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Biosensors combining the ultrahigh sensitivity of surface-enhanced Raman scattering
(SERS) and the specificity of nucleic acid aptamers have recently drawn attention in the
detection of respiratory viruses. The most sensitive SERS-based aptasensors allow
determining as low as 10% virus particles per mL that is 100-fold lower than any
antibody-based lateral flow tests but 10-100-times higher than a routine polymerase
chain reaction with reversed transcription (RT-PCR). Sensitivity of RT-PCR has not been
achieved in SERS-based aptasensors despite the usage of sophisticated SERS-active
substrates. Here, we proposed a novel design of a SERS-based aptasensor with the limit
of detection of just 10° particles per ml of the influenza A virus that approaches closely to
RT-PCR sensitivity. The sensor utilizes silver nanoparticles with the simplest preparation
instead of sophisticated SERS-active surfaces. The analytical signal is provided by a
unique Raman-active dye that competes with the virus for the binding to the G-quadruplex
core of the aptamer. The aptasensor functions even with aliquots of the biological fluids
due to separation of the off-target molecules by pre-filtration through a polymeric
membrane. The aptasensor detects influenza viruses in the range of 1-10%-5.10"° virus
particles per ml.

Keywords: aptamer, sensor, membrane, colloidal nanoparticle, SERS, influenza, virus

1 INTRODUCTION

Rapid and specific detection of respiratory viruses has been a key task in the years 2019-2022 due to
the wide spread of SARS-CoV-2 virus among the human population. The pandemic revealed the
weak spots of our diagnosticum that provided either high sensitivity or rapidness for virus
determination. The gold standard of diagnostics is a polymerase chain reaction with reversed

Frontiers in Chemistry | www.frontiersin.org

1 June 2022 | Volume 10 | Article 937180


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.937180&domain=pdf&date_stamp=2022-06-30
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full
http://creativecommons.org/licenses/by/4.0/
mailto:zlenka2006@gmail.com
https://doi.org/10.3389/fchem.2022.937180
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.937180

Zhdanov et al.

transcription (RT-PCR). It takes several hours but has the limit of
detection (LoD) in the range of 100-1,300 copies per ml that is
equal to 10°-10° viral particles per mL for SARS-CoV-2 (VP/ml)
(Yang et al., 2021; Kim et al., 2022). Similar characteristics were
described for the detection of influenza viruses by RT-PCR; the
LoD was reported to be 300-1,200 copies per mL that is equal to
3.10%-1.2-10° VP/ml (Herrmann et al., 2001). To shorten the time
of the RT-PCR analysis, loop-mediated isothermal amplification
(LAMP) was developed with an analysis time of about 1h.
However, the LoD of LAMP is 10 times higher than RT-PCR
(2:10* copies/ml versus 2-10° copies/ml, respectively) for SARS-
CoV-2 identification (Yan et al., 2020).

Several rapid antibody-based assays have been introduced into
clinical usage with a typical analysis time of 10-20 min and the
LoD of 1-10°-4-10° VP/ml (Chan et al., 2013; Peters et al., 2013).

Surface-enhanced Raman scattering (SERS) provides both
rapidness and sensitivity. The best results for virus detection
have been obtained for the combination of SERS and DNA
aptamers. Aptamers, like antibodies, act as recognizing
molecules but have significantly smaller sizes and can be
functionalized site specifically during chemical synthesis for
anchoring or introducing reporter molecules (Ambartsumyan
et al., 2020).

The most sensitive SERS-based aptasensor was developed by
Chen et al. (2020) for the influenza A virus with an LoD of
97 plaque-forming units per ml (pfu/ml). This value can be
converted to VP/ml using a coefficient of 100 VP/pfu
(Kramberger et al., 2012; McCormick and Mermel, 2021),
thus, the LoD is 9.7-10> VP/ml being 10 times higher than the
LoD of RT-PCR. The same group designed a multi-target sensor
that detects influenza A and SARS-CoV-2 viruses simultaneously
(Chen et al., 2022). The LoD of the influenza A virus was greatly
diminished to 0.62 hemagglutination units per mL (HAU/mL)
which is equal to an LoD of 2.8-10" VP/ml using a conversion
coefficient of 4.5.10" HAU/VP (Kramberger et al., 2012). This
value is comparable with the LoD of rapid antibody-based
sensors. As for the LoD of SARS-CoV-2 virus, it was 0.78 pfu/
ml that corresponds to 7.8-10° VP/ml based on the coefficient
published by Klimstra et al. (2020). Thus, the reported sensors are
inferior in sensitivity to RT-PCR methods.

