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Abstract: Conventional therapies to treat cancer often exhibit low specificity, reducing the efficiency
of the treatment and promoting strong side effects. To overcome these drawbacks, new ways to fight
cancer cells have been developed so far focusing on nanosystems. Different action mechanisms to fight
cancer cells have been explored using nanomaterials, being their remote activation one of the most
promising. Photo- and sonodynamic therapies are relatively new approaches that emerged following
this idea. These therapies are based on the ability of specific agents to generate highly cytotoxic
reactive oxygen species (ROS) by external stimulation with light or ultrasounds (US), respectively.
Crystalline (TiO;) and amorphous titania (a-TiO;) nanoparticles (NPs) present a set of very interesting
characteristics, such as their photo-reactivity, photo stability, and effective bactericidal properties.
Their production is inexpensive and easily scalable; they are reusable and demonstrated already to be
nontoxic. Therefore, these NPs have been increasingly studied as promising photo- or sonosensitizers
to be applied in photodynamic/sonodynamic therapies in the future. However, they suffer from
poor colloidal stability in aqueous and biological relevant media. Therefore, various organic and
polymer-based coatings have been proposed. In this work, the role of a-TiO, based NPs synthesized
through a novel, room-temperature, base-catalyzed, sol-gel protocol in the generation of ROS and
as an enhancer of acoustic inertial cavitation was evaluated under ultrasound irradiation. A novel
biomimetic coating based on double lipidic bilayer, self-assembled on the a-TiO,-propylamine NPs,
is proposed to better stabilize them in water media. The obtained results show that the biomimetic
a-TiO,-propylamine NPs are promising candidates to be US responding agents, since an improvement
of the cavitation effect occurs in presence of the developed NPs. Further studies will show their
efficacy against cancer cells.

Keywords: sonodynamic therapy; a-TiO, based nanoparticles; reactive oxygen species; electron
paramagnetic resonance spectroscopy; passive cavitation detection; ultrasounds; self-assembled
lipid bilayers
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1. Introduction

Cancer is the second leading cause of death worldwide. This disease corresponds to a rapid and
uncontrolled abnormal cell growth and can affect any part of the body. Today there are around 100
different types of cancer and an increase of around 70% of cancer types is expected in the next two
decades [1-3].

Today cancer therapy strategies lack specificity, thus the development of safer and more efficient
systems for chemotherapeutics delivery and/or new treatment methodologies is of great importance.
Nanomedicine is an emerging and promising field in the discovery and development of new strategies
for cancer treatment. The design and development of novel tailor-made nanosystems allow for
accurate strategies to eliminate cancer cells by selective accumulation of systematically administered
chemotherapeutics. The leaky vasculature and poor lymphatic drainage of the tumor tissues actually
enhance the permeability and retention effects (EPR) [4-7]. In the last decades, extensive research
has been accomplished to make the transport of the chemotherapeutic agents even more precise,
minimizing the collateral harmful effects on healthy tissues [8-10].

Other new approaches for cancer treatment have appeared with the emergence of stimuli-responsive
nanomedicine such as photodynamic (PDT) and sonodynamic (SDT) therapies. In both cases, solid-state
nanoparticles are used as the photo- or sonosensitizer, respectively. Both therapies are based on reactive
oxygen species (ROS) generation and their ability to kill cancer cells. The ROS are originated by the
partial reduction of the molecular oxygen (O;) into new species, being the hydroxyl radical (*OH) the
strongest radical ever described [11].

Oxygen is fundamental for the normal metabolic activity of all aerobic organisms, being vital for
the correct maintenance of life. However, cellular survival implies the existence of a very strict redox
homeostasis equilibrium and any instability may result in different types of diseases [12]. Namely,
the excessive production of ROS provokes a disequilibrium in the redox state which may lead to
cellular components (proteins, DNA, or lipids) damage. However, these effects, generated by the
cellular oxidative stress, are being exploited for the development of new therapeutics for cancer
treatment [13,14], for example the PDT and SDT therapies [11].

As stated above, the principle behind the PDT and SDT is the generation of ROS using an
external stimulus as ultraviolet (UV) or near-infrared (NIR) light, or low intensity ultrasounds (US),
respectively [11]. PDT is based on the ability of a specific molecule or material, i.e., the photosensitizer, to
be excited by the absorption of light at specific wavelengths and to generate free radicals. The interaction
of the photoexcited sensitizer with molecular oxygen results in the production of ROS such as singlet
oxygen, hydroxyl radicals, and superoxide ions. Several classes of materials have been successfully
investigated as photosensitizers for PDT including semiconducting nanoparticles [15], porphyrins,
and other organic dyes [16]. PDT is however limited to superficial tumors treatment due to the light
poor tissue penetration. Generally, the efficient penetration depth for PDT is reported to be up to
1 cm when NIR light sources are used. Although even larger penetration depths for PDT can be
obtained with the help of optical fibers [17], this approach is limited to endoscopically reachable tumors.
Moreover, PDT relies on the use of light-sensitive therapeutic agents, which prevents patients from
sunlight exposure after administering of photosensitizer.

