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Abstract

Background: The possibility to combine Low Intensity UltraSound (LIUS) and Nanoparticles (NP) could represent a
promising strategy for drugs delivery in tumors difficult to treat overcoming resistance to therapies. On one side
the NP can carry drugs that specifically target the tumors on the other the LIUS can facilitate and direct the delivery
to the tumor cells. In this study, we investigated whether Very Low Intensity UltraSound (VLIUS), at intensities lower
than 120 mW/cm2, might constitute a novel strategy to improve delivery to tumor cells. Thus, in order to verify the
efficacy of this novel modality in terms of increase selective uptake in tumoral cells and translate speedily in clinical
practice, we investigated VLIUS in three different in vitro experimental tumor models and normal cells adopting
three different therapeutic strategies.

Methods: VLIUS at different intensities and exposure time were applied to tumor and normal cells to evaluate the
efficiency in uptake of labeled human ferritin (HFt)-based NP, the delivery of NP complexed Firefly luciferase
reported gene (lipoplex-LUC), and the tumor-killing of chemotherapeutic agent.

Results: Specifically, we found that specific VLIUS intensity (120 mW/cm2) increases tumor cell uptake of HFt-based
NPs at specific concentration (0.5 mg/ml). Similarly, VLIUS treatments increase significantly tumor cells delivery of
lipoplex-LUC cargos. Furthermore, of interest, VLIUS increases tumor killing of chemotherapy drug trabectedin in a
time dependent fashion. Noteworthy, VLIUS treatments are well tolerated in normal cells with not significant effects
on cell survival, NPs delivery and drug-induced toxicity, suggesting a tumor specific fashion.

Conclusions: Our data shed novel lights on the potential application of VLIUS for the design and development of
novel therapeutic strategies aiming to efficiently deliver NP loaded cargos or anticancer drugs into more aggressive
and unresponsive tumors niche.
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Background
Cancer is a leading cause of death worldwide [1]. Tumor
heterogeneity is the main cause of resistance to thera-
peutic treatments due to the selection of surviving cancer
cells that, becoming resistant to therapies and dominant
in the tumor, are potentially responsible for recurrence
[2]. Surgical resection is the mainstay of treatment for lo-
calized disease, while combined treatments may change

the natural history of more aggressive tumors. Unfortu-
nately, few therapeutic options are available for aggressive
local or metastatic diseases (sarcoma/liposarcoma or
colon cancer) which are generally associated with a poor
prognosis. Benefits of adjuvant and neoadjuvant chemo-
therapy in advanced disease are still debated due to poten-
tial toxic side effects on normal tissues [3] and diverse
sensitivity and response to chemotherapy with the tumor
subtypes [4] potentially leading to death of many patients.
Accordingly, the identification of adequate and innovative
treatments to moderate toxic side effects occurrence,

* Correspondence: gianluca.bossi@ifo.gov.it; lidia.strigari@ifo.gov.it
5Laboratory of Medical Physics and Expert Systems, IRCCS - Regina Elena
National Cancer Institute, Rome, Italy
Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Loria et al. Journal of Experimental & Clinical Cancer Research            (2019) 38:1 
https://doi.org/10.1186/s13046-018-1018-6

http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-018-1018-6&domain=pdf
mailto:gianluca.bossi@ifo.gov.it
mailto:lidia.strigari@ifo.gov.it
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


improve therapy efficiency and ameliorate quality of life
and life expectancy in cancer patients is demanding.
In this context, focused ultrasound (US) represents a

non-invasive technology that can be adopted for local
tumor ablation deep inside the body without causing se-
vere harm to overlying skin and adjacent normal tissues.
Of interest, during the last years, low to medium inten-
sity US was revealed as compelling tool for the improve-
ment of several emerging therapeutic applications [5–8].
Indeed, the capability of pulsed US in transferring mech-
anical energy through the different layers of the skin and
underlying tissues, generating temporary non-lethal por-
osity in cell membrane, known as sonoporation [9], en-
hances cellular membrane permeability constituting an
intriguing and novel therapeutic option for more effi-
cient strategies for gene and/or drug delivery [10].
Nanoparticles (NPs) constitute a novel not hazardous

non-viral vehicle, for the delivery, by encapsulation, of
nucleic acid (DNA, siRNA) and/or therapeutic com-
pounds that may otherwise cause systemic toxicity if de-
livered in free form. Various types of NPs have been
intensively investigated for increasing local tumor deliv-
ery [11–14]. In particular, protein-cage molecules based
on ferritins (Fts) are attracting growing interest in the
field of drug-delivery, due to their exceptional character-
istics, namely biodegradability, solubility, functionaliza-
tion versatility and remarkable capacity to bind different
types of drugs [15]. Nevertheless, albeit the outstanding
potentiality, the identification of strategies aimed to im-
prove uptake and delivery of therapeutic NPs in the
tumor site are still highly desired.
Of interest, low-intensity US (LIUS) have been shown to

enhance the delivering of liposomal drug carriers in cancer
cell increasing their therapeutic efficacy [16]. To date a
widely accepted definition of LIUS is missing, and most of
the studies in cancer cells have been generally performed
with intensity lower than 5.0W/cm2, corresponding to a
root-mean-square pressure amplitude of about 0.3MPa
[17]. Very low intensity of non-cavitational US (VLIUS) has
been reported to allow the internalization of small drugs
model molecules when higher time of exposure are used in
NIH murine fibroblast-like culture (NIH-3 T3) [18].
In this study, we investigated whether VLIUS at inten-

sities, to induce sonoporation at subcavitational levels,
lower (0.04, 0.08 0.12W/cm2) than that already reported
[19–21] could constitute a novel approach to improve de-
livery of therapeutic compounds in tumors of different type
(sarcoma and colon). At the best of our knowledge, no in-
ternalization studies have been performed using a low in-
tensity megasonic field. Accordingly, in order to verify the
efficacy of this novel modality in terms of increase selective
uptake in tumoral cells and translate speedily in clinical
practice, we investigated VLIUS in three different in vitro
experimental tumor models and normal cells adopting

three different therapeutic strategies. We demonstrated that
VLIUS enhances delivery of NPs and chemotherapy drug
in cancer cells at the experimental conditions adopted with-
out significant effects in normal cells.

