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ABSTRACT: The molybdenum oxide nanosheets have shown strong
localized surface plasmon resonance (LSPR) absorption in the near-infrared
(NIR) region. However, the long alky chains of ligands made them
hydrophobic and less biocompatible. To meet the requirements of
molybdenum based nanomaterials for use as a future photothermal therapy,
a simple hydrothermal route has been developed for hydrophilic molybdenum
oxide nanospheres and nanoribbons using a molybdenum precursor and
poly(ethylene glycol) (PEG). First, molybdenum oxide nanomaterials
prepared in the presence of PEG exhibit strong localized surface plasmon
resonance (LSPR) absorption in near-infrared (NIR) region, compared with
that of no PEG. Second, elevation of synthetic temperature leads to a gradual transformation of molybdenum oxide nanospheres
into nanoribbons, entailing the evolution of an intense LSPR absorption in the NIR region. Third, as-prepared molybdenum
oxide nanomaterials coated with PEG possess a hydrophilic property and thus can be directly used for biological applications
without additional post treatments. Moreover, molybdenum oxide nanoribbons as a model of photothermal materials can
efficiently convert the 980 nm wavelength laser energy into heat energy, and this localized hyperthermia produces the effective
thermal ablation of cancer cells, meaning a potential photothermal material.
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■ INTRODUCTION

Near-infrared (NIR) laser-induced photothermal ablation
(PTA) therapy has attracted much attention in recent years
as a promising alternative or supplement to traditional cancer
therapies.1−8 Currently, due to the localized surface plasmon
resonance (LSPR), noble metals nanomaterials including Au
nanorods,6,7,9,10 Au nanocages,11 Au nanoshells,12,13 and Pd
nanosheets8,14 show strong NIR absorption and have been
most widely explored as photothermal agents for cancer
treatments.6−15 However, their practical applications are limited
by the high cost of noble metal based nanomaterials.16,17

Encouragingly, LSPR is not limited to nanostructures of
noble metals and can also be achieved in semiconductor
nanocrystals with appreciable free carrier concentration.16 For
example, copper chalcogenide (Cu2−xS,

18,19 Cu2−xSe,
20,21 and

Cu2−xTe
18,22) and transition metal oxides (WO3−x

23), doped
semiconductors (tin-doped indium oxide24 and aluminum-
doped zinc oxide25) display strong and tunable LSPR, by
varying the copper stoichiometric ratio, oxygen deficiency or
doped ion of content. On the basis of these, semiconductor
nanomaterials have been extensively developed for PTA
therapy. As a new type of NIR laser-induced photothermal

agents, these semiconductor nanomaterials such as CuS
superstructures,26 Cu9S5 nanocrystals,

16 Cu2−xSe nanocrystals
20

and W18O49 untrathin nanowires17 possess strong NIR
absorption and high photothermal conversion efficiency, and
can effectively kill cancer cells in vitro and in vivo.
Molybdenum oxide based materials, as important transition-

metal oxides, are of significant importance for applications such
as sensoring,27 catalysis,28 energy storage.29−31 Molybdenum
oxides are especially interesting because some of their
compounds with an oxygen deficiency, MoO3−x, show an
intense blue color,32−35 imprecisely referred to as “molybde-
num blues”,34,36 similar to the reported blue solution of copper
chalcogenide nanocrystals with strong NIR absorption.16,37,38

Recently, it is reported that the blue molybdenum oxide
nanosheets display a large LSPR absorption peak, originating
from the intervalence charge-transfer transition between MoV

and MoVI.33 Currently, the as-synthesized molybdenum oxide
nanosheets or copper chalcogenide nanocrystals with NIR
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absorption using oleylamine as a coordinating and reducing
agent were coated with oleylamine molecules.16,20,33,38

However, the long alkyl chains of oleylamine made them
hydrophobic and less biocompatible. If these nanomaterials are
employed for PTA therapy, complex post treatments such as
ligand exchange or polymer/silica coating are needed to make
them hydrophilic properties.16,20,37,38 Therefore, these features
trigger our interest to develop molybdenum oxide as a
photothermal material.
Herein, we develop a simple method for synthesis of

hydrophilic molybdenum oxide nanomaterials and investigate
the influence of amount of surfactant and reaction temperature
on the morphology, structure and LSPR properties of
molybdenum oxide nanomaterials and further explore their
potential in photothermal ablation of cancer cells.

