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Abstract: 

Recently, transition metal dichalcogenides (TMDCs) have attracted significant attention in 

nanomedicine owing to their intriguing properties. In this study, TiS2 nanosheets, a new TMDC 

nanomaterial, are synthesized by a bottom-up solution-phase method and then modified with 

polyethylene glycol (PEG), obtaining TiS2-PEG with high stability in physiological solutions and no 

appreciable in vitro toxicity. Due to their high absorbance in the near-infrared (NIR) region, 

TiS2-PEG nanosheets could offer strong contrast in photoacoustic imaging, which uncovers the high 

tumor uptake and retention of those nanosheets after systemic administration into tumor-bearing 

mice. We further apply TiS2-PEG nanosheets for in vivo photothermal therapy, which is able to 

completely eradicate the tumors on mice upon intravenous injection of TiS2-PEG and the followed 

NIR laser irradiation. Our work indicates that TiS2 nanosheets with appropriate surface coating (e.g. 

PEGylation) would be promising new class of photothermal agent for imaging-guided cancer 

therapy.  

 

Keywords: Transition metal dichalcogenides, TiS2 nanosheets, photoacoustic imaging, photothermal 

therapy 
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Introduction 

Photothermal therapy (PTT) as a new cancer treatment strategy has attracted much attention in 

recent years. By using near-infrared (NIR)-absorbing agents to convert light energy into heat and 

burn cancer, PTT shows significant advantages compared to traditional cancer treatment approaches 

such as surgery, chemotherapy, and radiotherapy in terms of minimal invasiveness and high efficacy 

1, 2
. Recently, a large number of NIR-absorbing nanomaterials have been developed as photothermal 

agents for the treatment of cancer, such as gold nanomaterials
3-11

, carbon-based nanomaterials
1, 12-15

, 

copper sulfide nanoparticles
16-19

, palladium nanosheets
20, 21

, and some organic polymers and 

nano-assemblies of small organic molecules
22-24

. 

Two-dimensional (2D) nanomaterials with unusual physical and chemical properties have been 

extensively explored in materials science and engineering 
25, 26

. Graphene, a 2D single layer of 

carbon atoms of honeycomb lattice structure, as a typical example, has shown exceptional electronic, 

optical, thermal, and mechanical properties
27, 28

. As the analogues of graphene, transition-metal 

dichalcogenides (TMDCs) such as MoS2, MoSe2, WS2, WSe2 and Bi2Se3, consisting of hexagonal 

layers of metal atoms sandwiched between two layers of chalcogen atoms, have also become a star in 

materials science in recent years, showing promising applications in many different areas including 

nanomedicine
25, 29-32

. Biosensing based on TMDCs has been demonstrated in a number of recent 

reports 
33

. Several groups including ours have explored the use of TMDCs a new NIR absorbing 

agent for photothermal cancer treatment 
31, 32, 34, 35

, TMDCs nanosheets can also be used as a drug 

delivery platform due to the large specific surface area for cancer combination therapy
36-39

. 

Titanium dichalcogenides (TiS2) is a typical class of TMDC materials and has also been studied 

recently in electronic devices or as a hydrogen-storage material 
40-42

.  Conventional TiS2 thin films 
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are prepared using chemical vapor deposition (CVD)
41, 43

. Such a method involves decomposing 

different titanium and sulfur precursors on a substrate at temperatures exceeding 500 °C, and is 

relatively complicated and costly
40

. In this work, we synthesize TiS2 nanosheets by a bottom-up 

solution-phase method with high product quality in a large scale, functionalize those nanosheets with 

polyethylene glycol (PEG), and for the first time utilize the obtained TiS2–PEG as a new class of 

photothermal agent for in vivo photoacoustic imaging-guided tumor ablation, achieving great 

therapeutic efficacy on a mouse tumor model (Figure 1). Considering the biocompatibility of Ti and 

S elements, PEGylated TiS2 NSs featured with strong NIR absorbance, efficient tumor passive 

homing ability, and low in vitro and in vivo toxicity, would be a promising new class of photothermal 

agent for cancer treatment. 

