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for X-ray computed tomography (CT) imaging due to the high 
atomic number (Z = 74) and the strong X-ray attenuation capa-
bility of tungsten. For example, toward PTT of cancer, Chen 
et al. reported ultrathin poly(ethylene glycol) (PEG) coated 
W18O49 nanowires synthesized through solvothermal treat-
ment of WCl6 in a mixture of PEG and ethanol at 180 °C 
for 24 h.[11] Kalluru et al. used the same method to prepare 
ultrathin PEGylated W18O49 nanowires which generate singlet 
oxygen upon excitation with NIR light (980 nm) for PDT of 
solid tumors.[13] Zhou et al. reported WO2.9 nanorods formed 
by tungstic acid in oleyl alcohol at 260 °C, which were subse-
quently employed as both CT imaging agent and photothermal 
therapeutic agent for breast cancer after surface PEGylation.[14]

The above studies well manifest the remarkable potential of 
WO3−x nanocrystals in biomedical applications, yet a facile and 
robust synthetic approach contrasting to those mentioned above 
remains absent and a challenging task as well for achieving 
water-soluble and biocompatible WO3−x nanoparticles. Herein, 
a novel one-pot synthetic approach was successfully developed, 
based on previous studies,[15–17] for synthesizing water-soluble 
and biocompatible WO3−x nanodots with excellent uniformity 
and ultrasmall size (1.1 ± 0.3 nm) that are particularly favorable 
for tumor theranostic applications. Most importantly, the 
resulting ultrasmall WO3−x nanodots also exhibited strong NIR 
LSPR sensitive to both oxygen and local pH, which makes them 
an ideal agent for detection and treatment of cancers due to the 
hypoxic and weakly acidic microenvironment in tumors.

According to literature,[18] smaller nanoparticles typically pre-
sent longer blood half-time due to the reduced uptake by the 
reticuloendothelial system, which is apparently more favorable 
for the particles delivered through intravenous injection to 
reach the tumorous site. In addition, small particle is prefer-
ably eliminated through renal clearance pathway, which is ben-
eficial for reducing any side effect of the theranostic agents. In 
this context, a macromolecular ligand, i.e., pentaerythritol tet-
rakis (3-mercaptopropionate)-terminated poly(methacrylic acid) 
(PTMP-PMAA, Mn = 5850 g mol−1, Mw = 7418 g mol−1), was 
adopted based on previous studies on the synthesis of fluorescent 
Au, Ag, and Cu nanoclusters,[17,19] Fe3O4 nanoparticles,[16] and 
highly reactive PtO nanoclusters.[20] The outstanding steric effect 
and multi-chelating function makes it potentially suitable for 
achieving ultrasmall WO3−x nanodots through the multiple coor-
dination of carboxylic groups with surface tungsten atoms.[15,16]

Figure 1a shows a representative dark-field transmis-
sion electron microscope (TEM) image of the resultant 
WO3−x nanodots. The average particle size is of 1.1 ± 0.3 nm 
with a particle size distribution profile being presented in 
Figure S1 in the Supporting Information. The high-resolution 

Radiotherapy (RT), by breaking the DNA double strands of 
malignant cells through ionizing radiation,[1] remains a major 
clinical tool nowadays for cancer treatment. The exploration of 
novel and effective radiosensitizers toward cancer RT is there-
fore meaningful for reducing the unwanted damage of normal 
tissues around tumor site by radiation. Meanwhile nanometer-
sized particles are also favorable for tumor targeting through 
enhanced permeation and retention (EPR) effect. So far, most 
studies of radiotherapeutic enhancement of nanosensitizers are 
focused on nanostructures containing gold (Z = 79),[2] bismuth 
(Z = 83),[3] gadolinium (Z = 64),[4] or rare earth elements.[5] 
Oxygen deficient WO3−x nanocrystals are potentially useful 
sensitizers for cancer RT because tungsten can emit Compton 
electrons, scattered photons, photoelectrons, electron–posi-
tron pairs and Auger electrons upon high-energy irradiation, 
to generate radiochemicals (free radicals and ionizations) for 
killing tumor cells.[6] Recently, Qiu et al. reported the radiation 
enhancement of W18O49 nanowires intratumorally injected.[7] 
In comparison with nanowires, their small and spherical coun-
terparts are more suitable for systematic especially intravenous 
administration of theranostic agents, which are unfortunately 
not reported to date.

