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  1.     Introduction 

 Radiation therapy (RT) is a fi rst-line treatment strategy for 

many types of cancers in the clinic. [ 1 ]  There are two main 

kinds of radiation therapies, including external-beam radia-

tion therapy (EBRT) and internal radioisotope therapy 

(RIT). [ 2 ]  Unfortunately, in both types of RT, the damages 

of normal tissues can hardly be avoided. [ 3 ]  Moreover, resist-

ance often occurs during RT, [ 4 ]  especially for tumors after 

multiple rounds of treatment, [ 5 ]  as well as tumors with high 

levels of hypoxia (oxygen is required to enhance cell DNA 

damage caused by ionizing radiation in RT). [ 6 ]  Developing 

effective methods to improve the therapeutic performances 

of RT is therefore of great importance. [ 7 ]  Previously, radio-

labeled tumor-homing nanoparticles [ 8 ]  utilizing the enhanced 

permeability and retention (EPR) effect of cancerous DOI: 10.1002/smll.201601375
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tumors [ 9 ]  have been developed to improve cancer-targeted 

RIT. [ 10 ]  On the other hand, nanoparticles containing high-Z 

elements have shown their capability to sensitize EBRT, [ 11 ]  

by absorbing ionizing-radiation beams (e.g., X-ray) to gen-

erate secondary charged particles such as Auger electrons 

to induce enhanced cancer cell killing. [ 12 ]  However, whether 

tumor-homing radiolabeled nanoparticles containing high-Z 

elements would be able to self-sensitize RIT and improve its 

performance in cancer treatment, has not yet been discussed 

to our best knowledge. 

 Transition-metal dichalcogenides (TMDCs) have 

acquired widespread attention in recent years thanks to 

their unique structures and interesting physical/chemical 

properties. [ 13 ]  With rather large specifi c surface area, [ 14 ]  2D 

TMDCs could act as biosensing platforms to detect various 

types of biological molecules, [ 15 ]  or as drug delivery carriers 

with high drug loading effi ciencies. [ 16 ]  TMDCs with strong 

broad absorbance in the NIR region could also be used as 

photothermal agents for NIR-induced photothermal therapy 

(PTT). [ 17 ]  Moreover, it has been uncovered by our group 

that TMDCs such as MoS 2  nanosheets may be labeled with 

radioisotope ions (e.g.,  64 Cu 2+ ) via a chelator-free method 

upon simple mixing, to enable position-emission tomography 

(PET) imaging. [ 18 ]  In our latest work, we further demon-

strated that tungsten disulfi de (WS 2 ) nanofl akes with poly-

ethylene glycol (PEG) coating could be used to sensitize 

external radiotherapy induced by X-ray. [ 19 ]  

 Motivated by our series of studies with TMDCs, herein, 

we hypothesize that PEGylated WS 2  nanofl akes may also 

be labeled with an RIT radioisotope via the chelator-free 

method, [ 20 ]  and enhance the RIT-induced cancer cell damage 

via a new mechanism of ‘‘self-sensitization’’.  188 Re is a com-

monly used RIT radioisotope that emit both beta and gamma 

rays during its decay (half-life = 16.9 h). [ 21 ]  and shows strong 

binding with oxygen and sulfur atoms. [ 22 ]  After being reduced 

from  188 Re VII O 4  
− , the obtained  188 Re IV  ions could be directly 

labeled on PEGylated WS 2  nanofl akes via the chelator-free 

method to afford  188 Re-WS 2 -PEG with high radiolabeling 

stability. As evidenced by carefully designed in vitro experi-

ments, WS 2  nanofl akes containing the high-Z element, tung-

sten, are able to enhance  188 Re-induced cell damage, likely 

via interacting with the radioactive irradiation emitted 

from  188 Re anchored on the surface of WS 2 . In addition to 

such ‘‘self-sensitization’’ mechanism, it is further uncovered 

that the NIR-induced in vivo mild photothermal heating of 

tumors with WS 2 -PEG is able to greatly relieve the tumor 

hypoxia state possibly by promoting intratumoral blood 

fl ow, overcoming hypoxia-associated radiation resistance of 

tumors. [ 23 ]  Those effects acting together may contribute to 

the remarkably enhanced therapeutic effi cacy of RIT deliv-

ered by  188 Re-WS 2 -PEG.  

