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ABSTRACT: Recent advances in optical imaging techniques rely on the use
of nanosized contrast agents for in vitro and in vivo applications. We report on
an imaging method based on the inertial cavitation of ultrasound-irradiated
water solutions that lead to sonoluminescence (SL), here, newly proposed in
combination with semiconductor nanoparticles, in particular, aminopropyl-
functionalized zinc oxide nanocrystals. The obtained measurements confirm
the ability of such nanocrystals to increase the sonoluminescence emission,
together with the ability to modify the SL spectrum when compared to the
pure water behavior. In particular, it is shown that the UV component of SL is
absorbed by the semiconductor behavior that is also confirmed in different
biologically relevant media. Finally, optical images of nanocrystal-assisted SL
are acquired for the first time, in particular, in biological buffers, revealing that
at low ultrasound intensities, SL is measurable only when the nanocrystals are
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present in solution. All of these results witness the role of amine-functionalized zinc oxide nanocrystals for sonoluminescence
emission, which makes them very good candidates as efficient nanocontrast agents for SL imaging for biological and biomedical

applications.

1. INTRODUCTION

In recent years, the development of diagnostic tools has seen
considerable progress in the anticancer field and, in this regard,

materials such as polymers, lipids, or functional molecules with
selective targeting.
To this purpose, biodegradable and biocompatible semi-

11—-13

the design of sophisticated contrast agents is at the frontiers of
modern research.' ™ These agents allow us to obtain high
sensitivity and specificity toward organs or tissues of interest
and are capable of providing a visual aid to assess the presence
of a disease.

At present, a large number of nanosized materials have been
studied for their potential use in optical diagnostic purposes.*’
The most interesting and recent applications of optical imaging
rely on molecular imaging applied to in vitro and in vivo
systems. These techniques aim at high-resolution applications
at the single-cell level and for real-time molecular processes to
study cancer biology, holding promise in clinical translation for
prognosis and treatment.”” Many types of semiconductor
nanomaterials have been prepared, and the best known is
quantum dots (e.g,, CdS, CdSe, CuS, and other composites or
core—shell nanomaterials®”). However, they present some
disadvantages, such as poor biodistribution or accumulation in
target organs with persistent effects (e.g., poisoning, local and/
or systemic toxicity, and a lack of final biodegradation in
nontoxic products)."’

At the current state of knowledge, various approaches have
been attempted to replace QDs with less toxic nanostructures
as well as to modify their surface chemistry using organic
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conductor nanomaterials, also equipped with targeting agents,
have shown their abilities in therapeutic and imaging
applications."*™"® One of the most recent examples is a
semiconducting metal oxide in the form of zinc oxide
nanocrystals (ZnO NCs) chemically functionalized with
organic functional molecules and lipid bilayers from both
artificial and natural origin.lg_21

In this paper, we exploit sonoluminescence (SL) augmented
by ZnO NCs to produce light for imaging purposes. SL is
acknowledged as the emission of light resulting from the
implosion of cavitating bubbles that form in a liquid when
irradiated by US.”* This implosion generates locally very high
temperatures (estimated to be around 5000 °C**) and high
pressures (estimated over 500 MPa**) inside the gas bubbles
and in the immediate vicinity of the liquid medium.”® These
effects can give rise to sonochemical reactions capable of
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inducing the formation of different reactive oxygen species
(ROS). The collapse of the gas bubbles also causes mechanical
stress, with the formation of microjets, shock waves, and, in
particular, the emission of very short flashes of light.

In the literature, sonoluminescent signals, proven not to be
quenched by body temperature,”® should also correlate with
the amount of biological damages achieved during the
ultrasound exposure of cells. The work of Dezhkunov et al.
identified four different stages of cavitation development based
on the presence or absence of SL and sound absorption.””
Furthermore, SL could be related with other biological
parameters. Cochran et al. indeed established a correlation
between the cellular uptake of calcein and viability with SL.**
The presence of nanoparticles (irrespective of their nature) in
the liquid medium reduces the dose of US necessary to obtain
acoustic inertial cavitation.”” Indeed, nanoparticles tend to
carry gas pockets thanks to their structure, roughness, and
surface porosity, as we also recently proved.”

