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  1.     Introduction 

 Nanotheranostic agents integrated with 
complementary multiple diagnostic and 
therapeutic functions have attracted con-
siderable interest in the fi eld of nanomedi-
cine. [ 1 ]  Ideally, nanotheranostic agents are 
easily produced under aqueous conditions 
and act as an omnipotent nanoplatform 
for targeting detection and treatment of 
diseases, [ 2 ]  with the assistance of external 
stimuli such as magnetism, light, and 
X-ray. Hitherto, many stimulus-responsive 
nanoplatforms have been created based 
on magnetism nanoparticles (NPs), [ 3 ]  gold 
nanostructures, [ 4 ]  carbon nanomaterials, [ 5 ]  
polymeric nanostructures, [ 6 ]  and transition 
metal dichalcogenide (i.e., WS 2 , MoS 2 , 
CuS) nanostructures. [ 7 ]  Among the dif-
ferent nanoplatforms, X-ray responsive 
nanostructures for computed tomography 
(CT) imaging and radiotherapy (RT) have 
become increasingly popular, [ 8 ]  because 
they not only serve as the contrast agent 

for visualizing a 3D reconstruction of the tissues of interest 
with high spatial resolution, [ 9 ]  but also act as nanosensitizers 
for improving the effi cacy of RT through selectively inducing 
oxidative stress and/or breaking up the DNA of the tumor cells 
with no depth restriction, and meanwhile largely reducing the 
damage to normal tissues. [ 10 ]  

 In addition to X-ray responsive nanotheranostic agents, near-
infrared (NIR) light responsive theranostic agents for photo-
acoustic (PA) imaging and photothermal therapy (PTT) have 
also attracted considerable interest due to the satisfying pen-
etration depth of NIR light. [ 11 ]  PA imaging as a novel imaging 
technology, based on the thermoelastic expansion of tissues 
caused by a heat mediator responsive to NIR light, exhibits 
high sensitivity and penetration depth up to 7 cm. [ 12 ]  It should 
be noted that each imaging modality or therapeutic technology 
has its intrinsic advantages and disadvantages. For example, 
PA imaging suffers from obscure anatomical information in 
spite of high sensitivity, while PTT fails to eradicate deeply 
located tumors owing to dramatic depth-dependent intensity 
decline of incident light. [ 13 ]  Therefore, it is highly desirable to 
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integrate the above complimentary theranostic functions for 
overcoming their limitations. For instance, by assembling dif-
ferent types of functional materials such as ultrasmall CuS NPs 
on silica-coated rare earth upconversion particles or Pt shell 
on iron oxide nanorods, imaging capacity and RT/PTT were 
synergistically combined. [ 14 ]  Nonetheless, the simple assembly 
of different inorganic components will inevitably increase the 
overall size of the nanotheranostic agents, and consequently 
facilitate their uptake by reticuloendothelial system and reduce 
their accumulation in the disease site. [ 15 ]  In this context, con-
structing ultrasmall and single-component nanoagents with 
integrated imaging and therapeutic functions is more practi-
cally meaningful but challenging. 

 Due to the narrow direct bandgap (≈1.3 eV), bismuth sulfi de 
exhibits strong NIR absorbance that makes Bi 2 S 3  NPs poten-
tially useful in PTT and PA imaging. [ 16 ]  In addition, Bi 2 S 3  
NPs were exploited as a CT contrast agent owing to the large 
X-ray attenuation coeffi cient of bismuth element. [ 17 ]  More 
importantly, they were also extensively investigated for poten-
tial applications in RT due to the remarkable radiotherapeutic 
enhancement effect under irradiation of X-rays. [ 18 ]  However, the 
currently available Bi 2 S 3  NPs require rigorous synthetic condi-
tions, or postsynthetic surface modifi cation, which are laborious. 
A facile aqueous synthesis under ambient conditions is essen-
tially required for the practical biomedical applications. [ 2c   ,   19 ]  
Nonetheless, bismuth (III) cations as strong Lewis acid 
are readily hydrolyzed leading to the formation of bismuth 
hydroxide, [ 20 ]  which makes it extremely diffi cult to achieving 
pure, ultrasmall, and stable Bi 2 S 3  NPs in aqueous media. 