SDT mainly relies on the activation of acoustic cavitation phenomena due to the interaction
of the medium with US waves. Ultrasound consists of mechanical pressure waves able to induce
the formation and the oscillations of gas microbubbles in the stimulated medium. For particular
US operating conditions, the as-formed microbubbles can collapse and locally generate very high
pressures and temperatures [18] which allow the formation of ROS. This process can be achieved only
by operating above specific conditions (cavitation threshold). The introduction in the medium
of specific compounds, i.e., sonosensitizers, can lower this cavitation threshold and favor the
formation of ROS, as discussed in the following. The first SDT systems came out in 1989 by
Umemura et al. [19] who used the already-known photosensitizer hematoporphyrin as sonosensitizer.
Most of the sonosentizers are organic molecules such as porphyrin derivatives, phthalocyanines
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among others [19-21]. However, these molecules are characterized by a high aggregation tendency in
physiologic medium, and a minor cancer tissue selectivity, which decreases the therapy effectiveness [21].
The research for more efficient alternatives is in progress, e.g., Harada et al. found that crystalline
TiO, nanoparticles (NPs) activated by ultrasounds (US) can also work as sonosensitizer to reduce the
neoplastic tissue [22].

The above-mentioned compounds chemically react or introduce a large amount of bubbles into
a specific medium (by their oscillation and/or their violent collapse) and behave like a chemical
nanoreactor, leading to ROS generation [23]. The recognized advantage of SDT over the PDT is its
higher tissue penetration, which allows the treatment of tumors located deeply in the body. The use of
USin SDT is even manifold [21]. Apart from the well-known US imaging capabilities, it is also generally
recognized that the combination of ultrasounds and sonosensitizers also lead to sonochemical reactions
additional to cavitation, like sonoluminescence and pyrolysis reactions. These might contribute to a
more efficient generation of highly toxic species and, therefore, it might further improve the overall
efficacy of SDT treatments [24-26].

Semiconductor crystalline TiO; is a very well-known nanomaterial due to its photo-reactivity,
photo-stability, and effective bactericidal performance. Crystalline TiO; (approved by the American
Food and Drug Administration) has been widely used as food additive, as photo-active material in
pharmaceutical, dermatological products (like in sunscreens), but also in paints, wastewater/drinking
water membranes, in photovoltaic and photocatalytic devices [27-31]. It has also been demonstrated
that crystalline TiO, is biologically inert in animals and humans, presents a good biocompatibility,
and no toxicity in vitro or in vivo [32,33]. For this reason, nanosized titania have found interesting
and promising application in cancer therapy and diagnosis, i.e., theranostics [34], and specifically for
SDT [35,36].

Recently amorphous-TiO;, has attracted great interest in the academic community [37-46], where
a set of new a-TiO, applications have been proved: high performance photocatalysts [38], dye
sensitizers [43,46], solar battery electrodes [44,46], sodium ion anodes for rechargeable batteries [45],
capacitors thin films [38], resistive random access memories [43], self-cleaning agents and water
purifiers (in dye-polluted aqueous systems) [47], dehumidifiers [48], visible light photocatalysts [44],
and biomedical devices [49,50]. Some of the authors have proved the bactericidal performance of
a-TiO, NPs and explained theoretically the amorphous semiconductor performances [51-53].

Furthermore, a-TiO, are often the first phases to form in many wet chemical synthetic routes (other
times the first nuclei to form are anatase that rapidly evolve to oxy-hydroxy amorphous phases [37]).
Amorphous TiO; is easy to process into different forms, its reduced order state allows a wide range
of possible formulation with high levels of dopants. Furthermore, a-TiO; exhibits large surface
area populated with many -OH groups and great number of structural defects which enhance the
photocatalytic activity.

Inarecentreview, Bogdan etal. [35] commented on the role of nanosized crystalline semiconductors,
like TiO, and zinc oxide (ZnO) NPs, in generating oxidative stress to cells, i.e., in terms of ROS generation,
and on their potential anticarcinogenic applications. The claimed mechanism is attributed to the role
of cavitation bubbles under ultrasound irradiation [35]. The US acoustic wave can induce thermal
and nonthermal effects while propagating in a liquid or in a biologic tissue. Thermal effects can be
exploited as tumor therapy inducing thermo-ablation of the tissue and are generally addressed with
high intensity focused US (HIFU) therapy [21]. Nonthermal effects of the US are responsible for several
phenomena, the most prominent constituted by acoustic cavitation [21]. The gases dissolved in the
liquid, irradiated by US, form micro-sized bubbles which can expand and shrink according to the
US wave cycles. The oscillation of microbubbles on their radius for several cycles refers to stable
or noninertial cavitation and can induce temperature increase in tissues, microstreaming, radiation
forces, and shear stress. Under certain US conditions, the microbubbles collapse generating very high
temperatures, pressures and emission of photons, i.e., sonoluminescent light. This phenomenon is
called inertial cavitation and, due to the violent bubble collapse, can induce ROS formation [21].
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It has been demonstrated that the presence of NPs can decrease the US dose needed to induce
acoustic cavitation [12], since the high surface area of the NPs allows a high adsorption of tiny gas bubbles
that will act as nucleation sites for cavitation [54]. Therefore, an increase of the active microbubbles
number under the US irradiation is observed and these can be used to induce mechanical and oxidative
stress to cells during cancer treatment [55]. Furthermore, the generation of sonoluminescence light
was also hypothesized to be responsible in the photoexcitation of semiconducting NPs, like crystalline
TiO; or ZnO [24], by the promotion of one electron from the valence band (V) to the conduction band
(Cg), leaving a hole behind. Unpaired electrons and holes can react with oxygen and water molecules
(adsorbed at the NPs’ surfaces) generating ROS (*O,~, *OH, H,0O,).

In this work, the ability of a-TiO,-based NPs (both pristine a-TiO, and propylamine-functionalized
a-TiO,-NH; NPs), synthesized through a novel, room-temperature, base-catalyzed, sol-gel protocol,
was evaluated for the first time to work as a sonosensitizer, reducing the cavitation threshold and
improving the generation of ROS under US irradiation. An increase in ROS generation was observed
in the presence of such a-TiO; NPs, either pristine or propylamine functionalized, thus to verify the
decreasing limit from which ROS formation occurs due to the ultrasound irradiation. The effect of
visible light on ROS generation was also discussed. The results evidenced a synergistic effect between
both US and visible light stimuli.

