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Deep eutectic solvent assisted hydrothermal
synthesis of photochromic and nontoxic tungsten
oxide nanoparticles
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In this work, hydrothermal methods and deep eutectic solvents were combined for the first time to prepare
tungsten trioxide nanoparticles in an easy and green manner improving their optical and photochromic
properties. Characterization of the synthesized nanoparticles was performed via Fourier transform infrared
spectroscopy, X-ray diffraction, ultraviolet visible spectroscopy, scanning electron microscopy, energy disper-
sive X-ray, transform electron microscopy, dynamic light scattering, thermogravimetric analysis, and X-ray
photoelectron spectroscopy. The average size of the spherical nanoparticles was ca. 1.83 nm as shown by TEM,
and the nanoparticles exhibited high thermostability at least until 900 °C, and photostability and photosensitivity
when they were exposed to UV light. Additionally, synthesized tungsten trioxide nanoparticles were found to be
nontoxic with maximum cell viability observed even at 100 pg mL™% making them potential candidates for

rsc.li/njc biomedical applications.

Introduction

In recent years, the use and application of tungsten oxide nano-
particles have significantly increased." This trend can be attributed
to the unique properties and advantages of tungsten oxide nano-
particles compared with those of other metal oxide nanoparticles,
which include exceptional electrochromic properties, excellent
photocatalytic properties and gas sensing capabilities.” Tungsten
oxide (WOj3) nanoparticles can undergo reversible color changes
upon the application of an external stimulus.
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The reversible color change of this material under light
exposure is attributed to its particle size. Smaller nanoparticles
offer more active sites for photoinduced reactions because of
their higher surface area-to-volume ratio, enhancing light
absorption and charge transfer processes. They also influence
the electronic band structure and energy levels, resulting in an
improved photochromic response compared with that of larger
particles. Additionally, their shorter diffusion pathways accel-
erate charge separation and migration.”> The significant color
shift in tungsten oxide is pivotal for its biomedical applications,
as it indicates alterations in the optical properties and electrical
conductivities of the material.* This characteristic allows tung-
sten oxide to be utilized in targeted drug delivery systems. By
integrating drugs into nanostructured tungsten oxide particles
that respond to specific stimuli, such as light or pH changes,
researchers can engineer smart drug carriers capable of releas-
ing their payload only under desired conditions. This approach
holds promise for minimizing side effects and improving
therapeutic outcomes.”

Compared with other metal oxide nanoparticles, tungsten
oxide nanoparticles exhibit faster response times, improved
durability, and higher coloration efficiency, making them
highly suitable for applications in smart windows, displays,
and electrochromic devices.® Furthermore, the high photoca-
talytic activity of tungsten oxide nanoparticles can be attributed
to their unique band structure and surface properties.” This
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makes them promising materials for applications in solar
energy (solar cells), water splitting (hydrogen production),
and environmental remediation (photocatalytic degradation
of organic dyes).® Tungsten oxide detects and distinguishes a
wide range of gases, including nitrogen dioxide, hydrogen, and
volatile organic compounds.’ Moreover, the high sensitivity
and selectivity of tungsten oxide nanoparticles for specific
gases make them advantageous in gas sensing applications,
such as air quality monitoring, industrial safety, and medical
diagnostics.

