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ABSTRACT

Bone cancer is a rare disease with limited treatment options. Surgery and chemotherapy frequently fail to cure
the disease because metastases can develop in the former, and the latter often lacks specificity. Innovative
therapeutic treatments are therefore needed to address this rare disease, which typically affects children and
adolescents. Physical stimulation to remotely activate a therapeutic agent may represent a promising solution,
especially for deep-seated and/or distributed tumors. In this regard, sonodynamic therapy gathers importance: it
offers a valid solution to the limitations of photodynamic therapy, such as limited tissue penetration, but retains
the advantages of remotely activatable cell death. In this work, we developed lipidic coated iron-doped zinc
oxide nanoparticles with superior biocompatibility as remotely activated sonosensitizers for osteosarcoma
sonodynamic therapy and an active targeting mechanism addressing the erythropoietin-producing hepatocellular
receptor-2 overexpressed in bone cancer cells. The positively charged zinc oxide NPs are coated with a negatively
charged phospholipidic shell, which significantly enhances the biocompatibility and hemocompatibility of the
nanoconstruct. Most importantly, the lipidic shell is modified by grafting a targeting peptide onto it, increasing
cellular uptake towards osteosarcoma cells and demonstrating the potential to address various tissues with the
same system. Reactive Oxygen Species (ROS) are effectively generated upon ultrasound stimulation and
measured through electron paramagnetic resonance spectroscopy. The nanoconstructs are evaluated in vitro on
3D osteosarcoma spheroids, to demonstrate the effectiveness of the combination of NPs and ultrasound stimu-
lation in suppressing the growth of bone osteosarcoma. The biocompatibility, targeting capabilities, and po-
tential flexibility of the nanoparticles here described open up avenues for an effective and remotely-activated
cancer therapy.

1. Introduction

drastic manner would greatly improve patients’ quality of life. Con-
ventional treatment techniques for this disease typically involve stan-

Bone tumors are a rare disease, constituting less than 1 % of cancer
cases in the elderly population but up 3-5 % of cancer cases in adoles-
cent and children [46]. Osteosarcoma, the most commonly diagnosed
malignant bone tumour, presents an average 5-years survival rate of
approximately 60 %, which significantly decreases in case of metastases
[47]. In most cases, osteosarcoma primarily develops in the upper and
lower limbs, and typically, patients eventually end up undergoing leg or
arm amputation. Therefore, being able to intervene in a less invasive and
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dard surgery and chemotherapy, and, in some cases, radiotherapy. Still,
the survival rate has shown limited improvement over the years [47],
underscoring the need for innovative approaches to address this chal-
lenging disease.

From a purely physical perspective, treating bone osteosarcoma
without invasive techniques and avoiding limbs amputation poses a
formidable challenge. Since the tumor primarily occurs within the
bones, external stimuli - such as light used in photodynamic or

Received 4 April 2024; Received in revised form 5 July 2024; Accepted 11 July 2024

Available online 14 July 2024

2352-4928/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:valentina.cauda@polito.it
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2024.109826
https://doi.org/10.1016/j.mtcomm.2024.109826
https://doi.org/10.1016/j.mtcomm.2024.109826
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Carofiglio et al.

photothermal therapies - have difficulty reaching the affected area. This
limitation persists even when employing high-penetrating wavelengths
like infrared light, which however can only penetrate the body to a
depth of a few millimetres [60].

Ultrasound exploiting therapies have the potential to overcome these
penetration issues [41]. Acoustic waves can effectively penetrate soft
tissues and either generate heat to ablate the tumor (high intensity
focused US, HIFU) [61,67] or induce cavitation onto the target tissue, i.
e. the collapse and the subsequent implosion of gas bubbles due to the
ultrasound pressure waves with consequent reactive oxygen species
(ROS) formation (sonodynamic therapy) [38,45,72]. ROS can induce
cell death through oxidative stress and, upon an effective targeting of
the phenomenon toward cancerous tissues [68], they can be used to
induce tumor suppression [82].

Recent developments have seen sonodynamic therapy coupled with
sonosensitizers, both as organic molecules [16,39,40] and inorganic
materials [28,29,49,50,71]. Among them, metal oxides nanoparticles
play a crucial role.

The most promising ones are surely titanium oxide (TiO3) [25,29,73,
77,801, colloidal gold [6] and zinc oxide (ZnO) [30,43,70] nanoparticles
(NPs). TiO2 and ZnO have been coupled with high pressure waves to
induce a cytotoxic effect on tumoral cell lines in 2D in vitro tests [10,51,
69]. Still, shock waves have shown little capacity to generate ROS when
coupled to the inorganic NPs, mainly relying on mechanical effects to
induce cytotoxicity.

Nonetheless, ZnO has been proven to increase ROS generation in
liquid media when subjected to standard ultrasound (US) radiation [2,
8]. Despite the good premises of ZnO as sonosensitizer, its exploitation
has been limited by its dose dependent toxicity in its nanosized form,
due to its dissolution in biological media [9,59]. Various techniques
have been explored and combined together to increase the biocompat-
ibility of ZnO, to obtain a sonosensitizer that can be safely administered
to the diseased tissue and then remotely activated on demand by the
ultrasound irradiation.

For example, doping ZnO NPs with iron was proved to reduce the
dissolution of the NPs in biological media and to increase their safety
toward healthy cells by selectively killing cancer cells [10,76].

Furthermore, the biocompatibility of NPs can be improved through
their surface stabilization. Recent trends see the coating of NPs with
lipidic bilayers derived from cells or exosomes [20,21,23,31,54], which
confer interesting properties in terms of intrinsic targeting capabilities,
biocompatibility and low immunogenicity ([78]; Q. [81]). Alternatively,
synthetic lipids coatings are much easier to produce on a large scale,
they are highly controllable and customizable to specific needs and
already widely employed in clinical trials [42]. Targeting molecules can
also be chemically conjugated to lipids, turning them into both a
shielding moiety and a robust customizable targeting system.

The biocompatibility and effectiveness of these NPs have mainly
been tested on 2-dimensional (2D) cell cultures. However, research is
rapidly moving toward 3-dimensional (3D) cultures. Indeed, they better
represent the biological environment and cell to cell interactions [24].
Furthermore, they can be designed to replicate some of the features that
make some tumors difficult to address, mimicking the tumor microen-
vironments and better simulating the effects of the drugs or nano-
particles on the biological barriers that must be overcome to reach the
target tissue [15,66]. Additionally, 3D cell systems gain the advantages
of high spatiotemporal resolution, the possibility to control experi-
mental variables and the possibility to perform reverse engineering of
the tumor microenvironment, with respect to mice models, resulting in a
better understanding of the mechanisms lying aside the biological
behaviour [58]. In light of the above, their use has also been highly
recommended by both the Food and Drug Administration (FDA) and the
European Medicines agency (EMA) in recent mandates (December 2022
and September 2021 respectively) [22] to reduce the employment of
animal models in preclinical research.

The importance of 3D models becomes even more pronounced in the
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case of physical stimuli for therapy activation. Indeed, studying a
sonosensitizer requires a deep understanding of how acoustic waves
propagate in the target environment. A 2D in vitro model may poorly
represents an actual in vivo system in which US waves propagate in
three dimensions. The application of US against 3D cells spheroids is a
rapidly growing field where drug or drug-carried NPs have been tested
[34,35,37,57].

