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ABSTRACT: The immense potential of temperature-responsive 080nm CW laser

. Heating
nanomaterials for use as contrast agents has propelled much oo P,

recent research and development in the field of photoacoustic e \J/ﬁ@ < =

(PA) imaging, while the exorbitant transition temperature . PJgggTarger B\ |
exceeding the human-tolerable range and the low reversibility Monodlinic E§ Waveergh . Ruiie
of the reported temperature-sensitive nanosystems are still two . amp" = tﬁ' 8
severe issues that hinder effective imaging and long-term e 0 Yy - y &%

monitoring in practical applications. Herein, we propose a
high-performing thermoresponsive polyethylene glycol-coated
tungsten-doped vanadium dioxide (W-VO,@PEG) nanoprobe
(NP) with strong and switchable optical absorption in the near-
infrared-II (NIR-II) biowindow (1000—1700 nm) near human-
body temperature, to achieve deep and contrast-enhanced PA
imaging. Our study shows that the PA signal amplitude of W-VO,@PEG NPs at 1064 nm increases up to 260% when the
temperature increases from 35 °C to 45 °C, with a signal fluctuation of less than 10% after 10 temperature cycles, therefore
enabling great potential of “off-to-on” dynamic contrast-enhanced imaging capability in deep-seated tissues. Experiments on
tissue-mimicking phantoms and in vitro chicken breast showed that, by levering the prepared W-VO,@PEG NPs and
dynamically modulating the temperature field with an external NIR optical stimulus, contrast-enhanced PA images of the
target can be obtained with an imaging depth up to 1.5 cm. Furthermore, in vivo potential of the prepared thermoresponsive
NPs for the detection and identification of deep-seated tumors by directly comparing to conventional “always on” NPs has
been demonstrated. Our work will offer feasible guidance for the development of smart temperature-activatable PA NPs with
improved imaging depth and imaging contrast.
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s a promising biomedical imaging technology, photo- concentration of specific biomolecules”') or external (temper-
Aacoustic (PA) imaging can combine the great spatial ature field,”> US field,” light of various wavelengths“) stimuli
resolution of ultrasound (US) imaging with the have shown superior imaging capability with improved contrast
excellent contrast of optical imaging through the absorption and sensitivity.”” "> Among these NPs, temperature-responsive
and conversion of photons to acoustic waves.' > To fully PA NPs have exhibited outstanding performance in various

realize the capabilities of the PA technique for deep-tissue

functional imaging, exogenous PA imaging contrast agents Received: August 28, 2021
have been introduced by initiatively or passively targeting the Accepted: January 24, 2022
region of interest (ROI).°~"5 Compared with the conventional Published: January 27, 2022

“always on” PA nanoprobes (NPs) that provide stable imaging
contrast,'® those activatable NPs that can provide dynamic
images when under cell internal (i.e, pH,W_19 redox, >’
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Scheme 1. (A) Preparation of temperature-responsive W-VO,@PEG NPs. (B) Schematic illustration of dynamic-enhanced
NIR PA imaging using W-VO,@PEG NPs triggered by near-human-body temperature. First, W-VO,@PEG NPs are
accumulated in tumor cells. Next, the temperature of the tumor is elevated to more than 38 °C by laser irradiation, causing the
phase transformation of W-VO,@PEG NPs. Meanwhile, the NIR absorption of W-VO,@PEG NPs increases sharply
accompanied by the phase transformation, and PA signals will become stronger. Furthermore, the absorption of W-VO,@PEG
NPs can be adjust by the laser irradiation time. As a result, it is easy to realize dynamic-enhanced NIR PA imaging.
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imaging applications, where the abnormal temperature changes
in tissues are closely related to the occurrence and develop-
ment of diseases such as cancer and inflammation.”® However,
most of the reported temperature-responsive PA NPs have
faced critical issues in practical applications because the
transition temperature is generally much higher than human-
body temperature, and thus the potential risk of tissue thermal
damage exists.”” Moreover, these temperature-responsive NPs
always rely on the irreversible release of optical nanoabsorbers
by thermally triggered nanocarriers, which only provides a
“one-off” thermal stimuli—response action and cannot provide
long-term dynamic monitoring.’® On the contrary, the
reversible-type NPs can dynamically respond to temperature
field stimulation, and thus the targeted ROI can be specifically
identified with improved imaging contrast and background
signal being effectively suppressed.’*> Polymers and lipids
have been developed to build PA thermoresponsive NPs by
changing the assembling or aggregation status of the
nanosystems after stimuli; however, these NPs generally
showed slow response speed and poor temperature sensitivity
with limited dynamic range.””** More alarmingly, they often
show conformational lability due to the low mechanical
strength and fragile nature after several repetitive stimulations
and, therefore, cannot satisfy the need of long-term
monitoring.”**> Hence, considering the reliability of the
thermoresponsive NPs, it is of urgency and significance to
explore agents with high sensitivity and outstanding reversible
repeatability for advancing deep and contrast-enhanced PA
imaging.

