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Abstract—This review discusses contemporary approaches to designing sensory systems for the identification
and determination of nucleic acids (NAs) without amplifying target molecules. Here we summarize the data
about methods based on surface plasmon resonance and surface-enhanced Raman spectroscopy, as well as
their possibilities, limitations, and prospects for further development.

Keywords: nucleic acids, analysis without amplification, SPR, SERS, detection of viral and tumorous nucleic acids

DOI: 10.3103/50027131421060079

In recent decades, there is a high demand in the
development of methods for the detection of infec-
tious and genetic diseases based on the identification
and determination of nucleic acids (NAs). The appli-
cation of NAs provides rapidity, low invasiveness,
unique specificity, and high sensitivity. Among the
approaches used for the identification and determina-
tion of NAs for biomedical application, the most pop-
ular methods are those based on the polymerase chain
reaction (PCR) that allow one to obtain through cyclic
enzymatic amplification a great number of fragment
copies of the target NA molecule limited by the oligo-
nucleotide sequences required for the in vitro amplifi-
cation of NA with DNA polymerase [1].

Multiple in vitro enzymatic replication of the
original NA in the studied sample of a biological material
allows one to detect single molecules (Fig. 1a). At the
same time, because of enzymatic replication, errors can
be introduced to the resulting fragments upon PCR as
single nucleotide substitutions in NA sequences (Fig. 1b).
This imposes constraints on the use of PCR methods
for the determination of a low-abundance mutant
allele fraction of NA, i.e., in the cases when it is nec-
essary to determine a fragment with a point mutation
at a large number of wild-type fragments. If the rate of
the determined mutation is lower than the error of
enzyme operation, the use of the PCR method results
in invalid data [2] (Fig. 1c).

Because of the need to analyze circulating cell-free
NAs for fetal diagnostics and diagnostics of cancer and
viral diseases, the question acutely arises as to whether

methods for the identification and determination of
NAs in biological liquids are reliable, which requires
the development of new approaches allowing one to
take into account the error of enzymatic replication.
Among the solutions to this issue are droplet digital
PCRs operating with the absolute number of NAs [3]
and targeted deep Next-generation sequencing using
molecular identifiers to estimate the enzymatic repli-
cation error at each position [3]. The NA fragments
obtained in PCR are detected using different physico-
chemical methods, for example, electrochemical
methods [4—6], fluorescence spectroscopy [7, 8],
infrared absorption spectroscopy [9—11], and others
[12]. It should be noted that due to the presence of
enzyme inhibitors in biological liquids, PCR-based
methods are not applicable for the direct detection of
NAs in them without the preliminary isolation of the
NAs. In the case of the analysis of microRNA, all the
above-mentioned disadvantages are escalated by an
additional stage, reverse transcription PCR (RT-PCR,
transcription of RNA chains into DNA), which makes
the analysis more difficult or expensive. Taking into
account that RNA-dependent DNA polymerases pos-
sess extremely low toxicity, it is obvious that PCR- and
RT-PCR-based methods cannot provide reliable data
for research purposes requiring the detection of point
mutations of genes or their transcripts [13].

Among the promising ways to overcome the current
limitations of diagnostic sensor systems is the develop-
ment of direct methods (without PCR amplification) for
the identification and determination of NAs at the level
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Fig. 1. Principle diagram for the determination of NAs by amplification (a, b, ¢c) and amplification-free (d) methods.

of single molecules without the preliminary sample
preparation of biological objects (Fig. 1d).

First of all, systems of such a type include surface
plasmon resonance sensors (SPR sensors) [14] and
surface-enhanced Raman scattering sensors (SERS
sensors) [15], the operation principle of which is based
on measuring the optical response of a high-sensitivity
plasmon element upon adsorption of an analyzed sub-
stance thereon. SPR sensors detect the change in the
refractive index of a metal nanostructure, which
changes upon the adsorption of components of the
analyzed surface sample, thereby determining the
presence of any given substance in the medium.

