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The optical absorption, fluorescence, phosphorescence in UV and visible spectral range, and effect of light ir-

radiation on spectral properties of DNA with the presence of nickel ions are studied. The quantity of nickel ions

varies from 1 ion per 500 base pairs of DNA to 2 ions per base pair. Three important features fixed: the shape of

fluorescence and phosphorescence spectra of the DNA do not change in presence of Ni, but their intensity de-

pends on the number of nickel ions in solution; phosphorescence intensity decreases more rapidly than fluores-

cence; the small decrease of DNA photodegradation rate in presence of Ni is observed. The average of triplet

exciton path length evaluated from the dependence of phosphorescence/fluorescence intensity ratio on the rela-

tive concentration of nickel ions is 30-20 DNA pair sequence length. It was proposed that nickel ions interact in

the outer side of DNA with the phosphate groups and do not penetrate intra macromolecular space.
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Introduction

The interaction of vitally important DNA macromole-
cule with metal ions plays an important role in the confor-
mation dynamic structure of DNA, its electronic and ther-
modynamic properties [1]. Partly in Ref. 2 the authors have
shown that the thermostability of DNA to a great extent
depends on type of metal ions that bind to DNA. On the
other hand, the health effects of heavy metal toxicity in
humans are observed [3]. So, the studies of the interaction
of DNA macromolecule with metal ions are very signifi-
cant. Especially important are knowledge concerning the
sites of metal ions binding to DNA and related to these
electronic processes in the macromolecule.

The effect of paramagnetic ions on DNA spectral proper-
ties was the subject of early works (see, e.g., [4]). Partly in
Ref. 5, the results of investigations of the influence of the
Mg*" and Fe*" ions on DNA phosphorescence were present-
ed. It was found that these paramagnetic ions (or some cen-
ters connected with them) were the quenches of DNA phos-
phorescence. Moreover, the authors have found that triplet
excitons were generated in the DNA macromolecule and
the resulting triplet excitons path length is near the length of
20 DNA base pairs sequence along the macromolecule. An-
other important result was the fact that authors did not ob-
serve the increasing of the DNA phosphorescence intensity
due to so-called “effect of heavy atom” (we mean here the
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possible phosphorescence intensity increasing under Fe*',
Mn*"ions incorporation into DNA macromolecule).

In this paper, we present the results on studying the ef-
fect of the Ni*'ions on the low-temperature DNA lumines-
cence and compare these results with the results that we have
obtained in our previous works on studying the DNA—Co
ions-containing system [4], DNA-Pt containing system and
Berson—Isenberg results [5], obtained on the studying of
DNA-Mn and DNA-Fe ions system.

Partly, we have attempted to answer on two questions:

(1) What is the path length of the mobile triplet exci-
tations in DNA — paramagnetic ions system?

(2) Why “effect of the heavy atom” did not appear in
DNA-Mn, DNA-Fe, DNA—Co, DNA—Ni systems under
binding these ions to the DNA macromolecule?

The results of the optical absorption, fluorescence,
phosphorescence in UV and visible spectral range, and
effect of light irradiation on the spectral properties of DNA
with different ratios of nickel are presented.

Experimental

Investigated materials: DNA, deoxyribonucleic acid
from cattle spleen tissue was obtained from the Institute of
Oncology of AMSU; nickel nitrate was obtained from the
Chemical faculty of the Taras Shevchenko National Uni-
versity of Kyiv.
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Ni(NOs3), (Nickel(Il) nitrate) was diluted in distilled
water. Concentration 3.0-10° M was used as stock, and
further diluted. The concentration of the samples was much
lower than the critical solubility, and therefore we consider
that Ni(NO;), is completely dissociated. In water solution,
it dissociates to Ni*" ions, which interact with DNA mac-
romolecules. NO;~ groups can be seen in the absorption
spectrum at the 200240 nm range (see Fig. 1) and it does
not affect on the DNA absorption spectra in the investigat-
ed area near 260 nm.

DNA was dissolved in pure distiller water to concentra-
tion 15107 My pairs; and this solution was used as a
stock. This stock solution was diluted in 20 times to obtain
working samples for further addition of solution of NiNOs.

The concentration of DNA in different samples was
identical — 7.5:107° My, pairs» the concentration of nickel
ions varies from 1 nickel ion per 500 DNA base pairs to
2 nickel ions per 1 DNA base pair.