  2.     Results and Discussion 

 The synthesis, modifi cation, and  188 Re radiolabeling of WS 2  

nanofl akes are illustrated in  Figure    1  a. In brief, WS 2  nano-

fl akes were prepared using a high-temperature solution 

method by reacting WCl 6  with sulfur dissolved in a mixed 

solvent of oleylamine (OM) and 1-octadecene (ODE) at 

300 °C under N 2  atmosphere for 30 min (Figure S1, 

Supporting Information). [ 24 ]  An amphiphilic polymer, 

poly(ethylene glycol) (PEG) grafted poly (maleic anhydride-

alt-1-octadecene) (C 18 PMH-PEG), was used to transfer as-

made hydrophobic WS 2  nanofl akes into the aqueous phase by 

ultrasonication. After modifi cation, the obtained WS 2 -PEG 

nanofl akes showed largely reduced sizes to the range of 

80–150 nm as revealed by transmission electron microscopy 

(TEM; Figure  1 b). [ 17a ]  Notably, such PEGylated nanofl akes 

exhibited high stability in various physiological solutions 

without aggregation (Figure S2, Supporting Information). 

  UV–vis–NIR spectrum of WS 2 -PEG revealed strong 

absorbance in the NIR region (Figure  1 c). The mass extinc-

tion coeffi cient of WS 2 -PEG nanofl akes was 23.8 Lg −1 cm −1  

as reported, [ 17a ]  which was much higher than that of gra-

phene oxide (GO, 3.6 Lg −1 cm −1 ) and similar with reduced 

GO (24.6 Lg −1 cm −1 ). [ 25 ]  As expected, WS 2 -PEG showed 

great photothermal heating effi ciency by a concentration-

dependent manner (Figure  1 d), allowing its application for 

NIR-induced PTT. 

 For the radiolabeling of WS 2 -PEG nanofl akes, we mixed 

WS 2 -PEG with radioactive rhenium-188 ( 188 Re) precursor, 

sodium perrhenate  188 Re (Na 188 ReO 4 ), in the presence of 

stannous chloride (SnCl 2 ), which could reduce  188 Re VII  in 

Na 188 ReO 4  into  188 Re IV  ions. [ 26 ]  Similar to the chelator-

free labeling of MoS 2  with  64 Cu 2+  as reported in our pre-

vious work, [ 18 ]  it was found that  188 Re IV  ions could also be 

anchored on the surface of WS 2  possibly at the W defect sites 

on WS 2  by bonding with sulfur atoms, without the need of 

any chelators. After removal of excess free  188 Re by ultrafi l-

tration, the radiolabeling yield was determined to be as high 

as 95 ± 1.34% as measured by the γ-counter. The radiolabe-

ling stability of  188 Re labeled WS 2 -PEG was then tested by 

incubating the obtained  188 Re-WS 2 -PEG nanofl akes in phos-

phate buffered saline (PBS) or serum at 37 °C for 24 h. Little 

detachment of  188 Re from the radiolabeled  188 Re-WS 2 -PEG 

was observed, suggesting the high stability of  188 Re labe-

ling on WS 2 -PEG nanofl akes by such a simple chelator-free 

method (Figure  1 e). To investigate the prolonged colloidal 

stability, WS 2 -PEG nanofl akes labeled with “cold” non-radio-

active Re were incubated with various physiological solutions 

including PBS and fetal bovine serum for 3 d. The dynamic 

light scattering (DLS) results showed that Re-WS 2 -PEG 

exhibited great stability in various physiological solutions 

(Figure S3, Supporting Information). 