Our previous efforts produced a SERS-based aptasensor on the
solid substrate with an LoD of 5 10*HAU/ml that
corresponds to 8 10* VP/ml (Kukushkin et al., 2019) and a
SERS-based aptasensor on the aggregated colloid silver
nanoparticles with an LoD of 2 10°> VP/ml (Gribanev et al,
2021; Gribanyov et al.,, 2021; Zavyalova et al., 2021; Zhdanov
et al.,, 2022); both were based on the RHA0385 aptamer to
hemagglutinin of the influenza A virus (Shiratori et al., 2014).
Despite being less sensitive and inferior in a range of virus
determination, the latter is preferred because colloid
nanoparticles are much cheaper and easier in the
production not requiring sophisticated equipment and
silicon substrates. Here, we provided an attempt to increase
the sensor sensitivity by pre-filtering to eliminate diverse
impurities that affect SERS and using a Raman-active dye
that provides the characteristic spectrum even at high
concentrations of viruses.

SERS-Based Aptasensors for Influenza Virus

2 MATERIALS AND METHODS
2.1 Materials

Inorganic salts and tris were purchased from AppliChem GmbH
(Darmstadt, Germany). The reagents from Sigma-Aldrich (St.
Louis, MO, United States) were used for nanoparticle synthesis,
including silver nitrate (AgNO;, CAS 7761-88-8), hydroxylamine
hydrochloride (NH,OH-HCI, CAS 5470-11-1) of the highest
purity available, sodium hydroxide (NaOH, CAS 1310-73-2),
and sodium chloride (NaCl, CAS 7647-14-5) of analytical-
grade purity. Thiolated oligonucleotides were synthesized by
Synthol (Moscow, Russia), biotinylated oligonucleotides were
synthesized by Evrogene (Moscow, Russia), and oligonucleotides
with BODIPY FL were synthesized by Lumiprobe (Moscow,
Russia). The sequences were as follows: 1) thiolated RHA0385
aptamer for nanoparticle functionalization aptamer—5'- HS-
(CH,)s-ttggggttattttgggaggecggeestt-3"; 2) biotinylated RHA0385
aptamer for biolayer interferometry-biotin-5'- ttggggttattttgggag
ggcggggett-3’; and 3) RHAO0385 aptamer labeled with the
BODIPY FL dye for sandwich-like setup—5-BODIPY FL-
ttggggttattttggeagoecgoeostt-3". All solutions were prepared using
ultrapure water produced with Millipore (Merck Millipore,
Burlington, Massachusetts, United States). Buffer A (10 mM tris-
HCI pH 7.5, 140 mM NaCl, and 10 mM KCl), buffer B (0.2 mM
Tris-HCl pH 7.5, 2.8 mM NaCl, and 0.2 mM KCl), and buffer C
(10mM tris-HCI pH 7.5, 140 mM NaNOs;, and 10 mM KNO;)
were used.

2.2 Viruses

Influenza viruses and allantoic fluids were provided by the
Chumakov Federal Scientific Center for Research and
Development of Immune and Biological Products of the
Russian Academy of Sciences. The following viruses were
studied: influenza A virus A/chicken/Rostock/45/1934
(H7N1) 6™ passage (the detailed description is provided by
Treshchalina et al. (2021)) and influenza B virus B/Victoria/2/
1987; Newcastle disease virus. Viral stocks were propagated in
the allantoic cavity of 10-day-old embryonated specific
pathogen-free chicken eggs. Eggs were incubated at 37°C,
cooled at 4°C for 48h post-infection, and harvested 16 h
later. The study design was approved by the Ethics
Committee of the Chumakov Institute of Poliomyelitis and
Viral Encephalitides, Moscow, Russia (Approval #4 from 2
December 2014). Viruses were inactivated via the addition of
0.05% (v/v) glutaric aldehyde and preserved via the addition of
0.03% (w/v) NaNs3, and stored at +4°C.

