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HE DEVELOPMENT of modern bio-nanoelectronic technologies requires new hybrid

organo-inorganic systems that have a specific functional purpose and allow work in the
tissues of living organisms. The practical realization and scientific study of a hybrid two-
component system in the form of DNA molecule fragments and nanoparticles of biocompatible
ceramics was the goal of this work.

The interaction of a DNA molecule with nanoparticles of a solid solution of the composition
ZrO,-3mol% Y,0, (YSZ) was studied using Raman scattering and transmission electron
microscopy. Samples of YSZ oxide and hydroxide were investigated in triplicate at room
temperature using LabRAM HR Evolution Horiba spectrometer and JEM 200A instrument.

The effect of the force field of the surface of YSZ nanoparticles on the optical properties
of the DNA molecule in the TRIS buffer solution was shown. The effects of increasing the
intensity of spectral lines in the long-wavelength region 250 — 660 cm™ (254 cm ™!, 322 cm ™,
470 cm™', 663 cm ™). suppressing the intensity of spectral lines in the shortwave region 600 —
3300 cm™! (604 cm ™!, 917 em™, 951 cm ™!, 1256 cm ™, 1302 cm™!, 2767 cm ™!, 3180 cm ™!, 3241
cm™!, 3285 cm ™), as well as shifting lines 519 cm™, 917 cm™!, 1048 cm ™!, 1547 cm ' and 1639
on 40-60 cm™ in the shortwave region are established.

From the standpoint of the theory of wave processes, a qualitative description of the
detected Up-conversion effect was done. An assumption about the potential applicability of the
Y SZ nanoparticle surface — DNA nucleotide interfaces as a heterodyne frequency converter in
molecular- and bio-electronic devices was made.
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Introduction

Molecular spectroscopic methods supported with
quantum mechanical calculations are promising
tools to understand many molecular phenomena,
with certain focus on biological molecules [1-4].

Nanobioelectronics is rapidly developing the
present time [5]. The combination of biomolecules
with metal or semiconductor particles, fullerenes
or carbon nanotubes led to the appearance a new
class of materials, primarily for new electronic
and optoelectronic systems. DNA molecules are
capable of storing and translating terabytes of
information by copying (a cubic centimeter of
DNA can contain more information than billion
CDs. [6]). In addition, DNA molecules are
capable of self-assembly, self-reproducibility and
have good electrical conductivity [7, 8, 9], that is,
they are, if not ideal, then very suitable material
for creating the elemental base of computing
devices based on biological objects. The study of
the interaction of DNA - molecules with solids
is extremely important for new bioelectronic
technologies, in particular, in the development of
storage systems for large amounts of information.
It is known [10] that some metal ions in the
composition of metal oxides, in particular, Ca*",
Mn?*, Cu*', are able to interact directly with DNA,
forming stable bonds with both as with negatively
charged groups of the sugar — phosphate carcass
as with nitrogenous bases [11]. Such interactions
lead to significant changes in the secondary
structure: they can contribute to the bending and
unwinding of double helices, and also serve as
B-Z transition triggers in DNA [12] (the Z-form
was discovered for hexanucleotide d (CGCGCGQG)
[13]). The transition of poly (dG-dC) from B- to
Z-form is observed with a high concentration of
sodium ions (2.4 M) or with the addition of some
divalent ions [14]. The phenomenon is extremely
interesting for bioelectronics, as one of the
possible basic elements of computing devices of a
new type. In addition, metal ions play an important
role in signal transmission, being elements of
complex chromatin regulatory complexes [15, 16,
17] in biological cells.

Investigation of the interaction of a DNA
molecule with ZrO, is interesting for practical
applications. Zirconia ceramics are primarily
biocompatible. In addition, ZrO, in the series of
simple oxides has the lowest thermal conductivity
and the highest dielectric constant. Thus, ZrO,-
based ceramics are the best suited for creating
of functional heterojunctions type biological
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molecule / wide band gap diclectric due to the
possibility of direct field control of the charge
states and, as a result, the functional state of
DNA-molecules. These heterojunctions can be
used in molecular electronics, in particular, for the
creation of biochips, memory arrays and computer
architectures of the future.