■ EXPERIMENTAL SECTION
Materials. Molybdenum powder (99.5%), H2O2 (30 wt %) and

poly(ethylene oxide) with a molar mass of 10 K Da (PEG) were
purchased from Aladdin.
Preparation of Molybdenum Oxide Nanomaterials. The

molybdenum precursor (MoO2(OH)(OOH)) was prepared as
follows.34,35 60 mL of H2O2 (30 wt %) aqueous solution was slowly
added into a beaker containing 4.78 g of Mo powder (50 mmol) with
magnetic stirring in an ice−water bath. Then a yellow solution was
formed and continuously stirred to drive off excess H2O2.
Subsequently, the solution was diluted to 100 mL to make the overall
Mo concentration of 0.5 mol/L.
In a typical synthesis of molybdenum oxide nanospheres, 10 g of

PEG was added to 20 mL of the above molybdenum precursor
solution. Then the solution was magnetically stirred, forming a
transparent yellow solution. Subsequently, the resulting solution was
transferred to a poly(tetrafluoroethylene) (Teflon)-lined stainless steel
autoclave (50 mL), which was sealed and treated at 90 °C for 12 h. A
blue precipitate was collected by centrifugation and washed with water
several times. For molybdenum oxide nanorods, 20 mL of the
molybdenum precursor solution with no PEG additive was treated at
90 °C for 12 h. For molybdenum oxide nanoribbons, 10 g of PEG was
added to 20 mL of the molybdenum precursor solution then treated at
150 °C for 12 h.
Measurement of Photothermal Performance. To measure the

photothermal conversion performances of molybdenum oxide nano-
ribbons, radiation from a 980 nm laser was sent through a quartz
cuvette containing an aqueous dispersion (0.3 mL) of the
molybdenum oxide nanoribbons with different concentrations (i.e.,
0, 1, 2, 4, 6, and 8 g/L). The 980 nm of semiconductor laser device
(Xi’an Tours Radium Hirsh Laser Technology Co., Ltd., China) was
independently calibrated to be an output power density of ∼1 W/cm2

using a handy optical power meter (Newport model 1918-C, CA,
USA). A thermocouple with an accuracy of ±0.1 °C was inserted into
the aqueous dispersion perpendicular to the path of the laser. The
temperature was measured every 5 s.
Infrared Thermal Imaging and Photothermal Ablation of

Cancer Cells in Vitro. Human osteosarcoma U2OS cells were
maintained in Dulbecco’s modified Eagle’s medium (high glucose)
(GIBCO, Invitrogen) and supplemented with 10% fetal bovine serum,
100 units/mL penicillin, and 100 mg/mL streptomycin in a humidified
incubator under 5% CO2 at 37 °C.
U2OS cells were seeded onto a 96-well plate at a density of 5 × 103

cells per well 1 day before the experiment. The cells were washed three
times with PBS followed by incubation with culture medium
containing molybdenum oxide nanoribbons (4 mg/mL) or PBS at
37 °C for 2 h. The cells were irradiated with a NIR laser (980 nm, 1
W/cm2) for 5 min or not. The infrared thermal imaging and
temperatures from the labeled wells were detected by a photothermal
therapy-monitoring system GX-A300 (Shanghai Guixin Corporation)
with different time intervals during the laser irradiation. After laser
irradiation, the cells were then treated with Hoechst 33258 (10 μg/

mL) for 1 h and stained with propidium iodide (PI, 100 μg/mL) for
30 min. The cells were washed with PBS three times and observed on
Operetta high content analysis system (PerkinElmer). Meanwhile, the
number of death cells in each well of the 96-well plate was counted by
Operetta high content analysis system to quantitatively evaluate the
effect of photothermal ablation after treatment. Three replicates were
done for each treatment group.