SERS sensors record the Raman spectrum of an
analyte amplified by the metal nanostructure. This
spectrum contains information on the natural oscilla-
tion frequencies of molecules and is unique for each
substance. Since Raman scattering is a nonlinear pro-
cess, the increase in the electrical field near the metal
nanostructure surface upon excitation of localized
SPR in them significantly increases its efficiency,
which allows SERS sensors to detect an ultralow
amount of a substance (at a level of single molecules).
For example, the SERS method was used to analyze
PCR products in the presence of virus-specific DNA oli-
gonucleotides of biological liquids in patients infected
with the hepatitis B virus [16] and COVID-19 [17].

The aim of this study is to give an insight into the
analytical capabilities of the current amplification-
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free SPR and SERS sensor systems for the identifica-
tion and determination of NAs.

SPR Sensors for the Determination of Nucleic Acids

SPR for the analysis of bioorganic compounds,
which also include NAs, has been being used for more
than three decades. The principles of SPR have been
reviewed in detail in [18]. All SPR methods are based
on resonance vibrations of electrons upon excitation of
a surface plasmon by external electromagnetic wave at
its resonance frequency. In the most common version
of SPR detection, the incident light is focused through
a prism on the surface of a thin metal film (typically,
gold orsilver). If the conditions of total internal reflec-
tion are fulfilled, starting from a certain incidence
angle the light passing through the prism is reflected
from the glass/metal surface. Photons of incident light
interact with the conductivity electrons to result in the
emergence of resonance and the formation of quasi-
particles called plasmons. Plasmons propagate along
the metal surface creating evanescent electromagnetic
waves at a distance of ~300 nm from the surface. This
distance is defined by two factors: the wavelength of
incident radiation and, consequently, the momentum
of conductivity electrons being dependent on the
properties of the surface and processes occurring on it
(for example, adsorption of molecules). The evances-
cent field created by the plasmons interacts with the
metal surface—adsorbed molecules of the biopoly-
mers, proteins, and NAs, which leads to a change in
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the refractive index of the metal film. This change is
recorded by a detector [19, 20].

Typically, the specific SPR determination of target
molecules of the above-mentioned analytes is based
on their hybridization resulting in the binding of the
NA analyte to the sensor surface with an immobilized
oligonucleotide comlementary to the studied sequence,
which is called the DNA probe. Such DNA probes can
contain or be free of additional indicator molecules
(labels) for the implementation of the SPR. In the
case of the former, the signal is recorded upon a
change in the space position of the label relative to the
plasmon surface formed by nanoparticles as a result of
conformational changes of the probe and, in the latter
case, the signal is recorded upon DNA—DNA
(probe—analyte) or DNA—DNA-—protein (probe—
analyte—DNA-binding protein) complex formation.
There are different versions of immobilization of DNA
probes on the metal surface: the most popular version
is covalent binding through the thiol group (—SH),
while modification of the surface with streptavidin and
NAs with either biotin or an aptamer adapter sequence
is applied more rarely [20]. Substrates are usually cre-
ated using nanostructured gold or silver [21] and more
rarely other transition metals and materials based on
them [22]. The use of gold is preferred due to its lower
corrosion, lower toxicity for biological objects, and stron-
ger Au—S bond (418 kJ mol~! [23]) compared to Ag—S
(217 kJ mol~!, according to https://www.webelements.
com/silver/compound_properties.html). A signifi-
cant advantage of the SPR method consists in its high
sensitivity due to multiple signal amplification (by fac-
tors of 10* to 10'%) and the absence of the need to use
special chemical modifications in some versions.