At present, nanotechnologies have a breakthrough
potential; therefore, the study of the interaction of DNA
with nanoscale objects is extremely important. The
study of the interaction of nanoparticles based on ZrO,
and DNA molecules was the main aim of this work.

Experimental

As a biological object (DNA),
deoxyribonucleic acid (sodium salt, high polymer)
from chicken erythrocytes with a protein content
of not more than 1%, water content not more than
20%, nitrogen / phosphorus ratio 1.6 - 1.7; the
max wavelength is 260 nm, at pH = 12 and the
extinction coefficient is 6500 - 7500.

As the model objects of the study we used
suspensions of the composition of 0.1 M TRIS HCI
(2-amino-2-hydroxymethyl-propane-1,3-diol) pH
= 8.0 with a filler in the form of ZrO -based nano-
powders at a ratio of 0.1 g/ 1 ml The suspension
was applied to the substrate in a volume of 0.1
ml. Lyophilization was performed under normal
physical conditions during 48 hours.

Nano-powders with a particle size of 4-5 nm
and 14 nm were used in the work. They were
obtained by co-precipitation of zirconium and
yttrium salts by ammonia with followed heat
treatment. Dehydration of the precipitate in a
specialized microwave oven at T = 120°C, was
used for obtaining of YSZ hydroxide powder
(particle size 4-5 nm). Followed heat treatment
of hydroxide during 2h at a temperature T,
= 700°C was used for YSZ oxide powder
obtaining (particle size 14 nm). The method
of obtaining powders is reviewed in detail in
[14]. The morphology of bulk samples was
studied by transmission electron microscopy
(TEM) methods using a JEM 200A instrument.
Objects for TEM were prepared from working
suspensions containing DNA by the method
of ultrasonic mist [19]. Raman spectra were
obtained at room temperature using a LabRAM
HR Evolution Horiba spectrometer. The source
of excitation of Raman spectra was He-Ne
laser (633 nm) and a diode-pumped laser with
a wavelength of 532 nm.
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Results and Discussion

It is assumed that the buffer solution does
not introduce significant distortions in the DNA
spectrum; however, the latter are unavoidable
during the interaction of individual substances.
In order to avoid errors in the analysis of the
interaction of DNA with ZrO, nanoparticles,
spectroscopic manifestations of the interaction
of the elements of the DNA solution in the buffer
were considered. On the obtained Raman spectra
of the buffer solution, the next well-pronounced
peaks were found: 224 cm ™!, 254 cm ™!, 389 cm !,
604 cm !, 764 cm™, 917 cm ™!, 1048 cm !, 1187
cm!, 1302 cm™, 1404 cm ™!, 1464 cm ™!, 2767 cm
-1,2890 ecm !, 2950 cm !, 3180 c¢m ' as well as
peaks low intensity: 470 cm !, 663 cm !, 1547
cm ™!, 1639 cm !, 3241 ¢cm ', which correspond
to different vibrations of atoms that make up the
buffer solution. The next peaks series appeared
after adding a DNA solution to buffer: 322 cm-
1,519 em™, 799 cm™, 1256 cm™ and 3285 cm™.
These peaks indicate the presence of valence and
deformation vibrations of groups of atoms of
nitrogenous bases: C—H, O —H, O — P— O, which
are form the DNA molecule.

Addition of zirconium hydroxide and
zirconium oxide nano-powders to the buffer
with dissolved DNA leads to a specific change
in the Raman spectrum. Addition of zirconium
dioxide nano-powder to the DNA buffer leads
to an increasing in the intensity of the peaks:
254 cm’!, 322 ecm!, 470 cm™, 663 ¢cm! and to the
suppression of peaks: 604 cm, 917 cm™, 951
cm’!, 1256 cm’!, 1302 cm™, 2767 cm, 3180 cm’!,
3241 cm’!, 3285 cm™.

