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Abstract Structural and functional effects of exposing
murine fibroblasts (NIH 3T3) to therapeutic ultrasound at
1 MHz frequency are described. These bioeffects can be
attributed to the formation of free radical species by son-
olysis of water. When cavitation occurs, dissociation of
water vapor into H atoms and OH radicals is observed; these
H atoms and OH radicals combine to form H,, H,O,, and
HO,. The radicals can chemically modify biomolecules, for
example enzymes, DNA, and lipids. Generation of free
radicals during exposure to ultrasound with or without
encapsulated microbubbles (contrast agents) was studied by
use of electron paramagnetic resonance with DMPO spin
trapping. Recently the potential for possible use of these
microbubbles in gene therapy has been investigated,
because of the ability of the stabilized microbubbles to
release their content when exposed to ultrasound. Structural
changes were studied by Fourier-transform infrared
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spectroscopy, and induction of possible genotoxic damage
by exposure of the cells to therapeutic ultrasound at 1 MHz
frequency with our experimental device was verified by use
of the cytokinesis-block micronucleus assay.
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Introduction

There are two main reasons for study of the effects of
ultrasound on cell lines. Photodynamic therapy (PDT) is an
alternative therapy for treating deceases related to the
generation of reactive oxygen species (ROS) during light-
activated photosensitizer treatment (Yow et al. 2007; Xiang
et al. 2010; Wang et al. 2010). However, because of the
poor penetration of biological tissues by light, PDT is
limited to treatment of surface tumors. Recent studies have
shown that ultrasound waves can effectively activate
photosensitizers, inducing intracellular accumulation of
ROS, resulting in the death of tumor cells (Kuroki et al.
2007; Rosenthal et al. 2004; Hiraoka et al. 2006). Because
ultrasound penetrates biological tissues more effectively
than photons, sonodynamic therapy (SDT) provides new
ways for application of ultrasound waves in cancer
treatment.

Free radical formation is a direct result of sonolysis of
water in the presence of a monoatomic gas (Barnett 1998;
Strom-Jensen and Dunn 1984). When cavitation occurs in
response to the passage of ultrasonic waves through water,
dissociation of water vapor into H' atoms and ‘OH™ rad-
icals is observed. The H" atoms and ‘OH™ radicals either
combine to form H,, H,O,, and HO,, or the radicals can
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chemically modify biomolecules, for example enzymes,
DNA, and lipids.

Ultrasound also has potential for improving the effi-
ciency of gene delivery into tissues and cells, a technique
known as sonophoresis/sonoporation. It is known that cell
membranes constitute one of the greatest barriers to
delivery of drugs, proteins, DNA, and other molecules into
cells and tissues. The ability of ultrasound to transiently
disrupt these barriers in living cells, causing transient pores
to open in the membrane, could provide an important tool
for delivery of macromolecular drugs or other compounds
requiring access to the cytosol (Shohet et al. 2000; Chris-
tiansen et al. 2003; Bekeredjian et al. 2003). In addition, it
has been reported that microbubbles, used as ultrasound
contrast agents, enhance the efficiency of gene delivery
without causing cell damage. In general, cell damage
depends on ultrasound intensity, concentration of micro-
bubbles, and cell type. Especially, ultrasound intensity and
exposure time are key factors. Therefore, it is important to
optimize the ultrasound exposure conditions during ultra-
sound-mediated gene delivery.

Contradictory results concerning the cellular damage
induced by ultrasound prompted us to focus our attention on
the effects of therapeutic ultrasound (1 MHz frequency) on
a healthy cell line, murine fibroblasts (NIH-3T3 cells), by
considering the generation of free radicals. The objective of
the work reported in this paper was, therefore, to find a
correlation between possible membrane damage and the
free radicals induced by ultrasound. By use of FTIR-ATR
spectroscopy in the 3,000-2,800 cm ™' region, which is the
lipid fingerprint region, structural changes of sonicated cells
can be detected. By use of EPR measurements in spin-
trapping mode the free radicals produced during exposure
can be evaluated. In this work, the free radical intermediates
(OH™) formed during ultrasound exposure in phosphate-
buffered saline were evaluated by use of the nitrone spin
trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). Genotoxic
damage of cells exposed to ultrasound was monitored by
use of the cytokinesis-block micronucleus (CBMN) assay.