Apart from the potential radiosensitization effect, oxygen 
deficient WO3−x nanocrystals also exhibit a localized surface 
plasmon resonance (LSPR) tunable in the near-infrared (NIR) 
region,[8] which makes them increasingly desirable not only 
for tumor photoacoustic (PA)[9] imaging but also for cancer 
photothermal therapy (PTT)[10,11] and photodynamic therapy 
(PDT).[12,13] In addition, they can also serve as contrast agents 
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TEM image as an inset presents clear lattice fringes with an 
interplanar spacing of 0.378 nm, well in consistence with that 
for (010) planes of monoclinic WO2.72.[21] The X-ray diffrac-
tion (XRD) pattern provided in Figure S2 in the Supporting 
Information also supported that the crystalline structure is 
close to the nonstoichiometric monoclinic WO2.72. To fur-
ther analyze the oxygen deficiency structure, X-ray photo-
electron spectroscopy (XPS) measurements were carried 
out. By fitting the XPS spectrum in Figure 1b, the two strong 
binding energy peaks at 35.82 eV (W6+ 4f7/2) and 38.05 eV  
(W6+ 4f5/2) and two weak signals at around 34.72 eV (W5+ 4f7/2) 
and 36.82 eV (W5+ 4f5/2) were obtained, based on which the 
atomic ratio of W5+ to W6+ was calculated to be 89:11.

The resulting WO3−x dots exhibited a blue color in aqueous 
solution owing to the strong LSPR absorption in the range of 
600–1100 nm, which is strong pH-dependent as shown in 
Figure 1c. In general, the LSPR intensity gradually decreases 
with the increase of pH from 3.0 to 9.0, accompanied by a color 
variation from blue to colorless. Very interestingly, the LSPR 
signal also exhibits a strong oxygen dependency as shown in 
Figure 1d due to the oxygen deficiency structure of the tungsten 
oxide nanodots.[22] In addition, the resulting nanodots presented 
excellent colloidal solubility especially in fetal calf serum (FBS) 
that is widely used for mimicking the physiological conditions 
as shown in Figure S3 and S4 in the Supporting Information, 
which is an important prerequisite for biomedical applications.

The remarkable dependency of the near-infrared LSPR on 
both pH and oxygen aligns well with the weakly acidic and 
hypoxic microenvironment of tumors, which endows the above 

WO3−x nanodots with potentials as a novel nanotheranostic 
agent for both detection and treatment of tumors through PA 
imaging and PTT, both of which are strongly associated with 
the photothermal conversion property of nanodots. The results 
shown in Figure 2a,b reveal that the temperature of the aqueous 
solutions containing different concentrations of the nanodots 
can rapidly be increased under irradiation of 808 nm light 
(0.5 W cm−2), in huge contrast to that of pure water similarly 
treated, and the temperature increment (ΔT) rises against the 
WO3−x concentration from 100 to 800 μg mL−1. Upon 5 min 
NIR irradiation, the temperature of the solution containing 
800 μg WO3−x nanodots per milliliter is raised to 65 °C that is 
quite beyond the tolerable temperature for tumor cells.

