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Carbon layer-coated molybdenum dioxide nanoparticles 

exhibit strong photo-absorption in the near infrared (NIR) 

region and pose good photostability. The in vitro and in vivo 

experiments reveal that an excellent photothermal ablation 

induced from the nanoparticle agents under NIR irradiation 

can kill tumor cells not only at the cellular level but also in 

living organs. 

As one of most promising minimally invasive cancer treatments, 

light-induced photothermal ablation (PTA) therapy has attracted 

tremendous attention. PTA employs light absorbing materials to 

generate heat from light irradiation, which has a large penetration 

depth and precise spatial control in biological tissues, leading to 

cancer cells death and tumors destruction.[1]Because the absorption 

of tissue penetrating light is a prerequisite, only materials with 

strong near-infrared light absorption are commonly selected as for 

PTA agents. Among them, nanoscale materials have been 

extensively studied for PTA application, mainly because that 

nanostructures can exhibit tunable localized surface plasmon 

resonance (LSPR) at visible and NIR wavelength region, resulting in 

enhanced light absorption and scattering.[2] In principle, excitation of 

LSPR fundamentally relies on the interaction between free charge 

carriers and light. For examples, both noble metals and metal's 

nanostructures were found to exhibit strong light-matter interaction 

because of their high density of free electrons.[3,4] Meanwhile, LSPR 

has also been observed in heavily-doped metal chalcogenides 

semiconductor and metal oxide nanocrystals (NCs), which is 

attributed to the high density of free charge carriers introduced by 

doping, i.e. copper deficient copper chalcogenides,[5,6] oxygen 

deficient metal oxides,[7-10] MS2 (M=Mo/W) nanosheets with mixed 

1T and 2H phases,[11,12] Tin-doped indium oxide (ITO)[13] and ZnO 

doped with group III elements.[14]Recently, LSPR has been reported 

in graphene and carbon nanotube as collective excitation of 2D mass 

less Dirac electrons.[15-17]Polypyrrole nanoparticles were used as a 

promising photothermal agent for in vivo cancer 

therapy.[18]Topological insulator was found to assign Dirac plasmon 

excitations to Dirac quasi particles of the conducting two-

dimensional edge state[19,20]. Surface modification, i.e. coating silica 

on Pd nanosheets, was employed to significantly improve its 

photothermal cell-killing efficacy due to the positive charge on the 

surface [21].  

Compared with general heavily-doped semiconductors that need 

complex and expensive synthesis procedures, a class of conducting 

metal oxides (CMOs) without any doping also has plasma 

frequencies due to their intrinsic electronic structure. Furthermore, 

CMOs can be proposed as promising alternative plasmonic materials 

to conventional gold materials in the near-infrared range, because the 

carrier concentration is limited to around 1021 cm−3.[22] However, the 

photothermal application of pure CMOs without any doping are 

rarely reported so far. Molybdenum dioxide (MoO2) with a distorted 

rutile structure is an attractive transition conducting metal oxide 

because of its metallic electrical resistivity and high chemical 

stability. [23, 24] However, to the best of our knowledge, MoO2has not 

been reported for photothermal cancer treatment. Meanwhile, 

selective synthesis of oxide-based photothermal agents with low cost 

and earth-abundance still remains a challenge till now. In this work, 

we synthesize ultrathin carbon layer-coated MoO2 hybrid 

nanoparticles (abbreviated as C/MoO2) with uniform aggregated 

diameter of ~120 nm by a facile solvothermal method. Taking 

advantage of the strong NIR absorbance and the great stability in 

physiological solutions, the C/MnO2 nanoparticles with PEGylated 

exhibit high efficient PTA for cancer cells. We suggest that the 

following results may trigger intensive future explorations of new 

hybrid CMOs in cancer therapeutics. This new route will open up the 

possibility of controllable preparation of hybrid conductive transition 

metal oxides to significantly extend their potential applications in 

cancer therapy. 

