
concentrations. The HU values increased linearly with
the increase of concentrations of both Bi,S; NRs and
clinical iodine-based CT contrast agent (iopromide)
(Figure S6). The slope of the HU value for Bi,Ss NRs
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Figure 4. In vivo MSOT imaging in 4T1 tumor-bearing mice. (a—e) MSOT images of tumor before and after i.v. injection
with Bi,Ss NRs at different time points (0.5, 3, 6, and 24 h). (f) The intensity of photoacoustic signals in tumor at different

time points.

was about 39.36, and it is much higher than that
of iopromide (16.38). This enhancement of the X-ray
attenuation possibly results from the fact that Bi atoms
have a higher X-ray absorption efficiency than that
of iopromide (Bi, 5.74 cm?/g; |, 1.94 cm?/g at 100 keV,
respectively).”” To evaluate Bi,S; NRs CT performance
and visualize the NRs distribution in the whole body,
we then conducted CT imaging in tumor-bearing mice
at 5 min and 3 h post injection, respectively. Interest-
ingly, the vasculature was hyperattenuating at an early
stage after injection of Bi,S3 NRs and led to a clear
angiography with contrast filling of the heart, vena
cava, pulmonary vein plexus, vena epigastrica, tumor
surface vascularity, and tumor microvessels (Figure 5b,d;
Video S1 in the Supporting Information). The tumor
vessels possessing irregular and surficial spatial distri-
bution spring from the branch of abdominal veins.
The rapid growth of tumor angiogenesis results in the
tortuous, leaky, and irregular architecture of tumor
blood vessels. This defective vasculature leads to the
EPR effect that can be used for the NPs preferentially
accumulating at the tumor site.>®~° Thus, achieving
such 3D imaging of tumor-associated vessels is the
heavy focus in design of precision nanomedicine that
can be taken advantage of for the guidance of tumor
targeting and embolization. In addition, vascular
pathema has become one of the serious diseases that
threatens the health of the middle- and old-aged
people. Therefore, Bi,S3 NRs could be a well favorable
candidate for vascular disease diagnosis and effective
cancer therapy. Accompanied with the extension of
the NRs circulation time in blood, the NRs gradually

LIU ET AL.

accumulated in the tumor site. After 3 h post Bi,Ss NRs
injection, Figure 5, panel c showed the remarkable CT
contrast signals in tumors, which confirms the suffi-
cient accumulation of Bi,Ss NRs in tumors, which
guarantees the further application in PTT (Video S2 in
the Supporting Information). The tumor-homing effect
shown in CT was consistent with the MSOT results,
which further confirms the efficient passive targeting
ability of Bi,S3 NRs to tumors. In addition, we could
observe clear contrast enhancement of liver and
spleen, which suggests that NRs were accumulated
via reticuloendothelial systems (RES) absorption and
further metabolized in the liver and spleen.®"? Thus,
Bi,S3 NRs have remarkable MSOT/CT imaging capabil-
ities and obvious tumor-homing effects.

Having precisely monitored the trace and obvious
tumor-homing effect of Bi,S; NRs, we then investi-
gated their PTT performance in vivo. When the tumor
sizes reached approximately 100 mm?, the male 4T1
tumor-bearing mice were divided into four groups: (a)
PBS injection; (b) laser only; (c) Bi,S3 NRs i.v. injection;
and (d) Bi,S3 NRs (i.v. injection) + laser. Male 4T1 tumor-
bearing mice received an injection of Bi,S3 NRs (dose =
20mgkg™") and then were exposed to 808 nm NIR laser
(power density = 1 W cm ™) for 15 min. The tempera-
ture of the tumor area was recorded by an IR thermal
camera at specific time intervals (Figure 6a,b). Under
NIR irradiation, the tumor surface temperature of the
group (d) rapidly increased from ~29 °C to ~68 °C,
which was capable of inducing hyperthermia to kill
cancer cells. In contrast, the temperature of the tumor
site of the control group and surrounding normal
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Figure 5. In vivo X-ray CT imaging in 4T1 tumor-bearing mice. (a) CT images of mice before injection. (b) CT images of mice
5 min post i.v. injection with Bi,Ss; NRs. (c) CT images of mice 3 h post i.v. injection with Bi,S3 NRs: liver (L), spleen (S), and tumor
(T). (d) Detailed CT images of the mice 5 min post i.v. injection to highlight the vascular structures: 1, heart; 2, vena cava;
3, pulmonary vein plexus; 4, vena epigastrica; 5, tumor surface vasculaity (from the abdominal venous branch); 6. tumor

microvessel (TMV).

tissues in all experiment groups showed mild tempera-
ture change.

