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Background: Magnetic Fluid Hyperthermia (MFH) is a promising adjuvant for chemother-

apy, potentiating the action of anticancer agents. However, drug delivery to cancer cells must

be optimized to improve the overall therapeutic effect of drug/MFH combination treatments.

Purpose: The aim of this work was to demonstrate the potentiation of 2-phenylethynesul-

fonamide (PES) at various combination treatments with MFH, using low-intensity ultrasound

as an intracellular delivery enhancer.

Methods: The effect of ultrasound (US), MFH, and PES was first evaluated individually and

then as combination treatments. Definity® microbubbles and polyethylene glycol (PEG)-coated

iron oxide nanoparticles were used to induce cell sonoporation and MFH, respectively.

Assessment of cell membrane permeabilization was evaluated via fluorescence microscopy,

iron uptake by cells was quantified by UV-Vis spectroscopy, and cell viability was determined

using automatic cell counting.

Results: Notable reductions in cancer cell viability were observed when ultrasound was

incorporated. For example, the treatment US+PES reduced cell viability by 37% compared to

the non-toxic effect of the drug. Similarly, the treatment US+MFH using mild hyperthermia

(41°C), reduced cell viability by an additional 18% when compared to the effect of MH

alone. Significant improvements were observed for the combination of US+PES+MFH with

cell viability reduced by an additional 26% compared to the PES+MFH group. The improved

cytotoxicity was attributed to enhanced drug/nanoparticle intracellular delivery, with iron

uptake values nearly twice those achieved without ultrasound. Various treatment schedules

were examined, and all of them showed substantial cell death, indicating that the time

elapsed between sonoporation and magnetic field exposure was not significant.

Conclusion: Superior cancer cell-killing patterns took place when ultrasound was incorporated

thus demonstrating the in vitro ultrasonic potentiation of PES and mild MFH. This work

demonstrated that ultrasound is a promising non-invasive enhancer of PES/MFH combination

treatments, aiming to establish a sono-thermo-chemotherapy in the treatment of ovarian cancer.

Keywords: MFH, ultrasound, sonoporation, microbubble, PES, membrane permeabilization,

enhanced cytotoxicity

Introduction
The current standard of care in the treatment of ovarian cancer faces challenges

associated with chemotherapy resistance, often attributed to irregular drug distribution

and poor penetration into solid tumors.1 As an experimental cancer therapy, magnetic
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fluid hyperthermia (MFH) pursues the physiological heating