SL has a broad emission spectrum that ranges from the
ultraviolet (UV) to visible wavelengths and can vary with
emission peaks depending on the presence of dissolved gas or
salts.*® However, the intensity of SL is per se very low and
barely visible, requiring a specific setup for its detection.

It is possible to modify or even amplify the SL emission
spectrum by means of particular types of nanoparticles, having
well-defined optical properties. In particular, it is supposed that
such nanoparticles can act as imaging contrast agents, first by
increasing the effects of inertial cavitation and therefore
improving the SL signal intensity. Second, in view of their
nanometric size, such nanoparticles can allow a better spatial
resolution of SL, improving the diagnostic detection. Third,
the presence of nanoparticles characterized by specific optical
absorption and emission properties can produce well-defined
spectral emission in SL, allowing the increase of optical
emission peaks or reduction of others in the SL spectral range.

Unlike what was previously reported in the literature, here,
we propose a new imaging contrast effect that arises from the
combination of ultrasonic irradiation of an aqueous medium
with semiconductor ZnO nanocrystals functionalized with
aminopropyl groups. This imaging method is not based on
echographic contrast but on the sonoluminescence emission
supported by ZnO nanocrystals, providing bright luminescence
emission and reducing the cavitation threshold at which this
phenomenon takes place, decreasing the US dose to be able to
produce contrasted images. Furthermore, being ZnO, a
semiconductor material, photons of SL can be optically
absorbed by the nanoparticles and may be re-emitted at
different energies. This optical modification of the SL spectrum
can thus generate particular spectral signatures determined by
the optical properties of the ZnO semiconductor nanocrystals.

In the present study, we thus propose an innovative
nanoparticle-assisted SL phenomenon that we show to be
exploitable to provide control over the spectral emission
features and, more in general, enhanced SL even using mild
ultrasounds, thus avoiding diffuse thermal effects. Sonolumi-
nescence is investigated in water and in biological solutions
while spectral information is recorded and analyzed.

To get further insights into the phenomenon and moving
toward biomedical applications, here, optical images are
presented for the first time both in pure water and in
biologically relevant buffers and media. The results of this
analysis confirm that in the presence of ZnO NCs, the US
power needed for SL evidence is reduced considerably and,
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most interestingly, we demonstrate the powerful role of these
NCs as nanocontrast agents to enhance and further tune the
spectral emission of SL.

2. MATERIALS AND METHODS

2.1. ZnO-NH, NC Synthesis and Functionalization.
ZnO nanoparticles were synthesized through a microwave-
assisted synthesis, as reported in ref 31. The reaction path was
based on the hydrolysis of the zinc precursor (zinc acetate
dihydrate) due to the presence of sodium hydroxide, as the
base, in methanol. The as-synthesized ZnO NCs were then
functionalized with aminopropyl groups with a postgrafting
approach using 3-(aminopropyl)-trimethoxysilane at 10 mol %
with respect to the total molar amount of ZnO, as reported in
our previous works.””!

The obtained nanostructures were amine-functionalized zinc
oxide nanocrystals (ZnO-NH, NCs), showing stable colloidal
suspensions in both ethanol and bidistilled (b.d.) water.

2.2. ZnO-NH; NC Characterization. The morphological
characterization of ZnO-NH, NCs was performed by trans-
mission electron microscopy (TEM, FEI Tecnai operating at
200 kV) by spotting a diluted ethanolic solution of the sample
(100 pg/mL) on a copper grid with 300 carbon mesh for
TEM. The particle size and {-potential value of ZnO-NH,
NCs in water suspension were determined by the dynamic
light scattering (DLS) technique (Zetasizer Nano ZS90,
Malvern).

The crystalline structure of ZnO-NH, NCs was analyzed by
X-ray diffraction (XRD) with a Panalytical X'Pert diffrac-
tometer in a Bragg—Brentano configuration (Cu Ka radiation,
A =154 A, 40 kV and 30 mA).

