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Abstract

Background: Colorectal cancer (CRC) is the third most diagnosed tumor worldwide,
with a very high mortality rate, second only to lung cancer. Current treatments, such
as surgery, chemotherapy or radiotherapy, are not effective enough and show several
limitations. Among the emerging strategies, nanomedicine offers very powerful tools
in cancer treatment. Recently, the combination of nanoparticle antitumor effect with a
triggering external stimulation was formulated to boost up the cytotoxic activity.

Results: In this work, we show the synergistic effect of oleic acid-capped zinc oxide
nanocrystals (ZnO NCs) and mechanical high-energy shock waves (SW) in the treat-
ment for CRC cells, in vitro. We tested two different types of ZnO NCs synthetized in
our laboratory, the basal undoped ZnO NCs and the iron-doped ones (Fe:ZnO NCs).
The presence of the oleic acid capping and the further amino-propyl functionaliza-
tion guarantee a high colloidal stability to both NCs, while the iron doping confers to
Fe:ZnO NCs interesting magnetic properties useful forimaging applications in a clinical
perspective. Thus, the iron-doped ZnO NCs are very attractive as potentially theranos-
tic nanoparticles, allowing both stimuli-responsive therapy and magnetic resonance
imaging.

Importantly, two colon adenocarcinoma cell lines, the HT-29 and the Dukes'type C
Colo 320DM cells were tested, both showing a good bio-tolerance and internalization
rates of NCs. With the aim of eradicating the CRC cells, the possible synergism between
the undoped/iron-doped ZnO NCs and an external physical stimulus, i.e., high-energy
SW, was then here investigated in vitro. We demonstrated that the combined treat-
ment resulted in an augmentation of the antitumor activity, especially for Colo 320DM
cells, when compared to controls. Moreover, a repeated and sequenced SW treatment
(three times/day, 3SW) after ZnO NCs exposure resulted in a further increased mortality
of CRC cells.

Conclusion: Our work proposes the combination of the cytotoxic activity of ZnO NCs
with the SW external stimulation to obtain a booster of the antitumor activity, which
warrants further investigation in vivo on CRC as well as on other tumors.

Keywords: Nanoparticle-assisted shock waves, Stimuli-responsive therapy, Colorectal
cancer, Cell death mechanisms, Iron-doped ZnO nanoparticles
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Background

Colorectal cancer (CRC) is the third most diagnosed cancer and the second for mortal-
ity after lung cancer (Sung et al. 2021), but its cases are rapidly growing (Sawicki et al.
2021). Surgical removal, chemotherapy and radiotherapy are the first-line treatments
for this disease, even if it is frequently reported how their use is associated with the
development of severe side effects and is subjected to other important limitations, as
the occurrence of resistances. For these reasons, novel strategies, e.g., targeted thera-
pies with monoclonal antibodies or nanomedicine, are emerging as alternative candi-
dates for the treatment of CRC (Xie et al. 2020; Pavitra et al. 2021). Nanomedicine, the
branch of medicine that develops and studies nanosized materials (smaller than 100 nm)
for therapeutic and diagnostic applications, particularly contributes to the expansion of
new strategies to identify and treat CRC in different ways (Brar et al. 2021; Cisterna et al.
2016).

A first possibility is to exploit nano-objects, e.g., liposomes or nanoparticles, for the
delivery of therapeutic agents to the target site, avoiding the poor selectivity and solubil-
ity of several anticancer drugs. These nanotools could even be equipped with tumor-
associated ligands to specifically target cancer cells, further increasing the selectivity and
thus the therapeutic outcomes. Therefore, some nanoplatforms composed by nanopar-
ticles for drug delivery are nowadays under clinical trial for colorectal cancer (Pavitra
et al. 2021; Brar et al. 2021; Cisterna et al. 2016).

Secondly, nanoparticles can act themselves as toxic agents. In this case, a promising
candidate is represented by zinc oxide nanoparticles (ZnO NPs) that possess an intrinsic
selective cytotoxicity toward cancer cells (Carofiglio et al. 2021; Racca et al. 2018). Actu-
ally, zinc is an essential element for life, and its imbalance could be detrimental (Skra-
jnowska and Bobrowska-Korczak 2019). ZnO NPs could thus directly provoke severe
damages due to their dissolution and consequent release of zinc ions, and because of
their capability to generate reactive oxygen species (ROS) (Racca et al. 2018). There are
several examples in the literature of the application of ZnO NPs for the treatment of
colorectal cancer, evidencing their relevant cytotoxicity (Jiang et al. 2018), even when
compared with other nanomaterials, as silver (Song et al. 2014) and aluminum oxide
(Subramaniam et al. 2019). ZnO NPs, however, have some drawbacks that limit their
application, principally due to their uncontrolled degradation (Garino et al. 2019). A
possible approach to solve this limit is to shield the nanoparticles, e.g., with polymers,



Racca et al. Cancer Nanotechnology (2023) 14:37 Page 3 of 21

capping agents, graphene oxide or phospholipids (Dumontel et al. 2017; Dumontel et al.
2019; Laurenti et al. 2019; Ancona et al. 2018), or through the insertion of new chemi-
cal species inside their structure, i.e., by doping the nanoparticles (Carofiglio et al. 2020;
Bharat et al. 2019; Barui et al. 2020). The latter approach in particular preserves, and in
some cases, improves the ZnO properties, better enhancing the stability against prema-
ture dissolution. Iron doping has been extensively explored because it confers magnetic
properties to ZnO NPs, useful for magnetic resonance imaging, and improves the metal
oxide stability and biocompatibility, limiting its dissolution into Zn>* cations (Carofiglio
et al. 2021; Carofiglio et al. 2020; Xia et al. 2011).

