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Abstract—Recent in vivo studies using ultrasound-stimulated microbubbles as a localized radiosensitizer have
had impressive results. While in vitro studies have also obtained similar results using human umbilical vein endo-
thelial cells (HUVEC), studies using other cell lines have had varying results. This study was aimed at investigat-
ing any increases in radiation-induced cell killing in vitro using two carcinoma lines not previously investigated
before (metastatic follicular thyroid carcinoma cells [FTC-238] and non-small cell lung carcinoma cells [NCI-
H727]), in addition to HUVEC. Cells were treated using a combination of 1.6% (v/v) microbubbles, »90 s of 2-
MHz ultrasound (mechanical index = 0.8) and 0�6 Gy of kilovolt or MV X-rays. Cell viability assays obtained 72
h post-treatment were normalized to untreated controls, and analysis of variance was used to determine statisti-
cal significance. All cells treated with combined ultrasound-stimulated microbubbles and radiation exhibited
decreased normalized survival, with statistically significant effects observed for the NCI-H727 cells. No statisti-
cally significant differences in effects were observed using kV compared with MV radiation. Further studies
using increased microbubble concentrations may be required to achieve statistically significant results for the
FTC-238 and HUVEC lines. (E-mail: moshi.geso@rmit.edu.au) © 2022 The Author(s). Published by Elsevier
Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Microbubbles (MB) have long been used as contrast

agents to improve image quality in ultrasound (US) car-

diac imaging (Kaul 2008). Their size is similar to that of

the average erythrocyte, meaning they remain within the

endovascular borders during their travel from the site of

injection to the site of interest. This feature has resulted

in MB also being investigated for a variety of focused

therapeutic purposes, as they can be “burst” using higher

US intensities once at the site of interest. This “bursting”

creates localized biophysical disruptions in the cell’s

vicinity (Ebben et al. 2017; Zhu et al. 2019) and, if

loaded with a treatment agent, can also deliver a local-

ized therapeutic payload (Liu et al. 2006).
ddress correspondence to: Moshi Geso, Department of Medical
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In vivo studies

As a result, there has been recent interest in using

ultrasound-stimulated microbubbles (USMB) as local-

ized radiosensitizers of radiation treatment (RT), with in

vivo studies reporting some promising results. Czarnota

et al. (2012) reported a statistically significant increase

in mean animal survival from 19d with RT alone to 28 d

using USMB and RT together (USMB + RT). PC3

human prostate cancer xenografts in mice were treated

twice weekly with USMB in conjunction with 24 Gy in

12 fractions of 160-kVp X-rays delivered four times a

week for 3 wk. Daecher et al. (2017) reported a mean

animal survival of 11 d with RT alone compared with 35

d using USMB + RT in treating human hepatocellular

carcinoma xenografts in nude rats. In this study the xeno-

grafts were treated with USMB, followed by a single

dose of 5-Gy kilovolt X-rays delivered using 4- £ 1.25-

Gy beams. Two animals treated with USMB + RT exhib-

ited complete tumor control, with tumor reduction or sta-

bility observed 50 d post-treatment. Eisenbrey et al.
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(2018) observed a statistically significant growth delay

for MDA-MB-231 human adenocarcinoma breast xeno-

grafts in mice administered USMB + RT compared with

the controls administered US and oxygen MB alone

(p = 0.03) or US and RT in the absence of MB

(p = 0.01). Animals were treated with in-house manufac-

tured oxygen or nitrogen USMB and a single fraction of

5 Gy using 310-kV X-rays.

Other in vivo studies have also determined that

USMB + RT increase tumor cell death 24 h after treat-

ment. Al-Mahrouki et al. (2014), using clonogenic

assays from excised PC3 xenografts in mice, reported

decreases in cell survival from 45.5% for 2 Gy alone to

26.8% for USMB + 2Gy, and from 38.2% for 8 Gy alone

to 14.4% for USMB + 8 Gy, respectively. Lai et al.

(2016), using in situ end labeling (ISEL) staining,

reported increased rates of tumor death for MDA-MB-

231 xenografts in Swiss nude mice of 3.4- and 2.3-fold

respectively, for USMB + 2 Gy or USMB + 8 Gy treat-

ments compared with 2- or 8-Gy RT alone.

It has been proposed that USMB + RT behaves as a

biophysical vascular disruptor in vivo, acting primarily

on endothelial cells to disturb tumoral blood supply (El

Kaffas and Czarnota 2015). As a result of downstream

vascular disruption, overall tumor control can be

achieved at much lower radiation doses as microvascular

collapse and rapid vascular shutdown lead to secondary

tumor cell death once upstream cells become starved of

nutrients and oxygen.

In vitro studies

Consequently, three in vitro studies were centered

around human umbilical vein endothelial cells (HUVEC)

using 3.3% (v/v) MB, 30 s of US with a mechanical

index of 0.8 and between 0 and 8 Gy of 160-kVp X-rays.