The excellent photothermal conversion ability of the WO3−x 
nanodots encouraged us to further evaluate their biocompat-
ibility that is essential for in vivo applications. Several types 
of cell lines, including 4T1 (murine breast cancer cells), 
L929 (mouse musculus fibroblast cells), and human umbilical 
vein endothelial cells (HUVEC), were adopted for testing the 
potential cytotoxicity of the WO3−x nanodots through a standard 
tetrazolium-based colorimetric assay (MTT). As shown in 
Figure 2c, upon co-incubation with different cell lines for 
24 h, the WO3−x nanodots do not show significant cytotoxicity 
in a concentration range of 100–1000 μg mL−1 as the overall 
cell viability remains above 80% due to tactful modification 
with PTMP-PMAA, which is also independent of cell types 
(Figure S5, Supporting Information). Following the cell viability 
test, 4T1 cells were chosen for the following photothermal 
ablation of cancer cells with the aid of ultrasmall WO3−x 
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Figure 1. a) A representative dark-field TEM image and a HRTEM image showing as inset, b) XPS spectrum of WO3−x nanodots for the binding energies 
of tungsten together with the fitting curves, c) UV–vis absorption spectra of WO3−x nanodots in aqueous solutions of different pH, d) and absorption 
spectra for showing the O2-sensitive absorption properties of the nanodots.
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nano dots. Live/dead staining was adopted to assess the in vitro 
photothermal ablation effects. The results in Figure 2d reveal 
that the number of living cells (stained green) is decreased with 
either the concentration of WO3−x nanodots at fixed irradiation 
power density, or the irradiation power density at fixed nanodot 
concentration, indicating that WO3−x nanodots can act as a heat 
mediator for hyperthermia treatment of cancer cells.

The cell colony formation (Figure S6, Supporting Infor-
mation), apoptosis, and γH2A.x analysis were conducted 
to evaluate the irradiation sensitization effect of the ultra-
small WO3−x nanodots on 4T1 cells. Compared with the cells 
receiving X-ray irradiation with different doses (0–8 Gy) in the 
absence of WO3−x nanodots, the cells treated with the same 
dose of X-rays in the presence of WO3−x nanodots exhibit 
drastically reduced cell viability, as indicated in Figure 3a. The 
survival fraction at 2 Gy (SF2) value, as an important index of 
radiation sensitization extracted through a “multitarget single-
hit” model, is of 0.65 for WO3−x nanodot group, sufficiently 
lower than 0.92 for the control group. The γH2A.x immuno-
fluorescence assay, as shown in Figure 3b, further reveals that 
the WO3−x nanodots can remarkably increase the number of 
immunofluorescence spots induced by X-ray, indicating an 
enhanced DNA breakage, while the nanodots themselves do 
not give rise to significant effect in comparison with control 
group. The radiation sensitization effects of WO3−x nanodots 
were then quantitatively studied via the irradiation induced 
apoptosis by flow cytometry. As shown in Figure 3c, the nano-
dots at concentration of 200 μg mL−1 remarkably increase the 
apoptosis rate of 4T1 cells from 9.46% to 22.39%, or from 

12.79% to 45.67%, if 4 Gy X-rays irradiation was applied for 
treating the cells for 24 and 48 h, respectively. Although the 
radiation sensitization effect was weakened when the concen-
tration of the nanodots was reduced from 200 to 100 μg mL−1, 
48 h X-ray irradiation could still increase the apoptosis rate 
by a factor around 1.8, i.e., 17.34% vs 9.52%. These remark-
able sensitization effects can be attributed to the synergetic 
effect of Compton electrons, scattered photons, photoelec-
trons, electron–positron pairs and Auger electrons, generated 
by WO3−x.[23]

In addition to the therapeutic potential, the intrinsic X-ray 
attenuation ability of tungsten for X-ray also makes the WO3−x 
nanodots a useful contrast agent for CT imaging. Their perfor-
mance was thus evaluated and compared with a commercial 
clinical iodine-based agent (iopromide). The results presented 
in Figure 4a and Figure S7a in the Supporting Information 
demonstrate that the nanodots possess a higher X-ray absorp-
tion coefficient than iopromide, i.e., 7.67 HU per μmol of tung-
sten per mL for WO3−x nanodots and 4 HU per μmol of iodine 
per mL for iopromide, extracted from the linear dependency of 
the CT values against the concentration of the contrast agent.