Materials and methods
Cells and culture conditions

The experiments were conducted on a healthy adherent
murine fibroblast cell line, NIH-3T3 cells. These cells were
incubated at 37°C, in a 5% CO, humidified atmosphere, in
a solution of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin, and 1% L-glutamine/streptomycin.
Concentration and cell vitality of both the untreated (con-
trol) and the US-treated (sonicated) cells was determined

@ Springer

by use of the trypan blue (TB) exclusion test. For our
experiments, sample vitality, before US exposure, was
better than 90% for each trial. Cell vitality after maximum
exposure time (60 min) to ultrasound was approximately
70% for NIH-3T3 cells. The experiment was performed in
triplicate.

Microbubbles

SonoVue® microbubbles (Bracco, Milan, Italy) were
reconstituted in saline solution (2.5 x 10® microbubbles/
ml); the average diameter of these bubbles was 2.5-6 pm.
An aliquot (10 pl) of this suspension was added to 10 ml
Dulbecco’s phosphate buffer solution (PBS) in a Petri dish
at the beginning of the experiment (Wang et al. 2009).

SonoVue® microbubbles are an example of an important
family of microbubbles whose membrane consists of
phospholipids filled with sulfur hexafluoride (SF6), a gas
with low solubility. In particular, the SonoVue microbub-
bles, because of the high flexibility of their shell, are
strongly echogenic over a wide range of frequencies and
acoustic pressure and can, therefore, be used with both
destructive and conservative contrast bubble-specific
imaging methods.

Ultrasound exposure

Ultrasound was applied using settings described elsewhere
and able to produce reactive oxygen species (Juffermans
et al. 2006; Marchioni et al. 2009). The ultrasound apparatus
was a conventional physiotherapy device (provided by IS-
PESL, Italy) with a resonant frequency of 1 MHz. The
apparatus works in the range from 10 to 100% of maximum
power emitted with a signal duty cycle variable. The US field
measurements were made using a needle hydrophone of
1 mm diameter (S.N.1470) with a sensitivity of 1,670.4 mV/
MPa at 1 MHz, produced and calibrated by Precision
Acoustics (Higher Bockhampton, Dorchester, DT2 8QH,
UK). Preliminary tests enabled choice of suitable sonication
conditions and the setup maximum power in pulsed mode
with the 75% duty cycle. The ultrasonic transducer, whose
active part has circular geometry of 3 cm diameter, was
placed at the bath surface of a tank filled with partially
degassed water at a controlled temperature of 25°C. As
shown in Fig. 1, the Petri dish, filled with cell culture, and
whose surface was 9.6 cmz, was placed on the bottom of the
tank, aligned with the transducer at 3 cm distance. The
measured pulsed average intensity, Ips, was 0.038 £
0.002 W cm 2. The temperature inside and outside the Petri
dish during ultrasound exposure was monitored by use of a
thermocouple; we found the temperature rise (<2°C) inside
the Petri dish to be unlikely to induce thermal damage to the
cells. The sonication time was 30 min.
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Fig. 1 The experimental setup of the ultrasonic exposure

FTIR spectroscopy

Spectra were recorded in the 900-3,000 cm™ "' region by
use of a Jasco FTIR/410 spectrometer equipped with a
conductive ceramic coil mounted in a water-cooled copper
jacket source, a KBr beamsplitter, and a standard TGS
detector.