Herein, we report a high-performing reversible temperature-
responsive polyethylene glycol (PEG)-coated tungsten-doped
vanadium dioxide (W-VO,@PEG) NP with strong and
switchable near-infrared II (NIR-II, 1000—1700 nm)***” PA
contrast at the near-human-body temperature to realize deep
and contrast-enhanced PA imaging. The developed W-VO,@
PEG NPs exhibit a typical insulator-to-metal phase transition
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with sharply enhanced optical absorption in the NIR-II region
when exceeding their critical temperature (41.1 °C) and return
back rapidly to their insulator phase (~2 us)*® with low
absorption when the temperature drops to normal status, thus
providing a sensitive “off” to “on” imaging strategy under the
aid of an external near-infrared optical stimulus. Compared
with NIR-I (700—950 nm) PA contrast agents, the prepared
NIR-II NPs allow a much larger maximum permissible laser
exposure with reduced light scattering of the tissues, which
benefits contrast-enhanced PA imaging of deep-seated
diseases.””" The temperature-responsive ability of the as-
prepared NPs was investigated under different temperatures,
and the high reversibility of the material was tested in multiple
temperature cycles. Then, their capabilities of depth imaging
were evaluated in experiments on tissue-mimicking phantoms
and in vitro chicken breast. Finally, we demonstrate that W-
VO,@PEG NPs can highly improve the PA imaging contrast
and imaging depth in tumor detection through dynamically
responding to temperature.

RESULTS AND DISCUSSION

Construction of the Thermoresponsive Contrast
Agents. Vanadium dioxide (VO,) is one of the most typical
thermochromic materials that exhibit enhanced optical
absorption at the high-temperature region.”'~* Benefiting
from its temperature-responsive physical properties, it has been
widely explored in electronic devices and optical switches,
especially for thermochromic smart windows.** However, VO,
NPs are not suitable for directly applying to the biological field
owing to their relatively high phase transition temperature
point (T, about 68 °C) and poor biocompatibility."* Herein,
in order to enable their ability for high-performance
bioapplications, an ingenious tungsten (W)-doping strategy
with a doping concentration of about 4% is first introduced to
the VO, NPs to reduce their T¢ to the near-human-body
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Figure 1. Characterization of the W-VO,@PEG NPs. (A) Transmission electron microscope (TEM) mapping of the W-VO,@PEG NPs. (B)
Representative size distribution image and TEM image of W-VO,@PEG NPs after being modified by PEG. (C) XRD pattern images of W-
VO,@PEG NPs at different temperatures. (D) UV—vis—NIR spectra of W-VO,@PEG NPs at different temperatures. (E) Absorptions of W-
VO,@PEG NPs at different temperatures. (F) PA intensity of W-VO,@PEG NPs at different temperatures. (G) Reversibility in absorption at
1064 nm during heating cycles above and below W-VO,@PEG NPs’ phase transition midpoint. (H) Reversibility in PA signal at 1064 nm
during heating cycles above and below W-VO,@PEG NPs’ phase transition midpoint. (I) Temperature increase images of W-VO,@PEG