The excellent combination of biocompatibility, photo-
thermal conversion, and remarkable radiation sensitization 
thus encouraged us to further explore in vivo applications of 
the WO3−x nanodots toward the detection and treatment of can-
cers. 4T1 tumor cells were implanted into BALB/c female mice 
by subcutaneous inoculation, and the mice bearing tumors 
of approximately 90 mm3 were selected for in vivo imaging 
and treatment experiments. The CT images of tumor-bearing 
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Figure 2. a) Optical images together with infrared thermal images of aqueous solutions containing different concentrations of WO3−x nanodots cap-
tured before and after irradiation of 808 nm laser for 5 min (0.5 W cm−2), b) the temporal temperature evolutions of different solutions, c) viability of 
4T1 cells incubated with WO3−x nanodots for 24 h, and (d) fluorescence images of 4T1 cells stained with the live/dead kit after thermal ablation in the 
absence or presence of WO3−x nanodots with different concentrations.
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BALB/c mice captured before and after intravenous injection 
of 200 μL WO3−x nanodots (20 mg mL−1) through tail vein are 
shown in Figure 4b. The CT signal of the tumor area (0.5 mm3) 
highlighted by a circle was initially around 36.93 ± 10.63 HU, 
and increased to 103.64 ± 12.39 HU postcontrast.

Owing to the strong LSPR in the NIR region, PA imaging 
was further carried out by using the WO3−x nanodots as a con-
trast agent. In fact, PA imaging as an new emerging imaging 
technique can overcome the depth and resolution limits of con-
ventional optical imaging technologies, thus attracts consider-
able attention due to its high spatial resolution of soft tissues 
and real-time monitoring capability.[24] Most importantly, PA 
imaging is much safer than CT imaging as the latter suffers 
from radiation risk. The PA images of a series solution of WO3−x 
nanodots with different concentrations are placed in Figure 4c 
and Figure S7b in the Supporting Information for showing 
their contrast enhancement performance. Based on these 
results, mice bearing 4T1 tumors were intravenously injected 
with WO3−x nanodots (2 mg mL−1, 200 μL), and the PA images 
acquired at different time points post-injection are shown in 
Figure 4d, and the laser excitation wavelength was fixed at 
700 nm. Compared with the pre-contrast image, the tumor area 
is gradually enlightened showing a maximum signal at around 
2 h post-injection, largely due to the accumulation of nanodots 
through the EPR effect.[25] Thereafter, the signal of the tumor 
site starts to decrease, suggesting that the nanodots captured by 
tumor are gradually washed out, which is supported by the facts 
that the photoacoustic signals of the main organs such as spleen, 

liver, and kidney reached their maxima at around 2 h post-injec-
tion as shown in Figure S8 in the Supporting Information.

The above results suggest that the WO3−x nanodots can pas-
sively target tumor owing to their ultrasmall size, and thus 
serve as contrast agent for in vivo detection of cancer. There-
fore, it is interesting to further characterize the biodistribution 
of the WO3−x nanodots delivered through intravenous injection. 
A group of tumor-bearing mice was scarified 1, 2, 4, 6, 12, 24, 
and 48 h after intravenous injection and the contents of tung-
sten (W) in the major organs of mice and tumors were ana-
lyzed by inductively coupled plasma-optical emission spectros-
copy (ICP-OES). The results in Figure 4e reveal that the WO3−x 
nanodots are largely distributed in reticuloendothelial (RES) 
organs such as liver, spleen, lung and bone marrow. The high 
distribution in kidney however suggests that the WO3−x nano-
dots may excreted through renal clearance pathway due to their 
ultrasmall size. It is deserved to mention that the ID% g−1 value 
of tumor is around 5% at 2 h post-injection and then decreased 
against time, which is in consistence with PA imaging results. 
Moreover, particle content in tumor is higher than that in blood 
throughout the inspection time. To more accurately characterize 
the blood circulation behavior of the ultrasmall WO3−x nano-
dots, the blood sampling was started right after the delivery of 
the nanodots in order to observe the early behavior of the parti-
cles. The pharmacokinetic results given in Figure 4f reveal that 
the blood half-life of WO3−x nanodots is around 3.86 h.