of a tumor (41–47°C) via thermal energy released by mag-

netic nanoparticles under the action of an alternating mag-

netic field (AMF). This local, minimally invasive

hyperthermia approach aims to reduce cancer cell growth

while improving the effects of chemotherapy.2 Experimental

evidence supports the notion that MFH potentiates cytotoxic

effects of chemotherapeutic agents while sensitizing resistant

cancer cells, and this often occurs at mild hyperthermia

temperatures (~41°C).3,4 This phenomenon is of particular

interest in the field of MFH, because reaching moderate

hyperthermia temperatures (≥43 °C) in tumors remains

a challenge, as it requires large nanoparticle doses for effec-

tive accumulation in cancerous tissues and sufficient heat

generation.5 Some studies have reported enhanced cytotoxic

effects of drugs such as cisplatin and bortezomib when used

in combination with MFH, inducing sensitivity in resistant

cancer cells.6–8 In vivo studies have also demonstrated the

thermal potentiation of drugs like cisplatin and doxorubicin

via MFH, resulting in significant tumor volume reductions in

mice.9,10 Recently, Court et al investigated the thermal poten-

tiation of 2-phenylethynesulfonamide (PES), an inhibitor of

the function of the heat-shock proteins (HSP70). The com-

bined PES/MFH treatment was demonstrated to be synergis-

tic leading to significantly higher ovarian cancer cell death

when compared to MFH or PES individual treatments. In

addition, significant tumor volume reductions were observed

in vivo after PES/MFH co-administration in mice bearing

intraperitoneal ovarian tumors.11 Despite promising results,

one of the limitations for the clinical translation of drug/MFH

combination therapies is the required optimal concentrations

of drugs and nanoparticles in tumor cells, which is difficult to

attain in the clinical setting. In addition to poor penetration of

drugs into tumors, efficient drug uptake by cancer cells is

limited by the chemical composition of the drug molecule,

especially for hydrophilic molecules with unpredictable

active uptake pathways.1 Among the strategies to improve

the delivery of drugs and nanoparticles to tumors, the use of

physical methods poses a potential advance compared to

conventional chemical conjugations. Low-intensity-focused

ultrasound (LIFU) has been suggested for the transient,

structural alteration of endothelial barriers and cell mem-

branes, improving drug and nanoparticle distribution.12 The

aim of LIFU is to facilitate the extravasation of particles and

drug molecules to tumors and their subsequent internaliza-

tion into tumor cells, using ultrasound waves as external

stimuli. The rationale behind the ultrasound-improved cellu-

lar uptake of drugs and nanoparticles is the transient

permeabilization of cell membranes caused by gas-filled

microbubbles excited by ultrasound, undergoing mechanical

cavitation without thermal effects.12 This phenomenon is

known as sonoporation and is capable of modifying the

structure of cell membranes, inducing the formation of

microscopic, reversible pores without damaging cell

functions.13 These temporary pores and other biomechanical

alterations of the cell membrane provide the means for facili-

tated passage of drugs and their subsequent accumulation in

intracellular compartments, as described elsewhere.14 The

performance of various microbubble-assisted ultrasound

chemotherapy systems has been evaluated both in vitro and

in vivo, along with a growing number of preclinical

experiments.12 Microbubbles and drugs like doxorubicin,

paclitaxel, cisplatin, and cetuximab have been studied either

as microbubble/drug-conjugated platforms or separately,

using different regimens of ultrasound.15–19 Overall, these

studies report increased intracellular drug concentrations

leading to enhanced drug toxicity for cells sonoporated in

the presence of drugs. Similar improvements have also been

observed in vivo, revealing a significant reduction of tumor

volume, decreased accumulation of drugs in the liver, and

prolonged median survival in animal models, compared to

ultrasound-free chemotherapy.12

Additionally, sonoporation has also been used to increase

the uptake of magnetic nanoparticles by cancer cells, espe-

cially for imaging applications. The use of LIFU has led to

enhanced localization of drug-loaded nanoparticles via mag-

netic resonance imaging (MRI) and increased magnetic

labelling efficiency as a function of intracellular nanoparticle

concentrations.20–22 Importantly, some studies have reported

increased nanoparticle internalization after one-minute sono-

poration using continuous ultrasound compared to 24 hr

standard incubation in the absence of LIFU.23 The mechan-

isms associated with ultrasound-assisted internalization of

nanoparticles have suggested that sonoporation leads to non-

internalizing uptake routes, reducing oxidative stress and

minimizing long-term cytotoxicity of nanoparticles in

healthy cells.24 Therefore, ultrasound provides a promising

outlook in cancer treatment by improving drug/nanoparticle

delivery, yet its incorporation as an integrated component in

drug/MFH combination treatments has not been reported.

Motivated by the need to improve drug and nanoparti-

cle accumulation for more efficient drug/MFH platforms,

the present work suggests the use of microbubble-assisted

ultrasound to potentiate the cell-killing profile of MFH/

PES combination treatments. It was hypothesized that

cancer cells exposed LIFU in the presence of PES and
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nanoparticles, would increase the drug intracellular con-

centration, while improving nanoparticle distribution, thus

leading to superior cancer cell killing profile after expo-

sure to AMF. To test our hypothesis, the experimental

design started with the evaluation of the three individual

therapies: microbubble-mediated ultrasound (US), mag-

netic fluid hyperthermia (MFH), and drug (PES), at experi-

mental conditions nearly innocuous for cell viability.

Results showed that ultrasound is a novel approach to

expand the benefits of thermal potentiation of PES via

magnetic heating, leading to superior cell killing profiles

in ovarian cancer cells.

Materials and Methods
Materials
Roswell Park Memorial Institute (RPMI) 1640 culture med-

ium, sodium bicarbonate, gentamicin solution, phosphate buf-

fered saline (PBS), Trypan Blue, Trypsin-EDTA 0.25%,

hydroxylamine hydrochloride, sodium acetate, 1,10-

phenanthroline monohydrate, ICP iron standard, EDTA

5Mm solution, and 2-phenylethynesulfonamide (PES) were

purchased from Sigma Aldrich (St. Louis, MO). Nitric acid

70% v/v (Optima grade) and ethanol absolute were purchased

from Fisher Scientific (Hampton, New Hampshire). Fetal

bovine serum (FBS), Sytox Green nucleic acid stain,

Hoechst® 3342, and Hanks balanced salt solution (HBSS)

were purchased from Life Technologies/Thermo Fisher

Scientific (Waltham, MA). Calcein-AM kit was purchased

from Nexcelom Biosciences (Lawrence, Massachusetts).

Definity® microbubbles were donated by Lantheus Medical

Imaging (North Billerica, MA). All reagents were used as

received or as indicated by the manufacturer.

Cell Cultures
HeyA8ip1 human ovarian carcinoma cells were provided by

the institutional Cell Line Core Laboratory at MD Anderson

Cancer Center. Cells were cultured on 75 cm2 flasks

(Eppendorf, Hamburg, Germany) with RPMI 1640 medium

supplemented with 15% FBS, 2 g/L sodium bicarbonate,

0.1% gentamicin, and maintained at 37°C and 5% CO2 as

described elsewhere.11 Cells were split every 3 days at a 1:3

split ratio with an 80–90% of confluence, keeping passage

numbers below twenty.

Nanoparticle Suspension
Iron oxide magnetic nanoparticles were synthesized and

coated with silanized polyethylene glycol (PEG) following

methods from previous publications.25,26 Here is summarized

the synthesis, surface modification, and characterization.

Briefly, iron (II) and iron (III) solutions (0.30 M total iron

concentration) were reacted under a nitrogen atmosphere with

ammonium hydroxide at 85°C and pH between 8.0 and 9.0 for

1 hr. The resultant iron oxide solution (IO) was cooled and

peptized twice with tetramethylammonium hydroxide

(TMAOH) using a high energy sonication probe for 20 mins.

Peptized nanoparticles were centrifuged, magnetically dec-

anted, and suspended in deionized water. Afterwards, oleic

acid (OA) was reacted with nanoparticles (25 mg/mL) at 50°C

for 2 hrs, washed with absolute ethanol, and dispersed in

toluene. The OA layer was then exchanged by PEG-Silane,

prepared as described elsewhere,27 and stirred for 72 hrs at

room temperature. PEG-coated nanoparticles were precipi-

tated with cold diethyl ether, washed with acetone, magneti-

cally decanted, and dried in a vacuum oven at room

temperature. Physical and hydrodynamic diameters were

determined by transmission electron microscopy (200CX,

JEOL, Akishima, Japan) and dynamic light scattering (Zeta

PALS, Brookhaven Instruments, Holtsville, NY), respectively.

