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Simple Summary: This study explores the potential of using ultrasound-stimulated microbubbles
(USMB) to enhance the radiation treatment of cancer. We investigated how the condition of the
cells being studied (i.e., whether they were adhered or freely floating in suspension) affected the
effectiveness of USMB in enhancing radiation therapy. Two types of cancer cells—one primary and
one metastatic—were treated with microbubbles and ultrasound followed by different doses of X-ray
radiation. The results showed significant differences depending on the cell culture state and cell type.
An additive effect was observed for all radiation dose levels in the primary cancer cell line when cells
were treated in suspension, whereas this effect was only observed at higher doses in the metastatic
cell line. This study provides valuable insights into how cell type and culture conditions can impact
the potential benefits of USMB in enhancing radiation treatment for cancer.

Abstract: Background: Ultrasound-stimulated microbubbles (USMB) have shown potential for
enhancing radiation treatment via cavitation and sonoporation mechanisms. However, in vitro
studies have produced inconsistent results, with adherent cells demonstrating no radioenhancement.
This study aims to investigate the effect of cell adherence on in vitro radioenhancement using USMB
and radiation. Method: Lung metastases of follicular thyroid carcinoma cells (FTC-238) and non-small
cell lung carcinoma cells (NCI-H727) were treated, both when adhered and in suspension, using 1.6%
(v/v) Definity™ microbubbles, ~90 s of 2 MHz ultrasound with mechanical index 0.9, and either
3 Gy or 6 Gy of megavoltage (MV) X-rays. The cell viability was measured using an MTS assay
72 h post-treatment, and statistical analysis was conducted using a three-way analysis of variance.
Results: Statistically significant differences were observed for cells treated when adherent compared
to suspended. An additive effect was detected in NCI-H727 cells treated in suspension, but not while
adherent, while no enhancement was observed for FTC-238 cells in either culture state. Conclusions:
To the best of our knowledge, this is the first study to directly compare the effect of cell adherence on
the radioenhancement potential of USMB in vitro, and the first to do so using a metastatic cell line.

Keywords: ultrasound; microbubbles; radiation; culture state

1. Introduction

Ultrasound-stimulated microbubbles (USMB) have recently been shown to enhance
the effects of radiation treatments (RT). Czarnota et al. [1] first reported significant increases
in mean animal survival from 19 to 28 days in PC3 human prostate cancer xenografted
mice exposed to 24 Gy in 12 fractions of RT in combination with USMB (USMB+RT)
compared to those exposed to RT alone. Daecher et al. [2] also reported an increase
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in mean animal survival from 11 days using RT alone, to 35 days for USMB+RT, for
human hepatocellular carcinoma xenografts in nude rats treated with a single dose of 5 Gy
radiation. These enhancements are thought to be produced as a result of cavitation effects
on the tumour cells, triggering the upregulation of acid sphingomyelinase (ASMase) to
hydrolyse sphingomyelin into ceramide, which is in turn associated with apoptotic cell
death [3]. In stable cavitation, acoustic pressures from the applied ultrasound (US) field
cause microbubbles (MBs) to expand and contract in a symmetrical manner, with their
diameters fluctuating in response to rarefactions and compressions of the applied US field.
The resulting fluid disturbances in the extracellular space cause sheer stress on the cell,
along with direct push/pull effects of MBs on the plasma membrane and penetration of the
lipid bilayer [4]. Higher US pressures can lead to inertial cavitation, where MBs rupture,
triggering shock waves and microjets from their asymmetrical collapse, resulting in the
puncturing of cell membranes in a process termed sonoporation. The potential to harness
both these cavitation and sonoporation effects for therapeutic applications has been the
subject of much research [5–11].

One of the main challenges with the study of these effects is the myriad of parameters
used by researchers across the large number of variables involved, such as differences in
US settings; MB types and concentrations; cell lines or tumour types; and extracellular
environments [12]. For in vitro studies specifically, adherent or suspension cell culture
states have also been found to influence results. Kinoshita and Hynynen [13] observed
decreased viability of suspended RatC166 cells exposed to USMB compared to those that
were adherent, despite observing similar levels of sonoporation efficacy in both states.
However, two further studies by Zhang et al. [14] and Zhou et al. [15] using mouse
embryonic fibroblasts and 293T cells, respectively, reported greater increases in both cell
viability and sonoporation efficiency for suspended cells compared to adherent cells.