The tumor volumes of each group were measured
and plotted as a function of time (Figure 6¢). Tumors in
the control groups grew rapidly. In contrast, the group
(d) showed efficient tumor inhibition and complete
eradication of tumors after 14 days PTT, leaving
black scars at the initial tumor sites (Figure 6e). The
tumor photograph and mean tumor weights in each
group were shown in Figure 6, panels d and f. The
mean tumor weight in group treated with Bi,S3 NRs

LIU ET AL.

(i.v. injection) + laser was the lightest among all the
groups. These results reveal that PTT based on Bi,S;
NRs can realize completed tumor destruction and
without regrowth in our observation period. Moreover,
the efficient photothermal ablation of primary tumors
can effectively preclude its metastasis. Presenting in
the pathological examination by haematoxylin and
eosin (HE) staining (Figure 69) is no noticeable sign
of pulmonary metastasis in photothermal treatment
group (group d), while a large number of metastasis
sites in the lungs of the other three control groups were
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Figure 6. In vivo photothermal therapy. (a, b) NIR photothermal images of 4T1 tumor-bearing mice with i.v. injection of PBS
and Bi,S; NRs (dose = 20 mg kg ') under the 808 nm laser irradiation taken at different time intervals. The laser power density
was 1 W cm 2. (c) Tumor volume growth curves of different groups of mice after various treatments (four mice for each
group). Groups: (a) PBS injection; (b) laser only; (c) Bi,S3 NRs i.v. injection; and (d) Bi,S3 NRs (i.v. injection) + laser. (d) Average
weights of tumors collected from the mice at the end of photothermal therapy. P values: ** p < 0.01, N.S. (no significant
difference) p > 0.05, are calculated by t test. (e) Representative photos of mice after different treatments indicated taken
14 days after treatment. Error bars correspond to mean + standard deviations. (f) Photos of tumors collected from different
groups of mice at the end of treatment. (g) No obvious tumor metastases in the Bi,S3 NRs + laser group by HE staining.

found. Nanomaterials-based photothermal treatment
of cancer may be advantageous with respect to trig-
gering the adaptive immunological responses against
tumor cells in the body, thereafter contributing to
tumor metastasis inhibition.%>~%8 Our results provide
a feasible vision to preclude that cancer metastasis
by NPs induced efficient photoablation of the primary
tumor upon NIR irradiation. Taken together, Bi,S3 NRs
hold great potentials as an ideal agent for in vivo
photothermal ablation of tumors and effective tumor
metastasis inhibition.

Safety of the nanomedicine is an essential concern
when it comes to the design of nanomaterials for
biomedical applications.®*~7" Therefore, we then con-
ducted a series of experiments in vivo, including the
body weight, biodistribution, major organ weight, and
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blood biochemistry analysis, to ensure the safe appli-
cation of Bi,S5 NRs. Our results indicate that no obvious
signs of mouse abnormal behavior, weight loss, and
weight of major organs and tissues were noticed
(Figure S8). The hepatic function markers (ALT, AST)
and renal function markers (CREA, UA, and BUN) were
measured to be normal, which indicates no noticeable
hepatic and renal dysfunction induced by Bi,S3 NRs
treatment (Table S1). The MSOT/CT and biodistribution
(Figure S9) results reported that the NRs presented
appreciable localization in the liver. However, the
in vivo toxicity assess profiles confirmed that the liver
was unaffected by the accumulation of Bi,S; NRs at
least in short-term. These preliminary results proved
that Bi,S3 NRs at the given dose hardly cause in vivo
toxicity effects.
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CONCLUSION

In summary, we have successfully presented a preci-
sion nanomedicine based on Bi,S3 NRs designed spe-
cifically for MSOT/CT spatial- and temporal-specifically
guided PTT. The as-prepared Bi,S; NRs possessing ideal
photothermal effect and MSOT/CT imaging capability
simultaneously act as “satellite” and “precision targeted
weapon” triggered by NIR for the precise destruction of

EXPERIMENTAL SECTION

Materials. All chemicals, unless specified otherwise, were
purchased from Sigma-Aldrich and used as received without
further purification. Calcein-AM (CA), and propidium iodide
(P) were provided by Dojindo Laboratories in Japan. All the
chemicals were used as received without further purification.
DI water was obtained by an 18-MQ (SHRO-plus DI) system.

Synthesis of OA-Coated Bi,S; NRs. The OA-Bi,S; NRs were pre-
pared by a facile solvothermal method. In a typical synthesis
route, 1.45 g of bismuth neodecanoate was added to a mixture
of OA (20 mL) and ethanol (10 mL) under thorough stirring.
Then, 4 mL of oleyl amine solution containing thioacetamide
(0.15 g) was quickly added to the mixture. After vigorous stirring
for 30 min, the colloidal solution was transferred into a 50 mL
Teflon-lined autoclave, sealed, and heated at 150 °C for 10 h.
The systems were then allowed to naturally cool to room
temperature. The final products were collected by centrifuga-
tion and washed with ethanol several times to remove any
possible remnants.

