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Abstract

Angiogenesis, the complex process of formation of new blood vessels
from pre-existing blood vessels, which involves the participation of several pro
and anti-angiogenic factors, is implicated in many physiological and pathological
conditions. Nanoparticle-based anti-angiogenic activity at the tumor tissue,
harnessed by the Enhanced Permeability and Retention Effect (EPR effect),
could potentially become a breakthrough therapy to halt tumor progression.
Herein, we evaluate the anti-angiogenic effect of ZnWQO, nanoparticles (NPs).
The nanoparticles were obtained by microwave-assisted hydrothermal
synthesis (MAHS) at 120 °C for 60 min and were structurally characterized by
X-ray diffraction (XRD) and micro-Raman (MR) spectroscaopy...lhe mean size
and polydispersity index were estimated by Zeta potential analysis. The XRD
analysis revealed structural organization at a long-range order, with an average
crystallite size of around 3,67nm, while MR, revealed short-range order for
ZnWO0O,. The anti-angiogenic potential of zinc tungstate nanoparticles was
investigated through the chorioallantoic membrane assay (CAM) using fertilized
chicken eggs. We demonstrate;‘in.an unprecedented way, that nanocrystalline
ZnWO, NPs obtained®by MAHS, at low reaction temperatures, showed
excellent anti-angiogenic properties even at low concentrations. The ZnWOQO4

NPs were further evaluated for its cytotoxicity in vitro.



1. Introduction

Over the last decade, the oncology field has been experiencing a boom
in anti-angiogenic based anti-tumoral approaches, since it is well established
that tumor growth and metastatic behavior are processes completely dependent
of an angiogenic activity that is able to support the growing demands of
nutrients and oxygen. Triggered by many chemical mediators produced by
tumor cells, the control of the angiogenic process can pose as a breakthrough
therapeutic method. However, results obtained from clinical trials have been
solely modest [1-3].

The angiogenesis process was discovered two centuriessago by John
Hunter who observed that new blood vessel formation was a fundamental stage
in tissue expansion and recovery [4]. Upon hypoxia oriendothelial cells death,
surviving cells in close proximity are triggered to. preduce and release specific
chemical growth factors that, in turn, promotes,cell.proliferation and stabilization
resulting in increased cell division of endethelial cells. Various growth factors
have been identified as angiogenic factors such as Transforming Growth Factor
(TGF)-a, Basic Fibroblast Growth Factor (bFGF), Alpha-Tumor Necrosis Factor
(TNF)-a and mainly “the Vascular Endothelial Growth Factor (VEGF).
Nowadays, more.than 10 approved drugs that either target growth factors
directly or their receptors, have been approved for the treatment of various
tumors and are currently in use in the clinical settings [5,6].

VEGF, perhaps the most important angiogenic factor of them all, is
widely quantified in tumor tissues and has been the preferred target for anti-
angiogenic approaches due to its central role in neovascularization. The first
VEGF-based therapeutic monoclonal antibody, developed by Ferrara and co-

workers in 2003, is known as Bevacizumab and have resulted in important



therapeutic benefits to colon cancer patients [7]. Fourteen years later, several
other therapeutic agents, focused on the VEGFA pathway inhibition, can be
found in the marked, such as Sorafenib®, Vandetanib® and Lenvatinib®
developed in 2015 for the treatment of refractory thyroid cancer [8-10].
Unfortunately, selective targeting of vasculature instead of the tumor cells
themselves still means that all blood vessels in the body are a potential target of
these modern drugs and this lack of selectivity for tumor blood vessels has
largely limited its use as relevant side effects are observed on epithelial ‘stem
and progenitor cells of hematopoietic in the bone marrow [11,12]. ‘In-this
context, the discovery and development of new anti-angiogenic agents have
attracted much interested in the last few years, and some new classes of
compounds have been showing promising anti-angiogenic activity, such as
metal and oxide nanopatrticles. For example, studies eonducted by Gurunathan
and co-workers showed important anti-angiogenic activity mediated by silver
nanoparticles [13]. Huang and co-werkers studied the zinc-chelation effects on
inhibition of activity, migration anditube formation of human endothelial cells
[14]. Cuprous oxide nanoparticles-inhibited angiogenesis via down-regulation of
VEGFR2 expression according to studies conducted by Song et al. [15].