The concentration of the viruses was determined in a
hemagglutination assay according to Killian (2014). A
measure of 50 ul of solutions of the viruses diluted two times
step-by-step in a phosphate-buffered saline was placed in a
V-shaped 96-well microtiter plate in a volume of 50 ul. Then,
50 pl of 0.5% chicken red blood cells in the phosphate buffered
saline was added to the well. The plate was kept in the
refrigerator at 4°C for 1h. Then, the hemagglutination titer
was estimated as the maximal dilution of the virus that did not
cause the precipitate of red blood cells; this well contained 1
HAU of the virus in the probe.
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2.3 Preparation of Silver Nanoparticles
Preparation of the silver colloids by reducing a silver nitrate

solution with hydroxylamine hydrochloride was conducted
according to the method of Leopold and Lendl (2003). The
silver nanoparticles were prepared at room temperature under
vigorous stirring by a dropwise addition of 10 mM solution of
AgNO; (10 ml) to a mixture of 1.67 mM NH,OH-HCl with
3.3 mM NaOH (90 ml). The solution was kept under stirring
for 1 h after the addition of silver nitrate to ensure a reproducible
preparation protocol. A light brown-colored colloidal suspension
was obtained with a final pH of 7.0. Before usage of silver
nanoparticles for SERS experiments, they were left for
3months in a refrigerator at +6°-+8°C for aging. The
characterization of the nanoparticles with absorption
spectroscopy, scanning electron microscopy, dynamic light
scattering, and (-potential was published in our previous work
(Zavyalova et al, 2021). The nanoparticles contained two
fractions, namely, 4 and 20 nm, according to scanning electron
microscopy. {-potential was —55 mV.

2.4 Functionalization of Silver Nanoparticles
With the Aptamer

The thiolated RHA0385 aptamer was diluted to a concentration
of 20uM in buffer A (for the experiment in Section 3.2.
Mechanism of a SERS signal decrease in colloidal aptasensors)
or buffer C (for all experiments with BHQ-2 amine). To assemble
the G-quadruplex structure of the aptamer, the solution was
heated at 95°C for 5 min and cooled to room temperature. An
aliquot of 5 pl was added to 5 ml of silver nanoparticles, followed
by 30 min of incubation.

2.5 Biolayer Interferometry

The biotinylated RHAO0385 aptamer was assembled in a
concentration of 2 uM in buffer A. The solution was heated at
95°C for 5min and cooled at room temperature. Biolayer
interferometry assays were performed using BLItz (ForteBio,
Fremont, CA, United States). Streptavidin biosensors
(ForteBio, Fremont, CA, United States) were hydrated in
buffer A prior to the experiment.

The protocol for the estimation of RHAO0385 aptamer
specificity was as follows: 1) the initial baseline in buffer A for
30 s; 2) loading of the aptamer from 2 pM solution in buffer A for
120 s; 3) the second baseline in buffer A with 0.01% (v/v) Tween-
20 and 0.1 mg/ml bovine serum albumin for 30 s; 4) the
association step in different dilutions of the virus in buffer A
with 0.01% (v/v) Tween-20 and 0.1 mg/ml bovine serum albumin
for 200 s; 5) the dissociation step in buffer A with 0.01% (v/v)
Tween-20 and 0.1 mg/ml bovine serum albumin for 300 s.

The protocol for the estimation of a sandwich-like complex
assembly with aggregates of nanoparticles was as follows: 1) the
initial baseline in buffer A for 30 s; 2) loading of the aptamer from
2 uM solution in buffer A for 120s; 3) the second baseline in
buffer A for 30 s; 4) the association step in either solution of the
influenza A virus and/or aggregates of nanoparticles in buffer A
(see the detailed description in the Results section) for 200 s; and
5) the dissociation step in buffer A for 200 s.

SERS-Based Aptasensors for Influenza Virus

The protocol for the estimation of a sandwich-like complex
assembly with unaggregated aptamer-functionalized nanoparticles
was as follows: 1) the initial baseline in buffer A for 30 s; 2) loading of
the aptamer from 2 uM solution in buffer A for 120 s; 3) the second
baseline in buffer A for 30 s; 4) the association step in solution of the
influenza A virus in buffer A or aptamer-functionalized
nanoparticles without the addition of the buffer (see the detailed
description in Results section) for 200s; 5) the third baseline in
buffer A for 30s; 6) the association step in the solution of
unaggregated aptamer-functionalized silver nanoparticles for
200 s; and 7) the dissociation step in buffer A for 200 s.

