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Ultrathin PEGylated W;30,49 Nanowires as a New 980 nm-
Laser-Driven Photothermal Agent for Efficient Ablation

of Cancer Cells In Vivo
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Near-infrared (NIR) laser-induced photothermal ablation (PTA)
therapy has attracted increasing interest as a minimally inva-
sive and potentially more effective treatment alternative to
conventional approaches such as surgery, radiation therapy,
and chemotherapy for cancer treatment.!"!®l To promote
the photothermal conversion efficiency and, in particular, to
improve the lasers’ discrimination, a prerequisite for the devel-
opment of NIR laser-induced PTA is to obtain biocompatible
and efficient photothermal coupling agents. Currently, four
types of photothermal agents have been extensively developed,
resulting in great contributions to progress in PTA therapy.[!-18l
The first type are organic compounds such as indocyanine
green (ICG) dyell and polyaniline nanoparticles,? but they may
suffer from limitations such as photobleaching and/or unsatis-
factory photothermal conversion efficiency. The second type are
carbon-based materials, including carbon nanotubes (CNTs)E!
and graphene,*l which have relatively low absorption coefficient
in the NIR region. The third type are metal nanostructures,
including Ge nanoparticles,” Pd-based nanosheets,® and Au
nanostructures (supramolecularly assembled nanoparticles,’!
nanorods,® nanoshells,””! hollow nanospheres,!'% nanocages,'!
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nanocrosses,I'?l and nanostars!’®l). These noble metal-based
nanostructures exhibit intense NIR photoabsorption and are
the most studied photothermal agents, but they are very expen-
sive, which will limit their widespread application. The last type
are copper chalcogenide semiconductors, including CuSI' and
Cu,_,Sel™ nanoparticles, and Au/CuS nanocomposites.['l We
have also prepared CuS superstructures!'”) and CuoSs nano-
particles'® as 980 nm laser-driven photothermal agents. The
main limitation of copper chalcogenides is their unsatisfactory
photothermal conversion efficiency. To meet the severe require-
ments of future PTA therapy, it is still necessary to develop
novel kinds of photothermal agents.

It has been revealed that besides noble metal materials, tran-
sition metal oxides are also interesting candidates with localized
surface plasmon resonances (LSPRs).'”) Among them, tung-
sten oxide (WOs_,) nanocrystals are of great interest because
of strong LSPRs, which give rise to strong photoabsorption
in the NIR region.'® In particular, very recently monoclinic
Wi3049 has attracted considerable attention in various appli-
cations, such as transparent smart windows?”) and photo-
catalysts,?!l owing to its unusual defect structure and intense
NIR photoabsorption. These features also trigger our interest
in the novel concept of developing W;30,9 as a new kind of
transition metal oxide—based photothermal agent. In this Com-
munication, we report the preparation of ultrathin PEGylated
W13049 nanowires — where PEG is poly(ethylene glycol) — by a
simple solvothermal route. These nanowires exhibit strong NIR
photoabsorption and can be used as a 980 nm-laser-driven
photothermal agent for the efficient PTA of in vivo cancer cells.

In the work presented here, ultrathin PEGylated W;30,9
nanowires were prepared by solvothermally treating an ethanol
and PEG (molecular weight MW = 400 Da, abbreviated as PEG-
400) mixture solution containing WCl, at 180 °C for 24 h. The
solvent composition has an obvious effect on the size of the
W 13049 nanowires. When only ethanol was used as the solvent,
the W30, sample consisted of bundle-like nanowires with
lengths of up to several micrometers (Figure S1 in the Sup-
porting Information), and these bundle-like nanowires were in
fact composed of a lot of individual nanowires with thickness of
about 0.9 nm, which is similar to a previous result.?!l Tt should
be noted that these W;30,9 nanowires are too long for biological
application. To shorten the length of the W;30,9 nanowires and
to increase their surface chemical groups and biocompatibility,
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confirmed by the Fourier transform infrared
spectrum (Figure S3 in the Supporting
Information). As a result, PEGylated W30y
nanowires are hydrophilic and can be readily
dispersed in water and in some polar organic
solvents, such as dimethylformamide (DMF)
or dimethyl sulfoxide (DMSO). The aqueous
dispersion containing 2 mg mL™ W50,
nanowires exhibited a strong blue color (the
inset of Figure 2), and had high stability, even
remaining unchanged for a week. The optical
property of the aqueous dispersion was studied

using UV-vis-NIR spectroscopy (Figure 2).
The spectrum is similar to what has been
reported previously for W30,9 nanowires,?!!
and it exhibits a short-wavelength absorp-
tion edge at approximately 420 nm,
which agrees well with the reported value
for the bandgap (E, = 2.9 eV), and reaches
a minimum at around 510 nm. Impor-
tantly, W30, nanowires exhibit enhanced
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Figure 1. TEM (a,b) and HRTEM (c) images, and XRD (d) and EDS (e) patterns of W;3Oyg

nanowires.