Solvothermal reaction was used to synthesis C/MoO2 

nanoparticles in sealed autoclave system (see detail experiment in 

ESI†). Fig. 1a presents a typical scanning electron microscope 

(SEM) image taken from as-prepared nanoparticles. It can be seen 

that numerous nanoparticles with an aggregated diameter of around 

100 nm were successfully prepared by solvothermal process. The 

XRD patterns in Fig. 1b performed on the as-prepared samples 

reveal that the nanoparticle products can be assigned to monoclinic 

MoO2 phase with a distorted rutile structure (JCPDS card No. 76-

1807). The low magnification TEM image in Fig. 1c represents that 

couple of tiny MoO2 nanoparticles attached each other to form very 

small aggregation. Fig. 1d shows a typical high-resolution TEM 
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image taken from the corner of an individual nanoparticle. It can be 

seen that the surface of individual MoO2 nanoparticle is tightly 

coated by thin carbon layers with 1-2 nm thickness, which 

effectively prevent MoO2 particles from big aggregation. The 

estimated 0.34 nm d-spacing is assigned to the interplanar distance 

between (110) planes of monoclinic MoO2, which is in good 

agreement with our XRD results. Dynamic light scattering (DLS) 

measurement performed on C/MoO2 aqueous solution is used to 

calculate the diameter distribution of stable C/MoO2 particles. The 

DSL data in Fig. 1e indicate that the main diameters of stable 

C/MoO2 particles is approximately 120 nm, no big aggregation was 

formed even after several months which may be contributed from the 

outer carbon-coated surface. It can be seen from Raman spectra in 

Fig. 1f that typical Raman peaks for both MoO2 and carbon film 

appear at the frequency range of 100-1800 cm-1, further confirming 

the hybrid structure of C/MoO2 nanoparticles. FT-IR data that the 

1626 cm-1 transmission band is assigned to the stretching vibrations 

of C=C of sp2 structure also confirm that the existence of carbon 

(see Figure S1 in ESI†).  

Fig. 1 Typical SEM image (a), XRD patterns (b), low magnification TEM 

and high-resolution TEM images (c, d), DSL analysis (e) and Raman 
spectrum of as-prepared carbon-coated MoO2 hybrid nanoparticles. 

 

The UV-Vis-NIR absorption spectra in Fig. 2a displays strong 

NIR optical absorption behaviour of C/MoO2 nanopaticles. The 

strong light absorption at NIR region motivates us to study light-

induced photothermal effect in the C/MoO2 nanoparticles. The 

temperature curve in Fig. 2b shows the temperature of an aqueous 

dispersion containing different nanoparticle's concentrations (0-1 mg 

ml-1) under the 808 nm laser irradiation with a power of 0.6 W cm-2 

(a value considered safe for a human skin exposure).[25] It can be 

clearly seen that there is rapid elevation in temperature for all tested 

C/MoO2 solutions, while a negligible change occurs for pure water. 

A dramatic change in the temperature occurred in the solution 

containing 1 mg ml-1C/MoO2 nanoparticles from 22 to 53°C within 5 

min under laser irradiation with density of 0.6 W cm-2. For 

comparison, the temperature curve of pure MoO2 nanoparticle 

aqueous solutions with different concentrations were carried out 

under the same laser irradiation (see Figure S2 in ESI†). The 

temperature curve shows that 1 mg ml-1 pure MoO2 nanoparticles 

increase from 22.38 to 50.03°C within 5 min under laser irradiation. 

However, compared with the intrinsically poor photostability of 
pure MoO2 (see Figure S3 in ESI†), Fig. 2c shows the UV-vis-NIR 

spectra of aqueous C/MoO2 dispersions before and after laser 

irradiation at the power density of 0.6 W/cm2 for 1 h. It is suggested 

that the hybrid nanoparticles exhibit great photostability without any 

significant decrease in optical absorbance even after laser exposure 

for 1 h, in contrast to high cost and poor photostability of widely 

used gold nanorods. The photothermal effect of C/MoO2 

nanoparticles clearly points out that the nanoparticles can lead to 

rapid and quick conversion of NIR laser irradiation into heat, which 

is mainly originated from the MoO2 nanoparticle due to its localized 

surface plasmon resonance.  Meanwhile, the good photostability of 

the hybrid are mainly attributed to the ultrathin carbon-coated 

nanoarchitecture. 
Fig. 2 (a) UV-vis-NIR spectra taken from C/MoO2 nanoparticles powder. (b) 
The temperature increase of the aqueous C/MoO2dispersions with different 

concentrations vs. time under NIR laser irradiation at the power density of 

0.6 W cm-2. (c) UV-vis-NIR spectra of aqueous C/MoO2 dispersions before 
and after laser irradiation at the power density of 0.6 W/cm2 for 1 h. The inset 

image is a typical photography of C/MoO2 aqueous solutions. 