 Previously we have reported that WS 2  could act as a 

radiosensitizer to enhance EBRT by absorbing X-ray. [ 19,27 ]  

We thus wondered whether there would be a ‘‘self-sensi-

tizing’’ mechanism if  188 Re-WS 2 -PEG nanofl akes were used 

for RIT ( Figure    2  a,c). It was found that 4T1 murine breast 

cancer cells incubated with  188 Re-WS 2 -PEG for 24 h showed 

high radioactivity as measured by the gamma counter, 

compared with that incubated with free  188 Re (Figure S4, 

Supporting Information). In the meanwhile, confocal fl uo-

rescence images of cells incubated with Cy5.5 labeled WS 2 -

PEG illustrated strong fl uorescence signals in the cytoplasm, 

also indicating obvious cell uptake of WS 2 -PEG (Figure S5, 

Supporting Information). In our in vitro experiments, 4T1 
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cancer cells were pre-incubated with “cold” WS 2 -PEG 

without radiolabeling at different concentrations (0, 0.025, 

0.05, and 0.1 mg mL −1 ) for 24 h, washed with PBS to remove 

un-internalized WS 2 -PEG, and then re-incubated in fresh cell 

culture containing different doses of free  188 Re at 0, 1.25, 2.5, 

5, 10, 20, 40, 80, 160, and 320 µCi mL −1  for 24 h. After that, 

the cell counting kit-8 (CCK8) assay was carried out to deter-

mine the relative cell viabilities. Compared to cells without 

pretreating by WS 2 -PEG, cells pretreated with WS 2 -PEG 

showed signifi cantly enhanced RIT-induced cell damage at 

the same radioactive doses (Figure  2 b), despite the no appre-

ciable cytotoxicity of WS 2 -PEG towards those cells. There-

fore, our results indicated that WS 2 -PEG has the sensitization 

capability not only for X-ray-induced EBRT, but also to 

enhance radioisotope-induced RIT. In particular, for  188 Re 

with both β-ray and γ-ray emission during its decay, while its 

emitted β-ray (electrons) would directly cause cell damage, 

its γ-ray, which otherwise would be largely ineffective to cells 

(at the used RIT dose), may be partially adsorbed by WS 2  

to produce charged secondary particles and destruct tumor 

cells. [ 11a,28 ]  

  Next, we emulated the in vitro cancer cell killing effi cacy 

of  188 Re-WS 2 -PEG, in which  188 Re is a radioemitter and WS 2  

is a radiosensitizer so that both β-ray and γ-ray emission from 

 188 Re-WS 2 -PEG may be effectively utilized for cancer killing. 

4T1 cells were incubated with different concentrations of 

WS 2 -PEG, free  188 Re, or  188 Re-WS 2 -PEG for 24 h and then 

tested by the CCK8 assay. No signifi cant cytotoxicity was 

observed for WS 2 -PEG nanofl akes even at high concentra-

tion up to 0.1 mg mL −1 .  188 Re-WS 2 -PEG showed signifi cantly 

enhanced RIT-induced cancer cell damage compared to 

free  188 Re at the same radioactivity doses (Figure  2 d), likely 

owing to the ‘‘self-sensitization’’ mechanism as well as the 

enhanced cellular uptake of radioisotopes once loaded on 

the WS 2  nanocarrier (Figure S4, Supporting Information). 

Thus,  188 Re-WS 2 -PEG appeared to be a rather effective agent 

for RIT. 

  188 Re labeling of WS 2 -PEG nanofl akes not only enabled 

enhanced RIT, but also allowed us to quantitatively track the 

in vivo behaviors of those nanofl akes after they were admin-

istered into animals. Female BALB/C mice-bearing 4T1 

tumors were intravenously (i.v.) injected with  188 Re-WS 2 -

PEG (20 mg kg −1 , 1 mCi) and then scanned under single 

photoemission-computed tomography (SPECT) imaging. 