In this study, we prove for the first time the efficacy of iron-doped
ZnO (FZ) NPs as sonosensitizing agents for the treatment of bone oste-
osarcoma in a 3D spheroid model. FZ NPs have been made biocompat-
ible through a smart phospholipidic formulation enabling the
bioconjugation of potentially any targeting moiety. In this specific case,
we increase the specificity for osteosarcoma cells by incorporating a
targeting peptide in the formulation. This peptide recognizes the
erythropoietin-producing hepatocellular receptor-2 (EphA2), an onco-
protein that is particularly overexpressed in these tumors [13,27].

We first assessed the biocompatibility and cell internalization of FZ
NPs using two different bone osteosarcoma cell lines. The tests involved
a comparison between pristine NPs and lipid-coated ones, demon-
strating the effectiveness of the lipidic coating in mitigating the dose-
dependent toxicity of ZnO NPs. Furthermore, the targeting mechanism
was proven to enhance nanoparticle internalization compared to the
non-targeted version. The response of FZ NPs to US stimulation was also
a focal point of our investigation. We evaluated the generation of high
levels of ROS under US exposure of the NPs using electron paramagnetic
resonance (EPR) spectroscopy. Subsequently, we tested all three NPs
formulations (pristine, lipid-coated, and targeted-lipid coated FZ NPs)
on 3D spheroids of bone osteosarcoma in terms of metabolic activity and
we further observed NPs internalization using confocal microscopy. The
results were then compared to those obtained from EPR spectroscopy to
gain a deeper understanding of the potential causes of cell death.

In summary, our study introduces a novel sonodynamic approach for
the treatment of bone osteosarcoma, employing a biocompatible sono-
sensitizer, FZ NPs, that can be remotely activated using safe levels of US.
The importance and originality of this study consists in the use of an
innovative biomimetic and targeted NPs, demonstrating its effectiveness
as a stimuli responsive nanomedicine under acoustic pressure activa-
tion. Furthermore, our work illustrates the enhanced safety achieved
through the innovative lipidic coating of our metal oxide nanocrystals.
This coating finely tuned the interactions of these hybrid nanoparticles
with recipient cells, even in 3D models, resulting in rapid and efficient
internalization and intracellular biodistribution.

2. Materials and methods
2.1. Iron-doped ZnO NPs (FZ NPs) synthesis

Iron-doped zinc oxide nanoparticles (FZ NPs) were synthetized
following a method previously optimized in our laboratory [11]. Spe-
cifically, 526 mg of zinc acetate dihydrate (Zn(CH3COO)»-2 HyO,
Sigma-Aldrich) was dissolved in 40 mL of absolute ethanol (99 %,
Sigma-Aldrich). Subsequently, 58 mg of ferric nitrate nonahydrate (Fe
(NO3)3-9 H,0, HiMedia), corresponding to 6 % of the Fe/Zn ratio, was
added to the solution. The solution was vigorously stirred at 70 °C to
ensure complete dissolution of the salts. After 5 minutes, 140 L of oleic
acid (>99 %, Sigma-Aldrich) and 1 mL of bidistilled water (b.d., ob-
tained from a Direct Q3 system, Millipore) was added to the solution,
which was left under moderate stirring.

Separately, an ethanolic solution of tetramethylammonium hydrox-
ide pentahydrate (TMAH, 98.5 %, Sigma-Aldrich) was prepared by
dissolving 1.044 g of TMAH in 10 mL of ethanol and 1.052 mL of water.
This solution was then rapidly poured in the zinc precursor solution to
initiate particle condensation. After 10 minutes of stirring at 70°C,
40 mL of ice-cooled ethanol was added to the solution to halt the reac-
tion. The resulting particle dispersion was collected and washed three
times with ethanol using repeated centrifugations (10 minutes at
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8000 g) and redispersions.

The obtained FZ NPs were further functionalized with amino groups
to successively enable the attachment of dyes for in vitro applications. In
detail, 40 mg of FZ NPs was suspended in ethanol at a concentration of
2.5 mg/mL. The solution was nitrogen-saturated and heated to 70 °C
with moderate stirring under refluxing conditions. Subsequently, 8.6 uL
of (3-AminopropyDtrimethoxysilane (APTMS, Sigma-Aldrich) was
added. The NPs dispersion was left under moderate stirring in an inert
atmosphere for 6 hours. At the end of the reaction time, the dispersion
was collected and centrifuged at 12000 g for 20 minutes. The superna-
tant was discarded, and the particles were resuspended in 10 mL of
ethanol. The process was repeated three times.

2.2. FZ NPs characterization

The crystallinity of the FZ NPs was evaluated through X-ray
diffraction (XRD) measurements. Specifically, 1 mg of NPs was depos-
ited onto a monocrystalline silicon wafer and analysed using a Pan-
alytical X’Pert diffractometer operating in Bragg-Brentano mode (Cu Ka
source, A=0.154 nm, 30 mA and 40 kV).

Field Emission Scanning Electron Microscopy (FESEM) was
employed to determine morphology and elemental composition of the
NPs. Similarly, the FZ NPs were deposited onto a silicon wafer and
analysed using a SUPRA 40 microscope from Zeiss equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector (Oxford
Instruments).

A higher magnification image of the FZ NPs was obtained through
Transmission Electron Microscopy (TEM). The FZ NPs were dispersed in
water at a concentration of 25 pg/mL, and 10 uL of this solution was
deposited on a Lacey carbon support grid (300 mesh, Cu, Ted Pella Inc.).
When the solvent was completely evaporated, the grid was analysed
using a Talos F200X G2 S(TEM), Thermo Scientific, at an operating
voltage of 200 kV.

Finally, the magnetic behaviour of the FZ NPs was investigated in
quasistatic conditions at room temperature with a DC magnetometer
(Lake Shore 7225, Lake Shore Cryotronics Inc.). Specifically, 1 mg of FZ
NPs were encapsulated in 100 pL of Durcupan ACM resin, which was
then cured at 60 °C for three days as carried out in other studies [4].

2.3. Lipidic coating of FZ NPs and peptide bioconjugation

To enhance the biocompatibility of FZ NPs, a lipidic coating inspired
by RNA-based Covid vaccines was utilized to create a shield on the NPs
surface, reducing their toxic effects on cells. Specifically, a procedure
developed by Conte et al. Conte et al., [14] was employed, choosing the
negatively charged lipidic Formulation 3 C (hereafter referred to as 3 C
for simplicity) to promote an electrostatic attraction to the positively
charged FZ NPs.

The negatively charged phospholipid DOPA (18:1 PA, 1,2-dioleoyl-
sn-glycero-3-phosphate (sodium salt, chloroform solution), the neutral
phospholipid DOPC (18:1 (A9-Cis) PC (DOPC), 1,2-dioleoyl-sn-glycero-
3-phosphocholine, chloroform solution) and PEGylated lipids with
functional amine and maleimide groups (DSPE-PEG(2000) Amine (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (ammonium salt)) and DSPE-PEG(2000) Maleimide (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly-
ethylene glycol)-2000] (ammonium salt)), respectively) were all pur-
chased from Avanti Polar Lipids, Merck. Cholesterol in chloroform
solution was bought from Sigma-Merck.