All investigated samples were prepared at room tem-
perature 7= 24 °C (297 K).

The same compounds which were also prepared at 7' =
=80 °C (353 K) show the same experimental results.

The steady-state fluorescence and phosphorescence
measurements were performed with Cary Eclipse spectro-
fluorometer (Varian, Austria) at 7= 77 K, the liquid sam-
ple is frosted in Optistat DN nitrogen cryostat (Oxford In-
struments, USA); optical absorption spectra were recorded
on a Specord UV-VIS spectrophotometer (Carl Zeiss) at
ambient temperature.

Photodegradation experiments were performed at ambi-
ent temperature, the liquid samples located in standard
quartz cuvettes (light path = 10 mm) were irradiated by
UV and visible light of Hg lamp DRT-1000 (1000 W)
without additional optical filters. The light was focused on
cuvettes by the quartz lens, which is transparent to UV
light. One of the powerful lines in the Hg lamp emission
spectrum (254 nm) falls near the maximum of the absorp-
tion spectrum of the DNA macromolecule.

Results and discussion

The absorbtion of DNA-Ni(NOs), water solutions

The absorption spectra of the pure DNA and DNA-
Ni(NOs), water solutions of different Ni ions concentra-
tions were shown in Fig. 1.

The absorption spectra of the DNA-Ni(NOs), solutions
are similar to the spectrum of pure DNA. Changes in the
range 220-240 nm are connected, to our opinion, with the
increasing number of NO; groups in solution. It does not
affect on the DNA absorption spectra in the investigated
area near 260 nm.

The shape of the spectra near the main band of DNA
absorption 260 nm, and the wavelength of maximum
in absorbtion do not depend on nickel ions quantity, so
conclusion can be made that the nickel ions do not form
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Fig. 1. (Color online) The absorption spectra at DNA, DNA-Ni
water solutions, and Ni(NO3), water solution with the same con-
centration as in DNA-Ni (1:1). 7=293 K.

complexes with DNA bases in the ground state because
namely DNA bases are responsible for light absorption in
this spectral range.

The luminescence of DNA-Ni(NOs), water solutions

The pure nickel ions in solution did not manifest itself
in fluorescence and phosphorescence. The NO; groups do
not observe in fluorescence too. The shape of the fluores-
cence and phosphorescence spectra of DNA and DNA—Ni
samples do not depend on nickel ions quantity. The fluo-
rescence and phosphorescence spectra of these samples are
near to the fluorescence and phosphorescence of pure
DNA, but both have a lower intensity in comparison to
pure DNA spectra.

From Fig. 2 it follows that DNA—Ni fluorescence and
phosphorescence intensity both are decreasing with the
increasing number of nickel ions in the sample. It should
be noted that phosphorescence intensity decreased more
rapidly than the fluorescence (see Fig. 3).

The shape of the fluorescence and phosphorescence
spectra that are connected with C and G bases of DNA
(fluorescence) [9] and AT traps (phosphorescence) [6, 9]
emission do not change at ions doping. The changes of the
intensity, to our opinion, can be explained by quench action
of nickel ion or of some their complexes (like exciplexes,
manifested very weak quantum yield of emission) with neg-
ative charged phosphate groups which are located on the
periphery of the macromolecule.

With the increase number of nickel ions, the phospho-
rescence intensity decreases more rapidly than the fluores-
cence intensity; therefore the Iyos/fauo ratio is decreasing
(Fig. 4).

Such influence of the metal ions on optical properties of
DNA was observed in our previous work [4] for cobalt
ions and in more early work of Berson and Isenberg for
Mn and Fe ions [5]. We agree with Berson and Isenberg
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Fig. 2. (Color online) The fluorescence (a) and phosphorescence (b) of DNA spectra and DNA—Ni solutions with different quantities of

nickel. Excitation was at 260 nm, 7= 77 K.

