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Aim. To investigate an influence of the oligonucleotide concentration on their immobilization
on the surface of gold nanoparticles (AuNPs), and to study interactions between the AuNPs
modified by various oligonucleotides and the oligonucleotides immobilized on the chip of the
SPR-based DNA-sensor. Methods. Oligonucleotide immobilization on the surface of AuNPs
was investigated by fluorescence spectrometry. The interactions of citrate-stabilized AuNPs
modified by oligonucleotides with the oligonucleotides immobilized on the chip of the DNA-
sensor were studied by the surface plasmon resonance spectrometry. Results. The initial oli-
gonucleotide concentration influences the level of their immobilization on the surface of citrate-
stabilized AuNPs: up to 200 nM the dependence was close to linear, and then saturation was
observed at ~ 26 molecules per particle or ~ 0.5x10'3 molecules cm2. In contrast, the effi-
ciency of immobilization gradually decreased with an increase in the initial oligonucleotide
concentration. Using the SPR-based DNA-sensor, the efficient hybridization between oligo-
nucleotides immobilized on the sensor chip and complementary oligonucleotides of various
length (short T2-11m and long T2-18m) immobilized on the surface of AuNPs was demon-
strated. In case of AuNPs modified by short oligonucleotides, efficient thermal and chemical
regenerations of the bioselective element of the DNA-sensor were achieved.
Conclusions. Oligonucleotide immobilization on the surface of AuNPs directly depends on
the initial oligonucleotide concentration, whereas the initial oligonucleotide concentration and
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the efficiency of their immobilization on the surface of AuNPs demonstrate the inverse rela-
tionship. The efficient hybridization of the oligonucleotides of various lengths immobilized
on AuNPs with the oligonucleotides immobilized on the sensor surface as well as the possibil-
ity of thermal or chemical regeneration allow the sensor reuse and a strong amplification of

the sensor signal.

Keywords: gold nanoparticles, oligonucleotides, immobilization, surface plasmon resonance,

DNA hybridization, DNA sensor

Introduction

Surface plasmon resonance (SPR) biosensors
have become an important tool for character-
izing and quantifying biomolecular interac-
tions, because of their ability to measure bio-
molecular interactions directly, in real time and
without the using labels [1-3]. However, this
method, despite its many advantages, cannot
ensure the detection of DNA sequences in
subnanomolar concentrations without molecu-
lar label. To improve the detection limit of the
SPR biosensors, a sandwich hybridization for-
mat can be used. In this format, the procedure
consists of two steps: 1) identification of a
target DNA by the selective hybridization with
DNA probes immobilized on the sensor surface
and 2) amplification of the sensor response by
the additional hybridization step between a
target DNA and so-called detection probe (it-
self or attached to an amplification agent)
[1, 3-5]. A key step to ensure the success of
this signal amplification format is an appropri-
ate choice of the amplification agent. In SPR
method, a large macromolecule or a nanoobject
(e.g., gold nanoparticle) can be used for this
purpose.

Gold nanoparticles (AuNPs) possess many
attractive features: they are nontoxic, cheap
and can be easily modified by various chemi-
cals or biomacromolecules [4,6]. Therefore,
the choice of AuNPs fits well for the develop-

ment of technologically simple, flexible and
cheap method for amplification of the SPR
sensor signal. Unfortunately, the use of AuNPs
in buffer solutions that support the process of
hybridization may be accompanied by the
electrolyte-induced aggregation because a
rather high ionic strength of the buffer solu-
tions overcomes the electrostatic repulsion
between nanoparticles [6, 7]. However, the
modification of nanoparticle surface by DNA
sequences increases steric hindrance and elec-
trostatic repulsion between AuNPs that in-
creases their stability [8]. It allows us to ex-
pand the range of ionic strength of solutions
in which the use of nanoparticles becomes
possible. If the ionic strength of the solution
is high enough to ensure the efficient DNA
hybridization, and the AuNPs do not undergo
aggregation, it becomes possible to use AuNPs
as molecular labels to enhance the sensor sig-
nal [3-5, 9].

In suspension of the modified AuNPs, their
stabilization is observed when the inter-parti-
cle attractive and repulsive forces are balan-
ced [6]. The interface environment alters the
existing force balance leading to the surface
aggregation of AuNPs. Therefore, adsorption
of modified AuNPs is driven by both specific
(hybridization of complementary DNA chains)
and non-specific adsorption of modified
nanoparticles on the sensor surface [10]. If the
role of the latter becomes prevalent, an inten-
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sive aggregation of the modified AuNPs onto
the sensor surface occurs, its regeneration and
reuse become impossible. From this point of
view, it is crucial to determine the conditions
for selective and reversible interactions of the
modified AuNPs with a bioselective element
of the sensor.