Magnetic behavior was measured using a superconducting

quantum interference device – SQuID magnetometer

(MPMS3, Quantum Design, San Diego, CA). The specific

absorption rate (SAR) was determined via induction heating

(EasyHeat 8310 LI, Ambrell, Hengelo, Netherlands) and nor-

malized by iron content quantified by UV-Vis spectrophoto-

metry (UV-2600, Shimadzu Scientific Instruments, Inc.,

Kyoto, Japan). The surface charge and weight percentage of

iron oxide core were determined using zeta potential via

particle size analyzer (Zeta PALS, Brookhaven Instruments,

Holtsville, NY) and thermogravimetric analysis (TA

Instruments Q 6000 STD, New Castle, DE), respectively.

PEG-coated nanoparticle aqueous suspensions were purified

by dialysis against deionized water, concentrated using

Amicon filter units, and sterilized using sterile syringe filters

of 0.20 µm. The final particle concentration used in experi-

ments was 0.6 mg IO/mL.

Focused Ultrasound Design and

Calibration
A single-element-focused ultrasound transducer (H-115,

Concepts®, Bothell, WA) was assembled to a coupling,

truncated cone and filled with degassed, deionized water.

The transducer-cone assembly was characterized using an

HNR-100 needle hydrophone (Onda Corp, Sunnyvale,

CA) to experimentally determine the position on the
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circular target region at which the ultrasound intensity is

maximum. The experimental setup for the calibration is

very similar to that reported by Rodríguez-Negrón28 with

slight modifications. Pressure measurements were per-

formed along the circular target region and along the

vertical axis, starting at 40 mm from the transducer up to

60 mm. All measurements were performed at steps of

1 mm, at a fixed amplitude of 1 V and center frequency

of 1.1 MHz. The acoustic intensity was obtained from the

pressure values according to the following equation:

I ¼ P2

2 � Z � 100ð Þ2

where P is the peak pressure, Z is the acoustic impedance

of water (1.48 kg/s*m2), and 1002 is the correction factor

required to express the acoustic intensity in W/cm2. When

using pulsed ultrasound, the acoustic intensity varies with

time thus it is reported as the spatial peak temporal aver-

age intensity, ISPTA, obtained the acoustic intensity is mul-

tiplied by the duty cycle. Mapping of acoustic intensity is

shown in Figure SI-1.

Optimization of Ultrasound Parameters
Cells were seeded in 35 mm petri dishes 18 hrs before the

experiments (cell populations ranged from 1x105 to 1x106

cells). The ultrasound transducer was filled with deionized,

degassed water and sealed with a latex membrane. Definity®

microbubbles (MB) in RPMI/FBS 15% (~2.5x107 MB/mL

or up to 66 MB/cell) were added to cells right before ultra-

sound exposure. Using a thin layer of ultrasound coupling gel

between the latex membrane and petri dishes, cells were

exposed to either continuous or pulsed ultrasound for times

ranging in 30–60 s, at intensities ranging from 2 to 5 W/cm2

(or up to 16.3 W/cm2 for some experiments). For pulsed

ultrasound, the pulsed repetition period (PRP) and duty

cycle (DC) were fixed at 1.0 ms and 30%, respectively.

Once sonicated, cells were detached with trypsin and auto-

matically counted using Trypan Blue live/dead cell exclu-

sion. Results were processed as a viability ratio with respect

to control groups without ultrasound exposure (number of

cells of treated groups/number of cells of the control group).

Experiments were performed in triplicate.

Assessment of Cell Membrane

Permeabilization
Five hundred thousand cells were seeded in 35 mm petri

dishes 18 hrs before the experiments. A cocktail of 2 µM

SYTOX Green®, Hoechst 33342 (10 mg/mL), and Definity®

microbubbles (66 MB/cell) was added to petri dishes, fol-

lowed by exposure to pulsed ultrasound (PRP = 1.0ms, DC =

30%) in the dark. Four experimental groups were studied

varying the intensity (ISPTA) and the ultrasound exposure

time (tUS). After ultrasound exposure, cells were incubated

at 37°C minutes in the dark, washed with HBSS four times,

and subsequently imaged using an inverted fluorescence

microscope (CKX53, Olympus, Tokyo, Japan). Pictures

were taken using a 20X objective and a cooled, color camera

(DP74 CMOS, Olympus, Tokyo, Japan). Images were pro-

cessed using CellSens standard imaging software version

1.14 (CellSens, Zuid-Holland, Netherlands) showing cell

nuclei in blue and viable cells with permeabilized cell mem-

branes as green fluorescent cells.

Internalization of Magnetic Nanoparticles
One million cells were seeded in 35 mm petri dishes 18 hrs

before the experiment. Definity® microbubbles (66 MB/cell)

were added to a nanoparticle suspension [0.6 mg IO/mL]

prepared in RPMI/FBS 15% and added to petri dishes. Cells

from experimental groups (US) were exposed to pulsed ultra-

sound (PRP = 1.0ms, DC= 30%) at ISPTAvalues of 1.8 and 2.5

W/cm2, and tUS of 20 and 40 s. Cells from control groups (non-

US) received the microbubble/nanoparticle mixture but were

not exposed to ultrasound. Both control and experimental

groups were incubated for 5 or 12 hrs at 37°C. Once the

incubation time ended cells were washed twice with PBS,

rinsed with EDTA, detached using vigorous pipetting, and

counted using an automated cell counter (Auto T4,

Nexcelom Bioscience, Lawrence, Massachusetts). Live/dead

cell populations were assayed via Trypan Blue exclusion dye

under brightfield. Detached cells were digested with nitric acid

70% (1.0 mL HNO3/million cells) at 101°C overnight until

complete acid evaporation. Then, 46 µL of deionized water

was added, followed by 30 µL of hydroxylamine hydrochlor-

ide [8.6 M]. After 1 hr of iron reduction, 49 and 75 µL of

sodium acetate [1.22 M] and 1.10-phenanthroline [13 mM],

respectively, were added. The absorbance (508 nm) was mea-

sured using a UV/Vis absorbance microplate reader (Infinite

M200 PRO, Tecan,Männedorf, Switzerland). All experiments

were performed in triplicate.