For the preparation of the lipidic formulation, the chloroform solu-
tion of lipids, resulting in a molar ratio of 50:10:38.5:1.5 of DOPA:
DOPC:Cholesterol:DSPE-PEG(2000)-Amine, was dried in a glass vial
under vacuum. The dried lipids were rehydrated using an ethanol:water
(40:60) solution to achieve a 3 mg/mL lipids dispersion.

An aliquot of FZ NPs ethanolic stock solution was centrifuged at
14000 g for 10 minutes in a 1.5 mL conical centrifuge tube, and the
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supernatant was discarded to allow the further formation of the phos-
pholipidic shell. Subsequently, a volume of lipidic solution was added to
achieve a Lipids: FZ NPs ratio of 1: 2 in weight. The solution was then
sonicated for 3 minutes in an ultrasound bath (59 kHz, Branson 3800
CPXH).

Bidistilled water was then quickly added to reach a final FZ NPs
concentration of 1 mg/mL and a final sonication of 5 minutes was per-
formed to obtain the 3 C lipid-coated FZ NPs (FZ-3C NPs).

To incorporate an active targeting mechanism, DSPE-PEG(2000)-
Maleimide was conjugated with a YSA peptide (whole aminoacidic
sequence YSAYPDSVPMMS [36]) able to specifically bind to EphA2 cell
surface receptor and not to other EphA receptors. EphA2 is indeed
overexpressed in the osteosarcoma cancer cells used in this study
(Figure S3 of SI). To efficiently bioconjugate the peptide to the lipidic
shell, a cysteine unit was also specifically added to the original YSA
sequence reported in a previous work [36]. The bioconjugation pro-
cedure adopted a ratio of lipidic DSPE-PEG(2000)-Maleimide and YSA
peptide of 3:1 in molar amount, similarly to what previously reported by
some of us [3,5,56]. The lipid was first dried in a glass vial under vac-
uum and then resuspended in dimethylformamide (DMF,
Sigma-Aldrich) at a concentration of 37.5 mM. The peptide was sus-
pended as well in DMF at the concentration of 50 mM. The peptide so-
lution was diluted in 0.1 M of phosphate buffered saline (PBS, pH 7.4) to
reach a final concentration of 10 mM of peptide solution.

The lipid solution was added to the mixture to reach a final con-
centration of 15 mM for the DSPE-PEG(2000)-maleimide and 5 mM of
the peptide. After combining the two solutions in the required molar
ratio, the mixture was left at room temperature for 1 hour and finally
stored at —20 °C. To produce a YSA-bioconjugated 3 C lipidic shell,
0.30 mol% of DSPE-PEG(2000)-YSA was added to the lipidic Formula-
tion 3 C before the drying step. The resulting rehydrated lipidic solution
was then used to coat FZ NPs as reported above, and called FZ-3C-YSA
NPs.

2.4. Characterization of the lipid-coated NPs

Dynamic light scattering (DLS) was employed to determine the hy-
drodynamic size of the NPs before and after their shielding with the
lipidic coating in both b.d. water and cell culture medium (McCoy 5 A,
ATCC, supplemented with 10 % of Fetal Bovine Serum (FBS), ATCC and
1 % of 100 pg/mL of streptomycin, and 100 units/mL of penicillin,
Sigma-Aldrich). A solution with a NPs concentration of 100 pug/mL was
separately prepared for both media and analysed using a Zetasizer Nano
7590 (Malvern Panalytical). Similarly, the NPs were evaluated for their
Z-potential in b.d. water at neutral pH.

To estimate the coupling efficiency between the 3 C lipids and the FZ
NPs, a colocalization study was performed using spinning disk fluores-
cence optical microscopy (Nikon Ti-E inverted microscope equipped
with Spectra X Lumencor multiple solid state light sources, a 100x
PlanAPO objective, NA = 1.30, and Andor Zyla sCMOS camera). FZ NPs
were stained with ATTO 647-NHS ester (Sigma, 2 uL of a 2 mg/mL so-
lution per 1 mg of FZ NPs), which binds to the amine functionalization of
the particles. The dye was directly added to the ethanolic solution and
stirred overnight. Afterwards, the nanoparticles were washed through
centrifugation and redispersed three times in ethanol before coupling
them with the lipids. After the shell was formed on the nanoparticles, it
was stained with the lipophilic DiOCyg(3) (DiO) dye (5 pL/mg of
nanoparticles, incubation at 37°C for 30 minutes) and washed once by
centrifugation (5000 g for 10 minutes) and redispersion in water.

A small amount (5 pL of solution) was deposited on a microscope
glass slide and analysed through fluorescence microscopy. The NIS
software from Nikon was employed to investigate the colocalization of
the two entities that constitute the nanoconstruct.

To visualize the FZ-3C NPs, TEM imaging was also carried out on the
freshly prepared sample in water at a concentration of 25 ug/mL. Then
10 uL of this solution was deposited on a Lacey carbon support grid (300
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mesh, Cu, Ted Pella Inc.), dried at room temperature and analysed using
a Talos F200X G2 S(TEM), Thermo Scientific, at an operating voltage of
60 kV.

2.5. Reactive oxygen species generation under US stimulation in water

The ability of FZ NPs to generate reactive oxygen species under US
stimulation was assessed using Electron Paramagnetic Resonance (EPR)
spectroscopy coupled with the spin-trapping technique across a wide
range of US power densities. To conduct the measurements, 2 mL of
200 pg/mL of NPs suspensions in water were prepared for both FZ and
FZ-3C NPs for each US condition considered.

To extend the lifetime of the hydroxyl radicals generated during US
stimulation, a chemical trap, namely 5,5-dimethyl-L-pyrroline-N-oxide
(DMPO, Sigma-Aldrich) was added to the solution to achieve a final
concentration of 10 mM. For each sample, 2 mL of FZ NPs dispersion was
placed in a 24-well plate (TC-treated, Thermo Fisher). The plate was
then positioned on a 2 cm? US transducer (Intelect Mobile 2 Ultrasound,
Chattanooga, manufactured by DJO France SAS) and coupled with an
acoustic water-based gel (Stosswellen Gel, ELvation Medical GmbH). US
stimulation was performed at 1 MHz for 1 minute, with power densities
varying between 0.2 and 2.0 W/cm?. After the stimulation, 50 pL of the
NPs suspension was withdrawn with a quartz capillary and placed in the
sample holder of the EMXNano X-band spectrometer (Bruker, center
field 3426 G, 10 scans, 60 s sweep time). The measurements were
repeated twice for all the conditions and compared to the outcomes
obtained from simple water stimulation. All the data were processed to
derive quantitative information by means of the Bruker Xenon software
(Bruker).

2.6. Hemocompatibility assay

To determine whether the lipidic coating was able to increase the
NPs hemocompatibility, FZ and FZ-3C NPs were tested with a plasma
recalcification test [55,64]. Briefly, FZ and FZ-3C NPs were resuspended
in a NaCl solution (0.9 % w/v in water) at a concentration of 200 and
100 ug/mL.

