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Abstract

A singlet oxygen production was monitored using a singlet oxygen sensor green chemical probe; reaction of chemical probe
with singlet oxygen produces a fluorescent endoperoxide. Adding ethanol to the irradiated system resulted in decrease of
the fluorescence signal, which indicates a decrease in concentration of singlet oxygen formed under UV-C irradiation. Thus,
ethanol was likely to quench singlet oxygen in a system under study. This quenching did not occur with the use of methanol.
When irradiating E. coli cells in the presence of ethanol and Rose Bengal for higher singlet oxygen production, there was a
greater reduction in the radiation sensitivity of the cells compared to the system without Rose Bengal. Higher concentration
of ethanol caused greater protection of cells; thus, it is likely that ethanol can scavenge singlet oxygen and provide a partial
protection of bacteria from the effects of UV-C radiation. These results were compared with previously published data where
the bacteria were irradiated by gamma radiation in presence of alcohols.

Keywords ROS - Singlet oxygen - Quenching - Alcohol - UV-C radiation - Gamma radiation - Bacteria

Introduction

It has been known for a long time that the interaction of
radiation with cells creates, due to radiolysis of water, the
reactive oxygen species (ROS) [1], which react with the
cell structures, cause cell damage, and as a result, the death
of cells. Critical structures are mainly the DNA, proteins
and phospholipids that make up the cell membrane. This
indirect effect of ionizing radiation is widely used in health
care in the treatment of cancer, for disinfection, maintaining
hygiene, sterilization of hospital instruments, etc. Indirect
effects of ionizing radiation have a greater effect on cell
damage compared with direct effects (a direct reaction of
ionizing radiation with molecules of cell organelles), due to
a greater probability of interaction of ionizing radiation with
water than direct interaction with a DNA molecule [2, 3]. In
the indirect effect, the largest share of damage is attributed to
the hydroxyl radical [4]. To reduce these damaging effects,
the OH radical scavengers are used that prevent the radi-
cal from reacting with the cell structure and thus reduce its
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sensitivity to the given radiation. These include, for exam-
ple, simple alcohols, potassium formate, dimethyl sulfoxide
(DMSO), ascorbic acid and others. Simple alcohols have
been found to reduce the radiation sensitivity of bacteria and
microorganisms and to help protect cells from the effects of
radiation. And moreover, radiation sensitivity is also affected
by the dose and the dose rate of radiation [5, 6]. Unlike ion-
izing radiation, UV radiation is absorbed mainly by purine
and pyrimidine bases. This absorption results in the forma-
tion of pyrimidine dimers (where T-T, C—C, or T-C bases
are side by side on the same strand), which disrupts the bind-
ing at a given DNA site and thus prevents it from undergoing
a standard replication process [7, 8].

ROS also includes a singlet oxygen 'O, (an excited form
of oxygen with spin multiplicity 1). Its properties are used
in the treatment of various forms of cancer by photody-
namic therapy (PDT) [9, 10]. Photodynamic therapy is a
non-invasive form of treatment of various forms of cancer,
most often skin melanoma, lung cancer, brain, oral cavity,
stomach, intestines, liver, bladder, prostate, and cervix, but
also degenerative retinal disease, coronary artery disease
or chronic periodontitis [11]. It is based on the application
of photosensitive radiopharmaceuticals, such as porphyrin
derivatives, which accumulate in the cancer and, when irra-
diated with light of the appropriate wavelength, undergo
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photochemical and photobiological processes that lead to the
destruction of cancer tissue. Destruction is primarily caused
by '0,, which acts as a toxic agent in biological systems.

The ground state of oxygen is triplet. The transition from
triplet oxygen to singlet oxygen is a forbidden process; there-
fore, the transition occurs by indirect excitation through the
photosensitizer. A photosensitizer is a photostable substance
having a suitable absorption spectrum and, if possible, also
fluorescence to detect its distribution in the organism. It is
usually an organic dye, an aromatic, heterocyclic organic
compound, or a coloured transition metal compound. Singlet
oxygen deexcitation back to the ground triplet state occurs
by phosphorescence, physical or chemical quenching [12].
During the physical quenching of singlet oxygen, the energy
of the quencher molecule is transferred, which then disperses
to the surroundings. In chemical quenching, the reaction of
singlet oxygen with a quencher produces new oxidation
products different from the input reactants [13].