Several methods, such as sol-gel, hydrothermal, chemical
vapor deposition (CVD), deep eutectic solvent (DES), spray
pyrolysis, solvothermal and pulsed laser ablation methods,
have been explored for the synthesis of tungsten oxide
nanoparticles.'® Pulsed laser ablation in liquids was carried
out by using a laser to ablate a tungsten target submerged in a
liquid, resulting in the formation of WO; nanoparticles
through rapid cooling and condensation.'* The effects of the
laser fluence and liquid environment are a concern in the use
of this method. The difficulty of controlling the size distribu-
tion of nanoparticles is also a concern. The use of a solvent to
dissolve precursor compounds under pressure at high tempera-
ture also results in the formation of tungsten oxide.'> Padma
and others reported the use of the spray pyrolysis method involving
the atomization of precursor solutions into fine droplets, which are
subsequently heated to form WO, nanoparticles.”® In the CVD
method, tungsten oxide nanoparticles are synthesized by the
thermal decomposition of volatile precursor compounds in a
controlled atmosphere, whereas in the hydrothermal method, the
precursors react in an aqueous solution at high temperatures and
pressures, leading to the formation of WO; nanoparticles."* On the
other hand, the sol-gel method involves the hydrolysis and con-
densation of precursor compounds to form a gel, which is then
thermally treated to obtain WO; nanoparticles.

The use of DESs is a relatively emerging area of research
wherein these green solvents are used as templates or structure
directing agents in the synthesis of tungsten oxide nanoparticles.'®
These subclasses of ionic liquids are formed by the combination of
a hydrogen bond donor (HBD) and a hydrogen bond acceptor
(HBA)."® These solvents possess unique properties, such as low
volatility, high thermal stability, and tunable properties, due to the
use of HBD and HBA components. DES, which is used in the
synthesis of tungsten oxide nanoparticles, acts as both the reaction
medium and the precursor source. The HBD and HBA components
of DESs can interact with tungsten-containing precursors, thereby
facilitating the formation of tungsten oxide nanoparticles and
modifying their surface properties."”

Despite the existing methods for synthesizing WO; nano-
particles, there is still a need to achieve a better control on
critical properties such as particle size and photoresponsive-
ness, as well as to address sustainability concerns in terms of
synthetic conditions. In order to fill this gap, we propose in this
work the combination of hydrothermal method and DES for the
synthesis of small and uniform WO; nanoparticles with
enhanced photochromic properties. As far as we are aware,
this is the first time that such combination is reported.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Experimental
Materials

All reagents were of analytical grade, supplied by Aladdin, Inc.
(Shanghai, China), and were used as purchased without further
purification. The salts included sodium tungstate dihydrate
(Nay,WO,-2H,0, >99.95%), sodium chloride (NaCl, >99.5%),
glacial acetic acid 100%, ethylene glycol (EG, >99.8%) and
choline chloride (ChCl, >98%).

Preparation of tungsten oxide nanoparticles

Tungsten oxide nanoparticles were prepared in a one-pot reac-
tion. Prior to the preparation of WO;, DES was prepared by
dissolving 1.62 g (11.6 mmoles) of ChCl in 75 mL of 0.26 M
NaCl and 5.40 mL of ethylene glycol (EG) and vigorously stirred for
5 min at 80 °C until all the particles were completely dissolved.
After the formation of the clear DES, 1.70 g (5.2 mmoles) of
Na,WO,-2H,0 were added while stirring continuously. The
solution was maintained at pH 3.0 by adding glacial acetic acid
to the drops, and the reaction flask was covered with foil to avoid
interactions with light. The solution was then placed in an auto-
clave oven at 100 °C for 2 h for the hydrothermal reaction. The
resulting whitish particles in the reaction flask were collected and
washed with ethanol (3 x 10 mL) and water (3 x 10 mL), to remove
DES. The resulting tungsten oxide nanoparticles were dried and
stored for further characterization."®"

Tests for photostability and photochromism

To evaluate the photostability of the synthesized WO; nano-
particles, photolysis was carried out. This procedure involved
weighing 1.00 g of the synthesized WO; nanoparticles in a glass
tube with a lid, and the tube was sealed with a well-padded box
containing a Xe lamp at a fixed position. The lamp was
switched on for 60 min, and the sample was exposed to
radiation at irradiances of 0.052 W cm > and 0.039 W cm >
via a xenon arc lamp.*® A thermometer was attached to monitor
the temperature at 5 min intervals, and after 20 min, the
maximum temperature was 66.70 °C (see Fig. 7). At 10 min
intervals from 0 min to 60 min, a portion of the sample was
taken and subjected to UV-visible spectroscopic analysis.