Methods
Cell lines
The human lines colon adenocarcinoma (HT29), colorec-
tal carcinoma (HCT116), human fibroblast (HF), endothe-
lial umbilical vein (E926), and sarcoma (SW872 and
SW982, provided by ATCC) were all cultured in DMEM
(Dulbecco’s modified Eagle’s medium, Eurobio, Les Ulis,
France), supplemented with 10% heat-inactivated FBS
(Gibco, Life technologies, Milan, Italy), 1% penicillin/
streptomycin and 1% Glutammine (Gibco, Life technolo-
gies, Milan, Italy). The myxoid sarcoma lines 402–91 WT
[22] and the resistant counterpart 402–91 ET [23] were
maintained in RPMI medium supplemented with 10%
heat-inactivated FBS and 1% penicillin/streptomycin
(Gibco, Life technologies, Milan, Italy). All lines grow at
37 °C in a humidified atmosphere with 5% CO2.

Production of HFt-based NPs
Recombinant H-type human ferritin (HFt) and fluor
escein-labelled (HFt-FITC) were prepared as described
previously [24].

Production of lipoplex-LUC
Zwitterionic helper lipids dioleoylphosphatidylethanolamine
(DOPE) and dioleoylphosphocholine (DOPC) and the monova-
lent cationic lipids 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) and (3β-[N-(N′,N′-dimethylaminoethane)-
carbamoyl])-cholesterol (DC-Chol) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and used
without further purification. According to standard proto-
cols, lipid vesicles (DOPE, DOPC, DOTAP and DC-Chol)
were dissolved in chloroform at the desired molar ratio
(3:1:1:3) (patent number RM2012A000480). The solvent was
evaporated under vacuum for at least 24 h and obtained lipid
films hydrated with Tris-HCl (10mM, pH 7.4) to achieve the
desired final lipid concentration (1mg/mL). Lipid dispersions
were sonicated to clarity to prepare small unilamellar vesicles
(SUVs). Protamine sulfate salt (P) from salmon (MW=5.1
kDa) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and dissolved in ultrapure water (final
concentration = 1 mg/ml). For each well, negatively
charged P/DNA microspheres were prepared by mixing
1.25μg of P with 2.5μg of DNA vector pGL4.51-LUC-CMV--
Neo (weight ratio, RW=0.5, zeta potential =− 19.5 ± 2.5mV).
After 20min incubation, lipid/DNA NPs were prepared by
mixing negatively charged P/DNA microspheres with lipid
vesicles at cationic lipid/DNA charge ratio, ρ= 3. After pipet-
ting up and down a few times, lipoplex-LUC were kept at
room temperature for 15–30min before use.
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Size and zeta-potential measurements
The lipoplex-LUC were highly homogeneous (polydis-
persity index = 0.11 ± 0.02), small in size (RH = 255 ± 23
nm) and positively charged (ζP = 32.3 ± 11.2 mV). Hydro-
dynamic radius (RH) and zeta-potential (ζP) distributions
of lipid/DNA NPs were measured at 25 °C by a ZetaSizer
spectrometer (Malvern, UK) equipped with a 5 mW He
−Ne laser (wavelength λ = 632.8 nm) and a digital loga-
rithmic correlator. The normalized intensity autocorrel-
ation functions were analyzed by a dedicated software,
which allows obtaining the distribution of the diffusion
coefficient D of the particles. This coefficient is con-
verted into an effective hydrodynamic radius RH by
using the Stokes–Einstein equation RH = KBT/ (6πηD),
where KBT is the thermal energy and η the solvent vis-
cosity. RH and ζP are reported as the average ± standard
deviation (s.d.) of three independent measurements.

VLIUS setup
Treatments were performed with a homemade device
(Fig. 1) [18] consisting of a signal generator (Agilent
33220A), a signal amplifier device (Amplifier Research
25A250) combined with a sine wave oscillator together with

waterproof ultrasonic piezoresistive unfocussed transducer
(S.N. PA517, Precision Acoustics, UK, 6 cm diameter)
immersed at the bottom of a tank (30 × 30 × 30 cm) filled
with degassed Milli-Q water (18.2MΩ·cm, resistivity).
Ultrasonic transducer is engineered to be stimulated in
burst or continuous regimes under drive signal amplitude
of 10–100V, in the 1–5MHz frequency range, providing
the main therapeutic ultrasound settings. A sinusoidal sig-
nal at the frequency of 1MHz was generated and measured
by a needle hydrophone (S.N. 2090, Precision Acoustics) of
0.5mm diameter with a sensitivity of 483mV/MPa at 1
MHz, connected to an oscilloscope (Tektronix TDS
3052B). Continuous ultrasound exposures in terms of
spatial peak temporal average intensity (Ispta) equal to 40,
80, 120 and 150mW/cm2 were administered for fixed
time-points to hermetically sealed cell culture 60mm Petri
dish containing cells with 3.0ml of growth media. Plate was
positioned above the transducer at the water surface sub-
merged up to half of its thickness aligned coaxially with the
transducer, at a fixed distance Source-dish Surface Distance
(SSD) of 12 cm from the transducer as reported in Fig. 1.
The temperature of the water bath was monitored by
thermocouple system (Lutron electronic enterprise co.,

Fig. 1 Ultrasounds setup. For VLIUS exposure, a line of ultrasonic signal was generated by a piezoelectric unfocussed transducer immersed at the
bottom of a tank filled with degassed water, powered to a signal generator (Agilent 33220A) and a signal amplifier (Amplifier Research 25A250).
A sinusoidal signal at the frequency of 1 MHz was generated and measured by a needle hydrophone (S.N. 2090, Precision Acoustics) of 0.5 mm
diameter with a sensitivity of 483 mV/MPa at 1 MHz, connected to an oscilloscope (Tektronix TDS 3052B). Continuous ultrasound exposures in
terms of ‘spatial peak temporal average intensity’ (Ispta) equal to 40, 80, 120 and 150mW/cm2 were administered for 15 min on a petri dish (60
mm), submerged up to half of its thickness and aligned coaxially with the transducer, at a fixed distance (Source-dish Surface Distance (SSD) from
the transducer
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LTD.) and kept constantly at 25 °C (accuracy, ±1 °C) both
inside and outside the Petri dish.