 Herein, we report a novel bovine serum albumin (BSA)-
mediated biomineralization approach that is highly reproduc-
ible for achieving biocompatible Bi 2 S 3  NPs. The synthesis is 
featured by two steps: (1) preacidic conditions for facilitating 
the coordination of Bi 3+  ions with BSA and preventing the 
former from hydrolysis, (2) pH-mediated formation of Bi 2 S 3  
NPs upon a quick adjustment of the reaction pH up to 12, as 
shown in  Scheme    1  A. The resulting Bi 2 S 3  NPs were character-
ized by ultrasmall size and excellent colloidal stability. In addi-
tion, they exhibited low in vivo toxicity and long circulation 
time, which are highly desirable for theranostic applications. 
More importantly, the as-prepared Bi 2 S 3  NPs exhibited remark-
able NIR-responsive photothermal effects and X-ray triggering 
sensitization effects which can potentially be applied for tumor 
ablation through irradiation (Scheme  1 B). To the best of our 
knowledge, such ultrasmall and stable Bi 2 S 3  NPs synthesized 
via aqueous synthetic route for simultaneous PA/SPECT/CT 
imaging, PTT, and RT treatment applications were not reported 
before.   

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of Bi 2 S 3  NPs 

 In the current synthetic approach, BSA not only served as a 
stabilizer but also as a sulfur precursor for forming ultrasmall 
Bi 2 S 3  NPs. In addition, its multifunctional groups also pro-
vided versatile options for the following surface biofunctionali-
zation. [ 21 ]  In general, the formation of Bi 2 S 3  NPs includes the 

following procedures, i.e., (i) incubation of BSA with Bi(NO 3 ) 3  
to allow BSA to bind with Bi 3+  ions through its functional 
groups (e.g., –SH, –NH 2 , –COOH) for forming BSA-Bi 3+  com-
plexes in the acid environment (Figure S1, Supporting Infor-
mation), and (ii) the BSA-Bi 3+  complexes undergo degradation 
processes upon alkaline treatment to produce Bi 2 S 3  NPs. The 
latter processes were clearly evidenced by a remarkable color 
variation from colorless to dark black. It is well-known that 
BSA can be denatured to release numerous residues (e.g., 
35 cysteine residues) under strong basic conditions, [ 21a   ,   22 ]  
and cysteine is an excellent sulfur source for forming metal 
sulfi de NPs. [ 23 ]  Under strong basic conditions (pH ≈ 12), most 
thiol groups of cysteine molecules are deprotonated due to 
the  pKa  of 9.6, [ 24 ]  which apparently enhances the stabilization 
effect of BSA for the resulting Bi 2 S 3  NPs. Therefore, the solu-
tion pH played a crucial role in forming BSA-stabilized Bi 2 S 3  
NPs (Figure S2, Supporting Information). Most importantly, 
albumin has been demonstrated to be an ideal drug carrier due 
to its long blood half time. [ 25 ]  

