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Specificity of SNP detection with molecular
beacons is improved by stem and loop separation
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Molecular beacons (MBs) are valuable tools in molecular biology, clinical diagnostics and analytical chem-

istry. Here we describe a novel approach for the design of MBs with nucleotide or non-nucleotide linkers

between the stem and loop regions. Such modified MBs have significantly improved specificity and per-

formance for single nucleotide polymorphism (SNP) detection. These advantages are especially distinct,

when compared to the classic MBs, in the case of possible interactions between the stem and loop
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Introduction

Molecular beacons (MBs) are valuable tools in molecular
biology, clinical diagnostics and analytical chemistry." They
are widely used as reporters in various PCR techniques and for
mRNA or microRNA detection in vitro.> The first MBs were
developed for targeting complementary nucleic acids,® but a
number of methods for detection of the activity of DNA-inter-
acting enzymes,” metal ions,” toxins and other analytes® based
on MBs were developed later. In the beginning, MBs were
designed in a simple stem-loop pattern; but soon evolved into
more complicated structures, including di-, tri-, tetra- and even
penta-component variants.” In addition, methods of enzyme-
assisted signal amplification exist for MB based detection and
these methods significantly improve sensitivity of the assay
without affecting specificity.® Until now, the most common

“Skolkovo Institute of Science and Technology, 3 Nobel Street, Innovation Center
“Skolkovo”, 143026 Skolkovo, Russia. E-mail: t.zatsepin@skoltech.ru;

Fax: +(7) 495-939-5411; Tel: +(7) 495-939-5411

bCentral Research Institute of Epidemiology, Novogireevskaya 3a, 111123 Moscow,
Russia

“Research Institute of Occupational Health, Prospekt Budenogo 31, 105275 Moscow,
Russia

“Metkinen Chemistry 0y., Microkatu 1, MicroTower Part-M, FI-70210 Kuopio,
Finland

“Department of Chemistry, Lomonosov Moscow State University, Leninskie Gory 1-3,
119992 Moscow, Russia

tElectronic supplementary information (ESI) available: Sequences of primers,
HPLC and MS spectra for probes. See DOI: 10.1039/c6an02441f

This journal is © The Royal Society of Chemistry 2017

regions. We demonstrated the applicability of such modified MBs for the discrimination of common
Factor V, NOS3 and ADRB2 SNPs in model plasmids and in clinical samples. The developed approach
could be applicable not only to fluorescently labeled MBs, but also to other biosensors based on nucleic

targets for MBs are single nucleotide polymorphisms (SNP),
that are the most frequent mutations in the genome and some
of them are associated with genetic disorders.’

The extraordinary selectivity of MBs for SNPs in comp-
lementary nucleic acids is based on the equilibrium between
closed and opened forms.'® This equilibrium can be tuned by
sequence changes in the stem and loop structures, improving
either sensitivity or specificity of SNP detection. However, this
approach is not universal and in some cases worsens SNP dis-
crimination by MBs due to nonspecific target recognition.
Another common problem in MB design is the formation of
multiple secondary structures that compete with each other,
including disruption of the stem-loop structure (Fig. 1). In
some cases, this leads to the increase of background fluo-
rescence or to poor performance of the probes due to the par-
ticipation of neighboring nucleotides from the loop in the
stem formation (Fig. 1A and B). Another related problem is
that common G/A or C/T substitutions are tricky to differen-
tiate by MBs. Indeed, guanine can form a pair with both comp-
lementary cytosine and thymine in a DNA duplex with a
minimal difference in stability. These interactions can lead to
improper probe hybridization. As a result, one can observe an
increase of fluorescence for both probes in the assay'' that can
give discordant results. In these cases short MB probes conju-
gated with minor groove binders (MGB) are used to improve
specificity for A/G discrimination.'* MGB residues significantly
improve duplex stability without affecting specificity. However
MGB residues also increase the cost of the probe and of the
whole assay. Several studies on MB improvement were directed
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Fig. 1 Intramolecular equilibria of the classic MBs used in this study for
NOS3 (A), Factor V (B) and ADRB2 (C) SNP detection. (D) Structure of
Factor V MB with stem/loop regions separated by linkers.