In fact, RT and PTT have synergistic effects. RT can reach 
deeper tissue though PTT cannot, the latter can increase the 
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Figure 3. a) Colony formation assay of 4T1 cells treated with X-rays of 0, 2, 4, 6, and 8 Gy in the presence or absence WO3−x nanodots, b) DNA damage 
analysis of 4T1 cells treatment with X-ray irradiation in the presence or absence of WO3−x nanodots (200 μg mL−1), c) apoptosis rates of 4T1 cells 
treated with X-ray in the presence of WO3−x nanodots for 24 h (row 2) and 48 h (row 4), respectively, for comparing with those of cells receiving no 
X-ray irradiation after the same time periods of incubation with WO3−x nanodots (rows 1 and 3).
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local temperature of tumorous area and thus accelerate the 
blood circulation to increase the local oxygen level that is 
important for RT effect.[26] Following this reason, on account 
of the satisfying tumor targeting ability, efficient photothermal 
conversion, and outstanding X-ray radiation sensitization per-
formance of WO3−x nanodots, their therapeutic effect was sub-
sequently evaluated. As shown in Figure 5a, the mouse injected 
with WO3−x nanodots showing a fast temperature increase at 
the tumor site under irradiation of 808 nm laser (0.75 W cm−2), 
and an increment of 25 °C was achieved within 10 min. In 
huge contrast, the temperature increment of the control group 
receiving only physiological saline was only around 3 °C. The 
PTT was further combined with X-ray irradiation for showing 
possible synergetic therapeutic effect. In this study, apart from 
the physiological saline group (denoted as PBS group), tumor-
bearing mice receiving no treatment were also set as a control 
and denoted as Control group. In detail, the experimental group 
of tumor-bearing mice were subjected firstly to 808 nm laser 
irradiation for 10 min after intravenous injection of the WO3−x 
nanodots and then to X-ray irradiation with a dose of 4 Gy d−1 

at 1.01 Gy min−1 for 2 d. The detailed results are provided in 
Figure 5b–e and Figure S9 in the Supporting Information. It 
is obvious that both PTT and RT treatment have comparable 
effects if comparing the tumor sizes, but the PTT combined 
with the nanodots shows slightly enhanced effect (WO3−x + PTT 
group). The radiation effect with the aid of nanodots becomes 
remarkable; nevertheless, the tumors though greatly decreased 
in size remain (WO3−x + RT group). Only when the PTT and 
radiation therapy were applied in combination with the WO3−x 
nanodots (WO3−x + PTT + RT group), the tumors can com-
pletely be eliminated (4 out of 5) or drastically be reduced in 
size (1 out of 5). It is worth of mentioning that the survival rate 
of mice receiving the combined treatment was 100% over 45 d, 
while that of the mice solely receiving RT was around 20%, as 
shown in Figure 5d. The survival rate of the rest groups falls 
in between, i.e., 60% for RT and 80% for PTT applied in com-
bination with nanodots. All these evidences strongly point to 
the fact that the use of WO3−x nanodots is not only helpful for 
eliminating the tumors but also for increasing the survival rate 
of tumor-bearing mice.
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Figure 4. a) CT images of two series of aqueous solutions containing WO3−x nanodots (top) or iopromide (bottom) with different concentrations, i.e., 
0.14, 0.70, 1.4, 2.8, 4.2, 5.6, 7.0, 8.4, 9.8, 11.2, 12.6, and 14 μmol mL−1 with respect to W and I, respectively, b) CT images of a mouse before (left) and 
after (right) intravenous injection of WO3−x nanodots, with the tumor being indicated by a rainbow circle, c) PA images of a series of WO3−x nanodot 
solutions with different concentrations, i.e., 0, 12.5, 25, 50, 100, and 200 μg mL−1 from left to right, d) in vivo PA images acquired at different times 
post injection (inset: temporal evolution of PA signal of the tumor site), e) time-dependent biodistribution of WO3−x nanodots in main organs and 
tumors as well, and (f) temporal evolution of the concentration of WO3−x nanodots delivered through intravenous injection.
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In order to disclose the possible side effect of the com-
bined treatment, major organs were harvested and subjected 
to histopathological studies through hematoxylin and eosin 
(H&E) staining. There was no noticeable damage or inflam-
mation showing in the major organs of the mice receiving the 
combined therapy, i.e., WO3−x + PTT + RT group. However, 
lung metastasis and inflammatory changes were observed from 
the Control, PBS, PTT, and RT groups, respectively, as shown 
in Figure 5f, and Figure S10 in the Supporting Information.

