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Research paper 

Ultrasound boosts doxorubicin efficacy against sensitive and resistant 
ovarian cancer cells 
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A B S T R A C T   

Ovarian cancer (OC) is characterised by the highest mortality of all gynaecological malignancies, frequent re
lapses, and the development of resistance to drug therapy. Sonodynamic therapy (SDT) is an innovative anti
cancer approach that combines a chemical/drug (sonosensitizer) with low-intensity ultrasound (US), which are 
both harmless per sé, with the sonosensitizer being acoustically activated, thus yielding localized cytotoxicity 
often via reactive oxygen species (ROS) generation. Doxorubicin (Doxo) is a potent chemotherapeutic drug that 
has also been recommended as a first-line treatment against OC. This research work aims to investigate whether 
Doxo can be used at very low concentrations, in order to avoid its significant side effects, as a sonosensitiser 
under US exposure to promote cancer cell death in Doxo non-resistant (A2780/WT) and Doxo resistant (A2780/ 
ADR) human OC cell lines. Moreover, since recurrence is an important issue in OC, we have also investigated 
whether the proposed SDT with Doxo induces immunogenic cell death (ICD) and thus hinders OC recurrence. 
Our results show that the sonodynamic anticancer approach with Doxo is effective in both A2780/WT and 
A2780/ADR cell lines, and that it proceeds via a ROS-dependent mechanism of action and immune sensitization 
that is based on the activation of the ICD pathway.   

1. Introduction 

Ovarian cancer (OC) represents the primary cause of death in 
gynaecological malignancies and the majority of women affected by OC 
are characterized by advanced disease stage at diagnosis and a five-year 
survival rate below 30 % [1,2]. A lack of symptoms and of specific 
screening, and the poor results obtained with standard treatments are 
the main reasons for this high mortality [3]. The available pharmaco
logical approaches for OC, following surgery and according to stage and 
localisation, currently include a combination of conventional chemo
therapeutic drugs, such as taxanes (e.g., paclitaxel), carboplatin and 
gemcitabine [4]. In recent years, treatment strategies that make use of 
monoclonal antibody, such as bevacizumab, targeted drugs, such as poly 
(ADP-ribose) polymerase (PARP) inhibitors, and immunotherapy have 
been implemented [5,6]. However, OC treatment still presents many 
issues that have not yet been overcome, including the onset of drug 

resistance and relapse, which explain why overall mortality has changed 
very little over the last 30 years; ten-year survival remains poor, unlike 
other cancers in which reductions in mortality have been reported [7]. 
For this reason, a great deal of pharmacological research has been 
invested in improving OC treatment options and, of the conventional 
chemotherapeutic drugs available, considerable attention has been 
focused on the use of doxorubicin (Doxo) [8,9]. Doxo is a photosensitive 
anthracycline antibiotic that principally exerts anticancer activities by i) 
causing damage, at a nuclear level, by inhibiting both DNA replication 
and RNA transcription along with mitochondrial DNA replication, ii) 
provoking the inhibition of topoisomerase II activity, and iii) inducing 
free radial generation, leading to lipid peroxidation and direct mem
brane damage [10]. Doxo possesses strong anticancer cytotoxicity, but 
also has several side effects including haematological toxicity and pro
gressive cardiac damage, while also inducing drug resistance [11,12]. 
The most important event in determining Doxo resistance is the 
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expression of ABC transporters, especially the P-glycoprotein (P-gp, 
ABCB1), that results in an increased drug efflux. The role of P-gp over
expression has been documented in different cancers where its expres
sion is crucial for cancer cell survival and chemotherapy responsiveness 
as its overexpression elicits the development of the resistant phenotype 
[13,14]. 

One of the ways of attempting to treat advanced OC patients is 
therefore found in increasing Doxo efficacy, while, at the same time, 
abolishing its main drawbacks via the development, for example, of new 
formulations, such as pegylated liposomal formulations (PLD) [15–19]. 
Furthermore, several attempts to combine Doxo with photodynamic 
therapy (PDT) have also been made in order to increase free radical 
generation, as anthraquinones are common to provoke reactive oxygen 
species (ROS) and singlet oxygen (1O2) generation under light irradia
tion. However, Doxo’s low quantum yield and its principally nuclear 
cellular localisation, which affect Doxo photoactivation, mean in
vestigations have always included a photo-sensitiser agent that could 
provide a synergistic effect between PDT and low concentrations of 
Doxo [20–24]. While other strategies for improving the effectiveness 
and safety of Doxo in suppressing cancer growth while reducing its side 
effects and overcoming Doxo resistance have been investigated, the 
combination of Doxo with low intensity ultrasound (US) appears to be a 
promising strategy in this regard [25–28]. The main purpose of US is to 
increase Doxo uptake via the sonoporation mechanism. However, Fant 
and colleagues have recently investigated potentiating Doxo in vitro via 
US-induced non-inertial cavitation in a 4T1 murine mammary carci
noma cell line and have demonstrated significant reductions in cell 
viability and proliferation in their in vitro model, which rule out the 
influence of changes in Doxo uptake on treatment outcome [29–32]. 
This finding sheds new light on the different roles that Doxo may play 
under US irradiation, and hints at a possible application of Doxo as a 
sonosensitiser in sonodynamic therapy (SDT). SDT is a revolutionary 
non-invasive anticancer strategy that combines US and a chemical/drug 
(named a sonosensitiser) that only exerts a therapeutic effect upon US 
activation, generating oxidative damage followed by cancer cell death 
[33]. The components, the sensitiser and US, should be harmless per se, 
and only lead to cytotoxic events when combined [34]. It is thought that 
sonosensitiser activation is triggered by US-induced acoustic cavitation 
[33], and, more specifically, it has been suggested that US-induced 
acoustic cavitation can lead to sonoluminescence, which may be 
responsible for sonosensitiser activation and the subsequent production 
of highly toxic ROS [35,36]. Another intriguing hypothesis for sono
sensitiser activation via US suggests that membranes are able to trans
form the oscillating US acoustic pressure wave into intra-membrane 
cavitation under suitable conditions, releasing considerable energy that 
can, in our opinion, trigger sonosensitiser activation and subsequent 
ROS production [37]. 

SDT offers many potential and significant advantages, such as i) non- 
invasively eradicating solid tumours in a site-directed manner, ii) 
overcoming Doxo resistance, iii) preventing the significant side effects of 
Doxo, as it can be used at harmless concentrations per sé and iv) eliciting 
antitumor immunity responses via the induction of immunogenic cell 
death (ICD) [38–40]. In our opinion, these characteristics might signif
icantly improve treatment outcomes in Doxo resistant and non-resistant 
OC. This research work therefore aims to investigate whether Doxo, used 
at concentrations that are otherwise non-cytotoxic, may act as a sono
sensitiser under US exposure, and thus promote cancer cell death in 
human Doxo non-resistant (A2780/WT) and Doxo resistant (A2780/ 
ADR) OC cell lines. In this regard, the anticancer activity induced by 
Doxo after US exposure on the A2780/WT and A2780/ADR cells has 
been investigated in terms of cytotoxicity, ROS production, cell cycle 
distribution, DNA damage, mitochondrial membrane potential, lipid 
peroxidation and cell death mechanisms. Finally, as the SDT approach 
investigated in this work has been suggested as a potential front-line 
treatment against OC, we have investigated whether SDT can act as an 
ICD inducer with the aim of avoiding OC recurrence. 