For each sample, 75 pL of human citrated plasma (Human Recovered
Plasma Pooled- frozen — Na Citrate from ZenBio) was placed in 6 wells of
a 96-well plate and pre-heated at 37°C. Then, 75 pL of sample was added
to the wells to obtain final concentrations of 100 and 50 pg/mL. After
5 minutes of 37°C incubation, 150 pL of 25 mM CaCl, was added into 3
of the 6 wells prepared for each sample. The absorbance at 405 nm was
measured with a plate reader (Multiskan GO microplate spectropho-
tometer, Thermo Fisher Scientific) over time (every 30 seconds over
45 minutes) to assess the coagulation of plasma. The plate was always
kept at 37 °C. The coagulation time was determined in three indepen-
dent experiments following the procedure reported in another work
[12].

2.7. 2D cytotoxicity and internalization of FZ, FZ-3C NPs

The cytocompatibility of FZ and FZ-3C NPs was initially assessed in
vitro using two osteosarcoma cell lines: MG-63 (ATCC) and SaOS-2
(ATCC). Both cell lines were cultured in McCoy 5 A medium (ATCC),
supplemented with 10 % of FBS (ATCC) and 1 % of 100 pg/mL of
streptomycin/100 units/mL of penicillin (Sigma-Aldrich), at a temper-
ature of 37°C and 5 % of CO».

For cytotoxicity tests, cells were seeded in 96-well plates (TC
Treated, Thermo Fisher) at a concentration of 1000 cells/well in 100 pL
of cell culture medium to form a cell monolayer. After 24 hours, half of
the medium was replaced with medium containing NPs. The NPs were
previously added to fresh medium to obtain a concentration twice as the
desired one. The final analysed NPs concentrations were 10, 20, 30 and
50 pg/mL. At 24 and 48 h after NPs administration, cell viability was
measured using a metabolic colorimetric assay. Specifically, 10 uL of
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WST-1 reagent (Roche) was added to each well 2 hours before the end of
the incubation time. The plate was incubated at 37 °C for 2 hours and the
absorbance at 450 nm and 620 nm (the latter used as a refence) was
measured with a plate reader (Multiskan GO microplate spectropho-
tometer, Thermo Fisher Scientific). The measured signal, opportunely
background-subtracted, was compared to the one of non-treated cells
(set as 100 % cell viability).

Flow cytometry was employed to determine the ability of cells to
internalize the synthetized NPs. Considering the importance of the tar-
geting peptide for cell internalization, FZ-3C-YSA NPs were also ana-
lysed. For this test, 3-10* cells were seeded into a 6-well plate (TC-
treated, Cellstar, Greiner) along with 2 mL of cell culture medium.
Before NPs administration, NPs were stained with ATTO 647-NHS ester
as previously described.

The NPs (FZ, FZ-3C and FZ-3C-YSA) were incubated with the seeded
cells at concentrations of 10 and 20 pg/mL (the ones at which the cells
remain viable). After 24 and 48 hours, cells were washed twice with PBS
(Sigma Aldrich) to remove any non-internalized NPs. Cells were then
detached by trypsinization, and the cell suspension was washed twice
with PBS by centrifugation and redispersion (130 g for 5 minutes) to
obtain a final volume of 300 uL. The cell suspension was analysed by
means of a Guava easyCyte 6-2 L flow cytometer (Merck Millipore),
following a standard procedure already described elsewhere [51]. The
analysis of the results was conducted with the InCyte software (Merck
Millipore).

All the biological tests described above and those that follow were
carried out at least in triplicates, and ANOVA tests were performed with
the software SigmaPlot 14.0. Two ways or three ways ANOVA tests were
performed according to the number of parameters considered in the
experiment. p-values lower than 0.05 were considered statistically
significant.

2.8. 3D cytotoxicity of FZ and FZ-3C

The NPs cytotoxicity was also assessed on 3D spheroids of bone os-
teosarcoma using the MG-63 cell line. The decision to use only the MG-
63 cell line was due to the difficulty in obtaining optimal 3D spheroids
with Sa0S-2 cells.

To prepare MG-63 cells spheroids, 1.5-10% cells/well were seeded in
an ultra-low attachment (ULA) round-bottom 96-well plate (Corning)
with 100 pL of the same culture medium used for 2D cultures. The entire
plate was centrifuged at 250 g for 5 minutes to facilitate the settling of
cells at the bottom of the well. Cells were allowed to grow for one week
and were monitored through bright-field microscopy to observe and
confirm the spheroid formation. The spheroid diameters were measured
twice for each spheroid along perpendicular axes.

For the cytotoxicity test, spheroids were gently extracted with 50 pL
of their original medium using a micropipette and transferred to a sus-
pension cell culture flat-bottom 96-well plate (Greiner Bio-One). After
that, 50 pL of a double-concentrated NPs suspension, similarly to the
protocol used in monolayer cell cultures, was added to each well to
achieve final concentrations of 10, 20, 30 and 50 pg/mL. The WST-1
assay was once again employed to determine the cell viability. More
in detail, 10 pL of WST-1 solution was added to each well and the in-
cubation time for the spheroids was extended to 3 hours to enhance the
signal-over-noise ratio. After the incubation period, i.e., at 24 and
48 hours from NP administration, the absorbance of the solution was
measured with the same procedure applied for 2D cell cultures.

A qualitative estimation of cytotoxicity was also performed by means
of confocal microscopy, as further described in the following sections.

2.9. NP-assisted US stimulation on 3D spheroids with FZ, FZ-3C and FZ-
3C-YSA NPs

The effectiveness of NP-assisted US stimulation on cells subjected to
NPs administration was evaluated for 3D osteosarcoma spheroids. The
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decision to directly proceed with a more complex system was based on
the way US propagates within the well. As demonstrated in the work by
Tamboia et al. Tamboia et al., [63], the section of the well closer to the
bottom is less sensitive to US radiation compared to the whole volume in
which the cells are cultured. A single cell monolayer might not be
directly exposed to the US radiation as a 3D structure. As a proof of
concept, to better simulate potential in vivo scenarios involving complex
3D structures, sonodynamic therapy was directly applied to MG-63 cell
line spheroids.

For these tests, after 7 days of spheroids growth in ULA plates, 4
spheroids in 50 uL each were transferred with a micropipette to a well of
an untreated 24-well plate (Corning). Cell culture medium containing
NPs was added to each well to obtain a final concentration of 20 pg/mL.
The NPs used included FZ, FZ-3C and FZ-3C-YSA NPs. After 24 h from
NPs administration, the wells were stimulated with US at power den-
sities of 1.0 and 2.0 W/cm? for 1 minute. Immediately after sonosti-
mulation, the spheroids were separated and placed in the well of a 96-
well plate together with 100 pL of cell culture medium. After 24 h,
cell viability was assessed by the WST-1 assay, similarly to the method
employed for cell cytotoxicity evaluation.

2.10. Fluorescence microscopy

The spinning disk fluorescence microscope mentioned above was
employed for confocal microscopy analysis of MG-63 spheroids.

