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Sonodynamic Treatment Triggers Cancer Cell Killing by
Doxorubicin in P-Glycoprotein-Mediated Multidrug
Resistant Cancer Models

Federica Foglietta, Marta Giacone, Gianni Durando, Roberto Canaparo,*
and Loredana Serpe

Doxorubicin is a widely used chemotherapeutic agent that can be hampered
in its efficacy by the occurrence of multidrug resistance (MDR), due to the
overexpression of the drug efflux transporter P-glycoprotein. As overcoming
MDR still remains an unmet clinical need, this work aims at investigating an
innovative strategy. Sonodynamic therapy (SDT) selectively kills cancer cells
by combining low-intensity ultrasound (US) with a responsive chemical agent
(sonosensitiser) that can be activated to produce reactive oxygen species
(ROS). Therefore, the efficacy of SDT, using doxorubicin as sonosensitiser, is
studied on human MDR ovarian (A2780/MDR) and colon (HT-29/MDR)
cancer cells. The ultrasound exposure of MDR cells pre-incubated with
non-cytotoxic concentrations of doxorubicin for 1 h has induced a statistically
significant decrease of cell proliferation after 72 h. Interestingly, US has
selectively triggered the ROS-mediated cytotoxicity of the doxorubicin
entrapped into the cancer cell membrane leading to necrotic cancer cell death
by lipid peroxidation. Moving from 2D to 3D HT-29/MDR cell cultures, the
ability of SDT to reduce the growth of MDR spheroids by inducing significant
necrotic cancer cell death is also confirmed. In conclusion, SDT can have a
role in treating MDR tumors by eliciting the ROS-mediated cytotoxicity of
doxorubicin.

1. Introduction

The multifaceted phenomenon of drug resistance still remains
the most relevant factor limiting cancer cure.[1] In particular,

F. Foglietta, M. Giacone, R. Canaparo, L. Serpe
Department of Drug Science and Technology
University of Torino
Torino 10125, Italy
E-mail: roberto.canaparo@unito.it
G.Durando
National Institute ofMetrological Research (INRIM)
Stradadelle Cacce 91, Torino 10135, Italy

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adtp.202400070

© 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adtp.202400070

multidrug resistance (MDR) refers to the
intrinsic or acquired ability of cancer
cells to become resistant to various struc-
turally untreated drugs acting by different
mechanisms.[2] According to the current
understanding, MDR is characterized by
a reduced drug accumulation due to the
overexpression of ATP-binding cassettes
(ABC) transporters such as P-glycoprotein
(P-gp).[3,4]

P-gp is a 170 kDa membrane protein
that exhibits energy-dependent transport
of cationic lipophilic compounds but also
classic anticancer chemotherapeutic drugs,
such as vinblastine, doxorubicin, and pa-
clitaxel, and many of the “new generation”
of cancer targeted small molecules (e.g., ki-
nase inhibitors).[5] That is why P-gp has
been widely targeted in drug resistance re-
versal studies. The general strategy to over-
come the P-gp-mediated MDR consists in
the coadministration of anticancer drugs
with i) chemical inhibitors of P-gp lead-
ing to increased drug accumulation into
cancer cells and cancer cell killing or ii)

P-gp substrates achieving a similar effect by competition for the
transport process.[5] Unfortunately, the strategy of developing po-
tent and selective P-gp inhibitors has encountered several draw-
backs including disruption of key barrier tissues and severe toxi-
city. Moreover, the use of P-gp substrates seems to be not an ad-
equate approach to counter drug resistance, therefore innovative
strategies are needed. Recently, the administration of anticancer
drugs via micro- and nano-particles or polymers and the mod-
ulation and/or inhibition of P-gp expression could provide new
therapeutic strategies for the prevention of MDR.[6–10] However,
these approaches have not yet reached clinical success due to the
complex array of altered pharmacokinetics and drug toxicity.
In this scenario, recent evidence supports investigations of

physical strategies, such as low-intensity ultrasound (US), to re-
verse P-gp-mediated MDR.[11] Indeed, according to the modu-
lation of US parameters, it has been reported that short- and
long-term effects could be achieved, such as intracellular drug
accumulation due to the increased permeability of cancer cell
membranes (i.e., sonoporation), and cancer cell death due to US-
mediated cancer cell membrane disruption or intramembrane
drug activation (i.e., sonodynamic therapy, SDT).[12]
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In particular, SDT is a reactive oxygen species (ROS)-based
therapy, as photodynamic therapy (PDT), that exploits US to trig-
ger a responsive agent (i.e., sonosensitizer), in presence of oxy-
gen, for achieving selective cancer cell killingwith low side effects
in healthy tissues. This anticancer strategy consists in a remotely
controlled activation of a chemical agent byUS possessing higher
tissue penetration compared to light used in PDT.[13,14] This sug-
gests that SDT could be applied more widely to tumor cases as a
non-invasive treatment for solid tumors that were previously too
deep-sited to be treated with PDT.[15] The mechanism through
which SDT exerts its efficacy is still under debate, however sono-
luminescence, a phenomenon in which the energy is generated
by bubbles that collapse during US-induced acoustic cavitation,
is considered as a responsible one.[16]

Among the sensitizer used in SDT, doxorubicin (Doxo), an
anticancer drug that exerts its cytotoxicity by different mecha-
nisms, involving topoisomerase II𝛼 inhibition and ROS produc-
tion, shows interesting sonodynamic properties.[17] Nevertheless,
Doxo presents different problems that reduced its clinical appli-
cations, indeed cytotoxicity induced by Doxo is responsible of
many side effects, some of them easy-manageable such as nausea
and diarrhea, but also more impactful such as myelosuppression
and cardiotoxicity.[18]

In a previous work, we investigated the efficacy of SDT with
Doxo both in a human Doxo non-resistant ovarian cancer (OC)
cell line (A2780/WT) and in a human Doxo-resistant OC cell
line (A2780/MDR).[17] Doxo was used at very low concentrations,
in order to avoid its significant side effects, but being still able
to promote, as sonosensitiser, cancer cell death in A2780/WT
cells. Since Doxo is a well know P-gp substrate it was also ex-
plored whether A2780/MDR cells could be affected by SDT. In-
terestingly, in A2780/MDR cells it was observed a significant cy-
totoxic effect but at a significantly different Doxo concentration
and incubation time compared to the treatment of A2780/WT
cells (0.5 μM for 1 h in A2780/MDR cells and 0.05 μM for 24 h
in A2780/WT cells) suggesting the ability of US exposure to in-
duce cancer cell killing also in MDR ovarian cancer cells exposed
to Doxo.[17] The present work therefore aims to more broadly
investigate this US-based approach to counteract P-gp-mediated
MDR, also optimising the US parameters compared to our previ-
ous work[17] on the human Doxo-resistant ovarian carcinoma cell
line, A2780/MDR, and colon carcinoma cell line, HT-29/MDR,
grown as 2D and 3D cell cultures.

2. Results

2.1. Doxorubicin Cytotoxicity and Cellular Uptake in A2780 and
HT-29 2D Cell Cultures

According to our previous work, the IC50 of Doxo at 24 h was
1.66 ± 0.19 μM in A2780/WT cells and above 100.00 μM in
A2780/MDR cells, leading to the selection of Doxo 0.05 μM in
A2780/WT cells and 0.5 μM in A2780/MDR cells as the proper
non-cytotoxic concentration for the sonodynamic treatment (con-
centration lower than the respective IC05).

