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 ABSTRACT 

In this study, we present the preparation of stable 1T-WS2 ultrathin nanosheets 

with NH4
+ intercalation using a bottom-up hydrothermal method and the

potential application of this material in light-induced photothermal cancer 

therapy. Our results revealed that nanosheets with a size of 150 nm were highly 

hydrophilic and exhibited strong light absorption and excellent photostability

in the broad near-infrared wavelength region. The in vitro experimental results 

indicated good biocompatibility of the nanosheets. More notably, our in vivo 

antitumor experiments illustrated that light-induced photothermal ablation 

originating from irradiation of the 1T-WS2 nanosheets with an 808 nm laser 

could efficiently kill tumor cells; these effects were obtained not only at the

cellular level but also in the living organs of mice. This result may lead to

new applications of two-dimensional layered materials in novel photothermal 

therapies and other photothermal related fields. 

 
 

1 Introduction 

Near-infrared (NIR) laser-induced photothermal 

ablation (PTA) therapy is considered, in recent years, 

a gentle, less invasive, efficient, and potentially highly 

effective treatment that can be used as an alternative 

or supplement to conventional cancer treatments 

(surgery, radiation therapy, and chemotherapy). The 

NIR window usually refers to a specific range of 

wavelengths (700–1,300 nm) in which light has great 

penetration depth in biological tissues [1]. In principle, 

PTA therapy takes advantage of NIR absorbing 
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materials to transduce light at these wavelengths into 

heat, which can kill cancer cells and destroy tumors  

in mice [2]. Consequently, the absorption of tissue- 

penetrating NIR light is a prerequisite for PTA agents. 

In addition, good biocompatibility, high photostability, 

and high photothermal conversion efficiency are also 

indispensable for NIR laser-induced PTA agents. 

Therefore, to meet the strict requirements of PTA 

therapy, developing novel kinds of photothermal 

agents is highly desirable. Four types of photothermal 

agents have been studied extensively. The first type is 

noble metal nanostructures, such as Pd-based nano-

sheets and various Au nanostructures [3–12], which 

exhibit intense NIR photoabsorption and good 

performance for PTA therapy. The second type is 

carbon-based materials, including carbon nanotubes 

and graphene, which are generally hydrophobic and 

thus require complex surface modifications in order to 

be useful in aqueous environments [13–15]. The third 

type is organic compounds, e.g., indocyanine green 

(ICG) and polyaniline nanoparticles [16–18]. The last 

type is metal chalcogenide semiconductors and metal 

oxide nanostructures, including copper chalcogenide 

semiconductors, PEGylated W18O49 nanowires, and 

chemically exfoliated sulfide nanosheets [19–27]. 

Among these potential PTA agents, two-dimensional 

(2D) layered transition metal dichalcogenides (TMDs) 

have attracted tremendous attention recently, but 

challenges are still faced in relation to these materials. 

The synthesis of 1T-TMD nanosheets is restricted   

to the conventional “lithium intercalated exfoliation” 

route, in which n-butyllithium endows the 2D nano-

sheets with an ultrathin structure and a metallic 

phase. However, the as-synthesized, toxic alkali-metal- 

intercalated TMDs are highly reactive products that 

are sensitive to moisture, temperature, and even aging 

[28, 29]. Moreover, extra surface functionalization of 

the nanostructures with specific chemical groups (e.g., 

PEG) is necessary to realize good biocompatibility for 

use in PTA therapy. Therefore, it is crucial to explore 

rational n-butyllithium-free synthetic routes to achieve 

stable 1T-TMDs with good biocompatibility and 

photostability, which could provide a versatile synthetic 

alternative and optimize the PTA performance of 

these materials. In this work, we report the successful 

synthesis of unique ammonium ion-intercalated 1T- 

WS2 ultrathin nanosheets (abbreviated as N-WS2 NSs) 

with very good biocompatibility and photostability 

via a facile hydrothermal method. The as-prepared 

nanosheets are not only highly hydrophilic, but also 

exhibit strong absorption in the broad NIR region 

(800–1,200 nm). Notably, the nanostructures exhibit 

high stability for several months and good biocom-

patibility. The measured high photothermal conversion 

efficiency and the results of in vitro and in vivo 

antitumor experiments further demonstrate that the 

nanosheets are very promising NIR agents for practical 

use in PTA therapy. This research may also stimulate 

new syntheses and applications of TMD materials in 

photothermal therapy, as well as in other biomedical 

research areas and applications. 