Characterization. Sizes, morphologies, and microstructures of the
samples were determined by a field emission scanning electron
microscope (Hitachi S-4800) and field emission transmission electron
microscope (JEOL, JEM-2100F). The elemental analysis of the sample
was carried on the TEM equipped with an energy-dispersive X-ray
spectroscopy (EDS). Powder X-ray diffraction (XRD) was conducted
by a D/max-2550 PCX-ray diffractmeter (Rigaku, Japan). UV-vis-NIR
absorption spectra were measured on UV-vis 1901 Spectrophotometer
(Phoenix). Fourier transform infrared (FTIR) spectra were recorded
using the KBr pressed pellets on a RESTIGE-21 spectrometer
(Shimadzu). Thermogravimetric analysis (TGA) measurements of the
samples were done using the Discovery TGA instrument (TA
Instruments, New Castle, DE, USA) under a nitrogen flow at the
heating rate of 10 °C/min. Raman spectra were recorded on a
Renishaw InVita Raman spectrometer with λexc = 633 nm. The sizes of
nanomaterials were measured by random selection of 100 samples
from the SEM or TEM images; then the mean values and standard
deviations were calculated in statistics.

■ RESULTS AND DISCUSSION

In the present work, the molybdenum oxide nanomaterials
prepared by a hydrothermal procedure, in which poly(ethylene
glycol) (PEG, molecular weight, MW = 10 000 Da) as
surfactant and reducing agent was added into the molybdenum
precursor solution (MoO2(OH)(OOH))

35 to control the
morphology of molybdenum oxide nanomaterials and endow
their localized surface plasmon resonance (LSPR) property.
This simplicity of the hydrothermal approach was compared
favorably to a thermal decomposition of copper chalcogenide
nanocrystals.16,20 The impressive phenomenon was the color
change of the final products. In the presence of PEG, the final
products exhibited blue colors, ranging from light to very dark,
depending on the amount of PEG and reaction temperature.
While in the absence of PEG (e.g., 0 g), the molybdenum
precursor solution kept its yellow color after 90 °C of
hydrothermal treatment, and finally a white yellowish product
was obtained, similar to the previous report.34 From the low
and high magnification of scanning electron microscopy (SEM)
images (Figure 1a,b), the products contained nanorods with an
average size of 23.9 ± 8.5 nm in diameter and 442.0 ± 88.9 nm
in length. The triclinic monohydrate MoO3·H2O (JCPDS card
file no.: 26-1449) was the phase of main product identified by
the XRD pattern, as shown in Figure 1c. However, the
nanorods (0.2 mg/mL) showed negligible LSPR absorption in
the near-infrared (NIR) region (Figure 1d), which was
consistent with the white yellowish color (Figure 1d, inset)
and thus not suitable as a photothermal materials derived by a
NIR laser.
With PEG additive (e.g., 10 g), the as-obtained products

exhibited dark blue after 90 °C of hydrothermal treatment of
the yellow molybdenum precursor solution. As shown in the
low magnification of a SEM image (Figure 2a), the blue
products contained ball-like shapes of nanoparticles, and self-
assembled and compactly piled up together forming wall
structure, after drying a drop of concentrated aqueous solution
on aluminum foil. From high magnification of a SEM image,
the molybdenum oxide nanospheres exhibited varying sizes
with an average diameter of 290.4 ± 66.7 nm (Figure 2b). To
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provide further insight into the structure, a transmission
electron microscopy (TEM) image was recorded for the
molybdenum oxide nanospheres, as shown in Figure 2c. These
nanopsheres showed black alternating with white of the
contrast, indicating their porous structure. After being
repeatedly washed with ethanol enough times, this type of
sample showed a partial redissolution, and low and high
magnification of SEM images clearly indicated the sphere with
polyhedral morphology (Figure S1a,b, Supporting Informa-
tion), and the average diameter has become 262.2 ± 57.7 nm.
TEM investigations showed that these nanospheres were
assembled of smaller spheres-like units and mesoscale channels
(Figure S1c, Supporting Information). Furthermore, high
magnification of the TEM image showed that these smaller
nanospheres contained mesoporous nanostructures and the
mesochannels were arranged in a square lattice, with diameters
of ∼2.5 nm (Figure S1d, Supporting Information). TEM
observation findings are consistent with the previous reported

