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Double-Strand Breaks in Genome-Sized DNA Caused by

Ultrasound**

Rinko Kubota,™ Yusuke Yamashita, Takahiro Kenmotsu,*® Yuko Yoshikawa,"
Kenji Yoshida,®' Yoshiaki Watanabe,” Tadayuki Imanaka,’ and Kenichi Yoshikawa*®

DNA double-strand breaks (DSBs) caused by ultrasound were
evaluated in a quantitative manner by single-molecule fluores-
cence microscopy. We compared the effect of time-interval (or
pulse) sonication to that of continuous wave (CW) sonication
at a fixed frequency of 30 kHz. Pulses caused fewer DSBs than
CW sonication under the same total input ultrasound energy
when the pulse repetition period was above the order of
a second. In contrast, pulses caused more DSBs than CW soni-
cation for pulse widths shorter than a second. These effect of

1. Introduction

Ultrasound is increasingly being applied in practical medicine
for both clinical diagnosis and therapeutic purposes.? For di-
agnostic applications, a better resolution of the morphological
features of organs is desirable. Ultrasound is also used to eval-
uate blood flow. One of the most important factors in such di-
agnostic applications is the avoidance of biological damage.®™®
For therapeutic purposes, various applications have been de-
veloped including the healing of wounds in skin, muscle and
other tissues, hemostasis, transdermal drug delivery, targeted
drug delivery, in vivo oxygen delivery, and clot lysis.”"'? With
regard to these applications, it is important to evaluate the
effect of ultrasound sonication on the living body and
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ultrasound on DNA were interpreted in terms of the time-de-
pendent decay in the probability of breakage during the dura-
tion of a pulse. We propose a simple phenomenological model
by considering a characteristic decay in the probability of DSBs
during single-pulse sonication, which reproduces the essence
of the experimental trend. In addition, a data analysis revealed
a characteristic scaling behavior between the number of
pulses and the number of DSBs.

cells.® " Ultrasound has both thermal and non-thermal effects.
Ultrasound on a MHz scale is considered to have thermal and/or
non-thermal effects, whereas ultrasound on the order of several
tens of kHz generates mostly non-thermal effects. The non-ther-
mal effects are categorized into mechanical and chemical ef-
fects. Acoustic radiation force and acoustic streaming are typical
mechanical effects. Although acoustic cavitation has both ef-
fects, it has been argued that the mechanical effect is dominant
in the case of low-frequency ultrasound. In addition, therapeutic
ultrasound often uses pulse wave (PW) rather than continuous
wave (CW)."? In the present study we focused on the effect of
the frequency of pulsing ultrasound on double-strand breaks
(DSBs) in genomic DNA molecules. We used relatively low-fre-
quency, that is, several tens of kHz, ultrasound, partly so that we
can set the experimental conditions in a well-controlled manner
to evaluate non-thermal effects. Low-frequency ultrasound has
been applied to lithotripsy, phacoemulsification, ultrasound-as-
sisted liposuction, tissue cutting and vessel sealing, and skin
permeabilization.*'*'® |n these applications, the non-thermal
effect, that is, cavitation effect, plays the major role. Although
several previous papers have discussed the cavitation effect on
DNA molecules, "*?¥ there have been few studies on the
quantitative evaluation of damage to “genome-sized” DNA
molecules. It is important to unveil the effects of ultrasound
from the standpoints of both safety and basic science.