Stem

to modifying the stem regions in MBs to exclude stem partici-
pation in hybridization with DNA targets (stem invasion) as
this effect results in high background signals and poor analyti-
cal sensitivity.'* The introduction of inverted 3'-5' sequen-
ces,’®® r-nucleotides™” or modified nucleotides,** to the
stem region lead to a significant improvement of MB selecti-
vity. However these variants are not widely used due to high
costs or complicated synthesis of modified residues.

In this study we demonstrate that a simple separation of
stem and loop parts in MBs by commercially available spacers
(hexaethylene glycol or three 2'-deoxyinosines) significantly
improves the specificity of SNP detection. Oligo ethylene glycol
spacers are widely used in the design of modified DNA."*
Spacers in synthetic oligonucleotides are used to improve the
sensitivity of solid phase assays based on immobilized oligo-
nucleotides,"** to simplify the assembly of complex DNA
nanostructures, 4>
probes in qPCR

to block polymerase bypassing of scorpion

44 and to modulate DNA binding properties.**¢
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It was shown previously that the introduction of oligo ethylene
glycol linkers into oligonucleotides results in an independent
thermodynamic behavior of connected parts.'> We conclude
that separation of the stem and loop in molecular beacons
should result in better performance of the probes and simplify
MB design due to stem fixation (Fig. 1D). As a result of incor-
poration of spacers into MBs the stem part is unable to partici-
pate in the formation of joint structures with the loop part like
the one presented in Fig. 1B. Prevention of such undesired
interactions significantly improves MB applicability and sim-
plifies MB design. We also propose the use of the universal
CCGG stem sequence for MBs as the sole G/C content provides
high thermal stability while two adjacent guanine residues
opposite to the fluorescent dye provide additional quenching
with a minimal influence on the final fluorescence of MBs.
Thus this stem sequence could be used as a universal one for
all probes in the assay. Also such uniformity can simplify the
design of MBs for common SNP targets.

Materials and methods
Oligonucleotide synthesis, purification and characterization

Oligonucleotides were synthesized on the ABI 3400 synthesizer
by the phosphoramidite method, according to the manufac-
turer’s recommendations. Protected 2'-deoxyribonucleoside
3'-phosphoramidites, Unylinker-CPG (500 A) and S-ethylthio-1H-
tetrazole were purchased from ChemGenes; 5-FAM phosphor-
amidite from Primetech LLC; 5'-SIMA phosphoramidite, BHQ1
CPG, 2'-deoxyinosine and hexaethylene glycol phosphorami-
dites from Glen Research. All oligonucleotides were cleaved
from the support and deprotected using concentrated aqueous
ammonia for 8 h at 55 °C. Primers were precipitated with 4%
lithium perchlorate in acetone and used without further purifi-
cation after confirmation of the molecular mass by LC-MS.
Oligonucleotide probes were purified by denaturing PAGE fol-
lowed by RP-HPLC. The conditions of PAGE, HPLC purifi-
cations and analysis were the same as previously published."®
ESI-MS spectra for oligonucleotides were recorded using a Bruker
Maxis Impact g-TOF system as described earlier (Table S27).

qPCR

Quantitative PCR was performed using primer pairs
(Table S17) and the template plasmid pGem®-t (Promega) con-
taining cloned fragments of the genes (primer positions are
underlined; the probe sequence is highlighted in bold):
ADRB?2 (166 bp) ccagecagtgcgetecacctgeecagactgegegecatggggeaac
ccgggaacggeagegecttettgetggeacecaatRgaageeatgegeeggaceacgacgte
acgcaggaaagggacgaggtgtgggtggteggcatgggeategteatgteteteategte;
NOS3 (140 bp) actccccacagetetgeattcageacggetggaceccaggaaa
cggtegettegacgtgetgeeeetgetgetgeaggeccecagatgakeeeecagaac
tettecttetgeeccecgagetggtecttgaggtgeceetg; FV o (127 bp)
cgectetggectaataggactacttetaat ctgtaagagcagatcectg gacagge
Raggaatacaggtattttgtccttgaagtaacctttcagaaattetgagaatttettetgget
agaacatg. Plasmid concentration was estimated by limiting
dilution analysis using qPCR with the pUC/M13 Reverse and