2.3. SiO,-NH, NP Synthesis and Characterization.
Silica (SiO,) nanoparticles of approximately 20 nm diameter,
used as optically inert control, were obtained exploiting the
Stobér method.””*® In particular, 0.558 mL of tetraethyl
orthosilicate (TEOS, >99% from Sigma-Aldrich) was added to
25 mL of absolute ethanol (99%, Merck). After 15 min of
vigorous stirring, 1.018 mL of ammonium hydroxide solution
(NH,OH, ACS reagent, 28—30% purchased from Sigma-
Aldrich) was rapidly dropped in the solution. The system was
left in moderate agitation for 24 h, and the particles were
collected afterward by centrifugation. Several washing in
ethanol was performed to obtain the final particle suspension.

Silica nanoparticles (SiO,-NPs) were also functionalized
with APTMS following the same procedure exploited for ZnO
NCs (Section 2.1) to obtain the final SiO,-NH, nanoparticles.
Also, the characterization of these NPs was performed by field-
emission scanning electron microscopy (FESEM) and DLS.

2.4. SL with a Photomultiplier Tube. A photomultiplier
tube was positioned in front of a well (obtained from a 24-well
polystyrene plate from Thermo Scientific) containing 1 mL of
the sample consisting of Milli Q bidistilled water or the water
suspension of amine-functionalized ZnO NCs at different
concentrations of 50, 100, and 200 pg/mL. To perform
sonication, the sample well was placed in contact with a
commercial ultrasonic transducer with a planar geometry
(LipoZero G39, Globus) through a thin layer of ecographic
coupling gel (Stosswellen Gel Bestelle, ELvation Medical
GmbH). The ultrasonic transducer was operated at a
frequency of 1 MHz, duty cycle (DC) of 100%, and different
output powers (0.3, 0.6, 0.9, and 1.2 W/cm? corresponding to
10, 20, 30, and 40% of the maximum output power,
respectively).

https://doi.org/10.1021/acsomega.1c05837
ACS Omega 2022, 7, 6591-6600
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Figure 1. Scheme of the used setup for (a) sonoluminescence spectroscopy and (b) imaging.

The sonoluminescence-derived light emission was detected
after few seconds of irradiation using a Hamamatsu R7400
photomultiplier tube (PMT) driven by a high voltage power
supply (800 V).

To exclude any possible temperature increase, each sample
was stored in a fridge at 4 °C until use.

2.5. SL Spectroscopic Signal with a UV-Vis Spec-
trometer. The light emission produced from the well
containing b.d. water, ZnO-NH, NC (200 ug/mL) water
solution or SiO,-NH, NP (200 pg/mL) water suspensions,
was acquired using a multicore optical UV—vis fiber connected
to a monochromator (Acton SP 2300), with the setup depicted
in Figure la. The well was coupled to the US probe with
ecographic gel. The monochromator was equipped with a
grating blazed at 300 nm (150 g/mm), giving a final
wavelength resolution of 1.2 nm; the spectral signal was
collected by a CCD camera (Princeton LN) operating at —90
°C. To optimize the signal/noise ratio, 120 s acquisition was
collected for each spectrum. The ultrasound irradiation power
was varied from 20 to 80% of the maximum power of the
ultrasonic transducer, i.e., from 0.6 to 2.4 W/cm? duty cycle
(DC) equal to 100%, and 1 MHz of frequency. SL spectra were
measured from the beginning of sonication.

The same apparatus and spectrometer settings were used to
measure the light generation from the well when the water
solution was saturated with gaseous argon. The cold (4 °C)
b.d. water solution was saturated, fluxing Ar for 2 min, and
then 2 mL was placed in the well. The solution was irradiated
with US for 120 s at 0.9, 1.2, 1.5, 1.8 W/cm? and 100% DC at
1 MHz. An identical procedure was used when the water
solutions contained ZnO-NH, NCs at a concentration of 200
pug/mL.
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The light spectra of SL emitted photons were collected for
various media, i.e., physiologic solution (0.9 wt % NaCl),
phosphate-buffered saline (PBS, Sigma), live-cell imaging
solution (LCI, Molecular Probes, Invitrogen), complete cell
culture medium (RPMI-1640, ATCC with 10 vol % fetal
bovine serum, ATCC, and 1 vol % penicillin—streptomycin)
for culturing cells in vitro, in the presence and absence of ZnO-
NH, NCs at a concentration of 200 ug/mL. Measurements
were conducted at 1.2, 1.5, and 1.8 W/cm?, with 2 mL of liquid
in the well and 120 s acquisition; each sample solution was
maintained at 4 °C right before US irradiation.