In the context of radioenhancement using USMB, biophysical cavitation effects have
been leveraged alongside sonoporation effects to facilitate the role of MBs as treatment
vectors in increasing the cellular uptake of drugs or genes in vivo. Ultrasound-stimulated
oxygen microbubbles (USMBO) and RT were used to treat MDA-MB-231 human adenocar-
cinoma breast cells in mice [16]. A significant growth delay was seen using USMBO+RT
when compared to that seen when these cells were treated with either USMBO or US+RT.
The sonoporation effects increased intratumoural oxygenation levels prior to RT, thereby
overcoming one of the main limitations of RT in tumour hypoxia. Nande et al. [17] treated
DU-145 prostate cancer xenografts in mice with 16 Gy in two fractions of radiation, with
and without USMBs, loaded with p53 genes (USMBp53). A significant increase in growth
inhibition at 19 weeks post-treatment was observed for cells treated with USMBp53+RT
(~94%) compared to that with RT alone (~22%).

However, in vitro studies using USMB+RT have shown some inconsistent results.
Several studies involving exploring USMB radiosensitisation of human umbilical vein
Endothelial Cells (HUVEC), Acute Myeloid Leukaemia Cells (AML-5), Human prostate
cancer cells (PC3) and murine fibrosarcoma cells (KHT-C) all demonstrated increases in
in vitro cell death for cells treated with USMB+RT compared to RT-alone [18–22]. However,
Lammertink et al. [23] observed no discernible difference in the cell survival curves between
RT alone and USMB+RT for human pharyngeal squamous cells (FaDu), suggesting that the
cavitation effects of USMB on their own do not elicit any radioenhancement—a finding that
stands in stark contrast to all other results reported to date [24,25]. This was also the only
in vitro study to expose adherent cells to USMB+RT, which raises the question of whether
in vitro radiosensitisation using USMB is influenced by cell state.

To investigate this further, we extended our previous in vitro research to two new cells
lines that had not been explored before were treated in a suspended state using USMB+RT,
and we observed a dose enhancement compared to those cells only treated with RT [26]. In
this present study, we treated the same lung metastasis of follicular thyroid carcinoma cells
(FTC-238) and non-small cell lung carcinoma cells (NCI-H727) in an adherent state, and
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compared the results with our previous findings to investigate the influence of cell culture
state on in vitro radioenhancement using ultrasound-stimulated microbubbles.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

As described previously, all of the experiments were performed using FTC-238 and
NCI-H727 cells [26]. These cells were supplied by the European Collection of Cell Cultures
(ECACC; Salisbury, UK) as catalogue numbers 94,060,902 and 94,060,303, respectively, and
were purchased from CellBank Australia (Westmead, NSW, Australia). Both cell lines
have previously been described [27–29], and were maintained according to manufacturer’s
instructions and grown under aseptic conditions at 37 ◦C, 5% CO2 and 95% humidity. The
FTC-238 cells were cultured using DMEM:F12 (Sigma-Aldrich, catalogue number D8437),
supplemented with 5% foetal bovine serum (FBS) (Corning, catalogue, 35-076-CV supplied
by Fisher Biotec, Victoria, Australia) and 1% penicillin–streptomycin (Sigma-Aldrich, cata-
logue number 15070063). The NCI-H727 cells were cultured in RPMI 1640 (Thermo Fisher,
catalogue number 11875093), supplemented with 10% FBS and 1% penicillin–streptomycin.

2.2. Plating and MTS Assay Optimisation

To each T12.5 cm2 tissue culture flask (Bio-Strategy, catalogue BDAA353107), 7500
FTC-238 and 60,000 NCI-H727 cells were plated. The cell seeding densities were optimised
prior to achieve 80% confluence at 72 h post-treatment, as measured by the CellTiter 96®

Aqueous One Solution cell proliferation assay (Promega, catalogue number G3582). The
MTS tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) was bioreduced by viable cells into a coloured formazan
product that could be analysed via colorimetry [30]. Eight flasks for each cell line were al-
lowed to adhere overnight for ~14–16 h prior to treatment. Each experiment was performed
in triplicate, with separate experiments run for each cell line, resulting in 6 experiments
in total.