  

Experiment section 

 

Synthesis of TiS2 nanosheets: A typical procedure is described as follows: 1 mmol TiCl4 was added 

into a mixture of 20 ml oleylamine (OM) and 10 ml 1-octadecene (ODE) in a three-necked flask (50 

ml) at room temperature. The solution was heated to 140 
o
C to remove water and oxygen under 

vigorous magnetic stirring in the presence of argon for protection for ~30 min. Afterwards, the 

temperature of the solution was rapidly raised to 300 
o
C and kept there for another 30 min in nitrogen 

atmosphere. An S/OM solution prepared by dissolving 2 mmol of S powders in 5 ml of OM was then 

injected into the flask at 300 
o
C within 10 min. The reaction was kept at 300 

o
C for 1 h. After being 

cooled down to room temperature, TiS2 nanosheets were precipitated by adding excess ethanol (~30 

ml), collected by centrifugation, and washed repetitively with ethanol. 
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Surface modification of TiS2 NSs: PEG grafted poly(maleic anhydride-alt-1-octadecene) 

(C18PMH-PEG) was synthesized following a literature procedure
44

. For PEGylation, 2 ml stock 

solution of TiS2 (5 mg/ml) was precipitated by centrifuge. The nanosheets were washed twice with 

ethanol and dispersed in chloroform. Another solution of 20 mg C18PMH-PEG polymer in 2 ml 

chloroform was then added. The mixture was stirred for 4 h. After blowing-dry chloroform, the 

residue was readily dissolved in water. The resultant solution was centrifuged to remove large 

aggregates to obtain TiS2-PEG. 

 

Characterization: The phase and crystallography of the products were characterized by using a 

PANalytical X-ray diffractometer equipped with Cuka radiation (λ=0.15406 nm). A scanning rate of 

0.05 
o
s

-1
 was applied to record the pattern in the 2θ range of 10-80

o
. Transmission electron 

microscopy (TEM) images of the NSs were obtained using a FEI Tecnai F20 transmission electron 

microscope equipped with an energy dispersive spectroscope (EDX) at an acceleration voltage of 

200 kV. UV-vis-NIR spectra were obtained with PerkinElmer Lambda 750 UV-vis-NIR 

spectrophotometer. The size of the TiS2-PEG nanosheets was measured by dynamic light scattering 

(DLS) (MALVERN ZEN3690). 

 

Cell Culture experiments: 4T1 murine breast cancer cells were cultured in the standard cell 

medium recommended by American type culture collection (ATCC), under 37 
o
C within 5% CO2 

atmosphere. Cells seeded into 96 well plates were incubated with different concentrations of 

TiS2-PEG for 24 h. Relative cell viabilities were determined by the standard methyl thiazolyl 

tetrazolium (MTT) assay. For in vitro photothermal therapy, 4T1 cancer cells were incubated with 
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and without TiS2-PEG (25µg/mL) for 4h and then irradiated by an 808-nm laser at the power density 

of 0.8 W/cm
2
 for 5 min. The cells were stained with Trypan blue for 30 min, washed with PBS, and 

then imaged under an optical microscope (Leica). 

 

Tumor model: Balb/c mice were obtained from Nanjing Peng Sheng Biological Technology Co. Ltd 

and used under protocols approved by Soochow University Laboratory Animal Center. The 4T1 

tumors were generated by subcutaneous injection of 1*10
6
 cells in ~30 µL serum-free RMPI-1640 

medium onto the back of each female Balb/c mouse. 

 

In vivo photoacoustic imaging: Photoacoustic imaging was performed with a preclinical 

photoacoustic computed tomography scanner (Endra Nexus 128, Ann Arbor, MI). During our 

experiments, anesthesia was maintained using pentobarbital (50 mg/kg). The mouse body 

temperature was maintained by using a water heating system at 37.5 
o
C. 4T1 tumor-bearing mice 

were intravenously (i. v.) injected with TiS2-PEG nanosheets prior to imaging. During the imaging, 

the laser wavelength was about 800 nm. 

 

In vivo photothermal therapy: Mice bearing 4T1 tumors 12 h post i. v. injection with TiS2-PEG (2 

mg/mL, 200 µL, dose = 20 mg/kg) were exposed to the 808-nm NIR laser (Hi-Tech Optoelectronics 

Co., Ltd. Beijing, China) at the power density of 0.8 W/cm
2 

for 5 min. For control groups, mice were 

either treated with the same volume of saline before laser irradiation, or injected with TiS2-PEG  

nanosheets but without laser exposure. The tumor surface temperatures were recorded by an IR 

thermal camera (IRS E50 Pro Thermal Imaging Camera). The tumor sizes were measured by a 
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caliper every the other day and calculated as the volume = (tumor length) × (tumor width)
2
 /2. 