NPs of different concentrations at different time points.

temperature, as shown in Scheme 1. According to the reported
theoretical calculations,46 the evaluated substitution energies of
W-doping in VO, for both the monoclinic insulator phase and
the rutile metal phase are negative, strongly indicating that W
atoms can be easily doped into a VO, lattice. Interestingly, W-
doping not only reduces the T of VO, but also brings more
free electrons to further enhance their NIR absorption (the
absorption spectra before and after W-doping are shown in the
Supporting Information).””** Then, the W-VO, NPs are
wrapped by PEG to enhance the water dispersion and to make
them uniformly dispersed. When the temperature is below T,
the W-VO,@PEG NPs are in their monoclinic phase, in which
two varying length V=V bonds are formed, and the d;; band is
split into two energy bands (d; and d;* bands), where a
forbidden band with a bandwidth of about 0.7 eV is formed
between the d; and 7* bands. In this status, the Fermi level
falls within the forbidden band, which makes VO, NPs permit
high NIR transmission with low optical absorption. After
heated up to and higher than T¢, the low-symmetry structure
of the V=V bonds in VO, NPs turns to their rutile phase with
a monoclinic and highly symmetrical quadrilateral structure,
where the V** ions occupy the body center and the vertex of
the tetragonal structure, and each V*' ion and six surrounding
O ions constitute an octahedral VOg unit. In this status, the
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Fermi level falls between the #* and the d; bands, which
induces a dramatic increase of the NIR-II absorption.*~>*
When W is doped into VO,, the biaxial strain on the
sublattices around W sites leads to the breaking of bonds
between Peierls-paired V ions and lowers the transition
temperature.””>* Given this heat-induced change in the NPs’
optical absorbance, the utility of W-VO,@PEG NPs as a
temperature switch for dynamic-enhanced PA imaging was
investigated, which therefore benefits the application of W-
VO,@PEG NPs in biological fields.

Characterization of the W-VO,@PEG NPs. In order to
characterize the element distribution in the prepared W-VO,@
PEG NPs, transmission electron microscope (TEM) mapping
is first performed. As shown in Figure 1A, TEM mapping
results confirmed localized V and O atoms in the filled core
area and W atoms evenly distributed in the whole NPs. The
shape of the NPs was also characterized by TEM, indicating
that the W-VO, NPs had a spherical shape with an average
diameter of 30 nm and are successfully modified by PEG with
a total diameter of about 200 nm. The TEM image was
consistent with the measurement by a particle size analyzer,
where an average diameter of 200 nm was observed (Figure
1B). The crystal structures of the W-VO,@PEG NPs as-
prepared samples were characterized by X-ray diffraction
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Figure 2. Temperature-responsive behavior of W-VO,@PEG NPs. (A) Photograph of thin-wall polyethylene tubes filled with W-VO,@PEG
NPs and graphene solutions. (B) PA imaging of W-VO,@PEG NPs and graphene samples at different temperatures. (C) PA difference image
of W-VO,@PEG NPs and graphene samples when the temperature is 45 and 35 °C. (D) Amplitude of the PA signal of B. (E) Amplitude of
the PA signal of W-VO,@PEG NPs and graphene samples at 45 and 35 °C. (F) Photograph and PA imaging of thin-wall polyethylene tubes
filled with W-VO,@PEG NPs with different concentrations at different temperatures. (G) PA imaging of W-VO,@PEG NPs of different
concentrations at different temperatures. (H) Amplitude of the PA signal of G.