HFt-based NPs delivery
SW872 and SW982 cells were plated at density of
2,0 × 105 cells on poly-l lysine coated slides in 60 mm
dish. The day after cells were incubated for 1 h with
HFt-based NPs plus or minus 15 min exposure to
VLIUS at different intensities (40–120 mW/cm2).
Following cells were counterstain with Hoechst
(SIGMA-Aldrich) and analyzed under Microscope
OLYMPUS BX53 for immunofluorescence dots. Each
experiment was carried-out in quadruplicate and re-
peated at least three times.

The lipoplex-LUC delivery
Either HT29, HCT116, HF, or E926 cells were plated in
60mm dishes at density of 5,0 × 104 cells/dish. The day
after cells were replenished with OPTIMEM, and ex-
posed to VLIUS at intensity 120 mW/cm2 for different
time lengths (5, 10, 15, 20 min). The lipoplex-LUC car-
gos were delivered to the cells right-before or right-after
VLIUS treatments. The day after culture media was re-
placed with regular grow media. Then, 48 h later cells
were collected, rinsed with PBS and lysed with 200 μl of
Passive Lysis Buffer (PLB; Cat.#E1941 Promega). Protein
lysates were clarified by centrifugation (12,000 RPM×
15min + 4 °C) and 30 μl of collected supernatants incu-
bated in triplicate with Luciferase Assay Reagent (Pro-
mega) before reading to GloMax® 96 Microplate
Luminometer. Values were normalized to protein con-
centration for each sample. Each experiment was
carried-out in triplicate and repeated at least three
times.

Drug treatments
Trabectedin kindly provided by PhamaMar S.A (Colmenar
Viejo, Spain) was stored at − 20 °C in DMSO at a concen-
tration of 1mM, and diluted in RPMI before treatment.
HF, E926, 402–91 WT and 402–91 ET cells were plated at
density of 1,5 × 105 cells in 60mm dish, and the day after
treated for 1 h with trabectedin at a concentration of 10 or
25 nM. During the treatment cells were also exposed 1, 5,
10 or 15min to VLIUS at different intensities of 20 or 40
or 80mW/cm2. Cell vitality was evaluated by Crystal vio-
let staining 48 h after drug removal. Each experiment was
carried-out in triplicate and repeated at least three times.

Image analysis
The database of available fluorescence images was divided
in training (one of the images at 40 and 80mW/cm2) and
investigation (the remaining) dataset. A Matlab tool was
developed to import each image and split it into three im-
ages, one for each RGB channel. Based on the histogram

and profiles carried-out on the green channel of
training dataset, a cut-off of 10 was set as threshold.
A visual inspection of green images and of each
histogram was performed based on the identified
cut-off to verify that green areas correspond to inves-
tigated cells. The Matlab function “regionprops” was
used to extract the area and the eccentricity of identi-
fied regions. The fraction of pixels over the cutoff of
10 was calculated as the ratio between the sum of
counts over the cuf-off and the original green images
and calculated for each image. The standard deviation
of the measured fractions was determined in the im-
ages for each experimental condition. The fractions
and the error bars were plotted according to each ex-
perimental setup.

Statistical analysis
Data were reported as mean and standard deviation. All
analyses were performed using one-way/two-way
ANOVA and Dunnett’s /Tukey’s multiple comparisons
post-hoc test as appropriate. Differences were consid-
ered statistically significant when P ≤ 0.05.

Results
VLIUS improves HFt-based NP cellular uptake in sarcoma
cells in vitro
In order to investigate VLIUS effects on endocytosis and
thus cellular uptake in sarcoma cells, we quantified the
subcellular localization of fluorescent dots generated by
HFt-based NPs delivery upon exposure to a VLIUS
source generated with a homemade device (Fig. 1). To
this aim, adherent cell cultures from two different sarcoma
lines (SW872, SW982) were incubated with HFt-based
NPs at three different concentrations (0.1–0.25 – 0.5
mg/ml) and thereafter exposed for 15 min to a VLIUS
source with constant 1.0 MHz frequency and increas-
ing intensities (40–80 - 120 mW/cm2). Cells which re-
ceived HFt-based NPs without VLIUS were adopted
as negative control. Right after incubations cells were
stained and analyzed at single cell level under micro-
scope to quantify fluorescence dots. Results revealed
that VLIUS exposure enhance HFt-based NPs delivery
in both tested lines (Fig. 2). The most efficient cellu-
lar uptake was achieved when the highest HFt-based
NPs concentration (0.5 mg/ml) was combined to the
maximum LIUS intensity (120 mW/cm2) (Fig. 2a, b).
Of interest, no fluorescence dots were observed in
control cells challenged with HFt-based NPs without
VLIUS (Fig. 2a). Fluorescence dots were homoge-
nously distributed in the cytosol with no nuclear
staining, and cell viability was close to 100% in all ex-
perimental settings explored (data not shown) sup-
porting the effectiveness of VLIUS in promoting NPs
delivery in tumor site.
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Fig. 2 (See legend on next page.)
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VLIUS increases lipoplex-LUC delivery in colon cancer
cells in vitro
In order to assess whether VLIUS might increase trans-
fer of DNA-loaded NPs in cancer cells [25], we investi-
gated in hard-to-transfect HT29 colon cancer cells [26]
the delivery efficiency of DNA vector encoding Firefly
luciferase reporter (LUC) gene complexed with lipid
vesicles (lipoplex-LUC). Luciferase-based technology al-
lows to record the average of reporter expression in the
whole cell population. To define the most suitable
VLIUS wave, we took advantage from previously re-
ported analyses (Fig. 2) and selected the US frequency
and intensity that showed the highest HFt-based NPs
internalization (1,0 MHz frequency and 120 mW/cm2
intensities). We first investigated VLIUS by treatments
with different time-length exposure to optimize cell
permeability and hence delivery. Thus, HT29 cells were
incubated with equal amount of lipoplex-LUC cargos
and left untreated or incubated with VLIUS at estab-
lished intensity varying the exposure time (5, 10, 15, 20
min), and cell delivery efficiency evaluated 48 h later.
VLIUS at 15 min exposure time was revealed as the
most efficient to deliver lipoplex-LUC cargos in HT29
cells when compared to all other tested treatments
(Fig. 3a). Results observed with longer VLUIS exposure
time (20 min) might depend to the exit of lipoplex-LUC
cargos from the cells likely due to a protracted expos-
ure as reported [27].
We next investigated whether different schedule of