2.3. Treatments

Two hours prior to treatment, the flasks were filled to a total volume of 30 mL using
cell-line specific media. Definity® perflutren lipid microspheres (mean diameter 1.3–3.3 µm)
(Lantheus Medical Imaging, Inc., supplied by Global Medical Solutions, Melbourne, VIC,
Australia) were activated using the Vialmix® activation device (Lantheus Medical Imaging,
Inc.) following the manufacturer’s instructions [31], and 480 µL was added to the relevant
treatment flasks to give a final microbubble concentration of 1.6% (v/v) [26]. The flasks
were then transported offsite to the treatment facility at the Genesis Care Epping Radiation
Oncology Centre (EPROC) (Epping, VIC, Australia). The travel time to and from the
treatment facilities was around 20 min each way, with the cells out of the incubator for
~90 min overall.

Once onsite, ultrasound sonication was applied using the LOGIQ i portable ultra-
sound with the 4C-RS transducer (GE Healthcare, Chicago, IL, USA). Ultrasound (2 MHz
frequency) was applied directly to the flask using a coupling gel, with a focal point of
3.25 cm focal point and a depth of 4 cm used to achieve a mechanical index of 0.9, as per
our previous study [26]. The transducer was moved across the flask for approximately
90 s until the opaque, milky-white microbubbles had burst, and the media had returned
to its normal transparency (Figure 1). Three control flasks were left untreated, whilst the
USMB-alone-treated flask received ultrasound sonication in the absence of radiation.

X-rays at 6 MV were delivered using a Varian iX linear accelerator. The 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 0◦. For the
cells in suspension, an additional 2 cm of solid water was placed on top of the flasks to
act as a radiation dose build-up region. For the adherent cells, the cell media in the flasks
formed the build-up region given the cells were attached as a monolayer along the bottom
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plane of the flask. Both the RT-alone and USMB+RT flasks were irradiated simultaneously
using a 20 × 20 cm field size to cover both flasks. A schematic diagram of these setups is
shown in Figure 2.
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Figure 1. Differences in media transparency (a) before and (b) after microbubble stimulation by
ultrasound. Flask (a) shows the milky-white translucent appearance of the microbubbles when added
to cell culture media at a concentration of 1.6% (v/v). Flask (b) shows the cell culture media returned
to its normal transparency after a 2 MHz frequency, mechanical index 0.9 ultrasound exposure was
applied directly to the flask for ~90 s.
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Figure 2. Schematic diagram demonstrating experimental setup for MV x-ray exposures of cells in
(A) suspension and (B) adherent states. RT-alone and USMB+RT flasks were placed on top of 10 cm
solid water, with 100 cm SSD set to top of solid water. For cells treated in suspension, an additional
2 cm of solid water was placed on top of flasks to act as a build-up region. For cells attached as a
single monolayer along the flask wall abutting the 10 cm solid water adherent cells, media in the full
flasks formed the build-up region. A 6 MV beam was used, with a gantry angle of 0◦ and a field size
of 20 × 20 cm.

Following the treatments, the flasks were transported back to the laboratory. The
suspended cells were centrifuged at 200× g for 5 min, and resuspended in 10 mL of tissue
culture media. For the adherent cells, the treatment compounds and media were discarded
and replaced with 10 mL of fresh tissue culture media. All of the cells were then placed in a
5% CO2 incubator at 37 ◦C for 24 h before the tissue culture media was replaced with fresh
media and the flasks returned to the incubator.
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2.4. MTS Readings

At 72 h post-treatment, the tissue culture media was removed from each flask and
replaced with 1 mL of FBS-free tissue culture media and 200 µL of MTS at a ratio of 5:1,
as per the manufacturer’s instructions [30]. Four replicates of 100 µL of media and 20 µL
of MTS were plated in a 96-well plate to serve as media controls. The flasks and plates
were then returned to the incubator for 25 min (FTC-238 cells) or 15 min (NCI-H727 cells).
Four replicates of 120 µL from each flask were then transferred to the 96-well plate, and
the absorbance was read at 490 nm on a CLARIOstar Plus Plate reader (BMG Labtech,
Mornington, VIC, Australia). The average of these four replicates was calculated for each
condition, and an average of the four blank wells subtracted to give the final raw absorbance
reading for each condition (flask). Normalised survival was then calculated by dividing
these blank-correct raw absorbance values by the blank-corrected average of the three
control (untreated) flasks for each experiment. The results were then averaged across the
three experiments, and standard deviations (SD) were calculated.