(XRD) at 25 and 53 °C and are shown in Figure 1C. At 25 °C,
only XRD peaks corresponding to the signal of the monoclinic
VO, phase were observed, and all the positions of peaks were
concordant with the standard reference data (JCPDS No. 82-
0661), indicating the exclusive formation of single-phase VO,
NPs. The results demonstrate the structural transition of the
W-VO,@PEG NPs from monoclinic (25 °C) to tetragonal
rutile (53 °C) phase. The partially enlarged view in Figure 1C
clearly shows an XRD peak shift of VO,(M) (011) to VO,(R)
(110) peak in the 26° < 29’$ 30° range when the temperature
increases from low to high.DS Furthermore, the thermochromic
property of the W-VO,@PEG NPs was characterized by UV—
vis—NIR spectroscopy. As shown in Figure 1D, the W-VO,@
PEG NPs exhibited a continuous absorption from visible light
to NIR region without sharp peaks when under 25 °C. After
heating to near-human-body temperature, an obvious optical
absorption increase in the NIR-II region was observed, which
indicates the occurrence of a phase transition of the prepared
W-VO,@PEG NPs from monoclinic phase to rutile phase. The
optical absorbance of W-VO,@PEG NPs at 1064 nm as a
function of temperature was then statistically analyzed in
Figure 1E, and the derivative of the fitted absorption curve
with temperature is also presented. It shows that the optical
absorbance of the W-VO,@PEG NPs greatly increases with
the temperature between 35 and 53 °C, and the derivative
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curve indicates the largest absorption changes around 41.1 °C,
which can be considered as the phase transition temperature. A
similar phenomenon is observed for the PA signal amplitude
(Figure 1F), which benefits the application of the W-VO,@
PEG NPs in temperature-triggered PA imaging. The statistical
results in Figure 1F are obtained from three groups of W-
VO,@PEG NPs. Further, in order to demonstrate the
reversibility of the phase transition for the prepared NPs, the
absorption changes at 1064 nm of W-VO,@PEG NPs during
10 successive heating—cooling cycles (from 25 to 53 °C) are
measured, where periodic absorption changes are observed
with sustainable repeatability, showing the robustness of the
system (Figure 1G). Repeated heating—cooling cycles also
resulted in similar periodic changes in PA signal intensity,
shown in Figure 1H. Taken together, these data suggest that
the phase transition is highly reversible and can be repeated
over 10 heating—cooling cycles with a PA amplitude
fluctuation of less than 10%. To characterize the photothermal
conversion capability of the W-VO,@PEG NPs, the photo-
thermal properties of W-VO,@PEG NPs with different
concentrations are characterized under the irradiation of a
980 nm continuous laser (0.5 W/cm?). As a control, a
negligible temperature increase was observed for the water
with irradiation at the same laser intensity. The corresponding
thermal images of the W-VO,@PEG NPs with different
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Figure 3. Verification of the deep imaging ability of W-VO,@PEG NPs. (A) Schematic diagram of deep-tissue PA imaging of W-VO,@PEG
NPs in the agar mimic. The dotted circles indicate the positions of the samples embedded in the tissue-mimicking agar phantoms. (B) X—Z
tomographic imaging at different temperatures of A. (C) Amplitude of the PA signal of B. (D) Photograph of the chicken breast sample. (E)
US+PA images of X—Z tomographic imaging of D at different temperatures. The dotted circle indicates the sample’s position embedded in

the chicken breast tissue. (F) PA signal amplitude of E.

concentrations under different irradiation times are shown in
Figure 1I. The photothermal conversion efficiency of the NPs
is calculated to be ~36.7% (see the Supporting Information).
All the results show that the W-VO,@PEG NP solution can
well respond to an external laser stimulus with a relatively low
concentration.