Characterization of tungsten oxide nanoparticles

The pH meter used for pH monitoring was a Sartorius FE20-K
plus. The films and other materials were dried in an electro-
thermal blast drying oven (PS-9040BS model). The morphology
of the WO; nanoparticles was determined via field emission
scanning electron microscopy (FE-SEM) (FE-Inspect F50). Four-
ier transform infrared (FTIR) spectra were collected on a Nicolet
8700 instrument by sensing the nanoparticle sample incorpo-
rated in the KBr pellet at a resolution of 4 cm ™" at wavenumbers
ranging from 4000 cm ' to 400 cm !, with an average of
32 scans. KBr pellets were prepared for FTIR analysis by oven
drying the KBr salt, grinding to form powder, compressing the
mixture, and placing the mixture under 10 tons to form the
pellet, which was subsequently placed in the disc, after which
the disc was inserted into the disc holder within the
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spectrophotometer for measurement. UV characterization was
performed by dispersing the sample in ethanol to form a
homogeneous whitish mixture typical of tungsten oxide nano-
particles, and the solution was analyzed via a UV 2600 spectro-
photometer between 200 and 800 nm. Transmission electron
microscopy (TEM) was performed on a Talos F200X, and the
samples were dispersed in ethanol, ultrasonicated for 10 min,
dotted on a transmission electron microscope (TEM) grid, left
to dry for 5 min and placed in a sample holder, which was
subsequently placed on the microscope. Elemental analysis was
also carried out via energy dispersive X-ray (EDX) spectroscopy.
Powder X-ray diffraction (PXRD) patterns of the samples were
recorded with an Ultima IV (Kabuskiki Kaisha) instrument with
a monochromatic Cu Ko radiation source (4 = 0.154056 nm), a
tube voltage and an electric current of 40 kv and 40 maA,
respectively; the scanning rate ranged from 5° to 60°; and the
scan speed was 10° min~". A NETZSCH 209F3 instrument was
used for thermogravimetric analysis (TGA) of the samples,
which was performed under a nitrogen atmosphere at a heating
rate of 10° min~' and scanning from 30 °C to 800 °C. The
materials were subjected to X-ray photoelectron spectroscopy
(XPS) via a monochromatic Al Ko X-ray source (1486.71 eV
photons) on an AXIS HIS 165 spectrophotometer (Kratos
Analytical, Manchester, UK). A Shirley background was
employed for the XPS fitting, and the carbon deposit peak at
284.7 eV served as the reference calibration standard. The XPS
chamber vacuum was 10 ° mbar.

Cytotoxicity test

The sample solution was prepared to a final concentration of
500 ug mL " and sterilized by UV light. The prepared sample
mixture (100 pL) was added to a 96-well plate, mixed with 100 pL
of human skin fibroblast suspension (5 x 104 cells per mL),
and incubated at 37 °C in a 5% CO, atmosphere for 24 h; 100 pL of
1x PBS was used as the blank control. Next, 10 pL of cell counting
kit 8 (CCK-8) solution was added to the above mixture, which was
subsequently incubated at 37 °C for 1 h. The optical density at
450 nm was subsequently measured via a microplate reader
(Infinite F50, Tecan, Switzerland).”* The cell viability formula is
shown in eqn (1):

Cell viability (%) = (d')/d, x 100% (1)

where d, is the optical density of the control sample and d’ is
the optical density of the different samples.

Results and discussion
Synthesis and characterization of the nanoparticles

The specific synthesis pathway and reaction mechanism for the
preparation of WO; nanoparticles are dependent on the choice
of DES precursor. The DES acts as a template or stabilizer,
influencing the size, morphology, and crystalline structure of
the resulting nanoparticles.