PEG-400 was added to ethanol solution as a co-solvent and lig-
ands. When the mixture solvent consisted of 40 vol% PEG-400,
the nanowires had a length of 80-400 nm (Figure S2 in the
Supporting Information). Interestingly, if the volume ratio of
PEG-400 to ethanol was increased to 7/3, the average lengths of
the nanowires dropped to about 50 nm, as demonstrated in the
transmission electron microscopy (TEM) images (Figure S2B
in the Supporting Information and Figures la—c). Obviously,
the presence of a high concentration of PEG-400 can prevent
the stacking of the nanowire unit, resulting in the formation
of some single nanowires and/or double-nanowire stacks
(Figure 1b). These nanowires have a thickness of about 0.9 nm
and width of about 4 nm. Furthermore, the high-resolution
TEM (HRTEM) image (Figure 1c) also indicates clear lattice
fringes, suggesting that the nanowire is a single crystal. The
interplanar d-spacing, determined to be 0.378 nm, agrees with
the (010) lattice fringes of monoclinic phase W;30,9, suggesting
that the nanowire grows along the [010] direction, which is sim-
ilar to the previous reports.?*22l In addition, Figure 1d shows
the X-ray diffraction (XRD) pattern, and all peaks could be well
indexed to the monoclinic W3O,9 phase (JCPDS no. 71-2450).
The narrow (010) and (020) peaks also indicate that the crystal
growth direction of W3049 nanowires should be [010], since
the close-packed planes of monoclinic-phase W;3049 crystal
are {010}, which agrees well with the above HRTEM image
(Figure 1c). Energy-dispersive X-ray spectroscopy (EDS) fur-
ther confirmed that there were only W and O elements in the
W13049 nanowire sample (Figure 1e).

Surface functional chemical groups of the W;30,9 nanowires
are important for their biological application. The presence of
PEG-400 ligands on the surface of W3O, nanowires can be
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. photoabsorption as the wavelength increases
from 510 to 1100 nm. Several theories
have been proposed’®™? for the origin of
NIR photoabsorption of tungsten oxides
(WOs_,), the most widely accepted models
being LSPRs,® intervalence charge
transfer,?3] and small polaron absorption.2
In fact, in all these three accepted models, NIR photoabsorp-
tion can be considered to be closely related to the free electrons
and/or oxygen-deficiency-induced small polarons.

The strong NIR photoabsorption of PEGylated W;gO,9
nanowires motivated us to investigate their potential in PTA
therapy of cancer with a 980 nm wavelength laser. Under
irradiation with the 980 nm laser with a power density of
0.72 W cm™2, which is safe for human skin exposure,?’ the tem-
perature elevation of aqueous dispersions containing W3Oy
nanowires at different concentrations (0-3 g L™!) was measured
(Figure 3). The blank test demonstrates that the temperature of

= B N
m o w o
1 1 1 1

Absorbance (a.u.)

-
o
I

o
(¢}
1

400 600 800 1000
Wavelength (nm)

Figure2. UV-visabsorption spectrum ofan aqueous dispersion containing
2 g L W;30,9 nanowires. Inset: Photo of the aqueous dispersion.
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Figure 3. Temperature elevation of aqueous dispersions of W;3049
nanowires with different concentrations (0-3.0 g L") as a function of
time (0-300 s) under irradiation with a 980 nm-wavelength laser at a
safe power density (0.72 W cm™). Inset: Temperature change (AT) over
a period of 300 s versus W;30,9 concentration.