The SPR method was used also without combina-
tion with probe—analyte hybridization to design a sys-
tem version for the determination of the NA sequence
by the type of Next-generation sequenator (NGS) and
the development of an SPR biosensor based on it for
the determination of the primary structure of the
DNA by synthesis. In this version, the system composed
of a gold plate with the surface modified with biotinylated
dextran was used. The model NA analyte was synthetic
oligonucleotides crosslinked with streptavidin. ANTPs of
each type were supplied sequentially and removed into
a chip flow cell and the addition of a nucleotide was
recorded by the change in the refractive index caused
by the shift of DNA polymerase in its complex with
DNA after the addition of a nucleotide [24]. SPR sen-
sors can provide relatively high sensitivity of about
2000—4000 nm of the spectral resonance shift per
refractive index unity (RIU), but cannot meet modern
trends in the development of biochemical analysis, i.e,
new hierarchic structures, resolution beyond the dif-
fraction limit, and selectivity by the size of biocom-
plexes. The surface structuring with arrays of nanopar-
ticles and localized surface plasmon resonances
(LSPRs) related to such 2D organization can become
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a basis for some promising biosensor nanoarchitec-
tures and provide new functional capability. In combi-
nation with a large surface for the immobilization of
organic compounds and biological objects provided by
the 3D matrix, the proposed sensor architecture prog-
nosticates a new stage in the development of plasmon
sensor technologies. Finally, the possibility to amplify
the field at hotspots of the metamaterial matrix makes it
possible to perform analysis using one sensor element
by surface-enhanced Raman scattering simultaneously
with the SPR method. The considerably increased
surface area specified by the topography and proper-
ties of the material allows one to increase the amount
of a biomaterial which could be included in the matrix
within the available depth for the probe hybridization
[25—27]. In addition, the distance between blocks
within a nanostructured sensor can be selected in
accordance with the size of biopolymer complexes of
interest (NA—protein), which gives access to the addi-
tional possibility of realizing the size selectivity, which
is important for many tasks, and in particular, for the
detection of viruses and DNA-binding proteins. In
general, the presence of regular cells with a size suit-
able for target analytes in the array of blocks for surface
assembly (a certain 3D morphology of a sensor used in
each work is also the characteristic of nanostructured-
ness) can favor an increase in the reproducibility and
sensitivity of the determination of a different nature of
biopolymers due to the improvement in the signal-to-
noise ratio [28]. Such an approach was implemented
in the version of the SPR [24] and SERS [26].

A comparative study of the literature data [18—28]
showed that amplification-free methods for the deter-
mination of NAs based on the SPR attract attention of
researchers due to the possibility of amplifying a signal
by a factor of 10 million; however, in terms of sensitiv-
ity, they are still inferior to the PCR-based amplifica-
tion methods enabling the detection of single NAs
molecules in biological objects. This fact favored the
development of approaches to the determination of
the above-mentioned molecules by surface-enhanced
Raman scattering.

SERS SENSORS FOR THE DETERMINATION
OF NUCLEIC ACIDS

The inelastic scattering of radiation on molecules
of matter accompanied by a frequency change is
referred to as the Raman effect or combination scat-
tering. The Raman spectrum of a molecule carries
information on transitions between vibrational sublev-
els, i.e., vibrations of atoms and atomic groups within
the molecule [3]. However, the probability of Raman
scattering is low compared to elastic scattering (one
photon among 107); therefore, signal amplification is
a topical problem. When nanostructured metal sur-
faces interact with the incident light, localized surface
plasmons are excited to produce a giant electromag-
netic field at hotspots. When an analyte enters such
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hotspots, the analytical signal is considerably ampli-
fied. The difference between the energies of the inci-
dent and scattered lights corresponds to the vibrational
energy of analyte molecules [29]. SERS produces an
effect of a multifold increase in the Raman scattering
intensity of a substance adsorbed on the plasmon sur-
face when the wavelengths of exciting electromagnetic
radiation and Raman scattering are close to that at
which plasmon resonance is observed. In this method,
the surface is composed of gold or silver nanoparticles,
since they possess the highest coefficient of signal
amplification.