In the last years, many researchers focused on the use of nanoparticles that can oper-
ate in synergy with other agents, i.e., external physical stimulations such as light, mag-
netic fields or mechanical pressure waves, to cause cancer cell death. This combined
intervention aims to confine the toxic outcomes only when the two components are
administered together into the tumor, to prevent the development of side effects and
maximize the efficacy (Racca and Cauda 2021). In some cases, the nanoparticles do not
really possess an active role in the process, e.g., when they only deliver the agent that
synergistically works with the physical input (Nompumelelo Simelane et al. 2020). In the
case of colorectal cancer, there are some examples of nanoparticles carrying photosensi-
tive drugs, such as cisplatin (Pavitra et al. 2021), porphyrins and others (Nompumelelo
Simelane et al. 2020), which are triggerable by an external physical stimulation, as light
for photothermal or photodynamic therapy, and thus able to deplete cancer cells. Dif-
ferently, in other investigations the nanoparticles’ role is crucial because they actively
interact with the stimulation to trigger cell death, avoiding the necessity to incorporate
other compounds. Several nanomaterials like gold (Cabeza et al. 2020; Goodrich et al.
2010), titanium oxide (Zhang and Sun 2004), zinc oxide (Ancona et al. 2018) and iron
oxide (Palzer et al. 2021) nanoparticles have been proposed for this purpose, typically in
combination with light or magnetic inputs (Racca and Cauda 2021). The use of mechani-
cal pressure waves, i.e., ultrasound (US) and shock waves (SW), is particularly intriguing
due to their current use in clinical practice, low-cost of instrumentation, their focusing
capability, and their great penetration depth in tissues (Racca and Cauda 2021; Canavese
et al. 2018). Additionally, mechanical pressure waves can induce both thermal and non-
thermal effects, leading to thermoablation or to acoustic cavitation, respectively. The
combination of mechanical pressure waves with drugs and nanoparticles can maximize
the efficacy of the therapeutic outcomes, even if the mechanism of this synergism is
often multifaceted and challenging to elucidate (Racca and Cauda 2021; Canavese et al.
2018). It has been indeed reported that several harmful conditions, related to thermal,
mechanical or chemical damages could take place (Racca and Cauda 2021). In this per-
spective, the SW treatment is particularly attractive because it is associated by a reduced
increment of the temperature in comparison with the ultrasound one, while it involves
the activation of molecules and nanoparticles to exploit a therapeutic action, similarly to
US (Racca et al. 2020; Wan et al. 2016). In the literature there are some examples of nan-
oparticles working synergistically with a mechanical pressure wave input, mainly involv-
ing gold nanoparticles (Beik et al. 2018; Sazgarnia et al. 2013), metal organic frameworks
(Zhong et al. 2022; Liang et al. 2021), titanium oxide (Matos et al. 2020; Vighetto et al.
2021) and zinc oxide (Racca et al. 2020; Vighetto et al. 2019). An example is represented
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by the investigation of Sazgarnia et al., where gold nanoparticles were employed in com-
bination with US or with both US and light for the depletion of colon cancer in vitro and
in vivo. It was highlighted that nanoparticles and US were able to trigger cell death, even
if the maximum effect was achieved with the addition of light (Sazgarnia et al. 2013).
Differently from the previous literature, in the present work we propose the use of oleic
acid capped, amino-propyl functionalized zinc oxide nanocrystals (ZnO NCs), undoped
or doped with iron, as effective therapeutic agents in combination with SW for the effi-
cient killing of two CRC cell lines, the colon adenocarcinoma HT-29 and Dukes’ type C
Colo 320DM, as depicted in Fig. 1. The chemical and biological features of pristine ZnO
NCs were compared with the iron-doped ones. The surface functionalization confers to
both nanocrystals a high colloidal stability and good biocompatibility. Furthermore, the
Fe-doped ZnO NCs are particularly intriguing for further in vivo investigations because
of the magnetic properties conferred by the iron doping that allows their use for mag-
netic resonance imaging purposes. In this sense, these NCs could in future act both as
therapeutic and diagnostic nanotools, becoming theranostic nanoparticles, very attrac-
tive for potential clinical translations (Carofiglio et al. 2021). We thus propose here the
evaluation of both NC types with shock wave stimulation for the treatment of colorectal
cancer cells, aiming at the efficient depletion of colon cancer in vitro and to pave the way

for future in vivo treatments.

Materials and methods

NCs synthesis and characterization

Undoped (ZnO NCs) and 6 at.% iron-doped (Fe:ZnO NCs) NCs were synthetized
following a procedure already exploited in previous works (Carofiglio et al. 2021).
Briefly, 526 mg of zinc acetate dihydrate (Sigma-Aldrich) was dissolved in 40 ml of
ethanol (99%, Sigma-Aldrich). For doped NCs, 58 mg of ferric nitrate nonahydrate

4 SN
/ \Colo 3200M .i+l" ZnONGs
é\h @/} e -: . (undoped)
B X .: .+ Iron oxide-doped
/ ¥ ZnO NCs

Shock Waves
Colorectal Cancer treatment Evaluation of
cells preincubated cell death
with ZnO nanocrystals

Fig. 1 Scheme of the combined action of zinc oxide nanocrystals (ZnO NCs) and shock waves (SW)
treatments proposed in this study on two colon adenocarcinoma cell lines: Dukes'type C Colo 320DM
and HT-29. A Cells were preincubated with undoped ZnO NCs or, alternatively, with iron-doped ZnO NCs.
Successively, B cells underwent the SW treatment and finally C cell death was evaluated. Created with
BioRender.com
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(Sigma-Aldrich) was also added to the ethanolic solution as precursor for iron dop-
ing. The dissolved salts were placed in a round bottom flask under moderate stirring
and 1 ml of bidistilled water coming from a Direct Q3 system (Millipore) was also
included in the solution. Finally, 140 pl of oleic acid (Sigma-Aldrich) was added and
the solution heated up to 70 °C in refluxing conditions. When the target tempera-
ture was reached, a solution of tetramethylammonium hydroxide (TMAH, Sigma-
Aldrich) containing 1.044 g of TMAH, 10 ml of water and 1.052 ml of bidistilled
water was rapidly poured into the flask to allow nanoparticles formation. The nano-
particles suspension was collected after 10 min and cooled down by adding 40 ml of
ethanol at 0 °C. Three times of centrifugation and redispersion steps were exploited
to wash the NCs from unreacted moieties.

NCs were also functionalized with amino propyl groups, following a standard pro-
tocol that was already used in other works for ZnO nanoparticles (Garino et al. 2019;
Dumontel et al. 2017; Vighetto et al. 2022). More in detail, the nanoparticles were
suspended in ethanol at the concentration of 2.5 mg/ml, heated in a round bottom
flask at 70 °C and stripped with nitrogen. 10%mol of 3-aminopropyltrimethoxysilane
(APTMS, Sigma-Aldrich) with respect to the ZnO NCs was included. The reaction
ran for 6 h and then NCs were centrifuged and resuspended three times.