pure water (without W30,49 nanowires) increased by less than
3 °C from the room temperature of 20 °C. With the addition
of W30, nanowires (0.25-3.0 g L™!), the temperature of the
aqueous dispersion increased by 12.2-41.2 °C in 5 min; the
heating rate became slower with a further increase of tempera-
ture owing to faster heat loss at higher temperature.l'”! Thus,
one can conclude that W;g0,9 nanowires can rapidly and effi-
ciently convert the 980 nm-wavelength laser energy into heat
energy, which results from strong photoabsorption at 980 nm.
In addition, the temperature change (AT) in 300 s, which is cal-
culated from Figure 3, goes up dramatically with an increase of
W,50,9 nanowire concentration from 0 to 2 g L}, and then flat-
tens out upon further increase of W;30,9 nanowire concentra-
tion to 3 g L7! (the inset in Figure 3). This phenomenon can be
attributed to fast heat loss at relatively high temperature and is
similar to our previous reports on CuS superstructures[m and
CuySs nanoparticles.!'®!

The ideal photothermal coupling agents should be non-
toxic for biological applications. To evaluate the cytotoxicity of
PEGylated W30 9 nanowires, an MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay with the human
cervical carcinoma cell line HeLa was used to determine their
effects on cell proliferation after 24 h. No significant differences
in the cell proliferation were observed in the absence or pres-
ence of 0.25-3.0 g L~! W,40,9 nanowires (Figure S4 in the Sup-
porting Information). The cellular viability was estimated to be
greater than 90% after 24 h. These data show that the aqueous
dispersion of PEGylated W;3049 nanowires (<3 g L) can be
considered to have low cytotoxicity.

As is well known, hyperthermic therapy is the use of heat
between 40 and 45 °C to damage cancer cells.'”2 If it is
assumed that the temperature of the in vivo human body
is 36 °C, human tumor tissues, after being injected with an
aqueous dispersion of W;30,9 nanowires and even if covered by
0-1 mm thick skin, can easily be heated to over 45 °C in 5 min
by irradiation with a 980 nm-wavelength laser with a safe power
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density of 0.72 W cm™2, probably resulting in the efficient death
of cancer cells. In the study presented here, the biomedical
application of PEGylated W30, nanowires as photothermal
agents was evaluated by PTA of cancer cells in mice. Severe
combined immunodeficiency (SCID) mice were inoculated
subcutaneously with 2 x 10°® K7M2 cells for 21 days. When the
tumors inside the mice had grown to 5-10 mm in diameter, the
SCID mice were randomly allocated into treatment and control
groups. The SCID mice in the treatment group were injected
with 100 puL of W30, nanowire phosphate-buffered saline
(PBS) solution (2g L) at the central region of the tumor with
a depth of ca. 4 mm, while the SCID mice in the control group
were injected with 100 pL saline solution. After 1 h, mice from
both the control and treatment groups were simultaneously
irradiated by two similar 980 nm-wavelength laser devices at
0.72 W cm™2 power density for 10 min. During the laser treat-
ment, full-body thermographic images were captured using an
IR camera (inset in Figure 4a, Figure S5 and video in the Sup-
porting Information). The temperature of the irradiated area
was recorded as a function of the irradiation time (Figure 4a).
For the mice injected with saline solution, the surface tempera-
ture of the tumor increased by less than 1.5 °C, and remained
below 27.5 °C during the entire irradiation process, indicating
a negligible temperature elevation. Importantly, in the case of
W13049 nanowire—injected mice, the tumor surface tempera-
ture increased rapidly to reach 44.5 °C at 30 s and 49.1 °C at
60 s, and then began to plateau at 50.0 + 0.5 °C after 120 s,
as demonstrated vividly in Figure S5 and the video (Sup-
porting Information). A typical thermographic image at 180 s
is shown in the inset of Figure 4a. These facts reveal a rapid
elevation of temperature of the in vivo tumor, suggesting that
W13049 nanowires within the tumor still have an excellent
photothermal effect, because of the deep penetration depth of
980 nm-wavelength laser light in biological tissues as demon-
strated in our previous reports.[*’]