Of note, nanoparticle-based therapy is a promising approach in cancer
due to an effect called Enhanced Permeability and Retention (EPR). EPR effect
is based on the fact that tumor vasculature is leaky and circulating NPs can
accumulate more in the tumor tissues than in normal tissues. Also, the
lymphatic drainage is not efficient at those sites, allowing prolonged retention of
these molecules in the targeted tissue [16,17]. In this context, NPs can harness

the anatomical differences between normal and tumor tissue, and considering



the role of inorganic nanoparticles in angiogenesis inhibition, in the present
study, we investigated the antiangiogenic properties of ZnWQO, nanoparticles

aiming to evaluate this oxide as a potential new anti-angiogenic agent.

2. Experimental procedure
2.1. ZnWO4 nanoparticles synthesis

ZnWO, nanoparticles were prepared through microwave-assisted
hydrothermal synthesis (MAHS) as described previously by Yu and co-
workers[18], with a few modifications. In brief, ZnCl, (Vetec, purity >*99%)-and
Na,WO,. 2H,0 (Specsol, purity > 99%) were used as precursors in equimolar
amounts. Both salts were dissolved in deionized water under-constant magnetic
stirring to form homogeneous aqueous solutions of«Q,1.mol/L concentrations.
Zinc chloride solution was then added to the sodium tungstate solution to obtain
precursor suspension. The pH of the suspension was adjusted to 9.0 with KOH
(1,0 mol/L). The obtained suspension wassyadded into a Teflon container and
then exposed to a microwave oven.operating at a frequency of 2,45GHz and a
power of 800 W at 120°C, 130°Cy 140°C and 150°C for 60 min. After cooling,
the product was filtered, washed with deionized water (5 x) and absolute ethyl

alcohol (1x) (Synth, purity > 99.5%), and dried at ambient temperature.

2.2. Physicochemical characterization
2.2.1 X-ray diffraction (XRD)
Phase identification was conducted by X-ray Diffraction (XRD), using a

Rigaku wide-angle SmartLab vertical goniometer applying CuK, radiation (A =



1,54060 nm). The samples were measured in stepscan mode with steps of

0,02°26 and a scan speed of 1.00°.S™ from 10 to 80°26.

2.2.2 Raman spectroscopy

Raman spectra were performed on Micro Raman spectrometer (HORIBA
IHR 320) with a 320nm wavelength coupled with a microscope (OLYMPUS
BX41). To obtain the Raman spectra, the samples were placed. -ona
microscope, which is equipped with 10, 20 and 50x 440 objectives. The Raman
spectra were excited by a solid-state laser producing highly“paolarized light at
633 nm and collected at a resolution of 2 cm™ and a-preeision of +1 cm™" in the
range between 100 and 1200 cm™'. Repeated acquisition of the nanoparticles,
using the highest magnification (50x) were accumulated to improve the signal to
noise ratio in the spectra. Spectra wWere calibrated using the 520.5 cm™ line of a

silicon wafer.

2.2.3 Mean size, polydispersity index and zeta potential analyses

The average hydrodynamic size, size distribution and zeta potential were
determined using:dynamic light scattering and phase analysis light scattering in
a Zetasizer Nano—ZS equipped with 40 mW, 633 nm laser (Model ZEN 360,
Malvern Instruments Ltd, Malvern, UK).

The mean size and polydispersity index of the ZnWO, were evaluated by
dynamic light scattering (DLS) at an angle of 90° at 25 °C. The zeta potential

was determined by DLS associated with electrophoretic mobility, at pH 7.4, and



at an angle of 90°. For the measurements of mean size or polydispersity index
and zeta potential, the samples of ZnWO, nanoparticles (1 pg.mL™) were
dispersed using purified water (= 120 + 20 uS/cm? of conductivity) and
subjected to vigorous shaking in a vortex. After complete homogenization, the
samples were kept in specific cuvettes provided by the equipment

manufacturer.

2.3 Morphological characterization
The structure of ZnWO, nanoparticles was analyzed, ¢ after:-gold
sputtering, through Scanning Electron Microscopy (SEM), using @ TESCAN

VEGA 3 LMU (Czech Republic) scanning electron microscope operated at 5 kV.