Therefore, this study was aimed at the in-
vestigation of an influence of the oligonucle-
otides concentration on the process of their
immobilization on the surface of gold nanopar-
ticles (AuNPs), and revealing the features of
interactions of the AuNPs modified by various
oligonucleotides with oligonucleotides immo-
bilized on the chip of the SPR-based DNA-
Sensor.

Methods and Materials

1. Reagents

Urea, KH,PO,, 6-mercapto-1-hexanol were
obtained from Fluka (Buchs, Switzerland). All
solutions were made with deionized Milli-Q
water.

For immobilization on a gold sensor sur-
face, the single-stranded oligonucleotide P2
functionalized at the 5’-end with a thiol group
through hexamethylene spacer (HS-(CH,)4-
ACC CAC AAG CGC CGA CTG TTG) was
used. Its sequence represents the fragment of
the rpoB gene of Mycobacterium tuberculosis,
the mutations of which lead to the drug resis-
tance of the bacteria.

For hybridization with P2, the thiolated
oligonucleotides T2-18m (HS-(CH,).-CAA
CAG TCG GCG CTT GTG), T2-11m (HS-
(CH,)4-CAA CAG TCG GC) and the unmodi-
fied oligonucleotide T2 (CAA CAG TCG GCG
CTT GTG GGT) were applied. Notably, these
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three oligonucleotides possess a homological
sequence; T2-18m is shorter than T2, but
longer than T2-11m. All listed oligonucle-
otides hybridize with the complementary oli-
gonucleotide P2 in a very similar manner, but
the different length of the sequences causes
the different stability of the duplexes (Fig. 1).

For testing selectivity of the sensor re-
sponse, the thiolated oligonucleotide mp-14
(HS-(CH,),-GCT GAA GGG CTT TT), which
is non-complementary to P2, was used.

All oligonucleotides were obtained from
Metabion International AG (Germany). The
choice of the length and nucleotide sequence
of the oligonucleotides was described else-
where [5].

2. Synthesis of AuNPs

The preparation of AuNPs is performed
through the reduction of tetrachloroaurate ions
(AuCly) by boiling in an aqueous sodium
citrate solution [11]. First, 20 ml of 1 mM
HAuCl, are heated to a boil with constant stir-
ring and reflux. Then, 2 ml of 1 % sodium
citrate are added. Heating and stirring conti-
nued for 10 min. Gold ions are reduced grad-
ually, and the color of the solution becomes
saturated red. The solution is cooled to room
temperature. AuNPs obtained appear as practi-
cally monodispersed spherical structures with
a size of about 10—15 nm, which are stabilized
by weakly bound citrate ions. AuNPs are char-
acterized by the plasmonic absorption band at
approximately 520 nm.

3. Modification of AuNPs

For reliable immobilization of thiolated oli-
gonucleotides onto AuNPs, an ability of their
SH-groups to form covalent bonds with gold
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Fig. 1. Schematic presentation of the
hybridization between oligonucle-
otides P2 immobilized on the sensor
chip and oligonucleotides T2-18m
or T2-11m, which are part of the

modified AuNPs. For clarity, AuNPs
are shown as modified by the single

surface was used. To determine a level of the
oligonucleotide immobilization on the sur-
face of AuNPs, the procedure based on the
property of the SYBR Green II fluorescent
dye to increase drastically its fluorescence in
the presence of a single-stranded oligonucle-
otide was applied. Namely, a level of fluo-
rescence of SYBR Green II (proportional to
the oligonucleotide concentration) in solu-
tions before and after immobilization (initial
concentration of oligonucleotides and con-
centration of unbound oligonucleotides) is
measured. The difference is the molar con-
centration of the bound oligonucleotides. The
division of this value to a molar concentra-
tion of nanoparticles gives an average num-

oligonucleotide.

ber of oligonucleotides immobilized on a
single nanoparticle.

The AuNPs modification by the thiolated
oligonucleotides is carried out by incubation
of AuNPs with the oligonucleotides overnight
in 0.1xSSC buffer solution (1.5 mM sodium
citrate, 15 mM NaCl, pH 7) at room tempera-
ture. After that, nanoparticles are separated
from the unbound oligonucleotides by cen-
trifugation at 12,000 rpm for 30 min [12, 13].
The supernatant is used to determine a level
of the oligonucleotide immobilization on the
surface of AuNPs by SynergyHT (BioTek)
Microplate Reader, and the precipitate is ana-
lyzed by UV-Vis spectra analysis using spec-
trophotometer Nanodrop2000.
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4. SPR spectrometry of the processes
of oligonucleotide immobilization and
hybridization on the sensor surface