2.5. Statistical Analysis

Microsoft Excel was used to compile the results and calculate the normalised survival
values, as outlined above. The data were then imported into SPSS V26 (International
Business Machines Corporation (IBM), Armonk, NY, USA) for the remaining analyses.
Statistical significance between treatment groups was tested using a three-way ANOVA
2 × 3 × 2 design to report on the two levels of USMB (i.e., presence or absence), three
radiation dose levels (0, 3 and 6 Gy) and two cell states (adherent and suspension). The
key assumptions of the ANOVA test were initially validated using the Shapiro–Wilk (SW)
test to confirm the normality of the distributions; and Levine’s test was used to confirm
homogeneity of error variance and outliers identified visually on the box-and-whisker
plot as flagged by SPSS [32,33]. The post hoc analysis included pair-wise t-tests, with
p-values less than 0.05 reported as statistically significant (*); values between 0.001 to 0.01
as statistically very significant, denoted by **; values between 0.0001 and 0.01 as statistically
extremely significant ***, with any extremely significant values < 0.0001 further denoted
as ****. The estimates of effect size were also evaluated using partial eta squared (ηp

2) as
reported by SPSS, with values <0.06 reported as small, values between 0.06 and 0.14 as
medium, and values >0.14 as large [34].

3. Results

The effect of USMB on the viability of cells exposed in either a suspended or adherent
cell culture state was examined using two different cell lines to observe if they directly
enhanced radiation-induced cell killing in vitro. A primary non-small cell lung carcinoma
(NSCLC) cell line was used (NCI-H727), in addition to a metastatic follicular thyroid
carcinoma deposit in lung tissue (FTC-238).

3.1. NCI-H727 Cells

All of the groups contained normally distributed data (Figure 3), as confirmed by
SW testing, with no outliers present. We observed significant differences between cells
treated in suspension compared to those in an adherent state (p < 0.0001). A significant
difference in cells treated with, compared to without USMB, was also observed (p = 0.004).
The partial eta squared values for both these variables were large, with the overall effect
size of cell culture state more than double the effect size reported due to the presence or
absence of USMB (ηp

2 = 0.519 and 0.204, respectively). The two-way interaction of both
cell state and presence or absence of USMB together was also highly significant (p < 0.0001),
demonstrating a large effect size of ηp

2 = 0.438. The radiation dose accounted for the
greatest overall effect (ηp

2 = 0.803); however, a difference in the size of the p-values between
dose levels was noted, despite both being significant (0 Gy and 3 Gy p < 0.0001, 3 Gy and
6 Gy p = 0.027). Further subgroup analyses of individual conditions revealed statistically
significant results across all dose levels for groups of cells treated with USMBs in adherent
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compared to suspended cell culture states (Figure 3), as well as cells in suspension treated
with compared to without USMBs (Figure 4).
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Figure 3. Box and whisker plots for NCI-H727 cells, demonstrating the average (cross) and median
(middle line) normalised survival, spread of data, and absence of outliers for each treatment condition.
Testing via 3-way ANOVA revealed significant differences between all cells treated in suspension
compared to adherent cell culture states, as well as all cells treated with compared to without
ultrasound-stimulated microbubbles (USMB). Statistically significant overall differences were noted
between all cells treated at each of the three radiation dose levels (top of graph). Significant differences
were also seen for all cells treated at 0 Gy and 3 Gy with USMB compared to without; however, this
was not the case for 6 Gy (bottom of graph). There were also significant differences for cells treated
in different cell culture states with USMB at each radiation dose level (patterned red vs. patterned
blue shading); however, this was not the case for cells treated with RT alone (plain red vs. plain blue
shading). * p < 0.05; *** p < 0.001; **** p < 0.0001.
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Figure 4. Bar chart showing changes to normalised survival of NCI-H727 cells through the addi-
tion of USMB (patterned vs. plain shading) for each radiation dose level and different cell state
(suspension = red, adherent = blue). Error bars indicate standard deviations for the three biological
replicates of each experiment. Significant differences were noted for all cells treated using USMB+RT
in suspension. Significant differences were also seen in cells treated in suspension compared to
adherent states across all dose levels (bottom of graph). There were also significant differences
observed for cells treated in suspension with USMB compared to without, across all dose levels (red
plain vs. red patterned shading); however, this was not the case for cells treated in the adherent state
(blue plain vs. blue patterned shading). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.2. FTC-238 Cells