2.4 In vitro cytotoxic evaluation
2.4.1 Cell culture

Immortalized HEK-293 celisy (ATCE® CRL-1573) were thawed and
cultivated in a direct heat COy “ineubator (Thermo-Scientific) with humid
atmosphere (CO,-5%) at_a temperature of 37°C using DMEM culture medium
supplemented with sedium-~bicarbonate (3.7g/L), 10% of sterile fetal bovine
serum and streptomycin at 1% (v/v). After adequate confluency, approximately
1.0X108 cells,wete placed in 12-wells plates during 24h for proper adhesion.
ZnWO,4 NPs dispersions at 1.0, 10.0 and 20.0 ug/mL were added to the wells.
Negative controls were treated with sterile phosphate buffer solution (PBS), and
positive controls were treated with DMSO at 0.5% for appropriate evaluation. At
48h post-treatment, the cells were removed from the wells using trypsin-EDTA

solution at 0.25% (w/v) followed by culture medium for inactivation. A



suspension of treated cells was added to flow cytometry tubes for analysis. All

experiments were carried out in replicates for statistical evaluations.

2.4.2 Flow cytometry analysis

Cytotoxicity activity of ZnWO,4 NPs was evaluated through flow cytometry
technique using Fixable Viability Stain® 450 kits purchased from BD
Biosciences (S&o Paulo-Brazil). This kit allows the discrimination of viable frem
non-viable cells using a violet fluorescent stain that contains a dye, thatreacts
with and covalently binds to the cell surface and intracellulars amines.
Permeable plasma cell membranes, such as those present“in necrotic cells,
allow for the intracellular diffusion of the violet dyes,and covalent binding to
higher overall concentrations of amines than in“non-permeable live cells. The
parameters constituted by Side Scattering. (SSC), Forward Side Scattering
(FSC) and color panel of V450 were,used during acquisition until 10,000 events
were collected for adequate statistical evaluation. A total of five replicates were
analyzed by each tested concentration and the acquired data represents the
average of different independent experiments.

Apoptosis<detection studies procedure were performed using the PE
Annexin V apoptosis detection kit I, purchased from BD Biosciences (Sao
Paulo-Brazil) as independent experiments. HEK-293 cells were treated
according to methodology procedures described in 2.4.1. After, the cells were
washed with cold PBS and resuspended in 1X binding buffer at a concentration
of 1x10° cells/mL. Next, 100 pL of the solution (1x10° cells) was transferred to a

5mL culture tube. Then, added 5 pL of PE annexin and 5 puL 7-AAD (7-amino-



actinomycin), the mixture was gently vortex and incubated for 15 min at room
temperature (25°C) in the dark. Finally, 400 uL of binding buffer was added to

each tube and the analyzes in the flow cytometry were conducted.

2.5 In vivo anti-angiogenic activity evaluation

Chorioallantoic membrane assay (CAM) was used to evaluate the in vivo
antiangiogenic activity of ZnWO,4 NPs in different concentrations of (1.0, 10.0 e
20.0 pyg/mL in 20uL of deionized water). Phosphate-buffered-saline“(PBS; pH
7.4) was used as a negative control while Bevacizumab solution at.250 ug/mL
(Avastin®, Produtos Roche Quimicos e Farmacéuticos S.A.,'Brazil) was used as
the positive control, both in the same volume as thesZNWQ, samples (20 uL).
All experimental procedure is summarized in Figure, 1. 20 fertilized chicken
eggs, per group, were transferred .into “ahatching incubator (Premium
Ecologica, Brazil) with 60% of relative humidity and temperature fixed at 37 °C.
On day 3 of embryonic development, a circular opening of about 1.0 cm in
diameter in the region of the airschamber of the eggshell was made, and the
inner shell membrane.was,removed to expose the CAM. On day 5, the samples
were applied over the*CAM using filter paper disks aiming to control the correct
dosage. Onithe¢7th day of incubation, the CAMs were extracted after the
previous' fixation with 3.7% formaldehyde for 10 min and analyzed with a
stereomicroscope (Leica, model DM4000B, Germany) coupled to a Leica digital
CCD camera model DFC 280 (Software Leica Application Suite V 3.3.0,

Germany). The obtained images were processed with the program Image J



(version 1.44p; National Institutes of Health, USA) in which the control group

was set to 100% for blood vessels quantification.