Being widely distributed throughout the mouse body right 

after injection of  188 Re-WS 2 -PEG, high levels of radioactivity 

accumulation were observed in the liver, spleen, and tumor at 

24 h post injection (p.i.) ( Figure    3  a). We next quantitatively 
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 Figure 1.    WS 2 -PEG synthesis and characterization. a) A scheme of synthesis and modifi cation of WS 2  nanofl akes and radiolabeling of  188 Re. 
b) TEM images of PEGylated WS 2  nanofl akes. Inset: A higher resolution TEM image. c) UV–vis–NIR absorbance spectra of WS 2 -PEG in water. 
d) The photothermal heating curves of water and WS 2 -PEG with different concentrations (0.1, 0.2, 0.3, and 0.5 mg mL −1 ) under 808-nm laser at 
0.8 W cm −2  for 5 min. e) Radiolabeling Stability of  188 Re radiolabeled WS 2 -PEG in PBS and serum.
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studied the in vivo behaviors of  188 Re-WS 2 -PEG by ex vivo 

measurement of radioactivities. Six female BALB/C mice 

were i.v. injected with  188 Re-WS 2 -PEG or free  188 Re, with 

their blood collected at varied time points. By measuring 

radioactivity counts in blood samples using a gamma counter, 

the blood circulation behaviors of  188 Re-WS 2 -PEG, and 

free  188 Re could be determined. Compared with free  188 Re, 

 188 Re-WS 2 -PEG nanofl akes exhibited greatly prolonged 

blood circulation, with the blood half-life determined to be 

≈3.22 h (Figure  3 b). For biodistribution measurement, mice-

bearing 4T1 tumors were i.v. injected with  188 Re-WS 2 -PEG or 

free  188 Re and sacrifi ced at 24 h p.i. to collect main tissues and 

organs for gamma counting. Consistent with SPECT imaging 

data, high levels of  188 Re-WS 2 -PEG uptake in the liver, 

spleen, and tumor were observed, whereas little retention of 

free  188 Re was observed in various organs of mice due to its 

fast excretion (Figure  3 c).The high tumor uptake up to ≈10% 

of injected dose per gram tissue (%ID g −1 ) should be attrib-

uted to the EPR effect of tumors to allow passive homing of 

nanostructures with long blood circulation half-lives. 

  WS 2 -PEG with strong NIR absorbance could be utilized 

as a photothermal heater under NIR laser exposure. We then 

tested the photothermal tumor heating with WS 2 -PEG under 

a low-power NIR laser irradiation and studied the impact of 

such mild hyperthermia treatment to tumors. At 24 h post i.v. 

injection of WS 2 -PEG (dose = 20 mg kg −1 ), 4T1 tumor-bearing 

mice were exposed to an 808-nm NIR laser at the power den-

sity of 0.2–0.3 W cm −2  for 20 min. As revealed by infrared 

imaging camera ( Figure    4  a), the tumor surface temperature 

was maintained at 44–45 °C during laser irradiation for mice 

injected with WS 2 -PEG nanofl akes, whereas the heating for 

saline injected mice was much weaker (≈37 °C) (Figure  4 b). 

It is known that a mild hyperthermia treatment that is insuf-

fi cient to directly ablate tumors may be able to enhance the 

intra-tumor blood fl ow and improve tumor oxygenation. [ 6a ,   11c ]  

Immunofl uorescence hypoxia staining assay was thus car-

ried out for tumor slices following the standard protocol 

(Figure  4 c). [ 29 ]  Compared with control group with WS 2 -PEG 

injection but no NIR laser irradiation, NIR irradiation of 

tumors on mice injected with WS 2 -PEG resulted in signifi -

cantly decreased pimonidazole-stained (green) hypoxic area 

(Figure  4 d), indicating that the mild photothermal heating 

could effectively relieve the hypoxia state of tumors. 