2. Materials and methods 

2.1. Cell culture 

Two different human cell lines, Doxo non-resistant (A2780/WT, 
ECACC 93112519) and Doxo resistant (A2780/ADR, ECACC 93112520) 
ovarian carcinoma, were acquired from the European Collection of 
Authenticated Cell Cultures (ECACC, UK) and were established from an 
ovarian endometroid adenocarcinoma of an untreated patient. A2780/ 
WT cells were maintained as monolayers in Doxo-free complete medium 
made of RPMI 1640 medium enriched with foetal calf serum (10 %, v/v), 
streptomycin (100 µg/ml) and penicillin (100 units/ml), L-glutamine (2 
mM) (Sigma-Aldrich, Milano, Italy). The A2780/ADR cells were main
tained in culture with complete medium with the addition of Doxo 10-7 

M, following manufacturer’s instructions. Both the cell lines considered 
were maintained in culture in an incubator for a maximum of 10 pas
sages at 37 ◦C in a humidified atmosphere with 5 % CO2 and then dis
carded. Moreover, the A2780/ADR cells were periodically tested with 
calcein-AM (Sigma-Aldrich, Milano, Italy), a substrate of P-glycopro
tein (P-gp), by cytofluorimetric evaluation to assess Doxo resistance over 
time. 

2.2. IC50 calculation and doxorubicin cell cytotoxicity assay 

Doxorubicin hydrochloride was purchased as a powder (Sigma- 
Aldrich, Milano, Italy) with a molecular weight of 579.98 g/mol, was 
resuspended in DMSO at a concentration of 14 mM and then aliquoted to 
small volumes (100 µL) for storage at − 20 ◦C. RPMI 1640 complete 
medium was used to obtain the proper dilution concentration from the 
14 mM Doxo solution. In order to assay cytotoxicity and to calculate IC50 
after Doxo incubation, 1.5 × 103 cells were seeded in 96-well culture 
plates (Techno Plastic Products, Switzerland) in 100 µL of culture me
dium in replicates (n = 8) and then incubated with increasing concen
trations of Doxo (0.00001, 0.0001, 0.001, 0.01, 0.1, 1, 10 and 100 µM). 
The assay was performed on both A2780/WT and A2780/ADR cell lines. 
WST-1 assay (Roche Applied, Basel, Switzerland) was used to assess cell 
proliferation with the WST-1 reagent (10 μL) being added in the three 
time points (24, 48, and 72 h) and incubated for 2 h at + 37 ◦C. The 
absorbance of the well (abs) was determined at 450 nm and 620 nm was 
used as reference wavelength in a microplate reader (Asys UV340; 
Biochrom, UK). Cytotoxicity was displayed as a percentage in agreement 
with the equation: % cytotoxicity = 100 × (abscontrol – abssample). It was 
also verified that the highest concentration of DMSO (0.7 %) in the 
wells, corresponding to 100 μM doxorubicin, didn’t cause any toxicity. 
Finally, the calculation of doxorubicin IC50 was performed using Cal
cuSyn software (Biosoft, Cambridge, UK, version 2.0). 

2.3. In vitro sonodynamic treatment 

Doxo was used for SDT at non-cytotoxic concentrations, which were 
obtained from the cytotoxicity assay, to act solely as a sonosensitiser. 
Specifically, Doxo was used at 0.05 µM after 24 h incubation in A2780/ 
WT and at 0.50 µM after 1 h incubation in A2780/ADR. The Doxo- 
enriched medium was removed before SDT. After Doxo incubation in 
the sonodynamic experiments, cells were harvested, counted and then 
normalised to 5 × 105 cells in a polystyrene tube filled with 2.5 mL of 
PBS at pH 7.4. The in vitro sonodynamic experiments were carried out in 
the dark and, to avoid hyperthermia during the experiment, the tem
perature of the medium was always controlled. A plane wave transducer 
(with a diameter of 2.5 cm) was used to generate US, operating in pulsed 
mode (50 %, duty cycle, DC) at a frequency of 1.866 MHz, that was 
combined to a power amplifier (Type AR 100A250A; Amplifier 
Research, Souderton, USA) and a function generator (Type 33250; 
Agilent, USA). A custom-built mechanical adaptor was filled with ul
trapure water and attached to the 1 cm diameter polystyrene tube, 
where cell suspension was introduced (Fig. 1). An US power of 2 W/cm2, 
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50 % DC,50 % DC, for a total of 5 min was used as experimental con
dition, under subdued light. After SDT, 2.5 × 103 cells were seeded in 
100 μL of culture medium in 96-well culture plates in replicates (n = 8). 
The WST-1 assay was then carried out to investigate the effects of 
treatment on cell proliferation, and results shown as a percentage with 
respect to control cells (untreated cells). 

2.4. Fluorescence and confocal microscopy 

Fluorescence and confocal microscopy were used to investigate the 
localisation of Doxo within the A2780/WT and A2780/ADR cells, in 
order to furnish qualitative evidence for intracellular localisation at the 
time of US exposure. Briefly, 1 × 105 A2780/WT and A2780/ADR cells 
were seeded on glass coverslips in 24-well plates and were then treated 
with Doxo for 24 h at 0.05 µM and for 1 h at 0.50 µM, respectively. When 
the incubation ended, the slides were washed with PBS and then un
derwent to a fixation for 15 min with 4 % paraformaldehyde (Sigma- 
Aldrich, Milano, Italy). An incubation with 4′,6-diamidin-2-fenilindol 
(DAPI) for 15 min was used to stain cell nuclei. Finally, fluorescence 
images were collected using a DMI4000B fluorescence microscope with 
an LAS acquisition system (Leica, Wetzlar, Germany, version 3.8.0) and 
photographed at 40x magnification with an oil-immersion objective. In 
order to thoroughly investigate the Doxo accumulation inside the cells, 
confocal images were also obtained using a confocal microscope (Zeiss 
LSM5 Pascal, Oberkochen, Germany) with a laser scanning (λex 405 nm 
diode laser, λem 633 nm) and with a 40x oil-immersion objective in 
multi-track mode. ImageJ (Fiji, Bristol, UK, version 2.0) was used to 
process all the imagines. 

2.5. Flow cytometry 

Flow cytometric assays were carried out to investigate the cellular 
uptake of Doxo, ROS generation, mitochondrial-membrane potential, 
sonoporation occurrence, cell-death type, cell-cycle distribution as well 
as calreticulin (CRT) and high mobility group box 1 (HMGB1) cell- 
surface expression after the various treatments. Furthermore, the abil
ity of the A2780/ADR cell line to maintain resistance to Doxo was 
evaluated via flow cytometry. All of the aforementioned assays were 
assessed using a C6 flow cytometer (Accuri Cytometers, Annarbor, MI, 
USA), with 10,000 events being considered for the analysis at a medium 
flow rate and by discharging cellular debris. Firstly, the cellular uptake 
of Doxo was evaluated according to its intracellular fluorescence in a 

flow cytometric analysis at 488 nm excitation (λex 488 nm, λem > 670 
nm), after the A2780/WT and A2780/ADR cells were exposed for 1, 3, 6, 
12 and 24 h to both 0.05 and 0.50 μM Doxo. Cellular uptake was 
expressed as the integrated mean fluorescence intensity (iMFI), which 
represents the product of the frequency of Doxo positive cells and the 
mean fluorescence intensity of the cells. 