[17]

HT-29/WT andHT-29/MDR cell lines were incubated with in-
creasing concentrations of Doxo to determine the IC50 at 24 h that
was 2.72 ± 0.17 μM in HT-29/WT cells and above 100.00 μM in
HT-29/MDR cells. Therefore, it was decided to perform the US-

based treatment at the non-cytotoxic Doxo concentration of 0.5
μM in HT-29/WT cells and 1.0 μM in HT-29/MDR cells (concen-
tration lower than the respective IC05).
To verify the Doxo internalization after 1, 6, 12, and 24 h of

incubation, A2780/WT and A2780/MDR cells were incubated
with Doxo 0.05 and 0.5 μM, respectively, whereas HT-29/WT and
HT-29/MDR cells were incubated with Doxo 0.5 and 1 μM, re-
spectively. In A2780/WT cells, the largest increase in the cellu-
lar uptake of Doxo at 0.50 μMm was detected after 24 h com-
pared to 1 h of incubation (integrated mean fluorescence in-
tensity, iMFI, at 24 h 716.92 ± 151.10 and at 1 h 107.33 ±
19.45, p ≤ 0.001), whereas at 0.05 μM only a slight increase
in the cellular uptake of Doxo was observed after 24 h com-
pared to 1 h of incubation (Figure 1). Furthermore, observing
the Doxo signal in A2780/MDR cells, very similar and low iMFI
values were detected only with 0.50 μM Doxo at any time of
incubation (Figure 1), corresponding to an important reduc-
tion of the drug’s uptake in A2780/MDR cells compared to
A2780/WT cells.
In HT-29/WT cells, at both the concentration tested (0.50 and

1.0 μM) the largest increase in the cellular uptake of Doxo was de-
tected after 24 h compared to 1 h of incubation (for 0.5 μM Doxo
iMFI at 24 h 20.47 ± 0.12 and at 1 h 5.32 ± 0.12, p ≤ 0.01; for 1.0
μM Doxo iMFI at 24 h 281.65 ± 29.56 and at 1 h 107.62 ± 10.48,
p ≤ 0.001) (Figure 1). Furthermore, observing the Doxo signal
in HT-29/MDR cells, very similar and low iMFI values were de-
tected with 0.50 and 1.0 μM Doxo, at any time of incubation, as
the statistical analysis did not show any statistically significant
differences in the Doxo uptake (Figure 1), corresponding to an
important reduction of the drug’s uptake in HT-29/MDR cells
compared to HT-29/WT cells.
These data are in line with the resistant phenotype of theMDR

cell lines that was confirmed by a cytofluorimetric functional
analysis of P-gp by using calcein-AM, a substrate of P-gp able
to highlight differences in its internalization due to P-gp activ-
ity. The cytofluorimetric data of the MDR cell lines were com-
pared with the ones obtained from the analysis of WT cell lines.
Figure 2A shows the intracellular calcein-AM that was signifi-
cantly lower in A2780/MDR cells (2.57 × 107 ± 6.53 × 106) than
in A2780/WT cells (8.87 × 108 ± 4.55 × 104, p ≤ 0.001) as in HT-
29/MDR cells (7.25 × 108 ± 1.99 × 107) than in HT-29/WT cells
(1.36 × 109 ± 9.63 × 107, p ≤ 0.01). Furthermore, to confirm the
resistant phenotype in A2780/MDR and HT-29/MDR cells, the
P-gp level of expression was also evaluated by its cytofluorimet-
ric detection and Figure 2B shows the cytofluorimetric analysis
highlighting the higher level of P-gp expression detected in the
MDR cell lines compared to the WT cell lines.

2.2. Doxorubicin Cellular Localization in A2780/MDR and
HT-29/MDR 2D Cell Cultures

Although the cytofluorimetric analysis of Doxo uptake in the
MDR cell lines showed very low levels of the drug after 1 h of
incubation (Figure 1), it was decided to verify its intracellular dis-
tribution by fluorescence microscopy since we set up US expo-
sure at that time of Doxo incubation. Figure 3 shows that Doxo
is not localized into the nuclei but around the cell membrane
forming characteristic spots probably related to P-gp activity. Fur-
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Figure 1. Doxo cellular uptake in WT and MDR cell lines. According to the cytotoxicity data A2780/WT and A2780/MDR cells were exposed to Doxo 0.05
and 0.50 μM for 1, 6, 12, and 24 h, whereas HT-29/WT and HT-29/MDR cells were exposed to Doxo 0.50 and 1.0 μM for 1, 6, 12, and 24 h. Data are
expressed asiMFI. Statistical significance of Doxo uptake after 24 h versus 1 h of incubation: *p ≤ 0.05, ***p ≤ 0.001.

thermore, by observing the Doxo localization in A2780/WT and
in HT-29/WT cells, the spots are not visible and Doxo is mainly
localized at nuclei level.

2.3. Effects of US Exposure on Cell Membrane Fluidity of
A2780/MDR and HT-29/MDR 2D Cell Cultures

Considering the mechanical nature of the physical stimulus ap-
plied, i.e., US, the cellmembrane fluidity ofMDR cell lines before
and after US exposure was investigated by the merocyanine 540
(MC540) assay. In particular, it was highlighted the pivotal role
of the interaction between US and cell membrane in eliciting the
US-mediated energy transfer in the form of intramembrane cav-
itation according to the bilayer sonophore (BLS) theory,[19] that
can be responsible for the activation of the sonosensitizer.
Figure 4 shows the iMFI values for MC-540 distinguishing be-

tween untreated and US-treated MDR cell lines. In A2780/MDR
cells, after US-exposure the cell membrane fluidity was modified
as it was significantly decreased compared to untreated cells (p
≤ 0.05). Nevertheless, a reduction in the membrane fluidity was
also observed in HT-29/MDR cells after US exposure compared
to untreated cells (p ≤ 0.05). This analysis then revealed that, at
the selected US parameters, the US exposure is able to influence
the membrane fluidity, therefore suggesting a possible sonody-

namic effect in the presence of an appropriate chemical agent as
Doxo, according to BLS theory.[19]

2.4. Effect of Sonodynamic Treatment on A2780/MDR and
HT-29/MDR 2D Cell Cultures

Based on the data obtained from the above-mentioned cytotoxi-
city and cellular uptake studies, the concentrations and incuba-
tion times for Doxo to act as a sonosensitizer were set at 0.50 μM
for 1 h in A2780/MDR cells and at 1 μM for 1 h in HT29/MDR
cells. Cells were then exposed to US and the treatment effect on
cell proliferation was monitored at 24 and 72 h. In A2780/MDR
cells, a statistically significant reduction in cell proliferation was
observed after 72 h (p ≤ 0.01), compared to untreated cells (Ctrl),
while no significant decrease in cell proliferation was noticed
when cells were exposed to Doxo and US separately. It is worth
emphasizing that similar effects on cell proliferation were also
noted after each set of treatment conditions in HT-29/MDR cells
with a statistically significant reduction in cell proliferation only
after the US-exposure of Doxo-pre-incubated cells at 72 h com-
pared to untreated cells (Ctrl, p ≤ 0.05) (Figure 5). Therefore,
this evidence suggests a sonodynamic activation of the Doxo en-
trapped into the cell membrane or nearby the cell membrane of
both the resistant ovarian and colon cancer cell lines.