In the FTC-238 cell datum, SW testing revealed the adherent USMB + 3 Gy subgroup
was non-normally distributed (p < 0.0001), thereby violating the assumptions required for
the 3-way ANOVA test. As this was only the case for one subgroup, and there is literature
to support the robustness of the ANOVA to violations of normality, the 3-way ANOVA was
still applied with caution in interpreting the results surrounding type I error [35,36].

Significant overall differences between the suspended cells compared to those in
an adherent state were observed for this cell type (p < 0.014), with a large effect size
(ηp

2 = 0.156, Figure 5). The radiation dose accounted for the largest overall effect in the
FTC-238 cells, with a value of ηp

2 = 0.837, and the same level of significance was seen
across the three dose levels (p < 0.0001 for both 0 Gy and 3 Gy, and as well as 3 Gy and
6 Gy, Figure 5). The combined interaction between radiation dose and cell culture state was
significant (p = 0.003), and had a larger influence on the results than the cell state alone
(ηp

2 = 0.273). A significant difference and large effect size was observed when the adherent
cells were treated with 6 Gy radiation compared to those in a suspended state (p = 0.0001,
ηp

2 = 0.341), where no difference or effect was seen at 0 or 3 Gy (Figure 5).
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Figure 5. Box and whisker plots for FTC-238 cells, demonstrating the average (cross) and median
(middle line) normalised survival, spread of data, and absence of outliers for each treatment condition.
Testing via 3-way ANOVA revealed statistically significant differences between all cells treated in
suspension compared to adherent cell culture states. Significant overall differences were noted
between all cells treated at each of the three radiation dose levels (top of graph). Significant differences
were also seen for all cells treated in adherent compared to suspension states using 6 Gy-alone (plain
red vs. plain blue shading) and USMB + 6 Gy (patterned red vs. patterned blue shading). * p < 0.05;
*** p < 0.001; **** p < 0.0001.

No overall difference was seen between cells treated with compared to without USMB,
with only a small effect size of ηp

2 = 0.015 observed. Two-way interactions between the
radiation dose and the presence or absence of USMB were not significant, despite a small
effect size being observed (ηp

2 = 0.037). There was a significant difference between FTC-238
cells treated with USMB in an adherent state compared to the suspended state (p = 0.033),
with a medium effect size of ηp

2 = 0.120 observed (Figure 6). A small overall effect was seen
for the 3-way interaction between radiation dose, cell state and the presence or absence of
USMB (ηp

2 = 0.017); however, this was not significant. Further subgroup analyses revealed
two significant results for cells treated in adherent compared to suspension states, using
either 6 Gy-alone (p = 0.002, ηp

2 = 0.236) or USMB+6 Gy (p = 0.009, ηp
2 = 0.176, Figure 5).
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Figure 6. Bar chart plot showing any changes to normalised survival of FTC-238 cells through the
addition of USMB for each radiation dose level (patterned vs. plain shading) for the different cell
states (suspension = red, adherent = blue). Error bars indicate standard deviations for the three
biological replicates of each experiment. Significant differences were noted for all cells treated using
RT alone in suspension compared to adherent states. A significant difference was also observed
between cells treated at 6 Gy in suspension compared to adherent states (bottom of graph, red vs.
blue groups). * p < 0.05; *** p < 0.001.

4. Discussion

MBs are able to encapsulate various gases, drugs, as well as targeting agents. When
used as an ultrasound contrast agent, MBs can act as echo-enhancers and therapeutic
agents, and can play an essential role in ultrasound imaging and ultrasound-mediated
therapy [37]. USMB therapy is used in treating thrombi, a process called sonothrombol-
ysis [38], sosocomical infections [39], and has been used to transfect cells with DNA [40]
as well as trespassing the blood–brain barrier [41]; however, the results of these studies
are not conclusive [42]. Most of the research involving USMB has been directed against
tumours in vivo to enhance the effects of radiotherapy due to the hypoxic environment
found in solid tumours [42].