The crystallinity of the NCs was checked with X-ray diffraction analysis. NCs were
deposited onto a pure silicon wafer and analyzed with a Panalytical X'Pert diffractom-
eter. Similarly prepared samples were used for morphological and elemental analysis
with field emission scanning electron microscopy (FESEM). A SUPRA 40 (Zeiss) with
an energy dispersive X-ray spectroscopy detector (EDS, by Inca Oxford) was exploited
to perform the measurements on both undoped and Fe-doped NCs. For high-resolution
transmission electron microscopy (HR-TEM) measurements, 10 pl of 50 pg/ml NCs sus-
pensions in water was deposited onto a Lacey Carbon Support Film (300 mesh, Cu, Ted
Pella Inc.) and analyzed with a Talon™ F200X G2 S(TEM) from Thermo Scientific at an
operating voltage of 200 kV. Finally, dynamic light scattering (DLS) and Z-potential anal-
yses were performed on 100 pg/ml of colloidal suspension in ethanol and water with a
Zetasizer Nano ZS90 (Malvern Panalytical).

Cell lines

Human colorectal adenocarcinoma cell lines HT-29 (HTB-38® from ATCC) and
Colo 320DM (CCL-220® from ATCC) were both grown in 25 or 75 cm? treated
flasks (Corning) with RPMI 1640 (ATCC) supplemented with 10% heat inactivated
fetal bovine serum (ATCC) and 1% penicillin streptomycin solution (Sigma-Aldrich),
as previously described (Manco et al. 2021; Fuentes-Vélez 2021). All cells were main-
tained in a humidified incubator at 37 °C with an atmosphere of 5% CO,. Cells were
periodically tested for mycoplasma infection.

While HT-29 colorectal cancer cells grow adherent to the flask and form dense
cell colonies, Colo 320DM cells are weakly attached to the flask and grow both in
adhesion and suspension (Tommelein et al. 2016). They were indeed isolated from
a Dukes’ type C colon carcinoma, characterized by invasion through the bowel wall
(Hagq et al. 2009).
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Analysis of NC-induced cytotoxicity

NCs solutions were always freshly prepared prior to performing the assays. The NCs
stock solution in ethanol was sonicated for 10 min, then the NCs were diluted into com-
plete culture medium to obtain the desired treatment dispersions.

NCs cytotoxicity in colorectal cancer cells was evaluated with the WST-1 assay
(Roche) at two time points (24 or 48 h). Briefly, both cell lines were plated (5’000 cells/
well in 100 ul) with the treatment solutions (0-5-10-15-20 pg/ml) in replicates in
treated 96-well plates (Greiner Bio-One). In proximity of the desired time points (24 or
48 h incubation) 10 pl of the WST-1 solution/well was added, and after 2 h (HT-29) or
4 h (Colo 320DM) cell viability was estimated measuring absorbance at 450 nm with
the Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific) with a ref-
erence wavelength of 620 nm. The background absorbance, i.e., the value obtained by the
sample without cells, was subtracted to all the absorbance values obtained. The back-
ground-subtracted absorbance of the untreated cells was set as 100% viability, with all
the others results as percentage of cell viability relative to untreated cells. Experiments
were run in multiple replicates, with 7> 3 and errors expressed as SEM (standard error

mean).

Quantification of cellular uptake of NCs

NCs were labeled with Atto647-NHS ester dye (Thermo Fisher Scientific) at a ratio of
2 pg of dye per mg of NCs, followed by preparation of treatment solutions as described
above.

In this case, 250’000 cells were plated into treated 6-well plate (Corning) with 2.5 ml
of the treatment solutions (0-5-10 ug/ml). After 5, 24 and 48 h of incubation at 37 °C
and 5% CO,, cells were washed with PBS, trypsinized, and analyzed with flow cytometer
Guava Easycyte 6-2L (Merck Millipore), comparing the curve of untreated cells with the
curves obtained by cells incubated with fluorescently labeled NCs in terms of percentage
of positive events, evaluating the percentage of the cell population with a fluorescence
intensity over the curve obtained from untreated cells. Representative histograms were
obtained with the software FCS Express (DeNovo Software).

Treatment with mechanical pressure waves

The possible synergy between NCs and SW was evaluated in both cell lines, plating
5’000 cells/100 pl with or without NCs (10 pg/ml) in treated 96-well plates (Greiner
Bio-One). After 24 h incubation, plates were exposed to PW? instrument (Richard Wolf
device, ELvation Medical GmbH) for the treatment with SW (0.12 mJ/mm?, 250 shots, 4
shots/s). In particular, a small amount of ultrasound coupling gel was placed on the top
of the SW probe to avoid possible loss of signal due to the presence of air and the plate
was directly put on the top of the probe. After 24, 48 or 72 h from the treatment, cell
proliferation was measured with the WST-1 assay.

After a first exploration, where a single SW treatment was administered, the effects
of three consecutive treatments were evaluated (3SW). In this case, the same protocol
was employed, but after 24 h incubation with NCs, cells were exposed to 3SW treatment
(each of 0.12 mJ/mm?, 250 shots, 4 shots/s) in a day, i.e., a treatment every 4 h. 24, 48 or
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72 h after the last SW treatment, cell proliferation was estimated using the WST-1 assay.
In all the presented treatments, also control assays were performed: untreated cells, cells
treated with NCs only, cells tested with SW or 3SW only.

Evaluation of cell membrane integrity

A cell membrane integrity assay was carried out during and after the 3SW on both
HT-29 and Colo 320DM cells incubated with Fe:ZnO NCs or ZnO NCs. In details, both
cell lines were incubated with 10 pg/ml of NCs in 96-well plates. After 24 h of NCs incu-
bation, cells were then exposed to 250 shots of SW (0,12 mJ/mm? 4 shots/s) for three
times (a treatment every 4 h). Control cell groups remained untreated, or were treated
with ZnO or Fe:ZnO NCs or with 3SW only. Immediately after each single SW treat-
ment, as well as 24, 48 and 72 h after the last SW treatment, the cell culture medium
was replaced with a solution of 1.5 pM propidium iodide (PI, as indicator of membrane
integrity) in PBS (Marino et al. 2019). Cells were then observed under a wide-field fluo-
rescence-inverted microscope (Eclipse Ti-E, Nikon).