Furthermore, to improve the colloidal stability of the synthesized NPs, aiming for future biological/
medical applications, the a-TiO,-NH; NPs were coupled with phospholipids (DOPC-DOTAP). This is
an important improvement since the application of a-TiO, based NPs in biological systems can be
compromised due to their poor colloidal stability in water and/or biological media [49,50,56]. Some
of the authors have previously reported the ability to self-assemble phospholipid bilayers on hard
inorganic particle surfaces, i.e., mesoporous silica NPs [57], ZnO nanocrystals [58,59], and metal-organic
frameworks [60,61]. Thus, we prove here for the first time a similar formulation of phospholipid bilayers
on such a-TiO, NPs, showing their enhanced colloidal stability in solution and thus a biomimetic
behavior which can be further applied to treat cell cultures.

Then, the ability of the biomimetic a-TiO, NPs in generating ROS during US stimulation was
evaluated through electron paramagnetic resonance (EPR) spectroscopy assisted by a spin-trapping
technique. Finally, passive cavitation detection (PCD) was used to verify the presence of cavitation
phenomena. The obtained results showed that these lipid coated a-TiO, NPs biomimetic NPs can act
as promising cavitation enhancers under US irradiation and be applied either in anticancer therapies
or other biomedical applications, i.e., antimicrobial effects.

2. Materials and Methods

2.1. Materials

Aqueous sodium silicate solution (SSS; NayO.5i0;, 27% wt. % SiO,), titanium IV isopropoxide
(TiPOT, Ti[OCH(CHj3);14, 97%), 3-aminopropyltriethoxysilane (APTES; HyN(CH,)3Si(OC,Hs)3, 99%)
were purchased from Sigma-Aldrich (Darmstadt, Germany).

Absolute ethanol (EtOH; 99.5%) from Merck (Darmstadt, Germany) and bidistilled water
(conductivity 0-2 uS/cm?, pH 5.8-6.5) were also used.

The commercial phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-
3-trimethylammonium propane (DOTAP) for the biomimetic shielding of a-TiO,-NH; NPs were
purchased from Avanti Polar lipids. 3,3’-Dioctadecyloxacarbocyanine Perchlorate (DiOC;g) and
ATTOS550-NHS ester fluorescent dyes, purchased from ThermoFischer, were used for fluorescence
microscopy colocalization experiments.

All chemicals were used without any further purification.
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2.2. Synthesis and Functionalization of a-TiO, NPs

Amorphous TiO; NPs (a-TiO, NPs) were synthesized through a novel, alkaline, and room
temperature sol-gel process based on the protocol previously reported by Matos et al. [51].

Briefly, a volume (280 pL) of sodium silicate solution (SSS) as nucleating agent was diluted in
absolute ethanol (25 mL) and placed under magnetic stirring for 15 min. A mixture of absolute ethanol
and ammonium hydroxide was added to the suspension and left under magnetic stirring for an
additional 15 min. After this time, the suspension was placed in an ultrasound bath (TELSONIC
Switzerland, Tec-15, Economy-Cleaner) and 500 puL of titanium isopropoxide (TiPOT) was rapidly
added, followed by 30 min of sonication.

The a-TiO, NPs functionalization was made in situ with propylamine groups following the above
methodology. After the 30 min of titanium isopropoxide sonication, a volume of APTES was added in
a molar ratio of 8:2 of TiPOT to APTES. The mixture was then left under magnetic stirring for 24 h at
room temperature.

2.3. Coupling of a-TiO,-NH;, NPs with DOPC-DOTAP Lipid

The preparation of lipid-coated NPs (a-TiO,-NH,//DOPC-DOTAP) was performed through a
solvent exchange method. An amount of 1.75 mg of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 0.75 mg of 1,2-dioleoyl-3-trimethylammonium propane (DOTAP, positively charged) in chloroform
(mass ratio of 70% DOPC and 30% DOTAP) were mixed together and dried under vacuum overnight
and redispersed in a 1 mL mixture of 40% (v/v) ethanol and 60% (v/v) bidistilled water. From the
prepared stock solution of DOPC-DOTAP, 100 uL was removed and added to 50 pg of a-TiO,-NH; NPs.
To induce the self-assembly of the phospholipid bilayer on the titania NPs surface, 900 nL of bidistilled
water was added to the previous suspension and vortexed for 5 min. The a-TiO,-NH,//DOPC-DOTAP
NPs were washed twice with bidistilled water to remove the unbound lipids by centrifuging the NPs
at 10,000 RCF for 5 min, discarding the supernatant and adding fresh water. For the EPR and PCD
experiments, the whole procedure was scaled-up.

To confirm the coupling efficiency between the NPs and lipids, two labeling steps were added before
the fluorescence microscopy experiments. The a-TiO,-NH; NPs were labeled with ATTO550-NHS ester
dye, at a ratio of 2 ug of dye per mg of NPs. The suspension of NPs with dye was kept in the dark under
continuous stirring overnight and then the sample was washed twice with fresh ethanol to remove the
unbound dye compounds. The lipid bilayer, once already self-assembled on the a-TiO,-based NPs,
was labeled with DiOC;g lipophilic carbocyanine dye by adding 0.5 pL of the fluorescent dye to the
suspension of NPs//lipids and left in an orbital shaker at 37 °C for 30 min.