  The in vivo therapeutic effi cacy with  188 Re-WS 2 -PEG was 

then evaluated with the 4T1 tumor model. There were six-

group mice for in vivo treatment (fi ve mice per group): con-

trol, WS 2 -PEG, WS 2 -PEG + laser, free  188 Re,  188 Re-WS 2 -PEG, 

and  188 Re-WS 2 -PEG + laser (dose of WS 2 -PEG = 20 mg kg −1 , 

 188 Re = 200 µCi per mouse). Laser irradiation was conducted 

24 h post i.v. injection of various agents using the 808-nm laser 

at the power density of ≈0.3 W cm −2  for 20 min. Compared to 

free  188 Re which at the current dose showed no appreciable 
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 Figure 2.    In vitro cell experiment. a) A scheme showing the proposed mechanism of enhanced  188 Re-induced cancer cell killing by WS 2 -PEG. b) 
Relative viabilities of 4T1 cells pretreated with different concentrations of WS 2 -PEG (0, 25, 50, and 100 µg mL −1 ) after incubated with free  188 Re for 
24 h. The RIT effect of free  188 Re could be enhanced by WS 2 -PEG. c) A scheme showing the proposed mechanism of the ‘‘self-sensitizing’’ effect by 
 188 Re-WS 2 -PEG inside cells. d) Relative viabilities of 4T1 cells incubated with WS 2 -PEG, free  188 Re and  188 Re-WS 2 -PEG with different concentrations 
for 24 h. We used the same WS 2  concentrations in our experiments for WS 2 -PEG and  188 Re-WS 2 -PEG.  188 Re-WS 2 -PEG showed much stronger RIT 
effect compared to free  188 Re at the same doses.
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inhibitory effect to the tumor growth,  188 Re-WS 2 -PEG nano-

fl akes treatment could obviously delay the tumor growth, par-

ticularly in the early three days post treatment ( Figure    5  a), 

likely owing to the enhanced tumor accumulation of  188 Re 

loaded on those nanofl akes, as well as the ‘‘self-sensitization’’ 

mechanism that made  188 Re-WS 2 -PEG to be a more effective 

RIT agent. Unfortunately, tumors in this group still grew up 

later. Similarly, photothermal heating of tumors with unla-

beled WS 2 -PEG at the used mild condition also could only 

partially delay the tumor growth (Figure  5 a). Excitingly, for 

mice treated with  188 Re-WS 2 -PEG plus NIR-induced photo-

thermal heating, their tumors were completely eliminated 

(disappeared at 6 d p.i. for all fi ve mice) (Figure  5 a). Notably, 

all the fi ve mice receiving NIR-enhanced RIT with  188 Re-WS 2 -

PEG were tumor-free after treatment and survived for more 

than two months, whereas mice in the control groups showed 

life spans of 16–20 d for untreated or free  188 Re treated mice, 

and 22–30 d for mice receiving RIT alone with  188 Re-WS 2 -

PEG or PTT alone with cold WS 2 -PEG (Figure  5 b). 

  In order to verify the observed therapeutic effects, tumors 

from mice after various treatments were collected two days 

after treatment. For tumors on mice after treatment by NIR-

enhanced RIT with  188 Re-WS 2 -PEG, signifi cant tumor cell 

damage and obviously enhanced apoptosis were observed 

by Haematoxylin and Eosin (H&E) and Terminal deoxy-

nucleotidyl transferase dUTP nick end labeling (TUNEL) 

staining, respectively, in marked comparison to the other 

control groups (Figure  5 c,d). Our results collectively evi-

denced the superior anti-tumor therapeutic effect achieved 

by  188 Re-WS 2 -PEG with the help of NIR laser irradiation. 

 Notably, treatment with WS 2 -PEG or  188 Re-WS 2 -PEG 

induced no obvious body weight change to treated mice 

(20 mg kg −1  of WS 2 -PEG corresponding to 200 µCi of  188 Re), 

indicating no signifi cant acute toxicity of RIT delivered by 

 188 Re-WS 2 -PEG (Figure S6, Supporting Information). To 

look into the possible side effects of such treatment, main 

organs including heart, liver, spleen, lung, and kidney from 

the  188 Re-WS 2 -PEG treated mice were then examined at 

the end of treatment (day 60) by H&E staining. No signifi -

cant organ damage or abnormality was observed (Figure S7, 

Supporting Information), suggesting the limited long-term 

toxicity of  188 Re-WS 2 -PEG to the treated mice. Considering 

the no appreciable in vivo toxicity of WS 2 -PEG observed in 

our previous more systematic toxicology studies, as well as 

the short decay half-life of  188 Re, such  188 Re-WS 2 -PEG agent 

may be a relatively safe agent for application in RIT.  