ROS generation analysis under shock wave stimulation

The ZnO and Fe:ZnO NCs were investigated in terms of reactive oxygen species (ROS)
production under shock wave stimulation using Electron Paramagnetic Resonance
(EPR) spectroscopy coupled with the spin-trapping technique. More in detail, 1.5 pg of
NCs was withdrawn from the ethanolic stock solution and firstly dispersed in 90 ul of
bidistilled water. The solution was placed in a 96-well plate for cell culture (TC-Treated,
Corning). Then 10 pl of a water solution of a spin trap (5,5-dimethyl-L-pyrroline-N-
Oxide, DMPO, Sigma-Aldrich) at a concentration of 100 mM was added to the disper-
sion. The final concentration of NCs was 15 pg/ml while the DMPO final concentration
for each sample was 10 mM. The Fe:ZnO or ZnO NCs containing well was stimulated
from the bottom with a high-energy focalized shock wave (SW) device PW? (R. Wolf,
ELvation Medical) with the same conditions exploited for cells treatment. The well and
the transducer were acoustically coupled with a gel (Stosswellen Gel, ELvation Medi-
cal GmbH). After the stimulation, a small volume of the NPs dispersion was withdrawn
by means of a quartz capillary and analyzed with an EMXNano X-Band spectrometer
(Bruker, center field 3426 G, 10 scans, 60 s sweep time). The spectra were processed with
Bruker Xenon software (Bruker).

Cell death assay

Since the synergistic effects were particularly increased in Colo 320DM cells even after
one SW treatment, the investigation of cell death kinetic was performed only in this cell
line. Colo 320DM cells were plated (5000 cells/100 pl culture medium with or without
NCs) in a black 96-well plate with clear bottom (Corning). The kinetic evaluation of cell
apoptosis and necrosis was performed with the RealTime-Glo Annexin V Apoptosis and
Necrosis Assay (Promega). 24 h after cell plating, 100 pl of the reaction mix containing
all the substrate for the reaction was added to each well and the luminescence and the
fluorescence (485=+20 nm excitation range, 525+ 30 nm emission range) signals were
collected by the microplate reader Glomax (Promega). Cells were then divided in treat-
ment groups: SW, ZnO NCs+ SW and Fe:ZnO NCs+ SW and were then treated with
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SW. Measurements were performed immediately after SW treatment (0 min) and after
30 min, 1 h, 2 h, 4 h, 6 h and 24 h.

Statistical analyses

All experiments were performed at least three times. Data were always shown as
mean =+ standard error mean (SEM). Two- and three-ways analysis of variance (ANOVA)
statistical tests were used to assess statistical significance, with a p <0.05 being consid-
ered significant. All analyses and graphs were obtained by with Origin (OriginLab).

Results

Synthesis and characterization of NCs

Doped and undoped NCs, both with oleic acid capping and amino-propyl functionaliza-
tion, were first thoroughly characterized from the morphological, structural and colloi-
dal stability points of view.

As depicted in Fig. 2A, the X-ray diffraction (XRD) patterns of both NCs showed
the same diffraction peaks which can be attributed to the wurtzitic crystalline struc-
ture of ZnO (JCPDS-ICDD, card No. 89-1397). No peaks indicating the metallic iron
or iron oxide phases were found, suggesting the absence of additional Fe-related crys-
talline phases (Carofiglio et al. 2021). The Debye—Scherrer formula (Patterson 1939)
applied to the (100) diffraction peak allows to calculate an average crystallite dimen-
sion of 10 nm and 11 nm, for Fe:ZnO and ZnO NCs, respectively. Moreover, the FESEM
images (Fig. 2C) indicated that both NCs have an almost spherical shape with a diameter
between 4 and 10 nm. The elemental analysis performed through EDS demonstrated
the inclusion of iron inside the nanoparticles. Indeed, a ratio between Fe atoms and Zn
atoms of 0.057 was found, in agreement with the amount exploited during the synthe-
sis. High-resolution TEM images (Fig. 2D) show tiny single-crystals, almost spherical
in shape. No differences can be appreciated between the Fe-doped and the undoped
NCs. These data confirm a previous study on iron-doped nanoparticles by some of us
(Carofiglio et al. 2021). In that work, we reported that iron assumes both the Fe*? and
Fe™ states, with a slight preponderance of Fe>" oxidation state for the NCs doped with a
6 at% of iron with respect to zinc. Moreover, the inclusion of iron inside the NCs crystal-
line structure induce novel magnetic responsiveness with respect to the pure ZnO NCs
counterparts (as reported in Additional file 1: Figure S1) in terms of maximum magneti-
zation, with consequent potentialities in magnetic resonance imaging (MRI).

DLS and Z-potential analyses (Fig. 2B) demonstrated the high stability of ZnO NCs
in both ethanol and water, without evidencing differences between undoped and doped
NCs. More in detail, the hydrodynamic diameter of ZnO NCs in ethanol was measured
to be 51 nm with a polydispersity index (PDI) of 0.137, while Fe:ZnO NCs showed a
hydrodynamic diameter of 92 nm and a PDI of 0.168. In water, the hydrodynamic diam-
eter is slightly larger, with values of 70 nm and 104 nm for undoped and Fe-doped ZnO
NCs, respectively, with 0.142 and 0.162 of PDI, indicating a very low increase of aggre-
gation degree when the medium is changed and a still high level of monodispersion.
The Z-potential was also measured in water with +22.3 mV and +25.9 mV for ZnO and
Fe:ZnO NCs, respectively. These high positive values agree with the monodispersed size
distributions, showing that both types of NCs are stable colloidal suspensions.
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Treatment with NCs induces cytotoxicity in CRC cells

The cytotoxic effect of both Fe:ZnO and ZnO NCs was assessed on HT-29 and Colo
320DM cell lines after 24 and 48 h of NCs exposure. As depicted in Fig. 3, doped and
undoped NCs displayed a dose-dependent antitumor effect in CRC cells, with an

increased mortality at higher concentrations of NCs. Interestingly, different toxicity pro-

files between the two cell lines were observed.