results35 and these mesoporous nanostructures are similar to
that of mesoporous silica prepared by CTAB as soft template
and thus have a potential as a nanocarrier for drug loading and
delivering.39,40 Besides their hierarchical porous structures,
notably, the nanospheres (0.2 mg/mL) exhibited a stronger
NIR absorption band from 500 to >1100 nm with an
absorption peak at ∼780 nm (Figure 2d), corresponding to
their dark blue color (Figure 2d, inset), compared with the
negligible absorption of molybdenum oxide nanorods (Figure
1d). This stronger NIR absorption endows the nanospheres a
potential as NIR-laser-driven photothermal materials.
The energy-dispersive X-ray spectroscopy (EDS) result of

the nanospheres (without extensive washing by ethanol) carried
out in the TEM showed the presence of molybdenum, oxide
and carbon (Figure S2 (Supporting Information), the Cu signal
came from the copper grid substrate supporting the sample).
However, the nanospheres exhibited very board peaks in the
XRD pattern (Figure 3a, blue curve) and Raman spectrum

(Figure 3b, blue curve), indicating their poor crystal structure.
Therefore, the structures of the as-obtained nanospheres were
further characterized by the Fourier transform infrared (FTIR)
spectra (Figure 3c, blue curve). The peak at 978 cm−1 is the
characteristic of stretching vibrations of MoO. The sharp and
broad peaks in the region 800−500 cm−1 (e.g., 756, 648, and
569 cm−1) were attributed to stretching vibration of MoO
Mo.41−43 The bands of 2920 and 2849 cm−1 were respectively
assigned to the asymmetric and symmetric stretching vibrations
of −CH2− units in PEG chain.44,45 The peak at 1100 cm−1 was
corresponded to stretching vibration of CO,45 which was
shifted ∼10 cm−1 to lower wavenumber comparing to that of
pure PEG (Figure 3c, black curve), probably due to the CO
of PEG coordinated with the molybdenum atoms.17,46

Thermogravimetric analysis (TGA) (Figure 3d, blue curve)
showed that the nanospheres suffered a weight loss of up to
25%, from 220 to 750 °C, indicating the presence of PEG in the
sample, expected from the FTIR date. Considering the FTIR
and TGA findings, the morphology changes of nanospheres
after being extensively washed (Figure S1, Supporting
Information) were probably due to the PEG partial
redissolution. All these data indicate together that PEG was
incorporated into the structure, creating porous hybrid

Figure 1. (a and b) Low and high magnification of SEM images; (c)
XRD pattern; (d) UV−vis-NIR spectrum of molybdenum oxide
nanorods prepared in the absence of PEG, inset showing a photograph
of the aqueous dispersion.

Figure 2. (a and b) Low and high magnification SEM images; (c)
TEM image; (d) UV−vis-NIR spectrum of molybdenum oxide
nanospheres prepared by 90 °C of hydrothermal treatment with 10
g of PEG additive, inset showing a photograph of the aqueous
dispersion.

Figure 3. (a) XRD patterns; (b) Raman spectra; (c) FTIR spectra
(black curve: pure PEG); (d) TGA spectra of molybdenum oxide
nanospheres (blue curve), nanoribbons (red curve).
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materials with features that were different from the polymer
itself and conventional molybdenum oxide.28,29,47 Besides, the
intense blue color (Figure 2d, inset), as a characteristic of MoV

or MoIV,33,34,47 indicated that partial MoVI was reduced to
subvalent species due to the mild reducing of PEG, forming
mixed-valence molybdenum oxide nanospheres.34,35

In the case of the surfactant-directing effect, the amount of
the surfactant could strongly influence the reaction kinetics and
thus determine the size and shape of the product.48 Typically,
at 90 °C and 2 g of PEG additive, morphological mixtures of
rods and spheres were observed from the SEM image (Figure
S3a, Supporting Information), partially due to the poor
structure-directing ability of less amount of PEG molecules.33