2.6 Statistical analysis

The antiangiogenic and cytotoxic properties of ZnWO, NPs were
analyzed by one-way Analysis of Variance (ANOVA) followed by post hoc test
when appropriate, through GraphPad Prism® 5.0 Software. The
characterization data was analyzed with Origin Pro 8.5 (OriginLab Corporatien,
Massachusetts, USA) software. Data are expressed as mean .t standard

deviation. A P value less than 0.05 was considered statistically significant.

3. Results and discussion
3.1. ZnWO4 nanoparticles synthesis
ZnWO4 NPs were successfully synthesized through MAHS, in which a

very thin white powder was obtained, withwgood dispersion stability in water
(Figure 2). Due to its unique physical"and chemical properties, several studies
have reported the use of ZnWQj; NPs in the catalysis, optical and electronic
fields. However, biologicalwapplications of these NPs are currently scarce
[19,20] and remain unexplored.

The pioneering work developed by Gedye et al. [21] and Giguere et al.
[22], which.reported, through microwave radiation methods, a reduction of time
and temperature during synthesis, led to an increased interest of applying this
technique to the synthesis of organic compounds, including nanoparticles.
The higher reaction speed of hydrothermal systems coupled to microwave
radiation can be explained by two main effects, so-called thermal and non-

thermal or specific [23,24] effects. The thermal effect, also called dielectric



heating, is the result of the dipolar polarization from the dipole-dipole
interactions of the material and the electromagnetic field, which depends
exclusively on the dielectric properties of the material [23,25-29]. The non-
thermal effect, on the other hand, is characterized by the ability of the
microwave radiation to alter the thermodynamic properties of the reaction
system, either by an enthalpic effect as a result of the free energy storage of
microwave or vibrational energy of a molecule or functional group or an entropic
effect due to the alignment of the molecules caused by the energy of microwave
radiation. Altogether, these effects create a new reaction pathway, withylower
activation energy [30-32]. Besides these increase in reaction speed, MAHS
methodology also allows the possibility of obtaining particles«in the nanoscale,
with high purity and crystallinity [33—36] and was thesmethod of choice for our
synthesis step.

In this work, semi-crystalline ceramic pewders of ZnWO, nanoparticles
were successful obtained at 120°C and 130°C through MAHS, for 60 min.
However, fully crystalline ZnWQ4 NPs were obtained using a temperature of

140°C and 150 °C. All resultsywere‘confirmed by XRD technique.

3.2. Physicochemicakeharacterization
3.2.1. XRD

The" long-range structural order of the nanoparticle crystals was
evaluated by XRD patterns analysis, and the results are shown in Figure 3. It
was possible to observe the majority of the peaks expected for the
hydrothermally synthesized ZnWO,4 NPs, in accordance with standard data (DB

car number 01-089-0447, PDXL, Rigaku) described for the monoclinic



sanmartinite phase of ZnWQO, with wolframite structure (C2h point symmetry
and P2c space group) suggesting the formation of a solid monocrystalline
suspension. After microwave irradiation at 120°C for 60 minutes, ZnOg clusters
and octahedral WOg could be seen (Figure 1)., Using Scherer’s equation, based
on full width at half maximum (FWHM) of direction (111), the average crystallite
size of the sample was estimated to be approximately 3,67nm.

The XRD patterns of ZnWO, nanoparticles obtained at different
temperatures are shown in Figure 4. All the detected peaks are indexed,to
ZnWO, NPs synthesized at 140°C. With the increase in temperature, it-was
possible to observe higher intensity and diminished total width of the peaks,
indicating an increase not only in crystallinity but also in“size, which was in
agreement with the average size values of crystallite obtained through the
Scherrer's equation (table 1). Thus, in comparison with the conventional
hydrothermal pathway, the use of microwave radiation results in a product with
better crystallinity even within a shorter treatment time. This faster crystallization
kinetics clearly states the advantages of using microwave radiation for
nanoparticle synthesis.