Concerning HT-29 cells (Fig. 3A), no differences in cell viability were reported between
doped and undoped ZnO NCs exposure up to 10 pg/ml (after both 24 and 48 h). Instead,
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sample (* p<0.05, ** p<0.01, *** p<0.001)

at the concentration of 15 pg/ml of ZnO NCs and Fe:ZnO NCs, after a 24-h exposure,
the cell viability dropped down to 45+ 10% and to 65 £ 2%, respectively. The same trend
was repeated after 48 h exposure to 15 pg/ml of undoped and doped NCs with a mean
cell viability of 46 £ 14% with ZnO NCs and 72+ 3% with Fe:ZnO NCs. At 20 pg/ml the
cell viability resulted less than 10% with ZnO NCs at both time points (9£5% at 24 h,
5+3% at 48 h), while a residual viability of >40% was still assessed with Fe:ZnO NCs
(47 £8% at 24 h, 40+10% at 48 h). These data suggest a higher biocompatibility of the
iron-doped ZnO NCs towards the tested cancer cells than the undoped NC. Interest-
ingly, as already observed in a previous study on KB cervical adenocarcinoma cell line
(Racca et al. 2020), a slight increase of HT-29 cell viability was observed with the lowest
dosages (5-10 pg/ml) after 48 h incubation, probably due to the role of Zn*" ions acti-
vating ERK and Akt signaling pathways (Liu et al. 2017).

The viability of Colo 320DM (Fig. 3B) was significantly affected by both NC types at
concentrations higher than 15 pg/ml, while cell viability was > 60% for both 5 and 10 pg/
ml concentrations. Even in this case, a slightly lesser toxicity was shown by the iron-
doped NCs. Furthermore, the cell viability of Colo 320DM was affected by the NCs more
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extensively than in HT-29 cells, thus the slight increase in cell proliferations was evident
only for the 5 ug/ml dosage after 24 h incubation.

CRC cells successfully internalize NCs

The percentage of cells internalizing fluorescently labeled ZnO NCs was estimated
through a dedicated flow cytometry assay. In this experiment, both 5 and 10 pug/ml con-
centrations of NCs were used as they showed the highest cytocompatibility. After the
exposure, cells displaying an increased fluorescence than the untreated controls were
assessed as cells internalizing ZnO NCs or at least with NCs adherent to their surface, as
representatively reported in Additional file 1: Figure S2. In Fig. 4 the percentage of posi-
tive events gradually increased in both cell lines at higher NCs concentrations and incu-
bation times, reaching an optimum at 10 pg/ml and 24 h incubation, with a percentage
of positive events of 89+1% with ZnO NCs and 92+ 2% with Fe:ZnO NCs for HT-29
(Fig. 4A), and 82+10% with ZnO NCs and 71+ 3% with Fe:ZnO NCs for Colo 320DM
(Fig. 4B). These conditions were thus chosen for further investigations with SW.

Synergistic treatment with shock waves and NCs remarkably decreases CRC cell viability

In order to assess the synergism between doped and undoped NCs and SW, both cell
lines were preincubated with 10 pg/ml of ZnO NCs or Fe:ZnO NCs for 24 h and then
exposed to a single SW treatment (0.12 mJ/mm?, 250 shots, 4 shots/s) assessing the cell
viability after 24, 48 and 72 h and comparing to the untreated control, as well as to the
NCs or SW only treated controls. As reported in Fig. 5A, the combination treatment
with undoped/doped NCs+ SW did not display an augmented mortality of HT-29 cells
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Fig. 5 The effects of ZnO NCs and Fe:ZnO NCs incubation and single SW treatment in A HT-29 and B Colo
320DM cells. Both cell lines were incubated with 10 ug/ml of NCs in 96-well plates in replicates. After 24 h of
NCs incubation, cells were exposed to 250 shots of SW (0.12 mJ/mm.2, 4 shots/s). Control experiments were
also carried out for comparison. CT represents untreated control cells; NCs are cells exposed only to ZnO NCs
or Fe:ZnO NG; SW represents cells exposed to SW; NCs+ SW are cells subjected to the combined treatment.
After 24,48 and 72 h, the cell viability was recorder by the WST-1 assay. Data are expressed as mean of

cell viability & SEM. n > 3. Statistical relevance is indicated in comparison with control sample (*p <0.05,
*p<0.01,**p<0.001)

at all the considered time points (with a cell viability above 70%), even if some statisti-
cally relevant differences in comparison to control cells were reported at 24 h and 72 h.
However, no statistically significant difference was observed in HT-29 cells between SW
treatment and NCs+ SW treatment neither with ZnO NCs nor with Fe:ZnO NCs (see
the complete statistical analysis in Additional file 1). On the contrary, Colo 320DM cells
treated with both NCs and SW (Fig. 5B) always showed a significant decrease of cell pro-
liferation in comparison with control cells (CT) starting 24 h after the SW treatments.
Remarkably, neither the SW treatment alone nor the NCs alone were able to trigger cell
death, suggesting that only the combined approach exerts the desired mortality. This
synergistic effect is further maximized 72 h after the SW exposure, when it is reported
a significant decrease of cell viability between NCs+ SW and SW, with a p<0.05 for
the comparisons between ZnO NCs+SW and SW, or Fe:ZnO NCs+ SW and SW, as
reported in the S.L, indicating that cells were not able to recover after the combined
NCs+ SW treatment.

Successively, based on our previous data obtained in a cervical adenocarcinoma model
(Racca et al. 2020), where we highlighted the efficacy of three consecutive SW treat-
ments after the NCs exposure, we decided to explore the same 3SW treatment against
both CRC cell lines. As shown for singular SW exposure, the combined treatment with
undoped/doped NCs-+3SW was highly effective against Colo 320DM cells (Fig. 6B),
while it resulted less effective on HT-29 cells (Fig. 6A), even if some significant differ-
ences against CT were noticed even in this CRC cell line. Remarkably, Colo 320DM cells
greatly suffered the combined treatment, with a high decrease of cell viability (mean:
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124+2% with ZnO NCs+3SW, 2+ 7% with Fe:ZnO NCs+3SW) at 24 h, very far from
the 50 & 10% obtained by the control cells treated with only 3SW. The difference between
cells exposed to NCs+3SW and cells exposed to 3SW or NCs only is still maintained at
48 h and 72 h. The complete statistical analysis is reported in the S.1.