2.4. Physico-Chemical Characterization of a-TiO; Based NPs

2.4.1. Transmission Electron Microscopy (TEM)

The morphology, static diameter, and size distribution of a-TiO, based NPs were studied by
transmission electron microscopy (TEM) [51]. The model used was a Hitachi H-8100, a conventional
TEM with high brightness LaB6 electron source and large specimen-tilt (>30°). The micrographs were
obtained using an applied tension of 200 kV and the samples were prepared by placing a drop of NPs
suspension on a copper grid and dried at room temperature.

2.4.2. X-ray Powder Diffraction (XRD)

The amorphous character of the synthesized NPs was proved by powder X-ray diffraction
(XRD) [51]. The analyses were performed by a PANalytical X'Pert Pro diffractometer using Cu-Ka
radiation. The data were collected in the 20°-80° 20 range (step size 0.02°, acquisition time 4 s).
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2.4.3. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to analyze the chemical structure of
a-TiO;-based NPs [51]. The analyses were performed by the Nicolet 5700 model in transmission mode
through a KBr beam splitter. The measurements were made using potassium bromide pellets (KBr,
99+%, FTIR grade from Sigma-Aldrich). The pellets were obtained by finely ground 5 mg of a-TiO,
based NPs mixed with 200 mg of potassium bromide, and then pressed into a disc.

2.4.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

Absorption properties and photonic bandgap were optically analyzed by UV-Vis absorption
spectrophotometry. The UV-Vis spectra were acquired in the range 200-1000 nm through a Multiskan™
FC Microplate Photometer from Thermo Fisher Scientific using the SkanIT RE software. Spectra were
background subtracted.

2.4.5. Dynamic Light Scattering (DLS) and Zeta Potential (Z-Potential)

The hydrodynamic diameter and zeta potential (Z-potential) of the a-TiO, based NPs were
determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS90 from Malvern.

DLS measurements were performed by suspending 500 pg of NPs in 1 mL of bidistilled water.
Z-potential measurements were performed in bidistilled water using the same concentration already
used for DLS measurements.

2.5. Fluorescence Microscopy Imaging

The a-TiO,-NH; NPs coupled with lipids ready after preparation were characterized through
wide-field fluorescence microscopy with colocalization method. The aim of this method is to evaluate
the percentage of coupling between lipids and titania NPs. Samples were prepared by withdrawing
10 puL of the lipid-coated a-TiO,-NH; NPs solution and depositing them on the microscope slide; then
the drops were covered with a cover-glass slip and this was fixed with a common nail polish. The images
were acquired using a wide-field optical fluorescence microscope Nikon Eclipse Ti, equipped with a
super-bright wide spectrum Shutter Lambda XL source with a collection of four filter cubes. The images
were acquired with 60x and 100x PLAN-APO immersion oil objectives and the data analyzed by the
NIS-element software. Amorphous TiO,-NH, NPs labeled with Atto-550 NHS ester dye were used for
this purpose and the lipids with DiOCjs, as described above. Images were thus acquired by exciting
the dyes at two different wavelength channels: 550 nm (red channel) and 488 nm (green channel).
The colocalization tool of NIS-Element software (NIS-Elements AR 4.5, Nikon) was used to evaluate
the coupling percentages, as previously reported [58,59]: after setting a threshold between 0.1 and
1 um to disregard larger aggregates, the spots in the red channel (identifying the a-TiO,-NH; NPs)
and green channels (corresponding to the lipid bilayer vesicles) were counted and an overlay of the
two images was performed, counting only the spots in which the two fluorescences were colocalized.
About 600 fluorescent points were analyzed by this automatic routine by applying a dimensional
threshold. The percentage of colocalization was then calculated with respect to the MSN channel with
the following formula [Equation (1)]:

%TiO, NPs colocalized = (n° a-TiO,-NH, NPs colocalized)/(n° a-TiO,-NH, NPs) (1)

2.6. Spin Trapping Measurements Coupled with EPR Spectroscopy

The evaluation of ROS generation under US stimulation was performed by Electron Paramagnetic
Resonance (EPR) Spectroscopy through the EMX Nano X-Band Spectrometer from Brucker. The EPR
measurements were assisted by a spin-trapping technique and the ROS production due to US stimulation
was provided by a commercial apparatus (LipoZero G39 from GLOBUS).
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The sonication was performed by placing 1 mL of sample (200 pg/mL NPs concentration) in a
24-well plate from Thermo Scientific which was positioned in contact with the LipoZero transducer.
A thin layer of water-based gel (Stosswellen Gel Bestelle from ELvation Medical GmbH) was added to
maximize the coupling between the transducer and the plate. The conditions used to stimulate all
samples were the following: sonication time 1 min, working frequency 1 MHz, duty cycle 100%, and US
output powers of 0.3, 0.6, 0.9, and 1.2 W/cm? (corresponding to 10%, 20%, 30%, and 40% of the maximum
output power of the device). After the US stimulation, the sample was immediately transferred into a
quartz microcapillary tube and placed in the EPR spectrometer cavity. The production of hydroxyl
and superoxide anion radicals was detected in bidistilled water and 5,5-dimethyl-L-pyrroline-N-oxide
(DMPO, from Sigma), was used as a spin trap. Before each measurement, DMPO (from a stock solution
of 10 mM) was added to each tested sample. The spin trap is essential due to its ability to trap both
radicals (hydroxyl and superoxide anion) increasing their lifetime and enabling their measurement by
the EPR spectroscopy.

The parameters to collect the EPR spectra were the following: center field 3426 G, sweep time
100.0 s, sample g-factor 2.000, and number of scans 10.

After the acquisition, the spectra were processed through the Bruker Xenon software for baseline
correction. Analysis of the recorded data was made using the Bruker SpinFit software.