The NIH-3T3 cell spectra were acquired in transmission
mode; cells were cultured on an infrared-transparent CaF,
window previously treated with polylysine to promote cell
attachment and placed in Petri dishes. The cellular mono-
layer adhering to the CaF, window was sonicated, washed
in PBS, and dried in a desiccator; for each spectrum, a
resolution of 4 cm ™! was used, and 64 interferograms were
coadded and apodized with a triangular function (Pozzi
et al. 2007; Di Giambattista et al. 2010).

Preliminary reduction of IR spectral data (subtraction,
smoothing, etc.) was performed by use of Jasco Spectra
Manager and Origin Pro 8.0 software. By comparing the
second derivative of the spectra, the most significant
regions were found and confirmed by use of a non-para-
metric statistical test, the Kruskal-Wallis test (Di Giam-
battista et al. 2011), on all corrected underived spectra
(level of significance P = 0.05; data not reported).

Finally, FTIR results from sonication with and without
microbubbles and from control samples were analyzed by
one-way analysis of variance ANOVA (significance level
P < 0.05); moreover, the means of these FTIR results were
checked by use of a Tukey means comparison method.

Electron paramagnetic resonance (EPR) spin trapping
for detection of free-radical formation

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO; high-purity;
Alexis Biochemicals) was used as spin-trap reagent. The
concentrations of DMPO were determined spectrophoto-
metrically (&34 = 7.7 X 10° mol~! dm® em™!). A solu-
tion of DMPO (150 mM) was added to the samples before
the start of sonication. At the end of the sonication time
(30 min), an aliquot from the supernatant of the sample
was transferred immediately to capillary tubes held inside
flat-bottomed Suprasil tubes and spectrum acquisition was
started within 5 min after the end of the sonication. Un-
sonicated samples (sham controls) where stored for 35 min

before EPR measurements, under the same experimental
conditions of the sonicated samples.

A Bruker Elexsys ES00 cw spectrometer operating in
the X band and equipped with an SHQ cavity was used for
EPR measurements. Sample preparation and EPR mea-
surements were performed in a laboratory under controlled
conditions of temperature (22 £ 1°C) and relative humid-
ity (48 &+ 1%). The position of the sample tube inside the
cavity was reproducible in height and angular orientation.

The two central lines of the typical DMPO-OH 1:2:2:1
quartet spectrum were detected using the settings: modula-
tion frequency, 100 kHz; microwave frequency, 9.84 GHz;
sweep field, 2.5 mT; time constant, 163 ms; conversion
time, 41 ms; number of averaging scans 20. EPR spectra
were recorded at modulation amplitude of 0.07 mT and a
microwave power of 8 mW. The microwave frequency was
monitored on an external frequency counter (HP53150A).
In order to investigate the relative amounts of radicals in
the DMPO solutions, the peak-to-peak amplitude of the
second line of the DMPO-OH 1:2:2:1 quartet spectrum was
measured. Because of the high reproducibility of the
experimental set up, relative changes in signal intensities
were related to relative changes in free radical concentra-
tion. No efforts were made to convert the signal intensity to
absolute concentration because it was considered irrelevant
to this study. In every measurement session the sonicated
and unsonicated cells with and without the SonoVue®
microbubbles were studied; each experimental session did
not exceed 12 h and measurements were repeated three
times. The experimental data were analyzed by one-way
ANOVA (significance level P < 0.05).