In summary, ultrasmall WO3−x nanodots are successfully 
prepared through a facile aqueous route with the aid of deli-
cately designed macromolecular ligand PTMP-PMAA. The 
resulting ultrasmall WO3−x nanodots exhibit strong pH- and 
oxygen-dependent LSPR in the NIR window, which is well 
aligned with the weak acidity and hypoxia microenvironment 
of tumors for sensitive photoacoustic imaging of tumors. The 
excellent photothermal conversion efficiency and attenua-
tion capability toward X-rays also make them an ideal nan-
otheranostic agent for photothermal therapy and enhanced 
radiotherapy of tumors. Owing to the remarkable X-ray sensi-
tization effect of the WO3−x nanodots, satisfying cancer treat-
ment can be achieved through therapy combined PTT and RT. 

Most importantly, the survival rates of tumor-bearing mice is 
significantly improved. We believe the current studies have 
highlighted the great potential of the novel oxygen-deficient 
WO3−x nanodots in cancer theranostics.

Experimental Section
Synthesis of WO3−x Nanodots: Ultrasmall WO3−x nanodots were 

prepared by a one-pot reaction approach. In a typical synthesis, 80 mL 
aqueous solution of PTMP-PMAA (0.0161 × 10−3 m) was firstly heated 
to reflux under nitrogen protection. Then, 20 mL absolute ethanol 
containing WCl6 (0.25 mmol) was injected under magnetic stirring. The 
reaction mixture was kept refluxing for 2 h to achieve a transparent blue 
solution. After being cooled down to room temperature, the colloidal 
solution was centrifuged with a 100 kDa ultrafiltration tube to remove 
un-reacted PTMP-PMAA. The purification process was typically repeated 
for eight times using Milli-Q water (18.2 MΩ cm) as eluent.

Characterization: The resultant WO3–x nanodots were characterized with 
state-of-the-art facilities. Ultraviolet–visible–near infrared (UV–vis–NIR)  
spectra were recorded with a PerkinElmer Lambda 750 UV–vis–NIR 
spectrophotometer. TEM images were captured using a FEI Tecnai G20 
transmission electron microscope operating at an acceleration voltage 
of 200 kV, and the high-resolution TEM images were collected with a 
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Figure 5. a) Comparison of the temperature variations of the tumor sites after the intravenous injection of PBS (left) or WO3−x nanodots (right: dose 
20 mg kg−1) under the irradiation of 808 nm laser light (0.75 W cm−2) for 10 min, b) photographs of tumors harvested from mice receiving different 
therapeutic treatments on 45th day of the treatments, c) variation of the tumor volumes 45 d after the treatment, d) relative survival rate of mice receiving 
different treatments (N = 5), e) images of a representative mouse from each group captured on 14th day after the treatment for showing the effects of dif-
ferent therapeutic combinations, and (f) slices of lung tissues stained with hematoxylin and eosin with tumor metastasis being highlighted by blue circles.
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JEOL JEM-2010F. The nanodots in powder form obtained through vacuum 
rotary evaporation were characterized with a Shimadzu XRD-6000 X-ray 
diffractometer equipped with Cu Kα1 radiation (λ = 0.15406 nm). The 
scanning rate was 0.05° s−1 for collecting the diffraction data in 2θ range 
of 20–90°.