US/MFH/PES Individual and Combination

Treatments
Five hundred thousand cells were seeded in 35mmpetri dishes

18 hrs before the experiment. Nanoparticles, Definity®
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microbubbles, and/or PES at concentrations 0.6 mg IO/mL, 66

MB/cell and 10 µM, respectively, were added to cells. Various

experimental groups were created based on the individual

treatments and their combinations, according to the experi-

mental design shown in Figure 1. Cells from experimental

groups involving ultrasound as dual or triple combinations

were sonicated using pulsed ultrasound, PRP = 1.0 ms, tUS =

60 s, DC = 30%, ISPTA = 1.8 W/cm2. Cells were incubated at

37°C either for 0.5 or 12 hrs after ultrasound treatment. Then,

cells were exposed to an AMF for 30 mins using an induction

heater (EasyHeat 8310 LI, Ambrell, Scottsville, NY) equipped

with a six-loop coil (2.5” diameter x 2” length) cooled by tap

water at 14°C. Temperatures of liquid media inside petri

dishes, the coil, and the surrounding temperature were mon-

itored by a DAQ system (National Instruments, Austin, TX)

and type-T thermocouples (model 5TC-TT-T-40-72, Omega,

Stamford, CT). Temperature-time data were stored in

a computer via LabViewTM 14.0 software (National

Instruments, Austin, TX). AMF exposure was performed for

30mins at 37°C, and frequency f = 245 kHz andmagnetic field

intensity Ho = 15–20 kA/m to achieve sustained temperatures

of 41°C or 43°C. Once the magnetic exposure finished, cells

were washed with RPMI/FBS 15% to remove nanoparticles,

drug and microbubbles, and then fresh culture medium and/or

drugwere added, followed by incubation for 48 hrs at 37°C and

5% CO2. Cells were washed, detached with trypsin, and

counted using two methods: a) manual/automatic cell count

with Trypan Blue live/dead exclusion and b) automatic, fluor-

escent cell count (Vision, Nexcelom Bioscience, Lawrence,

MA) using Calcein-AM dye to identify metabolically active

Figure 1 Overview of experimental design for individual or combination treatments between 2-phenylethynesulfonamide (PES), magnetic fluid hyperthermia (MFH) and

ultrasound (US). Response variable is cell viability.
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cells, emitting green fluorescence. Cell viability ratios were

determined with respect to the control (cells without any treat-

ment). All experiments were run in triplicate.

Statistical Analysis
The sample size was n = 3 for all experiments except for

fluorescence microscopy (n = 2). Bars represent the mean

of replicates for each experiment and standard deviations

were used as error bars. Statistical analysis was estimated

using the Student’s t-test (two-tailed distribution, two-

sample with unequal variance), considering significant

differences at P < 0.05.

Results
Nanoparticle Characterization
Physicochemical and magnetic properties of PEG-coated

nanoparticles were evaluated, including particle size, mag-

netic behavior, surface charge, heat dissipation, and the

amount of polymer grafted to particles. The results are

shown in Figure SI-2. TEM analysis revealed that the

physical diameter of nanoparticles is 15 nm which agrees

with the range of physical size obtained for uncoated

nanoparticles. Hydrodynamic diameters revealed particle

sizes of ~50–60 nm which is slightly higher than the

diameters of uncoated nanoparticles. Such an increase

was attributed to the layer of PEG-Silane grafted onto

the nanoparticle’s surface as it has been reported by others

with increments of about 13 nm after coating nanoparticles

with PEG-Silane of the same molecular weight.29

Equilibrium magnetization measurements at room tem-

perature confirmed the superparamagnetic behavior of

nanoparticles with saturation magnetization close to the

bulk value for iron oxide.30 The surface charge of nano-

particles was very close to neutral at pH 7, as demon-

strated by zeta potential measurements. Nanoparticles

became slightly negative at higher pH values because of

abundant deprotonated amines in silanol groups at alkaline

pH. A specific absorption rate (SAR) value of 402 W/gFe
was determined at Ho = 36.5 kA/m and f = 345 kHz, which

denotes a reduction of 23% of the heating efficiency with

respect of the uncoated inorganic core, reported

elsewhere.25 Reductions in SAR due to polymer coatings

are attributed to the decreased Brownian loss due to

increased hydrodynamic diameter.31 Thermogravimetric

measurements revealed that PEG-coated nanoparticles

were comprised of approximately 18% weight of iron

oxide, consistent with previous observations for particles

coated with PEG-Silane of the same molecular weight and

similar experimental conditions for particle coating.29

Optimization of Ultrasound Conditions
The effect of continuous/pulsed ultrasound, acoustic intensity,

exposure time, and cell population was evaluated on ovarian

cancer cell viability using cell populations ranging in

1.5–2.0x106 cells. The results are shown in Figure SI-3.

Continuous ultrasound caused cell detachment, leading to

reductions in the number of adherent cells, even at acoustic

intensities as low as 2 W/cm2. Cell detachment due to contin-

uous pulses was influenced by experimental conditions, but it

was also a cell type-dependent phenomenon.13 Differently,

a single application of pulsed ultrasound did not induce cell

detachment at the studied intensity values and exposure times,

thus making it potentially useful for further experiments.