Relative tumor volumes were calculated as V/V0 (V0 was the tumor volume when the treatment was 

initiated). 

 

Histology analysis: 30 days after i. v. injection of TiS2-PEG (dose = 2 mg/kg), 3 mice from the 

treatment group and 3 age-matched female Balb/c control mice (without any injection of TiS2-PEG 

NSs) were sacrificed by CO2 asphyxiation for necropsy. Major organs from those mice were 

harvested, fixed in 10% neutral buffered formalin, processed into paraffin, sectioned at 8-micron 

thickness, stained with hematoxylin & eosin (H&E) and examined by a digital microscope (Leica 

QWin). Examined tissues include liver, spleen, kidney, heart, and lung. 

 

Result and discussions 

The synthesis of TiS2, which was based on a previously reported protocol with slight 

modification
45

, started by dissolving and heating up TiCl4 precursor in a mixed solvent of oleylamine 

(OM) and 1-octadecene (ODE) under N2 atmosphere. During this process, the titanium precursor 

solution gradually turned into dark red, probably because of the reaction between TiCl4 and OM that 

gave rise to a Ti-OM complex. When the solvent temperature reached 300 
o
C, sulfur dissolved in 

OM was injected into the resulting solution. Upon injection of the sulfur solution, the solution color 

immediately turned into brown, suggesting the rapid formation of TiS2.  

The phase analysis of the as-prepared product was determined by power X-ray diffraction (XRD) 

(Figure 2a). All peaks in the spectrum were corresponding to the reflections of the cubic phase of 

TiS2 and well matched with the reported results (JCPDs 88-2479). Transmission electron microscope 
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(TEM) image illustrated that the synthesized TiS2 exhibited a sheet-like two-dimensional structure 

with a uniform size of ~100 nm (Figure 2b). The high-resolution TEM (Figure 2c) showed that the 

nanosheets have a lattice plane with a spacing of 0.254 nm, corresponding to the d spacing of the 

(011) plane of the hexagonal phase TiS2. Besides the C, O, and Cu elements from the substrate, only 

peaks of Ti and S were detected in the EDS pattern (Figure 2d). Due to the hydrophobic OM coating 

on the surface of the TiS2, amphiphilic polymers such as PEG-grafted Poly(maleic 

anhydride-alt-1-octadecene) (C18PMH-PEG) could be used to modify TiS2 through hydrophobic 

interactions to make those nanosheets water-soluble. The dynamic light scattering (DLS) data 

showed that the final size of TiS2-PEG was ~100 nm (Figure 2e). After surface modification, the 

obtained TiS2-PEG exhibited excellent stability in various solutions, including saline, cell medium, 

and serum (Figure 2f, inset).  

UV-vis-NIR spectrum of TiS2 NSs (Figure 2f) showed broad absorption from UV to NIR. The 

extinction coefficient of the TiS2-PEG at 808 nm was measured to be 26.8 Lg
-1

cm
-1

, which was 

similar to the previously reported TMDCs nanomaterials such as WS2 and MoS2
34, 36

. The high NIR 

absorbance of TiS2-PEG NSs suggested that it would be an excellent photoabsorbing agent for 

potential photothermal therapy. In order to investigate the photothermal properties of TiS2-PEG, 

solutions with various TiS2 concentrations at 0.06, 0.12, 0.25, and 0.5 mg/mL were exposed to an 

808-nm NIR laser at a power density of 0.8 W/cm
2
. Obvious concentration-dependent temperature 

increase of TiS2-PEG was found under laser irradiation (Figure 2g&h). The photothermal stability of 

TiS2-PEG was also investigated, clearly demonstrating that those TiS2-PEG nanosheets were very 

stable during the NIR irradiation (Supporting Figure S1). 