Each spectrum was analyzed with MATLAB software.

2.6. SL Imaging. An imaging setup was also implemented
to get more reliable data about the total (i.e., quantitative)
emission produced by SL in these media. As depicted in Figure
1b, in this case, all of the lights produced into the well were
recorded directly on the CCD camera operating in a full chip
mode to substantially perform an image of the emitted SL. The
image of the well was collected onto the cooled CCD by
means of an objective (Yashika lens, ML 28 mm 1:2.8), placed
at the proper focal distance, and a mirror was positioned at
45°.

Exposure time was set to 120 s, a volume of 2 mL of sample
solutions was placed in the well and irradiated with US at
different powers (from 0.9 to 1.5 W/cm?) and 100% DC at 1
MHz. The tested samples were b.d. water, phosphate-buffered
saline (PBS, Sigma), live-cell imaging solution (LCI, Molecular
Probes, Invitrogen), and complete cell culture medium
(RPMI-1640 with 10% fetal bovine serum, ATCC), as
reported above. Each liquid was tested in the presence and
absence of ZnO-NH, NCs.

https://doi.org/10.1021/acsomega.1c05837
ACS Omega 2022, 7, 6591-6600
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Figure 2. (a) SL photons collected by the photomultiplier tube in water at different concentrations of ZnO-NH, NCs. (b) Area under the SL
spectra collected with the photomultiplier tube in different media at the US power threshold and different concentrations of ZnO-NH, NCs. (c)
US power threshold (data in red) measured for different media and for different ZnO-NH, NC concentrations.

Each set of data was analyzed with MATLAB software to set
the same reference scale to all of the images. For all of the
images, the amount of illuminated pixels was calculated with
MATLAB, considering a specific intensity range for each
medium considered.

3. RESULTS AND DISCUSSION

ZnO NCs were synthesized by means of a microwave-assisted
hydrothermal route, as previously described.”’ The ZnO NC
surface was then decorated with aminopropyl functional
groups and characterized by conventional techniques like X-
ray diffraction, TEM, DLS in ethanol, as well as {-potential
measurements in water. Graphite furnace atomic absorption
spectroscopy (GF-AAS) was also used to assess the amine-
functionalization amount. All of these characterization results
were already reported in previous publications,””*"**** and
more details can be found in the Supporting Information (SI),
Figure S1 and Table S1.

Briefly, ZnO-NH, NCs show a size monodistribution
ranging from 15 to 25 nm and a single crystalline nature
according to the wurtzite habit and almost a spherical
morphology. The hydrodynamic diameter of the amino-
functionalized ZnO NCs is 100 nm with a strong positive {-
potential value of +22 mV in water.

Monodispersed spherical SiO, NPs were obtained through
the Stober method” with a diameter of approximately 20 nm
evaluated by FESEM and hydrodynamic diameter in ethanol of
70 nm, while {-potential in water was —22.4 mV. A more
detailed description can be found in the SI, Figure S2.