Clonogenic assays (normalized to control) revealed an

increase in cell death from 67% for 8 Gy alone (p <

0.014) to 95% for USMB + 8 Gy (p < 0.002) (Al-Mah-

rouki et al. 2012), and a decrease in cell survival from

8% using 2 Gy alone to 1% using USMB + 2 Gy (Nofiele

et al. 2013). The third study using HUVEC (Al-Mah-

rouki et al. 2015), found that treatment with USMB

alone or USMB + RT caused cell membrane distortion,

which was not evident in cells treated with RT alone,

suggesting multiple mechanisms of cell damage may be

achieved through the combined USMB + RT treatment.

Other in vitro studies investigating direct tumor cell

radiosensitization using USMB have also been con-

ducted. Karshafian et al. (2009) exposed acute myeloid

leukemia (AML-5) cells to varying concentrations of

MB, differing US pressures and 2�8 Gy of 160-kVp X-

rays, and observed that cell viability decreased with

increased MB concentration until maximal death was

achieved at »1.6% (v/v). Higher USMB levels did not
increase cell killing but rather conferred a slightly pro-

tective effect. When AML-5 cells were exposed to 570-

kPa US peak negative pressure (PNP) and 3.3% (v/v)

USMB, cell viability was 71 § 7% which was higher

than that seen for cells exposed only to 4-Gy radiation

(55 § 5%). The order of treatment (i.e., USMB followed

by RT compared with RT followed by USMB) was

found to have minimal impact on cell viability. Clono-

genic assays were 11% for 2 Gy alone versus 2.5% for

USMB + 2 Gy normalized to control (no treatment). Clo-

nogenic survival also fell in another study (Karshafian

et al. 2010), when PC3 and KHT-C murine fibrosarcoma

cells were treated with USMB + 3 Gy (PC3 17% and

KHT-C 34%, respectively) compared with RT alone

(PC3 50% and KHT-C 75%, respectively). In this study,

treatment order and time between treatments affected

clonogenic survival, with greatest decreases in clono-

genic viability seen when PC3 cells were exposed to

USMB followed by immediate 3-Gy treatment (17%),

compared with that of KHT-C cells treated with USMB

followed by a 3-h gap before being exposed to 3 Gy

(30%).

Deng et al. (2018) treated NCE-2 nasopharyngeal

carcinoma cells with 3% (v/v) perfluropropane-based

USMB, administered 24 h prior to exposure to 2- or 8-

Gy RT. Cell viability was measured using the 3-(4, 5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-

mide (MTT) assay 24, 48 and 72 hours post-treatment.

Significant (p < 0.01) decreases in viability for NCE-2

cells treated with USMB + 2 Gy compared with 2 Gy

were observed at 48 h, and at 72 h, USMB + RT signifi-

cantly increased cell death for both radiation doses.

At a cellular level, USMB has previously been used

to increase cell membrane permeability via the induction

of sonoporation effects (Fan et al. 2014; Lentacker et al.

2014; Osei and Al-Asady 2020), and several early phase

I clinical trials have subsequently confirmed the transla-

tional possibilities of this as a novel treatment modality

(Dimcevski et al. 2016; Wang et al. 2018). It is thought

that the combination of these sonoporation effects on

cell membranes works synergistically with DNA damage

arising from ionizing radiation to produce the enhanced

tumor cell death seen through the combination of USMB

and RT (Al-Mahrouki et al. 2012).

However, in a study of human pharyngeal squa-

mous carcinoma (FaDU) cells, no differences between

cells treated with USMB + RT and those treated with RT

alone were observed in clonogenic assays (Lammertink

et al. 2016). In this study the cells were exposed to 1 mg/

mL cisplatin and USMB (700 mL of SonoVue) 24 h

before being treated with varying doses of MV g-rays (2,

4, 6, 8 or 10 Gy). The addition of USMB did not enhance

any further damage than that elicited by RT alone in

these cells.
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As this study stands in stark contrast to all other

research to date, the purpose of our study was to investi-

gate the role of USMB in directly enhancing radiation-

induced tumor cell killing in vitro. Two tumor cell lines

not previously investigated before were used to deter-

mine whether direct USMB radiosensitization could be

achieved for both a primary and metastatic cancer cell

line. NCI-H727 cells are from a primary non-small cell

lung carcinoma (NSCLC), while FTC-238 cells are from

a metastatic follicular thyroid carcinoma deposit in lung

tissue. Lung cancer is the most common cause of cancer

death worldwide (World Health Organization), and

radiotherapy treatment of lung lesions is challenging

(Piperdi et al. 2021), hence the need to identify any

means of radiotherapy dose enhancement available for

these types of tumors. HUVEC were also investigated to

allow for comparisons with existing published data (Al-

Mahrouki et al. 2012, 2015). Definity MB were selected

as they are the only commercially available MB

approved for clinical use in Australia, and clinical hard-

ware was used to provide US simulation. Both kilovolt

(kV) and megavolt (MV) X-rays were used to investigate

if different radiation energies enhance the cytotoxic

effect of USMB, as previously it was reported that MV

energies may not (Lammertink et al. 2016).
Table 1. Cell seeding densities and MTS development times