DNA damage is currently categorized into four types: base
changes, cross-linking, and single- and double-strand breaks
(DSBs).”®! Among these, DSBs are considered to most strongly
affect the function of genomic DNA molecules."® Many stud-
ies have been performed to detect DSBs both in vivo and in
vitro. The polymerase chain reaction can be used to detect
DNA damage through observation of the termination of am-
plification.”® Immunological assays are also commonly used to
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detect oxidative DNA damage through the use of an antibody
or immunoglobulin.”? In situ hybridization provides informa-
tion on specific changes in certain DNA sequences.”'” Al-
though several methodologies have been proposed to detect
DSBs in DNA molecules, including the comet assay and single-
cell gel electrophoresis assay,”®'%?? it has been rather difficult
to evaluate the number of DSBs per unit length of DNA in
a quantitative manner, especially for long, genomic-sized DNA
molecules. Recently, it has been demonstrated that the direct
visualization of single giant DNA molecules above the size of
100 kbp by the use of fluorescence microscopy can provide
useful information on the structure and function of genomic
DNA molecules” |t is becoming increasingly clear that
giant DNA molecules undergo large discrete changes in their
higher-order structure accompanied by a change in density on
the order of 10°-10°, whereas shorter oligomeric DNA mole-
cules do not exhibit this property.®"*? Recently, we studied the
effect of ultrasound irradiation in CW mode on DSBs in DNA
by single-molecule observation, and evaluated cavitation
power acoustically through the use of a hydrophone.”® We
found that DSBs are generated above a threshold ultrasound
power, corresponding to the critical power to generate cavita-
tion. In the present study, we measured DSBs in genome-sized
DNA through single-molecule observation with high-resolution
fluorescence microscopy to clarify the effect of pulse irradia-
tion in comparison to CW irradiation.

2. Results and Discussion

Figure 1 shows the results of the measurements of DSBs
with different duty ratios for ultrasound sonication up to
60s. As shown in the schematic in Figure 1a, we measured
DSBs by changing the duty ratio of PW sonication:
D = ton/(Ton + Tore), Where 1oy is the sonication period and
Toer IS the OFF period, that is, when sonication is not applied.
A duty ratio of 1.0 corresponds to CW. The total ultrasound
energy applied to the DNA solution is linearly proportional to
the duty ratio D. Figure 1b shows examples of fluorescence
images of DNA molecules stretched on a glass slide, indicating
marked fragmentation for pulse sonication with a duty ratio of
D=0.8. In contrast, DNA molecules show much less fragmenta-
tion under CW sonication. Figure 1c shows the change in the
average length of stretched DNA molecules after ultrasound
sonication, (/), depending on the duty ratio D; there is a gradu-
al decrease in () with an increase in D. In this measurement,
the average control length for more than 100 DNA specimens
under each experimental condition, (/,), was determined to be
29.5 um for samples without radiation (D=0). This is smaller
than the natural contour length (57 um) and can be attributed
to the procedure used to extract and purify T4 GT7 DNA mole-
cules from the phage and to the process of sample prepara-
tion, which includes pipetting and mixing.”?’ By denoting the
average number of breaks per average length before sonica-
tion as (N), we obtain (N)={(l,)/{/)-1. To determine the fre-
quency of DSBs per unit length (n), i.e., per 10 kbp, we re-
scaled as (n)=(N)/(l,)10 kbp, where (l,) is in units of kbp.*”
Thus, Figure 1d shows the dependence of (n) on the duty
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Figure 1. a) Schematic representation of the periodic application, or pulsing,
of ultrasound with different duty ratios, D. b) Fluorescence microscopy
images of stretched DNA molecules after exposure at various duty ratios
(see the procedure in Figure 5). c) Average length of DNA, (/), versus the
duty ratio, D, under the same sonication period, T, = 60 s. d) Number of
DSBs versus duty ratio, D, under the same sonication period, T,,,; = 60 s.

ratio D, where (n) is almost linearly proportional to D, for D be-
tween 0 and 0.9. Interestingly, for D above 0.9, there is a large
deviation from a linear relationship, including at D=1.0, that
is, for CW sonication. Although it may be worthwhile to clarify
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the degree of deviation from the linear relationship, under the
experimental conditions in Figure 1, it is difficult for obtain the
value of (n)in a precise manner, since the experimental error
for (n) increases with greater fragmentation. Under this situa-
tion, we performed additional experiments as described below.