NC and shockwaves combined treatment compromises cell membrane integrity

The PI assay was employed to assess the membrane integrity after the combined treat-
ment between ZnO NCs or Fe:ZnO NCs and 3SW. Cells were examined immediately
after each single SW treatment, in order to observe the immediate effects on cells,
and after 24, 48 and 72 h from the last 3SW treatment to evaluate the impact on cell
membrane integrity. Data were acquired for both cell lines and with either ZnO NCs
or Fe:ZnO NCs and fully reported in Additional file 1: Figures S3—-S6. A representa-
tive trend is reported in Fig. 7, showing HT-29 (panel A) and Colo 320DM cells (panel
B) incubated with Fe:ZnO NCs, 24 h after the last 3SW treatment. The images with a
20 x objective display a large field of view, in order to spot the average trend of the cell
culture in the different conditions. It is worth noting that both the control samples and
the NCs-treated cells show a negligible PI signal, suggesting that the cell membranes
are preserved. On the contrary, the cells treated with 3SW (both with and without NCs)
present a strong red fluorescent signal, indicating that the mechanical waves can dam-
age the cell membrane. Furthermore, in the combined treatment of NCs and 3SW, the
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HT-29

Colo 320DM

Fig.7 Cell membrane integrity assay 24 h after the third SW treatment in A HT-29 and B Colo 320DM cells
incubated with 10 ug/ml of Fe:ZnO NCs in 96-well plates. After 24 h of NCs incubation, cells were exposed
to 250 shots of SW (0.12 mJ/mm?, 4 shots/s) for three times (a treatment every 4 h), while control cells were
not exposed, or were treated with Fe:ZnO NCs or 3SW only. 24 h after the third treatment, the cell culture
medium was replaced with 1.5 uM propidium iodine (as indicator of membrane integrity) in PBS phosphate
saline buffer. Cells were then observed under a wide-field fluorescence-inverted microscope (Eclipse Ti-E,
Nikon) with 20X magnification objective lens. Scale bar is 200 um

PI fluorescence is significantly enhanced, compared to the one of the 3SW alone, cor-
roborating the hypothesis of the synergistic effect, also confirming the cytotoxicity data
of Fig. 6. This synergy is more evident in Colo 320DM cell lines: interestingly, the PI
fluorescence is higher immediately after the second SW treatment (Additional file 1: Fig-
ures S4 and S6), where the cells are damaged, but still adherent to the well plate. From
the third SW treatment, cell death significantly starts to increase: cells get detached from
the well plate and are thus eliminated during the substitution of the culture media with
the PI solution. This corresponds in the images to a drastically lower number of cells in
samples treated with 3SW. Remarkably, the membrane damage persists over time, as an
abundant PI fluorescence is visible (especially in the samples with combined NCs and
3SW treatment) also in the 24, 48 and even 72 h time steps.

In contrast, the evaluation about the production of reactive oxygen species from the
ZnO and Fe:ZnO NCs in water media and activated by SW was not proven (Additional
file 1: Figure S7). Therefore, cell death mechanism caused by ROS production is here
ruled out.

Combined treatment prevalently induces apoptotic cell death in CRC cells
Since the highest mortality was obtained on Colo 320 DM after the treatment with
NCs and SW, even after one SW treatment, further analyses on the kinetic of cell death

were performed on this cell line only. The cell responses were thus monitored after
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co-incubation with NCs (doped and undoped) and after a single SW exposure, meas-
uring the obtained signals at different time points up to 24 h after the treatment. The
luminescent signal, due to the exposure of phosphatidylserine, characteristic of an early
apoptotic pathway, augmented immediately after the SW exposure (0 min in Fig. 8A),
and continued to increase up to 6 h after the treatment. The fluorescence signal, due
to the fluorescent intercalating DNA probe as indicator of late apoptosis and necrosis,
increases slowly from the beginning up to 24 h. A modest increase was already measured
at 0 min, immediately after treatment with SW (with or without NCs), but remained
constant up to 6 h, and started to increase only 24 h later (Fig. 8B). The trends of the two
signals together suggest the prevalence of an apoptotic pathway, characterized by a first
marked increase in luminescence, followed by an increase in fluorescence, even if some
events of necrosis, suggested by the slight rise of the fluorescence signal immediately
after the SW treatment, could not be excluded. Remarkably, the CRC cells treated with
both NCs and SW always showed higher luminescence and fluorescence signals than the
ones treated with NCs or SW separately, in accordance with the WST-1 data.

Discussion

The present work aims to validate ZnO and Fe:ZnO NCs as therapeutic agents in syn-
ergy with SW against CRC. This investigation was carried out on two different CRC cell
lines with different features and behavior (HT-29 and Colo 320DM cells) in vitro.

From the physical and chemical points of view, ZnO NCs were synthesized by a wet
chemistry approach with an oleic acid capping and a chemical functionalization with
amino-propyl groups. These organic moieties at the nanoparticle surface confer a high
colloidal stability to the NCs and the presence of amine groups help to increase the
Z-potential values and to covalently bind fluorescent dyes, useful for cytofluorimetric
investigations. The NCs were also doped with iron, which was already shown to improve
the zinc oxide stability against fast dissolution into zinc cations (Zn?*) and increase its
biocompatibility towards cells (Carofiglio et al. 2020; Xia et al. 2011; Manshian et al.
2017). Furthermore, iron-doped zinc oxide nanocrystals were also reported to have
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Fig. 8 Kinetic of cell death in the NCs+ SW experiment in Colo 320DM cells. Luminescence (A) is

expressed as relative light units (RLU), and fluorescence (B) is expressed as relative fluorescence units (RFU),
measurements. Colo 320DM cells were considered alone (CT), treated with 10 ug/ml NCs for 24 h (ZnO NCs
or Fe:ZnO NCs), treated with SW alone (SW), or incubated with NCs and then treated with SW (ZnO NCs 4 SW
and Fe:ZnO NCs + SW). The two signals were recorded before SW exposure (before SW), immediately after
SW administration (0 min), and several time points after the SW treatment (30 min, 1 h, 2 h,4 h, 6 h and 24 h)
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magnetic properties, which are not shown in the undoped counterpart (Carofiglio et al.
2021). Actually, the magnetic properties allow a very attractive perspective for future
in vivo application, such as a nano-contrast agent for magnetic resonance imaging.