The protocol for the estimation of affinity of BHQ-2 amine to
the RHA0385 aptamer was as follows: 1) the initial baseline in
buffer A for 30 s; 2) loading of the aptamer from 2 uM solution in
buffer A for 120 s; 3) the second baseline in buffer A or buffer B
for 30 s; 4) the association step in solutions of BHQ-2 amine in
buffer A or buffer B for 200s; and 5) the dissociation step in
buffer A or buffer B for 300 s.

The protocol for the estimation of competition between BHQ-
2 amine and the influenza A virus for RHA0385 aptamer binding
was as follows: 1) the initial baseline in buffer A for 30s; 2)
loading of the aptamer from 2 uM solution in buffer A for 120 s;
3) the second baseline in buffer B for 30 s; 4) the association step
in 1 pM solution of BHQ-2 amine or without BHQ-2 amine in
buffer B for 200 s; 5) the third baseline in buffer A for 30s; 6)
association step in solution of influenza A virus in buffer A for
120 s; and 7) the dissociation step in buffer A for 200 s.

The measurements were carried out in black tubes (Sigma-
Aldrich, New York, NY, United States) with at least 220 pl of a
respective solution in two-three repeats. The curves were
approximated exponentially using a 1:1 binding model using
exponential curves, according to the guidelines for surface
plasmon resonance (Masson et al., 2000). The representation
of all binding curves in the logarithmic scale is provided in
Supplementary Figures S1-S5, $45.

2.6 Sandwich-Like Assay and
Characterization of Aggregated

Nanoparticles in the Presence of Viruses

Sandwich assay was performed similar to our previous work
(Zhdanov et al, 2022). In particular, functionalization of silver
nanoparticles with the aptamer was performed in the following
way. A measure of 300 pl of viruses (influenza A virus, influenza B
virus, Newcastle disease virus or allantoic fluid) diluted in
phosphate-buffered saline was incubated with 67 nM of the
BODIPY  FL-labeled aptamer (concentration of  this
oligonucleotide was two times higher than the previous setup)
(Zhdanov et al,, 2022). The solution was mixed with 200 pl of
functionalized silver nanoparticles and incubated for 1 min (the time
was decreased 4 times compared to our previous work) (Zhdanov
et al, 2022). SERS was acquired using a RaPort instrument
(Enhanced Spectrometry, United States) with a laser radiation
wavelength of 532 nm, and an operating power of 30 mW was
used for registration. The spectrometer had a spectral range of
160-4,000 cm ™. Spectra were recorded with exposures of 2's in 10
repetitions. The diameter of the laser beam is 20 microns. The
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spectrometer slit was 20 microns. The spectrometer scheme is
based on the Czerny-Turner design. The laser beam was focused
on the center of a 1.5-ml glass vial (Akvilon, Russia), and the
scattered light entered the spectrometer back through the same
outlet. The same sample preparation was used to study the
aggregates of silver nanoparticles in the presence of different
viruses. The absorption spectra were acquired with the
NanoDrop 2000 spectrometer (Thermo Scientific, Waltham,
MA, United States). The sizes of the nanoparticles and
aggregates were estimated by dynamic light scattering using
Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom).
A total of 3-5 repeats were averaged. Volume distributions were
used for further analysis.

2.7 Synthesis and SERS Spectra of BHQ-2

Amine

The synthesis of the BHQ-2 amine dye was performed according
to the literature (Zavyalova et al., 2022); for the BHQ-2 amine
structure Supplementary Figure S7 can be referred. The
compound is a derivative of Black Hole Quencher-2 (BHQ-2)
with two additional amino groups.

The SERS spectra of BHQ-2-amine were obtained by adding
04yl of 10 uM water solution of the compound to 200 pl of
unmodified or aptamer-functionalized silver nanoparticles. After
5-min incubation, the nanoparticles were aggregated by the
addition of buffer C or an allantoic fluid (the specific conditions
are indicated in the Results section). SERS was acquired using a
RaPort instrument (Enhanced Spectrometry, United States) with a
laser radiation wavelength of 532 nm, and an operating power of
30 mW was used for registration. Spectra were recorded with
exposures of 400 ms in 20 repetitions. The diameter of the laser
beam was 20 microns. The spectrometer slit was 20 microns. The
spectrometer scheme is based on the Czerny-Turner design. The
laser beam was focused on the center of a 1.5-ml glass vial (Akvilon,
Russia), and the scattered light entered the spectrometer back
through the same outlet.

