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In this work, porous silicon surface was modified by aqueous solutions of nucleic acids and the effect of
such modification on the porous silicon photoluminescence was studied. The treatment of porous silicon
with the nucleic acid solutions was found to cause an increase in the photoluminescence intensity, the
change being greater with DNA rather than RNA (homopolymer poly(A)). By means of infrared spectrosco-
py, it was found that the number of Si-O bonds at the silicon surface after treatment by nucleic acid solu-
tions is much higher than that after treatment by distilled water. It is found that the porous silicon photo-
luminescence weakly depends on the concentration of the molecular oxygen in the DNA solution. At the
same time, illumination of the DNA-treated porous silicon samples by the visible light enhances the porous
silicon photoluminescence intensity. Nucleic acid stimulated increase in the porous silicon photolumines-
cence is attributed to thinning of the silicon skeleton, which, according to the quantum-size model of photo-
luminescence, leads to a radiative transition probability increase. The thinning could be related to en-
hancement of dissolution and, to a greater extent, to oxidation of porous silicon in aqueous solution by the
nucleic acids. The effect of nucleic acids in aqueous solutions on the porous silicon modification was as-
sumed to be twofold. Firstly, nucleic acids, being polyanions in aqueous solutions, can enhance the corro-
sion of porous silicon by water. Secondly, an increased concentration of reactive oxygen species is generat-
ed in aqueous solutions of nucleic acids under visible light illumination. The latter is supposed to be the
main reason of porous silicon oxidation. The results of the work can be useful for the development of PS-
based biosensors.
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1. INTRODUCTION

Nowadays, porous silicon (PS) in its various modifi-
cations, including silicon nanoparticles, nanowires and
thin films, is a promising material for biology and med-
icine due to its unique physical and chemical proper-
ties. Special attention is paid to the development of
techniques allowing application of PS in therapy, in
vitro and in vivo imaging and sensing [1-3].

Instability of PS properties, hindering its applica-
tion in optoelectronics, turns into an advantage in liv-
ing organisms, where the main role is played by meta-
stable structures. Too stable structures, like gold nano-
particles, fullerenes and other nanomaterials, could be
toxic and, therefore, potentially dangerous. Nanostruc-
tured silicon is characterized by a rather high and
easily controlled rate of degradation in biological me-
dia, producing non-toxic products, which are easily
removed from the body [4].

Currently developed techniques of PS formation al-
low to change its structure in a wide range. The fea-
tures of geometry and architecture, as well as surface
chemistry of PS, determine the way of its interaction
with biological objects. In addition, this material is
suitable for immobilization of the biologic objects due to
the large specific surface area (up to 1000 m?/cm3) and
possibility to form the pores with various configura-
tions, while its optical and electrical properties, sensi-
tive to these objects, make it possible to use PS as a
material for biosensors [1, 3, 5, 6]. As a rule, PS based
optical biosensors detect changes in either its refractive
index due to the formation of different molecular com-
plexes or its photoluminescence (PL). The effect of PS
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PL change was proposed to be used in enzyme and
immune sensors [3]. The variation of PL intensity in
such sensors is related mainly to a change in the num-
ber of silicon dangling bonds being the centers of non-
radiative recombination in this material.

As for the PS-based DNA sensors, more attention is
currently paid to the development of devices, in which
the change in refractive index is monitored. However, it
was found that the DNA-DNA hybridization, which is
detected in such an interference biosensor, can both
increase and decrease the refractive index. The in-
crease 1s predicted and takes place due to rising refrac-
tive index of the material filling the porous matrix as a
result of the reaction of the target DNA with the im-
mobilized nucleic acid (NA) probe [1, 5]. The decrease
was found to be caused by modification of the porous
matrix itself because of the corrosion of silicon surface
in the aquatic environment, which was greatly en-
hanced by NAs [6]. However, the suggested in [6]
mechanism of the effect cannot explain some experi-
mental facts, e.g., formation of a significant amount of
silicon oxide in the presence of NAs in comparison with
the plain water [2].

It is important to note that PL of PS is also a sensi-
tive indicator of silicon interaction with the aquatic
environment and, in particular, aqueous solutions of
NAs [2, 7]. Unlike the changes in refractive index,
those in PL always occur in a predictable way.

In this work, we suggest to use PS PL to monitor
the processes occurring in PS-NAs systems. We show
that the oxidation in the PS treated by aqueous solu-
tions is accelerated in the presence of DNA, weakly
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depending on the concentration of molecular oxygen in
the solutions. The obtained results can be used not only
for the improvement of the existing sensors, but also
for the development of the new ones.