WO; nanoparticles were prepared via a simple one-pot
synthesis comprising the hydrothermal reaction of Na,WO,-
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2H,0 in a DES previously formed between choline chloride
(ChCl), sodium chloride (NaCl) and ethylene glycol (EG). The
mixture was subsequently placed in an autoclave oven at 100 °C
for 2 h.*®1°

The first step was the formation of the DES, which was
achieved by heating a solution of ChCl, EG and NaCl. This
resulted in the breaking down of the component’s crystalline
structure and the formation of a homogenous liquid. The
addition of NaCl improved the conductivity and stability of
the mixture. Upon addition of Na,WO,-2H,0 to the prepared
DES, it dissociated into [WO,]*~ ions under acidic conditions
(pH = 3.0), and finally formed hydrated WO;. The stabilizing
and solvent properties of the DES aided the uniform dispersion
of the ions. The hydrothermal reaction that occurs in the
autoclave at 100 °C enables the formation of stable WO,
nanoparticles. Moreover, the presence of the DES offers a
special reaction medium that regulates the shape and size of
the resultant nanoparticles, obtained as a white-off stable
powder, through a consistent and controlled nucleation
process.

The FTIR spectrum of the material revealed structural pro-
perties (Fig. 1), as indicated by the strong band at 3402 cm™".
Water molecules intercalated with H,O (W-OH) and symmetric
stretching vibrations may be the cause of the absorption band
in the 3404 cm ™" range. The two peaks at 1628 and 3404 cm ™"
correspond to the intercalated water molecules (W-OH-H,0)
and symmetric stretching vibrations in the WO-OH and W-OH
planes, respectively.”” Additionally, the peaks at 1394 cm ™"
and 1138 cm ™' are assigned to the W-OH stretching vibration.
The peak at 962 cm ' is ascribed to the W—O stretching
vibration. The O-W-O stretching vibration is represented by
broad transmittance peaks at 804 cm ' and 750 cm .
In accordance with the W-O-W plane wagging mode, a peak
at 573 cm™ ' was found.>® The absence of any different func-
tional groups shows that the synthesized nanoparticles were
free of contaminants.

Further structural characterization of the synthesized nano-
particles was carried out via X-ray photoelectron spectroscopy
(XPS), as depicted in Fig. 2a. The full-scan high-resolution
deconvolution of W(4f), O(1s), and C(1s) produced the XPS
spectrum, which was used to assess the oxidation states. With a
binding energy of 283.87 eV, the deconvolution peak at C(1s) in

100

80

Transmittance (%)

60{ 3402
W-(0-H)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™

Fig.1 FTIR spectrum of the WO3 nanoparticles.
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Fig. 2 (a) Low-resolution full XPS scan survey spectra. (b) High-resolution

C(ls), (c) O(ls) and (d) W(4f) XPS spectrum of WOz nanoparticles.

Fig. 2b creates one peak that represents the C-C bond. The
high-resolution spectrum of the O(1s) peak was divided into
two peaks (Fig. 2¢): the peak corresponding to adsorbed water
(H,O ads) or oxygen bound to carbon (C-O) and the W-O-W
peak at 526.55 eV (with a low binding energy) and 535.88 eV
were attributed to crystal lattice oxygen, with OH-W°®" bond
states.”> The calibration of all the adventitious carbon peaks
from the XPS instrument is described in the reported literature
and is supported by the energy difference of 2.16 eV between
the W(4f;,) and W(4fs,,) spin orbitals, which is in line with the
theoretical value of WOj; (Fig. 2d). W(4f;,,) exhibited a metallic
state with oxygen adsorbed on the surface.”” In summary, it is
clear from the XPS data that W is present in the sample.

In Table 1, the surface atomic percentages of each compo-
nent of the WO; nanoparticles are shown, as obtained via curve
fitting of the XPS spectra.