Cell line Flask
size (cm)

Seeding
density
(cells/flask)

MTS
development
time (min)

HUVEC T25 8,000 25
FTC-238 T25 12,000 25
NCI-H727 T12.5 50,000 15

HUVEC = human umbilical vein endothelial cells; MTS = 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium.
METHODS

Cell lines and culture conditions

Experiments were performed using HUVEC, FTC-

238 (lung metastasis of follicular thyroid carcinoma) and

NCI-H727 (non-small cell lung carcinoma). HUVEC

(Catalog No. C2519A, pooled donor) were purchased

from Lonza (Walkersville, MD, USA). FTC-238 and

NCI-H727 cell lines were supplied by the European Col-

lection of Cell Cultures (ECACC; Salisbury, UK) as Cat-

alog Nos. 94060902 and 94060303, respectively, and

were purchased from CellBank Australia (Westmead,

Australia). All cell lines have been previously described

(Takahashi et al. 1989; Goretzki et al. 1990; Dos Santos

et al. 2018).

Cells were maintained according to the man-

ufacturer’s instructions and incubated at 37˚C, 5% CO2

and 95% humidity. HUVEC were cultured using the

EGM-2 Endothelial Cell Growth Medium-2 BulletKit

from Lonza (Catalog No. CC-13162). FTC-238 cells

were cultured using DMEM:F12 (Catalog No. D8437,

Sigma-Aldrich, Sydney, Australia), supplemented with

5% fetal bovine serum (FBS, Corning, Catalog No. 35-

076-CV supplied by Fisher Biotec, Wembley, Australia)

and 1% penicillin�streptomycin (Pen-Strep, Catalog

No. 15070063, Sigma-Aldrich). NCI-H727 cells were

cultured in RPMI-1640 (Catalog No. 11875093, Thermo
Fisher, Scorsby Australia), supplemented with 10% FBS

and 1% Pen-Strep.

Plating and MTS assay optimization

Cell proliferation assays were initially optimized in

the absence of treatments using CellTiter 96 Aqueous

One Solution Cell Proliferation Assay (Catalog No.

G3582, Promega, Australia). The MTS tetrazolium com-

pound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-

thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) is

similar to the MTT compound used in previous studies

(Deng et al. 2018), and is bio-reduced by viable cells

into a colored formazan product that can be analyzed via

colorimetry. Cells are incubated with the reagent for

between 1 and 4 h, and then absorbance readings were

taken at 490 nm in a 96-well plate reader. The amount of

formazan product measured by absorbance is directly

proportional to the number of viable cells in the culture

(Promega Corp. 2012).

Cell seeding densities and MTS development times

were optimized to achieve 80% confluence at 72 h post-

treatment for each cell line, as summarized in Table 1.

This level of confluence was chosen to avoid any poten-

tial effects of contact-dependent cell signaling or contact

inhibition, and 72 h is consistent with the manufacturer’s

instructions for cell proliferation studies and other

experiments using this assay (Smith et al. 2006; Promega

Corp. 2012; Youkhana et al. 2017) and the MTT assay

(Deng et al. 2018). Because of the number of treatment

conditions investigated in this study, the MTS assay was

selected as it allows for high-volume throughput and is

similar to the MTT assay that has demonstrated equiva-

lence to the clonogenic assay (Buch et al. 2012).

HUVEC and FTC-238 cells from stock cultures

were plated into T25 tissue culture flasks (Sigma-

Aldrich, Catalog No. CLS430639). Because of supply

issues, NCI-H727 cells were plated into T12.5 flasks

(Bio-Strategy, Catalog No. BDAA353107, Tullamarine,

Australia) which were as high as the T25 flasks (2.62

cm), but were 3.6 cm longer and 0.79 cm wider. Cells at

the designated seeding densities were allowed to adhere

overnight in their respective flasks for »14�16 h before

treatment. Eight flasks were prepared for each



Fig. 1. Images of the ultrasound exposure revealing how the
transducer was moved across the surface of the flask for »90 s
until the milky white microbubbles as seen in (A) had burst

and the medium returned to its normal transparency (B).
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experiment—three technical replicate control flasks (no

treatment), one USMB-alone flask (USMB), and two

flasks for each radiation dose level, one with USMB and

one without (i.e., 3 Gy, USMB + 3 Gy, 6 Gy and

USMB + 6 Gy). Each experiment was performed in trip-

licate, with separate experiments run for kV and MV X-

ray energies using the HUVEC and FTC-238 cell lines.

Concurrent experiments were undertaken for NCI-H727

cells in which 12 flasks were prepared for each experi-

ment: four for kV flasks and four for MV flasks in addi-

tion to four 0-Gy flasks (i.e., three controls and one

USMB). This experiment was also performed in tripli-

cate.