In addition, zirconia nano-powder leads to a
shifting of the peaks 1048 cm, 1547 cm™' and
1639 cm™ to 1073 cm™, 1597 cm™! and 1679 cm’!,

CD[x(t)ej“" ]= Q].x(z‘)ejw”ej”"‘lt d = e’].xl (t)eij(“”' ey = F{](a)l — a)l)}

Where i — analyzing frequency of Raman spectrum;

respectively, as well as reducing the intensity of
the peaks 2890 cm™ and 2950 cm’'.

Similar changes in the spectrum are observed
in the case of zirconium hydroxide. The peaks:
470 cm!, 604 cm!, 663,917 cm™, 1256 cm™, 1302
cm’!, 2767 em, 3180 cm™, 3241 ¢cm’', 3285 cm’!
were suppressed, the peaks: 519 cm™, 917 cm’,
1048 cm™, 1547 cm and 1639 cm™! were shifted
to 579 cm’!, 951 cm’!, 1073 cm', 1597 cm™ and
1679 cm!, respectively. Taking into account the
absence of the appearance of new substances
in the solution after adding oxide nanoparticles
due to the purely physical interaction of the
liquid and solid phases, it can be concluded that
the changes in the spectrum are a result of the
pronounced energy interaction of DNA-fragments
and functional groups / active centers which are
localized on the surface of the nanoparticles.

In the author’s opinion, the displacement
of peaks in the frequency ranges of 519 -1639
and 1048 - 1639 in the case of hydroxide and
oxide nanoparticles adding respectively has a
greatest interest to the consideration, because it’s
indicates the appearance of an additional wave
process which is lead to the transfer of spectrum
to the high-frequency region (Up-conversion).
Obviously, the surface of the nanoparticles serves
as a frequency modulator that performs Fourier
transformation of the spectrum [20, 21].

Suppose that the surface of the nanoparticles
makes a certain contribution to the optical
oscillatory system, which in the time coordinate
can be described by the function x(z). That is, the
surface of the nanoparticles modulates a specific
i-frequency ¢ of the Raman spectrum according
to the law x(?). Performing the Fourier transform
of the signal x(?), we obtain:

(M

o, - is the i - frequency of spectrum DNA + buffer without nanoparticles;

o, - is the i - frequency of the spectrum after the frequency (heterodyne) transformation according to the x(?) law.

Thus, the appearance of a certain factor that
changes the temporal relations in the system
leads to the transfer of the spectrum F(jw) from
the frequency w to the frequency ®,”. On this
principle, in fact, the method of Raman scattering
is built [22, 23].

Such a factor may be the local polarization
of the medium at the interface between the solid
and liquid phases. The polarization of the DNA
solution with the buffer, caused by a double
electric layer rigidly connected to the surface of the
nanoparticles, makes an additional contribution
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to the electron polarization of molecules which
is induced by the action of light waves and, as
a result, leads to a shifti of the frequencies of
Raman scattering.

This is also indicated by a wider range
of wavelengths in which the heterodyne
transformation (or Up-conversion) occurred
in the case of hydroxide, since the hydroxide
nanoparticles have a significantly more developed
adsorption layer compared to oxide nanoparticles.
It should be noted that the particle size does not
have a significant effect on the wave processes at
the interface, in particular, on the parameters of
frequency modulation. This follows from the fact
that there is no frequency shift with a significant
(more than threefold) difference in the particle
size of the oxide and hydroxide of the YSZ
composition. According to Fig. 2, for a given
grade of nanoparticles, the average shift of the
wave vector is Ak =50£10 cm'.

As can be seen from Fig. 2, there is a change in
the magnitude of the shift of the wave number k as
a function of frequency. This means that the wave
process arising in the system upon the introduction
of nanoparticles is not monochromatic, i.e. there
is a dispersion of the wave packet dw. As can be
seen from Fig. 2, as the frequency increases, a
proportional decrease in the phase shift occurs.
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Such dispersion, according to the formalism of
classical optics, is called normal. As can be seen
from fig. 2, in the range of wavelengths 519-1639
cm’, it is about 20 cm™.