Whereas at the high concentration of PEG (e.g., 10, 15, or 20
g), a nanosphere-like morphology of molybdenum oxide was
obtained, as shown in Figures 2a, S3b, and S3c (Supporting
Information), respectively, due to the pseudo crown ether of
PEG coordinated with the molybdenum atoms, blocking and
freeing them, and thus controlling the growth kinetic of the
nanoparticles.34 Interestingly, all obtained blue nanospheres
showed stronger LSPR absorption bands from 600 to 1100 nm
(Figure S3d, Supporting Information), compared with that of
molybdenum oxide nanorods (Figure 1d), Besides, the amount
of PEG (e.g., 2−20 g) had no significant effect on the position
of absorption band (Figure S3d, Supporting Information).
However, these molybdenum oxide nanospheres exhibited very
board peaks in the XRD pattern and more amounts of PEG
(from 2 to 20 g) resulted in broader XRD peaks (blue curve of
Figures 3a and S4 (Supporting Information)), indicating
molybdenum oxide nanospheres with poor crystalline struc-
tures.
Molybdenum oxide nanoribbons were obtained by hydro-

thermal treatment at 150 °C with 10 g of PEG additive. The
low magnification of the SEM image represented a general view
of the ribbon-like morphology and abundant nanoribbons lay
and piled up together with average lengths of 766.8 ± 365.5 nm
and widths of 117.8 ± 58.2 nm, as shown in Figure 4a.
Interestingly, the nanoribbons were relatively transparent to the
electron beam so that the lower ribbons could be observed

through the upper ones, indicating the nanoribbons were
relatively thin. A careful examination from high magnification of
the SEM image (Figure 4b) revealed that the nanoribbons were
flat strips with a thickness of ∼30 nm. To provide further
insight into the structure, a high-resolution TEM (HRTEM)
image showed clear lattice fringes, indicating a crystal structure
(Figure 4c). Importantly, the nanoribbons exhibited a strong
blue color (Figure 4d, inset) and showed an intense absorption
band in the NIR region (Figure 4d). The nanoribbons (0.25
mg/mL) exhibited a minimum absorption around 520 nm and
an increasing absorption with the increase of wavelength (520−
1100 nm), similar to Cu2−xS and WO3−x.

16,17,26,37,38 Specially,
the nanoribbons showed a broad absorption band starting from
1100 nm and extending to more than 1300 nm, probably due to
their varying sizes. The absorption peak of nanoribbons in the
NIR region underwent a red shift compared with that of
molybdenum oxide nanospheres (Figure 2d). Importantly, this
stronger absorption in NIR region (λ = 700−1100 nm) makes
the nanoribbons a potential as 980 nm-laser-driven photo-
thermal materials for ablation of cancer cells.
The XRD (Figure 3a, red curve) pattern and the Raman

spectrum (Figure 3b, red curve) of the molybdenum oxide
nanoribbons exhibited narrower and sharper peaks compared
with those of nanospheres (Figure 3a,b, blue curve,
respectively), indicating the higher crystalline structures of
the nanoribbons. The XRD pattern (Figure 3a, red curve)
could be matched to the orthorhombic MoO3 (JCPDS card file
no.: 35-0609) and also to orthorhombic H0.34MoO3 (JCPDS
card file no.: 34-1230), which has diffraction patterns very close
to orthorhombic MoO3. In previous report, the blue samples of
molybdenum oxide could also be indexed to hydrogen
molybdenum bronzes (HxMoO3).