that observed effects of DNA phosphorescence quenching
by paramagnetic ions are connected mainly with energy
transfer by triplet excitons from DNA bases to some triplet
traps connected with these ions. The similar energy trans-
fer way we assume in DNA—Ni samples (see Fig. 5).
Moreover, as it follows from Fig. 4 (for DNA-Ni) and
Fig. 4 in Ref. 4 (for DNA—Co) the essential decrease of
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relative DNA phosphorescence intensity starts when the
average distance between two neighbor quenching centers
(points of positive metal ions building to DNA negative
charged phosphore groups) is 30-20 base pair sequence
length. Namely this value corresponds to an average value
of triplet exciton path length. This value is close enough to
obtained by Berson and Isenberg (20 base pair) and our
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Fig. 3. The fluorescence (/) and phosphorescence (2)—(5) spectra of DNA and DNA—Ni-ion solutions with the different quantity of
nickel. The spectra are shown at the same scale of fluorescence. Phosphorescence intensity multiplied x20 at all spectra for clarity.
Numbers 1:100, 1:5, 1:0.5 means Ni-DNA base pair ratio. 7= 77 K, excitation 260 nm.
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Fig. 4. The DNA phosphorescence/fluorescence intensity ratio
dependence on the nickel ions quantity. The red curve was con-
structed using the paired point method.

previous works (16—20 base pair) [6—9] obtained by other
methods. It should be emphasized that for RNA the aver-
age value of triplet excitons path length exceeds the length
of 30 RNA bases [9, 13].

The second essential feature is that we did not observe
the effect of “heavy atom” in the studied system — in-
creasing of the DNA phosphorescence intensity inducing
by the nickel or cobalt ions. The same peculiarities for the
system of DNA—Mn, Fe ions were observed in Ref. 5. To
our opinion, positive charged Ni, Co, Mn, Fe ions do not
penetrate intra DNA (between base pairs) space but bind
mainly to the negative charged phosphate groups on the
periphery of the DNA macromolecule. Possibly, in this
case wave functions of DNA basis and metal ions do not
overlap enough for appearing of the “heavy atom” effect.

The fact of the similarity in fluorescence and phospho-
rescence spectra of DNA—nickel solution and pure native
DNA proves that binding of the Ni*', as well as Co®" ions
to the DNA, does not affect essentially the positions of the
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Fig. 5. The possible energy transfer way in the DNA-Ni system.
The excitons generated in one of the DNA base are spreading
along macromolecule to the centers that are low energy traps.

DNA bases singlet and triplet levels. These results also
suggest in favor the fact that nickel and cobalt ions interact
with the outer side of DNA with the phosphate groups.
To additionally check it, the same samples of DNA-Ni com-
pounds were prepared at 7= 80 °C (353 K) and they show the
same results: the presence of Ni ions do not affect to the shape
of absorption and luminescence spectra, but changes in the
intensity of DNA luminescence have occurred.

Study of DNA-NIi photodegradation

The absorption spectra of the DNA-NIi and the pure na-
tive DNA were investigated under irradiation of the sam-
ples of these compounds by UV and visible light of high
intensity. Under irradiation, the photochemical process in
DNA macromolecule occurs, which consequently leads to
damage the DNA, and as a result, optical density is signifi-
cantly decreased [9]. Meanwhile, the location and shape of
the main band in absorption spectra of DNA and DNA—Ni
do not change during irradiation (Fig. 6). Moreover, it
easy to see that there is no significant difference between
rates of DNA-Ni ions degradation and pure DNA. It is
worth to stress that such type of results was obtained for
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Fig. 6. (Color online) The dependence of optical density on the
time of irradiation of the DNA (a) and DNA-Ni with ratio 1:5
(1 Ni ion per 5 DNA base pair), (b) under irradiation of ultravio-
let and visible light of 1 kW Hg lamp.
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Fig. 7. (Color online) The time dependence of optical density D

of the DNA absorption band 260 nm on the time of irradiation the
DNA and DNA-Ni solution.

DNA-—cobalt system too [4]. The similar results were ob-
tained for all investigated DNA—Ni ratios. Comparing the
results, some insignificant decrease of DNA degradation
rate is observed in the DNA—Ni samples (Fig. 7).

It is noticeable that intensity decrease rate of the DNA
sample is slightly faster, compared to DNA—Ni samples.

Comparing the degradation rates, the conclusion can be
made that the influence of nickel ions on the DNA macro-
molecule leads to the small decrease of the DNA macro-
molecule photodegradation rate. After 180-240 minutes
of irradiation, optical densities of DNA-Ni samples are
10-15 % higher than DNA. Unlike [10], where the influ-
ence of platinum was significantly more noticeable, the
change of photodegradation rate of DNA with the presence
of nickel is insignificant.