All EPR experiments were carried out under daylight conditions, except the assays designed
to evaluate the eventual synergistic effect between visible light and US stimuli. In this case, output
powers of 0.9 and 1.2 W/cm? of US irradiation were used.

Note that no UV stimulation was performed to any of the a-TiO,-based NPs before any experiment.
All EPR experiments were carried out in triplicate.

2.7. Passive Cavitation Detection Experiment

The acoustic cavitation activity caused by the acoustic pressure reached inside the well due to
US in the presence or absence of NPs was analyzed by recording the broad band acoustic emissions
generated by the collapsing bubbles. For that, a focused piezo-detector used as cavitometer coupled to
a spectrum analyzer was used and the signal power was computed from the fast Fourier transform
(FFT) for a frequency range of 0.8-5.0 MHz. The US irradiation setup for the measurements was based
on the one presented by Vighetto et al. [12]. The only difference is that the 1 cm for tissue-mimicking
material was not considered.

In detail, the samples were irradiated with US from the LipoZero G39 instrument for 1 min, at a
frequency of 1 MHz. The experiment was carried out for four different output powers (0.3, 0.6, 0.9, and
1.2 W/em?) and with and without a-TiO, based NPs (i.e., a-TiO, NPs, a-TiO,-NH, NPs and lipid coated
titania, a-TiO,-NH,//DOPC-DOTAP) in suspension. During each experiment, samplings of 100 ps each
of the acoustic signal (generated by the cavitation phenomena) were recorded every 2 s, corresponding
to a total of 30 cycles. The Fourier transform (FT) of the acoustic signal was calculated for each cycle,
filtering out all frequencies below 2 MHz, thus removing the frequency components of the stimulus.
Finally, the area under the curve of each spectrum was calculated. This area is proportional to the
energy release caused by the collapse of the cavitation bubbles.

3. Results

Amorphous TiO; based NPs, synthesized at room temperature following a new eco-friendly
alkaline sol-gel route, based on some of the authors’” previous work [49], were used in this work.

Pristine a-TiO, NPs, in situ propylamine functionalized a-TiO,-NH; NPs and biomimetic a-TiO,
NPs//DOPC-DOTAP (a-TiO, NPs coupled with the cationic lipid formulation DOPC-DOTAP) were
prepared, characterized, and evaluated as sonosensitizers (to increase ROS generation under US
stimulation) through EPR spectroscopy and PCD analysis.
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3.1. A-TiO, NPs Structural Characterization: TEM, XRD, and FTIR

Amorphous TiO; based NPs have been structurally characterized by TEM, XRD, and FTIR by
some of the authors [51].

TEM images (Figure 1a) show the spherical morphology and evidence the monosized (static)
diameter of around 3—4 nm + 0.1 nm of a-TiO, NPs. The spherical morphology is indicative of the NPs
amorphous character [62,63].

2-TiO,-NH, NPs
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Figure 1. Physical characterization of amorphous TiO, (a-TiO,) (lower panels) and a-TiO,-NH,
nanoparticles (NPs) (upper panels): (a) TEM images, (b) X-ray diffractograms, and (c) FTIR spectra.

The amorphous nature of all the synthesized TiO, NPs was confirmed through XRD: no defined
or sharp peaks were present in diffractograms (Figure 1b).

FTIR spectra (Figure 1c) prove the success of propylamine a-TiO, NPs in-situ functionalization.
The main FTIR TiO, peak (centered at 526 cm™! and assigned to the stretch of Ti-O-Ti bond) is
present in all spectra and identifies the titania network. Concerning the a-TiO,-NH; NPs spectrum,
a peak centered at 1510 cm™! (and assigned to C-N bond) and slight shoulder located at 2940 cm™!
(and assigned to C-H stretching) were identified, proving the amine functionalization.

3.2. Ultraviolet-Visible (UIV-Vis) Spectroscopy

The electronic structure of crystalline solids is well established whereby different crystalline forms
exhibited different band gap values. In the case of crystalline TiO,, rutile (the most ordered TiO,
structure) presents a band gap of 3.0 eV while anatase exhibits a higher value of ~3.23 eV [53,64-66].
Although physical models and mathematical tools developed for crystalline solids are not always
valid for amorphous materials, electronic gaps do occur on amorphous materials, and an experimental
~3.18 eV value was obtained for a-TiO, NPs [53].

The UV-Vis spectra for the synthesized a-TiO, NPs are shown in Figure 2a. The straight-line
extrapolation method and the Tauc’s plot (used in the determination of semiconductors bandgap)
were used to estimate the light absorption edge and bandgap values (Eg) for the synthesized NPs
(Figure 2b,c).

The absorption bands (observed at 369 nm for pristine a-TiO, NPs and at 357 nm for a-TiO,-NH,
NPs in Figure 2a) are due to the semiconductor excitation and quantum size effects, as reported by
Xu et al. [66]. The slight blue shift observed on the absorption band (in comparison with those of
anatase at A = 385 nm [67]), is attributed to the NPs sizes and morphologies, since the number of
photons reaching the NPs core depends on their size and the optical properties [67].
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Figure 2. Bandgap energy of a-TiO, based NPs: (a) UV-Vis spectra; (b) Tauc’s plot of a-TiO, indirect
band gap; (c) Tauc’s plot TiO,-NH, indirect bandgap.

Amorphous-TiO; NPs show an experimental Eg value of 3.3 eV, slightly higher than some of the
authors’ previously obtained values [53]. Unlike crystalline forms, amorphous networks have plenty
of structural possibilities which explains the dispersity of experimental bandgap values.