Figure 2a shows the experimental scheme that was de-
signed to gain deeper insight into the effect of the duty ratio
D, or pulse repetition period 75, on the degree of DSBs. In this
scheme, the total input energy of ultrasound over 60 s is exact-
ly the same for all of the experiments with different pulse rep-
etition periods 7; or different numbers of pulses N, where
Tr = Ton + Torr-

Figure 2b shows the change in the average length (/) with
respect to the number of pulses N, at an ultrasound pressure
of 90 kPa and with a duty ratio of 0.4, where the horizontal
axis is on a logarithmic scale. In these experiments, the aver-
age length, (l)), was 22.9 um for about 100 DNA molecules
without sonication. Figure 2 ¢ indicates that, with a pulse repe-
tition period 7; above the order of second(s), there are fewer
DSBs than with CW sonication. In contrast, the number of
DSBs with 7; below 1 second(s), becomes greater than that for
CW, and tends to increase with a decrease in 7;.

Figure 3 shows the results of a similar series of experiments
as in Figure 2 under the condition D=0.8. The average length
(I) after sonication is somewhat smaller than that in Figure 2b.
If we consider that the total input energy of ultrasound in
Figure 3 is twice that in Figure 2, it is natural to observe that
DSBs are more frequent in Figure 3. Interestingly, a closer in-
spection of Figure 2 and Figure 3 indicates a similar depend-
ence of DSBs on the change in N; i.e., compared to DSBs
under CW, DSBs tend to decrease with fewer pulses and tend
to increase with a larger number of pulses, which reflect
longer and shorter pulse repetition periods 7, respectively.

Next, we consider the time-dependent change in DSBs
under ultrasound sonication. The experimental trend that
a larger number of pulses causes greater damage to DNA im-
plies that the probability of DSBs per unit time tends to de-
crease gradually during the period of individual pulses. Thus,
we assume that the probability of DSBs for a single pulse, x, is
simply dependent on its duration or period, 7oy, as in [Eq. (1)]:

X~ T2, (1)

where we regard 0<a <1, by considering the weaker effect
on the probability of DSBs per unit time with a longer period
for a pulse. The period is given as 1oy = DT,m,/Np, where D :
duty ratio, T, total sonication period, and N,: number of
pulses. Thus, the number of DSBs per unit length (n) is given
under the approximation that the DSBs caused by individual
pulses are mutually independent [Eq. (2)]:

<n> ~ NpX = NP (DTtotal/Np) “ (2)

Now, we may expect the following relationship between <
n> and N,.[Eq. (3)]:

(n) ~ N, (3)
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Figure 2. a) Schematic representation of the application of pulsed ultra-
sound with different pulse repetition periods, 77, under a constant ultra-
sound energy input. b) Average length of DNA, (/), versus number of pulses,
N,, (or pulse repetition period, 7r) under D=0.4. c) Number of DSBs versus
number of pulses, N, (or pulse repetition period, 7;) under D=0.4.

Figure 4 shows the log-log relationship between the
number of pulses, N, and the number of DSBs, <n>. From
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Figure 3. a) Average length of DNA, (/), versus number of pulses, N,, (or
pulse repetition period, 7;) under D=0.8. b) Number of DSBs versus number
of pulses, N,, (or pulse repetition period, 7;) under D=0.8.

the linear portions of the lines for both D=0.4 (the blue line)
and 0.8 (the red line), we obtain a=0.8. Thus, we can deduce
the following relationship [Eq. (4)]:

logyo(n) = 0.2 -log;o N, + C (4)

where C=—-1.4 and —1.2 for D=0.4 and 0.8, respectively. In
other words, the difference in C is given as AC ~0.2. From eq.
(2), we may expect the relationship [Eq. (5)]:

10g10(")p_05—10910{N)p_04= ©:(10g100.8 — 10g;,0.4) ~ 0.24 (5)