Adv. Therap. 2024, 7, 2400070 2400070 (3 of 14) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 2. P-gp activity and expression in A2780 and HT-29 cell lines. a) The iMFI values of calcein-AM, a substrate of P-gp, highlight a significant
difference of P-gp activity between WT and MDR cell lines by cytofluorimetric analysis. Statistical significance of P-gp activity of WT versus MDR cell
lines: **p ≤ 0.01, ***p ≤ 0.01. b) Flow cytometry plots of P-gp expression analyzed as fluorescence intensity in WT and MDR cell lines.

To confirm whether the previous results were only due to a
sonodynamic activation and not to a sonoporation mechanism, a
cytofluorimetric analysis of Doxo internalization was performed
on both MDR cell lines before and just after US treatment. As
shown in Figure 6, no increase in Doxo uptake was observed af-
ter US exposure compared to untreated cells, confirming that the
cytotoxicity observed after US treatment (Figure 5) was not re-
lated to an increase in drug internalization through a sonopora-
tion mechanism.

2.5. Cell Death Induced by Sonodynamic Treatment on
A2780/MDR and HT-29/MDR 2D Cell Cultures

Cell death evaluation after SDT on resistant cell lines were car-
ried out 48 h after SDT by cytofluorimetric analyses. When
A2780/MDR cells underwent to SDT (Doxo + US treatment),
as showed in Figure 7, after 48 h a statistical reduction of viable
cells was observed (34.35% ± 2.11) compared to untreated cells
(Ctrl, 71.65% ± 1.41, p ≤ 0.001), along with a statistically signifi-
cant increase in late apoptotic/necrotic cells (59.56%± 3.50) com-

pared to Ctrl (24.48% ± 0.47, p ≤ 0.001); no significant increase
in early apoptotic cells was observed compared to Ctrl. In HT-
29/MDR cells, a significant decrease of viable cells (58.38% ±
0.65) was detected after SDT compared to Ctrl (81.07% ± 0.38,
p ≤ 0.05) along with a statistically significant increase in late
apoptotic/necrotic cells (26.54% ± 3.94) and early apoptotic cells
(14.09%± 4.59) compared to the untreated cells (13.75%± 1.146,
p ≤ 0.05, and 5.18% ± 1.527, p ≤ 0.05, respectively). These data
highlight that the US exposure of Doxo causes a significant cyto-
toxicity by mainly triggering necrotic cell death.

2.6. Lipid Peroxidation Induced by Sonodynamic Treatment on
A2780/MDR and HT-29/MDR 2D Cell Cultures

Malondialdehyde (MDA) was evaluated as a marker of lipid
peroxidation due to the cell damaging exerted by its electrophilic
group.[20] A significant increase in lipid peroxidation was ob-
served in A2780/MDR cells treated with Doxo and US compared
to untreated cells (p ≤ 0.01), as was also observed to an even
greater extent in HT-29/MDR cells treated with Doxo and US

Adv. Therap. 2024, 7, 2400070 2400070 (4 of 14) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 3. Representative images of Doxo localization in A2780/WT, A2780/MDR, HT-29/WT, and HT-29/MDR cell lines. Doxo was incubated for 1 h in
A2780/WT and A2780/MDR cells at 0.5 μM and in HT-29/WT and HT-29/MDR cells at 1.0 μM. Fluorescent images of untreated and Doxo-treated cells
show cell nuclei stained with 4’, 6-diamidino-2-phenylindole (DAPI, blue), Doxo (green) and overlay images of cell nuclei and Doxo (magnification 40x
and scale bar 20 μm).
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Figure 4. Effect of US exposure on cell membrane fluidity in A2780/MDR
and HT-29/MDR cells. Cells were incubated with MC540 and treated with
US (0.63 W cm−2, 1.505 MHz, 3 min, 70% duty cycle, DC). Data are ex-
pressed as iMFI of MC540 positive cells. Statistical significance of un-
treated cells (Ctrl) versus US-treated cells: *p ≤ 0.05.

compared to untreated cells (p ≤ 0.001) (Figure 8). These data
confirm the ability of US exposure to elicit cytotoxicity in both
resistant cell lines thanks to the sonodynamic activation of
the drug entrapped into the cell membrane or nearby the cell
membrane.

2.7. Effects on Mitochondrial Function of Sonodynamic
Treatment on A2780/MDR and HT-29/MDR 2D Cell Cultures

Since mitochondria play a central role for a variety of cellu-
lar processes such as intracellular ROS generation and Ca2+

signaling,[21] the mitochondrial functionality as mitochondrial
membrane potential (MMP) has been investigated in both
resistant cell lines immediately after SDT. The sonodynamic
treatment of A2780/MDR cells induced a slight increase in
fluorescent monomeric forms and a subsequent reduction in
the aggregates-monomers ratio resulting in a not significant im-
pairment of mitochondrial membrane potential. Interestingly,
any significant difference in mitochondrial membrane potential
has also been observed on HT-29/MDR cells immediately after
SDT, as the mitochondrial function was very similar to that of
untreated cells (Figure 9).

Figure 6. Doxo cellular uptake in MDR cell lines before and just after
US exposure. A2780/MDR and HT-29/MDR cells were exposed to Doxo
0.5 and 1.0 μM for 1 h, respectively, and subsequently exposed to US
(0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). Results are expressed as in-
tegrated mean of fluorescence intensity (iMFI).

2.8. Induction of ICD-Related DAMPs by Sonodynamic Treatment
of A2780/MDR and HT-29/MDR 2D Cell Cultures

Calreticulin (CRT) is an important immunogenic cell death
(ICD)-related damage-associated molecular pattern (DAMP)
functioning mainly as an early “eat me signal” produced during
the ICD.[22] As shown in Figure 10, CRT was investigated 6 h af-
ter each treatment resulting a significant increase only in SDT
(Doxo + US treatment)-treated HT-29/MDR cells, compared to
untreated cells (p ≤ 0.05). Moreover, the occurrence of high mo-
bility group box-1 (HMGB-1), a late ICD-related DAMP released
from the nucleus in the late stage of ICD,[23] was also investigated
48 h after each treatment. No statistically significant increase in
HMGB-1 was observed in the MDR cell lines compared to un-
treated cells.

2.9. Doxorubicin Cellular Uptake in HT-29/WT and HT-29/MDR
Spheroids

As reported in Material and Methods, it was not possible to ob-
tain stable 3D structure with A278/MDR cells so the proposed

Figure 5. Effect on cell proliferation of the US exposure of Doxo-pre-incubated A2780/MDR and HT-29/MDR cells. A2780/MDR and HT-29/MDR cells
were incubated for 1 h with Doxo 0.5 and 1.0 μM, respectively, and subsequently exposed to US (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). Cell
proliferation was assessed by using WST-1 assay after 24 and 72 h. Statistical significance versus untreated cells (Ctrl): *p ≤ 0.05, **p ≤ 0.01.