This journal is © The Royal Society of Chemistry 2017
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pUC/M13 Forward Sequencing Primer® (Promega) in the pres-
ence of 1x Evagreen® dye (Biotium). The reaction mixtures
contained 5 pL PCR-mix-2-FRT (AmpliSens, Russia), 2.5 U of
TaqF polymerase (AmpliSens, Russia), 176 uM dNTPs (Biosan,
Russia), 1x Evagreen® dye (Biotium) and 0.36 pM of each
primer; total reaction volume 25 pL.

The samples of the pGem®-t plasmid with the NOS3 frag-
ment or the ADRB2 fragment or the Factor V fragment were
mixed with 5 pL PCR-mix-2-FRT (AmpliSens, Russia), 2.5 U of
TaqgF polymerase (AmpliSens, Russia), 176 pM dNTPs (Biosan,
Russia); the total reaction volume was 25 pL. The final concen-
trations of the forward and reverse primers and fluorescently
labeled probes were 0.04, 0.36 and 0.12 puM, respectively. The
amplification reactions were performed in the RotorGene 6000
(Corbett Research) under the following cycling conditions: 0th
cycle at 95 °C/15 min; then 50 cycles at 95 °C/10 s, 47 °C/20 s
and 72 °C/20 s. The fluorescence measurements were recorded
at the end of the detection step (47 °C) during each of the
50 cycles. The experiments were repeated twice and data were
calculated using the Corbett Research software.

We used DNA samples from patients that were already ana-
lyzed for SNPs during routine studies in CRIE by pyrosequen-
cing assay.'” Our studies were approved by the CRIE ethics
committee as the samples were anonymized and no data from
patients were used. DNA for all experiments was extracted from
blood with the Ribo-prep kit (Ecoli s.r.o., Slovakia) according to
the manufacturer’s recommendations. The DNA was dissolved
in MilliQ water (50 pL) and aliquots were stored at —70 °C. After
confirmation of the genotype, 50-100 ng DNA from the sample
were analyzed as mentioned above using LATE-qPCR.**

Results and discussion

In this study we used three common SNPs: NOS3 (G894T,
rs1799983), associated with the risk of cardiovascular dis-
eases'® and hypertension; Factor V also known as the Leiden
mutation (A1601G, rs6025), which increases the risk of venous
thromboembolism'® and ADRB2 (A285G, rs1042713) has an
influence on blood pressure and the risk of asthma.>* We have
chosen two A/G and one G/T SNP to study if our approach can
be universal for various SNP types. Another reason for this
choice was the relatively high occurrence of homozygosis for
both NOS3 and ADRB2 in the human population, which sim-
plifies the collection of clinical samples.

First, we developed the classic MBs that were able to dis-
criminate NOS3, ADRB2 and FV SNP during linear amplifica-
tion (Table 1). We used a novel SIMA dye for the HEX channel
as it proved to be more robust during oligonucleotide syn-
thesis, deprotection and purification in comparison to the
common HEX dye.”’ The R6G dye,'® another alternative to
HEX, increased the melting temperature of MB and MB
duplexes with the target, thus complicating the design of MB
pairs (data not shown). Therefore SIMA was found to be the
optimal choice for MB synthesis and application for SNP
detection.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

Table 1 Probes used in the study?

Name

Sequence (5'3")

bo-adrb2-Fam
bo0-adrb2-Hex
b1-adrb2-Fam
b1-adrb2-Hex
b2-adrb2-Fam
b2-adrb2-Hex
b3-adrb2-Fam
b3-adrb2-Hex
b4-adrb2-Fam
b4-adrb2-Hex
b5-adrb2-Fam
b5-adrb2-Hex
b6-adrb2-Fam
b6-adrb2-Hex
b0-nos3-Fam
b0-nos3-Hex
b1-nos3-Fam
b1-nos3-Hex
b2-nos3-Fam
b2-nos3-Hex
b3-nos3-Fam
b3-nos3-Hex
b4-nos3-Fam
b4-nos3-Hex
b5-nos3-Fam
b5-nos3-Hex
b6-nos3-Fam
b6-nos3-Hex
bO-FV-Fam
bO-FV-Hex
b1-FV-Fam
b1-FV-Hex
b2-FV-Fam
b2-FV-Hex
b3-FV-Fam
b3-FV-Hex
b4-FV-Fam
b4-FV-Hex
b5-FV-Fam
b5-FV-Hex
b6-FV-Fam
b6-FV-Hex