In this work, the biological investigation started comparing the cytotoxicity and the
internalization rate of doped and undoped NCs on CRC cell lines. ZnO NCs are gener-
ally extremely toxic for cancer cells when reduced to nanosized dimension, as already
reported (Racca et al. 2018). In the present study, we confirmed this behavior, but we also
highlighted that iron-doped ZnO NCs were less toxic than their undoped counterpart
especially to HT-29 cells, while showing almost the same toxicity trend in Colo 320DM
cells. Since the same protocol was employed for both cell lines, thus limiting the vari-
ability due to different experimental settings (Canta and Cauda 2020), it is reasonable to
suppose a different susceptibility of these cell lines to ZnO NCs and Fe:ZnO NCs. The
reduced Zn?>" cation release from Fe:ZnO NCs, proved in the previous literature reports
(Carofiglio et al. 2020; Xia et al. 2011), is anyway sufficient to affect the viability of Colo
320DM cells, being this cell line probably influenced by the zinc cation imbalance as well
as by other ZnO toxicity mechanisms, e.g., ROS production (Racca et al. 2018).

Several experiments were carried out to find a possible synergism between one or mul-
tiple SW treatments with undoped and doped NCs in CRC cell lines, trying to trigger
a cytotoxic effect. We previously proved that three consecutive treatments were neces-
sary to achieve cervical adenocarcinoma cancer cell death (Racca et al. 2020). In the pre-
sent case, HT-29 cells do not show any serious consequence to the combined action of
NCs+ SW with one single SW treatment, while a more marked decrease of cell viability
was observed after 3SW treatments, confirming our previous results. Remarkably, Colo
320DM cells viability was significantly affected even after the NCs+ SW single adminis-
tration and was further maximized after 3SW administration. The obtained results were
similar either using ZnO NCs or Fe:ZnO NCs. We can therefore state that the effect of
SW treatment firstly depends on the features of each kind of tumor cells.

As mentioned above, the mechanism of interaction between nanoparticles and
mechanical pressure waves has not been entirely understood yet. Actually, it is reported
that the addition of nanoparticles decreases the cavitation threshold, i.e., the power den-
sity of pressure waves necessary to obtain the acoustic cavitation. This is a phenomenon
related to the generation and implosion of microbubbles originating from the gas pock-
ets already present in the treated solution or in the body (Ancona et al. 2020). The cyclic
oscillation and implosion of these bubbles, due to the acoustic pressure, cause tempera-
ture increase, mechanical stress and reactive oxygen species production, thus stressing
cancer cells (Canavese et al. 2018; Izadifar et al. 2017; Sviridov et al. 2015). In addition,
bubbles collapse results in light emission that could activate ZnO nanoparticles to pro-
duce ROS, as in the case of photodynamic therapy (Vighetto et al. 2022). Furthermore,
the simple nanoparticles oscillation under the mechanical wave stimulation could
mechanically perturb the cells, a phenomenon described as “nanoscalpel” (Osminkina
et al. 2015) or “nanodrill” effect (Vighetto et al. 2021) depending on where the nanoparti-
cles are located inside the cells. In addition, when considering ZnO nanomaterials, their
degradation in biological media can produce the release of toxic Zn>*" cations, that could
poison the cells (Seil and Webster 2012). Finally, another mechanism could be hypothe-
sized, since the mechanical stimulation of a piezoelectric material such as ZnO and even
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more iron-doped ZnO could result in the generation of electric charge, that could imbal-
ance cell functionality (Marino et al. 2018; Marino et al. 2019; Carofiglio et al. 2021).
This last aspect was not directly observed here and in the present work remains a further
hypothesis to be explored.

Furthermore, it was already demonstrated that ROS are not truly responsible for cell
death in the case of NCs activated by SW (Racca et al. 2020), therefore other mecha-
nisms, like mechanical injury of cells can be considered. In the present paper, we spe-
cifically ruled out the generation of ROS, as these species were not detected by the SW
activated NCs in water, neither by the NCs alone. A possible explanation for this phe-
nomenon might be that the excitation frequency of SW is not suitable to establish any
cavitation phenomena. An alternative explanation can also be that the DMPO trap is not
sensitive to the specific radicals formed in response to this stimulation. Therefore, ROS
generation, if potentially present, may not be provoked by the combination of SW and
NPs, and thus it is excluded from being the main responsible for the observed cell death.

Concerning the PI assay, it highlighted an increased number of red cells, i.e., cell with
a perturbed membrane, particularly when both NCs and SW were present. This mecha-
nism can be probably due to a combination of the mechanical stress provoked by the
cavitating bubble (under oscillation and or implosion) and the motion of NCs under the
SW exposure. It could not be excluded that membrane perturbation and thus PI fluores-
cence could be also related to necrosis mechanisms.

As highlighted above, several hypotheses could be thus formulated to explain why the
synergy between NCs and SW worked in efficiently killing the Colo 320DM cells. In con-
trast, the same mechanisms were less efficient in HT-29 cells and some considerations
should be made. First of all, the two cell lines have different origins, i.e., Colo 320DM
are a Duke’s type C carcinoma and possess different features compared to HT-29 cells:
their shape is quite rounder than the HT-29, they are weakly attached to the bottom
of the plate, and they do not form dense cell colonies (Tommelein et al. 2016). Moreo-
ver, HT-29 cells have an epithelial phenotype compared to the more mesenchymal one
of Colo 320DM cells, as evidenced by the absence of the Epithelial Splicing regulatory
protein 1 (ESRP1) expression (Fagoonee et al. 2017). It was indeed shown that mesen-
chymal cells are more susceptible to shock waves (Foglietta et al. 2017). Furthermore, it
was already reported that the susceptibility to mechanical pressure wave stimulation is
influenced by geometrical factor, such as shape: this factor could possibly explain why a
rounder cancer cell line as Colo 320DM can be generally more damaged by mechanical
waves than the HT-29 one (Trendowski 2014).