Usually the transfer of the frequency spectrum
is carried out by multiplying the signal x(?) on the
cosine signal cosw ¢. This signal according to the
Euler formula can be expressed by the sum of
exponentials:

x(t)cos ot = %[F(j(w,’ ~0)+F(j(o +o) ] @)

It follows that in our case there is anti-Stokes
radiation, and that the spectrum must also contain
peaks: 459 cm’!, 861 cm™, 998 cm’!, 1599 cm’!,
corresponding to Stokes radiation (the first term
in formula (2)). But, they are absent, moreover,
there is a decreasing in the intensity of peaks
2890 cm™ and 2950 cm™ and suppression of a
number of peaks which are characteristic of DNA,
in particular, peaks 604 cm™, 917 cm™, 951 cm™!,
1256 cm, 1302 cm™!, 2767 cm™, 3180 cm™!, 3241
cm’!, 3285 cm™ - in the case of the introduction
of oxide nanoparticles, and peaks 470 cm’!, 604
cm, 663 cm, 917 em’, 1256 cm™, 1302 cm’!,
2767 cm, 3180 cm’!, 3241 cm™, 3285 cm™! - in
the case of the introduction of nanoparticles of
YSZ hydroxide.

Buffer + DNA
Buffer + DNA + ZrO(OH)2

Buffer + DNA + ZrO2
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Fig. 1. Raman spectra of buffer (1), DNA in buffer solution (2) DNA in buffer solution + (ZrO+3mol%Y203)
(OH)2 (3), DNA in buffer solution + ZrO2 (4).

Egypt. J. Chem. Special Issue (2019)



FREQUENCY MODULATION OF THE RAMAN SPECTRUM AT THE INTERFACE ... 17

64 T T T T T T T T T T T T T 12
L 10
2
60- . 8
— L6 T
£ 56 / 4 E
- r2 o0
A2 52 1 Lo '
“ 8] 2
_ 4~
44 1 --6
_ -8
40 --10
T T T T T T T T T T T T T '12
400 600 800 1000 1200 1400 1600 1800
k. sm”!

Fig. 2. The dependence of the increment of the wave number k’- k on the wave number k as a result of interaction
with the surface of the nanoparticles (curve 1); and the dispersion of the wave packet when the magnitude
of the shift =5 ¢m-1 (curve 2). Where k - is the wave number on the Raman spectrum of object without
nanoparticles, - is the peak number on the Raman spectrum of object contained of nanoparticles.

This behavior of the system can be caused are completely covered with a dense layer of YSZ
by blocking or screening the corresponding DNA nanoparticles (Fig. 3, d), which is probably due to
fragments with nanoparticles. This assumption is the unlike charging of their surface and surfaces
confirmed by the results of TEM (Fig. 3). As can of nanoparticles.

be seen from the pictures in Fig. 3, DNA molecules

Fig. 3. TEM — images of hydroxide (a) and oxide (b) YSZ-nanoparticles, DNA in the form of a cocoon (c), DNA
in a nanoparticle envelope (d). The insets are shows electron diffraction patterns of the corresponding
powders.
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Such spatial structure resembles a “core-shell”
type structure. The functional heterojunction
between biological and solid base objects opens
up prospects for using of the obtained systems
in the development of biocompatible electronic
devices with field control and sensors of the
chemical composition of the medium.

Conclusion

Using the method of Raman scattering a stable
interaction of DNA with nanoscale ZrO, crystals
is shown. The effects of increasing of the intensity
of spectral lines in the long-wavelength range
250 — 660 cm™ (254 cm’, 322 cm’!, 470 cm’,
663 cm™), suppressing of the intensity of spectral
lines in the short-wave region 600 — 3300 cm
(604 cm!, 917 cm, 951 cm™, 1256 cm’!, 1302
cm’!, 2767 cm!, 3180 cm’!, 3241 cm’!, 3285 cmr
") as well as shifting of lines: 519 cm™, 917 cm
11048 cm, 1547 cm™ and 1639 to 40-60 cm’!
to the shortwave region have been found. From
the standpoint of the theory of wave processes,
a qualitative description of the last established
effect was given, as a heterodyne frequency
spectrum transformation, due to the formation
of an optically active heterogeneous transition
between DNA molecules and YSZ nanoparticles.