2. EXPERIMENTAL

The PS samples were fabricated on (100) KDB-10
(10 Q-cm) silicon wafers by etching for 5 min in 1:1
solution of 48 % HF and ethanol at 5 mA/cm2. Thereaf-
ter, the samples for more than a month were kept in
air under natural light for their partial oxidation and
stabilization of luminescent properties. It is worth
noting that such samples, unlike as-prepared ones,
reveal only a monotonous increase in the PL intensity
with further interaction with ambient air and aquatic
environment [7, 8].

As the nucleic acids, a calf thymus DNA (“Fluka”,
Switzerland) and polyadenine acid (poly(A)) (“Serva”,
Germany) were used. Distilled water was used as the
solvent. The PS surface was treated by the solutions of
the nucleic acid salts with a concentration of 1 g/l. In one
of the experiments, a DNA solution additionally saturat-
ed with molecular oxygen by means of bubbling for
20 min was used as well. Before all the measurements,
the samples treated by the solutions were dried for 6 h
under room conditions. For comparison, some initial PS
samples were studied after immersion in distilled water
for 6 h or more and further drying for 30 min.

The PL of the samples was excited by 337 nm light,
which is not absorbed by NAs. The spectra were meas-
ured at room temperature. IR spectroscopy was used
for estimation of changes in the chemical composition
of PS. IR spectra were measured by means of a Specord
IR-80 spectrophotometer at room temperature in air in
the spectral range of 400-4000 cm — 1.

3. RESULTS AND DISCUSSION

At the first stage, we compared the changes in the PL
spectra of the PS, whose surface was treated with aque-
ous solutions of such NAs as DNA and RNA (poly(A)), as
well as distilled water for comparison (Fig. 1). The in-
crease in PL intensity of the PS after DNA solution appli-
cation was more essential than that after the treatment
with poly(A), whereas the changes after the water treat-
ment were negligible.

An increase in PS PL intensity after NA solution
application was reported in [2] to be caused by modifi-
cation of the PS structure. Namely, as the silicon skele-
ton is dissolved and oxidized, the sizes of the nanocrys-
tallites decrease. According to the quantum-size model,
this increases the probability of radiative transitions
[9]. At the same time, the number of non-radiative
recombination centers remains almost unchanged [2].
So, the correlation between PS dissolution/oxidation
and PL intensity allows one to use the latter as an
indicator of PS interaction with the aquatic environ-
ment.

Analyzing the interaction of NA solutions with PS,
which changes its properties and chemical composition,
one should take into account the conformation features
of the polynucleotide molecules and the presence of a
hydration shell [10, 11]. It is worth noting that NA
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molecule strongly bonds water in its hydration shell
and the contact between the PS and the DNA occurs
predominantly through the water.
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Fig. 1 - PL spectra of the initial PS (1) and the PS after the
treatment in aqueous solutions of DNA (2), poly(A) (3) and
distilled water (4)

We believe that the effect of NA on the process of
PS structure modification can be twofold. Firstly, NAs,
being polyanions in aqueous solutions, can enhance the
corrosion of PS by water [2, 6]. As known, PS reacts
with water only under the action of the electric field,
which can appear in the presence of holes in PS and
electrons outside, near the PS surface. Different kinds
of polynucleotides, like single-stranded poly(A) and
double-stranded DNA, have different densities of nega-
tive charges on the molecule surfaces [11]. Therefore,
the silicon corrodes more intensely in the presence of
double-stranded DNA molecules with a higher density
of the negative charges. Secondly, such solutions can
contain reactive oxygen species (ROS) which easily
oxidize the PS surface.

The latter assumption is supported by the experi-
ments on determining the chemical composition of the
PS before and after treating it with DNA aqueous solu-
tion and distilled water. Because the change of silicon
oxide amount on the PS surface is of interest, in Fig. 2
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Fig. 2 - Si-O-Si- and SiO.-related band in the IR spectra of:
a) initial PS (1) and PS after the DNA application (2), and
b) initial PS (1) and PS after the treatment with distilled
water for 6 (2) and 24 (3) hours
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Fig. 3 - PL spectra of the initial PS (1) and PS after the
treatment with DNA solution without (2) and with (3) the
bubbling-enhanced amount of molecular oxygen

we illustrate the IR transmission spectra in the range
of 1000-1300 cm — 1. One can see a wide absorption band
related to a Si-O-Si mode and SiOx groups [12].

The band intensity significantly (about threefold)
increases 6 h after the DNA solution application (see
Fig. 2a). At the same time, only a slight change in the
Si-O bond amount is observed after the treatment of PS
by water for 6 h (Fig. 2b). Even after 24 h of that kind
of treatment the Si-O-Si-mode-related band intensity
increases no more than twice. Further treatment of the
PS sample in water causes no essential changes in the
sample composition. It should be noted that such evolu-
tion of the PS chemical composition and structure is
expectable for aqueous solutions with pH from 4 to 8.5,
the difference being in the rate only [7]. The solutions
in our experiments had pH about 7.