Additionally, the elemental distribution determined via
energy dispersive X-ray studies revealed that tungsten (W) made
up 86.73% of the synthesized nanoparticles, oxygen 11.35%,
and traces of sodium (1.82%) (Fig. 3a). W and O were present in
significantly high amounts, and they made up the majority of
the composition and were well distributed, as shown in the
elemental mapping (Fig. 3b). The presence of these compounds
in the materials could remarkably impact the light responsive-
ness as well as the compound’s reduction-oxidation processes
in photochromic reactions (Fig. 3c-e).>*

Sample crystallinity and thermal stability studies

The crystallinity of the as-prepared WO; nanoparticles was
investigated via X-ray diffraction (XRD). The XRD pattern of

Table 1 Surface atomic percentages of the

nanoparticles

synthesized WOs

Atomic%
C(1s) 15.08
0(1s) 60.39
w(4f) 24.52

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 (a) EDS elemental composition as a percentage of the mass
distribution. Distribution of (b) W, (c) O, and (d) Na in WOz nanoparticles
as depicted by elemental mapping. (e) Combined mapping of all the
elements present in the synthesized nanoparticle X-ray photoelectron
spectroscopy (XPS) spectra of the WOz nanoparticles.

the synthesized WO; nanoparticles in Fig. 4a shows that the
phase has a monoclinic crystal structure, as the highest peak
reflection was sharp and intense, indicating that no other
phase transformations occurred. The observed crystal phases
correspond to ICDD-PDF card no. 00-043-1035. The diffraction
peaks with maximum relative intensities were observed at
23.12°, 28.62°, 33.26°, 40.84°, 49.94° and 54.16° and were
attributed to the (002), (—112), (022), (311), (140) and (042)
crystal planes, respectively. These peaks correspond to the
crystallographic plane of tungsten trioxide and are commonly
observed in its XRD pattern.>® A crystal size of approximately
5 nm was calculated via Scherrer’s formula, as shown in eqn (2):

D =0.9//fcos 0 2)

where D is the degree of crystallinity, 4 is the machine wave-
length (0.15418 nm), f is the full width at half maximum
(FWHM, radius of 1.81009) and 0 is the Bragg angle in degrees
approximation (12°).

Moreover, the thermal stability of the synthesized WO;
nanoparticles, as revealed by the TGA profile (Fig. 4b), reflects
a high degree of thermal stability, with a total reduction in
weight of less than 10% when exposed to high temperatures
between 30 °C and 900 °C. Three notable phases of weight loss
were observed in the TGA profile. The first weight loss (7%)
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Fig. 4 (a) X-ray diffraction pattern of the WO3z nanoparticles. (b) Thermo-
gravimetric analysis (TG-DTA) curve of the synthesized nanoparticles.
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Fig. 5 (a) TEM micrograph of synthesized WO3 nanoparticles and (b) size
distribution of WO3z nanoparticles. (c) SAED pattern of the synthesized
WOs.

occurred in the range of ca. 100-144 °C, which could be
attributed to the loss of moisture physically absorbed on the
surface of the WO; nanoparticles. The second stage of weight
loss at 378 °C, with a 1% weight loss, could be associated with
breakage of intermolecular bonds in the material or combus-
tion of the organic residue in the material.'®

Characterization and particle size distribution

The nanoparticle morphology and crystal structure were char-
acterized via transmission electron microscopy (TEM). The
TEM micrograph revealed the formation of well-distributed
nanoparticles, as shown in Fig. 5a.1 The image shows spherical
particles that are 1.82 4+ 0.7 nm in size.*

Reaffirming the presence of monoclinic WO; nanoparticles
with crystal planes (002), (—112), (022), (140), and (042), as
shown in the XRD pattern, the selected area electron diffraction
(SAED) pattern (Fig. 5¢) in accordance with ICDD-PDF card no.
00-043-1035 also showed a d-spacing value equivalent to these
planes (Table 2).”°

