V. Kudrya, N. Tkach, O. Dmytrenko et al.

https://doi.org/10.15407 /ujpe71.4.370

V. KUDRYA,' N. TKACH,' O. DMYTRENKO,! N. ZHOLOBAK,? A. NAUMENKO*

I Taras Shevchenko National University of Kyiv, Faculty of Physics
(60, Volodymyrs’ka Str., Kyiv 01602, Ukraine; e-mail: antonina.naumenko@knu.ua)
2D.K. Zabolotnyi Institute of Microbiology and Virology, Nat. Acad. of Sci. of Ukraine
(154, Academician Zabolotnyi Str., Kyiv 03680, Ukraine)

SPECTROSCOPIC MANIFESTATIONS
OF RNA PHOTOSTABILIZATION BY CERIUM
DIOXIDE NANOPARTICLES

A spectroscopic study of the influence of cerium diozide (CeO2) nanoparticles on the photosta-
bility of ribonucleic acid (RNA) in aqueous solution is presented. Optical absorption, fluores-
cence, and phosphorescence spectroscopy were employed to analyze the interaction of RNA with
CeOs nanoparticles approximately 6 nm in size. It has been shown that the presence of CeQO,
nanoparticles does not significantly alter the electronic structure of RNA, while it markedly
affects the relaxation pathways of excited electronic states. A decrease in the fluorescence in-
tensity accompanied by an increase in the phosphorescence intensity was observed for RNA in
the presence of CeOz nanoparticles, indicating a redistribution of radiative relaxation channels
involving triplet states. Photodegradation studies revealed a reduced degradation rate of RNA
upon the addition of CeO2 nanoparticles, without changes in the shape of the absorption spec-
tra. The obtained results demonstrate a photostabilizing effect of cerium dioxide nanoparticles,
which can be attributed to the suppression of radical photochemical processes and a reduction
in the efficiency of radical degradation pathways.

Keywords: CeO2 nanoparticles, RNA, optical spectroscopy, fluorescence, phosphorescence,

photostability, excited states.

1. Introduction

Cerium dioxide (CeOs) nanoparticles have attracted
considerable attention in modern condensed matter
physics and materials science due to their combina-
tion of size-dependent optical properties, the presence
of mixed valence states Ce3t/Ce?*, and a high con-
centration of structural defects, in particular, oxygen
vacancies. It is these features that determine the abil-
ity of CeO4 nanoparticles to participate in electron-
exchange processes and substantially influence the
course of photochemical reactions in complex molec-
ular systems [1-3].
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In the last decade and a half, a significant number
of works have been devoted to the study of antio-
xidant and photoprotective properties of CeOy na-
noparticles, mainly in the context of biomedical and
biophysical applications [4—6]. It has been shown that
nanosized CeOs can reduce the rate of photodegra-
dation processes in biological environments, which is
usually associated with the inhibition of radical pho-
tochemical reactions and the deactivation of photo-
chemically active forms. At the same time, most of
these studies are focused on the final biological ef-
fects, while the physical mechanisms of the interac-
tion of CeOy nanoparticles with biomacromolecules
remain poorly understood.

Nucleic acids are among the biopolymers most sen-
sitive to ultraviolet and visible radiation, since pho-
toexcitation of their chromophore fragments can lead
to the initiation of radical degradation channels. In
this context, studies aimed at elucidating how exter-
nal nanostructured components affect the relaxation
processes of excited electronic states of nucleic acids
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and the efficiency of photochemical degradation chan-
nels are of particular interest [7].

Optical spectroscopy of absorption, fluorescence,
and phosphorescence is a powerful tool for studying
such processes because it makes it possible to directly
analyze changes of the electronic structure and the
redistribution among radiative and non-radiative re-
laxation channels. In particular, an analysis of the
ratio between the fluorescence and phosphorescence
components of the emission enables conclusions to be
drawn about the participation of triplet states and the
efficiency of radical photochemical processes [8-14].

Despite the intensive development of research on
CeO> nanoparticles, spectroscopic works aimed at
studying their influence on the photostability of nu-
cleic acids at the molecular level remain isolated. In
particular, the issues of the redistribution among the
relaxation channels of excited states and the reduc-
tion in the efficiency of radical photochemical pro-
cesses in the presence of CeOy nanoparticles are in-
sufficiently studied.

In this regard, the aim of this work is to establish
the effect of CeOs nanoparticles on the photostabil-
ity of ribonucleic acid in aqueous solution using the
methods of optical spectroscopy of absorption, fluo-
rescence, and phosphorescence.