3.1. Sonoluminescence Experiments with a Photo-
multiplier Tube. A first series of experiments were performed
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under dark conditions for the detection of light emission given
by the irradiation of water-based solutions with the ultrasonic
transducer. They were performed using a photomultiplier tube
positioned in front of the well containing either simple water
or the colloidal solution of amine-functionalized ZnO NCs.
We defined the threshold of cavitation as the US intensity at
which we start to measure spikes in the recorded spectrum due
to light emission. The threshold for detecting the light
emission in pure water was around 20% of the maximum
power of the ultrasonic transducer (corresponding to 0.6 W/
cm?). As expected, the presence of ZnO-NH, NCs is able to
lower the cavitation threshold, as previously reported.”” This
effect allows us to detect the light emission at a lower power
intensity (around 0.45 W/cm?) with respect to pure water
(Figure 2a). By increasing the ZnO-NH, NC concentration,
the detected photon counts increase. Some differences can also
be observed in different media (either water, physiologic
solution 0.9 wt % NaCl, phosphate-buffered saline, PBS, live-
cell imaging fluid, LCI, or cell culture medium, RPMI), always
depending on the NC concentrations (Figure 2b). As reported
in detail in the Supplementary Information (Figures S3—S6),
the different US power thresholds vary depending on the used
medium and NC concentrations. For example, it has to be
noted from Figure 2c¢ that the lowering threshold effect
expected by ZnO NCs was almost absent when using PBS and
cell culture medium RPMI as solutions. Further comments on
the SL emission above 20% of the maximum power, i.e., above
0.6 W/cm?, are unreliable since the data collected with the
photomultiplier tube refer to very short timescales. Substan-
tially, no differences can be found on the light emission
obtained in water or with the ZnO-NH, nanocrystals.
Moreover, the ZnO-NH, NC concentration seems to display

https://doi.org/10.1021/acsomega.1c05837
ACS Omega 2022, 7, 6591-6600
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Figure 3. SL spectra in (a) pure water and (b) water-containing ZnO-NH, NCs at 200 yg/mL concentration for different US powers. SL spectra
under argon-saturated conditions at (c) 0.9 W/cm? and (d) 1.2 W/cm?, underlining the differences in the presence or absence of ZnO-NH, NCs.
(e) Area under the argon-saturated SL spectrum curve from 250 to 350 nm at different US powers with and without ZnO-NH, NCs. (f) Area
under the argon-saturated SL spectrum curve from 400 to 700 nm at different US powers with and without ZnO-NH, NCs. (g) SL spectra of water
containing 200 pg/mL of ZnO-NH, NCs at different US powers related to the optical properties of NCs.
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Figure 4. Sonoluminescence emission spectra acquired at (a) 0.9 W/cm?® and (b) 1.8 W/cm? for 2 min comparing 2 mL solutions of pure water
(black curves), water-containing ZnO-NH, NCs at 200 xg/mL concentration (red curves), and water-containing silica (Si0,-NH,) nanoparticles
at 200 pg/mL concentration (blue curves).