Preparation of Tween-Functionalized Bi,S; NRs. To transfer Bi,S3
NRs from an organic phase to an aqueous phase, a biocompatible
amphiphilic polymer Tween 20 was adopted to functionalize the
as-prepared NRs.>” In a typical procedure, 50 mg of OA-Bi,S;
NRs and 100 uL of Tween 20 were well dispersed in 20 mL of
cyclohexane while being stirred at room temperature for 1 h.
Then, the dispersion was added dropwise into 30 mL of DI water
under stirring contained in a 100 mL flask placed in a 70 °C water
bath and maintained for 3 h to evaporate the cyclohexane. The
Tween 20-functionalized Bi,S; NRs were obtained by centrifuga-
tion and washed with ethanol several times.

Characterization. The morphology and size of the as-synthesized
NPs were characterized by the field emission scanning electron
microscope (FE-SEM) and TEM (Tecnai G2 F20 U-TWIN operated
at 200 kV). Powder XRD patterns of the dried products were
measured using a Japan Rigaku D/max-2500 diffractometer with
Cuka radiation (4 = 1.5418 A). All photos of UCL were acquired by
a Nikon D3100 digital camera. FTIR spectra were carried out by
a Fourier transform Bruker EQUINOX55 spectrometer with the
KBr pellet technique.

In Vitro Cytotoxicity Study. Murine breast carcinoma cell line
4T1 was maintained in RPMI 1640 medium (WISENT Inc.)
supplemented with 10% fetal bovine serum (WISENT Inc.) and
1% penicillin—streptomycin (WISENT Inc.) at 37 °Cin a humidi-
fied atmosphere of 5% CO,. Cell viability was determined by
a MTT method. First, 3000 cells were plated in 96-well micro-
plates (Costar, Corning, NY). After incubation for 24 h, cells were
incubated with a series of concentrations of Bi,Ss NRs (0, 1, 5,
10, 20, 50, 100, 200, and 300 ug mL~") for 24 h, respectively.
Meanwhile, the wells unexposed to any samples were regarded
as control. The MTT test was performed immediately after
treatment of the cells or after incubation.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for Bi Element
Quantification. To quantify the cellular uptake of Bi,S; NRs,
4T1 cells were seeded into 6-well plates with complete 1640
medium at a density of 2 x 10° cells/mL for 24 h, then the
medium was removed and replaced with the complete
medium, respectively, containing 20 and 50 g mL™" Bi,S; NRs.
Meanwhile, the cells were incubated with different time slices,
including 1, 3, 6, 12, 24, and 48 h, four wells at each time point.
Cells were lightly washed three times with PBS, digested with
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tumors, realizing complete primary tumor destruction, and
metastasis inhibition. Toxicity screening confirmed that
Bi,Ss NRs possess well biocompatibility. Overall, although
more detailed investigations are still awaited to understand
the pharmacokinetics, pharmacodynamics, and long-term
toxicity, this simple but powerful theranostic nanomaterial
shows a potential promise for precision nanomedicine
paradigm and other disease precise manipulation.

0.25% trypsin containing 0.02% EDTA, centrifuged for 15 min at
1500 rpm, collected, and counted. To study biodistribution of
Bi,S3 NRs in BALB/c mice, 200 uL of Bi,S; NRs (2 mg mL™")
suspension was i.v. injected into the tail vein. At 24 h post
administration, mice were sacrificed and organs dissected and
weighed. Tissue samples from above were stored at —20 °C
before analysis. For ICP-MS experiments, the above each sample
was added 5 mL of HNOs, transferred to flasks, and sealed for
predigestion overnight. The next day, 3 mL of 30% H,0, was
added to each flask. The flasks were placed onto a hot plate and
maintained at 150 °C for 3 h until digestion was complete and
then cooled to room temperature. The solution in each flask was
diluted to 3 g with 2% HNOs. A series of Bi standard solutions
(0,0.5,1,5,10, 50, and 100 ppb) was prepared with the above
solution. Both standard and test solutions were measured by
ICP-MS (Thermal Elemental X7, Thermal Fisher Scientific Inc.,
USA). The amount of Bi,S; NRs was finally normalized to the cell
number or tissue weight per gram.

Dark-Field Imaging for Cellular Uptake Quantitation. The 4T1 cells
were seeded on glass-bottom dishes for 24 h to allow the
cells to attach. Final concentrations of 50 and 100 ug mL~" Bi,S;
NRs were added to the cells and coincubated for 24 h. Next,
cells were washed gently with PBS three times and fixed with
formalin for 15 min. The light scattering images were recorded
using an inverted fluorescence microscope (Nikon Eclipse Ti—S,
Nikon Instruments Inc., USA) observed with a highly numerical
dark-field condenser.