2 Experimental 

2.1 Synthesis of N-WS2 nanosheets 

A hydrothermal reaction was used to synthesize 

ammonia-intercalated WS2 ultrathin nanosheets in a 

sealed autoclave system. Ammonium tungstate hydrate 

((NH4)10W12O41·xH2O, AR) and thiourea (CS(NH2)2, 

AR) were purchased from Shanghai Chemical Reagent 

Co., Ltd. All reagents were analytical grade and used 

as received without further purification. For the 

synthesis, 0.5 mmol (NH4)10W12O41·xH2O and 30 mmol 

thiourea were dissolved in 35 mL distilled water under 

vigorous stirring to form a homogeneous solution. 

Then, the solution was transferred into a 45 mL Teflon- 

lined stainless steel autoclave, maintained at 220 °C 

for 36 h, and naturally cooled to room temperature. The 

final black product was washed with absolute ethanol 

several times and dried at 60 °C under vacuum. 

2.2 In vitro photothermal therapy 

HeLa cells, MDA-MB-231 cells, and HepG2 cells were 

obtained from the American Type Culture Collection 

(ATCC) and cultured in Dulbecco’s modified Eagle 

medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, Hyclone, Thermo Scientific). To 

determine the cytotoxicity of N-WS2 NSs, cells were 

seeded into 96-well plates with different concentrations 

of nanosheets for 24 h. The relative cell viabilities were 

determined by the methyl thiazolyltetrazolium (MTT) 
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assay according to previously reported methods [30]. 

To assess the effect of photothermal therapy, HeLa 

cells were seeded in 96-well plates and incubated with 

N-WS2 NSs for 6 h, followed by irradiation with an 

808 nm laser for 10 min. 

2.3 In vivo photothermal cancer therapy 

Female NOD/SCID mice were obtained from Beijing 

HFK Bioscience Co., Ltd. and used at 6 weeks of age. 

Experiments were performed following ethical gui-

delines, and all animals received care in compliance 

with the guidelines outlined in the Guide for the 

Care and Use of Laboratory Animals. The procedures 

were approved in advance by the Animal Care and 

Use Committee at the University of Science and 

Technology of China. The xenograft tumor model was 

generated by subcutaneous injection of 4 × 106 HeLa 

cells suspended in 100 μL phosphate buffered saline 

(PBS, with 30% Matrigel, BD Bioscience) into the right 

shoulder of each mouse. When the tumor volume grew 

to approximately 60 mm3, the mice were randomly 

divided into 4 equivalent groups. 

2.4 Photothermal therapy  

One group of mice bearing HeLa tumors were 

intratumorally injected with 40 μL of 1.2 mg·mL–1 

N-WS2 NSs and were immediately irradiated with an 

808 nm NIR laser (BWT Beijing Co., Ltd.) at a power 

density of 0.6 W·cm–2 for 10 min. The other mice groups 

were treated only with the same volume of PBS or 

N-WS2 NSs, or laser irradiation power density. The 

temperature of the tumor sites was recorded by an IR 

7320 thermal camera and analyzed with the IR Flash 

Software (Infrared Cameras. Inc.). The tumor sizes 

and weights were monitored every day. The tumor 

volume was calculated with the formula V = 0.5  

length  width2. For the blood and H&E analyses, 

samples of the tumors and blood were sent to the First 

Affiliated Hospital of Anhui Medical University. 

2.5 Characterization 

The samples were characterized by X-ray powder 

diffraction (XRD) using a Philips X’Pert Pro Super 

diffractometer equipped with Cu Kα radiation (λ = 

1.54178 Å). A JEM-2100F field emission electron 

microscope with an acceleration voltage of 200 kV was 

used to collect high-resolution transmission electron 

microscopy (TEM) images. The high-angle annular 

dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were obtained with a Titan 

Cs-corrected Chemi-STEM (80 kV) atomic resolution 

analytical microscope. The size analyses were carried 

out in aqueous solution using a Malvern Zetasizer 

Nano ZS90 dynamic light scattering (DLS) instrument 

with a He-Ne laser (633 nm) and 90° collecting optics. 

UV-Vis-NIR absorption spectra were recorded with  

a Perkin Elmer Lambda 950 UV-Vis-NIR spectro-

photometer. X-ray photoelectron spectroscopy (XPS) 

measurements were performed on a VG ESCALAB 

MK II X-ray photoelectron spectrometer equipped with 

a Mg Kα (1,253.6 eV) source. The binding energies 

obtained in the XPS spectral range were corrected for 

specimen charging effects using the C 1s level at the 

energy of 284.5 eV as a reference.  

3 Results and discussion 

The N-WS2 NSs were synthesized via a modified 

method, according to our previous reports [31]. 