49 The Raman spectrum of
the nanoribbons was shown in Figure 3b, red curve. Specifically,
the peak at 994 cm−1 was assigned to the terminal oxygen
(MoO) stretching mode of MoO3,

47,50,51 and the peaks at
810 and 655 cm−1 were due to the stretching mode of doubly
coordinated bridging oxygen (Mo2−O) and the triply
coordinated oxygen (Mo3−O), respectively. However, the
peaks of Mo2−O and Mo3−O stretching mode shifted ∼10
cm−1 to lower wavenumbers compared with those of the
literature at 821 and 666 cm−1, respectively,47,50,51 which was
probably due to the modification of the original Mo2−O and
Mo3−O bond by H+ ions forming oxygen vacancies.50

Meanwhile, the nanoribbons exhibited a blue color (Figure
4d, inset), uncharacteristic for pure MoO3, indicating the
presence of subvalent MoV or MoIV species.33,34,47 Thus, partial
MoVI was reduced to lower oxidation states within the
nanoribbons by PEG, forming the slightly oxygen-deficient
molybdenum oxide nanostructures, in accordance with the
relatively broad XRD peaks. Notably, the LSPR of nanoribbons
were probably originated from these oxygen-deficient struc-
tures. Therefore, the formula MoO3−x was proposed for the
molybdenum oxide nanoribbons.
The FTIR spectrum of the nanoribbons (Figure 3c, red

curve) showed that the peaks at 1010 and 584 cm−1 were
attributed to the stretching vibration MoO and MoO
Mo of orthorhombic-MoO3, respectively.

43,52 The bands of
2920 and 2850 cm−1 were assigned to the asymmetric and
symmetric stretching vibrations of −CH2− of the PEG
chain,44,45 respectively. The peak at ∼1110 cm−1 corresponded
to the stretching vibration of CO,44,45 in keeping with that of
pure PEG (Figure 3c, black curve). From the TGA data (Figure
3d, red curve), it could be observed that the nanoribbons

Figure 4. (a and b) Low and high magnification of SEM images; (c)
HRTEM image; (d) UV−vis-NIR spectrum of molybdenum oxide
nanoribbons prepared by hydrothermal treatment at 150 °C with 10 g
of PEG additive, inset showing a photograph of the aqueous
dispersion.
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showed a 2.6% weight loss from 200 to 700 °C, further
confirming the presence of PEG on the nanoribbons.
It is known that crystallization at higher temperatures and

pressures resulted in materials transforming to thermodynami-
cally stable form.34 Typically with 10 g of PEG additive, an
increase of temperature from 90 to 150 °C (e.g., 105, 120, 135
and 150 °C) was a benefit for forming well-defined ribbon-like
shapes and obtaining more ribbons and less spheres of
morphology in the final products, as shown in Figure 5a,b,c

and Figure 4a, respectively. At 105 °C, a MoO3 (JCPDS card
file no.: 35-0609) phase as the main product was formed
(Figure S5, green curve, Supporting Information); at 120 °C,
monoclinic MoO2 (JCPDS card file no.: 65-5787) and MoO3
(JCPDS card file no.: 35-0609) could be simutaneously
obtained in the product ( Figure S5, blue curve, Supporting
Information), both corresponding with the mixture morphol-
ogy of ribbons and spheres (Figure 5a,b). With further
increases to 135 °C, the orthorhombic MoO3 of the
nanoribbons (JCPDS card file no.: 35-0609) became the
main phase (Figure S5, red curve, Supporting Information). In

other words, with an increase of temperature, amorphous
molybdenum oxide nanospheres first convert the mixture phase
of MoO2 and MoO3 with the mixture morphology of flower-
like crystalline nanospheres and nanoribbons, and then
gradually transform to the thermodynamically stable ortho-
rhombic phase of MoO3 nanoribbons.

47

The sample prepared at 105 °C showed a strong absorption
band in the NIR region from 500 to 1100 nm and the
absorption peak at ∼780 nm (Figure 5d, green curve), similar
to that of the preparation at 90 °C. As the temperature is
increased to 120 °C, the absorption peak underwent a red shift
from 780 to 900 nm (Figure 5d, blue curve). Moreover, higher
temperatures (e.g., 135 °C) further lead to the red shift of the
absorption peak from 900 to >1100 nm (Figure 5d, red curve).
Therefore, the LSPR absorption of the as-prepared molybde-
num oxide nanomaterials can be regulated in certain range by
adjusting the reaction temperature.
PEG was employed as a stabilizer of molybdenum oxide