Pre-treatment preparation

Two hours prior to treatment, cells grown in T25

flasks (volumes used for the T12.5 flasks were half that

described here) were washed using 5 mL of phosphate-

buffered saline (PBS, Thermo Fisher, Catalog No.

70011069), and detached from their adherent state using

2 mL of 0.25% trypsin�EDTA (Thermo Fisher, Catalog

No. 25200056). Flasks of both sizes were then filled

with 30 mL of cell-line specific complete medium and

were periodically gently shaken throughout treatments

to ensure cells did not re-attach. Definity Microbubbles

(Lantheus Medical Imaging, Inc, supplied by Global

Medical Solutions, Keilor Park, Australia) were acti-

vated using the Vialmix activation device (Lantheus

Medical Imaging, Inc) according to the manufacturer’s

instructions (Lantheus Medical Imaging, Inc), and 480

mL was added to the relevant treatment flasks to give a

final microbubble concentration of 1.6% (v/v)

(»2.8 £ 109 MB/flask), which was close to that

described in other in vitro studies (Karshafian et al.

2009, 2010; Al-Mahrouki et al. 2012, 2015; Nofiele

et al. 2013; Deng et al. 2018).

The culture flasks including the untreated controls

were then transported offsite to the treatment facility at

either the Australian Radiation Protection and Nuclear

Safety Agency (ARPANSA) (Yallambie, Australia) or

the GenesisCare Epping Radiation Oncology Centre

(EPROC) (Epping, Australia). Travel time to and from

these facilities was around 20 min each way, with the

cells out of the 37˚C incubator for »90 min.

Ultrasound treatment

Once onsite at the treatment facility, ultrasound

sonication was applied using the LOGIQi Portable Ultra-

sound with the 4C-RS transducer in simple 2-D B-mode

(GE Healthcare, Paramatta, Australia). Here, 2-MHz fre-

quency ultrasound was applied directly to the flask using

a coupling gel, with a focal point of 3.25 cm and depth

of 4 cm, resulting in a frame rate of 61 Hz. Two mega-

hertz was selected to provide a wide beam that exposed
the greatest surface area and minimized attenuation from

the polystyrene walls of the flask. The depth of 4 cm was

selected to ensure the entire height of the flask was

exposed within the near zone. The transducer was moved

across the flask for »90 s until the opaque, milky-white

microbubbles had burst and the medium had returned to

its normal transparency. Previous preliminary studies

using colorimetry and microscopy had revealed that this

visual change correlated with the bursting of the micro-

bubbles and this visual change, along with the ultrasound

setup, can be seen in Figure 1. The flasks were then

immediately exposed to either 0, 3 or 6 Gy of kV or MV

X-rays. The three control flasks were left untreated, and

the USMB-only flask received ultrasound sonication in

the absence of ionizing radiation.
Radiation treatment

Six-megavolt X-rays were delivered using either a

Varian iX (EPROC) or an Elekta Synergy Linear Accel-

erator (ARPANSA), with the same linear accelerator

used for each repeat of an individual experiment. Flasks

were laid flat on the treatment couch on top of 10 cm of

solid water, with a source-to-surface distance (SSD) of

100 cm set to the top of the solid water from a gantry

angle of 0o. Next, 2 cm of solid water was then placed

on top of the flasks to provide a buildup region, and both

RT§ USMB flasks were irradiated simultaneously using

a 20- £ 20-cm field size to cover both flasks. Figure 2 is

a schematic of this setup.

The 100-kVp X-rays (average energy: 42.5 kV)

were delivered using a Model X80 X-Ray Beam irradia-

tor by Hopewell Designs (ARPANSA). A 100-cm SSD

was set to the baseplate of the unit before the RT §
USMB flasks were taped vertically to the baseplate (see

Fig. 3). A 10-cm circle field size was used to expose

both flasks concurrently. As the dose rate from this unit

was 6 mGy/s, the 3- and 6-Gy doses took 491.8 and

983.6 s to deliver, respectively, which was the determin-

ing factor in the selection of X-ray doses used in this



Fig. 2. Schematic illustrating the experimental setup for mega-
volt X-ray exposures. Radiation therapy § ultrasound-stimu-
lated microbubble flasks were placed on top of 10 cm of solid
water, with a 100-cm source-to-surface distance set to the top
of the solid water. Then 2 cm of solid water was placed on top
of the flasks to provide a buildup region. The flasks were
exposed to a 6-MV X-ray beam at a gantry angle of 0o and field

size of 20 £ 20 cm.
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study. The 3-Gy dose was chosen as an approximate

clinical fractional dose consistent with that used in an

earlier study (Karshafian et al. 2010), while the 6-Gy

dose was selected as the highest dose deliverable in a

reasonable time frame within the limitations of the

6 mGy/s dose rate. Radiation field uniformity and cover-

age were validated in the x- and y-planes for all radiation

setups using Gafchromic film (data not shown).
Fig. 3. Image of experimental setup for kilovolt X-ray exposur
of the Model X80 X-Ray Beam irradiator (B). The source-to

baseplat
Post-treatment

After treatments, the flasks were transported back to

the laboratory where they were returned to the incubator

for a few minutes while the laminar flow hood was pre-

pared. Once flasks were examined under the microscope

to confirm cells were still detached, flask contents were

transferred to a 50-mL tube and centrifuged (200g for 5

min) to remove any residual treatment compounds. Cells

were then resuspended in a T25 flask containing 10 mL

of complete medium and returned to the incubator. After

24 h, the tissue culture medium was replenished, and 48

h later cell viability was measured using the MTS assay.