Initially, a qualitative study on NPs cytotoxicity was conducted.
Spheroids were cultured following the same procedure used for the
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metabolic viability assay and placed in a 96-well flat-bottom plate
(Greiner Bio-One). For each analysed timepoint (24 and 48 h), the
following dyes were added to the cell culture medium: Calcein-AM dye
(ThermoFisher, 1 uL/mL of final medium solution) to label viable cells,
Hoechst 33342 dye (ThermoFisher, 0.6 uL/mL) to label cell nuclei, and
Propidium Iodine (PI, ThermoFisher, 2 uL/mL), which is cell imperme-
able and binds to DNA, allowing for dead cells labelling. A total of 50 pL
of dye-containing medium (three times concentrated)) was added to the
spheroids (already suspended in a 100 uL volume). After 3 hours of in-
cubation at 37°C, the spheroids were analysed by fluorescence
microscopy.

A similar procedure was used to assess the spheroids’ viability after
sonostimulation. In the case of internalization studies, cells were
labelled with Wheat Germ Agglutin 488 (WGA-488, 2.4 uL/mL of the
final medium), Hoechst 33342 (ThermoFisher, 0.6 uL/mL), and Propi-
dium Iodine (ThermoFisher, 2 uL/mL). Additionally, ATTO 647-labelled
NPs were used to perform spheroid internalization tests under fluores-
cence microscopy. The spheroids were placed on chamber slides (Nunc
Lab-Tek II CC2 Chamber Slide system, Thermo Fisher Scientific) to
enable image capture at a higher magnification and incubated with
ATTO 647-labelled FZ, FZ-3C and FZ-3C-YSA.

3. Results and discussion
3.1. FZ NPs chemical and physical characterization

Before their exploitation in biological systems, FZ NPs were analysed

Fig. 1. Characterization of the FZ NPs. A) XRD pattern (the number over the peaks correspond to the Miller indices of the crystalline planes, while the * mark denotes
the peak belonging to the silicon substrate onto which the nanoparticles were deposited prior their measurement), B) representative FESEM image, C) saturation-
magnetization curve showing the magnetic properties of the FZ NPs and D) representative high resolution TEM image.
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in terms of crystallinity, morphology, and magnetic properties. The XRD
pattern (Fig. 1A) reports diffraction peaks which can all be assigned to
the wurtzitic crystalline structure of FZ NPs (see the Miller indexes to
which each plane is assigned, according to JCPDS-ICDD, card No. 89-
1397). The very sharp and intense peak around 33° is in contrast
attributed to the monocrystalline silicon substrate. No additional
diffraction peaks can be recognized, indicating that only ZnO was ob-
tained, and that the iron doping atoms are not clustering nor forming
separate crystalline phase inside the particles.
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The NPs morphology was determined by means of electron micro-
scopy. As it can be noticed from Fig. 1B, FZ NPs have a spherical
morphology and possess a diameter that ranges between 4 and 8 nm.
The EDS analysis indicates that the ratio between Fe and Zn atoms is
5.05 % (1.19 for Fe at% and 23.67 Zn at%). This value is remarkably
similar to the amount of precursor included during the synthesis (6 % of
atomic ratio). Oxygen is also present with 75.10 at%. The absence of
stoichiometry between Zn and O can be attributed to the native silicon
oxide layer on top of the silicon wafer and the oleic acid capping. In this

Fig. 2. Characterization of the FZ NPs coated with lipids. DLS measurements of FZ (orange curve) and FZ-3C NPs (green curve) in A) b.d. water and C) McCoy 5 A
cell culture medium supplemented with 10 % of FBS. B) Z-potential measurements belongs to the NPs in water prior and after their coating with lipids. D) Confocal
microscopy images of the FZ-3C NPs. The FZ NPs are labelled with ATTO 647 (purple), the lipidic coating with the DiO dye (green).
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analysis silicon contribution was excluded by the percentage computa-
tion because it belongs to the substrate.

The high resolution TEM measurement reported in Fig. 1D confirms
the results found by XRD and FESEM analyses. Indeed, the lattice
spacing measured in the TEM image (2.746 & 0.03 A) is very close to the
one obtained by the XRD pattern (2.811 A) for the 100 plane. Addi-
tionally, it is possible to observe that FZ NPs present a single crystalline
domain in their boundaries, indicating a substantial monocrystalline
habit of each nanoparticle.

Recently, iron doping has been proposed to induce magnetic prop-
erties in ZnO materials, conferring potentialities in terms of magnetic
resonance imaging [11,18] or magnetic particle imaging [75,79].
Fig. 1C reports the magnetic behaviour of the synthetized FZ NPs. As it
can be seen from the saturation-magnetization curve, the FZ NPs present
a paramagnetic behaviour with a magnetization saturation at 7.5
Am?/kg.

3.2. FZ-3C NPs characterization

FZ NPs were subsequently coated with a lipidic shell aimed to in-
crease their biocompatibility and their stability in biological media. To
assess the success of the coating and the increase of biostability, DLS
measurements were performed and the results compared among FZ NPs
and lipid coated FZ-3C NPs. As it can be seen in Fig. 2A, both the pristine
FZ NPs (orange curve) and the lipid-coated FZ-3C NPs (green curve) in
water show monodisperse behaviour, with a relatively sharp distribu-
tion peaking at 160 nm for FZ NPs and 208 nm for FZ-3C NPs.

Concerning the hydrodynamic diameter of FZ NPs, when compared
to the dimension found in the electron microscopy images in Fig. 1, this
measurement results larger than expected. This is due to a certain degree
of aggregation of the particles in water which tend to form small clus-
ters. Still, their dispersibility in water is good (PDI = 0.135), indicating
that the clusters are mono-distributed in size.

When the lipidic shell coats the NPs, the hydrodynamic diameter is
increased up to 208 nm, probably due to the increase of the diameter of
the overall nanoconstruct. The dispersibility is also very good with a PDI
of 0.115. It is fair to suppose that the lipidic shell does not cover a single
NP but a cluster of them, resulting in a nanostructure that has an overall
diameter of approximately 200 nm. A further confirmation of this
finding is provided by TEM analysis (reported in Fig. S1 of the Sup-
porting Information, S.1.), where it is possible to observe the coating of
the lipidic shell on top of FZ NPs small aggregates.

When immersed in FBS-supplemented cell culture medium (Fig. 2C),
the pristine FZ NPs present a very different DLS profile, with two size
distribution peaks, at 74 nm and at 375 nm. The PDI is larger, with a
value equal to 0.313, than the one measured in water. This may indicate
aggregation and a partial dissolution of the NPs, which are known to
degrade in biological media [19]. The behaviour of the lipid-coated
particles is in contrast unchanged with respect to that obtained in
water. Indeed, the diameter is 231 nm (against the 209 nm in water) and
the PDI = 0.141. Clearly, the phospholipidic shell is a boost for the good
dispersibility and stability of the particles in biological media, which are
fundamental aspects for their hemocompatibility, cytotoxicity and
optimal nanometric size. This result is in accordance with a previous
work in which a similar method was used and the stability over time of
the nanoconstruct was demonstrated for one entire week [14].