The wavelength of the laser radiation of 532 nm was chosen
based on the following considerations:

1. The BHQ-amine chromophore has an absorption at its
maximum (therefore, the effect of resonant Raman
scattering is observed) near the wavelength of 532 nm.

2. There is no background signal of the photoluminescence of
proteins and DNA fragments in the optical response.

3. The spectrometer is portable and ergonomic due to the use of a
semiconductor laser source with a wavelength of 532 nm.

4. The sensitivity of silicon matrices in the spectral range of the
device is at its maximum of 540-660 nm.

5. This wavelength excites surface plasmons in silver nanoparticles,
and therefore, the SERRS (surface-enhanced resonance Raman
scattering) effect is realized on the BHQ-amine substance.

2.8 Characterization of Membranes for Virus
Filtration

Centrifugal filtration was used to remove non-specific molecules
to increase the sensitivity of the SERS-based sensor. Several

SERS-Based Aptasensors for Influenza Virus

polyethylene terephthalate track-etched membranes (TM) with
different pore diameters were tested as filter elements. The
membranes were produced and characterized according to
previous works (Flerov et al, 1989; Apel, 1995). The key
membrane parameters are shown in Table 1. Track-etched
membranes have a strictly calibrated structure and pore size;
therefore, they can be used to separate large interfering organic or
inorganic particles from the analyte solution. Membranes were
obtained in the Flerov Laboratory of Nuclear Reactions, Joint
Institute for Nuclear Research.

2.9 Atomic Force Microscopy Experiment
Atomic force microscopy (AFM) studies were performed using
the FemtoScan scanning probe microscope (Advanced
Technologies Center, www.nanoscopy.net) in the contact
mode. CSGO1 cantilevers (NIIFP, Zelenograd) with tip radii in
the range of 5-10 nm were used. The sample was mixed with
distilled water 1:1 and then applied on a freshly split highly
oriented pyrolytic graphite, prolonged for 5 min and dried with a
blotter.

The typical scan rate was 1-3 Hz/line. The feedback was
adjusted in such a manner so as to reduce the error
(deflection) signal. The image consisted of 512 x 512 pixels.
Experimental data were processed by FemtoScan Online image
software (Advanced Technologies Center, www.nanoscopy.net)
(Yaminsky et al., 2016; Yaminsky et al., 2018). The software and
sample preparation were previously described in the recent
publication with accurate virus visualization (Akhmetova and
Yaminsky, 2022).

2.10 SERS-Based Sensors for Influenza A

Virus Determination

A series of dilutions of the influenza A virus, influenza B virus, or
allantoic fluid were prepared in buffer C. The membrane was
folded into a cone and put into a 1.5-ml tube; 100 pl of the virus-
containing solution was added to the membrane, and the tube
was centrifuged for 2 min at 2,400 rpm. Then, the membrane was
flushed with 100 pl of buffer C. Additionally, 200 ul of buffer C
was added to the solution.

A measure of 0.4 pul of 10 pM aqueous solution of the BHQ-2
amine was added to 200 ul of aptamer-functionalized silver
nanoparticles. After 5-min incubation, the nanoparticles were
aggregated by the addition of a membrane-filtered virus-
containing solution (300 pl).

After 5 min of incubation, the SERS spectrum was acquired
using a RaPort instrument (Enhanced Spectrometry,
United States) with a laser radiation wavelength of 532 nm,
and an operating power of 30 mW was used for registration.
Spectra were recorded with exposures of 400 ms in 20 repetitions.
The diameter of the laser beam was 20 microns. The spectrometer
slit was 20 microns. The spectrometer scheme is based on the
Czerny-Turner design. The laser beam was focused on the center
of a 1.5-ml glass vial (Akvilon, Russia), and the scattered light
enters the spectrometer back through the same outlet.

The overall time of the analysis including all sample
preparation steps did not exceed 15 min.
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TABLE 1 | Characteristics of polyethylene terephthalate track-etched membranes with different pore sizes.

