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The  protective  effect  of  ascorbic  acid against  double-strand  breaks  in  DNA was  evaluated  by  single-
molecule  observation  of  giant  DNA  (T4 DNA;  166  kbp)  through  fluorescence  microscopy.  Samples  were
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exposed  to  three  different  forms  of radiation:  visible  light,  �-ray and  ultrasound.  With  regard  to  irradiation
with visible  light,  1 mM  AA reduced  the damage  down  to ca.  30%.  Same  concentration  of  AA  decreased  the
damage  done  by  �-ray  to  ca. 70%. However,  AA had  almost  no  protective  effect  against  the damage  caused
by  ultrasound.  This significant  difference  is discussed  in relation  to  the physico-chemical  mechanism  of
double-strand  breaks  depending  on the  radiation  source.
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. Introduction

DNA plays an essential role in the development and func-
ion of all known living organisms, since it encodes the genetic
nstructions. Therefore, damage to DNA is a major problem for
iving things. DNA damage is currently categorized into 4 types:
ase changes, cross-linking, and single- and double-strand breaks
DSBs). Among these, DSBs are considered to be the most serious
ecause they lead to cancer and cell death [1–6]. Many studies have
een performed to detect DSBs both in vivo and in vitro. The poly-
erase chain reaction can be used to detect DNA damage through

bservation of the termination of amplification [7,8]. Immunologi-
al assays are also commonly used for the detection of oxidative
NA damage through the use of an antibody or immunoglobu-

in [7,9]. In situ hybridization provides information on specific
hanges in certain DNA sequences [7,10]. A comet assay can detect
ouble-strand breaks in DNA, although a quantitative evaluation

s almost impossible [7,11]. Despite the availability of these meth-
ds, it has been difficult to estimate the number of double-strand

reaks in a reliable manner, especially for genome-sized long DNA
olecules. Recently, it has been demonstrated that the direct visu-

lization of single giant DNA molecules by the use of fluorescence

∗ Corresponding author.
E-mail address: keyoshik@mail.doshisha.ac.jp (K. Yoshikawa).
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009-2614/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

microscopy provide useful information on the structure and func-
tion of genomic DNA molecules [12–14], including the application
to analyze DSBs in a quantitative manner [15–23].

Reactive oxygen species (ROS), which are generated through
various processes, have been considered to be a major contribut-
ing factor to DNA strand breaks. The use of an antioxidant is
an efficient method for protecting DNA from damage induced
by reactive oxygen radicals [1,24]. Ascorbic acid (AA), or vita-
min  C, is a representative antioxidant. Pauling claimed that
AA could play a significant role in maintaining good health in
humans [25,26]. It has been reported that AA can reduce ROS
in human sperm cells to minimize the risk of DNA damage
[27]. In the present study, to evaluate the protective effects of
AA on genome DNA molecules in a quantitative manner, we
measured DSBs caused by photo-irradiation in the presence of sen-
sitizer, �-rays and ultrasound through single-molecule observation
by fluorescence microscopy. To observe the effect of photo-
induced reaction oxygen species, we used YOYO-1, quinolinium,
1,1′-[1,3-propanediyl-bis [(dimethylimino)-3,1-propanediyl]] bis
[4-[(3-methyl-2(3H)-benzoxazolylidene)-methyl]]-tetraiodide, as
a photosensitizer to generate reactive oxygen, and performed the
real-time observation of double-strand breaks in individual DNA

molecules, where YOYO-1 also helps to visualize DNA as a fluores-
cence dye [17]. With regard to �-ray and ultrasound, the numbers
of DSBs were evaluated in terms of the average length of DNA
molecules at different degrees of irradiation in the presence of AA.

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Example of the real-time observation of double-strand breaks. Fluo-
rescence microscopic images on single T4 DNA molecule under photo-irradiation
(left) and the corresponding quasi-three-dimensional profiles of the fluorescence-
intensity distribution (right). (Fluorescent dye YOYO-1: 0.05 �M, ascorbic acid:
06 Y. Ma et al. / Chemical Phy

. Materials and methods

.1. Materials

T4 phage DNA (166 kbp, contour length 57 �m)  was purchased
rom Nippon Gene (Toyama, Japan). A fluorescent cyanine dye,
OYO-1 (quinolinium, 1,1′-[1,3-propanediyl-bis [(dimethylimino)-
,1-propanediyl]] bis [4-[(3-methyl-2(3H)-benzoxazolylidene)-
ethyl]]-tetraiodide), was  purchased from Molecular Probes, Inc.