Using SERS, we can record the intrinsic spectra of
both NAs (direct SERS spectroscopy) and the
reporter molecules cross-linked with the DNA probe
(indirect SERS spectroscopy). Since in the former
version the signal from NAs is caused by vibrations of
the sugar-phosphate backbone and nitrogenous bases
and is independent of the order or sequence of nucle-
otide residues, the SERS signal is recorded regardless
of the molecular structure. Despite the fact that nucle-
otides with identical length but differing by one resi-
due can be identified in principle using synthetic sin-
gle stranded DNAs [30], it should be noted that, under
the conditions of real biological liquids, extracellular
NAs are cleaved by nucleases to result in the appear-
ance of NA fragments with a different length (the nor-
mal distribution with a peak of about 146 base pairs
(bp) for the DNA). The possibility of alternative RNA
splicing and the presence of several alleles of one gene
can significantly complicate the identification of the tar-
get fragment. The presence of foreign components also
plays a certain role, for example, in the case when a
mutant DNA containing single-nucleotide substitution
is determined against the background of a wild-type
DNA, which is often present at concentrations by several
orders of magnitude higher than that of the mutant form.
It is considered that direct SERS spectroscopy cannot be
used to design sequence-specific sensors without
additional PCR amplification. Such a method was
implemented in the determination of high concentra-
tions of specified-size fragments of the NA analyte,
which is also achieved during PCR [16].

It was shown in [31] that NA fragments with a
length of 20 and 141 residues, rather than 35 residues,
containing oligonucleotide substitutions of the KRAS
gene can have individual distinct spectra against a
great number of wild-type NAs. Also, the fragment of
141 bp was shown to have peaks in the region of 633 and
684 cm™!, corresponding to the 3'-endo and 2'-endo
conformations of deoxyribose, which suggests the
simultaneous presence of the DNA A and B forms in
this fragment. No such phenomenon was observed in
the case of 20 and 35 bp fragments. This is likely due to
the fact that short NA fragments with a length of 20
and 35 bp fold to a spatially ordered structure with double
helix fragments of one shape, while the secondary struc-
ture of the fragment with a length of 141 n.rs. is a more
complex combination of DNA A and B forms [31].
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Although the authors of [31] showed that the proposed
method can determine nucleotides differing in com-
position and size and having an identical composition
but with a different order of bases, this method is
scarcely applicable for the analysis of real clinical sam-
ples due to the heterogeneity of the NA lengths. Note-
worthy that the method for the unification of the frag-
ment length of analytes by the enzymatic cleavage by
restriction endonucleases was suggested in this study-
ing. However, as in the above-mentioned work [30],
the disadvantage of using single stranded DNA for
analysis lies in the selective isolation of one chain from
the DNA double helix. Summarizing all of these
points, it can be concluded that analysis methods
based on the direct SERS determination of individual
DNA molecules are interesting from the viewpoint of
fundamental chemistry; however, the feasibility of
their practical application requires further studies.

The analysis methods by indirect SERS spectros-
copy are free of the described above disadvantages and
are applied with success to design biosensors in the
solution of a wide range of biomedical tasks, such as
the determination of DNAs of viruses, bacteria, and
oncogene point mutations.

The authors of [32] developed the “on-to-off” sen-
sor to determine mutations in the KRAS gene. Since
the KRAS gene can contain many mutations, the
authors proposed determining the content of wild-
type DNAs (WT-KRAS) in the total DNA of KRAS.
As the SERS-amplifying surface, the so-called
nanorods, elongated filamentary nanoparticles con-
sisting of a gold core and a silver shell, were used.
Nanoparticles were immobilized on a thiolated speci-
men glass and conjugated with oligonucleotide con-
taining the SH group at the 3'-end and the SERS-
active label at the 5'-end. The appearance of WI-KRAS
in the mixture results in a hairpin opening and a drop
in the signal intensity. The sensor was tested in two
versions: (1) on isolated wild-type KRAS DNAs and
KRAS GI12V (mutant forms with point mutations
results in the substitution of valine for glycine in posi-
tion 12 of the protein), and on their mixtures with a
different component ratio of the wild-type DNAs and
mutant forms; and (2) on the total DNA isolated from
two human cell lines, one of which contained muta-
tions and the other one that was free of mutation, as
well as on their mixtures with a different ratio of the
wild-type DNAs and mutant forms. The results of the
determination were found to be statistically valid.
Among the undoubted advantages of this method are
the low limit of detection (50 fM) of the KRAS gene
DNA, short analysis time (~40 min), and low cost.
However, while the authors succeeded in showing the
statistical repeatability of the data by three measure-
ments for certain concentration ratios, upon variation
in the ratio, the signal in the wild-type DNA samples
becomes statistically indistinguishable from that in the
samples containing 10% of the mutant form. This
imposes a constraint on the content of the DNA of the
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cancer cells in the sample: it should be sufficiently
high (as judged by the available data, at least 50%).
This significantly makes the application of this sensor
difficult to use in the diagnosis of cancer.