Membrane name Average diameter by

scanning electron microscopy,

M
TM-1 (side A) 0.7
TM-1 (side B) 0.6
TM-2 (side A) 0.3
TM-2 (side B) 0.4
TM-3 (side A) 0.02
TM-3 (side B) 0.05

Average diameter by
gas permeability, p

Pore density, cm2 Membrane thickness, p

0.49 7.9107 19
0.32 2.6108 19
0.08 1.7.10° 23

—— IvA 8-10° HAU/mL
—— IVA 6-10° HAU/mL
—— IVA 4:10° HAU/mL
—— NDV 8-10° HAU/mL

NDV 4-10° HAU/mL
—— IvB 4:10° HAU/mL
—— Allantoic fluid
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FIGURE 1 | Interaction between the aptamer and viruses assessed by biolayer interferometry. (A) Specificity of the aptamer RHA0385 toward the influenza A virus
(IvA) compared to the Newcastle disease virus (NDV), influenza B virus (IvB), or virus-free allantoic fluid. The experiments were performed in the buffer with Tween-20 and
bovine serum albumin to eliminate non-specific interactions. (B) Visualization of an assembly of sandwich-like complexes in the buffer without Tween-20 and bovine
serum albumin. The aptamer-functionalized sensor interacts with 1) 4-10° HAU/ml of IVA; 2) aptamer-functionalized silver nanoparticles; 3) 4-10° HAU/ml of IvA with
aggregated aptamer-functionalized silver nanoparticles; 4) 4-10% HAU/ml of IvA with a soluble aptamer; and 5) first, with 4-10% HAU/ml of VA and second, with aptamer-
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3 RESULTS

3.1 Selectivity of the DNA Aptamer and an

Assembly of a Sandwich-Like Complex
Recently, we have demonstrated the efficiency of several sensors
based on the RHA0385 aptamer (Kukushkin et al, 2019;
Gribanev et al., 2021; Gribanyov et al., 2021; Zhdanov et al,,
2022). Here, we provided data about the selectivity of the aptamer
toward influenza A virus and assembling of sandwich-like
structures to verify the hypothetic model of the sensor. In all
the sensors, the sandwich-like structures made up from the
thiolated aptamer, influenza A virus, and BODIPY FL-labeled
aptamer were supposed to be assembled. Meanwhile, control
viruses such as the influenza B virus or Newcastle disease virus
were not supposed to be included in the sandwich-like complexes.
If this model does not work, the sensors could be improved by
repairing one of the inappropriate steps.

Previously, biolayer interferometry was used to estimate the
dissociation constant for an aptamer-virus complex; the constant
was 0.05 p.m. that corresponds to 0.05nM recalculating to
hemagglutinin concentration (Gribanyov et al, 2021). This

value is 10-100 times lower than the dissociation constants for
aptamer-recombinant hemagglutinin complexes (Novoseltseva
et al., 2020; Bizyaeva et al, 2021). Here, we used the buffer
with Tween-20 and bovine serum albumin to eliminate non-
specific interactions. This buffer did not allow subtracting the
reference sample as its signal is negligible even in the
concentrated samples. A new experimental setup revealed that
the aptamer RHAO0385 provides good selectivity toward the
influenza A virus (IvA) compared to the Newcastle disease
virus (NDV), influenza B virus (IvB), or a virus-free allantoic
fluid (Figure 1A). The virus concentrations were recalculated
from hemagglutination units (HAU/ml) to viral particles (VP/ml)
using a ratio 1HAU/mI 4.5.10" VP/ml, according to
Kramberger et al. (2012).The curves were fitted by exponential
functions providing an association rate constant of (9 * 3)-
108 M's l.and a dissociation rate constant of (1.1 + 0.3)-10~>
~!. The equilibrium dissociation constant (Kp) of the

s
aptamer-virus complex was estimated to be 1.1 + 0.3 p.m.
that it corresponds to Kp = 1.1 + 0.3nM referring to the
monomeric hemagglutinin concentration in the sample (this
recalculation is based on the quantity of trimeric
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1.10° VP/ml; 2:108 VP/ml; and 2:107 VP/ml.