treatment might improve DNA delivery in HT29 cells,
and lipoplex-LUC cargos were added to the cells im-
mediately before or immediately after the established
VLIUS treatment (120 mV/cm2, 15 min). When com-
pared to untreated cells, VLIUS treatment increases
significantly lipoplex-LUC internalization in both
tested conditions, however, a significantly higher DNA
delivering was observed when lipoplex-LUC cargo
were added to the cells before VLIUS treatments, in
tested cancer cells (Fig. 3b). Hence, the therapeutic
strategies modelling could constitute a crucial proced-
ure to identify optimal setting for more efficient com-
pounds delivery.

VLIUS increases lipoplex-LUC delivery in cancer but not in
normal cells
In a therapeutic scenario, the specificity and selectivity
in tumor targeting with minor or insignificant effects on
surrounding normal tissues is detrimentally required to
maximize anti-tumor effects abating undesirable adverse
effects. Therefore, we investigated whether VLIUS treat-
ments might selectively improve delivery in cancer with-
out significant effects in normal cells. Accordingly,
analyses were performed with cancer (HT29, HCT116)
and normal fibroblast (HF) and endothelial umbilical
vein (E926) cells. Of interest, despite the intrinsic peculi-
arity of each line, VLIUS significantly increases DNA de-
livery in tumor HT29 and HCT116 lines without any
significant effect in normal cells (Fig. 4). The overall re-
sults are in support of a different response to VLIUS
that occur in tumor cells with respect to normal coun-
terpart providing novel promising insights for the design
of more selective anti-tumor treatments.

VLIUS increases trabectedin efficiency in myxoid sarcoma
but not in normal cells
US cavitation increases the permeability to bioactive ma-
terials by sonoporation perturbing the cell membrane
structures [10, 28, 29]. Accordingly, we asked whether
VLIUS might enhance delivery of trabectedin, a marine
alkaloid isolated from the tunicate Ecteinascidia turbi-
nata, with potent antitumor activity in a wide range of
tumors in particular liposarcoma [30–32]. To this aim,
myxoid sarcoma 402–91 WT, and trabectedin-resistant
402–91 ET lines and normal HF and E926 lines were
treated with trabectedin for 1 h at concentrations of 10
or 25 nM, and thereafter exposed or not to VLIUS for 1,
5, 10 or 15min with constant frequency (1.0MHz) and
the minimal intensity (80 mW/cm2) required to effi-
ciently guarantee the molecule delivery, since lower
tested intensities (20 and 40 mW/cm2) were ineffective
or protective (Additional file 1: Figure S1, A and B). As
previously demonstrated by us and other groups [22, 23,
33], trabectedin alone induced 50% of cell death in sensi-
tive 402–91 WT cells, which of interest reached 85%
when exposed to VLIUS for 1 and 5min (Fig. 5a).

(See figure on previous page.)
Fig. 2 VLIUS treatments increases HFt-based NPs cell uptake. a SW872 and SW982 cells were plated on poly-l lysine coated slides and the day
after incubated for 45 min in the presence of HFt-based NPs at different concentration (0.1–0.25 – 0.5 mg/ml) and following exposed 15 min to
VLIUS source with increasing intensities (40–80 – 120mW/cm2). Control cells were treated 1 h with HFt-based NPs alone. After incubations cells
were counterstained with Hoechst to highlight nuclei and analyzed for immunofluorescence dots. Fluorescence dots were quantified as fraction
of pixels over the cutoff of 10 using in the green channel of each image. Scale bar is 10 μm. b Histogram reported percentage of uptake and
error bars represent the standard deviation of the measured fractions in the images for each experimental condition. Each experiment was
carried out in quadruplicate and repeated at least three times. Significance was assessed by using two-way ANOVA and Tukey’s multiple
comparisons post-hoc test. * P < 0.05, **P < 0.001, ***P < 0.0001
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Noteworthy, the drug treatment followed by VLIUS for
15min induced a significant 20% of death in 402–91 ET
cells (Fig. 5b), suggesting that also in trabectedin-resist-
ant cells VLIUS increase drug uptake inducing cells
death (Fig. 5b), albeit not enough to completely revert
drug resistance, which might require longer VLUIS time
exposure likely due to drug resistance activated pathways
in these cells [33]. Of relevance, in normal cell counter-
parts, trabectedin at higher concentration (25 nM) com-
bined with VLIUS do not induce any significant effect
on cell survival in all experimental conditions tested
(Fig. 5c, d). These results are in accordance with those

shown Fig. 4, where tumor cells might reveal a different
behavior to VLIUS than normal cell, providing novel po-
tential features for selective tumor treatments. Overall,
our results support that small pores created by VLIUS
allow passive diffusion of small molecules, such as tra-
bectidin (761,84 g/mol) into the tumor lesion. This is in
agreement with a mechanistically expected effect for
low/high US, which the induced pore formation increase
the direct cytoplasmic uptake of drugs (whash-in).
Contrarily, longer VLIUS treatment (> 5min) concurs to
the exit of small molecules from the cytoplasm (wash-out)
as observed with high intensity US [32].