Oregon, USA). Antioxidants, 2-mercaptoethanol (2-ME) and AA,
nd other necessary chemicals were purchased from Wako Pure
hemical Industries (Osaka, Japan).

.2. Real-time observation of photo-induced breakage

In fluorescence microscopic observations, to minimize inter-
olecular aggregation, measurements were conducted at a low
NA concentration (0.1 �M in nucleotide units). T4 phage DNA
as dissolved in buffer solution with YOYO-1 in 10 mM Tris–HCl

pH: 7.5). To evaluate the protective effects against double-strand
reaks, AA was added to samples with final concentrations of
.5 mM and 1.0 mM.  2-ME (concentration: 4% (v/v)) was  added to
he samples to slow the photo-cleavage reaction to a level that was
uitable for real-time observation.

The double-strand damage in individual DNA molecules was
bserved at a peak emission wavelength of 510 nm under strong
ight illumination. Fluorescence DNA images were captured by
se of an Axiovert 135 TV microscope (Carl Zeiss, Oberkochen,
ermany) equipped with an oil-immersed 100× objective lens,
nd recorded on DVD through an EBCCD camera (Hamamatsu Pho-
onics, Hamamatsu, Japan). The recorded videos were analyzed
y VirtualDub, a free and open-source video-capture and video-
rocessing utility for Microsoft Windows written by Avery Lee. All
bservations were carried out at around 20 ◦C [16,17].

.3. Gamma-ray and ultrasound irradiation

T4 phage DNA (final concentration: 0.1 �M)  was  dissolved in
ris–HCl (concentration: 10 mM)  buffer solution at pH 7.5. After
A was added to the DNA solution at either 0.5 mM or 1.0 mM,  the
amples were irradiated by 60Co �-ray at a dose rate of 3860 Gy/h.
he quantity of �-rays was controlled by the duration of irradiation
17,21].

Ultrasound for irradiation was provided by two Langevin trans-
ucers (FBL28452HS; FUJI CERAMICS, Fujinomiya, Japan) and the
ower was controlled by adjusting the transducers. The solutions
or irradiation contained 0.1 �M T4 in the presence and absence
f 0.1 �M.  AA (final concentration: 1.0 mM)  with 10 mM Tris–HCl
uffer [18].

.4. Measurement of the length of single DNA molecules by
uorescence microscopy

DNA molecules were fixed on a glass surface after the addition of
OYO-1 (final concentration: 1 �M).  Glasses were pre-treated with
oly-(l-lysine) (concentration: 0.05% (v/v)) solution, and washed
epeatedly with distilled water. A droplet (15 �l) of a sample was
dsorbed on a modified glass slide and covered with a glass cov-

rslip under weak shear. Fluorescence images were observed with
n Axiovert 135 TV microscope (Carl Zeiss, Oberkochen, Germany)
nd analyzed by free software, ImageJ (National Institute of Mental
ealth, MD,  USA) [17,18].
1.0  mM.)

3. Results and analysis

3.1. Protective effect of ascorbic acid against photo-induced DNA
double-strand breaks

Figure 1 exemplifies the real-time observation of double-strand
breaks and the corresponding quasi-three-dimensional profiles of
the fluorescence-intensity distribution for a DNA molecule. From
the visual confirmation of breakage, the breakage time, �, was
evaluated by taking time zero as the moment when focused illumi-
nation was initiated. The average breakage time, 〈�〉, was calculated
from the data for 40–50 DNA molecules. In the absence of AA, 〈�〉
was 13 s. 〈�〉 increased with the addition of AA: 〈�〉 was  22 and
26 s in the presence of 0.5 and 1.0 mM AA, respectively. Figure 2a
shows the time-dependent increase on the percentage of dam-
aged DNA molecules under of the double-strand breaks under
photo-irradiation. In order to gain further insight on the mech-
anism of the double-strand breaks, as in Figure 2b we rescaled
the graph by placing the logarithm of the probability P of sur-
viving DNA and the square of the duration of irradiation on the
vertical and horizontal axes, respectively. The linear relationships
in the figure implies that the kinetics is given as the multiplica-
tion of two  independent events, i.e., the double-strand breaks are
induced as a two-step mechanism as the result of occurrence of
two single-strand breaks nearby each other on the both sides of
double-stranded helix [16,17]. As illustrated in Figure 3a, in the
two-step mechanism, single-strand breaks, or nicks, are generated
randomly along double-strand DNA molecules under irradiation
(Step 1). When another single-strand break occurs on the other DNA
strand near a certain nick, a double-strand break (Step 2) is gener-
ated, which is recognized as fragmentation in the single-molecule
measurement (Figure 1). A DNA chain is cut into fragments only

when the sugar phosphate backbones on both sides are broken. We
have previously reported the details of the kinetics of DSBs through
such a two-step mechanism [16,17]. In the following discussion, we