In some modifications, the sensor is designed from
two probes, one of which is typically soluble and con-
jugated with a metal nanoparticle (required for signal
amplification upon approaching the surface) and the
second one is attached to the surface and functions as
an anchor. The probes are designed so that the target
DNA sequence could bind both probes simultane-
ously, forming two duplexes. Such an approach is
called the “sandwich system” because of the similarity
with a sandwich, the assembly of which requires the
presence of an analyte.

The classical version of such a system was imple-
mented in [33]. In this work, the authors applied silver
nanoparticles onto the surface of poly(styrene-co-
acrylic acid) microparticles. Then, Ag nanoparticles
were covalently attached to SERS-active molecules
(one particle per SERS-active compound) and the
whole construct was coated with a silica nanosphere.
The glass surface was treated with piranha and (3-gly-
cidyloxypropyl)trimethoxysilane (GPTMS), which by
means of the epoxide group can bind to both glass
(through free OH groups of glass) and NH, groups of
the heterocyclic bases of the NAs. Individual NAs in
the mixture were identified using this sensor. More-
over, all four SERS-active compounds tested in the
work have individual peaks. It follows that this system
allows one to perform a multiplex analysis, i.e., the
simultaneous determination of several targets. How-
ever, the limit of detection and specificity of such a
system were not determined. Furthermore, the analy-
sis procedure takes more than 12 h and, therefore, the
test is not rapid. In view of this, it can be concluded
that this system theoretically can be applied for labo-
ratory studies; however, it cannot be used in clinical
diagnostics which requires a high throughput capacity.

Another version of the sandwich system was used in
[34]. A soluble probe was conjugated with a cubic nan-
orattle, the center of which contained a gold core
placed in the center of a hollow Au—Ag sphere. A
SERS-active tag was in the space between the cube
faces and the core and, from the outside, the cube was
coated with gold in order to prevent the escape of the
tag from the space between the gold core and the
sphere. The second probe was conjugated with mag-
netic nanoballs. In the magnetic field, magnetic parti-
cles precipitated on glass walls and, if the target analyte
was present, the complete system, probe 1—analyte—
probe 2, was formed as a result of the hybridization.
The Raman signal amplification factor of the system
with rattles was by three orders of magnitude higher
than in case of usual gold nanoparticles. Such a differ-
ence is caused by at least two reasons: (1) accumula-
tion of a SERS-active compound between the gold
nanoparticles and the Au-Ag shell; and (2) the several-
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fold amplification of the electromagnetic field in this
space. Taking into account that the amplification of
the SERS signal depends on the biquadrate of ampli-
fication of the near electromagnetic field, the signal
intensity will increase by several orders of magnitude.
The authors of [34] successfully used such a system to
determine the single nucleotide polymorphisms of the
P. falciparum pfk_13 gene (the limit of detection was
100 amol). An important additional result of the con-
sidered work was the temperature effect on the speci-
ficity of such a type of biosensors. It was shown on
synthetic substrates that a decrease in the temperature
reduces the specificity of the wild-type sequence
probe to DNA targets of this type. The ratio of the
intensity of the wild-type target to the mutant
sequence with one mismatch upon duplex formation
was 8 : 1 and 2.5 : 1 at 37 and 25°C, respectively.