The two-channel SPR spectrometer “Plasmon
6 was used. This optoelectronic device in the
Kretchmann’s optical configuration was deve-
loped at V. Ye. Lashkaryov Institute of Semi-
conductor Physics of National Academy of
Sciences of Ukraine. The 45 nm thick gold
layer on a glass plate serves as a sensor sur-
face. Prior to modification, gold surface of the
glass plate is cleaned with freshly prepared
piranha solution (3:1 mixture of concentrated
H,SO,4 and 30 % H,0,; WARNING: piranha
solution reacts violently with organic com-
pounds and must be handled with extreme
care) at room temperature for 2 min, then
rinsed thoroughly with distilled and deionized
water, and dried in the air. The cleaned plate
is mounted on the spectrometer prism by using
immersion liquid of the same refractive index
as the prism and the plate. The flow rate (usu-
ally 40 pl min™') through the measuring flow
cell is controlled by the peristaltic pump
“Ismatec”. The preparation of bioselective
element of DNA-sensor includes two main
steps: immobilization of oligonucleotide probe
and passivation of the free chip surface. For
immobilization of the thiolated probe, 120 ul
of 1 uM P2 in 0.5 M KH,PO, (pH 3.8) are
injected into the measuring flow cell and ex-
posed for 1 h. After that, the sites on the gold
surface free from immobilized P2, were
blocked by 1 mM aqueous solution of 6-mer-
capto-1-hexanol [14].

At the beginning of the hybridization ex-
periment, the measuring flow cell of SPR spec-
trometer with the prepared bioselective element
of DNA-sensor is thoroughly washed by the
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running buffer solution, for example, 2xSSC
(30 mM sodium citrate, 300 mM NaCl, pH 7)
to obtain a stable sensor signal. At the next step,
120 pl of target solution in the running buffer
are injected into the measuring flow cell and
exposed for 10 min. To reuse the bioselective
element of DNA-sensor, it is necessary to dis-
rupt the bonds between hybridized DNA chains.
To implement thermal regeneration, a block of
thermal regulation of the measuring flow cell,
which controls temperature in a range from
20 °C to 60 °C, was developed (Patent of
Ukraine O. 110131 issued September 26, 2016,
IPC (2015.01) GOIN 21/55). After hybridiza-
tion at a room temperature, and the measuring
of the initial biosensor response, the heating to
the selected temperature is provided for 5 min
at continuous flow of the buffer solution.
Dehybridized nucleic acids are removed from
the measuring cell. Then, the heating is
switched off and the temperature in the cell
decreases to room temperature. After that a
final determination of the sensor response is
performed. By comparing the obtained value
with the initial one, the efficiency of the regen-
eration (or the portion of double-stranded com-
plexes disrupted due to this procedure) can be
defined. For chemical regeneration, the injec-
tion of 120 ul of 8 M Urea is used.

Results and Discussion

An influence of the initial concentration of
oligonucleotides on the level of their immobi-
lization on the surface of AuNPs was investi-
gated. Fig. 2A shows that the increase in the
initial oligonucleotide concentration resulted
in higher level of their immobilization. Up to
200 nM the dependence is close to linear, and
then the approach to saturation can be ob-
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served. In contrast, the efficiency of immobi-
lization (a ratio of the immobilized oligonucle-
otide concentration to the initial one) gradu-
ally decreases along with the increase of the
initial oligonucleotide concentration (Fig. 2B).

Given an average diameter of the spherical
AuNP (13 nm) and its surface area (530 nm?),
the maximum surface density of the immobi-
lized oligonucleotides T2-18m was ~26 mo-
lecules per particle, or ~0.5x10'3 molecules
cm 2, or ~8 pmol cm™2. It is well established
that salt concentration determines the loading

AuNP

capacity of thiolated DNA by AuNPs, where
a higher salt concentration results in more
DNA molecules adsorbed. When the NaCl
concentration is close to 1 M, ~110 thiolated
DNA strands can be immobilized on each
13 nm AuNP [15-17]. In our previous inves-
tigations, the levels of oligonucleotide immo-
bilization on the plain gold surface of the SPR
chip were 28 pmol cm™2 or 1.7x10'3 molecules
cm 2 for oligonucleotides P2 [5], and 7.6x1012
molecules cm™2 for oligonucleotides mod-Ph
[18]. When 50 nM P2-Cy3 in 0.1xSSC was
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used for immobilization on the spherical sur-
face of AuNPs, the surface density was ap-
proximately 13.5 oligonucleotides per nanopar-
ticle or 2.5x10!2 molecules/cm? [12]. On the
one hand, electrostatic repulsion between DNA
chains on a flat surface is stronger, which re-
duces the level of immobilization, and, on the
other hand, the process of immobilization on
the flat surface was held at 0.5 M KH,PO,. It
significantly shields the charges of phosphate
residues of DNA, and thus contributes to more
effective immobilization. Therefore, the ob-
tained values of the surface density of the
immobilized oligonucleotides T2-18m are in
good agreement with the data presented by
other authors as well as with our previously
published results for both cases of surface
curvature.