However, a second ultrasound exposure 1 hr after the first

sonication led to cell detachment, indicating that subsequent

ultrasound exposures were not recommended. The exposure

time was adjusted as a function of acoustic intensity, using

smaller exposure times as the intensity increased. Therewas no

difference between 30 and 60 seconds of ultrasound exposure

time. As a result, the acoustic intensity and pulse type were the

most influential parameters affecting cell viability. Additional

experiments were conducted to evaluate the effect of various

ultrasound schedules using lower cell populations, for exam-

ple, those in the range of 1.0–5.0x105 cells. The lowest cell

population (1x105 cells) showed high susceptibility to cell

detachment when sonicated at intensities ISPTA > 0.9 W/cm2.

Overall, cell detachment correlated with increasing acoustic

pressure. Cell populations consisting of 5x105 cells exposed up

to ISPTA = 2.5 W/cm2 resulted in no major cell detachment.

This parameter was identified as the threshold for subsequent

experiments. Larger cell populations (eg, 1x106 cells) were

observed to withstand ISPTA values as high as 3.6 W/cm2 but

beyond that point, major cell detachment was observed even

for large cell populations. Interestingly, most cells that

detached from culture dishes during sonication were able to

reattachwhen transferred to newdishes, remaining viable. This

was observed even for low cell numbers at ISPTA values up to

3.6 W/cm2, but for higher intensities regardless of the cell

population.

Effect of Ultrasound-Induced Cell

Membrane Permeabilization
Cell membrane permeabilization was assessed via Sytox

Green uptake at various combinations of acoustic intensities
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and exposure times. Sytox Green is virtually non-fluorescent

in aqueous solutions and impermeable to intact cell mem-

branes. When cells have temporally or permanently compro-

mised membranes, the dye penetrates cells emitting brilliant,

green fluorescence upon binding to nucleic acids. As illu-

strated in Figure 2, green fluorescence was observed in cells

treated with different regimens of ultrasound (conditions A to

D) when compared to the control (non-sonicated cells).

Hoechst 33,342 was simultaneously used to stain the nuclei

of all cells for visualization purposes. The highest levels of

green fluorescence were visualized in cells that were exposed

to ultrasound at ISPTA = 1.8 W/cm2 for 40 s (condition B),

while higher intensities led to reductions in green fluores-

cence. Therefore, condition Bwas chosen as the combination

of acoustic intensity and exposure time to induce optimal cell

membrane permeabilization in cells. At ISPTA of 2.5 W/cm2

(conditions C and D), the effect of exposure time becomes

irrelevant as the levels of green fluorescence decreased when

compared to conditions A and B, regardless of the ultrasound

exposure time. Even when the chance of labeling apoptotic

cells with green fluorescence exists, fluorescence levels

between viable and dying cells are different, which allows

the identification of live, viable cells.32

Internalization of Magnetic Nanoparticles
The effect of ultrasound on nanoparticle internalization

was studied using the same intensity-exposure time com-

bination schedules assessed during Sytox Green uptake

experiments. This allowed to quantitatively confirm

whether optimal conditions that led to maximal uptake of

Sytox Green were applicable to improve nanoparticle

intracellular distribution. Also, additional incubation with

nanoparticles after ultrasound exposure was performed at

various timepoints to investigate the effect of cumulative

nanoparticle uptake by cells. The cellular uptake of iron

was quantified for sonicated cells in the presence of nano-

particles and subsequently incubated for 5 or 12 hrs in

nanoparticle suspension. Results are illustrated in Figure 3

for various US groups and the non-US (control group). It

can be noted that in the absence of ultrasound, nanoparti-

cles were internalized into cells in a time-dependent fash-

ion, via non-specific uptake. Such behavior was observed

when experiments were conducted using various incuba-

tion times with three different ovarian cancer cell lines

(see Figure SI-4). Four US groups showed improvements

in nanoparticle internalization when compared to the con-

trol. Interestingly, cells sonicated at ISPTA of 1.8 W/cm2 for

40 s revealed the highest uptake of iron with values up to

3.7 and 11.4 ρgFe/cell for 5 and 12 hrs of incubation time

with nanoparticles, respectively. Improvements in cellular

uptake of iron induced by ultrasound can also be expressed

by comparing uptake values as the ratio of US groups

divided by the non-US group, as summarized in Table 1.

Hence, it was found that the amount of internalized nano-

particles was up to 1.6 to 1.8 times higher than those of the

control group. These significant improvements occurred

for incubation times with nanoparticles of 5 or 12 hrs

after ultrasound exposure. Therefore, the increased inter-

nalization due to ultrasound occurred independently of the

total incubation time with nanoparticles.

US/MFH/PES Combination Treatments
Once optimal ultrasound conditions were identified, the

effects of individual and combined treatments of ultrasound

(US), drug (PES), and magnetic hyperthermia (MFH) were

evaluated. Combination treatments were carried out under

experimental conditions causing minimal damage to cells,

mimicking clinical settings characterized by mild hyperther-

mia (41~C), low drug concentrations in tumors, and low

acoustic intensities required for therapeutic ultrasound.