Singlet oxygen detection can be performed directly or
indirectly. In case of the direct method, the detection is per-
formed in real time, often by fluorescence measurement in
the IR range. The disadvantage of this method is its techni-
cal complexity and low fluorescence intensity of '0,. The
indirect methods rely on chemical reaction of singlet oxygen
with a suitable target. The main advantage of the indirect
(chemical) method is the high sensitivity of the used absorp-
tion or luminescence probes and the improved selectivity to
1O2 compared to other reactive oxygen species. Commercial
probes also have the advantage of their availability and easy
detectability of reaction products with singlet oxygen [14].
Probes can be spectroscopic, e. g. 9,10-anthracenediyl-bis
(methylene) dimalonic acid ABDMA [15] or 9,10-dipheny-
lanthracene DPA [16], fluorescent such as SOSG (Singlet
Oxygen Sensor Green) [17, 18], chemiluminescent such
as 2-methyl-6-phenyl-3,7-dihydroimidazo (1,2-a) pyrazin-
3-one CLA [19], etc.

Given our previous knowledge about simple alcohols
as protectors of cells from the effects of ionizing radiation
the aim of this paper is to monitor whether alcohols such
as methanol and ethanol can quench singlet oxygen and
whether they are involved in protecting cells from the effects
of UV-C radiation.

Experimental

Quenching ability of alcohols

The quenching ability of alcohols was evaluated through
photoluminescence measurements. Samples of physiologi-
cal solution with methanol or ethanol (PENTA, Prague,

Czechia) of analytical grade purity (concentrations 0; 1;
1.5 and 2 mol L™Y), 1x107° mol L~! photosensitiser Rose
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Bengal (RB) and 1.6 x 107 mol L~! Singlet Oxygen Sen-
sor Green (SOSG) were irradiated with UV-C radiation (a
low-pressure mercury lamp Philips TUV, 11 W, 254 nm) for
0, 10, 30 and 50 min. The rate constant of singlet oxygen
with methanol, ethanol, and probe SOSG can be found in
Table 1. The photoluminescence emission spectra of result-
ing endoperoxide (SOSG-EN) were subsequently measured
using FluoroMax Plus spectrofluorometer (Horiba Jobin
Yvon, Kyoto, Japan) equipped with a 150-W ozone-free
xenon arc-lamp, two Czerny-Turner monochromators and
a photomultiplier detector; the samples were measured in
plastic cuvettes. The SOSG probe was excited with a wave-
length of 485 nm and its emission was measured in the range
of 510-800 nm (maximum in 526 nm). The measurement
was carried out by first irradiating samples containing only
the probe SOSG and RB for the selected irradiation times
(0, 10, 30 and 50 min). Subsequently, the samples contain-
ing SOSG, RB and alcohol were measured. The resulting
data shows how the signal (maximum of emission spectra of
endoperoxide) changes in the presence of the alcohol (when
we consider the SOSG and RB signal to be 100 percent).
Error bars are standard deviations (1) of average values for
given alcohol concentrations. Standard deviation was calcu-
lated according to formula (1):

standard deviation =

where N is number of measurements, x is measured value
(signal intensity of SOSG-EN in percent) and X is average
of the measured value. For this reason, it can be noticed
that for samples with no alcohol (0.0 mol/L) there are zero
deviations.

Radiation sensibility of cells

The bacteria Escherichia coli (DBM 3125, ICT Prague,
Czechia) as a prokaryotic microorganism were used in this
study. The cells incubated in a standard way were transferred
into the isotonic solutions containing different concentra-
tions of scavenger, so that the cell concentration varied from
10° to 107 cells per millilitre. Ethanol was used as the protec-
tor against the effects of radiation. Its concentrations ranged

Table 1 Rate constants of

3 - . Chemical Rate constant
reaction of singlet oxygen with (L mol~' s~
methanol, ethanol, and probe
SOSG Methanol 3.0x10°