The a-TiO,-NH, NPs experimental Eg value was 3.4 eV (very similar to the pristine a-TiO,
bandgap value) meaning that the functionalization with the propylamine does not influence the main
a-TiO, NPs electronic structure.

Moreover, all the obtained experimental bandgaps lie in the UV regime, predicting no daylight
stimulation on the synthetized a-TiO,-based NPs.

3.3. Dynamic Light Scattering (DLS) and Zeta Potential (Z-Potential)

The colloidal stability and the hydrodynamic diameter of the a-TiO; based NPs (a-TiO,, a-TiO,-NHj
and a-TiO,-NH,//DOPC-DOTAP) were evaluated through Z-potential and DLS (Figure 3).

The Z-potential evidences the surface chemistry on colloidal stability (Figure 3a). Amorphous-TiO,
NPs present the most negative Z-potential value (¢ = —40.0 mV, outside |c| > +30 mV risky range)
allowing us to conclude about their colloidal stability.

Amine-groups protonation is responsible for the increase in zeta potential of a-TiO,-NH; NPs up
to —24.2 mV. Although this value is an indirect proof of amine-functionalization, it also evidences the
flocculation and/or coagulation risks associated with these amine-functionalized nanosystems.

Finally, the biomimetic a-TiO,-NH,//DOPC-DOTAP NPs present the highest positive Z-potential
(69.1 mV, outside the aggregation risk range). This fact proves the effective coupling between the
positively charged lipids and a-TiO,-NH; NPs and it is also an evidence of their colloidal stability.

The hydrodynamic diameter evaluation through DLS showed that no micro-scale aggregates
were present, which suggests a relatively good dispersion of all the samples (Figure 3b). However,
the a-TiO,-NH; NPs suspension (the one within the risky zeta potential range) shows the highest
hydrodynamic diameter (centered at ~156.4 nm) and the widest peak size distribution (showing the
possibility of aggregation), in accordance to the lowest Z-potential values, as previously discussed. On
the other hand, the lipidic shell formation on a-TiO,-NH; NPs contributes to an improvement of sample
colloidal dispersion (lowest size distribution diameter, #43.7 nm, with sharp peak) in accordance with
the recorded Z-potential values.
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Figure 3. Z-potentials and hydrodynamic diameters of pristine a-TiO, NPs, a-TiO,-NH; NPs, and
a-TiO,-NH,//DOPC-DOTAP NPs suspended in milliQ water: (a) Z-potential measurements; (b) dynamic
light scattering measurements in number (%).

3.4. Colocalization Experiments

The formation of the lipid bilayer on the surface of a-TiO,-NH, NPs was confirmed through
wide-field fluorescence microscopy colocalization experiments (Figure 4).

Figure 4. Wide-field fluorescence image of (a) a-TiO, NPs labeled with ATTO 550-NH2 ester; (b) lipid
shell labeled with 1% of DiOCjg; (c) the merged channels showing complete colocalization. Scale bar:
1 pm and mass ratio NPs:Lipids (1:5).

Two different mass ratios (1.5:5 and 1:5) were tested to achieve the best ratio of NPs:Phospholipids.
The obtained results confirm a successful colocalization between the phospholipids and a-TiO, NPs for
both ratios (Figure 4). The best result was achieved for 1:5 mass ratio with 88.5 + 13.8% of colocalization
(Table 1) between the red spots (coming from the ATTO 550 dye labeling the titania nanoparticles) and
the green ones (deriving for the DiO dye coupled with the lipid bilayers) and thus this was the selected
ratio to proceed with further experiments (EPR and cavitation).

Table 1. Conjugation yield in percentage obtained for both mass ratio tested of Nanoparticles
(NPs):Phospholipids (1:5 and 1.5:5).

a-TiO»-NH,//DOPC-DOTAP a-TiO»-NH,//DOPC-DOTAP
1:5 (m/m) 1.5:5 (m/m)

Colocalization (%) 88.54 + 13.75 75.0 £ 35.6
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3.5. EPR Spectroscopy

EPR spectroscopy was used to evaluate the improvement on ROS generation due to the influence
of NPs in water, according to different US powers. The samples ([NPs] = 200 pug/mL) were irradiated

with US for 1 min, at a frequency of 1 MHz, a Duty Cycle of 100%.
Figure 5 reports the EPR spectra after US stimulation of the NPs and clearly shows the presence of

characteristics DMPO-OH spin adducts due to the presence of ROS (Figure 5c,d). For output power
higher than 0.9 W/cm? a qualitative increase in ROS generation was observed when pristine a-TiO,

and a-TiO,-NH, NPs were present.
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Figure 5. EPR spectra of amine-functionalized (graphs on top) and pristine (graphs on the bottom)
a-TiO, based NPs (200 pg/mL) in water using DMPO (10 mM) as spin trap, irradiated with different
US powers: (a) irradiation of 0.3 W/em? of US, (b) irradiation of 0.6 W/cm? of US; (c) irradiation of
0.9 W/em? of US; (d) irradiation of 1.2 W/cm? of US. Black spectra: control sample—water without NPs;
red spectra: water with 200 pg/mL of a-TiO, based NPs.
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For quantitative evaluation, Table 2 shows the concentration of DMPO-OH spin adduct measured
in all the analyzed conditions. Those data are directly correlated to ROS production, especially to the
hydroxyl and superoxide anions. Concerning both pristine a-TiO, and a-TiO,-NH; NPs measured
under daylight conditions, an increase in ROS generation was detected for US output powers of 0.9
and 1.2 W/em?.