“Structures of linkers:

Fam-ccggaccaatggaagccceegg-BHQ1
SIMA-ccggacccaatagaagecacegg-BHQ1
Fam-ccgg(dI);accaatggaageec(dl);cegg-BHQ1
SIMA-ccgg(dT);acccaatagaageca(dT);cegg-BHQ1
Fam-ccgg(dI);accaatggaagecccegg-BHQ1
SIMA-ccgg(dI);acccaatagaagecaccgg-BHQ1
Fam-ccggaccaatggaagecee(dI);cegg-BHQ1
SIMA-ccggacccaatagaagecea(dl);ccgg-BHQ1
Fam-ccggSpl8accaatggaageeceSpl8cegg-BHQ1
SIMA-ccggSpl8acccaatagaagecaSp18cegg-BHQ1
Fam-ccggSpl8accaatggaagcccccgg-BHQ1
SIMA-ccggSpl8acccaatagaagcecaccgg-BHQ1
Fam-ccggaccaatggaagceccSp18cegg-BHQ1
SIMA-ccggacccaatagaagecaSpl8ccgg-BHQ1
Fam-ccggcagatgageccceeegg-BHQ1
SIMA-ccggcagatgatccecacegg-BHQ1
Fam-ccgg(dI);cagatgageecee(dI);ccgg-BHQ1
SIMA-ccgg(dI);cagatgatccccca(dl)scegg-BHQ1
Fam-ccgg(dI);cagatgagecceccegg-BHQ1
SIMA-ccgg(dI);cagatgateccecacegg-BHQ1
Fam-ccggcagatgagcecece(dI);ccgg-BHQ1
SIMA-ccggcagatgatececea(dl)scegg-BHQ1
Fam-ccggSpl8cagatgageccceSpl8ecgg-BHQ1
SIMA-ccggSpl8cagatgatcececcaSp18cegg-BHQ1
Fam-ccggSpl8cagatgagecccecegg-BHQ1
SIMA-ccggSpl8cagatgatcecccacegg-BHQ1
Fam-ccggcagatgageccceSp18cegg-BHQ1
SIMA-ccggceagatgatcceccaSpl8cegg-BHQ1
Fam-ccgggacaggegaggaateegg-BHQ1
SIMA-ccgggacaggcaaggaataccgg-BHQ1
Fam-ccgg(dI);gacaggegaggaat(dl);ccgg-BHQ1
SIMA-ccgg(dl);gacaggcaaggaata(dl);ccgg-BHQ1
Fam-ccgg(dI);gacaggcgaggaatecgg-BHQ1
SIMA-ccgg(dI);gacaggcaaggaataccgg-BHQ1
Fam-ccgggacaggcgaggaat(dl);ccgg-BHQ1
SIMA-ccgggacaggeaaggaata(dI);ccgg-BHQ1
Fam-ccggSpl8gacaggegaggaatSpl8cegg-BHQ1
SIMA-ccggSpl8gacaggcaaggaataSpl8ccgg-BHQ1
Fam-ccggSpl8gacaggcegaggaatcegg-BHQ1
SIMA-ccggSpl8gacaggcaaggaataccgg-BHQ1
Fam-ccgggacaggegaggaatSpl8cegg-BHQ1
SIMA-ccgggacaggcaaggaataSp18ccgg-BHQ1