PA Characterization Using Phantoms. To demonstrate
the temperature-triggered PA effect of the W-VO,@PEG NPs,
a group of PA experiments were performed compared with the
nonresponsive graphene solution. A sample photograph is
shown in Figure 2A, and the white dotted frame indicates the
imaging area. The concentration of the two samples is set to
0.2 mg/mL. During the experiments, the samples were
immersed in a temperature-controlled circulating water bath
with a temperature accuracy of about 0.5 °C. The excitation
wavelength is 1064 nm, and the laser energy density is set to 30
mJ/cm?® The obtained PA images under 35, 40, and 45 °C are
presented in Figure 2B. The temperature range (35 to 4S5 °C)
can basically cover all temperatures involved in the potential
biological applications of the W-VO,@PEG NPs in further
studies, including PA/PT imaging, diagnosis, and therapy. The
results show that the intensity of the PA images for W-VO,@
PEG NPs grows with the temperature, while for the graphene
the image intensity stays almost unchanged, where the slight
increase of the intensity is contributed by the positive
correlation of the Griineisen parameter with PA signal
amplitude. Figure 2C is the differential image of 45 and 35
°C of Figure 2B, where the W-VO,@PEG NP sample is clearly
identified with the graphene. Therefore, when the W-VO,@
PEG NPs are positively or passively targeted to the ROI, the
ROI can be specifically identified through image differential
processing at different temperatures with the background
signal effectively suppressed. Figure 2D shows the dependence
of the PA amplitude on the temperature obtained by statistical
average of the PA signal amplitudes of the samples for all
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imaged points corresponding to Figure 2B. As shown in Figure
2E, when the samples are heated to 45 °C, the PA signal
amplitude is amplified 260% for the W-VO,@PEG NPs, while
the graphene shows a mild increase. Next, in order to show the
linear dependence of the PA signal amplitude on the W-VO,@
PEG NP concentration at different temperatures, a group of
W-VO,@PEG NP samples with different concentrations are
designed and imaged. The sample photograph is shown in
Figure 2F, and the images at different temperature are shown
in Figure 2G. With the concentration increases, the PA image
becomes brighter. Figure 2H is the statistical results of the PA
signal amplitude in Figure 2G, where a linear dependence of
the amplitude on the concentration is observed. These results
demonstrate that the prepared W-VO,@PEG NPs show
excellent potential for near-human-body-temperature-triggered
high-contrast PA imaging with the background signal
effectively suppressed.

Characterization of the PA Imaging Depth by Using
W-VO,@PEG NPs. One of the great advantages of the PA
technique for bioimaging is its 3D imaging capability in deep-
seated tissues. In this work, the prepared W-VO,@PEG NPs
exhibit strong and switchable optical absorption in the NIR-II
region triggered by a near-human-body-temperature thermal
field, which therefore can support their applications in deep
imaging. To investigate the deep imaging capability of the W-
VO,@PEG NPs, a group of phantom experiments were
performed. Figure 3A is a sketch map of the prepared phantom
sample, where four tubes filled with W-VO,@PEG NP solution
are embedded in an agar phantom with different depths. The
concentration of the W-VO,@PEG NPs is 0.2 mg/mL, and the
agar phantom is composed of 1.3% agar and 0.5% fat to mimic
the optical scattering of biological tissue. Then, the sample was
immersed in a circulating water bath with the temperature set
to 35, 40, and 45 °C, respectively. In the experiments, the laser
energy density is set to be 60 mJ/cm?”. After that, B-scan PA
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Figure 4. In vivo PA imaging verification of W-VO,@PEG NPs. (A) Schematic diagram showing temperature variation on the surface of
tumors in mice under laser irradiation of 1064 nm of tumors with W-VO,@PEG NPs. (B) Temperature variation on the surface of tumors in
mice under laser irradiation of 1064 nm after injection with a PBS or W-VO,@PEG solution. (C) Photograph of mice with tumors. The
dotted circles indicate the tumor positions. (D) PA imaging of tumors at different exposure times after injection of PBS, W-VO,@PEG NPs
(980 nm laser off), and W-VO,@PEG NPs (980 nm laser on). (E) Photograph of two tumors in a mouse. (F) PA imaging of tumors at
different exposure times after injection of a graphene dispersion and W-VO,@PEG NPs. (G) PA difference image + US imaging of tumors
with a 6 min exposure and no exposure. (H) Temperature of tumors at different exposure times after injection of PBS and W-VO,@PEG
NPs. (I) PA amplitude at different exposure times after injection of PBS, W-VO,@PEG NPs (980 nm laser off), and W-VO,@PEG NPs (980
nm laser on). (J) PA amplitude at different exposure times after injection of W-VO,@PEG NPs and a graphene dispersion.