Thus, our studies show that a greater amount of Si-
O bonds can be formed on the PS surface in the pres-
ence of NAs than in distilled water. This can be evi-
dence of additional oxidation of the PS.

The modification of PS PL in DNA solutions with
different concentrations of molecular oxygen is shown
in Fig. 3. In this experiment, a conventional DNA solu-
tion was used as well as the one with the oxygen
amount increased by bubbling. An increase in PS PL
efficiency was observed in both cases. It was higher for
the sample treated with the bubbled solution, but not
so high as expected, taking into account the estimated
twofold difference in the oxygen concentrations [13]
(although the concentration could considerably de-
crease during the interaction with PS).

So, the concentration of dissolved Oz weakly affect-
ed the interaction between PS and DNA solution, judg-
ing by the PL behavior. Indeed, Oz is known to slightly
react with the PS surface, however the silicon oxide is
formed rather effectively in the presence of such ROS
as singlet oxygen or hydrogen peroxide H202 [14, 15].

A lot of ROS are known nowadays. Moreover, some
species of reactive oxygen can be transformed into oth-
er ones [13]. The singlet oxygen and hydrogen peroxide
can be easily detected by special methods. Further-
more, H202 has a longer lifetime compared to other
ROS. The effect of these forms of ROS is therefore the
most studied.

The solutions of NAs may be the source of ROS in
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our experiments. Indeed, an increased concentration of
H202 was found in the aqueous solutions of DNA com-
pared to distilled water [16]. Moreover, it was shown by
the four-photon scattering technique that the H20:2
amount in the hydration shell of NA molecules depend-
ed on their conformation and could differ several times.
Such an effect can be caused by the fact that NAs pro-
mote the formation of ROS, in particular, H2O2 or by an
increase in their lifetimes in the aquatic environment
ROS [17]. The latter may be related to the formation of
NA complexes with some kinds of ROS [18].

It is known that the ROS generation in media with
NAs, as well as their oxidative modification, occurs
under various factors including UV, visible, IR and
radio frequency irradiation [13, 18, 19].

In this work, we also revealed the effect of visible
light on ROS generation in the studied objects. Fig. 4
shows that natural daylight considerably enhances the
PS reaction with NA solutions. Indeed, after the DNA
solution treatment, the PS PL intensities increased 6
and only 2 times, respectively, for the samples kept
under the daylight and in the dark.
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Fig. 4 - PL spectra of the initial PS (1) and PS stored for 6 h
in the dark (2) and under daylight (3) after the DNA solution
application

It should be noted that the ROS formed in the
aquatic environment in the PS-NA system can oxidize
both PS and NAs. Several workgroups (for example,
[20]) have shown that the RNA is more susceptible to
ROS-induced oxidative damage than the DNA. This
may be a cause of the weaker oxidative effect of ROS on
PS in the PS-RNA system compared to the PS-DNA
one, resulting in a weaker modification of PS PL re-
vealed in Fig. 1.

So, we found that the PL intensity of PS increases
after its treatment with aqueous solutions of NAs. This
effect is more pronounced for double-stranded DNA
than for single-stranded poly(A). These results as well
as the information on the effect of dissolved molecular
oxygen and visible light on the interactions in PS-NA
system can be taken into account in the development of
the DNA-sensors. There is reason to believe that part
of highly reactive ROS is spent on silicon oxidation,
resulting in a possible antioxidative effect of PS on
NAs. The obtained results can be useful in terms of
application of PS PL to ROS detection in biological
media and, particularly, NA solutions.

03005-3



V.B. SHEVCHENKO, O.I. DATSENKO ET AL.

4. CONCLUSIONS

It is established that treatment of PS by aqueous
solutions of polynucleotides enhances the PS PL, as
well as the PL intensity is sensitive to the applied mol-
ecule conformation. It is found that a greater number of
silicon-oxygen bonds at the PS surface is created in the
NA solutions than in distilled water. These changes in
the PS properties can be due to the enhancement of
dissolution and, to a greater extent, due to oxidation of
PS in the aqueous solution by nucleic acids. It is found
that the concentration of molecular oxygen in the DNA
solution weakly affects the PS PL. At the same time,
modification of PS surface by NA solutions is signifi-
cantly enhanced by illumination with the visible light.
The obtained results allow to make the following sug-
gestions concerning the mechanisms of NA effect on
PS: enhancement of PS corrosion by water in the pres-
ence of NAs, which are polyanions, and stimulation of
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Broiiue HyK/I1€THOBHMX KHCJIOT HA OKHCJIEHHS Ta (DOTOIIOMiIHECIEHIII0 ITOPYBATOr0 KPEMHIiI0