Several studies_have previously demonstrated the efficacy of microwave-
assisted hydrothermal® synthesis to obtain oxides and mixed-oxides
nanoparticles [33-37], but the use of MAHS for the preparation of tungstate
nanoparticles remained unexplored. In this work, ZnWO, nanoparticles were

successfully obtained through described micro-wave assisted methodology.



3.2.2 Raman spectroscopy

Raman spectroscopy is an excellent technique that allows the
observation of structural defects as well as the short and medium-range order in
the crystalline organization. Raman spectra of ZnWO, nanoparticles are
presented in Figure 5, which revealed crystals of short-range order even before
microwave irradiation. MR analysis showed the initial formation of ZnOg and
WOs; octahedra. Group theory analysis for wolframite-type ZnWO,4 NPs predicts
36 lattice modes, in which 18 even vibrations (8Ag + 10Bg) are Raman active.
The monoclinic wolframite-type structure of ZnWOQ, is formed by interconnected
zigzag chains of distorted ZnOg and WOg octahedra, running parallehto the z-
axis. As indicated in Figure 5, the Raman peaks of ZnWO4NPs, obtained by
MAHS, at 218, 347, 415, 798, and 902cm™ areas,signable to the internal
vibrations of the WOg octahedra of ZnWO,.

Although the Raman spectra of samples,synthesized at low temperature
do not show all vibrational modes expected;,such as samples annealing at high
temperatures, the main line at 902 em™%, which corresponds to the stretching W-
O mode, was observed. Raman sighals observed in this work are close to those
found by Basiev et al..[38] for BaWO, nanoparticles when analyzed at higher
temperatures. Inhat study, two vibrational modes between 750 and 950cm™ for
were determined, in temperatures lower than 1770K while in temperatures
higher than 1770K the authors observed two bands close to 800cm™, attributed
to the phase transition of tungstates.

XRD patterns revealed ZnOg clusters and WOg octahedra formation after
MAHS at 120°C. However, MR analysis, which is much more sensitive than

XRD, showed the presence of clusters in the precipitate (data not shown).



Kloprogge et al. [39] found that single-phase synthesis of metal tungstates can
be successfully performed by MAHS. However, the crystallinity of the scheelite
minerals group is higher than that of the wolframite minerals group using the
same synthesis conditions.

Similarly, Kalinko and Kuzmin [40] demonstrated that the Raman spectra
of ZnWO,4 NPs significantly change according to the synthesis temperature. The
authors rationalized that the Raman lines of ZnWO, are broadened, at low
annealing temperature, due to a reduction in size and dispersion of ‘the
crystallites. That affirmation can be further confirmed in this study.since, XRD

results revealed an average crystallite size of around 10nm.

3.2.3. Average size, polydispersity index and zetapotential analyses

According to photon correlation spectroscopy, analysis, ZnWO, NPs
presented a mean hydrodynamic diameter of 349.98 + 10.29 nm. In addition,
analyzing its overall distribution bysDLS (Table 2), it could be observed that
approximately 42% of the naneparticles were smaller than 300 nm. The
polydispersity index was found to*be 0.580 + 0.17.

The zeta potential,0f"ZnWO, nanoparticles had a value of —-17.5mV and is
presented in Table 3, In accordance to previously published report by LI et al.,
(2014) and WANG et al., (2017), [41,42] the negative zeta potential found for
ZnWO, nanoparticles found can be justified by the negative charge present in
the WO and ZnOg clusters, consistent with data obtained from XRD and
Raman analysis. It is well known that nanoparticles can have different
pharmacokinetic behavior and overall biodistribution, depending on its size,

shape and zeta potential [43]. As a consequence, these physicochemical



properties will result in different uptake by target cells as well as different
therapeutic efficacy and toxicity. Zeta potential (), which refers to the net
charge on a surface of a particle, has been shown to affect nanoparticle
internalization into different cell lines, in which a negative value (¢ < 10mV), for
example, promoted strong uptake by the reticuloendothelial cells [44]. Herein,
ZnWO, nanopatrticles exhibited a relatively high negative net charge that could
potentially improve efficient uptake by cells. Many researchers have
demonstrated that the average diameter of nanoparticles has influenced
biodistribution studies. Nanoparticles of larger than 300nm and smaller..than
70nm are rapidly cleared from circulation by mononuclear phagocyte system
(MPS) cells [45]. However, some strategies can be. used to decreased
nanoparticles recognition by immune cells, therebysincreasing the half-life of
their circulation in the blood, such as surface,decoration with hydrophilic
molecules to reduce serum protein binding, through a process of steric

hindrance [43].