UV-visible (UV-vis) absorption studies and photochromic
properties

UV absorption was observed in the UV spectrum during the
nanoparticle investigation via a UV-Vis spectrophotometer. In
Fig. 6a, the WO; nanoparticles exhibit an absorption edge at
approximately 335 nm. After 60 min of monochromatic light
exposure, the peak intensified. This shows that the sample had
outstanding photostability. Electron excitation and delocaliza-
tion between the atoms of the molecules may be the cause of
the observed absorption of UV light. Fig. 6b illustrates the
increase in the absorptive capacity of the synthesized material,
which may be explained by the inherent motion of the photo-
generated electrons and excitation from the lowest unoccupied
Ww4d orbitals to the highest occupied molecular orbitals
(HOMOs) in O 2p.”’

Eqn (3) provides the absorption coefficient () for semicon-
ducting materials such as WOj;, which is correlated with the
optical bandgap energy.

(ahv)® = A(hv — Ey) (3)

1 Less than 5% of the nanoparticles observed via TEM were found as aggregates
of less than 70 nm.
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Table 2 Interplanar spacing values of WO5
1/2r (nm™) 1/2 (nm ™) r (nm) d-spacing (A) hkl
5.210 2.605 0.3839 3.839 002
6.435 3.218 0.3108 3.108 —112
7.431 3.716 0.2691 2.691 022
10.963 5.482 0.1824 1.824 140
2.890 1.445 0.1692 1.692 042

where £ is Planck’s constant; E, is the optical bandgap; v is the
incident photon frequency; and A is a constant that is depen-
dent on the electron and hole mobility of the material. Prior to
being exposed to UV light, the material’s obtained bandgap
energy was 2.98 eV, and after exposure to UV light for the first
10 min, the bandgap energy reached 2.91 eV, as per the
extrapolated Tauc plot (Fig. 6¢) of the linear part of the (ahv)?
curve against the energy /v axis. Subsequent curves for 20 min,
30 min, 40 min, 50 min and 60 min had band gaps of 2.89 eV,
2.85 eV, 2.89 eV, 2.77 eV, and 2.78 eV, respectively (Fig. 6d). The
material’s binding energy decreases in tandem with increasing
UV light exposure time, which may be explained by the correla-
tion between an increase in the number of oxygen vacancies,
which produces more free electrons, and an increase in the
material’s optical and photochromic qualities.?®

It should be emphasized that WO;NP can absorb both UV
and visible light. Using the equation for photon energy the
wavelength corresponding to the energy band gap of 2.91 eV is
426.2 nm. This means that the nanoparticle can effectively
absorb light, both at UV and Vis region, and has tendency to
excite even to a longer wavelength as photocatalyst. When
exposed to UV light over a period of time, WO; nanoparticles’
bandgap decreases. This can be explained by a number of
mechanisms, including surface defects, photoreduction, oxy-
gen vacancy generation, and structural modifications. These
procedures essentially lower the bandgap’s energy by introdu-
cing new states within it."®

Photostability and photochromism

The photochromism of the synthesized WO; was confirmed
when these nanoparticles were exposed to monochromatic
light, and color changes and bleaching were observed. After
five seconds of exposure, the light-absorbing nanoparticles
turned from white to light blue (Fig. 6f). As time passed, the
blue color became more intense. The synthesized nanoparticle
samples that were dissolved (Fig. 6e) and dried (Fig. 6f) exhib-
ited coloration and decolorization. After 15 s and 20 s, the color
of the samples peaked. When the UV light was removed, the
sample progressively returned to its original color after 42 and
35 s, respectively. These color changes and reversibility indicate
redox reactions in photochromic materials, which is peculiar to
the high percentage of tungsten and oxygen in the elemental
distribution graph.