The conclusion was made about the possibility
of using the surface of YSZ nanoparticles as a
heterodyne frequency converter in bio-molecular
electronics operating at frequencies of the optical
range.

Acknowledgments

The work was supported through the JINR-
Romania Cooperation Program Project of 2019,
RO-JINR Project 323/25.05.2018 item 65 and

69. We appreciate very much the collaboration
support provided by Prof. Tomoyuki Yamamoto of
Waseda University, Japan, on using the WIEN2k
package with DFT realization. This work in part
is supported by the IGSF (International Fund for
Humanitarian Cooperation), based inJINR, Dubna,
ISTC (International Innovative Nanotechnology
Center) of the CIS. This work in part is supported
by JINR-ASRT (ARE) grant “Molecular
Modeling Analysis of the Effect of Nano-Metal
Oxides on Biological Molecules”. The work
in part is supported by a collaborative research
program under Indo-Russian Joint Research-2016
(DST-RFBR), grant No. 17-52-45062 “Studies of
the molecular orientation and radiation damage of
DNA adsorbed on Zirconia”.

Egypt. J. Chem. Special Issue (2019)

Ethics approval and consent to participate
The authors declare that they:

- consent for publication,

- have no conflict of interest.

Availability of data.
The work not contains classified information.

Funding.
Grant 17-52-45062 ind a RFBR - labor
compensation and travel payment (partner visits);

JINR-Romania Cooperation Program Projects
No.323/21.05.2018 item 65 and item 68 - expenses
for materials and travel payment (participation in
international conferences).

Individual persons data.
Not applicable.

References

1. Ibrahim M., Kholmurodov K.T., Fadeikina I.N.,
Morzhuhina S.V., EvgeniyaPopova S., Elhaes
H., Mahmoud A-A.; On the Molecular Modelling
Structure of the Egyptian Soil/Sediment in River
Nile Delta Region, J. Comput. Theor. Nanosci.,
14(8), 4133-4136 (2017).

2. Ibrahim M., Osman O.; Spectroscopic analyses
of cellulose: Fourier transform infrared and
molecular modelling study, J. Comput. Theor:
Nanosci., 6(5), 1054-1058 (2009).

3. Ibrahim M.; Molecular modeling and FTIR study
for K, Na, Ca and Mg coordination with organic
acid, J. Comput. Theor. Nanosci., 6(3), 682-685
(2009).

4. Youness R.A., Taha M. A., Ibrahim M.A.; Effect of
Sintering Temperatures on the In Vitro Bioactivity,
Molecular Structure and Mechanical Properties
of Titanium/Carbonated Hydroxyapatite
Nanobiocomposites, J. Mol. Struct., 1150, 188-
195 (2017).

5. Anew erais coming - the era of nanobioelectronics.
http://www.dubnapress.ru/knowled
2¢/286-2010-11-19-08-20-13

6. Nanoelectronics and nanobiolectronics. http://
nano.86schS5.edusite.ru/pl7aal.html

7. Gray H.B., Winkler J.R.; Electron transfer in
proteins, Annu. Rev. Biochem., 65,537-561 (1996).

8. Deisenhofer J., Norris J.R.; The Photosynthetic
Reaction Center. Academic Press: New York
(1993).



FREQUENCY MODULATION OF THE RAMAN SPECTRUM AT THE INTERFACE ... 19

11.

12.

13.

14.

15.

Liu C.,, Xiang L., Zhang Y., Zhang P., Beratan
D., Li Y., Tao N.; Engineering nanometre-scale
coherence in soft matter, Nat. Chem., 8, 941-945
(2016).

Tymchenko E.E., Polyanichko A.M.; IR
spectroscopy of aqueous solutions of DNA in the
presence of metal ionsm, Vestnik St. Petersburg St
University, Phys and chem., 4:62, 153-162. DOI:
10.21638/11701/spbu04.2017.205

Pechlaner M., Sigel R.K.O.; Metal ion-nucleic
acid interactions in solution, Met. lons Life Sci.,
10, 1-34 (2012).