Further application of the modified AuNPs
is associated with hybridization between the
oligonucleotides immobilized on the AuNPs
surface and other (complementary) sequences
of nucleic acids. The efficient hybridization
occurs only under relatively high ionic
strength. However, in this case the equilibrium
between van der Waals attractive and electro-
static repulsive forces in the AuNPs dispersion
is disturbed and electrolyte-induced aggrega-
tion occurs. The dispersed AuNPs exhibit only
a single peak at ~520 nm, whereas particle
aggregates show two light extinction maxima.
As the interparticle spacing decreases, the first
peak becomes weaker, while the second peak
intensifies and shifts to longer wave-
lengths [6, 7].

As it was observed earlier, the stability of
modified AuNPs depends on a charge which
is carried by the modifying compounds, and
the negatively charged compounds increase
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the stability of nanoparticle dispersion [19,
20]. Therefore, AuNPs modified by negatively
charged oligonucleotides would be more stable
against the electrolyte-induced aggregation
than unmodified ones. Indeed, AuNPs with a
higher surface density of the immobilized oli-
gonucleotides demonstrated a higher stability.
Their level of light extinction at 520 nm re-
mained unchanged up to 0.5xSSC [9]. These
results allow using the modified AuNPs for
DNA hybridization because the concentration
of the buffer solution can provide rather strin-
gent and highly selective conditions for the
hybridization process [18, 21].

To investigate the influence of the sequence
and length of the oligonucleotides, which were
used for the modification of AuNPs, on the
level of their interactions with the oligonucle-
otides P2 immobilized on the chip surface of
the SPR-based DNA-sensor, three different
oligonucleotides were applied (T2-18m, T2-
11m and mp-14). After overnight incubation
of 1 uM solution of each oligonucleotide with
5 nM AuNPs and the separation of nanopar-
ticles from the unbound oligonucleotides by
two-step centrifugation, the concentration of
the obtained AuNPs was determined spectro-
photometrically at 520 nm. Losses at the clean-
ing procedure constituted 15-30%. Finally,
0.25 nM solution of AuNPs modified by either
mp-14, T2-18m or T2-11m was injected into
the measuring flow cell of the DNA-sensor,
and the sensor response was recorded.

To reuse a bioselective element of the
DNA-sensor after hybridization step, thermal
or chemical regeneration could be applied.
The strength of bonding between two hybrid-
ized oligonucleotides is easy to predict, be-
cause it depends on the number of comple-
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mentary base pairs. This strength can be ex-
pressed as thermodynamic parameters of
hybridization or melting temperature (T,,) of
a double-stranded complex. Using the
DINAMelt web server http://mfold.rna.al-
bany.edu/?q=DINAMelt [22] the values of
the melting temperature (T,,) of double-
stranded oligonucleotides of varying degree
of complementarity were calculated for ho-
mogeneous state (in solution) for the next
oligonucleotides. P2 and T2 are fully comple-
mentary 21-mers, T2-18 and T2-11 are, re-
spectively, 18- and 11-mer shorter fragments
of T2. So, T2-18 and T2-11 — partially com-
plementary to P2, and therefore the strength
of their double-stranded complexes with P2
is smaller and T,, is lower than that of com-
pletely complementary pair P2-T2 (Table 1).
And the difference in 3 nucleotides between
T2 and T2-18 leads to the decrease in T,
value of their duplex with P2 by approxi-
mately 5 °C, whereas the difference in 10 nu-
cleotides between T2 Ta T2-11 — by ~25 °C.
Table 1 also shows the direct dependence of
T,, on ionic strength of the medium (multi-
plicity of SSC buffer solution).
Oligonucleotides T2-11m and T2-18m have
the same nucleotide sequence as oligonucle-
otides T2-11 and T2-18, respectively, but they
were additionally modified at the 5’-end by

SH-group for reliable immobilization on gold
surfaces. AuNPs modified by the oligonucle-
otides mp14, which are not complementary to
P2, were used as a control.

