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in terms of protective mechanisms.

2 Experimental

Irradiation of DNA and damage determination

Plasmid DNA, pUC19 in 1×PBS with 2686 base pairs, > 98% su-
percoiled conformation and a concentration of 200ng µL−1, was
purchased from Plasmidfactory (Germany). Ectoine (> 95% pu-
rity) and NaCl (> 99.5%) were purchased from Sigma Aldrich
(Germany). Solutions with a final plasmid concentration of
100ng µL−1 in PBS were prepared directly before irradiation.
Thereby different cosolutes with varying concentrations (0-1 M
ectoine, 0.5 M NaCl, 1 M ectoine+0.5 M NaCl) were used. Sam-
ples with a volume of 4 µL were used for irradiation. The so-
lutions were irradiated within an scanning electron microscope
(FEI XL30) by (4.7±0.2)×10

13 primary electrons (30 keV) within
(100±4)s. The custom setup and sample holder was extensively
described in our previous work.19,20 Before and after irradiation,
the electron current was measured at a Faraday cup by a picoam-
meter (Keithley 6485). After irradiation the samples were ana-
lyzed by gel electrophoresis with a 0.8 % agarose gel and ethid-
ium bromide (0.5 mg/L). A linear background subtraction and a
Voigt multipeakfit was performed using the Fityk software.21

The undamaged plasmid exists in a supercoiled form which is
topologically constrained. When a single-strand-break (SSB) oc-
curs, it relaxes to the open circular form. In case of a double-
strand-break (DSB) it changes from the open circular form to
a linear conformation.22 This three damaging types, undam-
aged, SSB and DSB, can be distinguished by their different elec-
trophoretic mobility within the gel. The bands were assigned by
comparison with untreated and linearized (EcoRI digest) lanes
running on the same gel together with the irradiated samples.
The difference in the attachment efficiency of ethidium bromide
to the supercoiled plasmids in comparison to the linear and open
circular plasmids was determined as (0.98±0.07) by the method
described in the literature.23 The results were normalized to the
total intensity of the respective gel-lane.

EPR measurements

Ectoine, glycine betaine, H2O2, FeSO4, 5,5-dimethyl-1-pyrroline-
n-oxide (DMPO) and isopropanol were purchased from Sigma
Aldrich. Hereby glycine betaine, as a molecule which does
not protect biomolecules efficiently against •OH-radical induced
damage24, and isopropanol, as an effective radical scavenger25,
were chosen as control samples. Stock solutions of 1 mM FeSO4,
1 M DMPO and 1.4 M of the cosolute (either ectoine, glycine be-
taine or isopropanol) in ultrapure water (Lichrosolv from Merck,
Germany) were prepared. Directly before the EPR measurements
140 µL of the cosolute was mixed with 20 µL DMPO and 20 µL
FeSO4. To initiate Fenton’s reaction24 20 µL of 10 mM H2O2 was
added and the solution was directly transfered to the flat cell cu-
vette. The time between mixing of the reagents and spectra ac-
cumulation was 180± 20s. For the EPR measurements a X-band
Miniscope MS300 spectrometer (Magnettech, Germany) in com-
bination with a liquid sample holder (Magnettech Flat cell cuvette
FZK 200-5) was used. The device was calibrated with a reference

sample, Mn2+ in ZnS. The field center was set to 3359 G, field
sweep to 120 G, sweep time to 15 s, modulation to 2000 mG, MW
attenuation to 10 dB, gain to 1×10

2 and automatic frequency con-
trol was activated. The measured EPR spectra were background
subtracted and integrated. Peaks were assigned according to the
literature.26 The relative contributions of the four OH-DMPO and
six CH3-DMPO peaks to the total microwave absorption was de-
termined by fitting ten Voigt peaks to the integrated spectra.

Raman spectroscopy

Raman spectra were obtained with a confocal Alpha300R instru-
ment (WITec, Germany) with 532 nm excitation wavelength and
a power of 12 mW at 23 °C. Solutions in ultrapure water (Lichro-
solv), without cosolute, with 1 M ectoine, with 0.5 M NaCl and
with 1 M ectoine + 0.5 M NaCl were measured in high precision
cuvettes (Hellma Analytics, Germany). Sixty spectra with 5 s ac-
cumulation time each were averaged. Measurements were per-
formed in the low frequency region (< 1200 cm

−1) where the op-
tical and acoustical water modes are located.27 Furthermore, the
Raman spectra for electron irradiated (((4.7±0.2)×)10

13 primary
electrons at 30 keV) and non-irradiated ectoine solution were
compared between (0−3800) cm

−1 (data not shown). No differ-
ences could be detected, showing that only a negligible amount
of ectoine molecules are damaged under the present irradiation
conditions.