However, moderate hyperthermia (43°C) was also investi-

gated to account for treatment approaches leading to max-

imal cytotoxic effects. Incubation of cells with various PES

concentrations showed that 10 µM is not toxic for cells and

that inhibitory concentrations (IC50) of 28 µM took place

after 72 hrs of incubation with the drug (Figure SI-5-a). As

for MFH, evidence supports that HeyA8 cells exposed to

AMF are only minimally affected at 41°C.11,33 At higher

temperatures (i.e., 43°C and 45°C) this work showed that

ovarian cancer cell viability is strongly affected in a cell-

dependent fashion (Figure SI-5-b). The effects of various

individual and combination treatments are depicted in

Figure 4 comparing mild and moderate hyperthermia condi-

tions. When cells were exposed to ultrasound in the presence

of the drug (US+PES) cell viability was significantly reduced

by 37% compared to the non-toxic effect of PES and US

administered individually. Similarly, when cells were

exposed to ultrasound in the presence of magnetic nanopar-

ticles and subsequently exposed to AMF at 41°C (US

+MFH), cell viability decreased by an additional 18% com-

pared to viability obtained for MFH alone. Additional cell

groups were treated with PES for 12 hrs and subsequently

exposed to MFH at 41°C and 43°C (PES+MFH) to investi-

gate the effect of thermal energy using non-cytotoxic PES

concentrations. Results from mild hyperthermia experiments

revealed that cell viability decreased by an additional 36%
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and 19% relative to viabilities obtained from PES and MFH

individual treatments, respectively. Similar results were

obtained for moderate hyperthermia, where cell viability

decreased by an additional 21% compared to MFH alone.

As expected, the effects of moderate hyperthermia were

distinctively higher than those observed at 41°C, with cell

viability dropping down to 0.2 for MFH+PES. The effect of

ultrasound was ultimately studied in a triple combination

treatment carried out by sonicating cells in the presence of

PES and nanoparticles, followed by AMF exposure to 12- hr

post sonication (US+PES+MFH). A remarkable increase in

cancer cell death took place compared to the group PES

Figure 2 Live-cell fluorescence microscopy for the assessment ultrasound-induced cell membrane permeabilization via Sytox Green uptake by HeyA8 cells. Conditions (A–D)

represent various combinations of ISPTA values and exposure time. Images show one of the four representative areas evaluated per each sample. Scale bars represent 500 µm.
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+MFH with cell viability decreased by an additional 26%.

These observations are consistent with the hypothesis that

improved cancer cell killing profiles could be achieved when

using ultrasound to enhance the effects of MFH and PES. In

the case of moderate hyperthermia, no significant difference

was observed between groups PES+MFH and US+PES

+MFH since MFH alone at 43°C is more aggressive, thus

leading to small numbers of viable cells after treatment.

Comparisons between groups with very small cell numbers

made it difficult to distinguishwhether significant differences

were obtained or not, disguising relevant findings. For this

reason, it was decided to continue subsequent studies using

only mild hyperthermia.

The objective of exposing cells to AMF 12 hrs after

sonication was to allow sufficient time for drugs and nanopar-

ticles to cross permeabilized membranes via facilitated trans-

port through pores on the cell membrane. Yet, results from

ultrasound-assisted nanoparticle internalization indicated that

net improvements in the cellular uptake of iron between 5- or

12-hr post-sonications were not significant. Therefore, it was

assumed that incubation times with nanoparticles for several

hourswere no longer required and the samewould likely apply

for PES. Aiming to confirm this premise, additional MFH

experiments at 41°C were conducted with the same experi-

mental groups but applying ultrasound 30 mins before AMF

exposure. As shown in Figure 5, the tendency of combination

treatments was very similar to that of experiments comprised

of sonications 12 hrs before AMF exposure, and the correla-

tion of increased cell death with the incorporation of

Figure 3 Ultrasound-assisted nanoparticle internalization into HeyA8 cells as

a function of various spatial peak temporal average intensities (ISPTA) values |

[exposure time (tUS)] conditions. Cells were incubated with nanoparticles for 5

or 12 hrs. Error bars represent the standard deviation of three independent

experiments. *Represents significantly different values (p-values <0.05).

Table 1 Normalized Iron Uptake Values Expressed as the Ratio

Between the Ultrasound-Assisted Internalization Divided by

Internalization in the Absence of Ultrasound (US/Non-US)

ISPTA, W/cm2 | [tUS, s] 5 hrs 12 hrs

1.8 | [20] 1.3 1.2

1.8 | [40] 1.8 1.6

2.5 | [20] 1.3 1.2

2.5 | [40] 1.4 1.2

Abbreviation: ISPTA, spatial peak temporal average intensity.

Figure 4 Viability ratio of HeyA8 cells after combination treatments of ultrasound

(US), drug (PES) and hyperthermia (MFH) at mild and moderate hyperthermia

temperatures. AMF conditions were Ho = 15–20 kA/m, f = 245 kHz, exposure

time: 30 min. Cells were sonicated 12 hrs before AMF exposure. Error bars

represent the standard deviation of three independent experiments. *Represents

significantly different values (p-values <0.05).

Figure 5 Comparison of US/PES/MFH combination therapies with bulk heating at

41°C. Cells were sonicated either 12 hrs (blue bars) or 30 mins (red bars) before

exposure to AMF (Ho = 15–20 kA/m, f = 245 kHz, exposure time = 30 min). Error

bars represent the standard deviation of three independent experiments.
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ultrasound was consistently observed. Moreover, it was con-

firmed that reducing the time between sonications and AMF

exposure resulted in no significant differences for the various

combination treatments including ultrasound exposure

(p-values >0.05). Therefore, it was confirmed that ultrasonic

potentiation of PES+MFH can be consistently achieved, and

that it can be applied right before AMF exposure yet having

the same beneficial outcome. The concurrent administration of

ultrasound, PES and MFH induced major cell death when

compared to individual or dual treatments, driven by improved

intracellular delivery of PES and enhanced nanoparticle inter-

nalization, attained with ultrasound.