SDT-induced intracellular ROS production was assessed using 2,7- 
dichlorofluorescein diacetate (DCFH-DA, Molecular Probes, USA) as 
the intracellular probe to investigate the oxidative stress in both cell 
lines. Briefly, 10 μM DCFH-DA was incubated with cells for 30 min at the 
end of Doxo incubation. Then, the cells were washed with PBS, trypsi
nised, normalised to 5 × 105 cells, collected in 2.5 mL of PBS and treated 
with US. The production of ROS was measured 1, 5, 10, 15, 30 and 60 
min after treatment and expressed as iMFI ratio in order to get infor
mation on the ratiometric variation in fluorescence per time point with 
respect to control cells (untreated cells). This ratio represented the dif
ference in the iMFI of treated and untreated cells over the iMFI of un
treated cells [41]. When the iMFI ratio started to decrease, due to the 
significant increase in DCF fluorescence in control cells, ROS detection 
was stopped, to avoid any assay artefacts that may interfere with eval
uations of the real intracellular ROS content induced by the considered 
treatments. 

The mitochondrial-membrane potential (Δψm) was determined 1 h 
after the treatment in the A2780/WT and A2780/ADR cells using the 
BDTM Mitoscreen kit (BD Bio-sciences, San Jose, CA, USA), which is 
based on the cation dye 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimi
dazolylcarbocyanine iodide (JC-1), following manufacturer’s in
structions. In a few words, JC-1 is a double fluorescent stain of 
mitochondria that can either be observed as green fluorescent mono
mers or as red fluorescent aggregates, and that is used to monitor Δψm 
because it does not accumulate in mitochondria with depolarised Δψm 
and remains in the cytoplasm as monomers. Cytometric data are 
expressed as the aggregate/monomer ratio. Moreover, a positive control 
was carried out in the assay by incubating cells with 500 µM hydrogen 
peroxide (H2O2) for a total of 3 h. The occurrence of cytoplasmic 
membrane sonoporation in the A2780/WT and in the A2780/ADR cells 
was investigated using calcein-AM and propidium iodide (PI) after US 
exposure to perform SDT in order to distinguish viable sonoporated cells 
from non-sonoporated cells and dead cells. Cells at subconfluence were 
trypsinised and collected in a polystyrene tube at a concentration of 
5x105. 1 µL of PI (10 µg/mL) was added to the tube, SDT (described 
above) was performed and then 2 µL of calcein-AM was added. Cells 

Fig. 1. Schematic representation of the set-up for the in vitro ultrasound treatments.  
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were put in incubation for 15 min at 37 ◦C and events were then ac
quired by flow cytometry. 

Cell death after SDT in both cell lines was obtained using the Dead 
Cell Apoptosis kit, which is based on Sytox® Green and allophycocyanin 
(APC)-Annexin V (Life Technologies, Milano, Italy), in accordance with 
manufacturer’s instructions. Briefly, 5x105 A2780/WT and A2780/ADR 
cells were treated with US (2 W/cm2, 1.866 MHz, DC 50 % for 5 min) 
after Doxo incubation at 0.05 µM and 0.50 µM, respectively, and seeded 
in culture flasks. Thirty-six h after treatment, cells were trypsinized, 
collected in polystyrene tubes and then stained with APC-Annexin V and 
Sytox® Green. The samples were acquired on a flow cytometer to 
measure APC-Annexin V (λex 640 nm, λem 675/25 nm) and Sytox® 
Green (λex 488 nm, λem 533/30 nm), and any cell debris with low side 
light scatter (SSC) and low forward light scatter (FSC) were dismissed 
from the analyses. A total of 10,000 events were examined for APC- 
Annexin V and Sytox® Green staining to discriminate from viable cells 
(negative to APC-Annexin V and to Sytox® Green), late apoptotic/ 
necrotic cells (positive to APC-Annexin V and to Sytox® Green) and 
apoptotic (positive to APC-Annexin V). All analyses were performed 
using the FCS Express software (BD Bioscience, San Jose, CA, USA, 
version 4.0). The cell-cycle distribution of A2780/WT and A2780/ADR 
cells after SDT was evaluated using Vybrant® cell dye (Life Technolo
gies, Italy) 36 h after treatment, in agreement with the manufacturer’s 
instructions, and the FCS Express software (BD Bio-science, San Jose, 
CA, USA, version 4.0). 

The cell-surface exposure of CRT, as a damage associated molecular 
pattern (DAMP), was determined 48 h after SDT. Briefly, A2780/WT 
cells were washed with PBS, trypsinised and then incubated for 40 min 
at room temperature with Alexa Fluor® 488 anti-calreticulin antibody 
(ab196158, Abcam, Cambridge, UK) at 10 μg/mL, under cover from 
light. When the incubation finished, cells were washed twice with PBS 
and then analysed by a C6 flow cytometer, at 488 nm excitation (λex 488 
nm, λem 530 nm). 1 × 104 events were considered in the analysis at a 
medium flow rate and by discarding cellular debris. The occurrence of 
HMGB1 as a DAMP was determined 48 h after SDT. A2780/WT cells 
were washed with PBS, trypsinized and incubated for 30 min at room 
temperature with anti-HMGB1 antibody (ab77302, Abcam, Cambridge, 
UK) at 10 μg/mL, under cover from light. When the incubation finished, 
cells were washed once with PBS and then incubated for 1 h at room 
temperature with rabbit F(ab’)2 anti-mouse IgG H&L (Alexa Fluor® 
488) (ab169345, Abcam, Cambridge, UK) at 1:2000, under cover from 
light. When the incubation ended, cells were washed twice with PBS and 
then analysed by the C6 flow cytometer, at 488 nm excitation (λex 488 
nm, λem 530 nm). 1 × 104 events were considered in the analysis at a 
medium flow rate, discarding cellular debris. Finally, the ability of the 
A2780/ADR cell line to maintain its resistance to Doxo was regularly 
evaluated cytofluorimetrically using a calcein-AM assay in order to 
assess the functioning of P-gp activity, which is responsible for the Doxo- 
resistant phenotype in the A2780/ADR cell line [42]. Briefly, detached 
cells were incubated with calcein AM (2 mM in DMSO) incubated at 
37 ◦C for 15 min. 

2.6. Gene expression analysis 

To investigate the SDT effect with Doxo on mRNA gene expression, 
total RNA was isolated from A2780/WT and A2780/ADR cells 24 h after 
treatment. Briefly, 1.0 x 105 cells were considered and stored at − 80 ◦C 
in RNA Cell Protection Reagent (Qiagen, Milano, Italy). The RNeasy Plus 
Mini kit (Qiagen, Italy) was used to determine the Total RNA and a Qubit 
fluorometer (Life Technologies, Milano, Italy) was used to obtain the 
total RNA concentration (µg/mL). To carry out real-time (RT-PCR) 
analysis, the QuantiTect Reverse Transcription kit (Qiagen, Milano, 
Italy) was used to reverse transcribe 150 ng of total RNA into 20 µL 
cDNA reaction volume. Then, 10 µL real time RT-PCR reaction were 
considered that contained 12.5 ng of cDNA, according to manufacturer’s 
instructions. The SsoFast EvaGreen (Bio-Rad, Hercules, CA, USA) was 

used to perform quantitative RT-PCR, and the QuantiTect Primer Assay 
(Qiagen, Milano, Italy), CDK1 (QT00042672), CDKN1A (QT00062090) 
and TP53 (QT00060235), were then considered. To normalise mRNA 
data, the transcript of the reference 18S ribosomal RNA (RRN18S, 
QT00199367) was used, and real-time PCR was performed using a 
MiniOpticon Real Time PCR system (Bio-Rad, Hercules, CA, USA). The 
PCR protocol conditions considered were as follows: a Taq DNA poly
merase activation step at 95 ◦C for 30 sec, followed by 40 cycles at 95 ◦C 
for 5 sec and 55 ◦C for 10 sec. At least three independent cDNA prepa
rations per sample were carried out for all runs and all samples were run 
in duplicate, including two non-template controls in all PCR runs. Data 
analysis was determined by using the Bio-Rad CFX manager software 
(Bio-Rad, Hercules, CA, USA, version 3.1), following the manufacturer’s 
instructions. All analyses were completed in compliance with Minimum 
Information for Publication of Quantitative Realtime PCR Experiment 
(MIQE) guidelines [43]. 