A

B

Fig. 3 US exposure enhances cellular uptake of LipoplexLUC NP complexes. a HT29 cells plated at density of 5.0 × 105 cells in 60 mm dish, were
delivered with lipoplex-LUC cargos and right after exposed to VLIUS source for the indicated times lengths. b HT29 cells plated as reported in A.
The day after cells where either delivered with lipoplex-LUC cargos and treated with VLIUS for 15 min (Lipoplex-LUC / VLIUS) or with opposite
schedule VLIUS for 15 min and then incubated lipoplex-LUC cargos (VLIUS / Lipoplex-LUC). In all treatments reported in (a and b) cells were
collected 48 h after treatments. DNA delivery efficiency was assessed by luciferase assays and values were normalized to protein content and
relative LUC activity quantified with respect to control set to 1.0. Each experiment has been repeated three times in triplicate, means and
standard deviation of representative experiments are reported. Significance was assessed by one-way ANOVA and Dunnett’s multiple
comparisons post-hoc test. *P < 0.05, **P < 0.001, ***P < 0.0001
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Discussion
VLIUS has been utilized for cancer therapy studies -
sonodynamic therapy, US mediated chemotherapy, US
mediated gene delivery and antivascular US therapy
[34]. Focused US has been used recently to target
DNA-loaded microbubbles located within tumor’s
neovasculature to facilitate release of genetic material
locally into the tumor [35, 36]. In particular, US has
been noted causing the process of sonoporation thus
producing transient pores in the cancer cell mem-
branes through which molecules are able to enter the
cell [20, 37, 38]. Of interest, successful delivery of
genetic material by using microbubbles induces apop-
tosis in cancer cells and reduces tumor growth [39,
40]. The underlying hypothesis is to deliver genetic
materials into specific tumor sites sparing the
non-targeted areas [41].
To date there is no widely accepted definition of

LIUS and intensity below the 5.0W/cm2 has been re-
cently suggested as maximum value for LUIS applica-
tion. Of note, the acoustic pressures required to
promote gene transfer using microbubbles are usually
greater than 0.3 MPa falling into a general classification
of moderate US intensities. In these studies, the
US-mediated methods for delivery of genetic material
was usually accomplished using non-viral and, in a few
studies, viral techniques [38, 42]. The non-viral tech-
niques have higher safety with respect to viral vectors
but are disadvantaged by the low delivery efficiencies
[43]. At the best of our knowledge, the combination of
VLIUS and NPs to deliver genetic material or VLIUS
and drug to locally deliver chemotherapy into tumors

has not been fully explored at power lower than 0.120
W/cm2 (i.e. 120 mW/cm2). In this regards, this study
would highlight the therapeutical potential of our novel
device to selectively enhance drug delivery in cancer
cells with respect to normal cells.
Of note, our data support that increasing the power

of very low intensity non-cavitational US increases
significantly the uptake of NPs in both SW872 and
SW982 human sarcoma cell lines, considered as rep-
resentative of less or more aggressive cancer cell
lines, respectively. In particular, increasing the inten-
sity up to 120 mW/cm2 the uptake significantly in-
creases still maintaining cells vitality without any side
effects. Of relevance, the use of an automated tool for
the detections of fluorescent dots allowed a fast and
precise data elaboration for accurately revealing NPs
uptake efficacy. Moreover, VLIUS significantly and se-
lectively increase the delivery of DNA-NPs cargo into
tumor cells but not in normal fibroblast and endothe-
lial cells. Of interest, similar tumor specific effects
were found when VLIUS were combined to trabecte-
din in myxoid sarcoma cells, thus opening original
scenarios for the development of novel therapeutic
treatments.
In addition, relatively few studies focused on biodis-

tribution of the agents and their elimination from the
body. Chemotherapeutic agent-loaded microbubbles
not destroyed by an US beam which has been local-
ized to a tumor will continue to circulate in the vas-
cular system and may be retained in a major organ
(e.g. spleen, followed by decreasing levels respectively
in the liver, lung, kidney and other tissues) [44–47].

Fig. 4 Ultrasound pre-treatment enhances significantly cellular NP-DNA complexes uptake in cancer cells but not normal cells. Cancer HT29,
HCT116 and normal HF, E926 cells were plated (5.0x105cells / dish) in 60 mm dishes, then twenty-four hours later, growth media was replaced
with OPTIMEM, delivered with liploplex-LUC complexes and thereafter ultrasounds treated for the indicated times. Cells were collected 48 h after
treatments. DNA transduction efficiency was evaluated by luciferase assays and values were normalized to protein content and relative LUC
activity quantified respect to control set to 1.0. Each experiments have been repeated three times in triplicate, means and standard deviation of
representative experiments are reported. Significance was assessed by one-way ANOVA and Dunnett’s multiple comparisons post-hoc test.
*P < 0.05, **P < 0.001, ***P < 0.0001

Loria et al. Journal of Experimental & Clinical Cancer Research            (2019) 38:1 Page 8 of 11



Recently, it has been reported that the dense and stiff
extracellular matrix (ECM) can prevent drug delivery
into tumor tissues affecting therapeutic efficacy [48,
49], ECM remodeling and disruption of collagen
structure by pulsed-high intensity focused US has
been reported as a promising strategy to enhance the
deep penetration and tumor targeting in ECM-rich
tumor tissues [50]. This issue has still to be explored
with VLIUS, insonation of neoplasms with VLIUS is
easy to perform, the instruments are relatively
inexpensive and the bio-effects in adjacent normal tis-
sues are commonly minimal. Treatment times are
prolonged in comparison to those used in high inten-
sity focused US, and treatments can be delivered
non-invasively and repeatedly. Multigene approach

using a combination of antiangiogenic and pro-apop-
totic gene therapies is expected to achieve a synergis-
tic therapeutic response [51].