Adv. Therap. 2024, 7, 2400070 2400070 (6 of 14) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 7. Cell death induced by US exposure of Doxo pre-incubated A2780/MDR and HT-29/MDR cells. A2780/MDR and HT-29/MDR cells were incu-
bated for 1 h with Doxo 0.5 and 1.0 μM, respectively, and subsequently exposed to US (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). Forty-eighth hours
after the treatment, cells were incubated with Cell Death Apoptosis Kit and evaluated by flow cytometry. Statistical significance versus untreated cells
(Ctrl): *p ≤ 0.05, ***p ≤ 0.001).

Figure 8. Lipid peroxidation induced by US exposure of Doxo pre-incubated A2780/MDR and HT-29/MDR cells. A2780/MDR and HT-29/MDR cells
were incubated for 1 h with Doxo 0.5 and 1.0 μM respectively, and subsequently exposed to US (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). After 36 h
MDR cells were evaluated by flow cytometric analyses using the MDA Assay Kit. Data were expressed as MDA ratio between MDA nmol mL−1 of cells
treated with Doxo and US and MDA nmol mL−1 of untreated cells (Ctrl). Statistical significance versus untreated cells (Ctrl): **p ≤ 0.01; ***p ≤ 0.001.

Figure 9. MMP after US exposure of Doxo pre-incubated A2780/MDR and HT-29/MDR cells. A2780 MDR and HT-29 MDR cells were incubated for
1 h with Doxo at 0.50 and 1 μM, respectively, and then exposed to US (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). MMP was evaluated by JC-1 assay
immediately after the treatments by flow cytometry and expressed as percentage of JC-1 aggregates to monomers fluorescence ratio in each sample. A
positive control was obtained by exposing cells to H2O2 (500 μM) for 3 h. The mitochondrial membrane potential of untreated cells is represented by
the dashed line. Statistically significant difference versus untreated cells: *p ≤ 0.05, **p ≤ 0.01.
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Figure 10. Evaluation ofCRT and HMGB-1 after SDT on A2780/MDR and HT-29/MDR cells. A2780/MDR and HT-29/MDR cells were incubated for 1 h
with Doxo 0.5 and 1.0 μM, respectively, and subsequently exposed to US (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC). CRT and HMGB-1 occurrence
were detected at 6 and 48 h after the treatment, respectively, and results were expressed as(iMFI ratio (CRT and HMGB-1 level in untreated cells is
represented by the dashed line). Statistically significant difference of SDT-treated cells versus untreated cells: *p ≤ 0.05.

sonodynamic treatment was investigated only on HT-29/MDR
spheroids. First, it was analyzed the Doxo uptake in HT-29/WT
and HT-29/MDR spheroids by incubating the spheroids with in-
creasing Doxo concentrations for 1 h to investigate the drug cel-
lular internalization by flow cytometry. Observing Figure 11, HT-
29/WT spheroids showed a dose-dependent increase in intra-
cellular Doxo with statistically significance at 20 μM (p ≤ 0.05),
30 μM (p ≤ 0.01) and 100 μM (p ≤ 0.001), compared to un-
treated spheroids (Ctrl); HT-29/MDR spheroids showed a statis-
tically significant increase in intracellular Doxo only at 30 μM (p
≤ 0.05) and 100 μM (p ≤ 0.05), compared to Ctrl. These point out
a different Doxo uptake between HT-29/WT and HT-29/MDR
cells organized in 3D structure, as also observed in 2D cell cul-
tures, due to the P-gp overexpression. Indeed, in HT-29/MDR
spheroids the drug internalization was lower compared to HT-
29/WT spheroids incubated with the same Doxo concentration.
Therefore, for the subsequent sonodynamic experiments on HT-
29/MDR spheroids, 20 μM was chosen as the appropriate Doxo
concentration to be evaluated for sonodynamic treatment over 3D
structures.

2.10. Effect of the US-Exposure of Doxo Pre-Incubated
HT-29/MDR Spheroids

By considering the Doxo uptake in HT-29/MDR spheroids
(Figure 11), HT-29/MDR spheroids were incubated with Doxo
20 μM for 1 h and then exposed to US. Spheroids were observed
by optical microscopy measuring their volumes 24 and 48 h af-
ter the treatment. A slight reduction in spheroid volumes after
SDT (Doxo + US treatment) was observed only after 48 h com-
pared to untreated spheroids (p ≤ 0.05) along with structural
non-uniformity of the external crown compared to untreated
spheroids (Figure 12), visible in the highlighted red quadrants.
Furthermore, to deeply investigate the cell death induced by

the treatment, spheroids have been stained with propidium io-
dide (PI) to detect necrotic cells 48 h after the sonodynamic
treatment and then observed at fluorescence microscopy. A sta-
tistically significant increase in PI fluorescence intensity was
observed in the spheroids pre-incubated with Doxo and then
exposed to US compared to untreated spheroids (Figure 13).
Moreover, it was also investigated the occurrence of ICD-related

Figure 11. Doxo cellular uptake in HT-29/WT and HT-29/MDR spheroids. Spheroids were incubated with increasing Doxo concentrations (3, 10, 15, 20,
30, and 100 μM) for 1 h. Results were expressed as iMFI. Statistical significance versus untreated spheroids: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Adv. Therap. 2024, 7, 2400070 2400070 (8 of 14) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 12. Effect of the US exposure of Doxo-pre-incubated HT-29/MDR spheroids. Spheroids were incubated with Doxo (20 μM) for 1 h and then
exposed to US (1.66 W cm−2, 1.505 MHz, 5 min, 70% DC). In the upper part of the figure, representative spheroids’ images have been reported
(magnification: 10x; scale bars: 100 μm) along with a 25% enlargement of the highlighted red quadrant. In the lower part of the figure, spheroids’
volumes have been reported after 24 and 48 h from US exposure and results are expressed as volume percentage of treated spheroids versus untreated
spheroids (the volume of untreated spheroids is represented by the dashed line). Statistical significance versus untreated spheroids (Ctrl): *p ≤ 0.05.

DAMPs in HT-29/MDR spheroids but no statistically significant
results were obtained by considering CRT and HMGB-1 at the
same time of occurrence in 2D cell cultures compared to un-
treated spheroids, although a slight increase in CRT and HMGB-
1 expression has been observed (Figure 13).