Electron scattering simulations

To obtain the distribution of the kinetic energy of the electrons
in water, electron scattering simulations with the Geant4 Monte-
Carlo simulation framework (10.02)28 were performed. The scat-
tering of the 30 keV primary electrons at the membrane (200nm
Si3N4 layer+10nm SiO2) was simulated with the G4emPenelope
models.29 For the water region the optimized G4EmDNAPhysics
models of the DNA-extension30 were used. A representative ki-
netic energy distribution was extracted for the water depth of
500 µm. The relative distribution of the kinetic energies doesn’t
change significantly between 20-1000 µm depth.19 Details on the
simulation can be found in our previous studies.19,20

3 Results

The influence of different cosolutes on DNA damage upon elec-
tron irradiation is shown in fig. 1 A. For ectoine this is presented
also in fig. 1 B as a function of ectoine concentrations. After irra-
diation with (4.7±0.2)×10

13 primary 30 keV electrons (52±9)%

of the plasmids without cosolute remained in the undamaged,
supercoiled form. In the samples with 0.5 M NaCl as a cosolute
(53±14)% were undamaged. In the samples with 1.0 M ectoine,
on average (76±6)% of the plasmids remained undamaged. The
combination of 1.0 M ectoine and 0.5 M NaCl leads to (93± 7)%

undamaged plasmids. The protective effects of increasing ectoine
concentration can be seen in fig.1 B. The damage reduction satu-
rates at about an ectoine concentration of 0.6 M. While our data
clearly demonstrates the protective action of ectoine against ion-
izing radiation, the presently achievable corrected standard devi-
ation of our results is about 10 % (Fig.1 A). Therefore some vari-

2 | 1–6

Page 2 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
in

ds
or

 o
n 

31
/0

8/
20

17
 1

9:
48

:5
3.

 

View Article Online
DOI: 10.1039/C7CP02860A

http://dx.doi.org/10.1039/c7cp02860a


Page 3 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
in

ds
or

 o
n 

31
/0

8/
20

17
 1

9:
48

:5
3.

 

View Article Online
DOI: 10.1039/C7CP02860A

http://dx.doi.org/10.1039/c7cp02860a


Page 4 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
in

ds
or

 o
n 

31
/0

8/
20

17
 1

9:
48

:5
3.

 

View Article Online
DOI: 10.1039/C7CP02860A

http://dx.doi.org/10.1039/c7cp02860a


ization of water without the need of having additional molecules
present.33 The second distinction which has to be made lies in
the experimental environment: To our knowledge, all previous
studies12–14 were performed with cells under the presence of a
multitude of cellular compounds. Within the cells the damage
and stress response functions of the living organism play an im-
portant role as already assumed by the respective authors.12–14

Additionally to the “biological response”, as discussed above, a
part of the ROS formed by UV-chromophore43 interaction can be
scavenged by CH3 abstraction from ectoine. Kinetic LEE are not
present under this conditions due to the low energy of the pri-
mary UV-radiation. For the irradiation of cells with ionizing radi-
ation, the increase in LEE deexcitation, the water displacement,
the OH-scavenging and “biological response” can be assumed to
contribute simultaneously to the protection.
A quantitative analysis of these contributions is not possible with-
out the disentanglement of the respective damage contributions
of the secondary radiation products.33,34 This is a generally open
question in radiation biophysics and beyond the scope of this
study.33,34

5 Summary and conclusion

We irradiated plasmid DNA pUC19 with ionizing radiation
(30 keV electrons) in aqueous solution under the presence of var-
ious ectoine and NaCl concentrations. Ectoine was found to pro-
tect DNA increasingly against radiation damage with increase in
its concentration. Various protective effects, the displacement of
water in the extended hydration shell of DNA, the LEE energy-
loss due to the scattering at vibrational water modes and the re-
sulting decrease in secondary particle production as well as the
•OH-scavenging of ectoine, were identified as contributions to
the protection of DNA against radiation induced SSB by ectoine.
To quantify the relative contributions of the different protective
mechanisms further work is needed. This touches a fundamental
questions of radiation biology, namely the quantitative contribu-
tions of high energy radiation, low energy electrons, prehydrated
electrons and •OH-radicals to the total damage yield. A viable
approach to answer this question in future studies might be to
perform low-energy electron irradiation experiments at specific
electron energies in the condensed phase with different levels of
hydration.36
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