 The as-prepared Bi 2 S 3  NPs are fairly monodispersed with a 
mean diameter of 6.1 ± 0.9 nm determined with transmission 
electron microscope (TEM) ( Figure    1  A,B). The small particle 
size can be attributed to the strong multichelating effects of the 
BSA ligand. The crystalline structure was identifi ed through 
the lattice fringes of a single Bi 2 S 3  particle shown in the inset 
of Figure  1 A. The interplanar  d -spacing was determined to be 
0.31 nm, well in consistence with (211) lattice plane of mono-
clinic Bi 2 S 3  phase. Although the X-ray diffraction peaks are 
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 Scheme 1.    Schematic illustration of A) BSA-stabilized Bi 2 S 3  NPs syn-
thesized through a pH-mediated biomineralization approach, and 
B) multiple theranostic functions of Bi 2 S 3  NPs for PA/CT imaging, SPECT 
imaging upon radiolabelling, and PTT/RT therapies.
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poorly resolved as shown in Figure  1 C, the general diffraction 
pattern still supports the monoclinic structure (JCPDS 79–2384) 
of the resulting Bi 2 S 3  NPs. The X-ray photoelectron spectros-
copy (XPS) results revealed that elemental ratio of Bi-to-S is of 
0.45:1 which is smaller than the stoichiometric ratio in bulk 
Bi 2 S 3  mainly due to incomplete reaction of cysteine residues of 
BSA. Because the binding energies at 158.6 and 164.1 eV can 
be assigned to Bi 3f 7/2  and Bi 3f 5/2  of Bi 2 S 3  NPs and no signal of 
metallic Bi is present, it can be concluded that the current syn-
thetic route led to Bi 2 S 3  NPs. [ 17c ]  Regarding the signal at around 
163.5 eV, it can be attributed to S 2p from both Bi 2 S 3  NPs and 
the surface BSA (Figure  1 D). Fourier transform infrared (FTIR) 
spectroscopy was also adopted to analyze the resulting NPs. In 
comparison with BSA denatured under comparable basic con-
ditions, BSA-capped NPs presented a decreased –SH signal 
intensity at ≈2500 cm −1 , [ 23c ]  suggesting that part of the S content 
in BSA was converted into Bi 2 S 3  NPs (Figure S3, Supporting 
Information). Since BSA molecules remained anchoring on 
the particle surface, the resulting NPs were water-dispersible. 

The dynamic light scattering (DLS) measurements, shown in 
Figure  1 E, reveal that the hydrodynamic size of the resulting 
NPs is of 39.52 nm. More importantly, they also present excel-
lent colloidal stability (Figure S4, Supporting Information), 
which is very important for their biomedical applications. [ 26 ]  

  A UV–vis–NIR absorption spectrum of the Bi 2 S 3  NPs exhib-
ited a broad absorption extending to the NIR region owing to 
the narrow bandgap of Bi 2 S 3  (Figure  1 F), which makes the 
Bi 2 S 3  NPs potentially useful for PTT of tumors. To show the 
photothermal effects, the temperature of a series of solutions 
containing different concentrations of Bi 2 S 3  NPs was carefully 
measured after irradiation with an 808 nm laser (0.75 W cm −2 ) 
for 600 s. As shown in  Figure    2  A, the temperature increment 
(Δ T ) for Bi 2 S 3  NP solutions goes linearly against the concentra-
tion of the NPs, while the temperature variation for pure water 
receiving the same dose of irradiation is negligible. The results 
given in Figure  2 B further reveal that Δ T  can be varied from 8.5 
to 39.3 °C by simply tuning bismuth concentration from 30 to 
240 µg mL −1 . These results demonstrate that the Bi 2 S 3  NPs can 
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 Figure 1.    A) TEM image, B) size distribution profi le, C) XRD pattern, D) XPS spectrum overlaid with fi tting curves for Bi 4f and S 2p, E) hydrodynamic 
size profi le, and F) absorption spectrum of BSA-stabilized Bi 2 S 3  NPs (inset: HRTEM image of single Bi 2 S 3  NPs).
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effi ciently convert the NIR irradiation (i.e., 808 nm) into heat 
due to their strong NIR absorbance. 

  To further show the reliability of the photothermal conver-
sion, Δ T  of the solution containing bismuth of 120 µg mL −1  
was moni tored for fi ve successive heating/cooling cycles, 
during which 10 min irradiation and a natural cooling process 
were applied. As shown in Figure  2 C, the temperature incre-
ment achieved during each irradiation cycle remained nearly 
unchanged, suggesting that Bi 2 S 3  NPs are very stable with 
respect to photothermal conversion. The reliable photothermal 
conversion is greatly benefi cial for quantitatively controlling the 

local temperature required for therapy. Based on the data shown 
in Figure  2 D, the photothermal conversion effi ciency was cal-
culated to be 51% (see the Supporting Information for details). 
Following the excellent photothermal conversion effi ciency, 4T1 
cells were chosen for in vitro photothermal ablation tests with the 
aid of Bi 2 S 3  NPs. MTT and live/dead staining studies revealed 
that Bi 2 S 3  NPs can act as a heat mediator for hyperthermia treat-
ment of cancer cells (Figure S5, Supporting Information). 