a threshold at 0.45 W/cm®—as observed in Figure 2a, the ultrasonic powers. It was thus decided to further examine this
maximum number of light events is obtained when the ZnO- effect, investigating if the SL intensity increment due to the
NH, NC concentration is equal to 100 yg/mL. This effect can presence of ZnO-NH, NCs could be accomplished not only by
be ascribed to the formation of a bubble population with a complete absorption in the UV range but also by a possible
bigger dimensions than in the previous cases at lower ZnO- re-emission in the visible light region.
NH, NC concentrations. It could be promoted by the high To verify this hypothesis, similar experiments were
number of nucleation sites and consequent coalescence conducted under an argon-saturated atmosphere to get more
phenomena, which, in turn, lead to a reduction of the intense light emissions (as shown in Figure S7 of the SI). The
sonoluminescent bubbles. This intriguing phenomenon was obtained spectra in Figure 3c,d (and additional spectra in
observed in almost all tested media (see Figures S3—S6 in the Figure S8 in the SI) strongly confirm the strong UV light
SI), except in RMPL We propose that this different behavior in absorption by ZnO-NH, NCs; however, a process of re-
RPMI on the light emission, where no threshold of ZnO-NH, emission is barely visible and, if present, is covered up with the
NC concentration is found, can be attributed to the limited remaining emission spectrum.
number of nucleation sites, which are shadowed by proteins As a further analysis in this regard, both fluorescence
and other biomolecules present in this medium or adsorbed at excitation and emission spectra collected by a conventional
the nanoparticle surface as a protein corona.* spectrofluorimeter of the ZnO-NH, NCs in water were
Focusing the attention on the SL signal obtained for each superimposed to the SL emission spectra obtained in the
media at their respective US threshold, 200 pg/mL was the presence of ZnO-NH, in water at various US powers (from 1.2
concentration at which the highest overall signal was obtained to 1.8 W/cm? as US power). As shown in Figure 3g, it is clear
for three out of five tested solutions, as can be observed in that the ZnO-NH, excitation range from 200 to 400 nm fairly
Figure 2b. In view of these results, further experiments were coincides with the strong SL emission reduction. In contrast,
conducted to investigate the UV—vis emission spectra of the the ZnO-NH, fluorescence emission in the range from 500 to
detected sonoluminescence, using a fixed concentration of 200 650 nm superimposes with the characteristic SL emission from
pug/mL. the water system. By measuring the UV absorption spectrum of
3.2. SL Spectra Using a UV—Vis Spectrometer. To get ZnO-NH, NCs in water, the band gap value is computed to be
more insights on the SL emission in the presence of ZnO-NH, 3.32 eV, which is in fair agreement with the literature.”" This
nanocrystals, an ad hoc setup for acquiring the UV—visible result clearly shows that ZnO-NH, is a wide band gap
spectra of the SL was implemented, as schematized in Figure semiconductor and is able to absorb light in the UV range.
la. To further analyze the phenomenon, the areas underneath
To record the SL spectra, the ultrasonic power needed was the SL emission spectra were calculated and evaluated in the
increased from 20 to 80% of the maximum power, i.e., from 0.6 different emission regions (i.e., UV, from 250 to 350 nm, and
to 2.4 W/cm?. In Figure 3a, the SL spectra in pure water as a visible one, from 400 to 700 nm). Figure 3e shows the area
function of different US powers are shown, reporting a broad calculated under the curve of the SL spectra from 250 to 350
peak covering the whole UV and visible range with a maximum nm, which overlaps with the portion of the spectrum
centered around 450 nm. A clear spectrum is visible from the characterized by ZnO absorption. By increasing the US
US power intensity of 1.2 W/cm? (corresponding to 40% of power, a direct increment of the SL signal in pure water is
the maximum US power). obtained, which likely corresponds to an increase of the
In the presence of ZnO-NH, NCs, it is evident that already absorption phenomena by ZnO-NH, NCs, which, in turn,
in the range 0.9—1.2 W/cm? of US power, the spectra are more could explain the reduction of the area under the curve in the
intense with respect to the water case. Interestingly, the UV presence of NCs (and in this portion of the spectrum) for 1.2
light component of SL is clearly absorbed by the ZnO-NH, and 1.5 W/cm? irradiation power. For 0.9 W/cm? instead, we
semiconductor (Figure 3b), showing a clear cut of the UV light observe a threshold. Here, the generation of SL photons in
range emission (from 250 to 350 nm) measured at all pure water is very low; therefore, the addition of 200 pg/mL of
6596 https://doi.org/10.1021/acsomega.1c05837
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Figure S. SL spectra obtained from various biologically relevant media like phosphate-buffered saline (PBS) and live-cell imaging (LCI) used under
fluorescence microscopy for imaging of living cells and cell culture medium (RPMI) in comparison with SL from pure water (a) in the absence of
nanoparticles dispersed in the solution and (b) with ZnO-NH, NCs at 200 ug/mL concentration. US power = 1.5 W/cm?