FIGURE 2| Color changes in the concentrated solutions of viruses. lvA-influenza A virus —from left to right—2-10"° VP/ml; 5.10° VP/ml; 1.4.10° VP/ml; 5.108 VP/
mi; 1.2:108 VP/ml; and 1.2 107 VP/ml. AF-allantoic fluid-dilutions are the same as for the influenza A virus. lvB-influenza B virus—from left to right—8-10"° VP/m;
210" VP/ml; 5:10° VP/ml; 2.10° VP/ml; 5:108 VP/ml; and 5.10” VP/ml; NDV-Newcastle disease —from left to right—4-10° VP/ml; 1.0-10"° VP/ml; 3-10° VP/m;

hemagglutinin, which is 300-400 times per virus particle
(McAuley et al, 2019)). The last value agrees with the
dissociation constants of the complexes of the aptamer
RHAO0385 with recombinant hemagglutinins that varied from
0.6 to 14 nM (Novoseltseva et al., 2020; Bizyaeva et al., 2021).
Next, we tested a possibility of a sandwich-like complex made
up from the aptamer anchored on the sensor, influenza A virus,
and the aptamer-functionalized silver nanoparticles
(Figure 1B). These experiments were performed in the
buffer without bovine serum albumin as it non-specifically
interacts with silver nanoparticles preventing their
aggregation. As was expected, aptamer-functionalized
nanoparticles did not interact with the sensor in the absence
of the virus. Then, we mixed IvA with aptamer-functionalized
nanoparticles in the buffer producing aggregated silver

nanoparticles. The binding curve was slightly lower than the
curve for the free virus, indicating some competition for virus
binding. The competition could be due to the increased
concentration of the second aptamer. We tested this
hypothesis by mixing the virus with the same amount of the
aptamer in the absence of nanoparticles. The resulting curve
was lower than the curve from the virus but higher than in the
presence of the nanoparticle aggregates. Thus, the aggregates
impede the binding of the virus to the sensor per se; the
aggregates did not bind the sensor over the virus. The next
experiment allowed a step-by-step assembly of the complex.
The virus was adsorbed from the buffer; next, the sensor with
the loaded virus was placed into unaggregated aptamer-
functionalized silver nanoparticles. The nanoparticles were
absorbed on the sensor with the virus readily. Thus, the
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FIGURE 3| Spectra of samples with different quantities of the influenza A virus (A), allantoic fluid (dilutions are the same as for influenza A virus) (B), influenza B (C),
and Newcastle disease virus (D). Numbers indicate the mean SERS intensity of BODIPY FL in the probes. The concentration dependencies were described earlier in

sandwich-like complex can be assembled; however,
unaggregated nanoparticles are preferable over nanoparticle
aggregates.

3.2 Mechanism of a SERS Signal Decrease

in Colloidal Aptasensors
Our previous colloidal aptasensors used both variants of the
sandwich assembly tested in biolayer interferometry. The first
one comprises the aggregation of aptamer-functionalized
nanoparticles with the labeled aptamer and subsequent
addition of the virus sample (Gribanyov et al., 2021); the
second one comprises the IVA interaction with the labeled
aptamer with subsequent addition of aptamer-functionalized
nanoparticles that aggregated in the presence of the virus
(Zhdanov et al., 2022). Biolayer interferometry verified the
second approach over the first one.

The aptamer was labeled with a fluorescent dye BODIPY FL-
RHAO0385 that is Raman active; it provided the SERS signal when

trapped between several nanoparticles, which was detected with a
Raman spectrometer with a 532 nm laser. The SERS signal
decreased with an increase in the viral load. Both types of
techniques provided a similar limit of detection—2-5-10° VP/
ml, whereas the dynamic range of SERS differed: 2-10°-2-10° VP/
ml for the pre-aggregated nanoparticles (Gribanyov et al., 2021)
and 5-10°-5-10" VP/ml for the second technique (Zhdanov et al.,
2022). The decrease in the SERS-signal is connected with two
processes: 1) an interaction between IVA and aptamer-
functionalized nanoparticles; 2) a decrease in nanoparticle
aggregation in protein-containing solutions. The last point was
demonstrated in different dilutions of blood plasma, namely, the
SERS signal is absent in 10-100% blood plasma and 5-times lower
in 1% blood plasma, being nearly as intensive as in the buffer in
0.1% blood plasma (Zhdanov et al, 2022). The decrease in
nanoparticle aggregation can be seen visually as the solution
remained yellow-colored instead of gray-colored.