 Apart from PTT, the NIR absorption also makes Bi 2 S 3  NPs 
useful for PA imaging. To characterize the imaging perfor-
mance, the PA signal of a series of Bi 2 S 3  NP solutions was 
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 Figure 2.    A) Temperature variation curves of 1 mL Bi 2 S 3  NPs solutions with different Bi concentrations recorded during 808 nm laser irradiation with 
a powder density of 0.75 W cm −2 ; B) Temperature increment of solutions irradiated by 808 nm laser for 600 s against the Bi concentration; C) A tem-
perature variation curve of 1 mL aqueous solution of Bi 2 S 3  NPs containing 120 µg Bi recorded during 5 heating/cooling cycles using 808 nm laser as 
the heating source (10 min natural cooling process was applied following each heating process); D) plot of cooling time ( t ) versus the negative natural 
logarithm of the temperature driving force ( θ ) obtained from the cooling stage as shown in panel (C) for evaluating of the photothermal conversion 
effi ciency ( η ) with detailed processes shown in the Supporting Information; E) photoacoustic signal intensity of particle solutions as a function of Bi 
concentration, i.e., (1) 15 µg mL −1 , (2) 30 µg mL −1 , (3) 45 µg mL −1 , (4) 60 µg mL −1 , and (5) 120 µg mL −1  with the PA images of each solution shown as 
insets; F) X-ray attenuation of intensity in Hounsfi eld units (HU) of Bi 2 S 3  NPs as a function of Bi concentration, i.e., (1) 0.25 mg mL −1 , (2) 0.5 mg mL −1 , 
(3) 1.25 mg mL −1 , (4) 2.5 mg mL −1 , and (5) 5 mg mL −1  with the CT images of each solution shown as insets.
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acquired upon excitation at 680 nm and shown in Figure  2 E, 
with the corresponding images shown as inset. The excel-
lent linearity between PA signal and particle concentration is 
greatly in favor of quantitative imaging studies. Owing to the 
broad absorption feature, Bi 2 S 3  NPs can serve as effective con-
trast agents over a large spectroscopy region, i.e., from 650 to 
980 nm, for PA imaging. 

 In addition, the large X-ray attenuation coeffi cient 
(5.74 cm −2 ·kg −1  at 100 KeV) of Bi element compared with 
the extensively applied elements such as Au, W, and I (Au: 
5.16, W: 4.44, and I: 1.94 cm −2 ·kg −1  at 100 KeV) undoubt-
edly endows Bi 2 S 3  NPs with excellent performance for CT 
imaging, [ 27 ]  as shown in Figure  2 F. Similar to PA signal, the 
Hounsfi eld unit (HU) value also goes linearly against the con-
centration of the Bi 2 S 3  NPs with a slope up to 90.2 HU L·g −1 , 
much higher than that of the clinically used iopromide 
(15.9 HU L g −1 ). The excellent CT imaging performance can 
more directly be visualized through a set of CT images shown 
as inset of Figure  2 F.  

  2.2.     In Vivo Biosafety of Bi 2 S 3  NPs 

 The above results strongly imply that the current Bi 2 S 3  NPs can 
serve as excellent contrast agents for both PA and CT imaging 
apart from the excellent properties for PTT. Towards these bio-
medical applications, the possible side effects of the NPs were 
evaluated through body weight fl uctuation, blood chemistry 
test, and histological evaluation on Sprague Dawley (SD) rats. 
In detail, SD rats intravenously injected with either 1.0 mL 
Bi 2 S 3  NPs containing 0.5 mg Bi or saline were divided into two 
groups ( n  = 5). The body weights of two groups of rats were 
continually monitored every other day. The results in Figure S6 
in the Supporting Information reveal that the body weights of 
rats injected with Bi 2 S 3  NPs decreased in the fi rst 3 d, then 
gradually increased and became normal on day 10, compared 
with the control group that received saline injection, suggesting 
that the Bi 2 S 3  NPs exhibited no long-term systemic effects at 
the given dose. 