It is known that photochemical damage of organic mol-
ecules started from their excited triplet states [6, 11, 12].
The obtained spectral results prove that the population of
excited triplet sites does not increase essentially in studied
DNA-Ni (Co) systems compare with pure DNA. So there
is no reason for increasing the rate of photochemical dam-
age of DNA—Co system compared with pure DNA. To our
opinion, this effect can be additional evidence that nickel
and cobalt ions bind to DNA outside. This effect is contra-
ry to the DNA—Pt sample, it is known that incorporation of
Pt atoms inside DNA helix leads to increasing the intensity
of DNA phosphorescence and significant decreasing the
photostability of DNA-Pt complex compare to pure DNA.
At the similar sets of experiments, the optical density of
the DNA absorption band 260 nm in DNA-Pt solution
decreases much more rapidly than in pure DNA [10].

Conclusions
Presence of Ni ions decreases the DNA fluorescence

and phosphorescence intensity; meanwhile, it does not
affect to absorption, fluorescence, and phosphorescence

spectral band position and shape. It means that Ni ions do
not affect the positions of the singlet and triplet levels of
DNA bases but they are connected with traps for singlet
and triplet excitons, spreading in DNA macromolecules.

The average of triplet excitons path length evaluated
from the dependence of phosphorescence/fluorescence
intensity ratio on the relative concentration of Ni ions is
30-20 DNA base pair sequence length. This value is close
to one obtained earlier (Bergson’s and Isenberg’s result —
near 20 DNA base pair sequence length, obtained for
DNA-Fe, DNA —Mn ions system).

The presence of nickel (cobalt) ions does not affect on
the DNA photostability under UV light irradiation; only
weak increase of DNA degradation rate is observed.

To our opinion, the obtained results can be applied in
ecology and nanomedicine for the development of new
drugs for photodynamic therapy.

The work is supported by the National Research Founda-
tion of Ukraine (project 2020.02/0367).
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Effect of Ni ions on the DNA spectral properties and photostability

Bnnue ioHiB Ni Ha cnekTpanbHi BnactmsocTi JHK
Ta 1l poTocTabinbHICTL

Dmytro Gryn, Valeriy Yashchuk, Elvira Sereda

IIpencraBneHO pe3yabTaTH AOCHIIKEHb ONTHYHOTO IOTJIH-
HaHHA, ¢uroopecueHnii Ta Gochopecuennii 8 YO Tta BuguMomy
CIIEKTPaJIbHOMY Jiara30Hi, a TAKOXX BIUTUB OIPOMIHEHHS Ha CIie-
kxrpansHi BractuBocti JIHK y mpucyrHocri ioniB Hikemo. Kinb-
KICTh iOHIB HiKeJro BapiloBaiachk BiJ oxHOro iony Ha 500 map
ocHoB /IHK no nBox ioHiB Ha oxHy mapy ocHoB JJHK. 3adikco-
BaHO TPH BaXKIUBI 0co0MBOCTI: popma criekTpy (uroopecueHii
ta Qochopecuennii JJHK He 3MiHIOETBCS B NPHCYTHOCTI iOHIB
HIKeJTI0, ajie 1X IHTEeHCHBHICTh 3aJIeKHUTh BiJ KiJIbKOCTI MeTaly B

pO34MHI; IHTEHCHUBHICTH (ocdopecieHnii crangae MBUAIIE, HDK
IHTEHCHUBHICTB (UII0OPECIEHIil, CIIOCTepiraeThesl He3HaYHEe 3MEH-
mieHHst wBuakocti ¢oroxerpananii JJHK B mpucytHocTi ioHiB
HIKEMI0. [3 3aJIe)KHOCTI CHIBBIIHOMICHHS iHTCHCHUBHOCTEH (oc-
¢dopecueHnii Ta QuroopecueHiil BiJ KiJBKOCTI i0HIB HiKeO
OLIIHEHO JOBXKHHY CEpPEeJHBOr0 MPOOITy TPHIUICTHOTO EKCHUTOHY,
sIKa JOPiBHIOE MpUOIM3HO MOBXHUHI mociigoBHocti 20-30 map
ocHoB JIHK. 3po0neHo mpumyIieHHs, M0 i0HW HIKEII0 B3a€MO-
nirote 3 3oBHimHIME ctpykTypamu JJHK, sxi mictare ¢docdarhi
IpyIH, Ta HE IPOHUKAIOTH BCEPEANHY MaKPOMOJIEKYJIH.

Kutouosi cnosa: JIHK, ionu meranis, ¢poroaerpanaris, diroope-
creHuis, pochopecueHiis.
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