Subsequently, the in vivo tumors were removed, embedded
in paraffin, and cryosectioned into 4 um slices. The slides
were stained with hematoxylin/eosin (H&E). The histological
examination of tumors was performed by means of micro-
scopic imaging (Figures 4b,c and Figure S6 in the Supporting
Information). In the case of saline-injected mice, there are no
obvious differences regarding the cells’ size and shape, nuclear
modifications, or necrosis after the irradiation with the 980 nm-
wavelength laser (Figure 4b). This suggests that the low heat
energy converted from the 980 nm-wavelength laser by saline
solution and/or tissues, which is related to the negligible ele-
vation (<1.5 °C) of the tumor temperature, is not enough to
kill the cancer cells. On the other hand, in the case of W3Oy
nanowire—injected mice, the common signs of thermal cell
necrosis are presented on most areas of the examined tumor
slide in the entire tumor mass (Figure S6 in the Supporting
Information and Figure 4c). Furthermore, one can find more
detailed changes of the cancer cells, such as shrinkage of the
malignant cells, loss of contact, eosinophilic cytoplasm, and
nuclear damage (pyknotic and fragmentized nuclei). Besides
the destruction of the tumor cells, thermal injury was also
observed in the stromal reactive tissue, for example, the connec-
tive tissue surrounding the tumor cells was disrupted with frag-
mented collagen fibers (Figure S6, Supporting Information).
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with a 980 nm-wavelength laser with a safe
power density of 0.72 W cm™2, the tempera-
ture of the nanowire aqueous dispersion
(0.25-3.0 g LY) can increase by 12.2-41.2 °C
in 5 min. Importantly, the temperature of an
in vivo tumor injected with W;g0,9 nanowire
solution (100 uL, 2 g L!) increased rapidly to
50.0 £ 0.5 °C after 120 s irradiation, resulting
in the efficient PTA of cancer cells in
10 min. Therefore, these PEGylated W3O,
nanowires demonstrate great superiority as
a new photothermal agent for NIR-induced
PTA of cancer, as a result of their small size
and high photothermal conversion efficiency
as well as their low cost and low cytotoxicity.
i More importantly, this work provides some

0 120 360
Time (s)

Figure 4. a) Plots of the temperature within the irradiated tumor area in two mice injected respec-
tively with saline solution and W;3O49 nanowire PBS solution (2 g L), as a function of irradiation
time. The inset is the corresponding full-body thermographic image of mice respectively injected
with saline solution (right mouse) and W;30,49 nanowire PBS solution (left mouse) at 180 s. b,c)
H&E-stained histological images of the corresponding ex vivo tumor sections, after irradiation for
10 min. The irradiation source is a 980 nm laser with the safe power density of 0.72 W cm™2.

These facts suggest that in vivo cancer cells can be efficiently
destroyed by the high temperature (ca. 50 °C) arising from the
excellent photothermal effect of PEGylated W;30,9 nanowires.
Therefore, PEGylated W30, nanowires have great potential to
be used as a novel and excellent photothermal agent for PTA
of specific targets such as in vivo tumor tissues. To the best of
our knowledge, this is the first time that PTA of cancer cells
in vivo has been realized using a transition metal oxide nanoc-
rystal itself as the photothermal agent under irradiation with a
980 nm-wavelength laser. For future commercial use of PTA
therapy technology, further research should be done, for
example, by conjugating target biomolecules on the surface
of PEGylated W30,49 nanowires, and/or optimizing the wave-
length of the NIR laser to below or above 980 nm because of
the presence of the absorption band of water at 980 nm.

In summary, ultrathin PEGylated W3049 nanowires have
been prepared by a simple solvothermal route with a mixture
of ethanol and poly(ethylene glycol) (PEG-400) as the sol-
vent. The aqueous dispersion of W;3049 nanowires exhibits
a strong blue color, and has enhanced absorption with an
increase of wavelength in the NIR region. Under irradiation

240 360 480
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600 insight into the research and development of
other transition metal oxide nanocrystals as
novel photothermal agents for PTA therapy.

Experimental Section

Synthesis of ultrathin PEGylated W ;50 4 nanowires:
PEGylated W;30,49 nanowires were prepared by
a modified solvothermal route.?l In a typical
procedure, WClg (0.4 g) was dissolved in a mixture
(100 mL) of poly(ethylene glycol) (molecular weight
MW = 400 Da, abbreviated as PEG-400) and ethanol
with a volume ratio of 7/3. 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, sealed, and treated
at 180 °C for 24 h. A blue precipitate was collected
by centrifugation and washed with ethanol several
times. Finally, the precipitate was dried in vacuum
at 50 °C for 24 h. For comparison, pure ethanol or
a mixture of PEG-400 and ethanol with a volume
ratio of 4/6 were also used as the solvent to prepare
W;3049 Nanowires.