3.3. Morphological characterization

ZnWO0O, nanopatrticles were evaluated by Scanning Electron Microscopy.
Figure 6 A, B and C.micrographs, obtained with magnifications at 10.000,
20.000 and 50.000 X respectively, revealed groups of agglomerated spherical
and nanometric particles, in accordance to the crystallite size values obtained
by the Scherrer's equation (table 1) and previously published papers [46-50].

ZnWO0O, nanoparticles of different shapes have been microwave assisted
hydrothermally synthesized. He et al. [19] synthesized ZnWO, as nanosheets,

while others have produced ZnWO, nanorods [47,50]. Factors such as the pH



of the precursor solution and the total time of synthesis have been shown to
affect the final ZnWO, shape. pH also influences the resulted shape of ZnWQO,
nanoparticles synthesized by the conventional hydrothermal route, in which an
acidic pH is preferable for the formation of spherical particles during longer
synthesis times (6h and 12h) while for shorter periods, basic pH values are

favorable [47,49,50].

3.4. In vitro cytotoxic evaluation

The in vitro cytotoxicity profile of ZnWQO, nanoparticles was investigated
through Flow Cytometry using a Fixable Viability Stain®.450 kits, different
concentrations (1.0, 10.0 e 20.0 pg/mL) of NPs in immortalized HEK-293 cells.
This investigation aimed at evaluating the), toxicity potential of the
nanostructured material in a healthy human “cell line. Negative and positive
controls were constituted by saline ‘solutioniy(NaCl 0.9 % w/v) and DMSO 0.5%,
respectively. A significant percentage of viable cells (99.29 %) was observed in
cells treated with negative control while a very low viability (1%) of cells
belonging to the group.treated with 0.5% DMSO solution was found.

The results of eytotoxicity evaluation of the group treated with 1.0 pg/mL
of ZnWO, NPs are presented in Figure 7. In Fig. 7A, the parameters FSC-H
versus V450-A (viable fixable stain) are presented in which two different cells
populations, regarding size, are seen, characterized for elevated values for
FSC. The population with high emissions in V450 parameter (gate in purple
color) was identified as dead cells (19.59%), while the other population of cells

reached a percentage value of 74.30 (Fig. 7B), attributed to living cells (blue



gate). V450 versus SSC parameters are presented in Figure 7D. It was possible
to observe very well-defined populations regarding dead and live cells (purple
and blue, respectively). Live cells displayed a significant distribution in terms of
internal complexity, which was attributed to ZnWQO, nanoparticles internalization
without loss of membrane integrity. In contrast, for the group of dead cells, two
populations could be identified with different values of SSC that possibly
indicate distinct mechanisms of cells death. A histogram comparing emissions
in 450 nm of the group treated with the nanoparticles (in black) with that of the
negative control (in red) is presented in Figure 7C. Samples treated.with
tungstate nanoparticles presented significantly higher values of emissions as
well as similar population distributions, further confirming “data determined in

SSC vs. V-450 graph.

The results of the cytotoxicity study. using va. higher concentration of
nanoparticles (10.0 pg/mL) are presented.in Figure 8. Interestingly, the 10-fold
increase in concentration did not significantly change the behavior observed
previously. Even though cellular content release happened, there was still an
important reduction in the«percentage of dead cells that reached 14.81% (Fig.
8B; p <0.1). In addition,:cell survival level was at 82.80% and was not
significantly differentthan that found in cells treated with 1.0 pg/mL of NPs or
that found for.the negative control group. In Fig. 8C, a histogram comparing the
results of cells treated with the samples at 10.0 ug/mL and controls confirmed
the wide distribution (emissions of 450 nm) plotted in SSC vs. V-450 graph

(Figure 8D).