e ; NH o
o=p-0 ¢l )
o o N
o
9
0=p-0 °
OR 0:7—0

. OVLL

(dl)3 linker Sp18 linker
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We used the LATE PCR technique,”” based on regular PCR,
followed by linear amplification of ssDNA. This approach
increases the final fluorescence of MBs, due to the absence of
competition during hybridization with the complementary
strand that takes place in the case of dsDNA after regular PCR
amplification. LATE PCR is more robust and universal than
conventional asymmetric PCR. In all cases, we observed a sig-
nificant nonspecific increase of fluorescent signals for the
classic MBs during SNP discrimination in the case of non-
complementary base pairs (for Factor V - Fig. 2, for NOS3 and
ADRB?2 - Fig. S1 and S27). The same problem was found for all
SNPs tested in this study. To prove the usefulness of stem-loop
separation, we synthesized a number of modified MBs. We
introduced nucleotide (three 2'-deoxyinosines) and non-
nucleotide (hexaethylene glycol or Sp18) linkers between the
stem and loop parts of MBs (Table 1). These linkers were
inserted either only into 5- or into 3'-stem-loop transitions in
MBs or into both 5'- and 3'-transitions (Table 1). Such modifi-
cations notably improved the selectivity of MBs (Fig. 2, red
series; Fig. 3). Only a minimal increase of fluorescence was
observed for mismatched G-T and A-C pairs with modified
MBs in comparison to the classic MBs (Fig. 2, red series).
However, the introduction of linkers leads to some increase of
background fluorescence, probably due to the distortion of the
MB structure, which resulted in a decreased final signal
(Fig. 2). However genotyping is commonly carried out by the
analysis of a relative increase of fluorescence across the FAM
and HEX channels during DNA amplification, and represented
as a scatter plot (Fig. 3). Unlike allelic discrimination, the

A
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Fig. 2 gPCR data for Factor V SNP detection by MBs (blue: classic
b0-FV MB, red: b4-FV MB with Sp18 linkers), (A) FAM channel (b0- or
b4-FV-Fam MB for GG allele), (B) HEX channel (b0O- or b4-FV-Hex MB
for AA allele). K- is a void sample.
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Fig. 3 Comparison of WT and mutant DNA discrimination with the
classic and modified MBs by scatterplot analysis: Factor V ((A) influence
of the Spl8 linker: b0O-FV probes (blue), b4-FV probes (red), b5-FV
probes (orange), b6-FV probes (green); (B) influence of the dls linker:
b0-FV probes (blue), b1-FV probes (red), b2-FV probes (orange), b3-FV
probes (green)), NOS3 ((C) influence of the Sp18 linker: b0-nos3 probes
(blue), b4-nos3 probes (red), b5-nos3 probes (orange), b6-nos3 probes
(green); (D) influence of the dlz linker: b0-nos3 probes (blue), bl-nos3
probes (red), b2-nos3 probes (orange), b3-nos3 probes (green)), ADRB2
((E) influence of the Spi18 linker: bO-adrb2 probes (blue), b4-adrb2
probes (red), b5-adrb2 probes (orange), b6-adrb2 probes (green);
(F) influence of the dls linker: bO-adrb2 probes (blue), bl-adrb2 probes
(red), b2-adrb2 probes (orange), b3-adrb2 probes (green)).

determination of the genotype is made on the basis of regions
defined on the scatter plot rather than a single threshold or
final fluorescence. Therefore a decreased fluorescent output
does not influence the robustness of the assay.

As can be seen in Fig. 3, there is no doubt that the prob-
ability of heterozygote discrimination is significantly increased
for modified MBs in comparison to the classic ones (Fig. 3). In
general, MBs simultaneously modified at the 5- and 3'-ends or
only at the 5 end gave better results, while 3"-end modifi-
cations only did not improve the SNP discrimination pro-
perties of the probes. The effect was more pronounced for
Factor V and NOS3 SNPs while all modified variants of the
ADRB2 SNP were more comparable with the classic MBs. We

This journal is © The Royal Society of Chemistry 2017
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analyzed possible structures for the MBs predicted by using
the Mfold software? (Fig. 1). In the case of Factor V and NOS3
MBs, the 5-end of the stem is involved in the formation of all
alternative structures. Separation of the stem and loop regions
by the linker fixes the optimal structure. For ADRB2 MBs,
alternative structures are formed in the loop region internally
and therefore, the introduced modifications do not signifi-
cantly improve the probe.