Conclusions
Our studies, by adopting three different in vitro experi-
mental tumor models and normal cells and approaching
three different therapeutic scenarios, demonstrated
VLIUS, as non-invasive and repeatable strategy, to medi-
ate efficient delivery in tumor cells sparing normal tis-
sues. Overall data shed novel lights on the potential
application of VLIUS for the design and development of
novel therapeutic strategies aiming to efficiently deliver
NP loaded cargos or anticancer drugs into more aggres-
sive and unresponsive tumors niche.

A B

C D

Fig. 5 US treatments increases trabectedin uptake in tumor but not in normal cell. a, b, c and d, respectively 402–91 WT, 402–91 ET, HF and E926
cells were plated at density of 150,000 cells in 60mm dish, and the day after treated for 1 h with trabectedin at a concentration of 10 or 25 nM.
During the treatment cells were also exposed 1, 5, 10 or 15 min to LIUS source at intensities of 80 mW/cm2. Cell vitality was evaluated by Crystal
violet assay 48 h after drug removal. Histogram reported percentage of viable cells and error bars represent the standard deviation. Significance
was assessed by one-way ANOVA and Dunnett’s multiple comparisons post-hoc test. *P < 0.05, **P < 0.001, ***P < 0.0001
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Additional file

Additional file 1: Figure S1. US treatments in 402–91 WT cells at lower
intensities did not increase trabectedin effect. 402–91 WT cells were
plated at density of 150,000 cells in 60 mm dish, and the day after
treated for 1 h with trabectedin at a concentration of 10 nM. During the
treatment cells were also exposed 1, 5, 10 or 15 min to LIUS source at
intensities of 40 or 20 mW/cm2 (A and B). Histogram reported
percentage of viable cells and error bars represent the standard
deviation. Significance was assessed by one-way ANOVA and Dunnett’s
multiple comparisons post-hoc test. *P < 0.05, **P < 0.001, ***P < 0.0001.
(JPG 99 kb)

Abbreviations
DC-Chol: (3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl])-cholesterol;
DOPC: Dioleoylphosphocholine; DOPE: Dioleoylphosphatidylethanolamine;
DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane; HF: Normal fibroblast;
HFt: H-type human ferritin; Ispta: Spatial peak temporal average intensity;
LUC: Luciferase reporter; NPs: Nanoparticles; P: Protamine sulfate salt;
PEG: Poly(ethylene glycol); PLB: Passive Lysis Buffer; RGB: Red green blue;
RH: Hydrodynamic radius; RW: Weight ratio; s.d.: Standard deviation;
SSD: Source-dish Surface Distance; SUVs: Small unilamellar vesicles;
US: Ultrasound; ζP: Zeta-potential

Acknowledgements
Not applicable.

Funding
This study was partially supported by Associazione Italiana per la Ricerca sul
Cancro (AIRC) to GB (IG2016#18449) and to LS (IG2017#16776), and the 5 X
1000 from Ministry of Health year 2011 to GB.

Availability of data and materials
The reagents and data used and generated during the current study are
available from the corresponding authors on reasonable request.

Authors’ contributions
RL: Methodology, visualization, experimental evaluation, approval of the
manuscript; PC, EF, GC: production of NPs, approval of the manuscript; CG,
AB, RP: setup of US device, approval of the manuscript; RM: Writing
(reviewing/editing), approval of the manuscript; GB, RF, LS:
Conceptualization, methodology, writing (first draft), writing (reviewing/
editing), formal analysis, visualization, supervision/administration, approval of
the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Research, Advanced Diagnostics and Technological
Innovation, Area of Translational Research, IRCCS - Regina Elena National
Cancer Institute, Rome, Italy. 2Dipartimento Innovazioni Tecnologiche e
Sicurezza degli Impianti, Prodotti e Insediamenti Antropici (DIT), INAIL, Rome,
Italy. 3Department of Molecular Medicine, “Sapienza” University of Rome,
Rome, Italy. 4Institute of Molecular Biology and Pathology, CNR, Rome, Italy.
5Laboratory of Medical Physics and Expert Systems, IRCCS - Regina Elena
National Cancer Institute, Rome, Italy.

Received: 14 December 2018 Accepted: 20 December 2018

References
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer

statistics, 2012. C.A. Cancer J. Clin. 2015;65(2):87–108.
2. Nikolaou M, Pavlopoulou A, Georgakilas AG, Kyrodimos E. The challenge of

drug resistance in cancer treatment: a current overview. Clin Exp Metastasis.
2018;35(4):309–18.

3. Sievers CK, Kratz JD, Zurbriggen LD, LoConte NK, Lubner SJ, Uboha N, et al.
The Multidisciplinary Management of Colorectal Cancer: Present and Future
Paradigms. Clin Colon Rectal Surg. 2016;29(3):232–8.

4. Jones RL, Fisher C, Al-Muderis O, Judson IR. Differential sensitivity of
liposarcoma subtypes to chemotherapy. Eur J Cancer. 2005;41(18):2853–60.

5. Mitragotri S. Healing sound: the use of ultrasound in drug delivery and
other therapeutic applications. Nat Rev Drug Discov. 2005;4(3):255–60.

6. Newman CM, Bettinger T. Gene therapy progress and prospects: ultrasound
for gene transfer. Gene Ther. 2007;14(6):465–75.

7. Timbie KF, Mead BP, Price RJ. Drug and gene delivery across the blood-
brain barrier with focused ultrasound. J Control Release. 2015;219:61–75.

8. Zhou Y. Ultrasound-mediated drug/gene delivery in solid tumor treatment.
J Healthc Eng. 2013;4(2):223–54.

9. Sivakumar M, Tachibana K, Pandit AB, Yasui K, Tuziuti T, Towata A, et al.
Transdermal drug delivery using ultrasound-theory, understanding and
critical analysis. Cell Mol Biol (Noisy-le-grand). 2005;51(Suppl):OL767–84.