Cell viability measurements

At »72 h after treatment, the medium was removed

from each flask, and replaced with 1 mL of supplement-

free (i.e., Incomplete) tissue culture medium and 200 mL
of MTS at a ratio of 5:1 per the manufacturer’s instruc-

tions (Promega Corp. 2012). Four technical replicates of

100 mL of incomplete medium plus 20 mL of MTS were

plated in a 96-well plate to act as medium blanks. Flasks

and plates were then returned to the incubator for the

development times stated earlier. Four technical repli-

cates of 120 mL from each flask were then transferred to

the 96-well plate, and the plate was read at 490 nm using

a CLARIOstar Plus Plate reader (BMG Labtech, Mor-

nington, Australia). The average of the four technical

replicates was calculated for each condition, and the

average of the four blank wells subtracted to give the

final raw absorbance reading for each condition. Values

for the three control flasks were averaged within each

experiment, and the standard deviation (SD) calculated.
es. Treatment flasks taped vertically to the baseplate (A)
-surface distance was set at 100 cm to the front of the
e.
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Normalized survival was then calculated by dividing the

raw absorbance values for each treatment condition by

the averaged raw absorbance control value for each

experiment.
Statistical analysis

Overall normalized survival was averaged across

the three repeats of the same experiment, and the SD

was calculated using Excel. The key assumptions of the

analysis of variance (ANOVA) test were initially vali-

dated in SPSS version 27 software (IBM, Armonk, NY,

USA), using the Shapiro�Wilk (SW) test to confirm the

normality of distributions; Levine’s test to confirm the

homogeneity of error variance (LHEV); and outliers

identified visually on the box-and-whisker plot as

flagged by the software (Gignac 2019; Laerd Statistics

2018). Statistical significance between treatment groups

was then determined via a three-way ANOVA using a

2 £ 3 £ 2 design to report on the two levels of USMB (i.

e., presence or absence); three radiation dose levels of 0,

3 and 6 Gy; and two radiation energies of kilovolt and

MV X-rays. Post hoc analysis included pairwise t-tests,

with p values <0.05 reported as statistically significant

(Fay and Gerow 2018). Where the LHEV revealed

unequal variances, data were re-analyzed using a one-

way Welch’s ANOVA with Games�Howell post hoc

testing after re-expressing the 2 £ 3 £ 2 design as a one-

way subprogram (Fay and Gerow 2018; Gignac 2019).
RESULTS

NCI-H727 cells

Three-way ANOVA revealed statistically signifi-

cant decreases in irradiated NCI-H727 cell survival

across all RT dose levels and energies through the addi-

tion of USMB (Fig. 4). USMB alone in the absence of

radiation resulted in significant cell death, producing a

large, extremely significant overall difference in normal-

ized survival compared with untreated controls

(hp
2 = 0.776, p < 0.0001).

No overall difference in normalized cell survival

was seen between cells treated with kV X-rays and those

treated with MV X-rays (hp
2 = 0.025, p = 0.420), with

comparisons between equivalent cohorts treated using

the same radiation dose levels and USMB conditions

revealing no significant difference in survival between

the two radiation energies.

Radiation dose had the largest overall effect

(hp
2 = 0.796, p < 0.0001), with normalized survival

decreasing as radiation dose increased. However, dos-

e�response analysis revealed only one significant

decrease in normalized survival (NS) in response to

increases in radiation dose, and this was for cells treated

with 3 Gy compared with 6 Gy of kV radiation in the
absence of USMB (NS = 0.62 for 3 Gy kV alone vs.

NS = 0.47 for 6 Gy kV alone, p = 0.031). Almost no

dose response was detected when radiation dose was

increased from 3 to 6 Gy of MV radiation in the presence

of USMB (NS = 0.36 for USMB + 3 Gy MV vs.

NS = 0.35 for USMB + 6 Gy MV, p = 0.868).

FTC-238 cells

Decreases in normalized cell survival were

observed through the addition of USMB; however, these

was not statistically significant for FTC-238 cells as

determined with Welch’s ANOVA (Fig. 5). Unlike the

NCI-H727 cells, treatment with USMB alone had little

effect on FTC-238 cell survival compared with untreated

controls, with only a small decrease in survival observed

for the kV cohort (NS = 0.93 for kV, NS = 1.0 for MV).