 A complete blood panel analysis was then carried out after 
the intravenous injection of Bi 2 S 3  NPs on the 1st, 3rd, 7th, 
14th, and 28th day postinjection. Since any side effects of Bi 2 S 3  
NPs on the immune system or the potential risks in inducing 
infl ammatory responses will be refl ected in hematological fac-
tors, [ 28 ]  the standard hematological and biochemical markers 
were carefully monitored and compared. The results shown in 
 Figure    3  , obtained through complete blood count performed 
at regular intervals, suggest that Bi 2 S 3  NPs show no long-term 
toxicity. For example, there is no signifi cant difference in red 
blood cells, hemoglobin, hematocrit, or platelets between the 
control group and the Bi 2 S 3  NP treated group. The white blood 
cell count however slightly increases in the treated group on 
day 1 and day 3, but recovered to the level of the control group 
after day 7, indicating a slight immunological stress, as shown 
in Figure  3 C. 

  Serum biochemical analysis was carried out to show the 
total protein, albumin, and globulin concentrations in the 
Bi 2 S 3  NP treated rats. A slight increase in total protein on 
day 7 was observed, primarily due to the increase in globulin, 

implying a disorder in the immune system or potential 
infl ammation. 

 Liver injury markers such as alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and alkaline phosphatase 
(ALP) were also evaluated to investigate the risks of Bi 2 S 3  NPs. 
Although there was a slight disorder in ALT before day 7, all 
values of AST and ALP were rather comparable with those of 
the control group. In addition, the indicators of kidney injury 
such as urea and creatinine were massively increased before 
day 3, but drastically decreased to the normal levels after one 
week, indicating an acute response of kidney to Bi 2 S 3  NPs. 

 The rats were sacrifi ced on day 28, major organs such as 
heart, liver, spleen, lung, and kidney were harvested for weight 
fl uctuation evaluation. The results given in Figure S7 in Sup-
porting Information revealed that there was no big difference in 
the weights of these organs in comparison with those form the 
control group. Further hematoxylin and eosin (H&E) staining 
analysis confi rmed that the structural patterns of these organs 
of the treated group are similar to those of the control group 
except for the kidney (Figure S8, Supporting Information).  

  2.3.     Pharmacokinetics and Biodistribution of Bi 2 S 3  NPs 

 The biosafety profi le of Bi 2 S 3  NPs can be attributed to their 
excellent chemical stability since no release of Bi 3+  was 
observed after Bi 2 S 3  NPs were incubated in phosphate buff-
ered saline (PBS) containing 10% fetal bovine serum (FBS) 
over 72 h (Figure S9, Supporting Information). The excellent 
hemo- and histo-compatibility thus make the BSA-capped Bi 2 S 3  
NPs potentially useful as a novel theranostic agent. As a long 
blood circulation time is essentially required for enhancing the 
accumulation of the NPs in tumors through the enhanced per-
meability and retention (EPR) effect, [ 29 ]  the blood circulation 
behavior was studied by determining the Bi content in blood, 
drawn from the eye socket of healthy BALB/c mice at different 
time points after intravenous injection of NPs, with inductively 
coupled plasma–mass spectroscopy (ICP-MS). By fi tting the 
blood circulation profi le shown in  Figure    4  A, the blood half-life 
was calculated to be around 14.85 h. Such a long blood circu-
lation time can be attributed to the combination of the small 
hydrodynamic size of BSA coated Bi 2 S 3  NPs with the excellent 
biocompatibility of BSA. 