In a similar manner, the results observed in the cells treated with 20

png/mL of NPs are plotted in Figure 9. Importantly, a different behavior was



found when compared to the cells treated with the other two lower
concentrations. In the graph of FSC vs. V-450, presented in Fig. 9A, two well-
defined populations, corresponding separately to dead cells and live cells, were
observed. A significant reduction in cell viability was present and can be
associated with a dose-dependent toxicity caused by ZnWO, nanoparticles.
Similar values were encountered in V-450 vs. SSC graph in which distinct
populations of live and dead cells could be identified.

Altogether, our results demonstrate that the ZnWO, nanoparticles
presented cytotoxic effect in HEK cells at the concentration of ,20.0pg/mL.
However they were non-cytotoxic at 1.0 and 10.0 pg/mL.. "As these
nanomaterials are almost unexplored regarding their biological properties, to the
best of our knowledge, no other data on their cytotoxicity could be found, and
additional studies still need to be conducted forsthe better understanding of the
cytotoxic effect mechanism. Extrapolating, literature data have shown cytotoxic
effects for other inorganic nanoparticles in cell cultures. Danielsen et al. [51], for
example, demonstrated that ZnO.and Ag nanoparticles were highly cytotoxic in
human cell cultures of monoeytes and endothelial cells, wherein ZnO
nanoparticles were most toxic for endothelial cells, whereas Ag NPs were most
toxic for the THRP<1'monocytic cells. In another study, Yin et al. [52] showed that
cytotoxic effect of Ag nanoparticles was dose-dependent when tested in rat
cerebellum granule cells.

Assays using the PE Annexin V apoptosis detection kit were conducted
in HEK-293 cells and the results are presented in Figure 10. Low percentages
of apoptotic process were determined for cells treated with ZnWQO, at 1.0, 10.0

and 20.0 pg/mL (14.71 = 6,18; 7.07 = 3.01 and 10.01 + 1.49, respectively).



These cells were considered primarily PE-Annexin V and 7-AAD negative since
the negative controls (non-treated HEK-293 cells) reached values of 26.12 +
4.45 % and were considered as basal apoptosis. Thus, even under different
concentrations of ZnWOQ,, no statistically significant differences were observed
in apoptosis levels, indicating low toxicity profile of nanoparticles on the HEK-
293 cells. These results are in accordance with cytotoxicity test performed
previously determined. Additional tests using tumor cells line can be relevant to

evaluate the potential antitumor activity of these nanopatrticles.

3.5. In vivo anti-angiogenic activity evaluation

The percentage of blood vessels remaining in the CAM after application
of ZnWOQ, dispersion and saline (NC) are shown in Figure,11.

The mean percentage of blood vessels remaining in the CAM after
application of ZnWO, with concentrations of 4,0, 10,0 e 20,0ug/mL (55.59 +
5.84, 65.36 + 3.89, 67.91 + 10.24, respectively) were significantly lower than the
ones from the NC group, set as.100% (p < 0.05) (Figure 11B). These results
demonstrate, thus, that ZnWQ, NPs inhibited angiogenesis in vivo, that is, with
the absence of formation of new blood vessels from pre-existing blood vessels
(Figure 11A). There was no significant difference between the percentage of
blood vessels in CAM incubated within the three treated groups (Figure 11B).

In the last decades, many studies have unveiled that pathological
angiogenesis directly or indirectly participates in the pathogenesis, symptoms
and even death of a group of diseases called angiogenesis-dependent
diseases, including cancer, autoimmune diseases, atherosclerosis and macular

degeneration [53,54]. Thus, the interest of researchers in the development and



discovery of drugs with pro or anti-angiogenic potential as a strategy for the
treatment of the above diseases have raised, primarily focusing on cancer, due
to the high morbidity and mortality associated to this disease.

The results of the present study suggest an anti-angiogenic effect of
ZnWO, nanoparticles, such as previous reports that indicate antiangiogenic
effects of silver and gold nanoparticles [13,55]. Imai et al. [56] demonstrated the
antiangiogenic effect in a concentration-dependent manner, of zinc oxide
nanoparticles. However, those results were inconclusive since the authors also
observed a significant cytotoxic effect of the material in dermis cell culture.
Herein, in contrast, it is noteworthy to mention that we observed an
antiangiogenic effect even at lower nanoparticle concentrations, which did not
promote a toxic effect, facilitating further studies ‘in_sanimal models of
angiogenesis. We, therefore, strongly believe™thatystudies related to anti-
angiogenic properties should always be accompanied by cytotoxicity assays to
exclude the possibility that the anti-angiogenic effect is a mere correlation to the

cytotoxic effect of the material.