Cytokinesis-block micronucleus (CBMN) assay

Control and sonicated cellular samples were treated with
6 pg/ml cytochalasin B. The cells were collected 24 h after
addition of cytochalasin B, by centrifugation for 5 min,
then carefully resuspended in 5 ml hypotonic saline
(75 mM KCl). Immediately after addition of the hypotonic
solution, the cells were collected and fixed in Carnoy’s
fixative (3:1 methanol-acetic acid). Finally, samples of the
cells were transferred on to pre-cleaned slides and stained
with 10 pg/ml 4',6'-diamidino-2-phenylindole (DAPI) in
antifade solution (Vector Laboratories). By use of a Zeiss
Axiophot microscope with ultraviolet light (359 nm exci-
tation filter, 441 nm barrier filter) small cytoplasmatic
bodies, named micronuclei (MNj), also known as Howell-
Jolly bodies, were scored. A micronucleus (MN) is formed
during the metaphase/anaphase transition of mitosis (cell
division). It may arise from a whole lagging chromosome
(aneugenic event leading to chromosome loss) or from an
acentric chromosome fragment becoming detached from a
chromosome after breakage (clastogenic event) which is
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not integrated into the daughter nuclei (Kirsch-Volders and
Fenech 2001). The samples were coadded and scored blind
by the same analyst. From each sample, 500 total cells
were scored in order to evaluate the nuclear division index
(NDI).

This index, an indicator of possible mutagenic and
cytotoxic effects of the US, was evaluated for each sample
by use of the equation:

(Mono + 2BNC + 3TNC + 4QNC)

NDI =
(Mono + BNC + TNC + QNC)

where Mono, BNC, TNC, and QNC, respectively, indicate
the number of mono, bi, tri, and quadri-nucleate cells.

Results and discussion
EPR spectroscopy

Four EPR spectra of DMPO-OH adducts from unsonicated
and sonicated cells with and without SonoVue® are
reported in Fig. 2a. Each spectrum is the average of spectra
from two samples of the same suspension, measured in two
sessions. A difference is evident between the spectrum
intensity of sonicated and unsonicated cells, whereas the
presence of SonoVue® seemed not to cause any difference.
The quantitative analysis of this result given in Fig. 2b
shows the mean value and the minimum-maximum devi-
ation of the peak-to-peak amplitude of the two spectra
measured in the two sessions: the 1 MHz ultrasound
exposure is responsible for a statistically significant
increase (as obtained by one-way ANOVA with P < 0.05
as the level of significance; data not shown) of the quantity
of free radicals. By contrast the spectra of the cells in the
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Fig. 2 a EPR spectra of the DMPO-OH adducts of unsonicated and
1 MHz-sonicated cells with and without SonoVue® microbubbles in
phosphate-buffered saline. From bottom to top: control cells (unso-
nicated and without microbubbles); control cells with 10 pl
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presence or absence of SonoVue® microbubbles were not
statistically significantly different.

FTIR spectroscopy

As reported in our a previous work (Marchioni et al. 2009;
Di Giambattista et al. 2009; Conti et al. 2010), ATR-FTIR
spectroscopy can be used to detect whether therapeutic
ultrasound has reversible or irreversible effects on cells,
and the dependence of these effects on exposure geometry
and energy dose. Our results also demonstrated that ATR-
FTIR spectroscopy can be used to identify biological
effects at energy doses lower than those required to induce
toxicity such as revealed by conventional cell-biology
assays (Conti et al. 2010). IR spectroscopic markers could,
therefore, be used to reveal cellular damage caused by
ultrasound at low energy doses.

A significant change in the FTIR spectra of the samples
was observed in the frequency region between 3,000 and
2,800 cm™ ', named the lipid region; the IR spectra
obtained in this region from sham control cells and from
cells sonicated (30 min) with or without the SonoVue® are
compared in Fig. 3.

The bands at 2,958 and 2,924 cm™' arise from the
asymmetric stretching vibration modes of CH,, indicated
vas(CH»), and CHj;, indicated v,,(CH3), respectively (Draux
et al. 2009; Gasper et al. 2009). Their intensity absorption

. 1,(CHy)
ratio (Imno = [2(CH3):

hypoxia or low glucose concentrations, reflecting a per-
oxidative state of the cell membrane phospholipids. As
observed in Fig. 3, our FTIR results show that this ratio
decreases under sonication conditions and, mainly, in the
presence of the SonoVue® microbubbles. The other

) decreases when the cells are under

EPR Results

-1

CellNOUS Cell+US (30')  Cell+SonoVue  Cel+SonoVue
(10 NOUS  (10pIH+US (307)