 

It is well known that the ideal photothermal coupling agents 

should be biocompatible. Typically, PEGylated process is 

considered as a common treatment for improving the 

biocompatibility of various nanomaterials. Thus, we have used thiol 

functionalized polyethylene glycol (SH-PEG) to modify the surface 

of C/MoO2 nanoparticles (see detail in ESI†). The successful 

modification of PEG-SH and corresponding content were 

demonstrated by FT-IR and TGA measurements (see Figure S1 and 

S4 in ESI†). In order to evaluate the cytotoxicity of PEGylated 

C/MoO2 nanoparticles, MDA-MB-231 cells (human mammary 

epithelial cell line), HepG2 cells (human hepatocellular carcinoma 

cell line) and BxPC-3 cells (human pancreas carcinoma cell line) 

cells were cultured with nanoparticles solution, and the cytotoxicity 

was studied by a standard methyl thiazolyltetrazolium (MTT) assay 

after 24 h. The estimated cellular viability in Fig. 3a is larger than 

90% after 24 h even at the highest concentration of 400 µg mL-1. No 

significant difference in the cell proliferation can be observed among 

the three cell lines, indicating the good biocompatibility of the 

hybrid nanoparticles to cells. All these observations suggest that the 

aqueous dispersion containing the nanoparticles with concentration 

<400 µg mL-1 can be considered as low or negligible cytotoxic for 

biological applications. 
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   In vitro photothermal ablation capacity of the nanoparticles on 

MDA-MB-231 cells was evaluated via MTT assay. In experimental 

processes, we incubated MDA-MB-231 cells, cancer cells with the 

nanoparticles at the concentration of 60 µg ml-1 for 6 h, then 

irradiated them with an 808 nm NIR laser at different power 

densities (see detail experiment in ESI†). The cell viability in Fig. 3b 

is larger than 95% of total cells without laser irradiation, while it 

decreases as a function of the irradiated laser power density. The 

proliferation rate of MDA-MB-231 cells is only ~25% of the control 

after laser irradiation at the power density of 0.8 W cm-2. 

Meanwhile, we have measured the cell viability at the fixed laser 

density of 0.6 W cm-2 with different nanoparticles concentrations. It 

is observed from Fig. 3c that the cell viability significantly decreases 

with the increasing concentration of nanoparticles. The cell viability 

is ~80% at the concentration of 12.5 µg ml-1 and further decreased to 

~20% at the concentration of 100 µg ml-1. In contrast to this, the 

control groups are not affected under laser irradiation even for long 

time. This result points out that the cancer cells are substantially 

unaffected by 808 nm laser irradiation with power density<0.6 W 

cm-2, and the ablation could be mainly attributed to the photothermal 

effect induced by the nanoparticles. 

Fig. 3 (a) The cell viability of MDA-MB-231, HepG2 and BxPC-3 cells after
 incubation with different concentration of PEGylated C/MoO2 nanoparticles 

for 24 h.(b) MDA-MB-231 cells viability cultured with the nanoparticles at 6

0 µg mL-1 with or without laser irradiation for 10 min. (c) cell viability of M
DA-MB-231 cultured with different concentration of the nanoparticles and th

en irradiated with the same laser power 0.6 W cm-2 for 10min. 
 

To further demonstrate the photothermal potential, in vivo NIR 

irradiation experiments using BALB/c nude mice bearing the MDA-

MB-231 tumors were performed on PEGylatedC/MoO2 

nanoparticles. In our experiments, 40 µL of nanoparticles and PBS 

were injected intratumorally, followed by irradiation using an 808 

nm NIR laser at the power density of 0.6 W cm-2 (see detail 

experiment in ESI†). Fig. 4a shows the thermal images of the 

interested regions at different time interval as recorded by an 

infrared camera. We analyzed the average surface temperature of 

tumor sites throughout the photothermal therapy by IR Flash 

Software (Infrared Cameras. Inc). Fig. 4b exhibits that the average 

temperature of tumors in the PBS group without NIR irradiation 

remains constant at ~26 °C. Similar behavior is also observed for the 

non-irradiated nanoparticle group (NPs). For the control experiment 

of NIR group, only 1-2 °C change is detected when the NIR 

radiation hits tumors due to the laser heating. In contrast to the 

control experiments, the temperature for the nanoparticles group 

exposed to NIR laser irradiation (NPs+NIR) dramatically increased 

to 47 °C (an increase of ~21 °C) within 4 min and subsequently 

remained constant around 47 °C for next 6 min. It has been 

previously reported that a tumor could be completely destroyed 

under a high temperature increase (> 15 °C) in ~5 min.[26-28] An 

overall increase in temperature to 20 °C suggests that power density 

and concentrations used in our work are accurate for the proposed 

tumor treatment. Besides, we found that the temperature increases 

only in a small area around the tumor site while other organs are not 

affected, thanks to the spatial control of NIR laser irradiation. 