Colorimetric analysis

Colorimetry relies on human perception of color, which is
influenced by the interaction of light with an object’s surface.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 6 (a) UV-Vis spectra of the nanoparticles before irradiation. (b) Absorption spectra after 0 min of irradiation for 60 min at 10 min intervals. (c) Tauc

plot. (d) Spectrum of the band gap of the synthesized nanoparticles. (e) Response of the nanoparticles in ethanol to monochromatic light. (f) Response of

the dried nanoparticles to monochromatic light.

—=— Absorbance at 300 nm

Absorbance
=]
2,
1

0.0

Time (min)

Fig. 7 Absorption of WOz nanoparticles at 300 nm over time.

Different wavelengths of light are perceived as different colors,
and colorimetry quantifies and standardizes these perceptions.
The colorimetric analysis of this material is shown in Fig. 6e
and f. Fig. 7 shows an increase in absorption at 300 nm over
time, indicating the time-dependent behavior typical of photo-
chromic materials. The photochromic mechanism of WO;
nanoparticles involves the generation and trapping of charge
carriers (electrons and holes) upon light absorption.>® These
trapped charges can modify the electronic structure of a
material, leading to changes in its optical properties, such as
the increased absorption shown in Fig. 7.

Fig. 8 shows the temperature distribution during the photo-
irradiation process at different times. After 5 min of irradiation,
the temperature increases to 44 °C, and the temperature
increase continues until after 20 min of irradiation, when the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 3 Comparison of previous studies on the cytotoxicity of WO3z-based nanoparticles (NPs) with potential biomedical applications

NPs Synthetic method Cell line Cell viability/concentration (pg mL ") Ref.
PVP-WO; Ion exchange BJ fibroblasts 87.37%/400 31
WO;H,0 Pulse metal in liquid Human alveolar basal epithelial A549 71.80%/400 32
Ct/Ag/WO, Sol-gel B16F0 20%/500 33

AggW, 046 Microwave irradiation Human normal skin 100%/100 34

WO; DES-Hydrothermal Human skin fibroblasts 91.9%/500 This work

temperature becomes constant at 66.7 °C. An increase in the
exposure time to UV light led to an increase in the temperature
and a decrease in the band gap. The photothermal stability of
the synthesized WO; nanoparticles was confirmed.

Cytotoxicity

The results of the cell viability studies revealed that the max-
imum cell viability (100% cell survival) was reached at
25 pg mL ', 50 pg mL~' and 100 pg mL ™' concentrations
(Fig. 9). At 500 pg mL™", a toxicity value of ca. 8.80% was
observed for the synthesized WO; nanoparticles, whereas a
value of ca. 5.68% was measured when Amoxil was used as a
control. Overall, the results revealed negligible toxicity with an
average cell viability percentage of 91.2% over the whole range
of concentrations.

Compared with other WOs-based nanoparticles, our material
showed significantly lower toxicity (Table 3). The low cytotoxicity
that we observed even at a concentration of 500 pg mL ™"
suggests that the synthesized WO; nanoparticles possess high
biocompatibility and are not expected to cause any serious
damage, significant immune response or rejection.*

Conclusions

The present study shows the successful synthesis of highly
photoresponsive WO; nanoparticles via a combination of DES
and a hydrothermal method. The hydrothermal process pro-
vides heat for nanoparticle crystallinity, while the presence of a
deep eutectic solvent is crucial for regulating the segregation of
particles. This simple and environmentally friendly methodol-
ogy was found to be ideal for controlling the size of the
nanoparticles, providing tiny and spherical nanoparticles with
an average size of ca. 1.83 nm as shown by TEM. Moreover,
these nanoparticles exhibited high thermostability between 30
and 900 °C. When the material was exposed to UV light, it
demonstrated high photothermal stability, and photo reversi-
bility of the dried and dissolved tungsten oxide. The study
revealed that so-synthesized tungsten oxide nanoparticles
showed no cytotoxicity at a concentration of 100 ug mL~" and
can thus potentially be used in biomedical applications.
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