  Through the same method, the accumulation of Bi 2 S 3  NPs 
in the tumor and the major organs such as heart, liver, spleen, 
lung, kidney of 4T1 tumor-bearing BALB/c mice was deter-
mined after intravenous administration of Bi 2 S 3  NPs (200 µL 
containing 0.5 mg Bi). The results shown in Figure  4 B indicate 
that the injected Bi 2 S 3  NPs are mainly accumulated in the retic-
uloendothelial organs such as liver and spleen, which is widely 
observed for nanobiomaterials. Nevertheless, tumor uptake of 
Bi 2 S 3  NPs through the EPR effect is as high as 8.3% ID g −1  
at 24 h postinjection owing to the excellent blood circulation 
behavior of Bi 2 S 3  NPs. 

 As aforementioned, the rich functional groups of BSA ligand 
offer the possibility to further functionalize the Bi 2 S 3  NPs. For 
example, via the strong chelating effect,  99m Tc was successfully 
used to label the BSA-stabilized Bi 2 S 3  NPs, [ 30 ]  through which 
the pharmacokinetic behavior of the systemically delivered NPs 
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can instantly be monitored with single proton emission com-
puted tomography (SPECT). Figure  4 C displays the representa-
tive SPECT/CT images acquired at different time points, i.e., 1, 
2, 6, 12, and 24 h postinjection. Rather in consistence with bio-
distribution results based on ICP-MS, the SPECT/CT images 
also reveal a high uptake of Bi 2 S 3  NPs in the liver and spleen. 
More importantly, the SPECT imaging allows the detection of 
tumor with the aid of the NPs.  

  2.4.     In Vivo PA/CT Imaging of Tumor 

 The effi cient tumor accumulation of Bi 2 S 3  NPs is benefi cial not 
only for sensitive detection but also for effi cacious therapy of 
tumors through PTT and RT. For PA imaging of tumors, 200 µL 
Bi 2 S 3  NPs solution containing 0.5 mg Bi were intravenously 
injected into mice bearing 4T1 tumors. A series of PA images 
were captured pre-, and 2, 6, and 24 h postinjection are shown 
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 Figure 3.    Blood routine and blood biochemical tests on rats intravenously injected with Bi 2 S 3  NPs (gray bars) or saline (black bars) as control: A) hemo-
globin; B) red blood cell count; C) white blood cell count; D) hematocrit; E) platelet count; F) total protein; G) albumin; H) globulin; I) ratio of albumin 
to globulin; J) alanine aminotransferase; K) aspartate aminotransferase; L) alkaline phosphatase; M) blood urea nitrogen; N) creatinine; O) uric acid.
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in  Figure    5  A. Rather in consistence with the 
pharmacokinetics results given in Figure  4 , 
and the signal intensity of tumorous area 
all the way increases within the inspection 
time as quantitatively shown in Figure  5 C, 
suggesting that the increased PA signal is 
mainly induced by Bi 2 S 3  NPs. The effective 
accumulation of Bi 2 S 3  NPs can better be seen 
through the reconstructed 3D images given 
in Figure S10 in Supporting Information. 

  Regarding the CT contrast enhancing 
performance of Bi 2 S 3  NPs, an intratumoral 
injection of 50 µL of Bi 2 S 3  NP solution con-
taining 0.125 mg Bi well increased the tumor 
HU value from 43 to 470 (Figure S11, Sup-
porting Information). However, the CT con-
trast enhancing effect is largely determined 
by the effective tumor accumulation of the 
Bi 2 S 3  NPs delivered intravenously. Therefore, 
the injection dose was evaluated and a series 
of CT images of a tumor-bearing mouse were 
captured after intravenous injection of 200 µL 
of Bi 2 S 3  NPs containing 1 mg Bi. The results 
shown in Figure  5 B suggest that the signal 
of tumor site is slightly increased, which is 
quantitatively depicted in Figure  5 D. The 
temporal signal evolution tendency rather 
resembles that of PA signals and the tumor 
HU value is increased from 20.2 to 58.1 24 h 
postinjection.  