2. Experimental Technique

We used the solutions of yeast ribonucleic acid
(RNA), CeOy nanoparticles, and RNA systems with
CeO3 nanoparticles in the citrate buffer (the con-
centration C' = 3 x 1076 M, pH = 6.4). The sol of
citrate-stabilized CeOs nanoparticles was synthesized
by Ph.D., senior research fellow O.B. Shcherbakov
as described in Ref. [15] and was kindly provided
for this study. Yeast RNA was preliminarily purified
by triple phenol deproteinization, precipitated, and
repeatedly washed with ethanol [16]. RNA systems
with CeOs nanoparticles were prepared by directly
mixing the RNA solution and the nanoparticle sol in
a ratio of 1:10.

Optical absorption spectra were registered on a
Cary 60 UV-Vis spectrophotometer (Agilent, USA)
at room temperature. The absorption spectra of the
solutions were registered in standard quartz cuvettes
1 cm in thickness and width (a transmission inter-
val of 170-+-1000 nm). Luminescence spectra (fluores-
cence and phosphorescence) were recorded on a Cary
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Eclipse fluorescence spectrophotometer (Varian, Aus-
tralia) at the temperature 7' = 77 K within a wide
range of excitation wavelengths (Ag, = 250-320 nm).
A cuvette with a sample was shock-frozen in liquid
nitrogen and placed into an Optistat DN cryostat
(Oxford Instruments, United Kingdom), which was
already filled with liquid nitrogen. The temperature
T = 77 K was controlled by means of an Intelli-
gent Temperature Controller ITC503S (Oxford In-
struments). The determination errors for the wave-
lengths and the optical density were standard for
the Cary 60 UV-Vis spectrophotometer: the spec-
tral width of the slit was 1.5 nm, the determination
accuracy of the wavelength was 0.5 nm, and the re-
peatability of the optical density measurements was
3%. Similar errors were obtained for the Cary Eclipse
spectrophotometer: the spectral width of the slit was
5 nm (for fluorescence) and 10 nm (for phosphores-
cence), and the determination accuracy of the wave-
length was 1.5 nm.

To study the photostability, the samples of ex-
amined substances were irradiated with a DRT-1000
mercury lamp. Then, the corresponding absorption
spectra were registered from time to time. The ob-
tained numerical data were processed using the ap-
plication software package Microcal Origin.

3. Results and Their Discussion
3.1. Absorption spectra

The ultraviolet absorption spectra of CeOy nanopar-
ticles are characterized by a broad band in an in-
terval of 200-400 nm (Fig. 1, curve ). Within this
band, two overlapping peaks are observed. The short-
wave component (/=220-260 nm) corresponds to tran-
sitions associated with Ce®* states, whereas the long-
wave part of the spectrum (~290-400 nm) is asso-
ciated with the presence of Ce?* ions. A relatively
large value of the optical density of the short-wave
band testifies to a substantial fraction of Ce3* sur-
face states, which is typical for CeOs nanoparticles
with sizes of the order of several nanometers [17].
The absorption spectrum of RNA (Fig. 1, curve 2)
demonstrates a characteristic maximum (at A =
= 260 nm) related to 7 — 7* (Sy — S1) transitions
of nucleotide bases [8, 9]. A small peak at A = 320 nm
may be associated with the presence of a certain
number of complexes located directly between the
nucleotides (for example, in a single-stranded frag-
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Fig. 1. Optical absorption spectra of the solutions of CeOg
nanoparticles (1), RNA (2), and RNA + CeO3 system (3) in

the citrate buffer (concentration C' =3 x 1076 M). T' = 293 K
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Fig. 2. Fluorescence spectra of the solutions of RNA (1) and
RNA + CeO2 system (2) in the citrate buffer (concentration
C=3x10"%M). T =77 K, Aexc = 300 nm
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Fig. 3. Phosphorescence spectra of the solutions of RNA (1)
and RNA + CeO2 system (2) in the citrate buffer. T = 77 K,
Aexc = 300 nm

ment of telomeric DNA [10]). When CeO2 nanoparti-
cles are added, the longest-wavelength band in the
absorption spectrum of the RNA + CeO; system
(Fig. 1, curve &) practically coincides with the sum
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of the bands in the absorption spectra of RNA and
CeOs. Such a behavior testifies to a weak but repro-
ducible interaction of RNA with the surface of CeO,
nanoparticles, without a considerable rearrangement
of the electronic structure of the macromolecule. A
slight redistribution of the electron density (optical
electrons) from Ce atoms to atoms constituting the
m-electron systems of nucleotides is possible. As a
result, the optical properties of the RNA + CeO,
complex depend mainly on the 7-electron systems of
nucleotides.