3. Discussion

Drug resistance continues to be one of the main factors limit-
ing the achievement of cure in cancer patients. Indeed, although
many cancer types are initially sensitive to chemotherapy, over

Adv. Therap. 2024, 7, 2400070 2400070 (9 of 14) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 13. Evaluation of cell death and occurrence of CRT and HMGB-1 after SDT on HT-29/MDR spheroids. Spheroids were incubated with Doxo
(20 μM) for 1 h and then exposed to US (1.66 W cm−2, 1.505 MHz, 5 min, 70% DC). A) After 48 h, spheroids were stained with PI (100 μg mL−1)
(magnification: 10x; scale bars: 100 μm). B) PI fluorescence quantification as mean of percentage of PI intensity μm−2 ± SD. Statistically significant
difference of treated spheroids versus untreated spheroids (Ctrl): *p ≤ 0.05. C) CRT and HMBG-1 occurrence was detected at 6 and 48 h after the
treatment, respectively, and results were expressed asiMFI ratio (CRT and HMGB-1 level in untreated cells is represented by the dashed line).

time they can develop resistance through mechanisms such as:
drug efflux, drug target alteration, drug inactivation, cell death
inhibition, the epithelial-mesenchymal transition (EMT), DNA
damage repair, epigenetic effects, or any combination of these
mechanisms.[24]

Although new anti-cancer therapies have been introduced in
recent decades, drug resistance still remains a challenge, so vari-
ous strategies to overcome it are under investigation as the use of
combination therapy, the use of P-gp inhibitors and/or substrates
and the targeting of cancer stem cells.[25]

To investigate if our sonodynamic approach was able to over-
come the P-gp mediated Doxo resistance, we have first identi-
fied the Doxo IC50 values at 24 h resulting ≈2 μM in HT-29/WT
cells and higher than 100 μM in HT-29/MDR cells as was also
observed in A2780/WT and A2780/MDR cells in an our previous
work.[17] A very different cellular uptake of Doxo between theWT
and the MDR cell lines was then highlighted by cytofluorimet-
ric analysis (Figure 1). These data were consistent with studies
showing that the overexpression of P-gp is responsible for the
high efflux of Doxo from cancer cells,[26] and were confirmed by
investigating in both cell lines the P-gp activity using the calcein-
AM assay (Figure 2A) and the P-gp expression using an antibody-
mediated detection (Figure 2B).Moreover, it was observed a pecu-
liar Doxo cellular distribution as the drug was mainly localized at
the membrane level in compact clusters on both MDR cell lines,
probably due to P-gp activity (Figure 3).
Interestingly, US exposure of Doxo pre-incubated MDR

cells was able to significantly inhibit cell proliferation in both
A2780/MDR and HT-29/MDR cells at 72 h, whereas Doxo and
US alone did not affect cancer cell proliferation (Figure 5). To
the best of our knowledge, this demonstrates, for the first time,

the synergistic cytotoxic effect of US and Doxo on HT-29/MDR,
confirming the same effect already observed on A2780/MDR
cells.[17]

To avoid any misinterpretation about the increased cytotoxic-
ity of Doxo obtained with our US set up, a cytofluorimetric assay
was performed to investigate a possible US-induced sonopora-
tion mechanism in both resistant cell lines (Figure 6). As no in-
crease in the Doxo uptake after US exposure was observed, it is
possible to assume that the Doxo cytotoxicity was due to a son-
odynamic activation of Doxo rather than to an increase in the
drug uptake by sonoporation. This achievement was also consis-
tent with the work by Fant and colleagues in which the morpho-
logical observation of cells by confocal microscopy did not show
any membrane poration differences in US-exposed and non-US-
exposed cells.[27]

Given that our sonodynamic approach killed the MDR cell
lines, we decided to investigate the SDT-induced cell death at 48 h
after SDT. A significant reduction in live cells was then observed
in both A2780/MDR and HT-29/MDR cells along with a signifi-
cant increase in late apoptotic/necrotic cells even if at a different
extent in the two resistant cell lines (Figure 7).
Since in our previous work[17] we showed that the under-

lying mechanism of action triggering the cytotoxic effects of
Doxo on A2780/MDR cells was based on intramembrane ROS-
production, an evaluation of the lipid peroxidation was per-
formed evaluating the most used lipid marker of oxidative stress,
namely malondialdehyde (MDA). Interestingly, a strong level
of lipid peroxidation was observed in HT-29/MDR cells after
SDT compared to untreated cells (Figure 8). Therefore, accord-
ing to the localization of Doxo in resistant cells (Figure 3) and
the hypothesis of the BLS suggested by Krasovitski et al.,[19] it
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is possible to assume that the US-induced ROS generation in
SDT predominantly targeted the plasma membrane. This sug-
gestion could be also confirmed by the results from cell-death
analyses that showed mainly a necrotic cell death due to lipid
peroxidation.
To complete our study on the role of the oxidative stress in

the cytotoxicity induced by SDT with Doxo in MDR cell lines,
an investigation of mitochondrial membrane potential was per-
formed because it has been reported that ROS can act directly
on mitochondria, provoking their dysfunction and leading to a
progressive decrease inmitochondrial-membrane potential.[28,29]

Interestingly, no impairment of the mitochondrial function was
observed in both resistant cell lines, confirming the plasmamem-
brane as the main ROS target in the sonodynamic treatment of
MDR cells (Figure 9).
Considering these results and the fact that the effects of SDT

on HT-29/MDR cells are very similar to those on A2780/MDR
cells, it can be assumed that the sonodynamic approach was able
to overcome the P-gp mediated resistance to Doxo in the two dif-
ferent cell lines through the same underlying mechanism.
To further confirm these achievements, themembrane fluidity

of the MDR cell lines was investigated before and after US expo-
sure, since we have already showed that different plasma mem-
brane fluidity according to BLS theory can affect the selectivity
and effectiveness of SDT on cancer cells.[30] Indeed, in our previ-
ous work it was shown that in the HT-29/WT cell line a change
in membrane fluidity after US exposure could be related to the
responsiveness to SDT, behavior confirmed also in this work in
A2780/MDR and HT-29/MDR cells (Figure 4). Therefore, this
could suggest that the cytotoxicity of SDT in A2780/MDR and
HT-29/MDR cells might be primarily based on the mechanical
properties of the plasma membrane, in accordance with the BLS
theory. This means that the sonodynamic anticancer approach
could not be affected by the occurrence of P-gp mediated resis-
tance, since US exposure appears to be able of triggering the cy-
totoxicity of Doxo even at very low concentrations due to P-gp
activity. Moreover, it was also explored the SDT ability to act as
an ICD inducer, with CRT cellular exposure and HMGB-1 nu-
clear release. In our previous work on A2780/WT a significant
increase in CRT cellular exposure, HMGB-1 nuclear release and
ATP release after SDT was observed, suggesting that the activa-
tion of Doxo through US was able to kill A2780/WT cells in a way
thatmight activate the ICD pathway.[31] Unfortunately, we did not
see the same pattern in both A2780/MDR and HT-29/MDR cells
(Figure 10). This point deserves further investigation even if we
can hypothesize that this difference in ICD induction can be re-
lated to the main target of the SDT-induced oxidative stress be-
ing the cell membrane inMDR cells and themitochondria inWT
cells.
Finally, we moved from 2D MDR cell cultures to 3D MDR

cell cultures since 3D models are an alternative strategy to rep-
resent reliable cell interactions and organization for preclini-
cal investigation of new anticancer therapeutic approaches.[32]

3D models seem to be more representative than 2D models
of the cells-matrix interactions, cellular migration in space and
chemotherapeutic drug resistance.[32] Among several 3Dmodels,
the agarose coating technique represents a valid method for gen-
erating spheroids with high reproducibility, cost-effectiveness,
and easy monitoring.[33,34]

According to the different structural organization of the
spheroids, was therefore necessary to first evaluate the Doxo up-
take into 3D spheroids compared to 2D cell monolayers. The
proper Doxo concentration for SDT studies has been evaluated
according to the quantification of intracellular Doxo by flow cy-
tometry, focusing also on its effect on spheroid morphology and
dimension by imaging analyses. Interesting is to highlight the
difference in Doxo internalization between HT-29/WT and HT-
29/MDR spheroids mirroring the one observed in 2D cell cul-
tures, due to the different P-gp expression in the two cells lines.
Preliminary results obtained by modifying the US parameters
with respect to those used on 2D cell cultures, confirm the abil-
ity of SDT with Doxo to decrease the growth of Doxo-resistant
spheroids by inducing a significant necrotic cell death even if to
a lesser extent compared to what observed on 2D cell cultures.
Noteworthy, the occurrence of ICD-related DAMPs was not ob-
served after SDT on HT-29/MDR spheroids by considering the
same time of observation of 2D cell cultures. As in 3D mod-
els, many factors can influence each other as cell adhesion and
stiffness,[35,36] impacting on treatment response, a better tuning
of US parameters is needed, possibly guided by the analysis of
the US-effect on cell membrane fluidity into 3D structures.