Table 2. Concentrations of DMPO-OH spin adduct obtained by using Bruker SpinFit software. All the
experiments were performed in daylight. In the case of the highest ROS production, i.e., concerning
the sample a-TiO,-NH, NPs, tests in dark conditions were also performed.

a-TiO, NPs  a-TiO,-NH, NPs . a-TiO,-NH,//DOPC-DOTAP
US Output Power (Daylight (Daylight (]a):;l(i) éi}éitzi’\; NPs
(W/cm?) Conditions) Conditions) [-OH] M (Daylight Conditions)
[-OH] M [FOH] M [-OH] M
0 - 0 - -
0.3 0 0 - 0
0.6 0 0 - 0
0.9 1.81 x 1073 3.297 x 107> 1.73 x 1076 0
1.2 1.54 x 10 3.295 x 107> 1.98 x 10> 0

The EPR spectra of biomimetic a-TiO,-NH,//DOPC-DOTAP NPs suspension (Figure 6) show
that no generation of ROS occurs, even when the sample is stimulated with the highest values of
US irradiation powers (at daylight). In this case, even for US powers for which ROS were detected
on the control samples (US powers of 0.9 and 1.2 W/cm?), no ROS production was observed for
a-TiO,-NH,//DOPC-DOTAP NPs suspension (Figure 6 and Table 2).
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Figure 6. EPR spectra of a-TiO,-NH; based NPs (200 pug/mL) in water using DMPO (10 mM) as spin
trap, irradiated with different US powers: (a) 0.3 W/cm? of US output power, (b) 0.6 W/cm? of US
output power; (c) 0.9 W/em? of US output power; (d) 1.2 W/em? of US output power. Black spectra:
control sample—water without NPs; red spectra: water with 200 pug/mL of a-TiO,-NH; NPs; blue
spectra: water with 200 ug/mL of a-TiO,-NH,//DOPC-DOTAP NPs.

Although all the synthesized a-TiO; based NPs exhibited band gaps in the UV region, the influence
of visible light on ROS generation was studied. This evaluation was carried out only for the highest
responses (corresponding to the highest values of US irradiation, i.e., 0.9 and 1.2 W/cm?, see Table 2).
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The obtained results evidence a synergistic effect between daylight and US irradiation (Figure 7).
As control, a sample containing a-TiO,-NH; NPs was analyzed after being exposed to visible light
without any US stimulation and actually no ROS detection was observed (Figure 7 (1)). Thus, visible
light alone is not sufficient to enable the ROS generation from a-TiO,-NH, NPs, while US irradiation
and visible light seem to have a synergistic effect by increasing the generation of ROS with respect to

US stimulation only (Figure 7 (2)).

a-TiO,-NH, NPs

MWM i ki

H,0 - Control

Without
US irradiation

Intensity (a.u.)

T T T T T T T ' T T 1
3380 3400 3420 3440 3460 3480

Magnetic Field (Gauss)
L1 MMWWMMWWWW ,MwmJWW i
B e
: EET

\ I | I
T e e b '\M“»‘M e i “I«WWWM
A ]
I I

Intensity (a.u)
Intensity (a.u)

1.2 W/em? :
US irradiation | H,0 - Control H,0 - Control
bbb kit wa\wxww.«m | Dot
i ; iyt “m»lw o
I
33'&0 34‘00 31‘10 35‘40 3’1'50 MYBU 33‘!0 3;00 3‘]'20_ 3';40 !‘1’60 I'l‘SU
Magnetic Field (Gauss) Magnetic Field (Gauss)
) d)
Light conditions Dark conditions

Figure 7. Influence of visible light and US stimulation on ROS production. 1. EPR spectra of a-TiOp-NH,
NPs (200 pug/mL) in water using DMPO (10 mM) as spin trap, experiment performed at daylight without
US irradiation; 2. EPR spectra of a-TiOp-NH; NPs (200 ug/mL) in water using DMPO (10 mM) as spin
trap, irradiated with different US powers—0.9 W/cm? of US output power in: (a) daylight conditions
and (b) dark conditions; and at 1.2 W/cm? of US output power in (c) daylight conditions and (d) dark
conditions. Black spectra: control sample—water without NPs; red spectra: water with 200 pug/mL of

a-TiO,-NH, NP.
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3.6. Passive Cavitation Detection

The evaluation of the acoustic cavitation on the generation of ROS after US exposure was
performed through passive cavitation detection (PCD) technique. The experiments allowed us to
measure the acoustic pressures reached inside the well for all the samples and the conditions tested.
More details about the experiment execution and data interpretation are reported in the Materials and
Method section.

Figure 8 shows the area under the curve for all cycles at different US powers with and without
a-TiO, based NPs (a-TiOp NPs and a-TiOp-NH; NPs) in suspension. This area is proportional to the
energy release caused by the collapse of the cavitation bubbles.
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Figure 8. Area under the FT curve computed from the signal recorded through a focused piezo-detector
used as cavitometer to analyze the cavitation of water and a-TiO, based NPs suspensions. The analysis
were made using the following conditions: 1 MHz, 100% of DC, 1 min of irradiation with (a) 0.3 W/cm?
of US output power; (b) 0.6 W/ecm? of US output power; (c) 0.9 W/cm? of US output power; (d) 1.2 W/cm?
output power.

Figure 8 shows the obtained frequency spectra of the acoustic signals at different US intensities
with and without a-TiO, based NPs (a-TiO; NPs and a-TiO,-NH; NPs) in suspension.