ZnO-NH, NCs increases the SL emission but the absorption signature to the SL spectrum. Spectra acquired at different US
of the generated photons cannot be appreciated. The threshold powers are shown in the SI, Figure S9. In these cases, as well,
observed at 0.9 W/cm?” is particularly evident looking at the an increment of the light emission at around 30—40% of the
portion of the spectrum corresponding to the emission of ZnO, maximum US power appears evident, ie., at 0.9 and 1.2 W/
i.e., from 500 to 650 nm. In Figure 3f, the areas under the SL cm?, when ZnO-NH,NCs are used, and a clear cutoff of the
spectrum are also calculated for different US powers from 400 light emission in the UV range is confirmed. Again, this is a
to 700 nm. At 0.9 W/cm?, the amount of SL photons produced verification of the potentialities in using the ZnO-NH, NCs as
is weak when compared to the one in the presence of the NCs contrast agents for sonoluminescence.
under the same operating conditions. This effect means that in As already observed in the previous experiments with the
pure water, it is difficult to reach the threshold for SL, but photomultiplier tube, the emission intensity decreases and its
when ZnO-NH, NCs are in solution, the SL signal increases. spectrum modifies when using complex media rich in proteins
The same behavior can be appreciated at 1.2 W/cm? At 1.5 and other biomolecules, such as cell culture media, while
W/cm?, the SL signal generated from pure water is higher, and comparable high intensities and spectra profiles are obtained
the SL threshold is largely reached and comparable with the with buffers such as PBS and LCI. This is another proof
one obtained in the presence of ZnO-NH, NCs; therefore, the supporting the idea that ZnO-NH, nanocrystals can be used as
difference between the SL produced in the two cases is no contrast agents to produce enhanced sonoluminescence signals
longer visible. in biologically relevant fluids, and further experiments in the
The specific role of ZnO-NH, NCs as the semiconductor presence of living cells can be carried out in the future to prove
nanoparticles is more evident when considering different this concept.
materials. ZnO-NH, NCs were thus substituted with silica 3.3. Sonoluminescence Imaging. The data obtained
nanoparticles (SiO,-NH,) dispersed in water, using the same with the CCD camera connected to the spectrofluorimeter give
US irradiation conditions and spectral acquisition parameters. information on the spectral distribution of SL photons
It should also be noted that SiO, nanoparticles were generated during a few seconds of ultrasound irradiation.
functionalized with aminopropyl groups. Despite the fact that the single sonoluminescence phenomen-
The recorded spectra are reported in Figure 4 at both 0.9 on occurs in a very short period of time, i.e., less than 1 ns,
and 1.8 W/cm?® as US power, as representative examples. It is recording the amount of SL photons produced during a larger
clear that the SiO,-NH, nanoparticles also act as cavitation amount of time could be useful to evaluate the overall
enhancers since they generally increase the SL detection at low generation of light and its spatial distribution inside the
US powers (Figure 4a). However, no particular differences in sample, giving quantitative information on SL in the tested
the SL spectrum features can be observed between pure water samples.
and the SiO,-NH, colloidal dispersion (see Figure 4b), as To perform these measurements, a different experimental
opposed to the dispersion with ZnO-NH, NCs, where the configuration has been set, as schematized in Figure 1b. In this
cutoft of the SL emission in the UV range is evident. More way, it is possible to overcome the limitations of the
extended data to support the absence of spectral features in the photomultiplier tube highlighted in Section 2.1, which are
presence of SiO,-NH, NPs can be found in the SI, Figure S10. related to the limited collection angle of the fiber. To acquire
To explore the potential applications of SL for biological an image of the sample well, the SL emitted light was collected
imaging, in Figure 5, we report several spectra obtained in using the cooled CCD camera as an imaging recorder. A
different biologically relevant media irradiated at 1.5 W/cm? of mirror tilted at 45° above the sample and a standard camera
US power both with (Figure Sb) and without (Figure Sa) objective allowed us to create an image of the well on the CCD
ZnO-NH, NCs. Irrespective of the medium used, the cutoff in sensor. By design, camera objectives filter out ultraviolet light,
the UV range produced by the presence of semiconducting therefore the images acquired refer only to the visible portion
NCs is evident. It is thus possible to confirm the capability to of the spectrum. By comparing the acquired images at different
have not only an SL emission from various water-based media US power intensities, it is evident how the SL light emitted in

but also that the presence of ZnO-NH, NCs can impart a clear the presence of ZnO-NH, NCs is higher than that in their
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Figure 6. SL imaging in pure water at (a) 0.9 W/cm? (c) 1.2 W/cm? and (e) 1.5 W/cm?, and in water-containing ZnO-NH, NCs (concentration:

200 pg/mL) at (b) 0.9 W/cm?, (d) 1.2 W/cm?, and (f) 1.5 W/cm?
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Figure 7. SL imaging in biologically relevant fluids: (a) Live-cell imaging buffer without US irradiation (0 W/cm?) at (b) 0.9 W/cm? and (c) 0.9
W/cm? in the presence of ZnO-NH, NCs at 200 ug/mL concentration; (d) PBS at no US irradiation (0 W/cm?); (e) at 0.9 W/cm? and (f) 0.9 W/
cm? in the presence of ZnO-NH, NCs at 200 ug/mL concentration; (g) cell culture medium RPMI at no US irradiation (0% power) at (h) 0.9 W/
cm? and (i) 0.9 W/cm? in the presence of ZnO-NH, NCs at 200 pg/mL concentration.