Y. Ma et al. / Chemical Physics Letters 638 (2015) 205–209 207

Figure 2. Photo-induced DSBs. (a) Time-dependence of the percentage of dam-
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Figure 3. Schematic illustrations of a double-strand break. (a) Two-step mechanism.

ged DNA molecules. (b) Relationship between t2 and log10 P. (P is the percentage
f  surviving DNA molecules under photo-irradiation, which was calculated as
100% − (percentage of damaged DNA)].)

nly describe the essence on the theoretical scheme to analyze the
xperimental data.

Under constant illumination with a power of I, the number of
icks along a single DNA molecule will increase as in Eq. (1), where

 is a constant:

n/dt  = ˛I (1)

y denoting P as the probability of surviving DNA molecules against
ouble-strand damage, the rate of the decrease in P can be repre-
ented as the product of n (number of nicks) and P:

P/dt  = −knP = −k˛ItP (2)

here k is a rate constant. Then, we obtain

og10 (P/P0) ∝ −˛It2 (3)

y considering the initial condition as P0 = 1 at t = 0, we obtain Eq.
4):

og10 (P) = −KV t2 (4)

here KV is a rescaled kinetic constant. Thus, the slopes in Figure 2b
rovide quantitative information on the protective effect of AA
gainst photo-induced double-strand breaks.

The linear relationships in Figure 2b actually demonstrate the
alidity of Eq. (4) for photo-induced DSBs, and from such relation-
hips we can evaluate the relative kinetic constant KV /KV

0 , where A0

s the case without AA. The difference in the slopes in Figure 2b indi-
ate that the kinetics on the double-strand breaks in the presence of
.5 mM  and 1.0 mM AA are about 40% and 30%, respectively, of those

n the absence of AA. It is also to be noted that such protective effect
(b)  One-step mechanism.

of AA is expected to work for the kinetics of single-strand breaks,
as suggested from the above mentioned theoretical framework.

3.2. Protective effect of ascorbic acid against gamma-ray-induced
DNA double-strand breaks

Fluorescence images of DNA fixed on a glass substrate for spec-
imens after �-ray radiation are exemplified in Figure 4a. As shown,
the length of DNA molecules decreases with an increase in the
intensity of �-ray irradiation for both with and without AA. The
average control length of DNA, 〈L0〉, was determined to be 20.3 �m
for the samples without �-ray radiation. This is somewhat smaller
than the natural contour length (57 �m)  and can be attributed to
the procedure used to extract and purify T4 DNA molecules from the
phage. Figure 4b shows the change in the average length 〈L〉 of DNA
as a function of the irradiation dose. If the average number of DSBs
per individual DNA molecule is defined as 〈n〉, the following rela-
tionship is derived under the assumption of a one-step mechanism
(Figure 2b) [16,17]:

〈n〉 ≈ 〈L0〉/〈L〉 − 1 (5)

The proportionality of 〈n〉 with respect to the irradiation dose
with �-ray is shown in Figure 4c. Thus, we assumed Eq. (6) by
introducing a kinetic constant K� :
n = K� D (6)
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Figure 4. �-Ray-induced DSBs. (a) Fluorescence microscopic images of DNA
molecules fixed on a glass surface after irradiation with different doses of �-rays. (b)
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Figure 5. Ultrasound-induced DSBs. (a) Fluorescence microscopic images of DNA
molecules fixed on a glass surface after exposure to ultrasound at different sound

irradiation from different sources based on the experimentally
verage lengths of DNA, 〈L〉, vs. the irradiation dose of �-rays. (c) Number of DSBs
er  DNA molecule, vs. the irradiation dose of �-rays.