It can be observed that only harmonics and subharmonics are present in all sample types,
i.e., both water and water with pristine and amine-functionalized a-TiO, NPs when the samples were
irradiated by the lowest US power (0.3 W/cm?). These signals are probably due to the oscillation of
large gas bubbles trapped in the plastic wells of the sample holder. For 0.6 and 0.9 W/cm? powers,
as shown in Figure 8b,c, an acoustic broadband noise was recorded in case of a-TiO, based NPs
samples. This acoustic broadband corresponds to the inertial cavitation occurrence. On the other hand,
in presence of water solution without NPs, the acoustic broadband noise was only detected when the
sample was irradiated with the highest US power tested, 1.2 W/cm? (Figure 8d). These results allow us
to conclude that the a-TiO, based NPs act as nucleation sites inducing inertial cavitation. The decrease
of the threshold of US power needed to cause the collapse of the induced cavitation bubbles, enables
the generation of sufficiently high temperatures and pressures to ROS production, even at low US
power [12].

A comparison between these results and those obtained through EPR spectroscopy can be carried
out. The US power threshold needed to induce passive cavitation, and thus the ROS generation,
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is different. Indeed, the passive cavitation detection (PCD) can be considered a more sensitive technique
if compared to EPR spectroscopy.

Interestingly, in the case of the a-TiO,-NH; NPs coupled with lipids, the signal difference between
the control sample (water without NPs) and the a-TiO,-NH,//DOPC-DOTAP NPs sample is even more
pronounced (Figure 9).
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Figure 9. Area under the FT curve computed from the signal recorded through a focused piezo-detector

used as cavitometer to analyze the cavitation of water and a-TiO,-NH, based NPs suspensions.

The analyses were performed using the following conditions: 1 MHz, 100% of DC, 1 min of irradiation

with (a) 0.3 W/cm? of US output power; (b) 0.6 W/cm? of US output power; (c) 0.9 W/em? of US output

power; (d) 1.2 W/ecm? output power.

In this case, the acoustic broadband noise was recorded for all the tested powers (0.3, 0.6,
09, and 1.2 W/cmz), being more pronounced from 0.6 W/cmz. These results show that the
a-TiO,-NH,//DOPC-DOTAP NPs could act as a promising cavitation enhancer nano-agent, if compared
to other already analyzed NPs (pristine a-TiO, NPs and a-TiO,-NH; NPs). This is a more stable
suspension (see Section 3.3) and is able to decrease even more the threshold of US power needed to
occur the collapse of the induced cavitation bubbles, which directly influence the generation of ROS.
However, it is important to mention that the presence of the lipidic bilayer is able to scavenge the
generated ROS, which are in fact not detectable by the EPR characterization.

In this case, the possible future mechanism of cytotoxicity should be also evaluated, as it will not rely
on ROS generation, but on mechanical effects. For example, the “nanoscalpel effect” can be mentioned,
since some of the authors recently demonstrated it as an effective killing mechanism of cancer cells
in vitro when irradiating other semiconductor nanocrystals, zinc oxide, with ultrasound [68].

4. Discussion

The aim of this work was to analyze the ability of a-TiO, based NPs (a-TiO,, a-TiO,-NH; NPs)
to act as ultrasound responding agents to improve the generation of ROS and/or act as a cavitation
enhancer for biomedical applications, namely, to fight cancer cells.

The developed a-TiO, NPs were synthesized for the first time through a novel, room-temperature,
base-catalyzed sol-gel protocol. Furthermore, to improve the colloidal stability of the developed NPs,
a new biomimetic coating based on double lipidic bilayer, self-assembled on the NPs, was performed.
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To analyze the generation of ROS and cavitation in the tested suspensions after US stimuli, two
different techniques were used, respectively: electron paramagnetic resonance (EPR) spectroscopy
and passive cavitation detection (PCD). The concentration of the NPs suspensions was kept constant
only varying the output powers of US irradiation. The EPR spectroscopy and PCD results agree and
both suggest that the a-TiO; and a-TiO,-NH, NPs are promising candidates to US responding agents,
since the generation of ROS increases when in presence of the a-TiO; based NPs. Another studied
parameter was the influence of visible light. The obtained results allow us to conclude that a synergistic
effect exists between the ultrasounds and visible light when the samples are exposed to both stimuli.

The colloidal stability and dispersibility improvement of the a-TiO, based NPs were also
investigated, since the high aggregation tendency in water and physiological media can make
the application of TiO, NPs unfeasible to biological systems [49,50,56]. Thus, the a-TiO,-NH; NPs
were coupled with DOPC-DOTAP phospholipids and the obtained results were very encouraging
since stable colloidal suspensions with very high conjugation yield (=88%) were achieved. Biomimetic
a-TiO,-NH,//DOPC-DOTAP NPs were also analyzed through EPR and PCD. The PCD results suggest
that the threshold of US power needed to cause the collapse of the induced cavitation bubbles
(which influence directly the generation of ROS) is lower than what previously observed for the
a-TiO; NPs and a-TiO,-NH; NPs. The absence of detected ROS by EPR measurements in the
a-TiO,-NH,//DOPC-DOTAP NPs was thus attributed to the scavenging capability of the phospholipid
bilayer. As mentioned above, the absence of detected ROS from lipid-coated a-TiO, NPs is not related
to the cavitation effect. In contrast, these nanoparticles showed enhanced cavitation in water solutions
once irradiated by US. For this reason, such biomimetic nanoparticles still represent a promising
nanotherapeutic tool against cancer, as recent studies have shown anyway the cytotoxic activity
induced by cavitation only once nanoparticles are present [68] and have demonstrated this therapeutic
effect in absence of generated ROS.

We conclude that our study proposes a modulating nanoplatform for cancer therapy where
enhanced inertial cavitation or enhanced ROS production can be selectively preferred depending on
the sample formulation and chemical surface functionalization.
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