Fig. 4 (a) Thermal infrared images of tumor-bearing mice treated with 

PEGylated C/MoO2 nanoparticles and an 808 nm NIR laser irradiation of 0.6 

W cm-2 at different time intervals. As control experiments, other mice groups 
received only PBS, nanoparticles injection or laser irradiation. (b) The plots 

of the temperature in tumor sites vs. the irradiation time. 

Fig. 5 (a) The growth of the tumor after different treatments on MDA-MB-

231 tumors-bearing BALB/c nude mice (n = 5).The mice groups that only 

received PBS, nanoparticles injection and laser irradiation are marked as 
PBS,NPs and NIR. The group with PEGylated C/MoO2 nanoparticles and 

808 nm NIR laser irradiation of 0.6 W cm-2 is marked as NPs+NIR. (b) The 

body weight of the mice during the different photothermal therapy. (c) 
Representative photos of mice taken after various treatments within 7 days.  

 

Furthermore, in vivo tumor ablation treatment was also carried out 

to deeply understand the PTA potential of the nanoparticles. Mice 

bearing MDA-MB-231 tumors were randomly divided into four 

groups (5 mice each). When the average tumor size achieved to 

about 100 mm3, the nanoparticles were injected intratumorally.  

NPs+NIR group with only one dose (concentration and power 

density were the same as in the imaging experiment) while other 

groups received only PBS or NIR irradiation. The tumor sizes were 

monitored by a capillary routinely after every three days and 

calculated with the following formula: 0.5´length´width2 (see detail 

experiment in ESI†). Fig. 5a shows that the tumor growth was not 

inhibited in the control groups (mice that received only NIR 

irradiation, injection of PBS or nanoparticle). It is observed that after 

18 days the dimension of the tumor in the control groups is about 15 

times greater as compared to the initial tumor size. On the contrary, 

all of the tumors disappeared in the NPs+NIR group after 7 days of 

NPs+NIR treatment due to the photothermal ablation induced from 

the nanoparticles. It is worth noting that no tumor recurrence can be 
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observed after the whole treatment process. In order to further 

evaluate the influence of various treatments, we monitored the body 

weight of mice during the photothermal experimental process. Fig. 

5b shows that the weight of mice is relatively stable and remains at 

its normal value in all groups. Meanwhile, the autopsy performed on 

the treated mice indicated no abnormalities in liver, lungs and other 

organs, suggesting a good biocompatibility and a low toxicity effect 

of hybrid MoO2-based PTA treatment. Fig. 5c show representative 

photos of mice after various treatments within 7 days. In contrast to 

the big-size tumors in control groups, the MDA-MB-231 tumors in 

mice for NPs+NIR group clearly disappeared after 7 days treatment. 

Moreover, for further clarification of mechanism of photothermal 

therapy, we collected tumors for the H&E stain after two days of 

NIR irradiation treatment. Fig. S6 shows that significant cell damage 

can be clearly observed in the NPs group undergoing NIR laser 

irradiation in contrast with the control groups. These observations 

indicate that the elimination of tumors originates from the excellent 

photothermal ablation of C/MoO2 nanoparticles, not due to the 

material’s toxicity itself. 

 

Conclusions 

In summary, we demonstrated a simple and versatile approach 

to synthesize ultrathin carbon layer-coated molybdenum 

dioxide nanoparticles with uniform size of 120 nm by a 

solvothermal process. Our characterizations showed that the 

hybrid C/MoO2 nanoparticles exhibited strong plasmonic-

enhanced photo absorption at near-infrared region with good 

photostability. The in vitro and in vivo experiments revealed 

that the cancer cells incubated with nanoparticles (1 mg ml-1) 

can be efficiently killed after 808 nm NIR laser irradiation with 

powder density of 0.6 W cm-2 for 5 min. More intriguingly, in 

vivo tumor ablation performed on mice bearing MDA-MB-231 

tumors revealed that excellent treatment efficacy can be 

obtained by intratumoral injection of the nanoparticles and NIR 

laser irradiation, without noticing significant side effects after 

treatment. The subsequent characterizations indicated that the 

photothermal effect of hybrid C/MoO2 nanoparticles was 

mainly originated from the localized surface plasmon resonance in 

MoO2 nanoparticles, and the good photostability and 

biocompatibility of the hybrid were attributed to the ultrathin 

carbon coating nanoarchitecture. The presented results suggest 

that the new C/MoO2 nanoparticles can be used as promising 

NIR photothermal agents to induce local higher temperature for 

killing tumor cells not only at the cellular level but also in 

living organs. 
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