absence. Indeed, Figure 6 clearly shows the threshold of SL at
0.9 W/cm® of US power, where sonoluminescence is actually
visible only for the nanocrystal water dispersion. This finding is
also supported by the total number of illuminated pixels
calculated for the images obtained at 0.9 W/ cm? US power, as
reported in the SI, Figure S11, which is four times higher in the
presence of ZnO-NH, NCs than the total number of pixels in
pure water.

We also acquired the images in different biological media,
such as cell culture media RPMI, live-cell imaging, and PBS
buffers (Figure 7). We observed SL emission differences even
in these cases with or without the ZnO-NH, NCs. The major
difference has been found using the live-cell imaging buffer,
where the number of illuminated pixels is twice higher in the
presence of ZnO-NH, NCs with respect to the pure media, as
reported in the SI, Figure S12.

This is attributed to the limit of the experimental condition,
i, only 30% of the maximum US power (0.9 W/cm?) was
tested, and the presence of various salts in the medium. For
example, using PBS, the SL light emission is already high
without ZnO-NH, NCs, revealing that, for each medium,
different operating conditions have to be set to exploit the SL
generation enhancement and exploit ZnO-NH, nanocrystals as
nanocontrast agents.

6598

4. CONCLUSIONS

Biological applications of SL have been debated over the last
20 years,”” and more recently, studies on ultrasonic activation
of light-sensitive nanoparticles for therapy have been
published.’® However, the first data were not too accurate
and, till now, a careful analysis of the light emission spectra and
absorption effect from nanoparticles or organic molecules in
biological media is still lacking. In this paper, we demonstrated
the ability of ZnO-NH, NCs to enhance the SL emission
under low-intensity ultrasound irradiation revealing their
potential use as a nanocontrast agent for therapeutic
applications.

The measurements reported here evidenced the increase of
SL emission, as the ZnO-NH, NC concentration in aqueous
solutions increases, and the decrease of the US power
necessary to detect the SL signal when NCs are present.
Furthermore, this phenomenon has been observed, for the first
time to our knowledge, in biological cell culture media like
LCL An influence of the ZnO-NH, NC concentration on the
light emission detected by PMT has been observed and it
could be explained by the well-known effects occurring in
liquids exposed to higher intensity ultrasounds (i.e., formation
of bigger cluster of bubbles—the consequent acoustic
absorption/shielding of the collapsing events—lowering or
threshold appearance on the total light emission as the case for
the acoustic emissions, noise spectra, and so on). The
concentration of 200 ug/mL was the one at which the highest
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overall signal was measured for three out of five tested
solutions for a fixed value of US power (0.9 W/cm?).

SL spectra displayed a specific shape in the presence of our
ZnO-NH, NCs: the UV light component of SL is evidently
absorbed by the semiconductor, resulting in a cutoff of the UV
range emission. However, at very low acoustic intensities, a
slight increase of visible contribution seems to be present and,
to confirm it, experiments with the Ar saturate solution have
been carried out. This phenomenon was observed in water as
well as in different media for biological applications, such as
LCI and PBS.

Finally, the elaboration of the SL optical images recorded in
the visible region (see the SI) allowed us to get more insights
into this effect. As expected, looking also at the spectra in
Figure 3a,b, at the intensity range of 0.9—1.5 W/cm?, the SL
emission was more intense, or even “visible only”, when ZnO-
NH, NCs were present in the solution.

These results clearly indicate an SL generation enhancement
by ZnO-NH, NCs, proposing them as nanocontrast agents not
only in water solution but also in buffered media like PBS and
LCL The ability of NCs to increase the SL emission at low
acoustic intensities and their potential uptake”*>*” by living
cells open the use of these nanocontrast agents for further
experiments at the microscopic level, as they could reveal some
new detailed mechanisms of cavitation and sonoluminescence
effects into cells and biological media.
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