In Vitro Photothermal Therapy. To study the photothermal
therapy effect of Bi,S3 NRs, 4T1 cells were seeded in 6-well
plates with a density of 5 x 10* for 12 h and set four groups
(control, laser only, Bi,Ss NRs, Bi,Ss NRs + laser). When cells had
grown to 80% in plates, the first group had no treatment, the
second one was just irradiated with different power density
(0.2,0.5, 1 W cm™) for 8 min, the third one was incubated with
different concentrations of Bi,Ss NRs (10, 50, and 100 ug mL™")
for 24 h, at the same time, irradiated with different power
densities (0.2, 0.5, 1 W cm™2) for 8 min, respectively. All cells
were stained by LIVE—DEAD kits after the treatment and
observed using fluorescence microscope (10 X), and live cells
showed green color and dead ones exhibited red color. Further-
more, cells treated by different concentrations of Bi,Ss NRs
(10, 50, and 100 g mL™") for 24 h with NIR (1 W cm™2) for 8 min
were collected, washed three times with PBS, dyed with
Annexin V-FITC/PI kit, and then detected by flow cytometry to
make clear the cell death mode.

Animals. Male BALB/c nude mice were obtained from Beijing
Vitalriver Experimental Animal Technology Co. Ltd. with body
weights of 19—21 g and housed in stainless steel cages under
the standard conditions (20 & 2 °C room temperature, 60 + 10%
relative humidity) with a 12 h light/dark cycle. Distilled water
and sterilized food for mice were available ad libitum. Animals
were acclimated to this environment for 5 days prior to treat-
ment. All procedures used in this experiment were compliant
with the local animal ethics committee.

In Vivo MSOT Imaging. A 200 uL sample of Bi,S; NRs
(2 mg mL™") suspension was i.v. injected into the tail vein of
tumor-bearing BALB/c nude mice. After this injection, mice
were scanned at different time intervals postinjection, that is,
0.5, 3, 6, and 24 h with the MSOT (MSOT inVision 128, iThera
medical, Germany) to collect signals. Photoacoustic signals
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were recorded with different wavelength (680—900 nm) excita-
tion light. The main experimental parameters were ten wave-
lengths for each slice from 680—900 nm, and the region of
interest (ROI) is 20 mm. We got the MSOT signals before
injection as control.

In Vivo CT Imaging. /n vivo CT imaging was performed on small
mice X-ray CT (Gamma Medica-ldeas). Imaging parameters
were as follows: field of view (78.92 mm x 78.92 mm), slice
thickness 154 um, effective pixel size 50 um, tube voltage 80 kV,
tube current 270 uA. The reconstruction was done by using the
filtered back projection (FBP) method. The reconstruction ker-
nel used a Feldkamp cone beam correction and SheppLogan
filter. The CT images were analyzed using amira 4.1.2. In detail,
tumor-bearing BALB/c nude mice were i.v. injected with 200 uL
of Bi,S3 NRs (10 mg mL™") prior to imaging. After 5 and 180 min,
tumor-bearing mice were imaged by a small animal X-ray CT.
The mice whole body 360° scan lasted about 20 min.

Therapeutic Evaluation of Bi,S; NRs in Tumor-Bearing Mice. Tumor-
bearing mice were prepared by inoculating 1 x 10° 4T1 cells
at backside in male BALB/c nude mice. When the tumor sizes
reached approximately 100 mm?, the mice were divided
into four groups: (a) PBS injection; (b) laser only; (c) Bi,S3 NRs
i.v. injection; and (d) Bi,Ss NRs (i.v. injection) + laser. The 4T1
tumor-bearing mice were i.v. injected with Bi,S; NRs (dose =
20 mg kg~") and exposed to an 808 nm laser (power density:
1 W cm™2 15 min) when the NRs reached the peak level in
tumors (3 h post injection). Temperature change under laser
irradiation in the tumor region was recorded by a NIR camera for
different groups. Pictures were recorded at 0, 0.5, 1, 5, 10, and
15 min. Tumor growth and mouse weight were measured in the
following days. The tumor sizes were measured by a caliper and
calculated as follows:

V = ab*/2

where V (mm?3) is the volume of the tumor, and a (mm) and
b (mm) are the tumor length and tumor width, respectively.
When the experiments were finished, the mice were sacrificed,
and the tumors and major tissues were dissected and weighed to
evaluate the therapeutic efficacy of different groups.

Blood Biochemistry and Pathology. The analysis of blood bio-
chemical examination was carried out using blood collection
by removal of the eyeball in the different treated mice above,
and major organs from those mice were harvested, fixed in 10%
neutral buffered formalin, processed routinely into paraffin,
stained with HE, and pathology was examined by a microscope.
For blood analysis, 1 mL of blood was collected from mice after
3 h standing in room temperature, which was separated by
centrifugation into cellular and plasma fractions.
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