imaging was performed on the samples at the three
temperatures. The dotted circles in Figure 3A and B indicate
the positions of the samples embedded in the tissue-mimic
agar phantoms. The results shown in Figure 3B indicate that
the PA signal intensity increases with the temperature owing to
the strong and switchable NIR-II absorption of the W-VO,@
PEG NPs, but decreases with the imaging depth owing to
optical scattering. Figure 3C shows the statistical average of the
PA signal amplitudes of the samples for all imaged points
corresponding to Figure 3B. The maximum imaging depth
under the three temperatures are 1.2, 1.5, and 1.8 cm,
respectively. Further, to investigate the in wvitro imaging
capacity of the W-VO,@PEG NPs, a tumor-mimic sample
mixed with the NPs was embedded in a 1.5 cm chicken breast
and imaged by the PA system. The tumor-mimic sample is a
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mixture of agar and W-VO,@PEG NPs, and its photo is shown
in Figure 3D. The white dotted box indicates the imaging
region, and corresponding PA images merged with US images
under different temperatures are shown in Figure 3E. The
results of the PA and US image both indicate the structural
information of the tumor-mimicking sample at a depth of 1.5
cm with a better image contrast for the PA image, and the PA
amplitude of the tumor-mimic sample at different temperatures
is shown in Figure 3F. The PA amplification ratio for Figure 3F
is estimated to be 300 + 41%, with a reasonable fluctuation to
the in vitro result that arises from the unavoidable background
signal of the chicken breast tissue.

In Vivo Dynamic Contrast-Enhanced PA Imaging. To
further demonstrate the thermal response of the prepared W-
VO,@PEG NPs, a group of in vivo photothermal experiments
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Figure S. In vitro cytotoxicity assay of W-VO,@PEG NPs. Relative viabilities of EMT6 (A) and 4T1 (B) cells after being incubated with W-
VO,@PEG NPs of varied concentrations (0.05, 0.1, 0.15, and 0.2 mg/mL). (C) H&E-stained images of different organs of mice injected with
PBS, W-VO,@PEG NPs (1.5 mg/kg, 980 nm laser off), and W-VO,@PEG NPs (1.5 mg/kg, 980 nm laser on). (D) Blood hematology
analyses of healthy nude mice after intravenous injection with PBS, W-VO,@PEG NPs (1.5 mg/kg, 980 nm laser off), and W-VO,@PEG

NPs (1.5 mg/kg, 980 nm laser on).

were designed, as shown in Figure 4. Two mice bearing EMT6
tumors were intratumorally injected with a W-VO,@PEG NP
solution (1.5 mg/kg) and PBS (0.1 mL), where a 980 nm
continuous laser (0.5 W/cm®) was applied to elevate the
temperature of tumors, as illustrated in Figure 4A. The thermal
images of the tumors with different exposure times were
recorded for each minute and are presented in Figure 4B. It is
shown that the tumor temperature grows rapidly with the
exposure time and is eventually maintained at about 43 °C for
the W-VO,@PEG NP group, where a mild temperature
increase is observed for the PBS group. The average
temperature increase of the tumor area with the exposure
time is statistically analyzed in Figure 4H. These results
indicate that the tumor area can be heated to near-human-
body temperature to guarantee the phase transition of W-
VO,@PEG NPs from metallic phase to rutile phase within 5
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min. Further, the two groups of tumor mice were imaged by
the PA imaging system. In the experiments, the laser energy
density is set to 60 mJ/cm? Figure 4C shows photos of the
mice bearing tumors injected with PBS and W-VO,@PEG
NPs. The obtained B-scan PA images of the tumors injected
with W-VO,@PEG NPs and PBS are presented in Figure 4D.
The results indicate that, compared with the PBS group, the
tumor areas injected with W-VO,@PEG NPs obviously show
enhanced PA performance owing to the optical absorption in
the NIR-II region of the NPs, and before the 980 nm
continuous heating laser is applied (980 nm laser off), no
obvious changes of the PA signal intensity with time are
observed for the two groups, while for the group in which the
tumor is injected with W-VO,@PEG NPs, when exposed to a
980 nm heating laser, the W-VO,@PEG NPs show temper-
ature-triggered strongly enhanced PA amplitude in the NIR-II
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region. The average PA signal amplitude as a function of the
exposure time for the three groups in Figure 4D is statistically
analyzed in Figure 4I. In order to further verify the dynamic
enhancement capabilities of W-VO,@PEG NPs, we injected a
graphene dispersion and W-VO,@PEG NP solution into two
tumors of the same mouse (the two tumors of the mouse are
shown in Figure 4E). Then a 980 nm continuous laser (0.5 W/
cm?) was applied to elevate the temperature of the two tumors
at the same time. A B-scan was performed along the red dotted
line shown in Figure 4E, and the PA images are presented in
Figure 4F. The obtained differential PA image is presented in
Figure 4G. The statistical analysis of the PA amplitude with
irradiation time for the two tumors injected with the NPs and
PBS is presented in Figure 4]J. The differential image of
unexposed image and exposed image of 6 min are shown in
Figure 4G. It is indicated that for the group in which the tumor
is injected with W-VO,@PEG NPs, when exposed to a 980 nm
continuous laser, the W-VO,@PEG NPs show a strong
temperature-triggered enhanced PA amplitude in the NIR-II
region. Benefiting from the temperature-triggered enhanced
PA performance of the W-VO,@PEG NPs, the tumor area can
be specifically identified with suppressed background signal by
a differential process of PA images under different exposure
times. These results indicate that W-VO,@PEG NPs have
great potential for PA imaging enhanced through dynamic
contrast enhancement.