Prior to the use of PEGylated TiS2 nanosheets for in vivo imaging and therapy, we firstly tested 
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their cell cytotoxicity via the standard methyl thiazolyl tetrazolium (MTT) assay. No significant 

cytotoxicity of TiS2-PEG to the murine breast cancer cells (4T1) was observed even under high 

concentrations up to 0.1 mg/mL (Figure 3a), suggesting that those nanosheets possess low cell 

cytotoxicity and good biocompatibility. Next, we used TiS2-PEG as a photothermal agent for in vitro 

cancer cell ablation under laser irradiation. 4T1 cells were incubated with different concentrations of 

TiS2-PEG for 6 h and then irradiated by the 808-nm laser with the power density of 0.8W/cm
2
 

(Figure 3b). The MTT results showed that as the increase of TiS2-PEG concentrations, more cells 

were destroyed after laser irradiation (Figure 3c). Most cells were killed after being incubated with 

0.1 mg/ml TiS2-PEG under laser irradiation at 0.8 W/cm
2
 for 5 min, indicating that TiS2-PEG could 

serve as a rather effective photothermal agent. 

Photoacoustic (PA) imaging is a non-invasive imaging modality offering increased in vivo 

imaging depth and spatial resolution compared to other traditional optical imaging methods
46-48

. We 

found that TiS2-PEG with high NIR absorbance could be used as a great contrasting agent in 

photoacoustic imaging (Figure 4a). Balb/c female mice bearing 4T1 tumor were then i.v. injected 

with TiS2-PEG. At the time points of 0, 2, 4, 8, 12, 24 h, photoacoustic imaging of the tumor was 

conducted (Figure 4c). While only major blood vessels could be seen in the tumor before the 

injection of TiS2-PEG, strong photoacoustic signals showed up after i.v. injection of TiS2-PEG and 

dispersed within the whole tumor (Figure 4d), indicating the efficient accumulation of those 

nanosheets in the tumor likely owing to the enhanced permeability and retention (EPR) effect of 

cancerous tumors
24, 49, 50

.  

Next, we would like to use TiS2-PEG as a photothermal agent for in vivo cancer treatment. Mice 

bearing 4T1 tumors were i.v. injected with TiS2-PEG solution (2 mg/mL, 200 µl) or saline as control. 
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At 24 h post injection (p.i.), tumors on those mice were exposed to an 808-nm laser at the power 

density of 0.8 W/cm
2
 for 5 min. The temperature changes of tumors were recorded by an infrared (IR) 

thermal camera (Figure 5a). Owing to the strong NIR absorbance and efficient tumor accumulation 

of  TiS2-PEG, the tumor temperatures on mice injected with TiS2-PEG quickly increased to ~65 ℃

within 5 min under NIR laser irradiation. In contrast, the surface temperature of tumors in mice 

injected with saline showed little change under the same irradiation condition.  

The in vivo photothermal therapeutic effect of TiS2-PEG was then evaluated. Balb/c mice 

bearing 4T1 tumors were separated into four groups with 5 mice per group after the tumor size 

reached about 60 mm
3
.The mice in the treatment group were i.v. injected with TiS2-PEG. After 24 h, 

the mice were exposed to the 808 nm laser at 0.8W/cm
2
 for 5 min. The other three control groups 

included PBS injected mice with or without laser irradiation, and mice i.v. injected with TiS2-PEG 

but without laser irradiation. It was found that tumors on mice with i.v. injection of TiS2-PEG and 

laser irradiation disappeared 1 day after treatment, leaving black scars at the primary tumor sites 

which fell off in about 10 days (Figure 5d). The tumor sizes of each group were measured every 2 

days. Obviously, tumors of mice in the treatment group (TiS2-PEG + laser irradiation) were 

completely ablated and no re-growth could be seen, while tumors in the other groups showed rapid 

growth (Figure 5b). The mice of three control groups died within 16 days while those after 

TiS2-PEG induced photothermal therapy survived over 60 days (Figure 5c). Our results demonstrate 

that TiS2-PEG is an efficient photothermal agent that can be used for in vivo cancer treatment. 

At last, we explored the potential in vivo toxicity of TiS2-PEG nanosheets. The behaviors of 

Balb/c mice were monitored after i.v. injection of TiS2-PEG and PTT treatment. No single mouse 

death or any sign of toxic effect was observed within 60 days. Major organs were collected after 
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mice being sacrificed and then stained by hematoxylin and eosin (H&E) for histology analysis 

(Figure 6). Our results have evidenced that TiS2-PEG exerted no obvious toxicity to mice at our 

treatment dose, although further systematic studies are still needed to fully understand the detailed 

excretion and toxicology profiles of those nanosheets. 