  2.5.     Therapeutic Effects of Bi 2 S 3  NPs 

 Apart from enhancing the imaging contrast, 
Bi 2 S 3  NPs can potentially be used for tumor 
therapies through PTT and RT sensitization. 
Based on the above imaging studies that 
demonstrate the effective tumor accumula-
tion of Bi 2 S 3  NPs delivered through tail vein, 
the following therapeutic studies were car-
ried out. In detail, mice bearing 4T1 tumors 
intravenously injected with either Bi 2 S 3  NPs 
(200 µL containing 0.5 mg Bi) or saline were 
divided into six groups ( n  = 5), i.e., mice 
injected with saline (group 1, saline), mice 
injected with Bi 2 S 3  NPs (group 2, Bi 2 S 3  NPs), 
mice treated with X-ray irradiation followed 
by NIR laser after saline injection (group 3, 
saline + X-ray + NIR), mice treated with NIR 
laser irradiation after Bi 2 S 3  NPs injection 
(group 4, Bi 2 S 3  NPs + NIR), mice treated 
with X-ray irradiation after Bi 2 S 3  NPs injec-
tion (group 5, Bi 2 S 3  NPs + X-ray), and mice 
treated with X-ray irradiation followed by 
NIR laser irradiation after Bi 2 S 3  NPs injec-
tion (group 6, Bi 2 S 3  NPs + X-ray + NIR). 
Note that all therapeutic irradiations were 
applied 12 h postinjection of either NPs or 
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 Figure 4.    A) Blood circulation profi le of Bi 2 S 3  NPs fi tted with a two-compartment model; 
B) time-dependent biodistribution of Bi 2 S 3  NPs in the mice bearing 4T1 tumors (injection 
dosage: 200 µL Bi 2 S 3  NPs solution containing 0.5 mg Bi); C) SPECT/CT images of a mouse 
with a 4T1 tumor implanted in the fl ank region (pointed by red arrow) recorded at different 
time points after intravenous injection of  99m Tc-labeled Bi 2 S 3  NPs (dosage: 200 µL Bi 2 S 3  NPs 
solution containing 0.5 mg Bi, 1 mCi  99m Tc).

 Figure 5.    A) In vivo PA images and C) PA signal intensities of the tumorous area recorded 
pre-, and 2, 6, and 24 h after intravenous injection of Bi 2 S 3  NPs into mice bearing 4T1 tumors 
(dosage: 200 µL Bi 2 S 3  NPs solution containing 0.5 mg Bi). B) In vivo CT images and D) the 
signal intensities of the tumorous area of another group of tumor-bearing mice recorded pre-, 
and 2, 6, and 24 h after intravenous injection of Bi 2 S 3  NPs (dosage: 200 µL of Bi 2 S 3  NPs con-
taining 1 mg Bi). The tumor site is pointed by red arrows.
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saline. The X-ray irradiation with a dose of 4 Gy was applied 
for fi ve minutes and an 808 nm laser with a power density of 
0.75 W cm −2  was applied for 5 min after the X-ray irradiation, if 
they were combined. 

 During the NIR laser irradiation, an infrared camera was 
used to capture the full-body thermal images for monitoring 
the temperature variation of the irradiated area. As shown in 
 Figure    6  A, the surface temperature of tumorous site is dras-
tically increased for groups receiving Bi 2 S 3  NPs, i.e., group 
4 and group 6, contrasting to those receiving saline. 5 min 

of irradiation was enough to increase the temperature of the 
tumorous site up to ≈50 °C as shown in Figure  6 B. The tumor 
growth curves and the representative photographs of mice 
chosen from each group are shown in Figure  6 C and Figure S11 
in Supporting Information, respectively. The results reveal that 
Bi 2 S 3  NPs do not show any tumor treatment effect (group 2). 
But with the aid of X-ray (group 5), the treatment effect become 
obvious and comparable with group 2 that received combined 
RT and PTT treatments in the absence of Bi 2 S 3  NPs. The effi -
cacy of PTT achieved with the aid of Bi 2 S 3  NPs is apparently 