  3.     Conclusion 

 In summary, WS 2 -PEG nanofl akes were labeled with  188 Re, a 

commonly used RIT radioisotope, with rather high labeling 
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 Figure 3.    In vivo imaging and pharmacokinetics. a) SPECT images of 4T1 tumor-bearing mice after i.v. injection with  188 Re-WS 2 -PEG. b) The blood 
circulation of free  188 Re and  188 Re-WS 2 -PEG in mice post i.v. injection. c) Biodistribution of free  188 Re and  188 Re-WS 2 -PEG measured at 24 h post i.v. 
injection. Effi cient tumor uptake of  188 Re-WS 2 -PEG was observed.
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effi ciency (≈95%) and great stability, via a chelator-free 

method upon simple mixing. Interesting, we for the fi rst 

time proposed a ‘‘self-sensitization’’ mechanism in RIT with 

the obtained  188 Re-WS 2 -PEG, in which the emitted radio-

active γ-radiation from  188 Re could be absorbed by W to 

generate secondary electrons to enhance radiation-induced 

damage to cancer cells, a mechanism similar to that reported 

when high-Z element agents are used to sensitize EBRT by 

absorbing X-ray. As the result of such ‘‘self-sensitization’’ 

behavior as well as enhanced cellular uptake of  188 Re once 

binding on WS 2 -PEG,  188 Re-WS 2 -PEG showed dramatically 

improved in vitro cancer cell killing effi cacy compared to 

free  188 Re. We further utilized the gamma emission of  188 Re 

to track the in vivo behaviors of  188 Re-WS 2 -PEG by in vivo 

SPECT imaging and ex vivo biodistribution measurement, 

which both uncovered effi cient passive tumor homing of 

those nanofl akes by the EPR effect. With high NIR absorb-

ance,  188 Re-WS 2 -PEG could act as a photothermal agent to 

heat up tumors under NIR laser exposure, resulting in greatly 

promoted tumor oxygenation which would be favorable for 

overcoming hypoxia-associated radiotherapy resistance. 

Therefore, in vivo NIR-enhanced RIT with  188 Re-WS 2 -PEG 

was fi nally realized, offering a remarkably improved thera-

peutic outcome with a rather low radioactivity dose, at which 

free  188 Re appeared to be essentially ineffective. This work 

presents a novel strategy to enhance RIT cancer treatment 

with nanotechnology utilizing TMDC nanomaterials. For 

future clinical translation of such technology, efforts may still 

be needed to develop biodegradable/rapid-execrable agents 

to realize similar aims.  

  4.     Experimental Section 

  Synthesis of WS 2  Nanofl akes : All materials used in this work 
were obtained from Sigma–Aldrich, unless indicated. Na  188 ReO 4  
radiopharmaceutical was provided by Atomic fi rm Sinovac Phar-
maceutical Co. LTD., Shanghai. WS 2  nanofl akes were synthesized 
following our previous process by a bottom-up method. [ 24 ]  In brief, 
OM (15 mL), and ODE (10 mL) were mixed in a three-necked fl ask 
(50 mL) at room temperature, and then Tungsten chloride (WCl 6 ) 
(1 mmol) was added. The reaction solution was heated to 140 °C 
to remove water and oxygen for 30 min under the protection of 
nitrogen with vigorous magnetic stirring. After that, the whole 
system was heated up to 300 °C and then immediately added with 
sulfur (2 mmol, dissolved in 4 mL OM). The reaction was kept at 
this state about 30 min. After cooling down to room temperature, 
WS 2  nanaofl akes were washed with ethanol and cyclohexane for 
three times, and then collected by centrifugation. 