Discussion
Optimization of ultrasound parameters was an important

component of this work to ensure stable cavitation during

sonoporation without thermal effects, minimizing cell

detachment, yet inducing reversible cell membrane per-

meabilization. Ultrasound-induced hyperthermia and iner-

tial cavitation of microbubbles can be deleterious to cells,

thus optimizing ultrasound parameters is required when

designing ultrasound-based therapies.34 Our results show

that cell numbers in the order of 1x105 were instanta-

neously detached from culture plates upon ultrasound

exposure, whereas populations ≥5x105 cells were not

affected. Such observations indicated that cell-to-cell inter-

actions played an important role in response to stresses

caused by microbubble cavitation. Cell detachment during

ultrasound exposure could be a consequence of irreversi-

ble disassembly in tubulin networks triggered by disrup-

tion of microtubule integrity, as reported by Fan et al.35

Therefore, low cell populations with disrupted microtu-

bules would be unable to recover from cytoskeleton

damage compared to higher cell populations, where proxi-

mity stabilizes cell-to-cell interactions, possibly reversing

tubulin disassembly. Ultrasound exposure at ISPTA and tUS
of 1.8 W/cm2 and 40 s, respectively, provided optimal

conditions to induce cell membrane permeabilization

with minimum cell detachment phenomena. Increasing

ISPTA to 2.5 W/cm2 led to cell detachment thus both blue

and green fluorescence levels decreased. This observation

does not indicate a reduction in cell membrane permeabil-

ity, but the reduction in the overall number of fluorescent

cells as depicted by the increase of dark spots in Figure 2,

conditions C and D, indicating areas with cell detachment.

Yet, additional tests were conducted by transferring

detached cells after ultrasound exposure at 2.5 W/cm2 to

petri dishes with fresh culture medium, and it was

confirmed that detached cells remained viable even 48-hr

post sonication. Intensity and exposure times evaluated in

this work are in agreement with safe dosimetry for ther-

apeutic applications of ultrasound thus these values are

translatable for clinical use.36 Results from fluorescence

microscopy qualitatively demonstrated cell membrane per-

meabilization of viable cells by the high extent of green

fluorescence emitted by cells via Sytox Green uptake.

Some studies report that green fluorescence levels emitted

by Sytox Green in viable, sonoporated cells are signifi-

cantly higher than those emitted by passive loading of the

dye in dead cells by diffusion.32 In addition, this work

demonstrated that reductions in cell numbers immediately

after ultrasound exposure were mostly due to cell detach-

ment. Detached cells during sonication were eliminated

along with the excess of fluorescent dyes via extensive

washing prior to imaging. Therefore, it was presumed that

green fluorescence observed in all groups was emitted only

by viable cells.

Ultrasound conditions leading to optimal cell membrane

permeabilization were also quantitatively confirmed via intra-

cellular iron quantification. Notable improvements on iron

uptake of up to 11.4 ρgFe/cell after 12-hr incubation with

nanoparticles were observed with the incorporation of ultra-

sound. These high uptake values were the contribution of

nanoparticles crossing the cell membrane via pore-mediated

access and passive transport by non-specific uptake mechan-

isms. Even when non-specific uptake occurred in a time-

dependent fashion for both control and experimental groups,

the net improvement in iron uptake was similar regardless of

the total incubation time with nanoparticles. These observa-

tions suggest that nanoparticle transport through porated/per-

meabilized cell membranes takes place simultaneously with

ultrasound exposure or shortly after it. For example, the work

of Kolarova et al shows that improvements in iron uptake

occurred as fast as one minute-post sonication compared to

24 hr internalization without ultrasound.23 Non-specific

uptake of PEG-coated nanoparticles by ovarian cancer cells

has been ascribed to clathrin- and caveolae-mediated endocy-

tic pathways with subsequent nanoparticle distribution in

endosomes and lysosomes.37 Lower uptake values of cells

sonicated at other acoustic intensities (eg ISPTA ≥ 2.5 W/cm2)

may be associated with an impaired equilibrium between

facilitated internalization and exocytosis during resealing of

membrane pores. As explained by Lentacker et al, resealing of

membrane pores may trigger exocytosis because of reduced

membrane tension and intracellular vesicle trafficking.38

Hence, the use of higher acoustic intensities during
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experiments could lead to the formation of bigger membrane

pores, which would require more time for healing, leading to

losses of internalized molecules or nanoparticles. It is impor-

tant to mention that sonoporation in the presence of nanopar-

ticles was conducted to enhance nanoparticle uptake by cancer

cells rather than using nanoparticles as cavitation media or

heat transfer actuators. Some authors report the use of iron

oxide and other metallic nanoparticles as sonosensitizers due

to a combination of mechanical and thermal effects.39–41

These studies have demonstrated the efficiency of sonosensi-

tization by the increased cancer cell death due to ultrasound-

induced hyperthermia, sometimes leading to thermal potentia-

tion of chemotherapy in various combination treatments.42

Differently, our work used gas-filled microbubbles as cavita-

tion media to induce biomechanical effects and ultrasound

conditions were tuned up to minimize both cell detachment

and thermal effects. The absence of thermal effects as

a consequence of adjusting parameters such as duty cycle,

ultrasound exposure time, and frequency has been reported

by others with ultrasound settings similar to those used in this

work.43–46 For example, our ultrasound exposure was pulsed

at a duty cycle of 30% for 20–60 s compared to continuous

ultrasound irradiation for 5–10 mins as reported in the studies

referred before. Therefore, it is thought that the presence of

nanoparticles during ultrasound irradiation did not contribute

thermal effects and the main contribution to mechanical effect,

most likely stable cavitation, produced by Definity® micro-

bubbles in the culture medium.