USMB radioenhancement in vitro is dependent on both cell adherence and cell type.
For both cell lines, the overall survival was decreased for suspended cells compared to
the adherent cells; however, this was more pronounced for the NCI-H727 cells compared
to FTC-238 cells (**** p < 0.0001, ηp

2 = 0.519 for NCI-H727; * p < 0.014, ηp
2 = 0.156 for

FTC-238), as seen in Table 1. For the NCI-H727 cells, the magnitude of this effect became
less pronounced with increased radiation dose (ηp

2 = 0.365, p = 0.0001 for 0 Gy; ηp
2 = 0.278,

p = 0.001 for 3 Gy; ηp
2 = 0.172, p = 0.010 for 6 Gy, Figure 4), whereas for the FTC-238 cells,

the effect was greater with increased radiation dose, where a significant difference was
seen at 6 Gy (ηp

2 = 0.0048, p = 0.678 for 0 Gy; ηp
2 = 0.0055, p = 0.659 for 3 Gy; ηp

2 = 0.3412,
p = 0.0001 for 6 Gy, Figure 5). This suggests that the influence of cell adherence on USMB
radiosensitisation in vitro is cell-type dependent. This finding is consistent with data
previously described, where varying levels of cell viability and sonoporation efficacy were
observed across a range of cells lines exposed to USMB in different cell culture states [13–15].
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Table 1. Effect of USMB on the viability of irradiated cells treated in both adherent and suspended
culture states. The average surviving fraction (normalised to the untreated control for each culture
state obtained from the results shown in Figures 3–6) is shown alongside the standard deviation for
three biological replicates.

Radiation Dose Culture State NCI-H727 Cell Line FTC-238 Cell Line
RT-Alone USMB + RT RT-Alone USMB + RT

0 Gy Suspended 1.00 ± 0.07 0.68 ± 0.22 1.00 ± 0.07 1.00 ± 0.05
Adhered 1.00 ± 0.08 1.11 ± 0.10 1.00 ± 0.08 1.03 ± 0.02

3 Gy Suspended 0.66 ± 0.06 0.36 ± 0.16 0.83 ± 0.06 0.82 ± 0.06
Adhered 0.73 ± 0.22 0.73 ± 0.05 0.83 ± 0.13 0.78 ± 0.01

6 Gy Suspended 0.53 ± 0.07 0.35 ± 0.07 0.62 ± 0.08 0.60 ± 0.05
Adhered 0.55 ± 0.07 0.65 ± 0.14 0.79 ± 0.01 0.74 ± 0.03

4.1. Baseline Sensitivity to USMB In Vitro Is Also Influenced by Cell Adherence

There was a small increase in the proliferation of both cell lines treated with USMB-
alone in the adherent state, which was more pronounced for the NCI-H727 cells (1.11 ± 0.05,
ηp

2 = 0.072, p = 0.103) than for the NCI-H727 cells (1.03 ± 0.02, ηp
2 = 0.007, p = 0.618)

compared to the corresponding untreated controls (1.00 ± 0.08 for both cell lines). A similar
increase in survival compared to control was reported for Rat C166 cells treated with USMB
in an adherent state compared to untreated controls [13]. A dependence on US parameters
and exposure setup, in addition to cell state, was also noted for these cells. The authors did
not directly address these results; however, one possible explanation is that low-intensity
ultrasound has been associated with tissue regeneration in certain cell types, so it may
be possible that under certain US conditions, cell proliferation could be stimulated rather
than inhibited [43–45]. Kinoshita et al. also reported decreases in cell viability when cells
in vitro were exposed to standing waves, alongside increases in sonoporation efficacy [13].
Given that adherent cells have less capacity to be propagated by ultrasound waves and
moved away from the plane of the standing wave than free-floating cells in suspension,
they are potentially more susceptible to these effects of the standing wave.