3.2. Luminescence properties

Luminescence studies (fluorescence and phosphores-
cence) were carried out in a wide interval of ex-
citation wavelengths (Aexc = 250-320 nm). In this
spectral interval, the positions of the main fluores-
cence and phosphorescence bands of the RNA and
RNA + CeOs systems were practically independent of
the excitation wavelength. These studies have shown
that the addition of CeOs nanoparticles substantially
affects the radiative characteristics of RNA. In the
presence of CeQOs, a decrease in the fluorescence in-
tensity (Fig. 2) and a simultaneous increase in the
phosphorescence intensity (Fig. 3) are observed, but
the shapes of the corresponding spectra practically
do not change.

The preservation of the spectral shape means that
the local electronic structure in the chromophore frag-
ments of the RNA macromolecule remains unchanged
so that the observed effects are mainly associated
with the redistribution among the relaxation chan-
nels of excited states. As in the case of pure RNA,
the fluorescence emission of the RNA + CeO5 system
is close to a linear combination of guanine and cyti-
dine chromophores (which have the lowest energy val-
ues of their singlet states), and the phosphorescence
emission is determined by the contribution of adenine
fragments [8, 9]. This conclusion is consistent with
the “classical” ideas about the dominant role of ade-
nine in triplet processes in nucleic acids [11, 12] (the
adenine link in RNA is the most stable to photodegra-
dation in comparison with other nucleotides [9]).

Thus, the presence of CeOs nanoparticles favors a
reduction in the fluorescence channel efficiency and a
growth in the phosphorescence quantum yield, which
can be interpreted as an enhancement of the role of
triplet states in the relaxation of excited electronic
states of RNA.
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3.3. Photostability of RNA

The photostability of RNA solutions, CeOy nanopar-
ticles, and RNA + CeOs systems was studied by irra-
diating these samples with high-intensity ultraviolet
and visible radiation from a DRT-1000 mercury lamp
and registering the absorption spectra on the Cary 60
UV-Vis spectrophotometer. For pure RNA, a mono-
tonic decrease in the optical density at the maximum
of the longest-wavelength band in the absorption
spectrum (associated with the So — S transition)
as the irradiation time increased was observed, which
corresponds to the macromolecular photodegrada-
tion. The optical density of the RNA absorption spec-
trum decreases by about 60% after 100 min of irra-
diation. Similar data were previously obtained by us
for DNA and RNA samples of various origins, as well
as for synthetic polynucleotides [9, 13, 14].

In the presence of CeOy nanoparticles, the rate of
the optical density decrease is substantially lower (by
about 19%), which testifies to a higher RNA photo-
stability. At the same time, the shapes of the absorp-
tion spectra of both pure RNA and RNA + CeOs
systems remain unchanged during photodegradation,
which points to the absence of selective photochem-
ical damage to separate nucleotide fragments and is
consistent with the assumption of the suppression of
radical photochemical processes, whereas degradation
occurs relatively uniformly over the macromolecule.

Separate experiments showed that CeOs nanopar-
ticles themselves undergo photodegradation faster
than the RNA and RNA -+ CeO; systems: after
about 20 min of irradiation, the absorption spec-
trum of CeOs changed considerably. Such a be-
havior may evidence the “sacrificial” role of the
nanoparticles in photochemical processes and reduc-
ing the efficiency of RNA degradation through radical
channels.

Having plotted the relative dependences of the op-
tical density at the absorption maximum (normalized
to the corresponding optical density values for the ini-
tial/undamaged samples) on the irradiation time for
the samples of pure RNA, RNA + CeOy complex,
and CeO2 nanoparticles (Fig. 4), one can clearly see
that the addition of CeO2 nanoparticles reduces the
rate of RNA degradation by about 19%.

Thus, the interaction of CeOy nanoparticles with
the RNA macromolecule reduces the rate of RNA
photodegradation. This is in contrast to, for exam-
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Fig. 4. Time dependences of the ratio (in %) between the
optical density of CeOz nanoparticles (1), RNA (2), and
RNA + CeO2 system (&) at the maximum of the absorp-
tion spectrum and the corresponding value for the initial /intact
sample

ple, platinum-containing drugs, which, when incorpo-
rated into the biomacromolecule chain, increase the
photodegradation rate of these biomacromolecules
and are used for anticancer chemotherapy and pho-
todynamic therapy [13]. The reduction of the pho-
todegradation rate provides a basis for the appli-
cation of CeOy nanoparticles as a photostabilizer
in biological systems and for the creation of appro-
priate drugs.

8.4. Discussion of mechanisms

The obtained spectroscopic data testify that the pho-
tostabilizing effect of CeOs nanoparticles on RNA is
not associated with a change in the electronic struc-
ture of the macromolecule. Instead, the main role is
played by a redistribution among the relaxation chan-
nels of excited states and the suppression of radical
photochemical processes.