Samples

SonoVue®; sonicated cells, no microbubbles; sonicated cells with
10 ul SonoVue®. b Mean value of the peak-to-peak amplitude of the
two spectra measured in the two sessions for the four cell samples.
The error bar is the minimum-maximum deviation
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Fig. 3 The regions indicated by dotted lines show the absorption
peaks at 2,924, 2,958, and 2,850 cm™! for a unsonicated control
samples, b unsonicated with SonoVue, ¢ sonicated 30 min, d soni-
cated 30 min with SonoVue

spectroscopic band at 2,850 cm ™' is assigned to the CH,

symmetric stretching mode which is directly related to the
lipid acyl, mainly saturated, chains and this feature is
selected as a marker for lipid concentration. As shown in
Fig. 3, the frequency of this band is conformation-sensitive
and responds to the ultrasound-induced changes in acyl
chains, especially when the contrast agent is used. There-
fore, the combination of these exposure conditions and
observed effects in the lipid region can modify the mech-
anism of permeabilization of the cell membrane. These
differences between sonicated cells with or without the
bubbles and sham controls are statistically significant, as
assessed by one-way ANOVA (data not shown). Moreover,
comparison of the means by use of the Tukey test shows
that the difference between the means is significant
between the sonicated samples with SonoVue® and the
corresponding control, and between the sonicated samples
with and without SonoVue® (Fig. 4).

The cytogenetic test

The last question, whether the structural changes revealed
by FTIR spectroscopy are connected with a genotoxic
effect, can be resolved by study of the MNj frequency (data
not shown) and of the complementary nuclear division
index (NDI) for the cellular samples, as reported in Fig. 5.

FTIR Results of 1{(CHz).s [ 1:(CH:)s= ratio
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Fig. 4 Intensity absorption ratio, I ., normalized to the sham
control, is reported for: unsonicated cells (Cell NO US), sonicated
cells (cell + US), unsonicated cells with SonoVue (Cell + SonoVue
NO US), and sonicated cells with SonoVue (Cell 4+ SonoVue + US)

CBMN Results
172
1.7 1
§ 1.68
@
g 1.66
s 184
L 162
[=] §
> 16
1.58
156 +—— . = S
Cell NO US Cell+US (30  Cell+SonoVue (10u)  Cell+SonoVue
NO US (10u1)+US (30
Samples

Fig. 5 NDI calculated for unsonicated and sonicated cells without
and with SonoVue microbubbles

Our results show that under these experimental condi-
tions there is no significant cytotoxic effect of ultrasound
exposure, even in the presence of microbubbles.

Conclusions

As reported in Fig. 2b, exposure to a 1 MHz ultrasound
source for 30 min leads to a statistically significant
increase of the quantity of free radicals which is the same
in presence or absence of SonoVue® microbubbles. This
increase in free radicals can alter the cellular equilibrium,
inducing peroxidative stress on cellular components, for
example the phospholipidic component of the plasma
membrane.

The spectroscopic property intensity absorption ratio,
I a0, Which is sensitive to variation of cellular peroxidative
state, is lower for sonicated samples than for unsonicated
samples when the amount of free radical increases; at the
plasma membrane level the decrease of the intensity
absorption ratio, which is more evident if microbubbles are
present, is related to structural changes induced by the free
radicals and amplified in the presence of the microbubbles,
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as shown in Fig. 3 and described elsewhere (Wang et al.
2009).

Contrast agents are not important in the production of
free radicals during sonication, but can amplify the bio-
logical effects on the plasma membrane. On the other hand
the non-significant differences in the value of NDI for
unexposed cells and cells exposed to US show that the
energy dose during sonication at 1 MHz is too low to
induce toxic effects. Therefore, our experimental set up and
ultrasound conditions enable modification of cell mem-
brane permeability without inducing cell death.
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