For thermal regeneration, a block of thermal
regulation of the measuring flow cell was used.
As expected, the injection of the non-comple-
mentary oligonucleotides mp14 as a part of the
modified nanoparticles into the measuring cell
of the SPR biosensor did not cause any sensor
response (data not shown). It indicates the ab-
sence of non-specific adsorption of the nanopar-
ticles modified by non-complementary oligo-
nucleotides. As shown in Fig. 3 and 4, the injec-
tion of both complementary oligonucleotides as
parts of the modified nanoparticles into the
measuring cell of the DNA-sensor at room
temperature caused significant and approxi-
mately the same sensor response, indicating a
successful hybridization with P2 immobilized
on the sensor chip. However, the elevation of
temperature in the thermo-regulated measuring
cell to 45°C and subsequent cooling to the ini-
tial temperature affected the stability of double-
stranded complexes formed with T2-18m or
T2-11m in different way. In case of a longer
oligonucleotide (their duplexes are character-
ized by a higher T,,), the sensor signal returned
almost to the level observed before heating.
That is, the temperature elevation to 45 °C was

Table 1. The values of melting temperature of the pairs of studied oligonucleotides calculated for
homogeneous state (in solution) for different ionic strength (multiplicity of SSC buffer solution).

Pairs of oligonucleotides T, in 0.5xSSC, °C T, in 1xSSC, °C T, in 2xSSC, °C
P2TaT2 62.5 65.7 69.1
P2 ta T2-18 57.6 60.8 64.1
P2 ta T2-11 37.8 40.6 43.6

All calculations are performed for 22 °C, 0 M Mg2*, and 100 nM concentration of the oligonucleotides.
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insufficient to melt duplex P2/T2-18m and to
regenerate the bioselective element of the DNA-
sensor (Fig. 3). The thermal regeneration after
hybridization of P2 with T2-18m immobilized
on the surface of AuNPs requires heating above
60 °C, and was not applied because of technical
limitations of block thermal regulation of the
measuring flow cell.

In case of the short oligonucleotides T2-
11m (their duplexes are characterized by T,
below 45 °C), after the temperature elevation
to 45 °C and subsequent cooling to the initial
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Fig. 3. SPR sensogram representing
hybridization between oligonucle-
otides P2 immobilized on the sensor
chip and oligonucleotides T2-18m,
which are a part of the modified
AuNPs, as well as the impact of
heating to 45 °C and subsequent
cooling to the initial temperature on
the stability of the double-stranded
complexes formed. The reaction me-
dium is 0.5xSSC.

350 360

Fig. 4. SPR sensogram representing
hybridization between oligonucle-
otides P2 immobilized on the sensor
chip and oligonucleotides T2-11m,
which are a part of the modified
AuNPs, as well as the impact of
heating to 45 °C and subsequent
cooling to the initial temperature on
the stability of the double-stranded
complexes formed. The reaction me-
dium is 0.5xSSC.

480 500

temperature the sensor signal returned to the
level observed before hybridization. That is,
heating to 45 °C caused the efficient regen-
eration of the bioselective element by thermal
destruction of the duplexes P2/T2-11m
(Fig. 4).

Fig. 5 shows the sensograms representing
the hybridization between oligonucleotides P2
immobilized on the sensor chip and oligonu-
cleotides, which are a part of the modified
AuNPs. These sensograms were obtained at
room temperature using 8 M Urea for chemi-
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Fig. 5. SPR sensograms representing
the hybridization between oligonu-
cleotides P2 immobilized on the sen-
sor chip, and oligonucleotides,
which are a part of the modified
AuNPs, as well as the impact of 8M
2 urca on the stability of the double-
- stranded complexes formed. AuNPs
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cal regeneration of the bioselective element of
the DNA-sensor. The injection of the non-
complementary oligonucleotides mp14 as a
part of the modified nanoparticles, as expected,
did not cause any sensor response (curve 1).
The injection of both complementary oligo-
nucleotides as a part of the modified AuNPs
into the measuring cell of the DNA-sensor
caused significant and approximately the same
sensor response, indicating a successful hy-
bridization with P2. In case of AuNPs modified
by the short oligonucleotides T2-11m
(curve 2), the injection of 8 M Urea resulted
in rather efficient regeneration, which is com-
parable with that at the hybridization of free
standing (without AuNPs) completely comple-
mentary oligonucleotides T2 [5, 21, 23].
Although in case of AuNPs modified by longer
oligonucleotides T2-18m (curve 3) a signifi-
cant part of the double-stranded complexes
(~70 %) was destroyed using 8 M Urea, a less

! were modified by mp14 (1), or T2-
11m (2), or T2-18m (3). The reac-
tion medium is 0.5xSSC.

efficient regeneration was observed. This rela-
tively low efficiency of regeneration cannot be
explained only by stronger specific interactions
of P2 with 18-mer (compared with 11-mer),
because the duplex of P2 with completely
complementary T2 (21-mer without AuNPs)
is easily disrupted by 8 M Urea. Probably, it
can be explained by the contribution of non-
specific interactions of AuNPs with the biose-
lective element of the DNA-sensor (in addition
to P2/T2-18m hybridization). Therefore, a
search for conditions of more efficient chemi-
cal regeneration after hybridization of P2 with
T2-18m immobilized on the surface of AuNPs
should be continued.