B.B. IlleBuenko, O.1. Jameuro, B.M. Kpasuenxo, B.A. Maxapa, B.B. IIpopox

Kuiscoruil nayionanvrut ynisepcumem im. Tapaca Illesuenxa, eyn. Bonodumupcevrka,64, 01601 Kuis, Yrpaina

B pobori anificuoBanacs Moaudikallis HIOBEPXHI IHOPYBATOr0 KPEMHII BOJHUMH PO3YMHAMU HYyKJIEIHO-
BHX KHMCJIOT Ta BUBYABCA BIIMB TaKol Moaudikallii Ha iIHTeHCHBHICTh #oro gorosmoMinectienirii. [Tokasamo,
10 06pOOKa IIOPYBATOr0 KPEMHI0 BOJHMMHU PO3SUMHAMU HYKJIETHOBUX KHCJIOT IIPU3BOAUTD [0 3POCTAHHS 1H-
TEHCUBHOCTI #oro orosrromiaecitenii, mpuaomy s JTHK aminu e Glismuvu mHixk aaa PHEK (romomostimep
noi(A)). 3a moromoroo 1HGPAYEPBOHOI CIIEKTPOCKOIIT OYJI0 BUSIBJIEHO, IO B IIPHUCYTHOCT] HYKJIETHOBUX KHC-
JIOT Ha TIOBEPXHI KPeMHI (POpMyeThCst 3HAUHO O1/IbINa KiJIbKICTh 3B’s13KiB Si-O HisK B IMCTUIIBOBAHIN BOJI.
BeranosiieHo, 110 KOHIIEHTpALA MOJIEKYJIApHOro knucHio B podunHi JJHK cnabo Bmmmsae Ha dgoromominec-
IEHIIII0 II0PYBATOr0 KPEMHI0, B TOM Jac K ompoMiHeHHs 00pobsienux posunHamu JIHK 3paskis mopysaToro
KPEeMHII0 BUIWNMUM CBITJIOM CIIPHSIE€ 3POCTAHHIO IHTEHCHBHOCTI Moro (orosmominectenni. CTuMyiboBaHmit
HYKJICIHOBUMHI KHCJIOTaMK e(PeKT 3POCTAHHS (POTOIIOMIHECIIEHII] IOPYyBATOr0 KPEMHIIO IOSCHIOETCS II0TO-
HIIeHHAM KPEMHIEBOI0 CKeJIeTY, B Pe3yJIbTAaTl Y0ro 3riHO 3 KBAHTOBO-PO3MIPHOI MOIEJIII0 MOTr0 (hOTOJIIOMI-
HecleHITi1, IMOBIPHICTh BHUIIPOMIHIOBAJIBHUX II€PEXO/(iB 3pocrae. [IpmumHo0 115010 MOKe OyTH ITiICHIIEHHS
MIPOIIECIB PO3UMHEHHS 1, 0COOJIMBO, OKMCHEHHSI KPEeMHII0 B BOJHOMY PO3UMHI HYKJIETHOBUMH KHCJIOTaMHu. By-
JIW 3ATIPOIIOHOBAH] JIBA NUISIXY BIUIMBY HYKJIETHOBMX KHCJIOT HA 3a3HadeHi mporecu. [lo-mepiie, mijcuieHHs
KOpO31l IIOpyBATOr0 KPEMHII HOJIIaHIOHAMM, SKUMU € HyKJIETHOBI KHACJIOTH y BogHoMy po3umHi. ITo-nmpyre,
MiJBUINEHA KOHIEHTPAIs aKTUBHUX (POPM KHCHIO B BOJHUX POIYMHAX HYKJIETHOBHX KHCJIOT, TeHeparllis
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SIKUX BiZIOYBa€ThCS IIij] BILIMBOM BUAMMOro cBityia. OcTaHHE BBAYKAETHCS OCHOBHOK IIPUYWHOK OKHUCIJICHHS
mopyBaToro kpemuio. [Ipegcrasieni pe3yabrata poOOTH MOKYTH OyTH KOPUCHHUMH JJIsT CTBOPEHHS 010CeHCOo-
PIB Ha OCHOBI IIOPYBATOI0 KPEMHIIO.

Knrouogi ciosa: I[lopysaruii kpemuiii, @oromominectientrist, Oxucienns, Hykneinosa kuciiora, Biocencop,
AxTuBHI GOopMU KUCHIO.
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