2.7. Lipid peroxidation assay 

Changes in lipid peroxidation levels in the A2780/WT and A2780/ 
ADR cells 36 h after SDT were determined using the Lipid Peroxidation 
Assay kit (Abcam, Cambridge, UK) to detect the malondialdehyde 
(MDA), which is produced as an end product of lipid peroxidation. Free 
MDA present in the samples reacts with thiobarbituric acid (TBA) and 
produces the MDA-TBA adduct, quantified via colorimetric detection at 
540 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Analysis 
was performed following the manufacturer’s instructions and the data, 
after the standard curve was plotted, are expressed as nmol of detected 
MDA. 

2.8. Analysis of DNA damage 

DNA damage was measured 36 h after the SDT of A2780/WT and 
A2780/ADR cells using the DNA damage-AP site-Assay kit (Abcam, 
Cambridge, UK), following the manufacturer’s instructions, on extracted 
DNA from control and treated samples. The assay provides a specific 
colorimetric method for the detection of the formation of apurinic/ 
apyrimidinic sites (AP sites), which represent one of the major DNA 
lesions [44]. A biotinylated aldehyde reactive probe (ARP) reagent (N9- 
aminooxymethylcarbonylhydrazinoD-biotin) is used in the assay that 
specifically reacts with the aldehyde group on the open ring of the AP 
sites. Biotin residues, used to tag the AP sites, are later quantified using 
the streptavidin-enzyme conjugate, detected then at 450 nm on a 
microplate reader (Bio-Rad, Hercules, CA, USA) upon the removal of 
background signals. DNA damage is expressed as the ratio between the 
number of AP sites in 100,000 bp in treated and untreated cells. 

2.9. ATP assay 

ATP quantification after SDT was detected using the ATP assay kit 
(Abcam, Cambridge, UK), in accordance with the manufacturer’s in
structions. This ATP assay relies on glycerol phosphorylation, which 
forms a product that can be detected using colorimetric techniques. In 
this way, it is possible to quantify total ATP in cellular lysates. The ATP 
assay was performed 24 h after SDT when cells were preincubated with 
Doxo 0.05 µM for 24 h. Briefly, 5.0 × 105 cells were considered for each 
experimental condition, detached from the flasks and then lysated. At 
the end of the assay, ATP was otained by reading well absorbance on a 
microplate reader (Bio-Rad, Hercules, CA, USA) at λex 535/λem 587 nm. 
ATP concentration expressed as nmol/μL was then calculated using an 
ATP standard curve. 

2.10. Statistical analysis 

Statistical analyses were carried out with Prism software (GraphPad, 
La Jolla, CA, USA, version 9.0). Data are presented as mean values ±
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standard deviation of three independent experiments. One-way ANOVA, 
two-way ANOVA and multiple t-test analysis of variance and, to calcu
late the threshold of significance, Bonferroni’s test was used, according 
to the design of the experiment. The statistical significance threshold 
was set at p ≤ 0.05. 

3. Results 

3.1. Doxorubicin IC50 and cellular uptake in A2780/WT and A2780/ 
ADR cells 

A2780/WT and A2780/ADR cells were first incubated with 
increasing Doxo concentrations over time in order to determine the 
maximum non-cytotoxic concentration that could be used to perform the 
sonodynamic experiments. By observing Fig. 2 (A,B), we can appreciate 
that a concentration of 0.1 µM was able to induce slight cytotoxicity in 
A2780/WT cells as soon as 24 h after Doxo incubation, while, in A2780/ 
ADR cells, the Doxo-resistant cell line, increased cytotoxicity was only 
observed 24 h after incubation at the highest Doxo concentration, 100 
µM. The data obtained from the cytotoxicity curves were used to 
calculate the IC50 through CalcuSyn software for both cell lines. For 
A2780/WT cells, an IC50 of 1.66 ± 0.19 µM at 24 h, an IC50 of 0.70 ±
0.16 µM at 48 h and an IC50 of 0.22 ± 0.02 µM at 72 h were obtained. On 
the other hand, an IC50 of above 100.00 µM was estimated for all of the 
three investigated times for A2780/ADR cells. By taking these data into 
consideration, it was decided that the experiments would be carried out 
on A2780/WT and A2780/ADR cells at non-cytotoxic Doxo concentra
tions; concentrations lower than the IC05 (drug concentration needed to 
inhibit 5 % of cell growth), which were calculated to be Doxo 0.05 µM 
and 0.5 µM, for A2780/WT and A2780/ADR cells, respectively. 

The ability of both cell lines to internalise Doxo was evaluated by 
flow cytometry thanks to Doxo’s fluorescence properties. Specifically, 
the values of the product of the frequency of Doxo-positive cells and the 
cell mean fluorescence intensity (iMFI) were determined over time. For 

this analysis, both concentrations of interest - 0.05 µM and 0.50 µM - 
were investigated in A2780/WT (Fig. 2C) and A2780/ADR (Fig. 2D) 
cells in order to highlight the differences in Doxo-cell. As shown in 
Fig. 2C, concentration- and time-dependent increases in iMFI values 
were observed in A2780/WT cells, while in A2780/ADR cells it was only 
possible to observe only a slight time-independent increase in iMFI 
values at 0.50 µM Doxo. As expected, the activity of P-gp, which was 
monitored using the calcein-AM flow cytometric assay, was found to be 
very low in the non-resistant cell line and very high in the resistant cell 
line, (Fig. 2E). 

3.2. Evaluation of sonodynamic activity of doxorubicin 

Based on the data obtained from the above-mentioned cytotoxicity 
and cellular uptake studies above-mentioned, the concentrations and 
incubation times for Doxo to act as a sonosensitiser were set at 0.05 µM 
for 24 h in A2780/WT cells and 0.50 µM for 1 h in A2780/ADR cells. The 
A2780/WT and A2780/ADR cells were incubated with Doxo 0.05 µM for 
24 h and 0.50 µM for 1 h, then underwent to US exposure and cell 
proliferation was finally examined up to 72 h after treatment. A statis
tically significant reduction in cell proliferation was observed in A2780/ 
WT cells after SDT at 48 h (p ≤ 0.01) and at 72 h (p ≤ 0.001), compared 
to untreated cells, while no significant decrease in cell proliferation was 
noticed when cells were exposed to Doxo and US separately, compared 
to untreated cells (Fig. 3A). It is worth nothing that similar effects on cell 
proliferation were also noticed after each set of treatment conditions in 
A27880/ADR cells (Fig. 3B). Sonodynamic experiments were all 
executed on A2780/WT and A2780/ADR cells with the Doxo incubation 
time before US exposure being changed in order to evaluate whether 
responsiveness to treatment changed compared to the previously re
ported experimental conditions. In particular, A2780/WT cells under
went to 0.05 µM Doxo exposure for 1 h before SDT, whereas A2780/ADR 
cells were exposed to 0.50 µM Doxo for 24 h before SDT. No statistically 
significant differences in cell proliferation were noticed in both the cell 