The growth of the phosphorescence intensity to-
gether with a simultaneous reduction of the fluores-
cence intensity points to a more active participation
of triplet states in the relaxation of excited electronic
states of the RNA macromolecule (a similar situa-
tion was observed by us for molecular complexes with
the fragments of the DNA macromolecule of various
lengths [13,18]). As a result, the probability of trig-
gering radical photochemical reactions may decrease,
which leads to macromolecule degradation.

Thus, CeOs nanoparticles can be considered as an
effective photostabilizing component, which reduces
the efficiency of radical channels of RNA photodegra-

373



V. Kudrya, N. Tkach, O. Dmytrenko et al.

dation. This statement is confirmed by both lumines-
cence and absorption spectroscopic data.

4. Conclusions

1. Using optical absorption, fluorescence, and phos-
phorescence spectroscopy methods, the influence of
cerium dioxide (CeOgz) nanoparticles on the photosta-
bility of ribonucleic acid in an aqueous medium has
been studied. It was shown that CeOs nanoparticles
do not substantially change the electronic structure
of RNA, which is confirmed by the preservation of the
shape of absorption spectra.

2. It was found that the presence of CeO5 nanopar-
ticles significantly affects the radiative properties of
RNA: it decreases the fluorescence intensity and si-
multaneously increases the phosphorescence inten-
sity. This testifies to a redistribution among the re-
laxation channels of excited electronic states, with an
increase of the role of triplet states.

3. Photodegradation studies showed that CeOq
nanoparticles enhance the photostability of RNA by
reducing the rate of degradation under the action of
ultraviolet and visible radiation. At the same time,
the absence of changes in the shape of the absorption
spectra of RNA points to the suppression of radical
photochemical processes, without selective damage to
separate chromophore fragments.

4. It was found that CeOs nanoparticles undergo
photochemical changes faster than RNA, which al-
lows them to be considered as a photostabilizing com-
ponent that reduces the efficiency of radical channels
of macromolecule photodegradation.

5. The obtained results demonstrate the informa-
tive value of spectroscopic methods for studying
the mechanisms of interaction of nanomaterials with
biomacromolecules and confirm the promising use of
CeO4 nanoparticles as photostabilizing additives in
systems sensitive to optical radiation.
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CIIEKTPOCKOIITYHI
IMPOABU ®OTOCTABIJII3AILIIl PHK
HAHOYACTUMHKAMU JIOKCUAY IEPIIO

YV pobGoTi npencTaBIeHO CIEKTPOCKOIIYHE JIOCIIIXKEHHS BILIN-
By HamovyacTHHOK aiokcuay nepito (CeOsz) ma dorocrabinn-
nictb pubonyxkieinosol kucsaoru (PHK) y BogHomy posunmmi.
MeromaMu OITUYHOI CIIEKTPOCKOTIIT ITOTVIMHAHHS, (DJIyOpPECIIeH-
il i pocdopecuenii gocmimkeno ocobsmBocti B3aemoil PHK
3 manoyactuakaMu CeO2 posmipom 6sim3bko 6 HM. [Tokazano,
1o npucyTHicTh HanouacTuHoK CeOg HE TPU3BOAUTD JO CYyTTE-
BUX 3MiH esiekTpoHHOI cTpykTypu PHK, nmpore icrorHo Brum-
Ba€ Ha IPOIECH pejlakcallil 30y/[XKeHNX eJIeKTPOHHUX CTaHIB.
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BusiBiieno 3menenHs inTeHcuBHOCTI (hiryopectieHItii it ogHo4Ya-
cHe 3pocTaHHs iHTeHcuBHOCTI docdopecuennii PHK 3a nass-
nocti HanowacTuHOK CeOg, M0 CBIAINTH IPO Hepepo3mOIia BU-
MIPOMIHIOBAJIBHUX KaHAJIIB i3 3ajIy4eHHSM TPUIJIETHUX CTaHiB.
Hocanimzxennsi horomerpaganii mokasaJsiu, 1o J0/IaBaHHS HAHO-
qactuaoK CeOg2 NpU3BOAUTDH O 3MEHIIEHHS MIBUIKOCTI Jerpa-
nanii PHK 6e3 aminn dpopmu cnekrpis nornuHanasa. Orpumani
pe3yJIbTaTy BKa3yIOTh Ha HOTOCTAbIIi3yI0wy POJIb HAHOIACTHU-
HOK CeQg, NoOB’s13aHy 3 NPUTHIYEHHAM PaJMKaJbHUX (POTOXi-
MIiYHEX IOpOIECiB 1 3MeHIIeHHAM €(PEeKTHBHOCTI PaIUKaJIbHIX
KaHaJIiB Jlerpajarii.

Katwvwosi caosa: nHanogactuaku CeOg, PHK, ontuuna crre-
KTPOCKoIIisi, (ryopecuentiisi, dpocdopecrieniiisi, dporocrabiib-
HICTb, 30y/I2KEH] CTaHu.
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