4. Conclusion

Resistance to chemotherapy, especially to Doxo, represents one
of the main challenges in cancer treatment. In this work we
propose a new therapeutic strategy based on US, the so-called
sonodynamic therapy, establishing its efficacy in different Doxo-
resistant cell lines and suggesting the underlying mechanism
able to overcome the P-gp-mediated resistance to Doxo. In fact,
this approach, being characterized by the use of very low concen-
trations of Doxo that are not cytotoxic per se, but cytotoxic only
after US exposure, exploits the US ability of influencing the cell
membrane fluidity where, according to the BLS theory, the cy-
totoxic activity of Doxo is triggered even in drug-resistant cells.
Finally, the study also conducted on 3D models seems to con-
firm the efficacy of this approach, although further studies will
certainly be needed.

5. Experimental Section
A2780 and HT-29 2D and 3D Cell Cultures: The human ovarian cancer

cell line A2780/WT and its counterpart resistant to Doxo, A2780/MDR,
were purchased from the European collection of authenticated cell cul-
tures (ECACC, Salisbury, UK). A2780/WT cells were obtained from an ovar-
ian endometroid adenocarcinoma of an untreated patient while the re-
sistant phenotype was acquired by exposing the cells to Doxo. The hu-
man adenocarcinoma colon cancer cell line, HT-29/WTwas obtained from
the American Type Culture Collection (ATCC, LGC, Milano, Italy) while its
counterpart resistant to Doxo, HT-29/MDR, was kindly provided by Prof.
Chiara Riganti (Department of Oncology, University of Torino, Italy).

A2780/WT and HT-29/WT cell lines were cultured as monolayers in
cell culture flasks (Techno Plastic Products, TPP, Trasadingen Switzerland)
andmaintained in growthmedium RPMI-1640 (Merck, Milano, Italy), sup-
plemented with 10% of foetal bovine serum (FBS, Lonza, Verviers, Bel-
gium), 2 mM L-glutamine, streptomicin (100 μL mL−1) and penicillin (100
μg mL−1) (Merck). A278/MDR and HT-29/MDR cell lines were cultured
as monolayers in complete growth medium supplemented with Doxo
(0.1 μM, Merck), in order to preserve the drug resistance. All cell lines
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were cultured in a humidified ambient, protected from light, at 37 °C and
5%of CO2, in an incubator (Thermo Fisher Scientific,Waltham,MA, USA),
and detached, at 75% of confluence, by using 0.05% trypsin-0.02% EDTA
(Merck).

HT-29/WT and HT-29/MDR spheroids were obtained adopting the
agarose coating technique. Agarose (Merck) was stored at 4 °C, repaired
from light and resuspended in phosphate buffer saline (PBS, Merck) be-
fore the use at the final concentration of 1.5%. The solution underwent
to an autoclave sterilization cycle. At the end of the process, agarose was
maintained in a hot bath water to avoid its solidification while 60 μL of
solution were added into each well of a 96-U well plate (BRAND GMBH +
CO KG, Wertheim, Germany). The plates were then left to cool down for
15 min and stored 24 h in a dark room. Cells were then detached at their
80% of confluence and seeded at the density of 5.0 × 103 cells/200 μL
medium. Spheroid’s growth and conformation were monitored by using
Leica DMI4000B fluorescent microscope 10x (Leica Microsystems, Mi-
lano, Italy). Noteworthy, for A2780/WT and A2780/MDR cell lines it was
not possible to realize spheroids by using the agarose coating technique,
because spheroids obtained did not present a stable conformation. There-
fore, only the HT-29/WT and HT-29/MDR spheroids were used as 3D in
vitro cancer model.

Doxorubicin Cytotoxicity Assay in A2780 and HT-29 Cell Lines: Dox-
orubicin hydrochloride (Doxo, molecular weight 543.52 g mol−1) was
purchased as red lyophilized powder (Merck) resuspended in dimethyl
sulfoxide (DMSO) at a concentration of 12 mM and then aliquoted to
small volumes (100 μL) for storage at −20 °C, protected from light. Doxo
12 mM was diluted in RMPI-1640 medium (Sigma–Aldrich) to obtain the
proper concentrations for experimental medium. The Doxo IC50 (the drug
concentration needed to inhibit 50% of cell growth) in A2780/WT and
A2780/MDR cells were obtained in a previous work.[17]

In order to evaluate the Doxo cytotoxicity and calculate its IC50 in HT-
29/WT and HT-29/MDR cell lines, 1.5 × 103 cells were seeded in 96-well
plates (TPP) in 100 μL of culture medium in replicates (n = 6) and then
incubated with increasing concentrations of Doxo (0.00001, 0.0001, 0.001,
0.01, 0.1, 1, 10, and 100 μM). WST-1 assay (Roche Applied, Basel, Switzer-
land) was used to assess cell proliferation with the WST-1 reagent (10 μL)
being added after 24 h and incubated for 3 h at 37 °C. The absorbance
(abs) of the well was determined at 450 nm and 620 nm was used as ref-
erence wavelength in a microplate reader (Asys UV340; Biochrom, UK).
Cytotoxicity was displayed as a percentage in agreement with the equa-
tion: % cytotoxicity = 100 × (abscontrol – abssample). Doxo IC50 was then
calculated using CalcuSyn software (Biosoft, Cambridge, UK, version 2.0).
Moreover, the IC05, i.e., the drug concentration needed to inhibit 0.5% of
cell, was also calculated to select the proper non-cytotoxic concentration
of Doxo to act as a sonosensitizer for the US-based treatment in all cell
lines.

Fluorescence Microscopy: Fluorescencemicroscopy was performed us-
ing a DMI4000B fluorescence microscope with a LAS acquisition system
(Leica, Wetzlar, Germany, version 3.8.0) and the acquired images were an-
alyzed by ImageJ software (Fiji, Bristol, UK, version 2.0).

Doxorubicin Cellular Localization in A2780/MDR and HT-29/MDR Cell
Lines: Fluorescence microscopy was used to investigate the localization of
Doxo into the A2780/MDR and HT-29/MDR cells compared to A2780/WT
and HT-29/WT cells. Briefly, 1 × 105 A2780/WT, A2780/MDR, HT-29/WT
and HT-29/MDR cells were seeded on glass coverslips in 24-well plates;
A2780/WT and A2780/MDR cells were then treated with Doxo 0.50 μM for
1 h and HT-29/WT and HT-29/MDR cells with Doxo 1.0 μM for 1 h. The
slides were then washed with PBS and underwent to a fixation for 15 min
with 4% paraformaldehyde (Merck). An incubation with DAPI for 15 min
was used to stain cell nuclei. Finally, fluorescence images were collected
at 40x magnification with an oil-immersion objective.