Fig. 2. Doxo cytotoxicity, uptake and P-gp activity in A2780/WT and A2780/ADR cells. Different Doxo concentrations (0.00001, 0.0001, 0.001, 0.01, 0.1, 1, 10 
and 100 µM) were considered to incubate A2780/WT (A) and A2780/ADR (B) cells, and cytotoxicity was calculated using a WST-1 cell proliferation assay at 24, 48 
and 72 h. Cells were then incubated with Doxo 0.05 and 0.50 µM, and cellular uptake was evaluated at different time points (1, 3, 6, 12 and 24 h) using flow 
cytometry on both A2780/WT (C) and A2780/ADR (D) cells. The iMFI values of calcein-AM, a substrate of P-gp, shows P-gp activity in both cell lines (E). Data are 
shown as mean ± standard deviation (n = 3). Statistical significance of Doxo 0.5 µM versus Doxo 0.05 µM, ** p ≤ 0.01 and *** p ≤ 0.001. 
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lines after each treatment (data not shown). The different outcomes 
observed, compared to the previous treatments, can be ascribed, in 
A2780/WT cells, to Doxo concentration-dependent responsiveness as 
the amount of intracellular Doxo after 1 h of incubation is significantly 
lower than that after 24 h incubation (Fig. 2C). On the other hand, the 
inefficacy of treatment in A2780/ADR cells can be ascribed to Doxo 
time-dependent responsiveness caused by the different localisation of 
Doxo, perhaps because of P-gp activity. 

3.3. ROS production induced by sonodynamic activation of doxorubicin 

Doxo’s ability to produce ROS is one of its principal actions inside 
cells [45]. We therefore decided to analyse, using flow cytometry, ROS 
production after SDT with Doxo. A significant increase in ROS produc
tion was observed in A2780/WT cells that were treated with Doxo and 
US with a maximum being observed 5 min after treatment, followed by a 
progressive decrease over time (Fig. 4A). Interestingly, no significant 
ROS production was observed over time in A2780/ADR cells (Fig. 4B). 

Effect of the sonodynamic activation of doxorubicin on cell-cycle, gene 
expression and cell death. 

To deeply explore the effect of SDT with Doxo, a cell-cycle analysis 
was performed 36 h after treatment, by incubating cells with Vybrant® 
cell dye. A similar effect of SDT was observed in both cell lines; a block of 
the cell-cycle in the G2/M phase (Fig. 5A,B). Specifically, in A2780/WT 
cells, a significant increase in the cell percentage of the G2/M phase 
(55.80 ± 11.80 %, p ≤ 0.001) was observed along with a significant 
decrease in the percentage of the G0/G1 phase (25.30 ± 4.80 %, p ≤
0.01), compared to the cell-cycle distribution of untreated cells. 

Likewise, in A2780/ADR cells, a strong increase in the cell percentage of 
the G2/M phase (71.50 ± 17.80 %, p ≤ 0.001) was observed along with 
a significant decrease in the cell percentage of the G0/G1 phase (10.70 ±
4.20, p ≤ 0.001). These data led us to the conclusion that SDT with Doxo 
is able to induce a block in the cell-cycle in the G2/M phase both in 
A2780/WT and in A2780/ADR cells. 

The data obtained from cell-cycle analyses stimulated us to evaluate 
the mRNA expression levels of some of the genes related to the cell- 
cycle. Specifically, we investigated the expression of i) the CDKN1A 
gene, which codes for the cyclin-dependent kinase inhibitor p21 [46], 
whose effects are considered to be exerted during the G1 phase of the 
cell-cycle, ii) the CDK1 gene, which codes for a cyclin-dependent kinase 
1 that is directly bound by CDKN1A kinase and that drives cells through 
the G2/M phase and iii) the TP53 gene, which codes for tumour sup
pressor p53. It was only possible to observe a significant modification in 
gene expression, compared to untreated cells, for CDKN1A, whose 
expression significantly increased after SDT with Doxo in both cell lines 
(15.05 ± 3.30, p ≤ 0.01 in A2780/WT cells, Fig. 5C, and 6.07 ± 1.49, p 
≤ 0.01 in A2780/ADR cells, Fig. 5D). Moreover, a slight increase in 
CDKN1A gene expression was also noticed in A2780/WT cells when they 
were treated with Doxo alone, although this modification was not sta
tistically significant. Since no difference in TP53 gene expression was 
noticed in the A2780/WT and A2780/ADR cell lines, we can hypothesise 
the possible upregulation of CDKN1A via a p53-independent pathway in 
correlation with a block of the cell-cycle in the G2/M phase. 

The cell death induced in A2780/WT and A2780ADR cells by SDT 
with Doxo was then evaluated 36 h after treatment in a flow cytometric 
assay (Fig. 5E-H). In A2780/WT cells, a significant increase in early 

Fig. 3. Effect of SDT with Doxo on A2780/WT and A2780/ADR cells. Cells were pre-incubated with Doxo (0.05 µM for 24 h in A2780/WT and 0.50 µM for 1 in 
A2780/ADR) and then underwent to US exposure (2.0 W/cm2 at 1.866 MHz, 50 % DC, for 5 min). Cell proliferation was performed at 24, 48 and 72 h in a WST-1 
assay. Statistical significance versus untreated cells: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

Fig. 4. Effects on ROS production of SDT with Doxo in A2780/WT and A2780/ADR cells. A2780/WT and A2780/ADR cells were incubated with 0.05 µM or 
0.50 µM of Doxo for 24 or 1 h, respectively. In order to find out ROS, 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was incubated with cells for 30 min and, at the 
end of incubation, underwent to US exposure (2.0 W/cm2 at 1.866 MHz, 50 % DC-, for 5 min). ROS production in A2780/WT (A) and in A2780/ADR (B) cells is 
shown as the integrated mean fluorescence (iMFI) ratio. Statistical significance versus untreated cells: ** p ≤ 0.01, *** p ≤ 0.001, versus Doxo: ◦ p ≤ 0.05, ◦◦ p ≤ 0.01, 
◦◦◦ p ≤ 0.001 and versus US: $$ p ≤ 0.01, $$$ p ≤ 0.001. 
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apoptotic cells (28.76 ± 3.40, p ≤ 0.01), a significant enhancement in 
late apoptotic/ necrotic cells (12.56 ± 1.32) and a significant reduction 
in live cells (58.68 ± 5.67, p ≤ 0.001), all compared to untreated cells, 
were observed after SDT with Doxo, and no significant differences were 
observed after the other treatment conditions. Moreover, in A2780/ADR 
cells, a significant increase in early apoptotic cells (24.96 ± 1.78, p ≤
0.001), a significant increase in late apoptotic/ necrotic cells (30.50 ±
5.25, p ≤ 0.01) and a significant reduction in live cells (44.70 ± 5.80, p 
≤ 0.001) cells, all compared to untreated cells were also detected after 
SDT with Doxo, and no significant differences were observed after the 
other treatment conditions. 