In Vivo Toxicity Evaluation. Here, we investigated the
cytotoxicity of W-VO,@PEG NPs with a CCK-8 assay. Figure
SA and B are statistically analyzed by three groups of EMT6
(A) and 4T1 (B) cells after being incubated with W-VO,@
PEG NPs. As shown in Figure 5A and B, W-VO,@PEG NPs
caused no significant EMT6 and 4T1 cell cytotoxicity, as the
relative viability was higher than 85% even with treatment at
200 pg/mL. Meanwhile, we evaluated the pathological
structure of main organs of mice injected with NPs. After 24
h of intravenous injection of PBS, W-VO,@PEG NPs (1.5 mg/
kg, 980 nm laser off), and W-VO,@PEG NPs (1.5 mg/kg, 980
nm laser on) the main organs were harvested, fixed in 10%
buffered formalin, processed routinely into paraffin, cut into
sections, stained with H&E, and examined by optical
microscopy. As seen in Figure SC, no apparent organ damage
can be observed from all the groups. Moreover, the mice were
divided into three groups (n = 4) to intravenously inject with
PBS, W-VO,@PEG NPs (1.5 mg/kg, 980 nm laser off), and
W-VO,@PEG NPs (1.5 mg/kg, 980 nm laser on). After 24 h,
the serum biochemical and hematological parameters for the
three groups were investigated systematically. The results in
Figure SD show that, compared with the PBS group, no
obvious abnormal changes were observed for the tested groups,
indicating that the prepared NPs did not cause obvious
infection or inflammation in the mouse model. The character-
istics of W-VO,@PEG NPs including low cytotoxicity, great
photothermal stability, and strong penetration capability in
tissue make them promising photothermal agents for
application in the NIR-II window.

There are two distinct advantages of the temperature
responsibility of W-VO,@PEG NPs in PA imaging. First,
benefiting from the strong and switchable temperature-
sensitive optical absorption of the NPs in the NIR-II region,
the PA imaging contrast can be dynamically enhanced, which is
conducive to obtaining high-performing PA images in deep
tissues. Second, different from morphologically altering-type
temperature-responsive NPs, the phase transition of W-VO,@
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PEG NPs occurs at the lattice level with no obvious
morphological changes, thus effectively avoiding metabolic
changes of the NPs arising from phase transition. Given these
teatures, the W-VO,@PEG NPs are significantly advantageous
applied to cancer or brain molecular imaging to meet the
requirements of contrast-enhanced and deep-tissue imaging
with guaranteed probe metabolism. Theoretically, with W-
doping concentration increases, the PA signal amplitude will
become larger.”® However, as the phase transition temperature
of the W-VO, NPs is also determined by the W-doping
concentration, further increasing the doping concentration will
reduce the phase transition temperature to a lower temperature
that can no longer satisfy relevant biological applications.
Furthermore, benefiting from the deep-tissue-penetration
ability of the external NIR optical stimulus located at the
bio-optical window, the W-VO,@PEG NPs accumulated at the
region of interest can be fully activated and the PA imaging
depth therefore can be guaranteed. Meanwhile, since the
wavelength of the PA excitation source is located at the NIR
region, the remotely triggerable and controllable external
optical stimulus (980 nm) can be flexibly adapted to the PA
imaging system.