Figure 1(a) shows a typical TEM image of the as- 

prepared sample. Notably, the synthetic samples with 

uniform sheet-like morphology exhibit obvious ripples 

and corrugations, indicating a flexible and ultrathin 

nature. Atomic force microscope (AFM) image and 

line-scan profiles showed that the thickness of the 

N-WS2 NSs was around 6.8 nm (Fig. S1 in the Electronic 

Supplementary Material (ESM)). In comparison to 

findings for previously reported 1T-WS2 nanoribbons, 

the XRD and XPS characterizations carried out on the 

nanosheets (Figs. S2 and S3 in the ESM) showed 

similar peaks. This suggests that the nanosheets also 

consist of the 1T-WS2 phase, which is highly stabilized 

by ammonium ion intercalation (N-WS2). The HAADF- 

STEM image in Fig. 1(b) shows a unique zigzag chain 

superlattice with a W–W bond length of 2.7 Å, which 

further confirms the 1T phase of the nanosheets [32]. 

The DLS data in Fig. 1(c) revealed that the size of the 

N-WS2 NSs is ca. 150 nm with no large agglomerates. 

It is worth noting that the N-WS2 NSs are highly 

hydrophilic and can be readily dispersed in water, 

where they show the Tyndall effect owing to the 
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modified ammonia ions (inset, Fig. 1(c)). We found that 

aqueous dispersions of N-WS2 NSs were extremely 

stable and no aggregation occurred even after 1 year. 

The UV-Vis-NIR absorption spectra of N-WS2 NSs 

shown in Fig. 1(d) displays enhanced optical absorp-

tion as the wavelength increases from 200 to 900 nm. 

This indicates the strong light-absorption ability of 

N-WS2 NSs, which motivated us to study the photo-

thermal effects of this material. In addition, Fig. 1(d) 

shows the UV-Vis-NIR spectra of aqueous N-WS2 NSs 

dispersions before and after laser irradiation at a power 

density of 0.6 W·cm–2 for 1 h.  

Owing to such strong optical absorption in the NIR 

region, the synthetic N-WS2 NSs are predicted to be 

promising agents for NIR laser-induced PTA therapy. 

We carried out a systematic study of our samples  

for cancer therapy by using deep tissue penetration 

and precise spatial control of an NIR laser. The 

temperature curve provided in Fig. 2(a) shows the 

temperature of aqueous dispersions containing N-WS2 

NSs at different concentrations (0–1.2 mg·mL–1) under 

irradiation with an 808 nm wavelength laser at a power 

of 0.6 W·cm–2 (a value considered safe for human skin 

exposure) [33]. The temperature of the aqueous 

dispersions with N-WS2 NSs (0.6 or 1.2 mg·mL–1) 

dramatically increased from 19 to 53 °C within 5 min, 

whereas the temperature of pure water (without 

N-WS2 NSs) increased by less than 1 °C. We note here 

that the heating rate was slower after a further increase 

of the temperature owing to faster heat loss at higher 

temperatures. The temperature behavior clearly 

showed that the strong optical absorption in the NIR 

range allowed N-WS2 NSs to quickly and efficiently 

convert NIR laser energy into heat. Moreover, com-

pared with the poor stability of exfoliated 1T-WS2 

(Fig. S4 in the ESM) and the poor photostability of the 

widely used gold nanorods, which are also expensive, 

the UV-Vis-NIR spectra (Fig. 1(d)) of aqueous N-WS2 

NSs dispersions exhibited excellent photostability 

without any significant decrease in optical absorbance, 

even after laser irradiation for 1 h at a power density 

of 0.6 W·cm–2. The stability of N-WS2 NSs can be 

ascribed to the in situ bottom-up synthesis method and 

the structures intercalated with ammonia ions [31]. 

 

Figure 1 (a) Typical TEM image of as-prepared N-WS2 nanosheets. (b) A typical HAADF-STEM image of N-WS2 nanosheets reveals 
W–W bonds in an obvious zigzag chain superlattice. (c) The size distribution of the nanosheets measured by DLS. (d) UV-Vis-NIR 
spectra of aqueous N-WS2 nanosheet dispersions before and after laser irradiation at a power density of 0.6 W·cm–2 for 1 h. 
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For biological applications, ideal photothermal 