Ethanol 1.7x10°
Singlet oxygen  1.2x10°

sensor green
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from 0.5 to 2.0 mol L™!. The aqueous suspension of cells
was irradiated with UV-C source in polypropylene tubes.
The suspension was vigorously stirred during the UV irra-
diation. Under these conditions, it was possible to determine
the nominal dose rate in Gy h™! (in terms of fluency rate
in W m~2, the following approximate transfer relationship
was found: 1 Gy min~! corresponds to 0.255 W m~2). The
dose rate of UV-C radiation was measured by iodide—iodate
actinometer and ranged from 0 to 170 Gy h™!, while the
dose was kept constant at 1 Gy. Immediately after irradia-
tion, the suspension was appropriately diluted (by means of
a decimal dilution method) and 0.1 mL of the suspension
was plated on the complete nutrient agar (Plate count agar
PCA, M 091, Himedia, Mumbai, India). The same procedure
was applied to the nonirradiated samples as a control. After
cultivation of bacteria for 1-2 days at 37° C, between 200
and 500 colonies were formed per dish. Each cultivation
was independently repeated three times and the arithmetic
mean was then taken into account. Moreover, to increase the
statistical credibility of the results, two complete independ-
ent samples without the scavenger were always prepared.
The non-irradiated samples containing various amount of
the scavengers served as a control of the scavenger toxicity.

The o quantity defined by the equation 6=1n Sy/In Sg was
used for description of the protection where S, and Sq are the
fractions of surviving cells without and with the protector,
respectively. The slopes k. or k,, of the linear dependence
of the ¢ value on the concentration of the scavenger or on
its scavenging efficiency, respectively, represent the specific
protection of the cells. That means that the k_ value repre-
sents the sensitivity of protective effect on the change in the
concentration of the scavenger and the k,, value represents
the sensitivity of the protective effect on the change in the
scavenging rate. The scavenging efficiency Q was used for
comparison different radiations (gamma and UV). Q is the
product of the rate constant of the reaction of alcohol with
given radical and its concentration.

Results and discussion

Rose Bengal was used as a photosensitizer to generate
singlet oxygen. Figure 1 shows the emission spectrum of
an aqueous system where only the SOSG probe is present
and then a combination of a probe and a photosensitizer. It
was observed that the luminescence signal at 526 nm, cor-
responding to the SOSG-endoperoxide (SOSG-EN) pro-
duced by reaction of SOSG with singlet oxygen, increased
with time of irradiation. The increase of intensity of
SOSG-endoperoxide signal with exposure time confirms
that singlet oxygen is produced in the irradiated system.
Furthermore, the increase of signal intensity of the SOSG
itself can be seen with exposure time. This is because the
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Fig. 1 SOSG-endoperoxide (SOSG-EN) emission spectrum of sam-
ples without and with Rose Bengal after different exposure times of
UV-C irradiation, excitation wavelength 485 nm; inset: dependence
of signal intensity of SOSG-EN at maximum wavelength on exposure
time for samples without and with Rose Bengal
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Fig.2 Toxicity of various concentration of Rose Bengal on E. coli
bacteria in time

SOSG itself is a photosensitizer. Therefore, in each experi-
ment, it is necessary to irradiate the SOSG itself and moni-
tor its increase in signal intensity over exposure time.

The photosensitizer (RB) concentration was chosen
regarding the E. coli bacteria. The least toxicity of RB
was required so that the results would not be distorted by
this fact (Fig. 2). In the figure can be seen that the con-
centrations 1 x 10 and 1x 10~ mol L™! are quite toxic
for the cells in time, and it is therefore undesirable to use
them for the experiments. Therefore, the photosensitizer
concentration of 1x 107® mol L™! was chosen for further
experiments.
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If ethanol is added to the system prior to irradiation, the
signal of SOSG-endoperoxide (SOSG-EN) is reduced. Fig-
ure 3 shows the decrease in signal in the system containing
ethanol compared to the signal in the system without etha-
nol. The increase of signal intensity in irradiation time 0 min
is probably caused by some processes as change in polarity
of solution or formation of complex in the system.

Interestingly, if the system contains methanol instead of
ethanol (Fig. 4), the signal does not decrease. Chemical or
physical quenching is unlikely to occur. This different behav-
iour of the two alcohols suggests that the character of the
modifier significantly affects its ability to react with vari-
ous forms of ROS. This knowledge could explain previous
results about different behaviour of these simple alcohols.
However, the protective effect is strongly dependent on the
conditions of the experiment and on many other factors, as
it is a very complex and unexplored process. In previous
work, we did not further analyse the cause leading to this
effect. In this work, we focused on one of the possible causes
of radiation damage to cells by UV radiation—the effect of
singlet oxygen. It was shown that unlike methanol, ethanol
can be used as a protective agent against the effect of singlet
oxygen. Further systematic research would be necessary to
further clarify these facts.