A slight increase in overall cell kill was observed

for cells treated with kV compared with MV radiation;

however, pairwise comparisons between equivalent

treatment conditions were statistically significant only

for the USMB + 6 Gy cohorts (NS = 0.46 for USMB + 6

Gy kV vs. NS = 0.60 for USMB + 6 Gy MV, p = 0.038).

For MV radiation, consistent decreases in survival

with increases in dose were seen for both MV-alone and

USMB + MV cohorts; however, these were not signifi-

cant at any dose level. Normalized survival decreased by

0.17 when radiation dose was increased from 0 to 3 Gy

in both the absence and presence of USMB, respectively

(i.e., 0�3Gy MV-alone vs. USMB + 0�3 Gy MV). This

trend continued as dose was increased from 3 to 6 Gy,

with further decreases in survival of 0.21 and 0.23. For

kV radiation, however, much larger decreases in survival

were observed at lower doses, with normalized survival

decreasing by 0.30 and 0.33 from 0 to 3 Gy for kV alone

compared with USMB + kV. However, further dose

increases from 3�6 Gy yielded a more diminished

response in the USMB + kV cohorts, where a decrease

of 0.14 was seen for USMB +3 Gy kV and USMB + 6

Gy kV compared with 0.21 between 3 Gy kV alone and

6 Gy kV alone.

Human umbilical vein endothelial cells

Much like the FTC-238 cells, decreases in normal-

ized cell survival were observed through the addition of

USMB; however, these was not statistically significant

for HUVEC as determined with Welch’s ANOVA

(Fig. 6). Non-significant variations in cell survival were

observed when HUVEC were treated with USMB alone.

For the MV cohort, a decrease in cell survival compared

with untreated controls was seen, while an increase was

noted for the kV group (0.92 for MV compared with

1.06 for kV).

No statistically significant differences were

observed in cells treated using kV versus MV radiation,



Fig. 4. Effect of USMB + RT on the viability of NCI-H727 cells. Cells were treated with 1.6% MB, »90 s of US and
either 0, 3 or 6 Gy of kV (red) and MV (blue) X-rays. Results are expressed as the mean + standard deviation for three
biological replicates. The value for the untreated controls was assigned as unity (1), and the values for the treated cells
were expressed as a fraction of this number. Both kV and MV experiments were carried out concurrently for this cell
line. Significance values were calculated using a three-way analysis of variance. kV = kilovolt; MV = megavolt;

RT = radiation therapy; USMB = ultrasound-stimulated microbubbles.
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with the largest mean difference between equivalent con-

ditions observed in the USMB + 3 Gy cohorts (NS = 0.45

for USMB + 3 Gy kV vs. NS = 0.61 for USMB + 3 Gy

MV, p = 0.95).

A statistically significant dose�response relation-

ship was seen across all radiation doses for cells

treated using kV radiation in the absence of USMB.

Normalized survival decreased by 0.46 when radia-

tion dose was increased from 0 to 3 Gy (p < 0.0001)

and by 0.19 when increased from 3 to 6 Gy

(p = 0.037). A similar trend was observed with the

addition of USMB; however, this was statistically sig-

nificant only for the 0- to 3-Gy dose level increase

(NS decreased by 0.61, p = 0.024, for 0�3 Gy, com-

pared with 0.11, p = 0.167, for 3�6 Gy). For cells

treated with MV radiation, non-significant decreases

in survival were consistent across the two dose levels,
with the greatest difference observed when radiation

dose was increased from 0 to 3 Gy MV in the

absence of USMB (survival decreased by 0.35

between the 0- and 3-Gy MV-alone cohorts, and 0.22

between 3 and 6 Gy, compared with 0.27 between

0- and 3-Gy USMB + MV and 0.27 between 3- and

6-Gy USMB + MV).
DISCUSSION

This study was aimed at investigating the role of

USMB in directly enhancing radiation-induced tumor

cell killing in vitro, given the conflicting results pre-

viously reported elsewhere. As there was strong evi-

dence to support the effect as being cell type

dependent, a variety of cell types were used, with a

focus on lung tumors given the potential benefit



Fig. 5. Effect of USMB + RT on the viability of FTC-238 cells. Cells were treated with 1.6% MB, »90 s of US and
either 0, 3 or 6 Gy of (A) kV (red) and (B) MV(blue) X-rays. Results are expressed as the mean + standard deviation for
three biological replicates. The value for the untreated controls was assigned as unity (1), and the values for the treated
cells were expressed as a fraction of this number. Significance values were calculated using Welch’s analysis of variance
as the data did not demonstrate homogeneity of variances. kV = kilovolt; MV = megavolt; RT = radiation therapy;

USMB = ultrasound-stimulated microbubbles.
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radiosensitization may have in overcoming challenges

of radiotherapy treatment delivery to the chest

(Piperdi et al. 2021). Both kV and MV energies were

also used to investigate radiation energy as another
Fig. 6. Effect of USMB + RT on the viability of human umbi
MB, »90 s of US and either 0, 3 or 6 Gy of (A) kV and (B) MV
tion for three biological replicates. The value for the untreated
treated cells were expressed as a fraction of this number. Sign
of variance (ANOVA) as the data did not demonstrate hom