For cells treated with USMB alone in the suspended culture state, there was again no
discernible difference in cell survival for the FTC-238 cells compared to untreated controls
(1.00 ± 0.05 compared to 1.00 ± 0.07, ηp

2 < 0.000, p = 0.959). However, a significant
difference between the NCI-H727 cells in suspension treated with USMB alone compared
to untreated control was observed (p < 0.0001, ηp

2 = 0.390), suggesting the interaction
between USMB and cells in the different cell culture states may cell-type dependent. This
could be related to the fact that in suspension, the entire surface area of the suspended cell
is available for USMB–cell interaction, whereas for adherent cells, only some of the cell
surface is accessible for USMB interactions due to regions of the membrane being bound to
the culture vessel surface. Cells that are more inherently sensitive to the effects of USMB are
more likely to be impacted by the increased exposure area than those that are less sensitive,
and depending on the degree of sensitivity, these effects may not be seen in the adherent
state where the threshold for response may not be exceeded. The concept of cell surface
area and MB contact was explored by Zhou et al. [15], who demonstrated it was necessary
for effective sonoporation. The results from our study suggest the same may be true for
radiosensitisation effects on the cell.

4.2. Baseline Cell Radiosensitivity In Vitro May Also Be Influenced by Cell Adherence

Although not statistically significant, in the absence of USMB, the normalised survival
for cells treated with RT alone tended to be lower in the suspended culture state compared
to the adherent culture state. For the NCI-H727 cells, this was more pronounced at 3 Gy
(0.66 ± 0.06 SD for cells in treated suspension compared to 0.73 ± 0.22 for adherent cells,
ηp

2= 0.019, p = 0.404) than at 6 Gy (0.53 ± 0.07 suspension vs. 0.55 ± 0.07 adherent,
ηp

2 = 0.002, p = 0.811) (Figure 4). For the FTC-238 cells, the opposite was true, with a
significant decrease observed at 6 Gy for suspended cells compared to those that were
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adhered (0.62 ± 0.08 suspension vs. 0.79 ± 0.05 adherent, ηp
2 = 0.236, p = 0.002) (Figure 6).

At 3 Gy, there was very little difference in the normalised survival for FTC-238 cells in either
culture state (0.83 ± 0.06 suspension vs. 0.83 ± 0.13 adherent, ηp

2 < 0.01, p = 0.950). This
decrease in survival for cells in a suspended compared to an adherent cell culture state may
be explained by the phenomenon of anoikis, whereby anchorage-dependent cells undergo
apoptosis in response to incorrect cell or extracellular matrix attachment [46]. This effect
is highly variable between cell types [46], and metastatic cells have been reported to have
increased resistance to anoikis compared to their non-cancerous counterparts [47,48]. This
may explain the opposing relationship to radiation dose demonstrated by the different cells,
as higher radiation doses of radiation were required to elicit a response in the metastatic
cell line.

Taken together, the data presented here are consistent with published research on
in vitro sonoporation effects for cells in different cell culture states. This suggests that
in vitro radiosensitisation, using USMB is likely influenced by cell adherence, and provides
strong evidence to explain the anomalous results reported for FaDu pharyngeal squamous
cancer cells [23].

5. Conclusions

To the best of our knowledge, this is the first study to directly demonstrate the influ-
ence of exposing anchorage-dependent cells to the combination of radiation and USMB
in vitro. Anchorage-dependent cells are reported to undergo anoikis induced by the lack
of adequate cell or extracellular attachment, with the extent of this determined by cell
type. The influence of this was evident in this study, where differences in responses to
radiation alone for both cell types treated in suspension were observed. Where NCI-H727
cells in suspension demonstrated differences in cell viability at lower radiation doses
compared to those treated in an adherent state, the viability of FTC-238 cells was only
impacted at the higher radiation dose. Similar differences were also observed between cells
treated using USMB alone compared to untreated controls. FTC-238 cells demonstrated
no change in cell viability when treated in an adherent state compared to a suspended
state, whereas the viability of NCI-H727 cells significantly decreased when treated in the
suspension state compared to the adherent state. Reports that metastatic cells have shown
increased resistance to anoikis compared to normal cells offer some explanation for these
differences between cell lines, where the FTC-238 metastatic cell line showed no overall
dose enhancement using USMB+RT together, compared to NCI-H727 where substantial
dose enhancement was observed for cells in suspension, but not in the adherent state. The
implications of this study are considerable, given that the bulk of research into the use of
USMBs as a radioenhancing agent in vitro primarily exposed cells in suspension.
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