3.4. Effects of sonodynamic activation of doxorubicin on DNA damage, 
lipid peroxidation and mitochondrial-membrane potential 

To more thoroughly study the effects of the SDT with Doxo in 
A2780/WT and A2780/ADR cells, the effects on DNA damage, lipid 
peroxidation and mitochondrial-membrane potential have been inves
tigated. Since Doxo is a drug that can exert its anticancer activity 
directly on the DNA level, an analysis of the possible DNA damage as a 
result of the combination of Doxo and US was investigated. Specifically, 
a colorimetric assay was performed, and the level of DNA damage was 
quantified using an aldehyde reactive probe (ARP) that specifically 
binds apurinic/apyrimidinic (AP) sites, which are one of the major DNA 
lesions [47]. Higher DNA damage was observed in A2780/WT cells (p ≤
0.01, Fig. 6A) than in A2780/ADR cells (p ≤ 0.05, Fig. 6B). 

Lipid peroxidation is an index of cell oxidative damage [48], as free 
radicals take electrons from the lipids leading to cell damage. A slight 
increase in lipid peroxidation was observed in A2780/WT cells (p ≤
0.05, Fig. 6C), while a larger increase was observed in A2780/ADR cells 

(p ≤ 0.01, Fig. 6D). 
Together with ROS production, reported in Fig. 4, we also monitored 

the treatment’s influence on mitochondrial-membrane potential, as it 
has been reported that the ROS produced by Doxo can have a direct 
action on mitochondria, provoking their dysfunction and leading to a 
progressive decrease in mitochondrial-membrane potential [49,50]. 
Mitochondrial-membrane potential was evaluated after SDT with Doxo 
using JC-1, a fluorescent cationic carbocyanine dye, and flow cytometry. 
Data are showed as the ratio between JC-1 aggregates and monomers; a 
high proportion of monomers indicates that the depolarization of 
mitochondrial-membrane potential took place [51]. A significant 
reduction in mitochondrial-membrane potential was observed in 
A2780/WT cells when they underwent SDT with Doxo (p ≤ 0.01, 
Fig. 6E), while only a slight reduction was detected in A2780/ADR cells 
(p ≤ 0.05, Fig. 6F). At the same, time no statistically significant differ
ences in mitochondrial-membrane potential were detected when 
A2780/WT and A2780/ADR cells were exposed to Doxo only. 

3.5. Doxorubicin intracellular distribution in A2780/WT and A2780/ 
ADR cells 

A deep investigation into Doxo intracellular distribution was per
formed because slight differences in cell death and viability, but strong 
differences in ROS production, were observed in A2780/WT and A2780/ 
ADR cells after SDT with Doxo. Briefly, A2780/WT and A2780/ADR 
cells were seeded on glass slides and then incubated with 0.05 µM for 24 
h and 0.50 µM for 1 h, respectively. Using fluorescence microscopy, it 
was observed that Doxo mainly had nuclear localisation in A2780/WT 
cells (Fig. 7C) and spot distribution around the cell membrane in A2780/ 
ADR cells (Fig. 7F). The different distribution patterns of Doxo in the two 

Fig. 5. Effect of SDT with Doxo on cell-cycle distribution, gene expression and cell death in A2780/WT and A2780/ADR cells. A2780/WT and A2780/ADR 
cells were incubated with Doxo 0.05 µM for 24 h and Doxo 0.50 µM for 1 h, respectively, and then underwent to US expsoure (2.0 W/cm2 at 1.866 MHz, 50 % DC-, for 
5 min). The cell-cycle was investigated in A2780/WT (A) and A2780/ADR (B) cells 36 h after the treatment using Vibrant® cell dye and flow cytometry. Gene 
expression was investigated in A2780/WT (C) and A2780/ADR (D) cells 24 h after treatment by real time RT-PCR using RRN18S as the reference gene (dotted lines 
represent untreated cells). Cell death was investigated in A2780/WT (E) and A2780/ADR (F) cells 36 h after the treatment using APC-Annexin V and Sytox® Green 
and flow cytometry; representative dot plots are shown (G, A2780/WT and H, A2780/ADR cells). Data are shown as mean ± standard deviation (n = 3). Statistical 
significance versus untreated cells: ** p ≤ 0.01, *** p ≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. Evaluation of DNA damage, lipid peroxidation and mitochondrial-membrane potential induced by SDT with Doxo in A2780/WT and A2780/ADR 
cells. A2780/WT (A, C and E) and A2780/ADR (B, D and F) cells were incubated with 0.05 µM and 0.50 µM Doxo for 24 h and 1 h, respectively. When the Doxo 
incubation ended, cells underwent to US exposure (2.0 W/cm2 at 1.866 MHz, 50 % DC-, for 5 min). (A-B) DNA damage was detected 36 h after treatment using a 
fluorimetric assay and is shown as total number of AP (apurinic/apyrimidinic) sites per 105 bp. (C-D) Malondialdehyde (MDA) quantification, used as a lipid 
peroxidation index, was performed 36 h after treatment. (E-F) JC-1 assay was used to detect mitochondrial-membrane potential investigated by flow cytometry, 1 h 
after treatment, and is shown as the ratio between JC-1 aggregates and monomers. Data are shown as mean ± standard deviation (n = 3). Statistical significance 
versus untreated cells: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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cell lines were also confirmed by confocal imaging, with Doxo showing 
nuclear localisation in the parental cell line (Fig. 7G) and spot distri
bution around the cell membrane in the resistant cell line (Fig. 7H). 

3.6. Occurrence of specific damage-associated molecular patterns induced 
by sonodynamic activation of doxorubicin 

CRT, a 46 kDa Ca2+-binding protein, is typically localised in the 
lumen of the endoplasmic reticulum (ER), and possess several functions, 
including regulating nuclear transport, protein synthesis, cell invasion, 
proliferation and adhesion. CRT contributes to the specific recruitment 
of major histocompatibility complex (MHC) class I and to antigen pre
sentation, allowing the apoptotic cancer cells to be eliminated by mac
rophages. Various studies have underlined that CRT is a considerable 
factor in the ICD and antitumor immunity [52], meaning that CRT 
exposure may be one of the most crucial checkpoints in inducing the 
immunogenicity of cell death [53]. CRT exposure on the on A2780/WT 
cell surface was evaluated 48 h after treatment and a strong increase in 

CRT exposure was detected, compared to untreated A2780/WT cells, 
after SDT with Doxo (p ≤ 0.001, Fig. 8A), and a slight but significant 
increase was observed after treatment with Doxo alone (p ≤ 0.05, 
Fig. 8A). 

Exosomal HMGB1, together with CRT, is one of the specific DAMPs 
that are relevant for ICD. Indeed, released HMGB1 binds to TLR4 to 
induce dendritic-cell (DC) maturation, antigen presentation and subse
quent CD8 + T cell-mediated cytotoxicity [52]. Compared to untreated 
A2780/WT cells, a significant increase in HMGB1 was only detected in 
A2780/WT cells only after the SDT with Doxo (p ≤ 0.01, Fig. 8B). 