Sigel R.K.O., Sigel H.A.; Stability concept for
metal ion coordination to single-stranded nucleic
acids and affinities of individual sites, Acc. Chem.
Res., 43, 974-984 (2010).

Wang AH-J, Quigley G.J., Kolpak F.J., Crawford
J.L., van Boom J.H., van der Marel G., Rich A.;
Molecular Structure of a left-handed double helical
DNA fragment at atomic resolution, Nature, 282,
680-686 (1979).

Rich A., Nordheim A., Wang AH-J.; The chemistry
and biology of left-handed Z-DNA, Annu. Rev.
Biochem., 53, 791-846 (1984) DOI: 10.1146/
annurev.bi.53.070184.004043.

Sen D., Crothers D.M.; Influence of DNA-binding
drugs on chromatin condensation, Biochemistry,
25, 1503-1509 (1986).

16.

17.

18.

19.

20.

21.

22.

23.

Sigel R.K.O., Pyle A.M.; Alternative roles for
metal ions in enzyme catalysis and the implications
for ribozyme chemistry, Chem. Rev., 107, 97-113
(2007).

Sen D., Crothers D.M., Condensation of
chromatin, Biochemistry, 25, 1495-1503 (1986).

Konstantinova T., Danilenko I., Glazunova V.,
Volkova G., Gorban O.; Mesoscopic phenomena
in oxide nanoparticles systems: processes of
growth, J. Nanopart. Res., 13, 4015-4023 (2011).
DOI 10.1007/s11051-011-0329-8.

Doroshkevich A.S., Danilenko I.A., Konstantinova
T.E., Glazunova V.A., Sinyakina S.A.; Diagnostics
of nanopowder systems based on zirconium
dioxide by transmission electron microscopy.
Electron microscopy and strength of materials, 13,
151-159 (2006).

Zorich V.A.; Mathematical analysis. Moscow:
Fizmatlit (1984).

Afonsky A., Dyakonov V.P.; Digital analyzers
of spectrum, signals and logic. Ed. prof. V.P.
Dyakonov. Moscow: SOLON-Press (2009).

Pentin Yu.A., Kuramshina G.M.; Basics of
molecular spectroscopy, Moscow: Mir. Laboratory
of Knowledge (2008).

Benell K., Basics of molecular spectroscopy:
Trans. from English. Moscow: Mir; 1985.

Egypt. J. Chem. Special Issue (2019)



20 ALEKSANDR S. DOROSHKEVICH et al.

(s S g 0 551 6 30 dae) Ay (g 95l Glaaall (s ja O Sualdll aal) die (el kY cilaa i il g

padiid Al elli La gead &y uall o) gall dzia 4 olaill )l ) g 40 gaal) a glall 28 Jadall ) glaill ) ylas
x5 S 8 e i i gty Cibanian) )yl 138 (530 Lgia dall LA e LAY 250 3
Ao T e g 5ALs Rysene 3 Lk 3 U3 RS S5 o el
&qbbba&éﬁbﬁimﬁo\ A8 g SIV o gS g Sl GlIAS g el Al Sy Jlaall 138 8
g Fasilill a5 S5l aus) (U mhu dlXS s DNA sl Gaeadl ¢ o

& oSaill dagall ) saW (g0 Ay jia sl 20l SY) ae Jialdll 2all die (g5 il Gmand) & gl agd o)) J g8l (Say
Agsa A g yiSI 8 jeal sk o) Ll e Al ldiall e 1S

Laaa ) a8 Al el shall e dae 5 dagall Auhall ) sa¥) (e 230 Jaa Bl (b g Ll o5 Al e aiall
250 s3e & Ashall dua gall J1gha¥) 8 Dpidal) Lo gladll sk b)) 58 Lada o5 AN el glall aal e
Lﬁd‘gﬁ EM‘&.}A}J\d\%y‘&%ﬂ\k#\aﬁgu@@\ﬁmu&\&@Cm'16607
il i 5l U1 SRV 3 Akl Lyl a1 5 p3m ia  LS ! 3300 — 600

Egypt. J. Chem. Special Issue (2019)