Taking into account that in the field of SPR
sensors, the limit of detection (LOD) is usu-
ally defined as the concentration of analyte that
produces sensor response corresponding to 3
standard deviations of sensor response mea-
sured for a blank sample [1, 24], LOD for
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AuNPs modified by T2-11m or T2-18m was
calculated to be ~ 10 pM. Previously, the de-
tection of 20 nM T2 (free standing) by the
same P2-based DNA-sensor was shown [9].
Therefore, the calculated LOD is in a good
agreement with our earlier prediction that at
using AuNPs modified by specific oligonucle-
otides, a response of the DNA hybridization
sensor based on the SPR spectrometer
“Plasmon 6 can be amplified by over 1000
times [9]. Additionally, this LOD value is 2
orders of magnitude smaller, than the level of
detection of T2, which was achieved using the
impedimetric P2-based DNA-sensor [25].

Conclusions

The results of the present study show that a
level of the oligonucleotide immobilization on
the AuNPs surface directly depends on the
initial oligonucleotide concentration, whereas
the initial oligonucleotides concentration and
the efficiency of their immobilization on the
surface of AuNPs demonstrate the inverse
relationship. The obtained values of the surface
density of the oligonucleotides immobilized
on the surface of AuNPs are in good agreement
with the data presented by other authors as
well as with our previously published results.

Using SPR-based DNA-sensor, the efficient
hybridization between oligonucleotides im-
mobilized on the sensor chip and complemen-
tary oligonucleotides of various length immo-
bilized on AuNPs was demonstrated. In case
of the AuNPs modified by the short oligonucle-
otides (T2-11m), the efficient thermal and
chemical regenerations of the bioselective ele-
ment of the DNA-sensor were achieved. In
case of AuNPs modified by longer oligonucle-
otides (T2-18m), chemical regeneration of the
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bioselective element of the DNA-sensor by 8
M Urea was not so efficient, probably due to
a contribution of nonspecific interactions of
AuNPs with the bioselective element of the
biosensor.

Additionally, our prediction that at use of
AuNPs modified by specific oligonucleotides
a response of the DNA hybridization sensor
based on the SPR spectrometer “Plasmon 6”
can be amplified by over 1000 times [9] was
confirmed also. The efficient hybridization of
the oligonucleotides of various lengths im-
mobilized on AuNPs with the oligonucleotides
immobilized on the sensor surface as well as
the possibility of thermal and chemical rege-
nerations allow multi-use of the sensor along
with a strong amplification of the sensor signal.
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Hocaigxenns riopuanzanii JHK Ha noBepxHi
CEeHCopa MOBEPXHEBOI0 MJIA3MOHHOIO PE30HAHCY
3 BHUKOPHCTAHHSIM HAHOYACTHHOK 30J10TA,
Moau¢ikoBaHux cneurpivHumMu
OJTiIrOHyKJIeOTHIAMU