  Modifi cation of WS 2  Nanofl akes : PEG grafted poly-(maleic 
anhydride-alt-1-octadecene) (C 18 PMH-PEG 5K ) and Amine-PEG 
grafted C 18 PMH (C 18 PMH-PEG 5K -NH 2 ) were synthetized according 
to our previous protocols. [ 30 ]  For surface modifi cation, 20 mg as-
made WS 2  nanofl akes were dispersed in 5 mL trichloromethane 
(CHCl 3 ) containing 200 mg C 18 PMH-PEG or C 18 PMH-PEG-NH 2 . After 
6 h stirring, the solution was dried by nitrogen and dissolved in 
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 Figure 4.    NIR-induced PTT on tumor hypoxia. a) IR thermal images of 4T1 tumor-bear mice under the 808-nm laser irradiation (0.2–0.3 W cm −2 ) 
24 h after i.v. injection of saline or WS 2 -PEG (dose = 20 mg kg −1 ). b) Temperature-heating curves of tumors after irradiation for 20 min for mice in (a). 
c) Representative immunofl uorescence images of tumor slices with hypoxia staining. Cell nuclei, blood vessels, and hypoxia areas were stained by 
DAPI (blue), anti-CD31 (red), and anti-pimonidazole (green), respectively. d) Ratio of relative hypoxia areas for tumors in different groups shown in (c).
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water. After removal of excess coating polymers by centrifugation, 
the fi nal product was stored at 4 °C for further use. WS 2  nanofl akes 
were modifi ed with C 18 PMH-PEG 5K -NH 2  to allow fl uorescent labe-
ling with N-hydroxysuccinimide ester modifi ed Cy5.5 (NHS-Cy5.5). 

  Characterization : TEM images were obtained by a FEI Tecnai 
F20 transmission electron microscope at an acceleration voltage of 
200 KV. DLS of WS 2 -PEG nanofl akes was obtained by a Zetasizer 
Nano-ZS (Malvern Instruments, UK). UV–vis–NIR spectra of WS 2 -
PEG in water were recorded by PerkinElmer Lambda 750 UV–vis–
NIR spectrophotometer (PL). 

   188 Re Radiolabeling : Radioactive rhenium-188 ( 188 Re) precursor, 
Na  188 ReO 4 , was reduced from  188 Re VII  to  188 Re IV  by stannous chloride 
(SnCl 2 ). [ 22a ]  First, 200 µL WS 2 -PEG (2 mg mL −1 ), 100 µL ascorbic acid 
(2 mg mL −1 ) and SnCl 2  (10 mg mL −1 ) were mixed in a 2 mL tube. 
Then, 200 µL Na  188 ReO 4  solution was added into the tube and then 
blended. The solution pH was kept at ≈4 during this labeling reac-
tion at 37 °C. After 1 h, the solution was washed for three times by 
ultrafi ltration fi lters with molecular weight cutoff of 100 kDa. The 
fi nal product was  188 Re-WS 2 -PEG. In order to confi rm the stability 
of radiolabeled  188 Re-WS 2 -PEG,  188 Re-WS 2 -PEG was incubated with 
PBS or serum at 37 °C for different periods of time (0.5, 1, 3, 6, 
and 24 h). After that, the released  188 Re from  188 Re-WS 2 -PEG was 
collected by ultrafi ltration for gamma counting to determine the 
amount of retained  188 Re on the labeled nanofl akes. 

  Cell Experiments : 4T1 murine breast cancer cells were obtained 
from American Type Culture Collection and cultured in the standard 
medium. To study the ‘‘self-sensitizing’’ mechanism, 4T1 cells 
were pre-incubated with “cold” WS 2 -PEG without radiolabeling 
at different concentrations (0, 0.025, 0.05, and 0.1 mg mL −1 ) for 
24 h, washed with PBS to remove un-internalized WS 2 -PEG, and 
then re-incubated in fresh cell culture added with different concen-
trations of free  188 Re at 0, 1.25, 2.5, 5, 10, 20, 40, 80, 160, and 
320 µCi mL −1  for 24 h. Relative cell viabilities were determined by 
the CCK-8 assay. For in vitro cancer cell killing induced by RIT, 4T1 
cells were incubated with different concentrations of WS 2 -PEG, free 
 188 Re, and  188 Re-WS 2 -PEG for 24 h. After that, CCK8 assay was car-
ried out. To determine the cellular uptake of  188 Re, 4T1 cells were 
pre-seeded in six well plates at the density of 2 × 10  5  cells per 
well and incubated with different concentrations of free  188 Re and 
 188 Re-WS 2 -PEG at 5, 10, 20, 40, and 80 µCi for 24 h. After washing 
cells with PBS for three times, cells were collected for gamma 
counting to measure the amount of internalized  188 Re by cells. 