 

Conclusions 

In summary, via a bottom-up method we have successfully synthesized TiS2 nanosheets, which after 

surface functionalization with PEG are for the first time used for in vivo cancer imaging and therapy. 

It is found that PEGylated TiS2 nanosheets exhibit excellent physiological stability and no obvious 

cell toxicity. Owing to the high NIR absorbance, our TiS2-PEG not only can serve as a photothermal 

agent, but also could be used as a photoacoustic contrast agent. With high tumor uptake as revealed 

by in vivo photoacoustic imaging, TiS2-PEG is then utilized for in vivo photothermal cancer 

treatment, achieving great therapeutic outcomes in our animal tumor model experiments. Preliminary 

results indicate no obvious toxicity of TiS2-PEG to the treated mice. Compared with the other 

TMDCs explored for photothermal therapy such as MoS2, WS2 and Bi2Se3, Titanium in TiS2 has 

been generally recognized such a biocompatible element (e.g. Titanium has been widely used in 

tissue engineering). Although further careful pharmacokinetics and long-term dose-dependent 

toxicology studies of TiS2 are still required, PEGylated TiS2 nanosheets presented in this work may 

be a promising nano-agent for cancer theranostics.  
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Figure 1. Scheme of using TiS2-PEG nanosheets for photoacoustic imaging guided photothermal 

therapy.  
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Figure 2. Characterization of PEGylated TiS2 nanosheets. (a) XRD spectrum of as-made TiS2 

nanosheets. (b-d) TEM image (b), HR-TEM image (c), and EDS spectrum (d) of as-made TiS2 

nanosheets. (e) DLS size distribution of PEGylated TiS2 nanosheets. (f) UV-vis-NIR absorbance 

spectra of TiS2–PEG in water. Inset: Photos of TiS2-PEG in various physiological solutions. (g&h) 

Photothermal heating curves (g) and IR thermal images (h) of pure water and TiS2-PEG solutions 

with different concentrations (0.06, 0.12, 0.25, and 0.5 mg/mL) under 808-nm laser irradiation at the 

power density of 0.8 W/cm
2
. 
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Figure 3. In vitro cell culture experiments. (a) Relative viabilities of 4T1 cells after being incubated 

with various concentrations of TiS2-PEG for 24 h. (b) Relative viabilities of 4T1 cells after 

incubation with different concentrations of TiS2-PEG and then being exposed to the 808-nm laser at 

the power density of 0.8 W/cm
2 

for 5 min. (c) Optical microscopy images of Trypan blue stained 

cells after incubated with different concentrations of TiS2-PEG and the followed laser irradiation. 
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Figure 4 In vivo photoacoustic imaging in 4T1-tumor bearing mice. (a) Photoacoustic images of 

water (left) and a TiS2-PEG solution (right). (b) Scheme of the mice after intravenous injection of 

TiS2-PEG for photoacoustic imaging. (c&d) Photoacoustic images(c) and photoacoustic signal (d) of 

tumors on mice taken at different time points after i.v. injection of TiS2-PEG 
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Figure 5 In vivo photothermal therapy. (a) Infrared thermal images of 4T1 tumor-bearing mice with 

i.v injection of TiS2-PEG solution (2 mg/mL, 200 µl) under laser irradiation at the power density of 

0.8 W/cm
2
 for 5 min (24 h post injection). (b) The growth of 4T1 tumors in different groups of mice 

after various treatments indicated. The relative tumor volumes were normalized to their initial sizes. 

For the treatment groups, mice i.v. injected with TiS2 -PEG at 24 h p.i. (n = 5), were exposed to the 

808-nm laser (0.8 W/cm
2
, 5 min).Three other groups of mice were used as controls: saline (n = 5); 

laser only without TiS2 -PEG injection (n = 5); i.v. injected TiS2-PEG without laser irradiation (n =5). 

Error bars were based on standard error of mean (SEM). (c) Survival curves of mice after various 

treatments as indicated in (b). (d) Photographs of tumor-bearing mice with i.v injection of TiS2-PEG 

(12 h p.i.) before laser irradiation (left) and 10 days after photothermal treatment (right). 
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Figure 6. H&E stained images of major organs from untreated healthy mice and TiS2-PEG treated 40 

days after photothermal therapy (with tumors eliminated). No noticeable damage was observed in 

major organs including liver, spleen, kidney, heart, and lung. 
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