M. M. Manumus, A. 1. Kyuepos, FO. B. Yienin,
O. M. JIsmin, A. M. Jlonaruacekuii, B. 1. Uerens,
O. E. PaukoB

Merta. BiBUeHHS BIUIMBY KOHIIEHTPAIiT OJITOHYKJICOTH/IIB
Ha iX iIMMOOLTI3allif0 HAa TIOBEPXHI HAHOYACTHHOK 30JI0Ta
(AuNPs) Ta BUsBIEHHS IEIKHX OCOOTUBOCTEH B3a€MOIii
AuNPs, Moin(iKoBaHUX PI3HUMH OJIITOHYKJIEOTUIAMH, 3
OJIITOHYKJICOTHIaMH, iMMOOLTI30BaHMME Ha ymmmi JTHK-
CEHCOpa MOBEPXHEBOTO IJIA3MOHHOTO pe30HaHcy. MeToau.
PiBenb iMMOOITI3aIlT OJITOHYKIICOTHIIB HA TTOBEPXHI
AuNPs nocnimkysamu (GyopecleHTHOI CIIEKTPOMETpi-
ero. B3aemogist crabinizoBanux mutpatoM AuNPs, momu-
(hikOBaHUX OJIITOHYKJICOTHAAMH, 3 OJITOHYKIICOTHIAMH,
iMmoOiTizoBanumu Ha uuni JJHK-ceHcopa, BuBuanm 3a
JIOTIOMOTOIO CIIEKTPOMETPIT ITOBEPXHEBOTO TIA3MOHHOTO
pesonancy. Pesyabrarn. [Ipu immoOinizaii onironykie-
OTHIIB Ha MOBEPXHI cTabimizoBaHux muTpatom AuNPs
MOYATKOBA KOHIIEHTPALsl OJIFOHYKJICOTH/IIB BILIMBAE Ha
piBeHb ix iMmoOuUTIzanil: 1o 200 HM 3anexHicTh Oyina
OJII3BKOFO JI0 JIHIMHOT, a ITOTIM CITOCTEPIray HaOIKeH-
HS 10 HACHYCHHA (~26 MOJIEKYNT Ha OJHY YaCTHHKY abo
~0,5 x 1013 monekyn cm2). Ha BigMiHy Bij 116010, ehek-
TUBHICTH IMMOOLTI3aIlii TTOCTYIIOBO 3MEHIIIYETHCS Pa3oM
13 30UIBIICHHSIM ITOYaTKOBOI KOHIIEHTPAIIil OIrOHYKJICO-
tuaiB. Bukopucrosytoun JJHK-ceHcop moBepxHEBOTO
TUIA3MOHHOTO PE30HAHCY, MPOAEMOHCTPYBAN €()EKTHBHY
riOpUAM3aIiFo MK OJIITOHYKJICOTHIaMH, IMMOOLITI30BaHU-
MH Ha CEHCOPHOMY YHITi, Ta KOMIUIEMEHTAPHUMH OJIro-
HYKJICOTHIAMH Pi3HOI JOBKUHH (KopoTki T2-11m i goBri
T2-18m), immoOinizoBaHuMu Ha ioBepxHi AUNPs. YV Bu-
naaky AuNPs, MomuQikoBaHHX KOPOTKMMH OJIITOHYKJIE-
OoTHAaMH, OyH JOCATHYTI €(EKTHBHI TEPMidHA Ta XiMid-
Ha pereHepailis 6iocenekruBHoro eneMenTa JIHK-cercopa.
BucHoBku. PiBeHb iMMOOLTI3aIlil OJIITOHYKICOTHUIIB HA
roBepxHi AUNPS npsiMO MPONOPLIHO 3aJIeKNTh Bij BU-
XiTHOT KOHIIEHTpAIlii OJITOHYKJICOTHIIB, TOI K BHUXiTHA
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KOHIICHTpALIIST OJITOHYKJICOTHIIB Ta e(heKTUBHICTH 1X M-
MoOinizamii Ha moBepxHi AUNPS 1eMOHCTPYIOTh 3BOPOT-
HUii 3B’ 5130K. EekTrBHA T10OpUIN3aIlis OJITOHYKIICOTHIIB
Pi3HOT NOBKXUHM, iIMMOOLITIZ0BaHUX Ha AUNPS, 3 onirony-
KJICOTHIaMH, IMMOO1Ti30BaHIMH Ha TIOBEPXHi CEHCOpa, a
TaKOK MOXKJIMBICTH TepMI4HOT 200 XiMIYHOI pereHepartii
JIO3BOJISIIOTH Oararopa3oBO BUKOPHUCTOBYBAaTH CEHCOP Ta
JIOCSITaTH BEJTMUYE3HOTO IMTJICHIICHHS CEHCOPHOTO CHUTHAITY.

Kaw4yoBi cJioBa: HAHOYACTUHKH 30JI0Ta, OJIrOHY-
KJICOTHAH, IMMOO1ITi3alisl, TTOBEPXHEBHUI TUTA3MOHHUI
pesonanc, riopunusanist JJHK, JTHK-cencop.

HccnenoBanue rudopuausanuu JHK na
TMOBEPXHOCTH CEHCOPA MOBEPXHOCTHOTO
MJ1a3MOHHOT0 PEe30HAHCA € UCHOJIb30BAHUEM
HAHOYACTHII 30J10Ta, MOAU(PUIMPOBAHHBIX
cnenu(puIeCKUMHU OJTUTOHYKIEOTHIAMH