Cytotoxicity Assay: 4T1 murine breast cancer cells, L929 mouse 
musculus fibroblast cells, and human umbilical vein endothelial cells 
were cultured in standard cell media at 37 °C in a 5% CO2 atmosphere. 
1 × 104 Cells were seeded into 96 well plates and incubated with 
different concentrations (100, 200, 400, 600, 800, and 1000 μg mL−1) of 
WO3−x nanodots for 24 h. Relative cell viabilities were determined by the 
standard MTT assay.

Photothermal Ablation of Cancer Cells: 3 × 105 4T1 cells were added 
to 6-well cell culture plates, and incubated with different concentrations 
(50, 100, and 200 μg mL−1) of WO3−x nanodots for 24 h. These 
cells were then irradiated with an 808 nm laser with different power 
densities (0.25, 0.5, and 0.75 W cm−2) for 10 min. A live/dead staining kit 
was used to differentiate the living cells and dead cells on a fluorescence 
microscope (Leica).

Colony Formation: To investigate the radiation sensitivity of the WO3−x 
nanodots to X-rays, colony formation and γH2A.x assays were performed. 
4T1 cells were seeded in 60 mm dishes and incubated for 24 h, and then 
100 μg mL−1 of WO3−x solution was added into the dishes. Cells were 
incubated for another 24 h before being irradiated with 2, 4, 6, and 8 Gy 
dose of X-ray. The colony formation was analyzed after incubation for 
10 d by counting the cells stained with crystal violet.

Apoptosis Assay: 4T1 cells were planted in 6-well plates with a 
concentration of 2 × 105 cells/well and incubated under the conditions 
of 37 °C and 5% CO2 for 24 h. They were then incubated with 100 and 
200 μg mL−1 WO3−x nanodots for 24 h, respectively, and irradiated with 
X-rays at a dose of 4 Gy. After 24 h incubation, the cells were collected 
and stained with Annexin V/PI following the protocol with the kit, and 
then analyzed with flow cytometry.

DNA Injury Detection: γH2A.x as a sign of DNA double strands 
breakage was adopted to evaluate the DNA damage. After being seeded 
on the cover slips and treated with 100 μg mL−1 WO3−x for 24 h, the 
4T1 cells were irradiated with 4 Gy X-rays at a dose rate of 1.01 Gy 
min−1. Then, the cells were subjected to 4% paraformaldehyde fixation 
for 10 min and then washed with phosphate buffered saline for three 
times. Subsequently, the cells were immersed in iced Triton X-100 
for 30 min to rupture the cell membrane and washed with PBS for 
three times. After that, the cells were immersed in a blocking buffer 
(1% bovine serum albumin in tris-buffered saline solution) for 1 h at 
room temperature; further incubated with anti-histone γH2A.x mouse 
monoclonal antibodies (diluted 1:500 with PBS) in the dark overnight 
at 4 °C; washed with PBS for three times. Then, the cells collected were 
incubated in sheep anti-mouse secondary antibody (diluted 1:2000 with 
PBS) for 2 h at room temperature in the dark. After that, the cells were 
exposed to 20 μL Hoechst for staining, and the cell nucleus was dyed for 
5 min before the cells were washed with PBS for five times. Finally, the 
cells obtained were observed with a confocal microscope (PerkinElmer 
UltraViewVoX).

Mice Tumor Model: Specific pathogen free (SPF) grade BALB/c female 
mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. 
and used under protocols approved by the Laboratory Animal Center 
of Soochow University. The tumors were grafted by subcutaneous 
inoculation of 2 × 106 4T1 cells in about 50 μL PBS into the back of 
each mouse. Mice bearing 90 mm3 tumors formed in about 10 d were 
selected for imaging and therapy experiments.