ATP is another DAMP released from cells during ICD and it has been 
observed that its secretion from dying cells is critical for the effective 
starting of ICD pathway. Indeed, extracellular ATP promotes strong 
chemotactic effects by binding to purinergic receptor P2X7 (P2RX7) and 
purinergic receptor P2Y2 (P2RY2) on antigen-presenting cells (APCs) 
and their precursors, respectively. P2RX7 signalling triggers the NLR 
domain-containing protein 3 (NLRP3) inflammasome, which in turn 
provokes active IL-1β secretion, a pivotal cytokine for the extension of 

Fig. 7. Representative fluorescent and confocal imagines of doxorubicin distribution in ovarian cancer cells. A2780/WT and A2780/ADR cells were 
incubated with Doxo 0.05 µM for 24 h and with 0.50 µM for 1 h, respectively. A-F) fluorescent imagines showing cell nuclei stained with DAPI (blue, A and D), 
intracellular Doxo (green, B and E) and overlay imagines of cell nuclei and intracellular Doxo (C and F). Magnification 40x and scale bars 25 µm. G-H) confocal 
imagines showing Doxo distribution in ovarian cancer cell lines. Magnification 40x and scale bars 25 µm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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antitumor immunity [52]. A significant increase in ATP was only 
detected in A2780/WT cells, compared to un-treated A2780/WT cells, 
after SDT with Doxo (p ≤ 0.01, Fig. 8C). 

4. Discussion 

Ovarian cancer represents the predominant cause of death from 
gynaecologic malignancies and, world-wide, the second most common 
cancer of the female reproductive system [54,55]. Surgical debulking 
and platinum-based chemotherapy are the standard first-line treatment, 
nevertheless only 40 %–60 % of patients complete a full remission [56]. 
Moreover, high rates of neurotoxicity, persisting for more than a year 
after treatment completion, characterized this regimen [57]. For this 
reason, it is crucial that more efficacious and tolerable first-line alter
natives are recognized. One such first-line alternatives may be Doxo in 
its pegylated liposomal formulation (Doxil®), in which the anthracy
cline is encapsulated within a sterically stabilised liposome that appears 
to improve the pharmacokinetics and efficacy of Doxo [58,59]. Indeed, 
recent clinical trials underline that combination therapy characterized 
by a combination of carboplatin with Doxil® may have similar or better 
rates of progression-free survival and similar overall survival when 
compared with carboplatin and paclitaxel, which is the current first-line 
regimen. However, these discoveries have not always been confirmed in 
other clinical trials [60–64]. Moreover, it has been shown that Doxo can 
induce drug resistance, resulting in poor patient prognosis and survival, 
and it is not yet known whether the use of Doxil® as a first-line treat
ment in the OC setting could lead to drug resistance in the second-line 
context, and thus negate any benefits in overall survival. In our 
opinion, there is a considerable need of more investigations into the use 
of Doxo as a first-line treatment in OC [65–67]. 

In this regard, Umemura and colleagues and, more recently, Fant and 
colleagues, have shown that US has the ability to potentiate the thera
peutic effects of Doxo in the so-called SDT in murine sarcoma180 and 
4T1 mammary carcinoma cell lines [32,68]. Based on the results ach
ieved in these previous studies, our purpose was to investigate whether 
the same anticancer approach may be suitable for OC treatment. In order 
to explore this issue and overcome the main drawbacks of Doxo, such as 
drug resistance and its side effects, a non-cytotoxic concentration of 
Doxo was used and two ovarian cancer cell lines, one that is not resistant 
to Doxo (A2780/WT) and another that is resistant (A2780/ADR), were 
employed. Finally, the approach was also tested for ICD markers as 
patients diagnosed with OC may have recurrent cancer following initial 
treatment and Doxo not only triggers tumour cell death, but also evokes 
effective antitumor immunity responses by inducing ICD [37]. 

First of all, we confirmed that there is a large difference in Doxo IC50 
values in A2780/WT and A2780/ADR cells, with a strong cytotoxic ef
fect already being observed in A2780/WT cells at 24 h at low concen
trations, while only slight cytotoxicity was observed in A2780/ADR cells 
at the highest concentration investigated (Fig. 2A,B). A very different 
cellular uptake of Doxo in A2780/WT and A2780/ADR cells was high
lighted by cytofluorimetric analysis (Fig. 2C,D). These data were 
consistent with studies showing that the overexpression of P-gp is 
responsible for the high efflux of Doxo from cancer cells [69] and were 
confirmed by investigating P-gp activity in both cell lines using the 
calcein-AM assay, as calcein-AM is a well-known P-gp substrate 
(Fig. 2E). The maximum level of Doxo internalization over time, i.e. 
0.05 µM for 24 h in A2780/WT cells and 0.50 µM for 1 h in A2780/ADR 
cells (Fig. 2), were then selected as the most suitable conditions to 
perform SDT experiments. 

Interestingly, sonodynamic treatment was able to significantly 
inhibit cell proliferation in both cell lines up to 72 h, whereas Doxo and 
US alone did not affect cancer-cell proliferation. To the best of our 
knowledge, this demonstrates, for the first time, the potential synergistic 
effect of US and Doxo on resistant and non-resistant ovarian cancer cells 
(Fig. 3). Moreover, in order to avoid any misinterpretation of our results 
due to sonoporation having a possible role in our SDT experiments, 
mainly in A2780/ADR cells, a cytofluorimetric assay was performed on 
both cell lines (data not showed). The results show that no sonoporation 
phenomena occurred during SDT, leading to the assumption that US- 
mediated Doxo cytotoxicity is not due to an increased uptake of the 
drug in our set-up. This achievement was also consistent with work by 
Fant and colleagues in which the morphological observation of cells 
using confocal microscopy observations did not show any membrane 
poration differences in US-exposed and non-US-exposed cells [32]. 

Since the idea behind SDT draws inspiration from PDT, it is well 
accepted that the predominant mechanism of action that triggers the 
cytotoxic effects proceeds via the production of ROS. Therefore, in our 
study, we investigated whether the combination of a non-cytotoxic 
concentration of Doxo and US may be able to produce an increase in 
ROS production in OC cell lines. Significant intracellular ROS levels 
were observed, thanks to the DCFH-DA assay, in A2780/WT cells under 
SDT, as well as a lack of ROS production and very low ROS production 
levels after treatment with US and Doxo alone, respectively (Fig. 4A). 
Surprisingly, no significant ROS production was observed in A2780/ 
ADR cells after the sonodynamic activation of Doxo (Fig. 4B). This dif
ference in ROS production behaviour in the two cell lines may suggest 
that two different SDT mechanisms of action take place; ROS-dependent 
and ROS-independent mechanisms, as indicated by Umemmura et al. 

Fig. 8. Evaluation of DAMPs induced by SDT with Doxo in A2780/WT cells. A2780/WT were incubated with 0.05 µM Doxo for 24 h. When Doxo incubation 
ended, cells underwent to US expsoure (2.0 W/cm2 at 1.866 MHz, 50 % DC, for 5 min). CRT (A) and HMGB1 (B) were evaluated 48 h after treatment using 
cytofluorimetric assays, while ATP (C) was evaluated 24 h after using a colorimetric assay. Statistical significance versus untreated cells: * p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001. 
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and Choi and et al. [33,70]. 
Given that our experimental set-up killed A2780/WT and A2780/ 