Cell Death Evaluation on HT-29/MDR 3D Cell Cultures: Forty-eight hours
after Doxo + US treatment, cell damage on the corona of HT-29/MDR
spheroids was investigated by staining spheroids with PI (Merck). Briefly,
spheroids were washed twice with PBS to eliminate excess of experimental
medium, and then incubated with a solution of PI in PBS (100 μg mL−1)
for 20 min in the dark at RT. When the incubation ended, PBS was used
again twice to wash spheroids to remove PI excess and PI fluorescence

images were then acquired (𝜆ex 540 nm and 𝜆em 590 nm) and analyzed
to quantify the PI fluorescence of HT-29/MDR spheroids, expressing the
results as mean value of PI intensity/μm2 ± standard deviation (SD).

SDT with Doxorubicin on A2780/MDR and HT-29/MDR 2D and 3D Cell
Cultures: A2780/MDR and HT-29/MDR cells as 2D cell cultures were in-
cubated respectively with Doxo 0.50 and 1 μM for 1 h, respectively. Cells
were then detached and for each condition 5 × 105 cells were resuspended
in a polystyrene tube (TPP) in 2.7 mL of PBS (Merck) that was opportunely
connected to the US transducer by a mechanical adaptor filled with ultra-
pure cold water. The US field was generated with a piezoelectric trans-
ducer, responsible for US propagation, working in pulsed mode (DC) at
1.505MHz, connected to a function generator (Type 33 250; Agilent, Santa
Clara, CA, USA) and a power amplifier (Type AR 100A250A; Amplifier Re-
search, USA).

The US treatment of both cell lines was performed at a power of
0.63 W cm−2 and a frequency of 1.505 MHz for 3 min at 70% DC. Af-
ter US exposure, 1.2 × 103 cells/100 μL medium were seeded in 96-well
plates in replicates for each condition (n = 6) and cell proliferation was
evaluated with WST-1 assay (Roche Applied) by incubating the plates for
3 h in controlled conditions (37 °C, 5% CO2) after 24 and 72 h from US
exposure, as previously described. Data were expressed as mean value of
abs ± SD.

The same US set-up was used for the treatment of HT-29/MDR cells
as 3D cell cultures but with a modified power intensity and US time expo-
sure. Briefly, 4 days after seeding, a total of 10 HT-29/MDR spheroids were
selected per condition and placed in 2.7mL PBS in polystyrene tubes to un-
dergo the following treatments: control (i.e., untreated), US (1.66W cm−2,
1.505 MHz, 5 min, 70% DC), Doxo (20 μM for 1 h), and Doxo (20 μM
pre-incubated for 1 h) + US (1.66 W cm−2, 1.505 MHz, 5 min, a 70%
DC). Treatment efficacy was then evaluated after 48 h by fluorescence mi-
croscopy and flow cytometric analyses.

Flow Cytometry: Flow cytometric analyses were assessed by using a
C6 flow cytometer (Accuri, Milano, Italy) considering 10 000 events at
medium flow rate, excluding the cellular debris with low side scatter (SSC)
and forward scatter (FSC) from the evaluations; cytofluorimetric evalu-
ations were performed using FCS Express software, version 4 (BD, Bio-
sciences, Milano, Italy).

Cellular Uptake of Doxorubicin in A2780 and HT-29 2D and 3D Cell
Cultures: For each cell lines cultured as 2D cell cultures, 8.0 × 104

cells/1.5 mL medium per well were seeded in 6-well plates and incubated
with two different non-cytotoxic concentrations of Doxo (0.05 and 0.50 μM
in A2780/MDR cells and 0.5 and 1.0 μM in HT-29/MDR cells) after 1,
6, 12, and 24 h of incubation. At the end of Doxo incubation, cells were
detached and resuspended in 200 μL of PBS and then evaluated by flow
cytometry thanks to the intrinsic fluorescence of the drug (𝜆ex 488 nm,
𝜆em > 670 nm). Data were expressed as iMFI obtained by the product
between the frequency of Doxo positive cells and the mean fluorescence
intensity of the cells. Moreover, to exclude a possible involvement of US
in influencing Doxo uptake in resistant A2780 and HT-29 cells through a
sonoporation mechanism, a cytofluorimetric investigation of intracellular
Doxo has also been performed just after US exposure. Briefly, A2780/MDR
and HT-29/MDR pre-incubated for 1 h with Doxo (0.5 and 1.0 μM, re-
spectively) were exposed to US treatment (0.63 W cm−2, 1.505 MHz,
5 min, 70% DC) and analyzed by flow cytometry immediately after the
treatment.

For HT-29/MDR cell lines cultured as 3D cultures, 4 days after the seed-
ing, HT-29 MDR spheroids were incubated with Doxo for 1 h at different
Doxo concentrations (3, 10, 15, 20, 30, and 100 μM). After Doxo incu-
bation, four spheroids for each condition were put into a sterile eppen-
dorf tube and incubated for 15 min with 0.05% trypsin-0.025% EDTA at
37 °C. After trypsin inactivation and centrifugation, cells dissociated from
3D structures were washed in PBS and Doxo uptake determined by flow
cytometry (𝜆ex 488 nm, 𝜆em > 670 nm) and expressed as iMFI.

Calcein-AM Assay in A2780/MDR and HT-29/MDR Cell Lines: Calcein-
AM (Merck) uptake was evaluated in each cell line to confirm the pres-
ence of a resistant phenotype. Indeed, calcein-AM is recognised as P-gp
substrate.[37] 1.0 × 105 cells were incubated with 2 μL of calcein-AM in
1 mL of PBS and then incubated at 37 °C for 15 min. Cytofluorimetric eval-
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uation was assessed flow cytometry (𝜆ex 490 nm, 𝜆em 515 nm). Data were
expressed as iMFI values ± SD.

Evaluation of P-gp Expression in A2780 and HT-29 Cell Lines: P-gp expres-
sion was evaluated in each cell line using the mouse anti P-gp primary
antibody (cat. n. ab3366, Abcam, Cambridge, UK, 1:200) by considering
2.0 × 105 cells and 30 min of reaction at room temperature (RT). At the
end of incubation, cells were washed with PBS, centrifugated and incu-
bated with the goat anti-mouse secondary antibody conjugated with Alexa
Fluor 647 (cat. n. 150 119, Abcam) for 1 h at RT. After the incubation, cells
were washed with PBS, centrifuged and then analyzed by flow cytometry
(𝜆ex 650 nm, 𝜆em 665 nm). Results were presented as distribution plot
presenting the number of staining-positive cells in function of the fluores-
cence intensity.