This value corresponds well to AC =0.2. Thus, it has
become clear that the parallel linear relationship depicted as
blue and red solid lines in Figure 4 can be well interpreted
based on the theoretical expectation as in [Eq. (2)]. The devia-
tion of the plots for larger values of N, with D=0.8 is attributa-
ble to the breakdown of the assumption that the time-depen-
dent change in the probability of DSBs is not influenced by
prior pulses. In other words, when the resting time between
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Figure 4. Scaling relationship between the number of pulses, N,, and the
number of DSBs, <n >, shown as the log-log plot of the experimental data
in Figures 2 and 3. The linear portions of the lines correspond to [Eq. (4)],
whereas the curves are given by [Eq. (6)].

neighboring pulses becomes on the order of 0.1 s, the afteref-
fect of the previous pulse becomes significant.®® From the ex-
perimental finding that the parameter a (=0.8) is smaller than
unity, it becomes clear that the kinetics of DSBs exhibit a scal-
ing behavior. This fact indicates the existence of a longer time-
tail compared to that under usual exponential decay. Next, we
can discuss the deviation from a linear relationship at small
values of N,, especially at N,=1. We can check the degree of
deviation from a linear relationship by simply adding an addi-
tional term to [Eq. (4)], as follows [Eq. (6)]:

logo(n) = 0.2 - log;y N, + C + 0.3/N/; . (6)

This additional term results in the curved lines in Figure 4,
suggesting that the fitting becomes rather good when we
choose f3=2. This parameter in the scaling equation implies
rather rapid decay of the aftereffect of pulsed sonication.

The detailed mechanism to account for why the probability
of DSBs decays on a time scale of second(s) during pulse soni-
cation is not yet clear. However, the kinetic data together with
their analysis reported here may contain important information
on the time-dependent change in the physicochemical effect
of pulsed sonication, including the strength of the shockwave
generated through cavitation. It may be interesting to more
closely study time-dependent effects on DSBs. Recently, we
studied the effect of ascorbic acid against DSBs in DNA and
found that ascorbic acid has a marked protective effect against
the damage induced by reactive oxygen species. In contract,
ascorbic acid offers almost no protection against the damage
caused by ultrasound.”” Thus, DSBs caused by ultrasound are
most likely caused by the shockwave under the generation of
cavitation.” The results reported here are expected to stimu-
late studies on the effects of periodic perturbations on the
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time evolution of nonlinear systems, including on many chemi-
cal and biochemical kinetics.?¥ It has been suggested that pe-
riodic perturbations significantly change the essential features
of nonlinear dynamical systems, including the appearance of
mode bifurcation, breakdown of additivity, etc.®>=”

3. Conclusions

We studied DSBs in giant DNA caused by ultrasound sonica-
tion by using single-DNA observation with fluorescence mi-
croscopy. The results showed that the probability of DSBs
under pulse sonication is lower than that under CW when the
repetition of pulses is above the order of second(s). In contrast,
the probability of DSBs under pulse sonication is higher than
that under CW when the pulse repetition is below the order of
second(s). The discovery of this biphasic nature of the effect of
ultrasound is expected to attract considerable interest from sci-
entists in a wide range of disciplines, including not only the
field of ultrasonics, but also biophysics, physical chemistry, and
macromolecular science, To shed light on the biphasic effect of
pulse sonication, we proposed a simple phenomenological
model by considering a characteristic decay in the probability
of causing DSBs during single-pulse sonication. The data analy-
sis shows scaling behavior between the number of pulses and
the number of DSBs, as in Figure 4. It may be interesting to
clarify the actual physicochemical mechanism of the time-de-
pendent change in the probability of DSBs during pulse soni-
cation in a future study. Additionally, in the practical medical
application of ultrasound, these results suggest that through
the selection of a suitable pulsing time profile together with
a consideration of the effect of ultrasound power?%2%3839 jt
may be possible to minimize any harmful effects on the
human body. Similarly, we may be able to deduce the most
suitable pulsing conditions for the treatment of malignant
tumors.