CONCLUSIONS

In conclusion, we successfully demonstrated the feasibility of
W-VO,@PEG NPs as a PA contrast agent for NIR PA imaging
with dynamic-enhanced imaging contrast and imaging depth.
The synthesized W-VO,@PEG NPs exhibited great temper-
ature responsivity close to human-body temperature with high
reversibility. The detectable imaging depth at 1064 nm was
assessed by identifying the PA signals of W-VO,@PEG NPs to
be 1.5 cm in chicken tissue. The feasibility of clinical
application is verified by conducting PA imaging of tumors
in mice. These results demonstrate that W-VO,@PEG NPs
can be used as reliable PA agents for dynamic contrast-
enhanced PA imaging with improved imaging depth.

METHODS
Preparation of W-VO,@PEG Nanoprobes. W-VO, (20 mg)

was dispersed in toluene (2 mL) and further mixed with a solution
containing DOPA-PIMA PEG (40 mg) in deionized water (40 mL).
The reaction mixture was stirred at room temperature for 6 h. The
resulting solution was then sonicated and filtered with a 0.45 pm
disposable syringe filter for the removal of larger particles. Finally, a
centrifugal filtration device (Millipore, M,, cutoff = 100 kDa) was
utilized to remove possible free ligands.

Characterizations. The raw material (W-VO, powder) was
prepared based on the hydrothermal synthesis method by a chemical
synthesis company (Hangzhou Jikang New Materials Co. Ltd.)
referred to in a reported work.>” The authors prepared W-VO,@PEG
NPs in our lab by surface modification with PEG to enhance the water
solubility and the biocompatibility of the prepared NPs.

In Vitro PA Imaging. For in vitro PA imaging, the scanned
samples were two polyethylene transparent hoses filled with W-VO,@
PEG solution and a graphene dispersion of the same concentration,
and three polyethylene transparent hoses filled with W-VO,@PEG
NPs of 0.1, 0.2, and 0.3 mg/mL. Then A-scans were performed using
a PA imaging system equipped with a laser with an excitation
wavelength of 1064 nm, a pulse width of 11 ns, and a repetition rate of
5000 Hz, and the temperature was controlled through a temperature
controller.

In Vivo PA Imaging. For in vivo PA imaging in the NIR-II
window, EMT6 tumor-bearing mice were in situ injected with W-VO,
solution (1.5 mg/kg). After irradiation by a 980 nm CW laser (0.5 W/
cm?) for different times, a B-scan of the section of tumor was
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performed using a PA imaging system equipped with a laser with an
excitation wavelength of 1064 nm. The structural information of the
tumor was provided by US images.

Animal and Tumor Model. All animal studies were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals (Ministry of Science and Technology of China, 2006).
Female Balb/c mice (4—5 weeks) were purchased from the Animal
Center of Southern Medical University. EMT6 cells (5 X 10° cells)
were subcutaneously injected into the back of the mice, and the mice
were raised in an SPF environment. After the tumor volume reached
1200 mm?®, Hypnorm/Midazolam was used to anesthetize the mice,
and then the experiment was started.

In Vitro Cytotoxicity Assay of W-VO,@PEG NPs. The EMT6
and 4T1 cells were seeded into 96-well plates and incubated with
different concentrations of W-VO,@PEG NPs, for 24 h at 37 °C. The
viability of the cells was evaluated using the CCK-8 kit according to
the manufacturer’s protocol.
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