ADR cells in different ways, we decided to thoroughly investigate the 
cytotoxicity of SDT with Doxo at 36 h after the treatment by studying the 
cell-cycle distribution. A block in the cell cycle occurred in the G2/M 
phase in both cell lines (Fig. 5A,B). We then investigated the mRNA 
expression of i) the cyclin dependent kinase 1 (CDK1) gene, whose 
encoded protein is critical for G1/S and G2/M phase transitions in 
eukaryotic cells, ii) the CDKN1A gene, whose encoded protein, termed 
p21, is a potent inhibitor of cyclin-dependent kinases such as the CDK1, 
which is essential for the regulation of cell-cycle progression, and iii) the 
TP53 gene, whose encoded protein, termed p53, responds to several 
cellular stresses to regulate the expression of target genes, such as 
CDKN1A, thereby inducing cell-cycle arrest, senescence, apoptosis, DNA 
repair and changes in metabolism [71,72]. Our results show that there 
was no difference in CDK1 mRNA expression in the cell lines as is the 
case for the mRNA expression of TP53. However, CDKN1A mRNA was 
over-expressed in both cell lines after SDT (Fig. 5C,D). Consequently, 
these results suggest that SDT effectively led to G2/M arrest in the 
A2780/WT and A2780/ADR cell lines via a p53-independent pathway. 
As it is known that ROS can lead to p53-independent G2/M arrest in 
cancer cells and that the main ROS-dependent effect of Doxo on cell- 
cycle progression is to determine the G2/M phase cell cycle block, we 
propose that SDT in the cell lines was mainly able to trigger Doxo 
cytotoxicity due to ROS-dependent DNA damage, although ROS pro
duction appeared not to be involved in the SDT cytotoxicity of A2780/ 
ADR cells [73–75]. 

Moreover, a significant reduction in live cells was observed along 
with an increase in apoptotic cells in both cell lines, but, interestingly, 
we also observed an increase in late apoptotic/ necrotic cells in the 
A2780/ADR cell line, and this was not detected in A2780/WT cells, 
compared to untreated cells (Fig. 5E-H). Therefore, a DNA-damage 
analysis was carried out via the quantification of apurinic and apyr
imidinic (AP) sites, which represent the main oxidative stress-mediated 
DNA base damage. Our data showed that both A2780/WT and A2780/ 
ADR cells demonstrated a statistically significant increase in AP sites 
after SDT, compared to untreated cells, thus confirming that ROS pro
duction played a role in DNA damage. However, interestingly, a higher 
number of AP sites were detected in A2780/WT cells than in A2780/ 
ADR cells (Fig. 6A,D). In order to continue our investigation into the role 
of oxidative stress after SDT in our cell lines, lipid peroxidation analysis 
was performed and the most commonly used lipid marker of oxidative 
stress, namely malondialdehyde (MDA), was evaluated [76]. Our results 
showed a significant increase in MDA content in both cell lines, 
compared to untreated cells, although it was much higher, this time, in 
A2780/ADR cells than in A2780/ADR cells (Fig. 6C,D). To complete our 
study of the role of the oxidative stress in OC cell lines after SDT with 
Doxo, 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 in mitochondrial-membrane potential [49,50]. Indeed, signif
icant effect on mitochondrial-membrane depolarization was observed, 
compared to untreated cells, in both cell lines after SDT, although it was, 
again, higher in A2780/WT cells than in A2780/ADR cells (Fig. 6E,F). 

Thus, taken together, these findings confirm that a ROS-dependent 
mechanism is the main underlying mechanism of action of SDT, and 
that this mechanism is responsible for killing both Doxo non-resistant 
and resistant cells. Although slight differences were reported, our find
ings, in our opinion, may explain why no ROS production was observed 
in A2780/ADR cells after SDT with Doxo. Indeed, more DNA damage 
and mitochondrial dysfunction, and less lipid peroxidation were 
observed in A2780/WT cells, whereas less DNA damage and mito
chondrial dysfunction, and more lipid peroxidation were detected in 
A2780/ADR cells, suggesting that not just the intracellular level, but 
also the intracellular distribution of Doxo were different in the two OC 
cell lines. Indeed, the distribution of a sonosensitiser inside a cell is a key 

point when performing SDT as different SDT mechanisms of action may 
take place in accordance with the cellular localisation of the sono
sensitiser [33,77]. 

Although we believe that the same SDT mechanism of action is 
involved in killing both OC cell lines in our work, we are aware that the 
different Doxo distribution in our cells may explain why no ROS pro
duction was reported in A2780/ADR cells. For this reason, we performed 
two microscopy investigations; the first based on fluorescence micro
scopy and the second based on confocal microscopy. As observed in the 
fluorescent and confocal imagines (Fig. 7), in A2780/WT cells, Doxo 
0.05 µM was mainly localised at the nuclear level 24 h after Doxo in
cubation, while, in A2780/ADR, Doxo 0.50 µM was already localised at 
the membrane level in compact clusters 1 h after Doxo incubation. 
Differences in the cellular distribution of Doxo is based, of course, on 
differences in P-gp activity. This is also supported by the work of Burrow 
and colleagues in which a different Doxo localisation pattern was re
ported in Doxo resistant and non-resistant murine breast cancer cell 
lines [78]. According to the different localisation of Doxo in the A2780/ 
WT and A2780/ADR cells and the hypothesis suggested by Krasovitski 
et al. [37], it may be possible to state that ROS generation after SDT 
targeted, mostly, DNA and mitochondria in A2780/WT cells, where 
Doxo was mainly localised at the nuclear level, whereas in the A2780/ 
ADR cells, where Doxo was mainly localised close to the cell membrane, 
ROS generation after SDT predominantly targeted the plasma membrane 
[37]. This suggestion could be also confirmed by results from cell-death 
analyses that show that not only apoptosis occurred in A2780/ADR cells, 
but also necrosis due, in our opinion, to the close vicinity of the ROS 
generation to polyunsaturated fatty acids (PUFAs), which are mainly 
localised in the cell membrane [79]. This close vicinity between Doxo 
and the plasma membrane may also explain why we did not detect ROS 
generation after SDT. Indeed, the DCFH-DA assay seems to not work 
properly when ROS production is very close to the target (e.g., phos
pholipids) due to the competition between, in our case, PUFAs and 
DCFH [80,81]. 

Finally, since OC with complete clinical response recurs with a high 
rate, a first-line therapeutic strategy that could decrease this rate would 
be very promising. Doxo is an anthracycline and is well known as an 
inducer of ICD with the possibility of increasing the antitumor immunity 
[82]. The proper mechanisms that characterize ICD induction is, 
nowadays, still not completely comprehended. However, it has been 
hypothesized that oxidative stress could play a crucial role. For instance, 
it has been suggested that some DAMPs linked with oxidative stress, like 
peroxidized phospholipids, can be identified by the immune system as 
immunogenic [83]. For this reason, the sonodynamic anticancer 
approach was also tested in A2780/WT cells to investigate its ability to 
act as an ICD inducer, with CRT cellular exposure, HMGB1 nuclear 
release and ATP being verified. As a matter of fact, Fig. 8 shows a sig
nificant increase in CRT cellular exposure, HMGB1 nuclear release and 
ATP after SDT, suggesting that the activation of Doxo through US was 
able to kill A2780/WT cells in a way that might activate the ICD 
pathway. 

5. Conclusions 

Chemotherapy resistance and recurrence are the most challenging 
issues in OC, meaning that this type of cancer remains one of the most 
lethal gynaecologic cancers worldwide. In this work, we have investi
gated a new therapeutic strategy that is based on US and Doxo, in what is 
called sonodynamic therapy, and we have established, for the first time, 
to the best of our knowledge, the effectiveness of this innovative anti
cancer approach in both Doxo non-resistant and resistant OC cell lines. 
This approach is characterised by the use of Doxo at concentrations that 
are harmless per sé but cytotoxic under US exposure and by US-mediated 
anticancer immune sensitisation. 
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