coupling agents have to be biocompatible. To evaluate 

the cytotoxicity of N-WS2 NSs, HeLa cells (human 

cervical carcinoma cell line), MDA-MB-231 cells 

(human mammary epithelial cell line), and HepG2 

cells (human hepatocellular carcinoma cell line) were 

cultured. The cytotoxicity was studied by a standard 

MTT assay after 24 h. The estimated cellular viability 

(Fig. 2(b)) was >90% after 24 h, even at the highest 

N-WS2 NSs concentration of 120 μg·mL–1. No significant 

differences in cell proliferation were observed among 

the three cell lines, indicating the good biocompati-

bility of N-WS2 NSs with cells. We claim that an 

aqueous dispersion containing N-WS2 NSs with a 

concentration of less than 120 μg·mL–1 can be con-

sidered to have negligible cytotoxicity. Compared with 

the previous use of Li-exfoliated 1T-WS2, which had a 

cell viability of 40% at a concentration of 100 μg·mL–1 

owing to the usage of n-butyllithium (extremely toxic 

and difficult to remove completely), for photothermal 

therapy, our synthesized N-WS2 NSs modified with 

around 4 at.% ammonium ions exhibited good 

biocompatibility. 

First, the PTA capacity of N-WS2 NSs was examined 

in vitro by using the HeLa cell line and the MTT assay. 

We incubated HeLa cancer cells with N-WS2 NSs at a 

concentration of 120 μg·mL–1 for 6 h and then irradiated 

them with an 808 nm NIR laser at different power 

densities (0.3, 0.45, 0.6, and 0.75 W·cm–2). The cell 

viability (Fig. 2(c)) was >95% without laser irradiation 

and decreased as a function of the power density. The 

proliferation rate of HeLa cells was only ~25% of the 

control after laser irradiation at a power density of 

0.75 W·cm–2. Meanwhile, we measured the cell viability 

at a fixed laser power density of 0.6 W·cm–2 with 

different concentrations of N-WS2 NSs. The cell viability 

(Fig. 2(d)) decreased to ~80% at a concentration of 

15 μg·mL–1 and further decreased to ~40% at a con-

centration of 120 μg·mL–1. It is worth noting that the 

control groups were not affected by laser irradiation at 

0.6 W·cm–2, indicating that cancer cells are essentially 

unharmed by irradiation at this power density, and 

 
Figure 2 (a) The temperature increases for various concentrations of N-WS2 nanosheet dispersions vs. NIR laser irradiation time at a 
power density of 0.6 W·cm–2. (b) The viability of HeLa cells, MDA-MB-231 cells, and HepG2 cells after incubation with various 
concentrations of N-WS2 nanosheets for 24 h. (c) The viability of HeLa cells cultured with N-WS2 nanosheets at 120 µg·mL–1 with or 
without laser irradiation for 10 min. Error bars are based on the standard deviations of three parallel samples. (d) The viability of HeLa
cells cultured with various concentrations of N-WS2 nanosheets and then irradiated at a power density of 0.6 W·cm–2 for 10 min. 
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that the ablation could be attributed to the observed 

photothermal effect of N-WS2 NSs. 

To further analyze the therapeutic capabilities, we 

investigated the photothermal effect of N-WS2 NSs 

during in vivo NIR irradiation experiments using 

NOD/SCID mice bearing HeLa tumors. In our experi-

ments, 40 μL of N-WS2 NSs and PBS were injected 

intratumorally into the female mice, followed by 

irradiation using an 808 nm NIR laser at a power 

density of 0.6 W·cm–2. Thermal images (Figs. 3(a)–3(d)) 

of the regions of interest were recorded at different 

time intervals using an infrared camera. We analyzed 

the average surface temperature of the tumor sites 

throughout the photothermal therapy using the IR 

Flash Software. The average temperature of the 

tumors in the PBS group without NIR irradiation 

remained constant at ~28 °C, and similar behavior was 

observed for the non-irradiated N-WS2 NSs group. In 

one of the control experiments, a slight increase (~3 °C) 

in temperature was detected due to laser heating when 

the tumors alone were exposed to NIR. Interestingly, 

the temperature of the tumors in the N-WS2 NSs group 

that was exposed to NIR laser irradiation increased 

dramatically to 50 °C (an increase of ~21 °C) within 

4 min and subsequently remained around 50 °C for 

the next 6 min. We note here that the temperature 

increased only in a small area around the tumor site, 

whereas other organs were not affected owing to the 

spatial control of the laser irradiation (Fig. 3(e)). We 

consider the concentration of nanosheets and power 

density used in the experiments adequate for effective 

tumor treatment. Indeed, as demonstrated in the 

available literature, tumors can be completely destroyed 

in ~5 min with a temperature increase greater than 

15 °C [30, 34, 35].  