10. Liang HD, Tang J, Halliwell M. Sonoporation, drug delivery, and gene
therapy. Proc Inst Mech Eng H. 2010;224(2):343–61.

11. Pozzi D, Marchini C, Cardarelli F, Rossetta A, Colapicchioni V, Amici A, et al.
Mechanistic understanding of gene delivery mediated by highly efficient
multicomponent envelope-type nanoparticle systems. Mol Pharm. 2013;
10(12):4654–65.

12. Fantechi E, Innocenti C, Zanardelli M, Fittipaldi M, Falvo E, Carbo M, et al. A
smart platform for hyperthermia application in cancer treatment: cobalt-
doped ferrite nanoparticles mineralized in human ferritin cages. ACS Nano.
2014;8(5):4705–19.

13. Fan L, Zhao S, Yang Q, Tan J, Song C, Wu H. Ternary cocktail nanoparticles
for sequential chemo-photodynamic therapy. J Exp Clin Cancer Res. 2017;
36(1):119.

14. Zhou S, Wu D, Yin X, Jin X, Zhang X, Zheng S, et al. Intracellular pH-
responsive and rituximab-conjugated mesoporous silica nanoparticles for
targeted drug delivery to lymphoma B cells. J Exp Clin Cancer Res. 2017;
36(1):24.

15. Falvo E, Malagrinò F, Arcovito A, Fazi F, Colotti G, Tremante E, et al. The
presence of glutamate residues on the PAS sequence of the stimuli-
sensitive nano-ferritin improves in vivo biodistribution and mitoxantrone
encapsulation homogeneity. J Control Release. 2018;275:177–85.

16. Pitt WG, Husseini GA, Roeder BL, Dickinson DJ, Warden DR, Hartley JM, et al.
Preliminary results of combining low frequency low intensity ultrasound
and liposomal drug delivery to treat tumors in rats. J Nanosci Nanotechnol.
2011;11(3):1866–70.

17. Wood AK, Sehgal CM. A review of low-intensity ultrasound for cancer
therapy. Ultrasound Med Biol. 2015;41(4):905–28.

18. Domenici F, Giliberti C, Bedini A, Palomba R, Luongo F, Sennato S, et al.
Ultrasound well below the intensity threshold of cavitation can promote
efficient uptake of small drug model molecules in fibroblast cells. Drug
Deliv. 2013;20(7):285–95.

19. Gong Y, Wang Z, Dong G, Sun Y, Wang X, Rong Y, Li M, Wang D, Ran H.
Low-intensity focused ultrasound mediated localized drug delivery for liver
tumors in rabbits. Drug Deliv. 2016;23(7):2280–9 Epub 2014 Nov 4.

20. Huang C, Huang S, Li H, Li X, Li B, Zhong L, et al. The effects of ultrasound
exposure on P-glycoprotein-mediated multidrug resistance in vitro and in
vivo. J Exp Clin Cancer Res. 2018;37(1):232.

21. Wei H, Huang J, Yang J, Zhang X, Lin L, Xue E, Chen Z. Ultrasound exposure
improves the targeted therapy effects of galactosylated docetaxel
nanoparticles on hepatocellular carcinoma xenografts.

22. Aman P, Ron D, Mandahl N, Fioretos T, Heim S, Arheden K, et al.
Rearrangement of the transcription factor gene CHOP in MLSs with t(12;
16)(q13;p11). Genes Chromosomes Cancer. 1992;5:278–85.

23. Uboldi S, Bernasconi S, Romano M, Marchini S, Fuso Negrini I, Damia G,
et al. Characterization of a new trabectedin-resistant MLS cell line that

Loria et al. Journal of Experimental & Clinical Cancer Research            (2019) 38:1 Page 10 of 11

https://doi.org/10.1186/s13046-018-1018-6


shows collateral sensitivity to methylating agents. Int J Cancer. 2012;
131:59–69.

24. Falvo E, Tremante E, Fraioli R, Leonetti C, Zamparelli C, Boffi A, et al.
Antibody-drug conjugates: targeting melanoma with cisplatin encapsulated
in protein-cage nanoparticles based on human ferritin. Nanoscale. 2013;
5(24):12278–85.

25. Pozzi D, Caracciolo G, Caminiti R, De Sanctis SC, Amenitsch H, Marchini C,
et al. Toward the rational design of lipid gene vectors: shape coupling
between lipoplex and anionic cellular lipids controls the phase evolution of
lipoplexes and the efficiency of DNA release. ACS Appl Mater Interfaces.
2009;1(10):2237–49.

26. Cerda MB, Batalla M, Anton M, Cafferata E, Podhajcer O, Plank C, et al.
Enhancement of nucleic acid delivery to hard-to-transfect human colorectal
cancer cells by magnetofection at laminin coated substrates and promotion
of the endosomal/lysosomal escape. RSC Adv. 2015;5(72):58345–54.

27. Zarnitsyn V, Rostad CA, Prausnitz MR. Modeling transmembrane transport
through cell membrane wounds created by acoustic cavitation. Biophys J.
2008;95(9):4124–38. https://doi.org/10.1529/biophysj.108.131664 Epub 2008
Aug 1.

28. Fan H, Li H, Liu G, Cong W, Zhao H, Cao W, Zheng J. Doxorubicin
combined with low intensity ultrasound suppresses the growth of oral
squamous cell carcinoma in culture and in xenografts. J Exp Clin
Cancer Res. 2017;36(1):163.

29. Hu Z, Lv G, Li Y, Li E, Li H, Zhou Q, et al. Enhancement of anti-tumor effects
of 5-fluorouracil on hepatocellular carcinoma by low-intensity ultrasound. J
Exp Clin Cancer Res. 2016;35:71.

30. Valoti G, Nicoletti MI, Pellegrino A, Jmeno J, Hendrix H, D'Incalci M, et al.
Ecteinascidin-743, a new marine natural product with potent antitumor
activity on human ovarian carcinoma xenografts. Clin Cancer Res. 1998;4:1977–83.