The success of the coating is also corroborated by the change in the Z-
potential of the particles (Fig. 2B). Indeed, FZ NPs have a marked pos-
itive Z-potential (+28 mV) that guarantees their stability in water (but
not in cell culture medium). When coated with the phospholipidic shell,
the Z-potential is reduced up to a negative value (-20.4 mV) which as-
sures again their biostability while also preventing the interaction be-
tween particles and biological medium. The strong negative potential of
the particles clearly suggests that their surface is coated with a negative
moiety which is very likely to be the negative phospholipidic
formulation.
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To quantify the effectiveness of the coating, a colocalization study
employing the

fluorescence microscope was performed. In this test, the particles
were labelled with a dye (ATTO 647) that produces a far-red emission
upon red light exposure. The lipidic coating was stained with a lipophilic
dye that emits in the green region of light (DiO). The images of the
particles were collected and analysed and, a quantitative estimation of
the FZ NPs coupled with 3 C lipids was obtained by means of a coloc-
alization routine developed by Nikon in the NIS software. Indeed, the
colocalization of the two fluorescent signals on the same spot indicates
that the two moieties coexist in the same space, allowing to suppose the
coating of the NPs by the lipid. A representative example is reported in
Fig. 2D, where most of the spots are colocalized. The quantitative esti-
mation of all acquired colocalization images has an average of 75.2 +
2.9 % of the total NPs.

3.3. Reactive oxygen species generation under US stimulation in water

There is a considerable body of literature regarding the generation of
ROS upon ZnO micro and nanomaterials exposure to US radiation [33,
44,65,67]. They can be successfully exploited in cancer therapy since an
excessive presence of intracellular ROS may be effective in cancer cell
killing [1,17]. This work aims to activate safe-by-design ZnO NPs by
means of a harmless US radiation to specifically induce cancer cell death
only in the desired site. Therefore, we measured the ROS generation of
lipid-coated and uncoated FZ NPs in water when exposed to US irradi-
ation by means of EPR spectroscopy and compared it to the one gener-
ated by water alone under US irradiation [8]. More in detail, the
measurements were performed to determine the generation and the
concentration of hydroxyl radicals, which are very specific to the DMPO
chemical trap and already observed to be the most abundant contribu-
tion in radical formation during ZnO NPs solutions or water exposure to
US [2,32,48,74].

As it can be clearly noticed in Fig. 3, the signature of the spin adducts
of DMPO-OH are clearly visible in all samples at US power densities
above 0.4 W/cm?. In particular, when the pristine FZ NPs are irradiated
by US, ROS are generated in a larger amount with respect to the simple
water solution. Interestingly, the introduction of the phospholipidic
coating reduces the amount of generated ROS. This could be potentially
attributed to a scavenging effect of the organic lipidic shell. Indeed,
organic molecules are well known to react with ROS [2] and probably,
thanks to the close proximity of the lipids to the ZnO surface, they are
favoured to react with the ROS with respect to the chemical trap. Still,
ROS are generated also with coated FZ-3C and, at the highest US power
density, the ROS amount is very similar to the one generated by water
alone. In view of the in vitro and future in vivo applications of the NPs, it
is clear that some other mechanisms should be included i to improve
their efficacy. It is thus hypothesized that, if the lipidic coating is able to
increase the bio and hemocompatibility of the NPs, a larger dose of
nanoparticles could therefore be safely administered, increasing the
efficacy of the treatment as well. Furthermore, the targeting provided by
the YSA peptide to a selected cell type, i.e. the cancer one, is expected to
further increase the internalization of the NPs and selectively drive the
cytotoxic ROS production to the cancerous tissue only. These assump-
tions will be verified in the following.

3.4. Hemocompatibility assay

Another important aspect that must be considered when designing a
therapeutic or diagnostic moiety is the ability to be safely injected in the
body. Therefore, the hemocompatibility of FZ and FZ-3C NPs was
evaluated with a plasma clotting assay.

Indeed, the time interval that plasma takes to clot when in contact
with either FZ NPs or the coated FZ-3C NPs was measured. As it can be
noticed in Fig. 4, the plasma clotting time (calculated from UV-Vis
absorbance measurements reported in Fig. S2 of Supporting
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Fig. 3. A) Reactive oxygen species generation in water under US stimulation quantification. B) Spin adducts of the fabricated NPs at different US power densities.

Fig. 4. Hemocompatibility studies of FZ and FZ-3C NPs comparing the times
required for the plasma to coagulate in presence of both the NPs.

Information, S.1I.) in the presence of calcium chloride is of approximately
13 minutes. This time is reduced to 8.4 and 10.2 minutes for naked FZ
NPs at 50 and 100 pg/mL, respectively. When the coated nanoparticles
are considered, it is possible to observe a substantial increase of the
clotting time with respect to the naked NPs. The obtained values are
13.6 and 14.1 minutes for 50 and 100 pg/mL respectively, which is very
close to the one of reference plasma. This result underlines the

importance of providing a lipidic coating to the NPs even if this might
affect the efficacy of ROS generation under US treatment. Indeed, even if
the pristine FZ nanoparticles are physically more effective in generating
ROS, an in vivo exploitation of these nanoparticles is limited because of
the high probability of blood clots formation in the patient. Also, the
lipidic coating is effective in reducing the cytotoxicity of the NPs
themselves, as demonstrated below and already proved in the work of
Conte et al. Conte et al., [14], allowing the potential exploitation of
larger doses of coated NPs in cells than the pristine one.

3.5. FZ and FZ-3C cytotoxicity and internalization studies on MG-63 and
Sa0S-2 osteosarcoma cell lines as 2D monolayer

FZ and FZ-3C were tested on two osteosarcoma cell lines to deter-
mine the effectiveness of the lipidic coating in increasing the highest NPs
safe dose that can be administered without triggering any cytotoxic ef-
fect. This is required since the system is envisioned to induce a cytotoxic
effect only when activated by a US radiation. The cytotoxicity results
obtained with a metabolic assay for MG-63 and SaOS-2 cell lines are
reported in Figs. 5A and 5B respectively. As it can be observed from the
graph, FZ NPs start to become cytotoxic at doses higher than 20 ug/mL
for both cell lines. When the nanoparticles are coated with the Formu-
lation 3 C, cell viability exceeds 80 % for all the considered doses,
indicating the low toxicity of the nanoconstructs up to 50 ug/mL. A
statistically significant difference in viability between FZ and FZ-3C NPs
can be found for all the doses from 20 ug/mL to 50 pg/mL, for both cell
lines (see the complete analysis reported in the S.I.), confirming the
effectiveness of the lipid coating regardless the cell line considered. The



M. Carofiglio et al.

Materials Today Communications 40 (2024) 109826

Fig. 5. Cytotoxicity of FZ and FZ-Form-3C NPs on the A) MG-63 and B) Sa0OS-2 cell lines in monolayer cell culture, confirming the increase in biocompatibility of the
FZ-3C when compared to the FZ- NPs. Internalization of FZ and FZ-Form-3C NPs in the C) MG-63 and D) SaOS-2 cell lines in monolayer cell culture analyzed by flow
cytometry. Data are reported as percentage of positive events, intended as the percentage of cells having a fluorescence signal higher than the one of the control cells
and therefore that have internalized at least a fluorescently-labelled NP. Three ways ANOVA was performed on the data. For graph readability, only relevant sta-
tistically significant differences are shown (***p < 0.001, **p < 0.01, and *p < 0.05), for a complete report on the statistics refer to Supporting Information.

use of iron doping, previously shown to enhance the safety profile of
pure ZnO NPs [11,26,76], coupled with their encapsulation in a lipidic
coating, has been demonstrated to generally enhance the biosafety of the
FZ NPs. This is further supported by their demonstrated safety in
non-cancerous cell lines in prior studies [14,68].