Finally, we performed tumor treatment with N-WS2 

NSs in vivo using NOD/SCID mice bearing HeLa 

tumors. Mice bearing HeLa tumors were randomly 

divided into four groups (five mice each) when the 

average tumor size reached 60 mm3. One dose of the 

N-WS2 NSs was injected intratumorally in the N-WS2 

and N-WS2+NIR groups (concentration and power 

density were the same as in the imaging experiment), 

while other groups received only PBS or NIR irra-

diation. The tumor sizes (Fig. 4(a)) were monitored 

using a capillary every 2 days and calculated with 

the following formula: 0.5  length  width2. In the 

control groups, i.e., mice that received only NIR 

irradiation, injection of PBS, or injection of N-WS2 NSs, 

the tumor growth was not inhibited. We observed that 

after 14 days, the dimensions of the tumors in the 

control groups were about 12 times greater than the 

initial tumor size. On the contrary, all of the tumors 

in the N-WS2+NIR group disappeared after 4 days of 

irradiation owing to the large temperature change 

induced by the N-WS2 NSs photothermal process.   

It is also worth noting that no tumor recurrence  

was observed after the whole treatment process. 

Furthermore, we monitored the body weight of the 

mice to evaluate the influence of the various treatments. 

Figure 3 Thermal infrared images at different time intervals of tumor-bearing mice treated with N-WS2 nanosheets and NIR laser
irradiation at 0.6 W·cm–2 (d). As control experiments, other mice groups received only PBS injection (a), N-WS2 nanosheet injection (b),
or laser irradiation (c). (e) Temperature in the tumor sites for different groups of mice vs. the irradiation time. 
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The weight of the mice (Fig. 4(b)) was relatively stable 

and remained within normal values in all groups, 

suggesting very promising biocompatibility and low 

toxicity of the in vivo N-WS2 NSs PTA treatment. The 

autopsy showed no abnormalities in the liver, lung, and 

other organs, further demonstrating the low systemic 

toxicity of intratumoral injection of N-WS2 NSs and 

NIR irradiation. In order to clarify the mechanism of 

photothermal therapy, we collected tumors for H&E 

staining (Fig. 4(c)) after 2 days of irradiation treatment. 

Compared with the control groups (PBS, NIR, or 

N-WS2 NSs treatment only), significant cell damage 

was observed in the N-WS2 NSs group undergoing NIR 

laser irradiation. Collectively, these results suggested 

that the elimination of tumors in the N-WS2+NIR 

group was a result of the photothermal therapy itself, 

and was not due to the toxicity of the N-WS2 NSs. 

In addition, blood analysis was carried out on the 

6th and 16th days of the treatment process to evaluate 

possible negative effects of the NIR photothermal 

therapy. A complete blood panel, including white blood 

cells (WBC), red blood cells, hemoglobin, hematocrit, 

platelets, mean corpuscular volume, mean corpuscular 

hemoglobin concentration, and mean corpuscular 

hemoglobin, was carried out. It can be seen from 

Fig. 5 that all of the parameters had relative normal 

values in the N-WS2+NIR group, except the WBC 

count. The WBC count slightly decreased after the  

6th day of treatment, which could be attributed to 

inflammation after the photothermal therapy, similar 

to our previous observations [36]. Notably, the WBC 

count recovered to the same value as that of the control 

group by the 16th day, further indicating the low 

negative effect of N-WS2 NSs agents for mice during 

PTA of tumors. Based on the above observations, we 

claim that the higher temperature induced by N-WS2 

NSs is optimal for photothermal therapy, killing 

tumor cells not only at the cellular level but also in 

the living organs of an animal.  

4 Conclusions 

In summary, we have successfully synthesized unique 

1T-WS2 ultrathin nanosheets using a facile and 

environmentally friendly hydrothermal method. The 

as-prepared 1T-WS2 ultrathin nanosheets exhibited 

good photostability and high photothermal conversion 

efficiency owing to their strong optical absorption in 

the NIR range. The observations from in vitro and in 

vivo experiments revealed that the N-WS2 NSs rapidly 

and efficiently converted the energy from an 808 nm 

laser into heat. Subsequently, the higher temperature 

induced by N-WS2 NSs could kill tumor cells, not 

only at the cellular level but also in the living organs 

 

Figure 4 (a) The growth of the tumors after different treatments on HeLa-bearing NOD/SCID mice (n = 5). (b) The body weight of the 
mice during the different photothermal therapies. (c) H&E analysis of tumors collected 2 days after the initial treatment. Scale bar = 50 µm.
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of mice. These results provide a clear description of 

the light-induced thermal behavior of layered 1T-WS2 

intercalations, and thus may trigger intensive future 

studies of 2D layered materials for cancer therapeutics. 
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