 Figure 6.    A) Infrared thermal images and B) tumor surface temperature profi les of tumor-bearing mice recorded during the laser irradiation after 
intravenous injection of saline or Bi 2 S 3  NPs (200 µL Bi 2 S 3  NPs solution containing 0.5 mg Bi); C) tumor growth inhibition profi les and D) survival rates 
of six groups of mice ( n  = 5) as a function of time post-treatments; E) H&E staining of tumor tissues harvested from the different groups of mice.
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quite substantial (group 4), and can further be improved if 
RT is applied (group 6), which well manifests the outstanding 
therapeutic effects of the Bi 2 S 3  NPs for combined RT/PTT treat-
ment of tumors. The synergistic effect may be attributed to the 
facts that Bi 2 S 3  NPs-mediated RT can easily killed the radio-
sensitive cells deep inside the body, while PPT can damage the 
radio-resistant hypoxic cells and the superfi cial cancer cells. [ 8e ]  
Moreover, the tumors were thoroughly eradicated for group 6 
within 15 d with no recurrence being observed in 30 d after the 
treatment, as shown in Figure S12 in Supporting Information. 

  To fully assess the benefi t of Bi 2 S 3  NP-directed tumor eradi-
cation, the survival rates of mice in different groups were 
continually monitored. As shown in Figure  6 D, all mice from 
group 1 and group 2 were dead around 30 d post-treatment, 
owing to the malignant proliferation and abnormal lung metas-
tasis of the tumor. The life span of mice from group 3 and 
group 4 was obviously prolonged, but all mice were dead after 
37 d post-treatment. Although the life span of mice treated by 
PTT with the aid of Bi 2 S 3  NPs was slight increased, but the 
survival rate went down to zero again 38 d after the treatment. 
Only mice from group 6 that received combined treatment of 
PTT and RT after intravenous injection of the Bi 2 S 3  NPs NIR 
presented 100% survival rate over 40 d post-treatment. 

 The histological changes in the tumor tissues collected 
on day 1 after the treatment were collected and examined by 
H&E staining. Serious tumor damage and irregular widening 
of intercellular spaces can be observed from mice in group 4 
and group 5, as shown in Figure  6 E, while more severe more 
damage is presented in mice from group 6, which is rather con-
sistence with the inhibition of tumor growth observed during 
the earlier stage of different treatments, further demonstrating 
the synergist effect of Bi 2 S 3  NPs for combined PTT/RT therapy 
of tumors. According to literature, [ 31 ]  pulmonary metastasis of 
cancers could become a major cause of death, so the lungs of 
mice were harvested one month after treatment and carefully 
examined. As revealed by the H&E staining of lung and other 
tissues shown in Figure S13 in Supporting Information, aggres-
sive lung metastases were found in almost all mice except for 
those from group 6, which provides a solid histopathological 
proof on the excellent therapeutic effects of the Bi 2 S 3  NPs for 
combined PTT/RT treatments of cancers.   

  3.     Conclusion 

 In summary, BSA-stabilized Bi 2 S 3  NPs have been synthesized 
through a facile one-pot approach for SPECT/CT/PA imaging-
guided diagnosis and combined PTT/RT of tumors. The in 
vivo risk of the BSA-capped Bi 2 S 3  NPs are carefully evaluated 
through body-weight fl uctuation, blood chemistry test, and 
histological evaluation on SD rats, which show a satisfying 
biosafety profi le for Bi 2 S 3  NPs. Owing to the ultrasmall size and 
colloidal stability, the resulting BSA-capped Bi 2 S 3  NPs present 
outstanding blood circulation behavior with a blood half-life up 
to 14.85 h, which is greatly in favor of tumor uptake for the fol-
lowing PA/CT imaging. Although the Bi 2 S 3  NPs themselves do 
not exhibit any therapeutic effect, their excellent photothermal 
and radiosensitization effects synergistically enable effective 
eradication of tumors with the survival rate of tumor-bearing 

mice up to 100% over 40 d after the treatments. All these 
studies imply that the BSA-capped Bi 2 S 3  NPs may hold a great 
potential in future biomedical application.  
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