RT = radiation therapy; USMB = ultra
potential source of the reported variation,

as no direct comparison between the two has been

investigated to date, despite both being used in previ-

ous studies.
lical vein endothelial cells. Cells were treated with 1.6%
x-rays. Results expressed as the mean + standard devia-

controls was assigned as unity (1), and the values for the
ificance values were calculated using a Welch’s analysis
ogeneity of variances. kV = kilovolt; MV = megavolt;
sound-stimulated microbubbles.
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USMB directly enhance radiation-induced tumor cell

killing in vitro in a cell type- dependent manner

Our results indicated that cells treated with com-

bined USMB and radiation have decreased normalized

survival compared with cells treated with radiation

alone, with statistically significant effects observed for

the NCI-H727 cells. USMB had a significant effect on

the survival of irradiated NCI-H727 cells. This effect

could be cell type dependent, which had been suggested

earlier (El Kaffas and Czarnota 2015). These cell type-

specific responses to USMB + RT have previously been

linked to ASMase gene expression and ceramide signal-

ing associated with apoptosis. This was determined by

Nofiele et al. (2013) using ASMase deficient�/� astro-

cytes and ASMase+/+ astrocytes treated with sphingo-

sine-1-phosphate (S1P) to counteract the ceramide-

mediated apoptosis pathway. ASMase+/+ astrocytes were

more sensitive to USMB + RT compared with

ASMase�/� or S1P-ASMase+/+ astrocytes where

ASMase and ceramide production had been genetically

or chemically inhibited. As NCI-H727 cells elicited a

strong response to USMB + RT, changes in ASMase

gene expression and ceramide levels produced in

response to this treatment should be investigated to

determine whether this could be used as an indicator of

cell sensitivity to such treatments. In a study of pre-oper-

ative blood serum samples extracted from 61 patients

diagnosed with NSCLC, significantly increased levels of

ASMase activity were detected compared with those in

healthy controls (Kachler et al. 2017), which may

explain why the NSCLC cell line investigated here

exhibited such a strong response compared with the

other two cell lines. Immunostaining cells for ASMase

activity and/or ceramide production may be of benefit in

future studies—both as a screening tool to identify can-

didate cells lines for further USMB + RT research and to

better understand responses to USMB + RT treatment.

Given the increased risks associated with delivering

radiotherapy to centrally lying lung tumors (Wu et al.

2014; Haseltine et al. 2016), methods of localized radio-

therapy sensitization as offered by USMB are of particu-

lar interest. The identification of specific cell types

demonstrating radiosensitization effects through the

addition of USMB provides exciting avenues for further

research with direct clinical relevance. Although the

logistics of microbubble delivery and ultrasound admin-

istration to the chest may require further optimization,

solutions may be found in other areas of research, such

as nanoparticle radiosensitization research, in which

direct tumoral injection and inhalation administration

methods have been investigated (Boateng and Ngwa

2019). Given microbubbles have long been used as a

contrast agent to improve cardiac ultrasound imaging,

microbubble stimulation of centrally lying lung tumors
proximal to the mediastinum is not unfeasible and could

be investigated further.

HUVEC, however, have also been reported to have

»20-fold higher levels of ASMase compared with other

cells (Marathe et al. 1998), and so should have also

exhibited decreased viability when treated with

USMB + RT in this study if ASMase gene expression is

the primary mechanism involved. Further investigations

of other factors that may be responsible for the dramatic

effect USMB have on the viability of irradiated NCI-727

cells are underway. These factors include the use of

T12.5 flasks, as the acoustic field applied to the NCI-

H727 cells may have differed from that applied to the

HUVEC and FTC-238 cells treated in T25 flasks, poten-

tially resulting in differences in the level of sonoporation

effects on these cells. Kinoshita and Hynynen (2007)

reported that cell viability was substantially decreased in

the presence of standing waves, and the interaction of

the US field with the T12.5 flask may have created such

a phenomenon, which was absent in the T25 flasks. It is

interesting to note that this study also reported differen-

ces in cell viability when cells were exposed to USMB

in a suspended state compared with an adherent state.

Lammertink et al. (2016) also exposed the cells in an

adherent state, further introducing yet another point of

difference from all other research using USMB + RT in

which cells were treated in suspension. This may also

explain why their results were so different and is another

factor under investigation.