Experimental Section

T4 GT7 DNA (166 kbp, contour length 57 um) and Tris-HCI solution
(pH 7.5) were purchased from Nippon Gene (Toyama, Japan). The
fluorescent cyanine dye YOYO-1 (1,1'-(4,4,7,7-tetramethyl-4,7-dia-
zaundecamethylene)-bis-4-(3-methyl-2,3-dihydro-(benzo-1,3-oxa-
zole)-2-methylidene)-quinolinium tetraiodide) was obtained from
Molecular Probes, Inc. (Oregon, USA). The antioxidant 2-ME (2-mer-
captoethanol) and poly-(L-lysine) were purchased from Wako Pure
Chemical Industries (Osaka, Japan) and from Sigma-Aldrich Corpo-
ration (Tokyo, Japan), respectively.

A pair of facing Langevin transducers (FBL28452HS; FUJI CERAM-
ICS, Fujinomiya, Japan) was attached to a cell so that they faced
one another. The cell measured 80x80x50 mm (depth) and was
filled with distilled water. The experimental system was essentially
the same as in a previous study.”® Thus, we will only describe it
briefly. A sinusoidal signal at a frequency of 30 kHz was input to
the transducers to form a standing acoustic wave. We measured
the three-dimensional distribution of the sound pressure ampli-
tude and confirmed that, under the condition with the fixation of
a test tube, the standing wave showed maximum amplitude in the
center of the cell, as shown in Ref. [28]. Throughout the present
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study, we used a fixed frequency of 30 kHz. Inside the cell, a poly-
propylene tube containing a DNA sample was located at the cen-
tral anti-node. T4 GT7 DNA (final concentration: 0.1 um) was dis-
solved in 10 mm Tris-HCI (pH 7.5). We examined the relationship
between the current entering the transducers (ly,) and the sound
pressure from zero to the peak value (Py,). The sound pressure was
measured using a calibrated hydrophone (model 8103; Briel &
Kjeer, Neerum, Denmark) with a frequency bandwidth ranging from
200 Hz to 60 kHz after the tube was removed from the cell. If we
assume a linear relationship between the current and sound pres-
sure, the pressure in the presence of the tube at the anti-node was
extrapolated from the /y,-P, curve.

To visualize individual DNA molecules by fluorescence microscopy,
the fluorescent dye YOYO-1 (final concentration: 0.1 um) and 2-ME
(3.8% (v/v)) were added to the sample solution. Fluorescence
images of DNA molecules were captured by the use of an Axiovert
135 TV microscope (Carl Zeiss, Oberkochen, Germany) equipped
with an oil-immersed 100 X objective lens, and recorded on a DVD
through an EBCCD camera (Hamamatsu Photonics, Japan). The re-
corded videos were analyzed by VirtualDub, a free and open-
source video-capture and video-processing utility for Microsoft
Windows written by Avery Lee. All observations were carried out at
around 20°C. Figure 5 shows a schematic of the experimental pro-

. Shiy ;

Fluorescence Microscopic observation

Figure 5. Experimental scheme to evaluate DSBs caused by exposure to ul-
trasound.

cedure. The DNA solution was subjected to ultrasound sonication
for 60 s under different pulse conditions. After ultrasound expo-
sure, for the measurement of DNA length, DNA molecules were
fixed on a glass surface. Glass slides were pretreated with poly-(L-
lysine) (concentration: 5x10%% (v/v)) solution, and washed with
distilled water. A droplet (5 pL) of a sample was adsorbed on
a modified glass slide to obtain images of the elongated DNA con-
formation. A droplet of the sample solution was situated on
a glass slide and covered with a slip glass under weak shearing to
observe elongated DNA. The lengths of the DNA molecules for 100
or more specimens were then calibrated. The captured fluorescent
images were analysed by ImageJ software (National Institutes of
Health, MD, USA). The experimental error in the DNA length is
mainly due to the blurring effect associated with the fluorescence
microscopic observation and is estimated to be on the order of
0.3-0.5 um.
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