This knowledge was subsequently utilized for cell experi-
ments to ascertain if it is possible to protect the cells from
the effects of singlet oxygen by using simple substances
such as alcohols. In Fig. 5, the protection of cells increases
with increasing concentration of ethanol, when we irra-
diated them with UV-C radiation (nominal dose rate was
169 Gy h™! and dose 1 Gy) in physiological solution with or
without Rose Bengal. Therefore, the specific protections k.
are positive and have the values of 0.17 and 1.77 L mol~! for
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Fig.3 Relative signal intensity of SOSG-EN in different exposure
time in system with ethanol (average values from 2 repetitions)
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Fig.4 Percentage quenched probe signal in the system with methanol
(average values from 4 repetitions)

system without and with photosensitizer, respectively. This
kind of experiment was always repeated at least three times.

From the dependence of the specific radiation protec-
tion on the radiation dose rate (Fig. 6), it can be seen that
there is a higher specific protection of the cells against the
effects of UV-C radiation in the presence of Rose Ben-
gal than in the case without the RB in the dose rate range
0-170 Gy h™!. The regression slope for system with Rose
Bengal (y=2x+4.33) is twice bigger than system without
Rose Bengal (y=0.13x). This growing dependence suggests
that the higher the dose rate, the greater the sensitivity of the
protection o to changes in the scavenger efficiency. From
this it can be deduced that with increasing density of singlet
oxygen and hydroxyl radicals respectively (with increas-
ing dose rate) the k,, value increases in both kinds of radia-
tion (Fig. 6A, B). It is evident from the k,, values (Fig. 6A,
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Fig.5 Dependence of the protection ¢ on the concentration of ethanol
for E. coli bacteria irradiated with UV-C radiation, with or without
Rose Bengal in the system
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Fig.6 Dependence of the specific protection k, on the dose rate D* of UV-C radiation (A) with and without photosensitizer Rose Bengal (RB)
compared to gamma radiation [20] (B) for bacteria E. coli and ethanol as a scavenger

B) that the sensitivity of the protective effect on the reac-
tion rate of the ethanol with singlet oxygen is by six odder
higher than with the OH radicals. The values k, are slopes
of dependences of the protection ¢ and the scavenging effi-
ciency Q, where is used rate constant of the reaction of etha-
nol with singlet oxygen in the case of UV radiation (Fig. 6A)
and the rate constant of the reaction of ethanol with hydroxyl
radicals in the case of gamma radiation (Fig. 6B).

The protection process is a complex process. Apparently,
therefore, a simple relationship between the quantitatively
expressed protection and the rate constant of a particular
reaction cannot be expected in general [5, 6]. Alcohols can
react with various other substrates present in the system.
In addition, singlet oxygen can be scavenged in this com-
plex system by other reductants than the alcohol of inter-
est. Another factor that has a non-negligible effect on the

resulting protective effect is the superposition of the protec-
tive effect of alcohol and its toxic effect. This can also be
reflected in the different final effect of the two alcohols. In
further research, it will be appropriate to focus on the singlet
oxygen yield in our systems, because otherwise this deter-
mination is indicative.

Conclusions

Alcohols were shown to slightly protect cells from the
effects of UV (254 nm) radiation in comparison with gamma
radiation. Ethanol, unlike the methanol, quenches the sig-
nal of the fluorescent probe used and thus seems to react
with the singlet oxygen in the system. The radiation specific
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protection of EtOH is greater in a system when the photo-
sensitizer Bengal Rose was used.

The possible interpretation of the observed difference
between k, for scavenging OH radicals or singlet oxygen
is that the extent of protection, depending on the rate of the
mentioned reactions, is greater for singlet oxygen than for
OH radicals.

Acknowledgements This research was supported by Ministry of Edu-
cation, Youth and Sports of the Czech Republic, Project CZ.02.1.01/0
.0/0.0/16_019/0000778 and the Grant Agency of the Czech Technical
University in Prague [grant number SGS20/185/0HK4/3T/14].

Funding Open access publishing supported by the National Technical
Library in Prague.