4. Conclusion

In this study, ZnWO, nanoparticles were successfully obtained through
microwave-assisted hydrothermal synthesis. The Raman spectroscopy and X-
ray diffractometry data revealed compounds with important structural
organization in the long and short-range order, while the morphological
analyzes indicate that the zinc tungstate nanoparticles have a spherical shape
in nanometric scale. These nanoparticles presented cytotoxic activity against

HEK cells in a concentration-dependent manner, and the anti-angiogenic



properties of the ZnWO, nanopatrticles are herein described for the first time.
Importantly, the nanoparticles presented anti-angiogenic activity even at lower
concentrations. Since ZnWQO, nanoparticles obtained by MAHS methodology is
still poorly explored in the literature, additional in vitro and in vivo studies should
be conducted with the aim of assessing the mechanism of anti-angiogenic
action of these nanoparticles. Future studies should consider testing ZnWO,
nanoparticles with reduced mean diameter (below than 200 in order to
maximize the EPR effect) aiming to compare the antiangiogenic behavior frem
different nanoparticles sizes and also include cytotoxicity evaluation ‘ef<the
material in different cell lines such as endothelial cells, which may allow better

correlation between the anti-angiogenic effect and the cytotoxic effect.
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Day 1: Incubation:
v’ Fertilized chicken eggs v’ 37°C and 60% umidity

v' CAM exposure ‘ 48h

Day 5: Days 3 and 4:
v/ CAMs were removed and analyzed v' Samples were applied over CAM surface:
with a light microscope couppled to 20pL NC (NaCl 0,9%), ZnWO, 1,0, 10,0 e 20,0pg/mL.

a digital camera

Figure 1- Schematic illustrations of the in vivo experimental procedure
employed during antiangiogenic activity evaluation:wFertilized chicken eggs

were used for the chorioallantoic membrane assay (CAM).

Figure 2— ZnWOQO, nanoparticles obtained with MAHS. A: After being dried. B:

Before centrifugation.
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Figure 3- XRD patterns of ZnWOQO, nanoparticles prepared through

microwave-assisted hydrothermal synthesis (MAHS) conducted<at 120°C, using

zinc chloride (ZnCl,) as the starting precursor.
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Figure 4- XRD patterns of the ZnWQO, nanoparticles prepared through
microwave-assisted hydrothermal synthesis (MAHS) conducted at 120°C,
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Figure 5. Raman spectra of the ZnWO, NPs hydrothermally synthesized at

120°C.
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Figure 6. ZnWO wnanoparticles SEM images. Magnifications 10.000 X (A);
20.000 X(B); 50000 X (C).
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Figure 10. Effects of ZnWONPs in'a CAM model of angiogenesis. The ZnWO,
induced anti-angiogenic. effects. NC: negative control. The values are
expressed accordingto the NC group, which was fixed at 100%. The values are
shown as mean_ #*“standard error of the mean (S.E.M.) (n = 5-10/group).
***\Values arewsignificantly different from the NC group (p < 0.0001, ANOVA
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Table 1 — Average crystallite size for ZnWO,4 nanoparticles obtained by

micro-assisted hydrothermal synthesis.

Synthesis temperature (°C) Average crystallite size (hm)
120 3,67

130 4,68

140 13,25

150 14,42

Table 2. Distribution of mean hydrodynamic diameter for ZnWO, aebtained by

DLS

Mean Distribution of nanopatrticle size (%)

size (nm) <200 nm <300 nm 300 =500 nm > 500 nm
349.98 1.70 42.20 52.30 3.80

Table 3. Polydispersity index_and Zeta potential of ZnWO, samples. The
analyses were cariédy out” in MilliQ® water at 0.9 mg mL™, pH 7.4. Al

measurements were performed in triplicate at 25°C.

Samples Polydispersity index ¢ potential (mV)

ZnWOQO, 0.58+0.17 -17.5+7.07