Furthermore, observing the cytotoxicity results, HT-29 were very less sensitive to
NCs and especially to the iron-doped ones (Fe:ZnO NCs). In contrast, Colo 320DM
cells were more susceptible to doped and undoped NCs, even if the cell viability was
never below 60% up to 10 pg/ml of NCs concentration. Probably this cell line under-
went diverse toxicity mechanisms compared to HT-29. Indeed, it could be hypothesized
that the cell’s first response to NC'’s toxicity drives the further outcomes with SW: cells
already affected by the administration of doped or undoped NCs are more harmed by
the subsequent SW treatment. In this case, the “poisoning” of Colo 320DM cells by the
further release of Zn>" cations resulted in an increased susceptibility to SW treatment,
opening the possibility to another possible motivation for the functioning of the synergy
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NCs+ SW. Indeed, when exploring the kinetic of cell death through a dedicated assay
in Colo 320DM cells, that recorded the highest mortality even after a single SW treat-
ment and a trend compatible with an apoptotic phenotype was reported immediately
after the SW treatment up to 24 h. Noticeably, both luminescence and fluorescence sig-
nals were always increased by the combined action of doped or undoped NCs and SW,
confirming the presence of a more marked cell sufferance. All togherther, the trends
observed seem to suggest an apoptotic pathway, with an increased luminescence fol-
lowed by an augmented fluorescence, confirming the previously collected data on ade-
nocarcinoma cell lines (Racca et al. 2020).

Conclusions

In this work, we proposed a stimuli-responsive treatment based on the combination of
zinc oxide nanocrystals and mechanical pressure waves, i.e., shock waves, against CRC
cell lines. ZnO NCs were synthesized with an oleic acid capping and amino-propyl func-
tionalization and a comparison with iron-doped and undoped ZnO nanoparticles was
carried out from a physical-chemical point of view and in terms of cell interaction and
therapeutic activity. Two CRC lines were tested, i.e., HT-29 and Colo 320DM, the first
with an epithelial phenotype, while the second a mesenchymal one. An important cyto-
toxicity was triggered when combining either undoped or iron-doped ZnO NCs with
shock waves especially on Colo 320DM cell line, while cells remained almost unaffected
when the treatments were carried out separately. Single versus multiple stimulations
were also proved to produce similar effects when combined to NCs administration.
Various cytotoxicity mechanisms were hypothesized to unravel the toxicity of the com-
bined treatment, i.e.,, NCs+ SW, involving cell membrane destabilization and inducing
a remarkable apoptosis events on Colo 320DM cell line. In contrast, the generation of
ROS, specifically of hydroxyl radicals, was here ruled out. More work needs to be done
in vivo to assess the biosafety, bio-distribution, and the potential antitumor effect of
this system in the presence of vascularization, immune cells as well as the related bio-
mechanical consequences. However, the obtained proof-of-concept results pave the way
for a deeper study towards clinical translation. The advantages of the proposed synergis-
tic activity rely on the use of potentially theranostic nanoparticles having magnetic prop-
erties and an on-demand therapeutic activity once activated by shock waves. In addition,
SW allows the ease treatment of even deep-seated tumor masses, opening new perspec-
tives in nanomedicine-based therapeutic approaches while monitoring the state of the
disease. Further improvements can envision the use of nanoparticles with improved bio-
mimicry and active targeting against the diseased tissue or its microenvironment, with
the final aim to clinically translate the proposed synergistic approach.

Supporting information

The following files are available: Magnetic behavior of ZnO and Fe:ZnO NCs. Represent-
ative curves of fluorescent intensity measured by flow cytometer for the quantification
of cellular uptake of Atto-647-NHS ester-labelled NCs in CRC cell lines. Cell membrane
permeability examined with PI under wide-field optical fluorescence microscope 24 h
after ZnO NC and Fe:ZnO NCs and SW, 24-48-72h after ZnO NCs and Fe:ZnO NCs
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with 3SW, and after each SW treatment during the multiple 3SW. Statistical analysis for
cytotoxicity, SW and 3SW treatments. ROS generation under SW stimulation.
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Additional file 1: Figure S1. DC magnetization measurements of ZnO and Fe:ZnO NCs. The graph shows the
magnetization of 1 mg of NCs embedded in Durcupan ACM resin (Sigma-Aldrich) measured by means of a DC
magnetometer (Lake Shore 7225, Lake Shore Cryotronics) at room temperature and in quasistatic conditions. Figure
S2. Fluorescent intensity measured by flow cytometer Guava Easycyte 6-2L (Merck Millipore) for the quantification
of cellular uptake of Atto-647-NHS ester-labeled NCs in (A) HT-29 and (B) Colo 320DM cell lines. Measurements were
performed 5, 24 and 48 h after treatment with fluorescently labeled ZnO NCs or Fe:ZnO NCs at a concentration of

0, (control) 5 or 10 ug/mL. Figure S3. Cell membrane integrity assay of Fe:ZnO NCs—co-incubated and 3SW-
treated HT-29. Cells were observed under a wide-field fluorescence-inverted microscope (Eclipse Ti-E, Nikon) with
20X magnification objective lens, after each SW treatment and 24, 48, and 72 h after the last SW treatment. Figure
S4.Cell membrane integrity assay of Fe:ZnO NCs—co-incubated and 3SW-treated Colo 320DM. Cells were observed
under a wide-field fluorescence-inverted microscope (Eclipse Ti-E, Nikon) with 20X magnification objective lens,
after each SW treatment and 24, 48, and 72 h after the last SW treatment. Figure S5. Cell membrane integrity assay
of ZnO NCs—co-incubated and 3SW-treated HT-29. Cells were observed under a wide-field fluorescence-inverted
microscope (Eclipse Ti-E, Nikon) after each SW treatment (20X magnification objective lens) and 24, 48, and 72 h after
the last SW treatment (40X objective lens). Figure S6. Cell membrane integrity assay of ZnO NCs—co-incubated and
3SW-treated Colo 320DM. Cells were observed under a wide-field fluorescence-inverted microscope (Eclipse Ti-E,
Nikon) after each SW treatment (20X magnification objective lens) and 24, 48, and 72 h after the last SW treatment
(40X objective lens). Figure S7. Electron paramagnetic resonance (EPR) spectroscopy analysis of Fe:ZnO and ZnO
NCs dispersed in water and stimulated with SW. The typical spin-adduct of DMPO-OH (an example is reported on
the top of the graph) has been detected neither in pure water nor in presence of ZnO and Fe:ZnO NCs (15 pug/mL)
after the SW stimulation.
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