By comparing the results for hexaethylene glycol (Sp18)
(Fig. 3A, C, and E) and triple dI (Fig. 3B, D, and F) linkers, we
can conclude that a Sp18 linker provides a more pronounced
effect on MB applicability to SNP detection. Hexaethylene
glycol is rather flexible, while 2'-deoxyinosines form a more
rigid linkage in the MBs due to stacking interactions between
heterocycles. Also, the hypoxanthine moiety is a universal
base, as it can form Watson-Crick pairs with all four natural
bases.>* However, the stability of such pairs is lower than that
of native base pairs, especially with guanine, and is even lower
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Fig. 4 (A-C) Scatterplot analysis of the influence of target DNA

concentration (1 x 10°-1 x 10° copies per mL) on the selectivity of
SNP detection: (A) Factor V (blue: b4-FV probes, red: bO-FV probes);
(B) NOS3 (blue: b4-nos3 probes, red: b0-nos3 probes), (C) ADRB2 (blue:
b4-adrb2 probes, red: b0-adrb2 probes). (D—F) SNP discrimination with
the classic and modified MBs by scatterplot analysis in DNA from clinical
samples: Factor V (D) (blue: b4-FV probes, red: b0-FV probes), NOS3
(E) (blue: b4-nos3 probes, red: b0-nos3 probes), ADRB2 (F) (blue: b4-adrb2
probes, red: bO-adrb2 probes).
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for self-pairing. Therefore even if 2’-deoxyinosines would be
able to interact with the loop region, such structures will be
rather unstable and should not influence the functioning of
probes. Thus, we have chosen a Sp18 linker for further
applications.

We studied the dependence of the signal distribution in
scatterplot analysis on the plasmid target concentration as the
amount of DNA in clinical samples can vary significantly. We
varied the concentration of all plasmid DNA targets in wide
intervals - 1 x 10°-1 x 10® copies per mL. In all cases, the
signal intensity decreased for modified MBs but the resolution
of the SNP by scatterplot analysis was comparable (Fig. 4A-C).
For all modified MBs, SNP selectivity was better than the
classic MBs. With the classic MBs, cross-signaling was
increased in the samples with the highest concentration of
DNA, while it remained minimal for modified MBs and minor
concentration dependence was observed.

To demonstrate the practical utility of modified MBs, we
studied DNA samples from patients that were already analyzed
for SNPs during routine studies in CRIE. Based on these data
we examined previously analyzed clinical samples for Factor V,
NOS3, and ADRB2 SNPs (Fig. 4D-F). In all cases, the genotype
was correctly confirmed both by the classic and modified MBs.
However, in the case of FV and ADRB2, SNP hetero- and homo-
zygotes are discriminated less obviously by the classic MBs
while the modified MBs give more significant differences. Also
one sample with the ADRB2 heterozygote contained a rather
low amount of DNA but was nevertheless predicted correctly
by the analysis.

Conclusions

We have demonstrated that the incorporation of inexpensive
nucleotide or non-nucleotide linkers between the stem and
loop regions in molecular beacons during automated oligo-
nucleotide synthesis significantly improves their specificity
and performance in SNP discrimination. Incorporation of
linkers dissects the stem and loop regions in MBs, eliminates
some non-specific internal interactions and improves the
quality of the analysis. We demonstrated that such modified
molecular beacons outperform the classic MBs for ADRB2,
NOS3 and Factor V SNPs. Analysis by scatterplot of clinical
samples demonstrated that these MBs are more robust for the
determination of A/G substitutions than the classic MBs.
Previously developed approaches™® that restrict undesired stem
interactions were focused mainly on the decrease of stem inva-
sion or interactions of the stems with DNA targets. Here, we
develop an approach that not only solves the problem of stem
invasion due to the independent thermodynamic behavior of
hexaethylene glycol separated parts, but also excludes stem-
loop interactions, which increase the background and decrease
efficiency of the assay. Excellent SNP selectivity, simple syn-
thesis and moderate cost of the MBs developed in this study
exceed the previously developed MBs. There is no doubt that
our approach is applicable not only to fluorescently labeled
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MBs, but also to other biosensors based on the use of nucleic
acids with stem-loop structures.
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