Although slight dose enhancement was noted for

HUVEC treated with USMB + RT compared with those

treated with RT alone, the difference was not significant

and less than that seen in previous studies (Al-Mahrouki

et al. 2012, 2015; Nofiele et al. 2013). This difference

could be related to the experimental setup, in which dif-

ferent cell numbers and culture vessels, MB concentra-

tions, US applications, and x-ray fields were used. The

1.6% (v/v) MB concentration used in the current study

was less than the 3.3% (v/v) used in those studies on

HUVEC. MB concentrations were reported to be optimal

at 1.6% (v/v) in enhancing the effect of RT on acute

myeloid leukemia cells (Karshafian et al. 2009); how-

ever, Lammertink et al. (2016) observed no significant

difference in the survival of FaDU cells when MB at 7%

(v/v) were added to cells exposed to RT. Unlike

HUVEC, the effect of MB on the cytotoxic effect of RT

has not been examined for either FTC-238 and NCI-

H727 cells, and as such, 1.6% v/v was chosen as the MB

concentration to use in these experiments. As the effects

elicited with 1.6% (v/v) MB on the cytotoxic effect of

RT on HUVEC reported here were less than those seen

in earlier studies (Al-Mahrouki et al. 2012, 2015; Nofiele

et al. 2013), repeat experiments using 3.3% (v/v) are now

warranted. Similarly, further quantification of the exact



2458 Ultrasound in Medicine & Biology Volume 48, Number 12, 2022
ultrasound pressures applied to the microbubbles may be

of benefit, given the differences in the ultrasound equip-

ment used in this study compared with previous studies

(i.e., the use of a diagnostic US probe here compared

with those used specifically for US research).
Radiation energy is not a likely influence on results

The FTC-238 cells are derived from a metastatic

tumor deposit of a follicular thyroid carcinoma. The

addition of MB at 1.6% (v/v) did not have a significant

effect on the viability of these secondary tumor cells

when exposed to either kV or MV radiation. Of interest

was that at the same dose (3 or 6 Gy), kV radiation was

more cytotoxic than MV radiation, with a statistically

significant result observed between USMB + 6 Gy kV

and USMB + 6 Gy MV. This difference between the

cytotoxic effect elicited by kV and MV radiation was

seen to a much lesser extent in the HUVEC, where a sim-

ilar trend was observed; however, no statistically signifi-

cant differences were seen between cohorts treated using

the same radiation dose levels and USMB conditions

using either kV or MV radiation. For the NCI-H727

cells, three-way ANOVA revealed no overall difference

in normalized cell survival for cells treated using kV

compared with MV X-rays, suggesting that for this cell

line in particular, radiation energy has little influence on

results.

It is unlikely that such responses to differences in

radiation energy are cell type dependent and are more

likely due to the differences in raw absorbance readings

recorded for the control flasks, which varied by »26%

between the two X-ray treatment types for the FTC-238

cell line. This could have arisen from differences in

travel times to the various treatment facilities that

resulted in these cells being out of the incubator for dif-

ferent lengths of time, or the difference in medium-to-

cell ratio between the T12.5 and T25 flasks during the

»90-min treatment time. Subsequent research is required

to investigate the impacts of these differences further.

In the study conducted by Lammertink et al. (2016),

FaDU cells were exposed to MV X-rays, and the survival

curves for cells treated with USMB + RT and those treated

with RT were similar. This differs from other studies in

which cells exposed to kV X-rays were treated with

USMB and there was a reduction in cell survival rates

(Karshafian et al. 2009, 2010; Deng et al. 2018). In our

study, flasks of FTC-238 cells and HUVEC were exposed

to kV and MV X-rays at different times, and it is unknown

if a similar result would be obtained if the flasks were irra-

diated by both X-ray energies concurrently, as done for the

NCI-H727 cells. We observed that in the NCI-727 cells,

there was minimal difference in survival at similar dose

levels for kV and MV X-rays, compared with the
differences seen when the different cohorts were treated

separately as for FTC-238 cells and HUVEC.
Responses to USMB alone may be a predictor of dose

enhancement

The most likely explanation for the NCI-H727

results seen here is that these cells are inherently more

sensitive to the effects of USMB, which is supported by

the very highly significant difference (p < 0.001) in nor-

malized survival between the control and USMB-only

cohorts. Previous sonoporation studies have also deter-

mined different responses across cell lines of similar ori-

gin treated with USMB alone (Bja
�
nes et al. 2020).

Where the HUVEC and FTC-238 cells may benefit from

increases in MB concentration, further experiments at

lower concentrations for the NCI-H727 cells may be

required to establishing toxicity profiles for US, MB and

USMB alone in the absence of RT.
CONCLUSIONS

Although USMB did enhance radiation-induced

cell killing in vitro in the cell lines examined, the differ-

ence was statistically significant only for NCI-H727

non-small cell lung carcinoma cells. This suggests that

enhancement is most likely cell type dependent, which is

consistent with previous findings in the literature. How-

ever, there may also be other factors influencing these

results, such as variations in applied acoustic fields, dif-

ferences in the cytotoxicity profiles for USMB alone and

cell culture state (i.e., suspension vs. adherent). Given

the overall trends observed here, this study illustrates

that this type of research is feasible using clinical hard-

ware and that further opportunities exist to understand

the specific mechanisms involved in the direct radiosen-

sitization of tumor cells using USMB.
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