M. U. ManumuH, A. U. Kygepos, 1O. B. Ymenun,
A. M. Jlstiun, A. H. Jlonarunckuii, B. . Yerens,
A. D. PaukoB

Iens. M3ydyeHne BIUsSHNUS KOHLIEHTPALMK OJIMTOHYKJICO-
THJIOB HA X MMMOOMIM3ALIUIO HA TIOBEPXHOCTH HAHOYA-
ctwi 3050ota (AuNPSs) 1 BBISIBIICHHE HEKOTOPBIX 0COOCH-
HocTell B3anmonercTBrst AuNPs, MomudHImpoBaHHBIX
Pa3IMIHBIMU OJIMTOHYKJICOTHIAMH, C OJIMTOHYKJICOTHIA-
Mu, IMMOOIITM30BaHHBIME Ha umntie JIHK-cencopa mo-
BEPXHOCTHOTO IIJIJA3MOHHOTO pe3oHaHca. MeToasbl.
YpoBeHb NMMOOMITU3AIMHN OJIUTOHYKJIEOTH/IOB Ha ITOBEPX-
HoctH AuNPs uncciieoBani GIIyopecieHTHOM CIIEKTPO-
MeTpuei. BzanmonelicTBre cTaOMIM3UPOBAaHHBIX IIUTPA-
ToM AUNPS, MOITU(HUITPOBAHHBIX OJIMTOHYKJICOTHIAMH,
C OJIMTOHYKJICOTHIaMH, UMMOOMIN30BaHHBIMU Ha YUIIC
JHK-ceHcopa, uzydyaiu ¢ NOMOLLIBIO CHEKTPOMETPUU
TTOBEPXHOCTHOTO IIa3MOHHOTO pe3oHaHca. Pe3yibrarsl.
[Tpy1 UMMOOHITH3AaLH OJIMTOHYKJICOTHIOB Ha TIOBEPXHO-
CTH CTa0WIM3UPOBaHHBIX UTparoM AuNPs HauaapHas
KOHIIEHTPALWS OJIATOHYKJICOTH/IOB BIIMSIET HA YPOBEHb MX
nmmoomm3anmu: 10 200 HM 3aBHCMMOCTB Oblita Onu3Ka
K JIMHEWHOM, a 3aTeM HaOJIoaIy MpUOIMKeHHe K HaChl-
IEeHHTO (~26 MOJIEKYIT Ha OfHy JacTuiry mwi ~0,5 x 1013
MoJiekys1 cM 2). B ommuune ot 31oro, 3(h(hekTuBHOCTD
MMMOOMIIN3AIINH TTOCTEIIEHHO YMEHBIIIAETCs BMECTE C
YBEIMYEHUEM HavalbHON KOHLEHTPAILMH OJIMIOHYKIIEO-
tuaoB. Ucnons3ys JIHK-ceHcop moBEpXHOCTHOIO ILIa3-



SPR investigation of DNA hybridization using modified AuNPs

MOHHOTO PE30HAHCA, MPOJAEMOHCTPHPOBATH dPPEKTUBHYIO
THOPHIN3AIIIO MEK/Ty OJTMTOHYKJICOTHIaMH, IMMOOWITH-
30BaHHBIMU Ha CEHCOPHOM YUIIE, U KOMIIJIEMEHTAPHBIMU
OJIUTOHYKJICOTUIAMH PA3TMIHON JIHHEI (KopoTkue T2-
11m u gmaEBIe T2-18mM), IMMOOHIIN30BaHHBIMU HA
noBepxHoct AuNPs. B cityuae AuNPs, momuduimpo-
BaHHBIX KOPOTKIMH OJTMTOHYKJICOTHIAMH, OBLIH JOCTH -
HyTHI 2(p(heKTHBHBIE TEPMUYECKas 1 XUMUYIECKasi pereHe-
pauust O6uocenexktuBHoro siuemenrta JIHK-cencopa.
BsiBonb1. YpoBeHb IMMOOWITH3AINH OJTUTOHYKIICOTH/IOB
Ha oBepXHOCTH AUNPS TIpsiMO MPOMOPIIMOHAIIEHO 3aBH-
CHUT OT UCXOJIHON KOHIIEHTPALIMH OJUTOHYKJIEOTHIOB,
TOra KaK HCXOIHAsS! KOHIICHTPALIKS OJIUTOHYKIICOTHIIOB U
3 PeKkTUBHOCTh UX UMMOOWIM3AIIMA HA TIOBEPXHOCTH

AuNPs 1eMOHCTpUPYIOT HPOTUBOIOIOKHYIO CBS3b.
D¢ dexTrBHAs THOPUIN3ALIS OJIMTOHYKIICOTH/IOB Pa3iIny-
HOM JUTMHBI, UMMOOMIT30BaHHBIX HA AUNPS, ¢ ourony-
KJIEOTUZAMH, UMMOOUIIN30BAHHBIMHU Ha ITOBEPXHOCTH
CEHCOPA, a TAK)KEe BOZMOYKHOCTD TEPMHYECKOH MITH XUMH-
YEeCKOH pereHepanyy Mo3BOJSIFOT MHOTOKPATHO HCIIOJNb-
30BaTh CEHCOP U JIOCTUTaTh OTPOMHOIO YCHIICHUS CEHCOP-
HOTO CHTHAJIA.

KnaoueBble €J10Ba: HAHOYACTHIIBI 3010Ta, OJIUTOHY-
KJICOTHTBI, IMMOOMITU3AIHSI, TIOBEPXHOCTHBIN TUTA3MOH-
HBII pe3oHaHc, ruopumusarms JJHK, [THK-cencop.
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