Cellscapability to internalize the proposed NPs was also investigated
by flow cytometry (Figs. 5C and 5D). The role of the YSA peptide, tar-
geting the EphA2 protein overexpressed in these tumor cell lines was
also investigated. In particular, the Western Blot analysis shows a higher
expression of EphA2 in the SaOS-2 cell line than in MG-63 cells (see
Figure S3 in the S.I.).

The results of flow cytometry analyses show that the internalization
of pristine FZ NPs approaches 80 % of positive events for the MG-63 cell
lines already at 10 ug/mL dose. The percentage of positive events is
raised to 90 % with the increase of the dose to 20 ug/mL. The high
internalization of the bare FZ NPs may be due to their positive surface
charge that generates an electrostatic attraction toward the negative cell
membrane [53]. When NPs are coated with a lipidic coating (FZ-3C), a
reduction of the positive events percentages is observed. This is expected
since the Z-potential of the nanoparticles is negative and therefore the
electrostatic attraction is reduced. This is why the addition of a targeting
peptide becomes essential. Indeed, when the targeting peptide is bio-
conjugated to the lipid shell, the positive events increase again in
average, showing excellent internalization capabilities of the FZ-3C-YSA

in both cell lines and compensating for the negative Z-potential of the
NPs. This phenomenon is even enhanced with the SaOS-2 cell line in
which the FZ-3C-YSA NPs present a higher percentage of positive events
than FZ NPs at 10 pg/mL and a statistically significant (full analysis in S.
1.) difference between FZ-3C and FZ-3C-YSA NPs.

The difference between the FZ-3C NPs with and without targeting
peptide can be appreciated in both cell lines. The higher level of NP
internalization in cells as well as the peptide-mediated internalization
process are all factors that can contribute to influence the behaviour of
NPs inside the cells, leading to a possible higher killing capability of the
nanoconstructs when activated by the US radiation.

3.6. Cytotoxicity and internalization of NPs on 3D spheroids of MG-63
cells

FZ and FZ-3C NPs were finally tested on 3D spheroids of cells
belonging to the MG-63 cell line. A first metabolic evaluation of the NPs
cytotoxicity was performed. Fig. 6A highlights a trend that is similar to
the one found for the 2D cell cultures. The viability of cell spheroids is
already below 70 % for the lowest considered dose (10 pug/mL) of pris-
tine FZ NPs. The viability decreases with the increase of NPs dose,
reaching a value close to 30 % for 30 ug/mL and almost 0 % at the
highest dose considered (50 ng/mL). In contrast, the spheroid viability
with the coated FZ-3C NPs is generally higher and oscillates between
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Fig. 6. A) Cytotoxicity of FZ and FZ-3C NPs in 3D MG-63 cell line spheroids. B) Evolution of the mean spheroid diameter over 10 days (NPs administered on day 7).
On the 7th day, the diameter was calculated as the mean between the diameter at day 6 and the one at day 8. Three ways ANOVA was performed on the data. For
graph readability, only relevant statistically significant differences are shown (***p < 0.001, **p < 0.01, and *p < 0.05), for a complete report on the statistics refer
to Supporting Information. C) Confocal fluorescence microscopy of 3D MG-63 cell line spheroids. Calcein is exploited to label live cells (green), PI (red) to identify
dead cells and Hoechst (blue) to label cells nuclei. Scalebar is 500 pm. Confocal fluorescence microscopy of 3D MG-63 cell line spheroids. WGA is exploited to label
live cells (green), ATTO 647-NHS ester (purple) to identify the nanoparticles (FZ, FZ-3C and FZ-3C-YSA) and Hoechst (blue) to label cells nuclei. Scalebar is 100 um.
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75 % and 100 % for the concentrations ranging from 10 to 30 ug/mL.
Interestingly, at 50 ug/mL there is a significant toxicity with the coated
NPs as well, not observed with the 2D cell culture, suggesting a higher
sensibility of the spheroid when compared to the 2D monolayers and
further evidencing the need for a 3D model to assess the behaviour of the
NPs. As shown in Fig. S4 of the S.I., the introduction of the targeting
peptide is not affecting cell viability.

Another interesting aspect rises from the microscopy evaluation of
the diameter of the spheroids. In Fig. 6B the diameters of the spheroids
are reported as percentage of the diameter measured at day 6 (the day
before spheroid treatment): it is possible to observe a consistent reduc-
tion over time of all the spheroid diameters since the first day up to the
6th day (prior to NPs treatment). This behaviour clearly persists up to
the 10th day for both the control spheroids (black curve) and those
treated with safe concentrations of NPs (see the red and green curves in
Fig. 6B). However, according to the literature, the spheroid size is not
always a reliable indicator of cell viability [7]. Thus, it cannot be
concluded that a reduction in spheroid diameter always indicates a
decrease in viability. Indeed, when cultured in 3D fashion, cells develop
an outer zone containing proliferating cells, while the internal ones goes
toward necrosis [62], probably consolidating and compacting the cells,
with a consequent reduction of the spheroid dimension. Still, the
spheroid size can provide useful information on the behaviour of cells
when subjected to a treatment. Indeed, starting from the day after the
NPs administration (day 7), it is possible to observe an abrupt increase of
the diameter in the spheroids treated with toxic doses of NPs, i.e. FZ and
FZ-3C at 50 pg/mL (blue and violet lines, respectively). It is hypothe-
sized that the reduced spheroid metabolism is due to the presence of
excessive amount of zinc cations coming from the dissolution of the ZnO
NPs, well reported in the literature to be cytotoxic and able to disrupt
cells’ zinc homeostasis [9], possibly leading to morphological changes in
the spheroids.

An optical estimation of the spheroid condition was also performed
by means of fluorescence microscopy. The control spheroid in the first
raw of Fig. 6C shows a decrease of the diameter over the first 6 days and
a further reduction over the next days. Despite the clear viability of the
outer cell layer of the spheroid, the inner core presents a red signal that
is related to cell death. This agrees to what is typically found in the
literature. Indeed, the core of the spheroid is not easily reached by the
nutrients, resulting in its quiescence or even necrosis [7]. Interestingly,
as the spheroid is moved from the ultra-low attachment to the flat bot-
tom 96-well plate, it starts to spread on the well bottom with a visible
proliferation of adherent cells after 48 h from its transfer. This confirms
the high viability of the outer cell layer that is firstly indicated by the
calcein green signal. As for what concerns the NPs-treated spheroids, for
FZ and FZ-3C at 20 ug/mlL, the green fluorescent signal is well visible
after 24 and 48 h from the NPs administration showing a good spheroid
viability and the spread of some cells at the bottom of the well. In
contrast, at cytotoxic doses of both FZ and FZ-3C (i.e. 50 ug/mL) the red
signal, related to cell death, increases with time. Interestingly, when the
spheroids are completely dead, they are not disrupted.