Characterization and measurement of photothermal performance: The size,
morphology, and microstructure of W;3O49 nanowires were determined
by HRTEM (JEOL JEM-2010F). XRD measurements were performed on
a Bruker D4 X-ray diffractometer using Cu Ko radiation (A = 0.15418 nm).
EDS of the sample was carried out on a Bruker Quantax 400 EDS system
attached to a Hitachi S-4800 field emission scanning electron microscope.
The Fourier transform infrared (FTIR) spectrum was measured from samples
in KBr pellets using an IRPrestige-21 spectrometer (Shimadzu). UV-vis
absorption spectra were measured on a Shimadzu UV-2550 UV-visible-NIR
spectrophotometer using quartz cuvettes with an optical path of 1 cm.

To measure the photothermal conversion performances of ultrathin
PEGylated W;3049 nanowires, radiation from a 980 nm laser was sent
through a quartz cuvette containing an aqueous dispersion (0.3 mL) of
W15049 nanowires with different concentrations (0-3 g L"); the light
source was an 980 nm-wavelength semiconductor laser device (Xi’an
Tours Radium Hirsh Laser Technology Co., Ltd., P. R. of China) whose
power could be adjusted externally (0-0.3 W). The output power was
independently calibrated using a hand-held optical power meter (Newport
model 1918-C, CA, USA) and was found to be ca. 0.29 W for a spot size
of ca. 0.40 cm? (ca. 0.72 W cm™). 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.

Cytotoxicity Assay and PTA of Cancer Cells In Vivo: The in vitro
cytotoxicity was measured using the methyl thiazolyl tetrazolium (MTT)

Adv. Mater. 2013, 25, 2095-2100
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assay in the human cervical carcinoma cell line Hela, which is similar
to our previous report.['8 Cells growing in a log phase were seeded into
a 96-well cell culture plate at 5 x 10* per well in DMEM (Dulbecco’s
modified Eagle’s medium, which contains 10% fetal bovine serum, 4 mm
glutamine, 100 U mL™" penicillin, 100 mg mL™" streptomycin, and 1%
HEPES (hydroxyethyl piperazine ethanesulfonic acid)) at 37 °C and in
the presence of 5% CO, for 24 h. Then the cells were incubated with
ultrathin PEGylated W;3O,9 nanowires at different concentrations (i.e.,
0, 0.25, 0.5, 0.75, 1, 2, and 3 g L™, diluted in DMEM) at 37 °C for 24 h
in the presence of 5% CO,. Subsequently, 10 uL of MTT (5 mg mL™)
was added to each well of the 96-well assay plate and incubated for a
further 4 h at 37 °C in the presence of 5% CO,. After the addition of 10%
sodium dodecyl sulfate (SDS, 100 mL/well), the assay plate was allowed
to stand at room temperature for 12 h. A Thermo Scientific Multiskan
MK3 monochromator-based multifunction microplate reader was used
to measure the absorbance of each well with background subtraction at
492 nm. All of the tests were independently performed three times.

The PTA of cancer cells in vivo was carried out by a modified method,
as described elsewhere."”18] Severe combined immunodeficiency (SCID)
mice were inoculated subcutaneously with 2 x 10% K7M2 cells in the side of
the rear for 21 days. When tumors inside the mice had grown to 5-10mm
in diameter, the SCID mice were randomly allocated to two groups
(control and treatment groups). The SCID mice in the treatment group
were injected with 100 puL PBS solution containing W;30,49 nanowires
(2 g L at the central region of the tumor with a depth of ca. 4 mm,
while the SCID mice in the control group were injected with 100 L saline
solution. After 1 h, the mice with tumors from both the control and the
treatment groups were simultaneously irradiated by two similar 980 nm
laser devices at 0.72 W cm™2 for 10 min. During the irradiation with the
980 nm-wavelength laser, full-body thermographic images and temperature
were recorded in real time using a photothermal medical device (GX-300;
Shanghai Infratest Electronics Co., Ltd, P. R. of China.) with an infrared
camera. After the laser treatment, the SCID mice were killed, and tumors
were removed, embedded in paraffin, and cryosectioned into 4 um slices.
The slides were stained with H&E. The slices were examined under a
Zeiss Axiovert 40 CFL inverted fluorescence microscope, and images were
captured with a Zeiss AxioCam MRc5 digital camera.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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