31. Carter NJ, Keam SJ. Trabectedin, a review of its use in soft tissue sarcoma
and ovarian cancer. Drugs. 2010;70:355–76.

32. Gordon EM, Kumar Sankhala K, Chawla N, Chawla SP. Trabectedin for
soft tissue sarcoma: current status and future perspectives. Adv Ther.
2016;33:1055–71.

33. Loria R, Laquintana V, Bon G, Trisciuoglio D, Frapolli R, Covello R, et al.
HMGA1/E2F1 axis and NFkB pathways regulate LPS progression and
trabectedin resistance. Oncogene. 2018;37(45):5926–38. https://doi.org/10.
1038/s41388-018-0394-x.

34. Lentacker I, De Cock I, Deckers R, De Smedt SC, Moonen CT. Understanding
ultrasound induced sonoporation: definitions and underlying mechanisms.
Adv Drug Deliv Rev. 2014;72:49–64.

35. Hirschberg H, Madsen SJ. Synergistic efficacy of ultrasound, sonosensitizers
and chemotherapy: a review. Ther Deliv. 2017;8(5):331–42.

36. Mayer CR, Geis NA, Katus HA, Bekeredjian R. Ultrasound targeted
microbubble destruction for drug and gene delivery. Expert Opin Drug
Deliv. 2008; 5:1121–1138. [PubMed: 18817517].

37. Geis NA, Katus HA, Bekeredjian R. Microbubbles as a vehicle for gene and
drug delivery: current clinical implications and future perspectives. Curr
Pharm Des. 2012;18:2166–83.

38. Sirsi SR, Borden MA. Advances in ultrasound mediated gene therapy using
microbubble contrast agents. Theranostics. 2012;2:1208–22.

39. Haag P, Frauscher F, Gradl J, Seitz A, Schäfer G, Lindner JR, et al.
Microbubble-enhanced ultrasound to deliver an antisense
oligodeoxynucleotide targeting the human androgen receptor into prostate
tumours. J Steroid Biochem Mol Biol. 2006;102:103–13.

40. Li F, Jin L, Wang H, Wei F, Bai M, Shi Q, Du L. The dual effect of ultrasound-
targeted microbubble destruction in mediating recombinant adeno-
associated virus delivery in renal cell carcinoma: transfection enhancement
and tumor inhibition. J Gene Med. 2014;16:28–39.

41. Fujii H, Matkar P, Liao C, Rudenko D, Lee PJ, Kuliszewski MA, et al.
Optimization of ultrasound-mediated anti-angiogenic Cancer gene therapy.
Mol Ther Nucleic Acids. 2013;2:e94.

42. Carson AR, McTiernan CF, Lavery L, Grata M, Leng X, Wang J, et al.
Ultrasoundtargeted microbubble destruction to deliver siRNA cancer
therapy. Cancer Res. 2012;72:6191–9.

43. Wang TY, Choe JW, Pu K, Devulapally R, Bachawal S, Machtaler S, et al.
Ultrasound-guided delivery of microRNA loaded nanoparticles into cancer. J
Control Release. 2015;203:99–108.

44. Tang Q, He X, Liao H, He L, Wang Y, Zhou D, et al. Ultrasound microbubble
contrast agent-mediated suicide gene transfection in the treatment of
hepatic cancer. Oncol Lett. 2012;4:970–2.

45. Wang DS, Panje C, Pysz MA, Paulmurugan R, Rosenberg J, Gambhir SS, et al.
Cationic versus neutral microbubbles for ultrasound-mediated gene delivery
in cancer. Radiology. 2012;264:721–32.

46. Toft KG, Hustvedt SO, Hals PA, Oulie I, Uran S, Landmark K, et al. Disposition
of perfluorobutane in rats after intravenous injection of Sonazoid.
Ultrasound Med Biol. 2006;32:107–14.

47. Cosgrove D. Ultrasound contrast agents: an overview. Eur J Radiol. 2006;60:
324–30.

48. Yanagisawa K, Moriyasu F, Miyahara T, Yuki M, Iijima H. Phagocytosis of
ultrasound contrast agent microbubbles by Kupffer cells. Ultrasound Med
Biol. 2007;33:318–25.

49. Liu GJ, Moriyasu F, Hirokawa T, Rexiati M, Yamada M, Imai Y. Optical
microscopic findings of the behavior of perflubutane microbubbles outside
and inside Kupffer cells during diagnostic ultrasound examination. Investig
Radiol. 2008;43:829–36.

50. Song G, Darr DB, Santos CM, Ross M, Valdivia A, Jordan JL, et al. Effects
of tumor microenvironment heterogeneity on nanoparticle disposition
and efficacy in breast cancer tumor models. Clin Cancer Res. 2014;
20(23):6083–95.

51. Lee S, Han H, Koo H, Na JH, Yoon HY, Lee KE, et al. Extracellular matrix
remodeling in vivo for enhancing tumor-targeting efficiency of nanoparticle
drug carriers using the pulsed high intensity focused ultrasound. J Control
Release. 2017;263:68–78.

Loria et al. Journal of Experimental & Clinical Cancer Research            (2019) 38:1 Page 11 of 11

https://doi.org/10.1529/biophysj.108.131664
https://doi.org/10.1038/s41388-018-0394-x
https://doi.org/10.1038/s41388-018-0394-x

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell lines
	Production of HFt-based NPs
	Production of lipoplex-LUC
	Size and zeta-potential measurements
	VLIUS setup
	HFt-based NPs delivery
	The lipoplex-LUC delivery
	Drug treatments
	Image analysis
	Statistical analysis

	Results
	VLIUS improves HFt-based NP cellular uptake in sarcoma cells in vitro
	VLIUS increases lipoplex-LUC delivery in colon cancer cells in vitro
	VLIUS increases lipoplex-LUC delivery in cancer but not in normal cells
	VLIUS increases trabectedin efficiency in myxoid sarcoma but not in normal cells

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