.3. Protective effect of ascorbic acid against ultrasound-induced
NA double-strand breaks

Figure 5a exemplifies the DNA observations after exposure to
ltrasound. We  analyzed the experimental data in the same manner
s for �-ray-induced double-strand breaks. Based on the data on the
ound pressure level-dependence of the average length 〈L〉 given in
igure 5b, we obtained a graph of the average number of breaks per
riginal DNA molecule, 〈n〉, with respect to the sound pressure, as
hown in Figure 5c. This confirms the existence of a threshold value
f sound pressure for DNA double-strand breaks; below this thresh-
ld, the probability of double-strand breaks is essentially zero [18].
bove the threshold, 〈n〉 increases linearly with the sound pres-
ure. Interestingly, the nature of the increase in 〈n〉 is almost the

ame independent of the presence or absence of AA. These results
emonstrate that AA does not have an obvious protective effect
gainst ultrasound-induced DSBs.
pressures. (b) Average lengths of DNA, 〈L〉, vs. the sound pressure of ultrasound. (c)
Number of DNA double-strand breaks per molecule, 〈n〉, vs. the sound pressure of
ultrasound.

As in the analysis of �-ray-induced DSBs, the slope from the
linear relationship with the intercept of horizontal axis at the
threshold sound pressure p0 = 40 kPa, kinetic constant, KU, is given
as in Eq. (7):

n = KU(p − 40) (7)

where n is the number of DNA double-strand breaks and p (kPa) is
the sound pressure of the ultrasound.

3.4. Comparison of the protective effects of ascorbic acid among
photo-irradiation, gamma-rays and ultrasound

To compare the protective effects of AA against DSBs due to
available kinetic constants, KV, K� and KU, we introduced a rel-
ative constant, K1 = K/K0, where K0 is the kinetic constant of the
control group for each radiation source. Thus, it becomes possible
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Figure 6. Difference in the protective effect of AA. Vertical axis is the relative kinetic
constant K1 = K/K0 on the reaction to cause DSBs at different concentrations of ascor-
bic acid, where K0 is the rate constant in the absence of AA. (For ultrasound-induced
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NA damage, the kinetic constants are adapted from the threshold sound pressure,
hereas the data are essentially the same for the kinetic parameters provided from

he slopes, as shown in Figure 5c.)

o compare the degree of protective effect by AA, regardless the
echanism of the DSBs, either one-step or two-step. Changes in

he relative constant K1 under different concentrations of AA are
hown in Figure 6.

AA decreased the DNA damage caused by the exposure to visible
ight and this protective effect was enhanced with an increase in the
oncentration of AA. The DSBs induced by visible light decreased by
bout 65% in 1.0 mM AA solution. Although AA had a similar pro-
ective effect against �-ray-induced DSBs, the damage was reduced
y only around 30% in 1.0 mM AA solution, which is not as good as
he protective effect against photo-induced damage. On the other
and, AA did not have any obvious protective effect against DSBs
aused by ultrasound, where the kinetic constant is essentially the
ame as that in the absence of AA.

. Discussion

The protective effects of ascorbic acid against double-strand
reaks in giant DNA molecules, which were caused by photo-

rradiation in the presence of sensitizer, �-rays and ultrasound,
ere tested at the level of single DNA molecules.

With regard to photo-induced DSBs, AA obviously reduced the
umber of breaks and this inhibitory effect increased with an

ncrease in the AA. As for the DNA damage caused by �-rays, the
rotective effect of AA is somewhat weaker compared to the case of
hoto-induced damage. On the contrary, for the damage by ultra-
ound, AA did not show any obvious protective effects against DSBs.

Previous studies have shown that there are two  main mecha-
isms for the development of radiation-induced DSBs [16,17]. For

-ray radiation, single step is the main process to cause DSBs (see
igure 3b), which is attributed to the generation of number of ROS
pon the incident of individual photon of �-ray. Whereas photo-
adiation causes DSBs through two step mechanism (Figure 3a)

[
[

tters 638 (2015) 205–209 209

by reflecting that each single photon causes mostly single ROS
and thus induces only single strand break. Then, when a second
single strand break occurs where near the existing single strand
break, DBS is caused, i.e., the two step mechanism. Summarizing
the results and discussion we may  conclude as that: (1) The sig-
nificant protective effect of AA against photo-induced damage may
reflect the effective diminish of ROS by AA. (2) For the �-ray induced
DSB, the protective effect by AA is a little bit weaker than the case of
photo irradiation. This may  be due to the generation of numbers of
ROS by single photon of �-ray. Surviving oxygen species against the
diminishment effect by AA may  cause DSBs. (3) As for the DSBs by
ultrasound, damage is caused by the shockwave through the gener-
ation of cavitations [18]. Thus, the chemical effect of AA to diminish
ROS is considered to be negligibly small for the protection of DSBs.
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