In the more advanced version [35], the hybridiza-
tion with the RNA analyte was carried out in a glass
capillary containing several washing buffers. A perma-
nent magnet was placed near the capillary. The capil-
lary was moved so that the magnet could sequentially
influence all buffers. Accordingly, the magnetic parti-
cles moved together with it, which enabled the elimi-
nation of the nonspecific binding. The SERS analysis
was carried out in the last buffer. The concept of this
sensor was named “Lab-in-a-stick.” The sensor of
such a type, free of the disadvantage related to long-
term washing, was successfully tested on both syn-
thetic samples and the RNA of the malaria parasite; in
particular, the limit of detection was determined to be
2 amol (the sample volume was 10 uL). The applica-
tion of such a method for real clinical blood samples of
infected patients gave positive results. However, it
should be noted that, upon the analysis of real objects,
the signal intensity was found to significantly change
upon a change in the incubation time from 3 to 5 h.
The signal intensity in uninfected samples decreased
and the intensity in the infected samples increased,
which increased the difference in the intensities of the
infected and uninfected samples; this difference
became statistically significant. This is probably due to
the slow formation kinetics of the sandwich complex.

A nonstandard approach to the synthesis of
nanoparticles was realized in [36]. In this case, one
soluble probe was immobilized on a gold nanoparticle
with a gold core and a SERS-active compound in a
void space with a shell structure. The second probe
was conjugated with silver microspheres (Ag-HMS)
formed using the Lactococcus lactis subsp. cremoris
bacteria. The system was used to study the presence of
three microRNAs. Such a multiplex system showed
high selectivity and specificity at a sufficiently low
limit of detection (2.72, 0.24, and 2.68 pM for miR-21,
miR-122, and miR-223, respectively). Further, a
check was performed on the RNA obtained from
HepG?2 cells with the double independent control of the
amount using quantitative PCR. The developed sensor
is multiple for all three RNA targets. The response value
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varied from 90.24 to 92.69%. The results obtained by
two methods were closely correlated to each other,
although the confidence interval was lower for the
quantitative PCR.

The work [25] describes the application of another
version of such a type of systems with two metal sur-
faces. The first surface was formed using a matrix
made of periodically recurring gold triangles, which
were obtained using DNA nanotechnologies (the sur-
face of such a type was found to be more efficient than
metal film) where the DNA probe was immobilized.
The second DNA probe was conjugated with a
nanoparticle composed of a silver core, an interlayer of
a nonfluorescent SERS-active compound, i.e., a mal-
achite green isothiocyanate dye (MGITC), and an
outer silica shell. The shell fulfilled three functions:
retention of the reporter molecule within the particle
sphere, an increase in solubility, and binding of the
DNA probe. The probes were selected so that they
were complementary to two segments of the HBV NA.
Thus, the complete system was assembled in the pres-
ence of the target NA. Among advantages of this sen-
sor are the low limit of detection (50 aM) and 100%
specificity (the HBV NA sequence with one unpaired
base did not hybridize with the probes). The low limit
of detection results from the gold matrix and silver
nanoparticles are in close proximity to each other. In
this case, the local electromagnetic fields created by
plasmons conjugate, which leads to a considerable
increase in the signal and a decrease in the detection
limit.

One of the SERS analysis versions consists of the
application of a molecular sentinel—type sensor. In the
classical method, a molecular sentinel DNA probe
forms a hairpin-like structure, one end of which is
attached to a metal nanoparticle and the other one is
modified with a SERS-active label. Upon binding to
an analyte, the hairpin opens and the label moves too
far away from the surface, as a result of which it does
not interact with the near electromagnetic field of
plasmons and the signal intensity drops [37] (on-to-
off system). This principle was successfully applied to
design DNA sensors for targets such as HIV-1, breast
cancer, respiratory viral infections, and RNA biosen-
sors (for example, for the marker of the highly infec-
tious avian influenza virus strain). We note that by the
immobilization of the probe onto the surface consist-
ing of nanoporous gold discs, the authors of [37] suc-
ceeded in determining single molecules and, by the
example of the IFI27 and IFI44L protein transcripts,
the possibility of the simultaneous detection of several
targets was shown [38], which resulted in the design of
DNA chips for medical diagnostics.