colloids to prevent their agglomeration and precipitation and
further endowed them with a hydrophilic property. As a result,
these molybdenum oxide nanomaterials could be readily
dispersed in water with no complex post treatment such as
ligands exchange or polymer/silica coating16,37,38 and could
thus be directly applied for biological applications.
The strong NIR absorption of molybdenum oxide nanoma-

terials motivated us to investigate their potential in photo-
thermal ablation of cancer cells. Because the molybdenum
oxide nanoribbons possess an increasing absorption with the
increase of wavelength in the NIR region similar to Cu2−xS and
WO3−x,

16,17,26,37,38 herein, the nanoribbons were chosen as a
model to explore their potential as a NIR laser-driven
photothermal agent. Their photothermal conversion perform-
ance was examined in a quartz cuvette using the irradiation of a
980 nm laser with a power density of 1 W/cm2, as shown in
Figure S6 (Supporting Information). The temperature of the
nanoribbon aqueous dispersions increased by 8.1 to 20.1 °C in
5 min, with the concentration increasing from 1 to 8 mg/mL.
In contrast, the temperature of pure water (e.g., 0 mg/mL)
increased by less than 3 °C from the initial temperature of 27
°C. Besides, after 5 min of irradiation (980 nm, 1 W/cm2), the
NIR absorption of nanoribbons was retained relatively well,
compared with that of no irradiation, as shown in the UV−vis-
NIR spectrum of Figure S7 (Supporting Information).
Therefore, molybdenum oxide nanoribbons could rapidly and

Figure 5.Molybdenum oxide nanomaterials prepared by hydrothermal
treatment at different temperatures: (a) 105 °C, (b) 120 °C, and (c)
135 °C with 10 g of PEG additive. (d) UV−vis-NIR spectra of
molybdenum oxide nanomaterials prepared by hydrothermal treat-
ment at intermediate temperature: 135 °C (red curve), 120 °C (blue
curve), and 105 °C (green curve) with 10 g of PEG additive.

Figure 6. Infrared thermal imaging pictures of cancer cells treated with the MoO3−x + NIR group (well 11), MoO3−x control group (well 12), NIR
control group (well 13), and PBS control group (well 14) cultured in 96-well plates captured at time points of (a) 0, (b) 30, (c) 90, and (d) 300 s
under the laser irradiation (1 W/cm2) for 5 min. (e) Temperature profiles of the culture wells of 11−14 as a function of laser irradiated time. Note
that the wells of 12 and 14 were used as controls without the laser exposure.
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efficiently convert the NIR laser energy into heat and even have
tolerance to the heat induced by laser illumination under the
experiment conditions. These high photothermal conversion
performance and photothernal stability is a prerequisite for
efficient photothermal ablation of cancer cells.
Next, we explored the infrared thermal imaging and

photothermal therapy in vitro using osteosarcoma U2OS cells
incubated in a 96-well plate. These wells of cancer cells were
divided into four groups (i.e., PBS control, NIR control,
MoO3−x control, and MoO3−x + NIR, respectively). The cancer
cells of PBS control and NIR control group were cultured with
medium containing PBS, whereas the cancer cells of MoO3−x
control and MoO3−x + NIR group were cultured with
containing molybdenum oxide nanoribbons (MoO3−x, 4 mg/
mL). After 2 h, the cancer cells of the NIR control and MoO3−x
+ NIR group were then irradiated by two 980 nm lasers (1 W/
cm2) for 5 min, simultaneously. The PBS control and MoO3−x
control group received no irradiation. Three replicates were
done for each treatment group. The infrared thermal imaging
and temperatures from the labeled wells were detected with
different time intervals during the laser irradiation, as shown in
Figure 6. Following laser irradiation, these cancer cells were
double stained with Hoechst 33258 and propidium iodide (PI),
and then observed on an operetta high content analysis system
(PerkinElmer). Bright field images show the morphology of
corresponding cancer cells, Hoechst 33258 stained cells
represent the total cells of the well (blue color, indicating
nucleus), and PI stained cells represent dead cells (red color),
as shown in Figure 7a. Meanwhile, the number of death cells in
each group was also counted by Operetta high content analysis
system to quantitatively evaluate the effect of photothermal
treatment, as shown in Figure 7b.
Infrared thermal imaging pictures of MoO3−x + NIR (well