Evaluation of Membrane Fluidity on A2780 and HT-29 Cell Lines: Mem-
brane fluidity was evaluated by using MC540 (Merck), a lipophilic flu-
orescent dye reacting with the outer leaflet of the cellular membranes.
MC540 fluorescence intensity is influenced by changes in membrane flu-
idity; MC540 increases its affinity as the membrane lipid components
become more disordered.[38] A2780 and HT-29 cells, and their resistant
counterparts were detached, and 2.0× 105 cells were incubatedwith 25 nM
ofMC540 for 15min at room temperature, protected from light. At the end
of incubation, flow cytometric analysis (𝜆ex 555 nm, 𝜆em 578 nm) was as-
sessed. Results were expressed as iMFI ofMC540 positive cells. Moreover,
to evaluate if membrane fluidity can be influenced by US, a cytofluorimet-
ric evaluation of membrane fluidity was also performed immediately after
US exposure. Briefly, A2780/MDR and HT-29/MDR cells underwent to US
treatment (0.63 W cm−2, 1.505 MHz, 3 min, 70% DC) and at the end of
treatment, samples were centrifuged to eliminate PBS and the cells pel-
let incubated with 25 nM of MC540 for 15 min at room temperature, pro-
tected from light. Flow cytometric analysis was then assessed and resulted
expressed as previously described.

Cell Death Evaluation on A2780/MDR and HT-29/MDR 2D Cell Cultures:
Cell death was evaluated using the Cell Death Apoptosis Kit (Life Tech-
nology, Milan, Italy) 48 h after SDT (Doxo + US treatment). The kit con-
tains APC-annexin V, which can bind phosphatidylserine expressed on the
surface of apoptotic cells, and Sytox Green that instead reacts with nu-
clei and enters in both late apoptotic and early apoptotic cells; late apop-
totic/necrotic cells are positive for both Sytox Green and APC-annexin V
staining, apoptotic cells are negative for Sytox Green and positive for APC-
annexin V staining, whereas viable cells are negative for both staining. Af-
ter SDT, A2780/MDR and HT-29/MDR cells were seeded in 6-well plates
(5 × 105/1.5 mL medium for each well), detached 48 h after with 0.05%
trypsin-0.025% EDTA, stained with APC-annexin V and Sytox Green and
then evaluated by flow cytometry (𝜆ex 640 nm and 𝜆em 675/25 nm for APC-
annexin V; 𝜆ex 488 nm and 𝜆em 533/30 nm for Sytox Green). Results were
expressed as percentage of live, late apoptotic/necrotic and early apoptotic
cells for each condition of treatment.

Lipid Peroxidation Assay in A2780/MDR and HT-29/MDR 2D Cell Cul-
tures: The evaluation of the lipid peroxidation induced by SDT (Doxo + US
treatment) was performed using the Lipid Peroxidation (MDA) Assay Kit
(cat. n. ab118970, Abcam). Following manufacturer’s instructions, MDA
was evaluated in cells under the different treatments (US, Doxo or Doxo
+ US) after 36 h in A2780/MDR and HT-29/MDR cells. MDA is one of
the products of lipid peroxidation chain and its detection reveals the pres-
ence of damage induced by this type of stress, representing an impor-
tant marker for highlighting oxidative stress and moreover, it could be es-
timated this effect by MDA quantification.[39] MDA binds thiobarbituric
acid (TBA) determining the generation of MDA-TBA adducts, which then
is detected thanks to the colorimetric properties. [39] After the Doxo +
US treatment, MDA assay was performed according to manufacturer’s in-
struction and the 96-well plates were analyzed by using amicroplate reader
(Asys UV340; Biochrom), at the wavelength of 540 nm. Results were ex-
pressed as MDA ratio between the nmol mL−1 of MDA in treated cells and
nmol mL−1 of MDA in untreated cells (Ctrl).

Mitochondrial Membrane Potential Assay in A2780/MDR and HT-
29/MDR 2D Cell Cultures

The effects that sonodynamic treatment had on themitochondrial func-
tion of A2780/MDR and HT-29/MDR cells have been investigated using

theMembrane Potential Detection Kit (BDBioscience, San Jose, CA, USA).
This assay relies on JC-1, a double fluorescent dye used to monitor the
MMP, that can be observed as green fluorescent monomers or red fluo-
rescent aggregates. JC-1 does not accumulate in mitochondria with depo-
larized MMP remaining in the cytoplasm as monomers.

Briefly, A2780/MDR and HT-29/MDR cells were incubated for 1 h with
Doxo 0.5 and 1 μM, respectively, at 37 °C and then exposed to US, as pre-
viously described. Moreover, a positive control was performed by expos-
ing both cell lines to 500 μM H2O2 for 3 h. Immediately after each treat-
ment, JC-1 aggregates and monomers were investigated for each condi-
tion by flow cytometry (𝜆em 532 nm and 𝜆em 585 nm). Regions were placed
around the cell populations with high JC-1 aggregates andmonomers con-
centration (functional mitochondria), other regions were placed around
cell populations with low JC-1 aggregates and high JC-1 monomers con-
centration (less functional mitochondria). For quantitative analysis, mito-
chondrial membrane potentials were expressed as the ratio between JC-1
aggregate and monomer mean fluorescence emission.

Evaluation of Immunogenic Cell Death-Related Damage AssociatedMolec-
ular Patterns in A2780/MDR and HT-29/MDR 2D Cell Cultures: CRT expo-
sure on cell surface was investigated 6 h after SDT (Doxo + US treatment)
of A2780/MDRandHT-29/MDR2D cell cultures. Briefly, cells were washed
with PBS, incubated with 0.05% trypsin-0.025% EDTA for 5 min at 37 °C
and followed by incubation with 10 μg mL−1 of Alexa Fluor 488 anti-CRT
antibody (cat. n. ab196158, Abcam) at RT for 40 min, in dark condition.
After the incubation, cells were washed twice with PBS and then analyzed
by C6 flow cytometer (𝜆ex 488 nm, 𝜆em 530 nm).

HMGB-1 occurrence was determined 48 h after the Doxo + US treat-
ment of A2780/MDR and HT-29/MDR 2D cell cultures. Briefly, cells were
washed with PBS, incubated with 0.05% trypsin-0.025% EDTA for 5 min at
37 °C and then with anti-HMGB-1 antibody (10 μg mL−1; cat. n. ab77302,
Abcam) for 30 min at RT, in dark condition. When the incubation ended,
cells were washed once with PBS and then incubated with anti-mouse im-
munoglobulin G (whole molecule)-fluorescein isothiocyanate (FITC) anti-
body (1:200; cat n. SAB4200738, Sigma-Aldrich) for 1 h at RT, in dark con-
dition. Finally, cells were washed twice with PBS at the end of incubation
and then analyzed by C6 flow cytometer (𝜆ex 488 nm, 𝜆em 530 nm).

For HT-29/MDR 3D cultures, 6 and 48 h after the treatments 18
spheroids per condition have been considered, collected in a tube, pro-
cessed with 0.05% trypsin-0.025% EDTA at 37 °C for 15 min to obtain
single cell suspension and then incubated with anti-CRT and anti-HMGB1
antibodies, respectively, as detailed above for 2D cell cultures before pro-
ceeding with flow cytometry analysis.

Statistical Analysis: Data are the result of three independent experi-
ments and are expressed as mean ± SD. Graph-Pad Prism 10.0 (La Jolla,
CA, USA) was used for elaborating the data. To assess the statistical sig-
nificance threshold (p ≤ 0.05) multiple t-tests, two-way ANOVA, one-way
ANOVA and Bonferroni’s test were used based on the design of the exper-
iment under analysis.
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