An investigation of the NPs internalization was performed also in the
case of the spheroids. Unfortunately, it was not possible to perform flow
cytometry analysis with spheroids because the process required for cell
disruption with trypsin was not effective, probably due to the strong
tightening that cells show during the spheroid’s formation and the
possible calcification of this specific type of spheroids. Therefore, a
fluorescence microscopy analysis was conducted at the edges of the
spheroids and some representative images are reported in Fig. 6D. It is
possible to observe a diffuse purple signal representing the ATTO 647
dye associated to the NPs inside all the spheroids treated with the
pristine FZ NPs. These results suggest a high level of pristine NPs
internalization and a broad distribution inside the spheroid, in com-
parison with the control spheroid, in which the purple signal related to
the NPs is reasonably absent. These data confirm the findings already
obtained in the 2D flow cytometry. In the specific case of FZ-3C NPs, it is
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possible to observe some NPs outside the cells, and the absence of a
strong diffuse signal inside the spheroid. A higher signal is in contrast
found with the targeting peptide for the FZ-3C-YSA NPs, suggesting a
higher level of internalization with respect to the lipidic coated FZ-3C
ones, as already highlighted in the 2D internalization assay.

3.7. NP-assisted US stimulation on MG-63 spheroids

As demonstrated by the above results, the proposed lipid-coated NPs
are meant to be safe by design until stimulated with a remote activation,
i.e. acoustic pressure stimulation of US, which triggers a cytotoxic
response in the biological system. The EPR measurements highlighted
the scavenging effect of lipids toward hydroxyl radicals production,
therefore an active targeting mechanism was developed to enhance the
internalization of the NPs and, as a consequence, their intracellular
accumulation and ROS generation upon US stimulation. Indeed, the
most cytotoxic response in the spheroids is obtained when applying the
NPs coated with peptide-functionalized lipidic shell and the US irradi-
ation at the highest power density. More in details, in Fig. 7A, the
metabolic activity of MG-63 spheroids is evaluated after the different
nanoconstructs’ administration and their stimulation with US 24 hours
later. The evaluation was performed at two power densities, i.e. at 1 and
2 W/cmz, for 1 minute.

The selection of the US dose, in terms of frequency used, power
density and application time, was driven by the safety concept: the US
irradiation, in the absence of NPs, should not be toxic for the spheroids,
as visible by the green bars of Fig. 7A. The spheroids show a reduced
(70 %) cell viability at the highest applied power (2 W/cm?) which is
not statistically different from the control. At the intermediate US power
density (1 W/cmz) the viability is close to 80 %. Interestingly, the
administration of the NPs and the US impairs the spheroid cell viability
at a different extent depending on the used NPs. As expected, the pristine
FZ NPs are very toxic when coupled with the US radiation, echoing our
previous works [51,52] even if the toxicity of FZ-NPs themselves pre-
vents statistically significant differences among the various US treat-
ments. This can be simply attributed to the higher level of ROS
generated in presence of the NPs. A less pronounced toxicity is observed
with the lipid coated FZ-3C NPs, despite a statistically significant dif-
ference can be found between FZ-3C NPs without US stimulation and the
one with 2 W/cm?. This result agrees with that obtained by the EPR
measurements, where a scavenging of the produced ROS by the lipidic
shell was hypothesized. Still, mechanical damages due to the NPs are
possible, in a similar way to what already observed in the case of me-
chanical stimulations with shock waves, providing the so-called
“nanoscalpel effect” [10] even in the absence of ROS.

As mentioned above, the most important result is obtained when
applying the NPs coated with peptide-functionalized lipidic shell and the
US irradiation to the spheroids. Indeed, the mean value of their meta-
bolic activity is even lower than the one obtained with the pristine NPs
for the 1 W/cm? power density, with a statistically significant difference
in viability of the sample without US stimulation with 1 and 2 W/cm?
samples. The reason of this behaviour could be attributed to a higher
level of internalization that the targeting peptide provides with respect
to the other NPs, increasing their intracellular level.

Another interesting aspect of the results in Fig. 7A is that, at the
highest power density considered (2 W/cm?), there is almost no more
difference among the type of NPs employed. Presumably, the mechan-
ical damage triggered by the NPs coupled with the US stimulation be-
comes predominant with respect to the ROS generation.

Finally, Fig. 7B qualitatively shows the effect of the NPs coupled with
the US stimulation on the spheroids. Despite clear differences are very
difficult to spot because vital cells are always present in all the consid-
ered samples, it is still possible to appreciate small discrepancies among
them. First of all, the spheroids stimulated with a power density of 2 W/
cm? present very similar features, with the red signal related to dead
cells that pervades the whole volume of the spheroid. In the case of 1 W/
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Fig. 7. A) Viability evaluation based on the metabolic activity of MG-63
spheroids after the administration of FZ, FZ-3C and FZ-3C-YSA and the NP-
assisted US stimulation. Two ways ANOVA was performed on the data. For
graph readability, only relevant statistically significant differences are shown
(***p < 0.001, **p < 0.01, and *p < 0.05), for a complete report on the sta-
tistics refer to Supporting Information. B) Effect of the NP-assisted US stimu-
lation on MG-63 spheroids after the administration of FZ, FZ-3C and FZ-3C-
YSA. The analysis was performed with a confocal microscopy. Scalebar
is 500 pum.

cm? US stimulation, the spheroids treated with FZ-3C NPs present a red
signal in the spheroid core and a well-defined viable cells perimeter. In
the case of FZ and FZ-3C-YSA NPs, the red-labelled dead cells are present
in the whole volume of the spheroid. Although qualitative, these results
indicate that FZ NPs and FZ-3C-YSA NPs cause severe cell damage when
coupled with the US stimulation. Interestingly, the use of the targeting
peptide increases considerably its efficacy by restoring the cytotoxic
effect of the pristine FZ nanoconstruct, while preserving the very high
efficiency of the lipidic coating in enhancing the biocompatibility, bio-
stability and hemocompatibility of the NPs, as reported above.
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4. Conclusions

Iron-doped ZnO NPs coated with a peptide-targeted phospholipidic
layer, coupled with ultrasound irradiation are proposed as potential
therapeutic agents for the treatment of osteosarcoma. The underlying
concept of this work is to fabricate a biomimetic nanoconstruct that is
safe-by-design and targeted to trigger a specific cytotoxic action towards
cancer cells only when remotely activated by a mechanical pressure
stimulation. The NPs activation with US allows the generation of ROS
and potentially other mechanical damages, in a sufficient amount to be
effective in killing cancer cells. Efficient cancer cell killing by the tar-
geted nanoconstruct for sonodynamic therapy was proven in both 2D
cell monolayers and in 3D cell spheroid models paving the way for new
nanomedicine and remotely-triggered and stimuli-responsive tools for
osteosarcoma treatment. Future directions entail the validation of the
nanoconstruct within increasingly complex 3D cell cultures, more
closely mirroring in vivo conditions, thereby facilitating the effective
implementation of the integrated NPs-SD therapy.
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