Declarations
Conflicts of interest There are no conflicts to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Gerschman R, Gilbert DL, Nye SW, Dwyer P, Fenn WO (1954)
Oxygen poisoning and X-irradiation: a mechanism in common.
Science 119:623-626

2. Hirayama R, Ito A, Noguchi M, Matsumoto Y, Uzawa A, Kobashi
G, Okayasu R, Furusawa Y (2013) OH Radicals from the indirect
action of X-rays induced cell lethality and mediate the majority
of the oxygen enhancement effect. Radiat Res 180:514-523

3. Ojima M, Furutani A, Ban N, Kai M (2010) Persistence of DNA
double-strand breaks in normal human cells induced by radiation-
induced bystander effect. Radiat Res 175(1):90-96

4. Saha GB (2006) Physics and radiobiology of nuclear medicine.
Springer

@ Springer

5. Mucka V, Blaha P, Cuba V, Cervendk J (2013) Influence of various
scavengers of .OH radicals on the radiation sensitivity of yeast and
bacteria. Int J Radiat Biol 89:1045-1052

6. Mucka V, Cervenak J, Cuba V, Bldha P (2015) Determination of
the survival of yeast and bacteria under the influence of gamma or
UV radiation in the presence of some scavengers of .OH radicals.
J Radioanal Nucl Chem 304:237-244

7. Kiefer J (1990) Biological radiation effects. Springer, Berlin

8. Masuma R, Kashima S, Kurasaki M, Okuno T (2013) Effects of
UV wavelength on cell damages caused by UV irradiation in PC12
cells. J Photochem Photobiol B: Biology 125:202-208

9. Kubler AC (2005) Photodynamic therapy. Med Laser Appl
20:37-45

10. Dougherty TJ (2002) An update on photodynamic therapy appli-
cations. J Clin laser Med Surg 20(1):3-7

11. Lang K, Mosinger J, Wagnerova DM (2006) Singletovy kyslik v
praxi - soucasnost a perspektiva. Chemické Listy 100(3):169-177

12. DeRosa MC, Crutchley RJ (2002) Photosensitized singlet oxygen
and its applications. Coord Chem Rev 233-234:351-371

13. Ya SV, Ivanov VB (1976) The quenching of singlet oxygen. Russ
Chem Rev 45(2):202-223

14. Li B, Lin H, Chen D, Wilson BC, Gu Y (2013) Singlet oxygen
detection during photosensitization. J Innov Opt Health Sci 6(1)

15. §arkady J (2011) Stanoveni singletového kysliku vytvoreného
fotosensitérem vazanym v silikagelové matrici. Master’s thesis.
University of chemistry and technology, Faculty of Chemical
Technology, Prague

16. Gomes A, Fernandes E, Lima JLFC (2005) Fluorescence probes
used for detection of reactive oxygen species. J Biochem Biophys
Methods 65:45-80

17. Flors C, Fryer MJ, Waring J, Reeder B, Bechtold U, Mullineaux
PM, Nonell S, Wilson MT, Baker NR (2006) Imaging the pro-
duction of singlet oxygen in vivo using a new fluorescent sensor,
singlet oxygen sensor green. R J Exp Bot 57(8):1725-1734

18. Gollmer A, Arnbjerg J, Blaikie FH, Pedersen BW, Breitenbach T,
Dasbjerg K, Glasius M, Ogilby PR (2011) Singlet oxygen sensor
green: Photochemical behavior in solution and in a mammalian
cell. Photochem Photobiol 8§7:671-679

19. Wu H, Song Q, Ran G, Lu X, Xu B (2011) Recent developments
in the detection of singlet oxygen with molecular spectroscopic
methods. Trends Anal Chem 30(1):133-141

20. Neuzilova B, Ondrék L, Cuba V, Mtcka V (2018) Influence of
the dose rate of gamma irradiation and some other conditions on
the radiation protection of microbial cells by scavenging of OH
radicals. J Radioanal Nucl Chem 318(3):2449-2453

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/

	Study of cell protective effects of alcohols against UV-C radiation and comparison to gamma radiation
	Abstract
	Introduction
	Experimental
	Quenching ability of alcohols
	Radiation sensibility of cells

	Results and discussion
	Conclusions
	Acknowledgements 
	References