  In Vivo Animal Modal and Imaging : Female BALB/C mice were 
obtained from Nanjing Peng Sheng Biological Technology Co. 
Ltd. and used under protocols approved by the Soochow Univer-
sity Laboratory Animal Center. For tumor model, 2 × 10 6  4T1 cells 
concentrated in 50 µL PBS were subcutaneously injected into the 
right buttock of each mouse. SPECT imaging was conducted for 

 Figure 5.    NIR-enhanced RIT delivered by  188 Re-WS 2 -PEG. a,b) Relative tumor volumes (a) and survival rate of mice (b) after different treatments 
indicated including PBS control, WS 2 -PEG injection with laser irradiation, free  188 Re injection, as well as  188 Re-WS 2 -PEG injection without and with 
laser irradiation. c,d) Representative TUNEL (c) and H&E (d) stained tumor slices from six groups. The tumors were collected one day post various 
treatments were conducted.



full papers
www.MaterialsViews.com

3974 www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2016, 12, No. 29, 3967–3975

tumor-bearing mice after i.v. injection with 200 µL  188 Re-WS 2 -PEG 
(1 mCi), using a U-SPECT+/CT from milabs. 

  Blood Circulation and Biodistribution Measurement : The radi-
olabeled  188 Re-WS 2 -PEG (dose = 20 mg kg −1 , 200 µCi of  188 Re 
per mouse) or free  188 Re (200 µCi) was i.v. injected into the mice. 
The blood samples were taken from mice at various time points 
p.i. (15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 48 h), 
weighed, and then measured by the gamma counter to determine 
the radioactivity levels in the blood. For biodistribution,  188 Re-WS 2 -
PEG (dose = 20 mg kg −1 , 200 µCi of  188 Re per mouse) or free  188 Re 
(200 µCi) were i.v. injected into 4T1 tumor bearing mice. After 24 h, 
those mice were sacrifi ced and their organs including heart, liver, 
spleen, lung, kidney, skin, muscle, bone, and tumor were taken, 
weighed and measured by the gamma counter. 

  In Vivo Combined Therapy : Mice-bearing 4T1 tumors were 
divided into six groups ( n  = 5 per group) for various treat-
ments including control group, mice i.v. injection with free  188 Re 
(200 µCi, 200 µL), WS 2 -PEG (2 mg mL −1 , 200 µL, dose = 20 mg kg −1 ) 
or  188 Re-WS 2 -PEG (200 µCi, 200 µL). The above treatments were 
given by i.v. injection of various agents into mice bearing 4T1 
tumors on day 0. For in vivo PTT, mice 24 h post i.v. injection with 
WS 2 -PEG or  188 Re-WS 2 -PEG were exposed to the 808-nm NIR laser 
(Hi-Tech Optoelectronics Co., Ltd. Beijing, China) at power density of 
≈0.3 W cm −2  to maintain the tumor temperature at about 45–46 °C 
for 20 min. The tumor surface temperatures were recorded by an 
IR thermal camera (IRS E50 Pro Thermal Imaging Camera). After 
various treatments, the tumor sizes were measured by a vernier cal-
iper every 2 d and calculated as the volume = (length × width 2 )/2. 
Relative tumor volumes were calculated as  V / V  0  ( V  0  was the tumor 
volume when the treatment was initiated). On the other hand, 
tumors tissue and main organs from all six treated group were col-
lected 1 d post treatment for H&E and TUNEL staining and exam-
ined by a fl uorescence microscope (Olympus). 

  Immunohistochemistry : Mice-bearing 4T1 tumor were i.v. injected 
with WS 2 -PEG nanofl akes. 24 h p.i., the tumor was irradiated with 
808-nm laser at ≈0.3 W cm −2  for 20 min. After PTT, mice were intra-
peritoneal injected with nitroimidazole immediately. 90 min p.i., the 
tumors were collected, sliced, and stained with 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI) (blue), anti-CD31 anti-
body (red), and anti-pimonidazole antibody (green), for cell nuclei, 
blood vessels, and hypoxia areas, respectively.  
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