Multimodal Imaging Protocol: PA Imaging: PA imaging was performed 
with a Multispectral Optoacoustic Tomography scanner (MSOT, iThera 
Medical). Solutions with different concentrations of WO3−x nanodots 
were used to evaluate the performance by using Milli-Q water as 
a control. For in vivo PA imaging, the tumor-bearing mice were 
anesthetized with isoflurane, and placed into a water bath to maintain 
their body temperature at 37 °C. WO3−x nanodots were intravenously 
injected into the mice, and images of tumor, liver, and kidney were 
collected at different times.

CT Imaging: The contrast efficacy of WO3−x nanodots as a CT contrast 
agent was firstly compared with commercial iopromide agent in aqueous 
solution with concentrations of 0.14, 0.7, 1.4, 2.8, 4.2, 5.6, 7, 8.4, 9.8, 
11.2, 12.6, and 14 μmol mL−1 of WO3−x nanodots and iopromide were 
loaded into tubes and used to evaluate the CT imaging effect. For in vivo 
CT imaging, 4T1 tumor-bearing mice were anesthetized with isoflurane and 
placed in an animal bed. WO3−x nanodots were then intravenously injected 
for CT imaging. The images were scanned in the accurate mode using full 
angle, 3 frame averaging, 615 mA tube current, and 55 kV tube voltage.

Photothermal Therapy: Tumor-bearing mice were intravenously 
injected with WO3−x nanodots (2 mg mL−1, 200 μL) or PBS, and then 
exposed to 808 nm NIR laser (Hi-Tech Optoelectronics Co., Ltd. Beijing, 
China) at a power density of 0.75 W cm−2 for 10 min. During irradiation, 
real-time thermal images of the tumor area were acquired using a SC300 
infrared camera (FLIR). The tumor sizes were measured with calipers 
every day, and the tumor volume V (mm3) was calculated by the formula 
of V = AB2/2, where A and B refer to the length and width of the tumor.

X-Ray Radiotherapy: Mice implanted with 4T1 cancer cells were 
intravenously injected with WO3−x nanodots (2 mg mL−1, 200 μL) or PBS 
solution (200 μL) as controls. 4 Gy X-rays were applied to the tumor area at 
a rate of 1.01 Gy min−1 through a radiation setup (Rad Source RS-2000 Pro).

Biodistribution: Twenty one tumor-bearing mice were intravenously 
injected with WO3−x nanodots at a dose of 2 mg mL−1, 200 μL. They 
were divided into seven groups, and the various organs or tissues such 
as heart, liver, spleen, lung, kidney, tumor, blood, stomach, intestines, 
skin, bone, and muscle, were resected from the mice in each group at 
2, 4, 6, 12, 24, 48, and 72 h post injection, wet-weighed, and dissolved in 
the digesting solution (HNO3:H2O2 of 2:1 by volume). The contents of 
tungsten in each tissue were determined by ICP-OES.

Blood Circulation: Five healthy BALB/c mice were intravenously injected 
with WO3−x nanodots, and their blood from the retinal vein was collected 
before and after intravenous injection at 7.5, 15, 30 min, 1, 2, 4, 6, 8, 12, 24,  
and 48 h, respectively. The concentration of the nanodots in blood was 
determined with ICP-OES after the samples were digested with HNO3/
H2O2 mixture. The decay curve of the WO3−x nanodots in the blood was 
fitted with a two-compartmental model to extract blood half-time.

Histology Analysis: 30 d after therapeutic experiments, each group 
of mice (N = 3) were sacrificed and their major organs (liver, spleen, 
kidney, heart, and lung) were harvested, dipped in 10% formalin and 
embedded in paraffin. Then, a series of 5 μm thick slices were prepared 
and stained with H&E. The histology and morphology of the tumors 
were observed under a digital microscope (Olympus).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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