The improved cell killing achieved upon the incorpora-

tion of ultrasound was attributed to the increased PES

intracellular concentrations and increased nanoparticle

uptake, due to cell sonoporation. Results from dual combi-

nation experiments were early indications that ultrasound

potentiated the effect of otherwise non-toxic drug concen-

trations and enhanced the anticancer profile of mild

hyperthermia at the studied conditions. Such events were

clearly induced by ultrasound, but also the result of effects

caused by individual therapies. For example, heat stress

produced during MFH induces apoptosis and other cell

death mechanisms including the immunogenic effects of

heat-shock proteins (HSP).47,48 In addition, experimental

evidence supports that mild magnetic hyperthermia

increases cell membrane fluidity, leading to higher uptake

of some chemotherapeutic drugs.6 These individual contri-

butions may lead to significantly higher cell death through

various mechanisms. First, the mechanical bioeffects of

ultrasound on cell membranes, such as sonoporation, can

be further enhanced by increased membrane fluidity caused

by MFH, as demonstrated elsewhere.6 Hence, the cytotoxic

profile of US+MFH is lower than that of US+PES+MFH

because the drug is not present in the medium. Yet, US

+MFH induced more cell death than MFH alone because of

the increased mechanical stress on the cell membrane

caused by ultrasound. Therefore, the reason behind the

increased cell death was not the effect of US alone, which

does not affect cell viability as demonstrated during the

optimization of ultrasound parameters. One possible reason

is the intracellular, local heating effects caused by increased

nanoparticle internalization as a result of cumulative stress

on cell membranes (e.g., sonoporation from ultrasound plus

increased membrane fluidity from MFH). Despite the argu-

ments against nanoscale thermal phenomena, experimental

evidence highlights the benefits of heating effects in the

vicinity of magnetic nanoparticles, which could actually

enhance the thermal potentiation of chemotherapeutic

agents.3,49 Second, the mechanism of action of PES to

induce cancer cell death can be further enhanced by one

of the mechanisms triggered by MFH. PES inhibits the

function of stress-inducible heat-shock proteins (HSP70

family), which support lysosome membrane integrity,

though lysosomal membrane permeabilization has also

been identified as one of the death pathways after exposure

to AMF.50,51 In addition, experimental evidence reveals that

the fate of PEG-coated nanoparticles may be accumulation

in endosomes and lysosomes upon internalization in ovarian

cancer cells via non-specific uptake.37 Our results indicated

that slightly higher cell death occurred for PES+MFH com-

pared to that of US+PES. We hypothesize that such

a pattern is likely due to an increase in damage to lysosomal

membranes caused by PES and intensified by MFH. The

cytotoxic effect of PES+MFH at both mild and moderate

hyperthermia was consistent with that previously reported

by our group thus demonstrating that thermal potentiation

of PES in ovarian cancer cells via MFH was reproducible.

Our previous work not only demonstrated the synergy

between PES and MFH in vitro but also antitumor efficacy

of PES+MFH in orthotopic ovarian cancer models.11 Yet,

the central goal of this work was to evaluate further

improvements in PES+MFH combination treatments

in vitro by using low-intensity ultrasound. Therefore,

when ultrasound was incorporated to yield the triple com-

bination group (US+PES+MFH), the cancer cell killing

profile was substantially potentiated due to the increased

PES and nanoparticle intracellular concentrations. Still, the

cumulative effect on the structure of cell membranes due to

mechanical and thermal stress could induce more drug/
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nanoparticle transport across the cell membrane. At this

point, it is evident that all these effects take place concur-

rently with causes and effects being part of a cycle that

leads to potentiate cytotoxic effects on cells. Inherently,

these effects are ruled by high PES intracellular concentra-

tions along with improved nanoparticle penetration,

achieved via ultrasound. Higher PES intracellular concen-

trations are likely to cause major rupture of lysosomal

membranes as proposed elsewhere.11 Importantly, all these

observations came from experiments carried out using

a non-cytotoxic PES concentration which became toxic

due to ultrasound. Furthermore, no significant differences

were observed in cell viability for the temporal window of

ultrasound and AMF exposure (0.5 or 12 hrs) thus indicat-

ing that ultrasound can be applied right before MFH.

Results discussed in this work have demonstrated the ultra-

sonic potentiation of PES/MFH combination treatments

in vitro suggesting that similar efficacies could be poten-

tially attained in vivo.

Conclusion
Significant improvements in ovarian cancer cell killing pro-

files were obtained with the incorporation of ultrasound on

PES/MFH combination therapies at mild hyperthermia tem-

peratures. The use of low-intensity ultrasound induced the

occurrence of cell sonoporation which increased the intra-

cellular delivery of PES, while improving nanoparticle inter-

nalization. The ultrasonic potentiation of PES/MFH was

achieved after the systematic optimization of ultrasound

conditions to achieve maximum cell membrane permeability

and minimum damage to cells during ultrasound exposure.

To the best of our knowledge, this is the first time that low-

intensity-focused ultrasound is used to potentiate the effects

of magnetic fluid hyperthermia as an adjuvant in cancer

chemotherapy. It was demonstrated that the cytotoxic profile

of the HSP70 inhibitor PES can be greatly potentiated by the

concomitant administration of thermal and mechanical

energy, using an in vitro ovariatablen cancer model.

Hence, it is expected that this work has the potential to be

considered as a part of a novel sono-thermo-chemotherapy.
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