11), MoO3−x control (well 12), NIR control (well 13), and PBS
control (well 14) with different time intervals are shown in
Figure 6. The well 11 of MoO3−x + NIR showed a yellow color
and became brighter and larger, whereas the well 13 of the NIR
control was still a little red under the same irradiation condition
for 5 min. As expected, the nanoribbons exhibit a high contrast
for infrared thermal imaging (Figure 6a−d). Notably, the
obvious temperature elevation and efficient photothermal
ablation of the cancer cells were observed only after laser
irradiation in the presence of the nanoribbons (Figures 6e and
7). For the NIR control group, only 3.4 °C of an increase was
observed (Figure 6e) and 5 min of irradiation induced no
increasing cell death (1.47%), compared with the control group
(1.32%), as shown in Figure 7. That is because the low heat
energy converted from the 980 nm laser by cultured medium
was not enough to kill the cancer cells. Meanwhile, in the case
of the MoO3−x control group, no obvious cell death was
observed (1.30%, Figure 7). In contrast, for the MoO3−x + NIR
group, the temperature was increased very quickly and reached
up to 53.0 from 37.3 °C (Figure 6e), and the majority of cancer
cells (81.27%) were killed (Figure 7) after 5 min of the
irradiation. On the basis of the fact that the laser irradiation did
not cause any acute damage to cancer cells and no obvious cell
death happened in the nanoribbons, incubated cells without
irradiation, and only the wells containing the nanoribbons with
irradiation show high contrast in infrared thermal images and
effective ablation of cancer cells, we attribute the above
treatment effect to the high photothermal conversion ability of
the nanoribbons. This evidence demonstrated the molybdenum

oxide nanoribbons as a promising photothermal conversion
candidate for cancer treatments.

■ CONCLUSION
In summary, we have developed a simple hydrothermal route
for hydrophilic molybdenum oxide nanospheres and nanorib-
bons with strong LSPR absorption in the NIR region. The
presence of PEG plays two important roles in the formation of
molybdenum oxide nanomaterials: (1) acting as a mild
reducing agent of MoVI to subvalent species to make them
with certain oxygen deficiencies, thus as-prepared molybdenum
oxide materials possess LSPR absorption and (2) acting as
stabilizers of molybdenum oxide to prevent agglomeration and
precipitation, making them hydrophilic. Importantly, the
evolution of molybdenum oxide nanospheres to nanoribbons
and red shift of LSPR absorption could be realized by
increasing the reaction temperature. More importantly, these
nanoribbons can efficiently convert the 980 nm laser energy
into heat energy and effectively kill cancer cells by thermal
ablation. In the future, systematical toxicity examination,
photothermal therapy in vivo, and synergistic effects combining
with targeting, chemotherapy or radiotherapy may be studied in
order to develop better therapeutic agents. Even so, our

Figure 7. (a) Fluorescence microscopy images of cancer cells treated
with PBS control, NIR control, MoO3−x control and MoO3−x + NIR,
then stained with Hoechst 33258, propidium iodide (PI) before
observing on Operetta high content analysis system (PerkinElmer).
The bright field image shows the morphology of corresponding cancer
cells, Hoechst 33258 stained cells (blue color, indicating nucleus)
represent the total cells of the well, and PI stained cells (red color)
represent dead cells. Scale bar equals 100 μm; (b) death cells rates in
each group analyzed by Operetta high content analysis system to
quantitatively evaluate the effect of photothermal treatment. Error bars
were based on the standard deviations of three parallel experiments.
Herein, molybdenum oxide nanoribbons were abbreviated as MoO3−x.
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preliminary results shed light on a potential of molybdenum
oxide based nanomaterials as a novel, low cost, and effective
photothermal material.
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