This approach evolved into the design of an inverse
molecular sentinel system. In this version, the surface-
attached probe is initially hybridized with another
DNA strand. Upon interaction with an analyte, the
probe in duplex is replaced due to the formation of a
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more stable helix between the unattached DNA and
RNA that leads to the formation of a DNA/RNA het-
eroduplex with the analyte. As a result, the double
stranded DNA on the sensor surface dissociates and
the probes fold to a hairpin, which results in the sig-
nal’s appearance. This approach was implemented in
the development of a DNA chip to the Dengue virus
sequences (DENV4) (the limit of detection was 6 aM,
but real samples were not tested) [40] and in the devel-
opment of a sensor for the detection of miR-21 and
miR-34a, which play an important role in the devel-
opment of breast cancer and serve as promising targets
for diagnosis [39]. The developed system allows us to
quantitatively compare the content of miR-21 in the
Au565 and SUM 149 cell lines, which agrees with the data
of the quantitative reverse transcription PCR, and also
possesses multiplicity (the SERS-active tags Cy5 and
Cy5.5 were used). The multiplicity was shown on both
synthetic RNAs and RNAs from the MCF-7 cells.
Although the limit of detection was not determined,
the measurements were carried out at a concentration
of 5 to 10 pM (the sample volume was 10 uL). This
means that the signal is detected reliably when the con-
tent of RNA in the sample is about a tenth or hundredth
of a femtomol per liter.

The authors of [41] developed a sensor combining
SERS determination coupled with ligation (enzyme-
catalyzed covalent binding of adapter sequence). In
this version, three types of oligonucleotides were used:
the first one (a common oligonucleotide) was conju-
gated with a metal nanoparticle, while the second
(wild type) and third one (mutant with point nucleo-
tide substitution at the end) were conjugated with two
different SERS-active labels. The probes were
designed so that the common probe and one of the
probes with a SERS-active labels were hybridized with
the DNA of the analyte in a sequential manner. The
measurements were performed at amounts of the
DNA matrix and oligonucleotides equal to 20 and 100
pmol, respectively. The limit of detection was not
determined. However, the considered method is inter-
esting in that the signal and concentration of the sam-
ple are interrelated by direct proportion, which
increases the accuracy of the method [41].

Despite the many attempts to apply the SERS
method for the in vivo analysis of the targets, the first
successful test of such a biosensor in the inverse
molecular sentinel version using NAs on animals was
described recently [42]. The developed system has
some advantages: (1) a high level of stability in the skin
(the study was performed on postoperative slices),
which is in some measure caused by the fact that the
system operated in the agar-agar-based matrix; and
(2) the presence of the intrinsic peak of the nanorattle
being dependent only on its concentration. Thus, the
system contemplates the presence of the internal stan-
dard, the intensity and position of which remain
unchanged upon opening/closing of the hairpin of the
Cy7-tagged probe. The sensor in 5% gel was intracuta-
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neously administered to Yorkshire pigs and the target
DNA was added after 10 min. The spectra were
recorded at A, = 785 nm prior to and after the addition
of DNA. Taking into account the calibration (peak at
1288 cm™!), the intensity of the main peak (506 cm™")
changed by an order of magnitude. This suggests the
applicability of such sensors in vivo.

CONCLUSIONS

This review of the literature suggests that the stage
of the proof of concept for the PCR amplification-free
determination of NAs through the use of the physico-
chemical amplification of a signal based on SPR and
SERS has been passed. The limited scope of the data
is due to the absence of universal basic principles for
the efficient design of such systems. Despite the spo-
radic current data on the use of SPR and SERS sys-
tems for the amplification-free detection of NAs,
these trends can be considered promising, since the
detection sensitivity of the target analytes in some
cases reaches the level of single molecules; first of all,
this is related to the SERS sensors. In the authors’
opinion, the prospects for further development of this
approach to detect NAs consist of (1) the use of
replacement of the NA sensor strands with an analyte
to result in the appearance of the signal by the inverse
molecular sentinel principle [39]; (2) the design of
highly structured self-rearranged systems capable of
forming surfaces, providing a more efficient signal
amplification, in the presence of an analyte [35]; and
(3) the need to control both the buffer and tempera-
ture conditions [41].
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