Here, we studied in details the interaction between IvA and
aptamer-functionalized nanoparticles. The color changes are
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FIGURE 4 | Fraction of the aggregates of silver nanoparticles below
100 nm depending on the viral content. IVA-influenza A virus, IvB-influenza B
virus, NDV-Newcastle disease virus, and AF-allantoic fluid. The dilution of
allantoic fluid corresponds to the dilution of IVA.

provided in Figure 2, and the data on spectrometry are
represented in Figure 3. The same solutions were tested in
dynamic light scattering to estimate the size of the silver
nanoparticle aggregates (Figure 4, Supplementary Figures
§7-S43 in Supplementary materials). The yellow color
corresponds to small aggregates of the silver nanoparticles
with a diameter below 100 nm. The smallest aggregates are
larger than the aptamer-functionalized nanoparticles (8 +
2nm, see Supplementary Figure S2). Influenza virus
increased the fraction of the small aggregates at a lower
concentration than other viruses and the allantoic fluid
(Figure 4, Supplementary Figures S$3-S38). The SERS signal

SERS-Based Aptasensors for Influenza Virus

is absent in the yellow solutions of off-target viruses and
decreased gradually in gray-to-foggy-to-yellow solutions of the
influenza A virus. Disturbance of nanoparticle aggregation by
specific and non-specific targets is a main reason of the inability
of the aptasensor to produce SERS-signals in biological fluids
producing a narrow dynamic range of the sensor. Our further
work aimed to overcome this circumstance. First, we used a
Raman-active dye that provided signals even in an undiluted
allantoic fluid; and second, we used membranes to filter out
interfering molecules and macromolecules.

3.3 Affinity of BHQ-2 Amine to the DNA
Aptamer and Its Raman Spectra on the
SERS-Active Surface

BHQ-2 amine has been developed recently as a Raman-active dye
with affinity to non-canonical DNA structures (Zavyalova et al.,
2022). It has been shown to bind guanine stacked between G-G
and G-A pairs in aptamers for adenosine monophosphate. Here,
we used the same dye as a ligand of the guanine quadruplex
(G-quadruplex). Aptamer RHA0385 has the structure of parallel
G-quadruplex with two G-quartets available for interaction with
polyaromatic systems (Novoseltseva et al., 2020). BHQ-2 amine
interacts with RHAO0385 at physiological ionic strength with
dissociation constant of the complex 120 + 30 nM, whereas a
low ionic strength that is used for unaggregated silver
nanoparticles increases this value to 680 + 190 nM (Figure 5;
Table 2). These constants are 4-10 times higher than the constant
for the original complex of BHQ-2 amine with the aptamer for
adenosine monophosphate; however, they are still in the
nanomolar range.

The main advantage of the BHQ-2-amine is its high SERS
signal on the colloidal silver nanoparticles. It is diminished
10 times in biological fluids but not disappeared contrary to
Cyanine-3 and BODIPY FL dyes that were used in our previous
sensors (Figure 6A). The SERS-intensity of the dye was increased

3+ —2uM
——04uM
——0.2uM

Binding, a.u.
Binding, a.u.

T T T T ]
0 100 200 300 400 500
Time, s

FIGURE 5 | Binding of the BHQ-2 amine to the aptamer RHA0385 estimated by biolayer interferometry. The experiment was performed in (A) a buffer with

physiological ionic strength (buffer A) and in (B) a 50x-diluted buffer (buffer B).
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TABLE 2 | Affinity of the BHQ-2 amine to the G-quadruplex aptamer estimated
from the data on biolayer interferometry.

Condition Kp, nM Kassy MM~ 's™! Kgiss, Ms™"
Buffer A 120 + 30 70 £ 30 79+17
Buffer B 680 + 190 1.7 +£0.6 116 £ 0.14

The equilibrium dissociation constants (Kp), association rate constants (Kass) and
dissociation rate constants (kyss) Were estimated in a buffer with physiological ionic
strength (buffer A) and in a 50x-diluted buffer (buffer B).
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FIGURE 6 | SERS spectra from the BHQ-2 amine in the concentration of
8 nM: (A) on aggregated aptamer-functionalized silver nanoparticles in buffer
C and in the presence of the Newcastle disease virus (NDV, 10" VP/ml in
allantoic fluid); (B) on aggregated silver nanoparticles and aggregated
aptamer-functionalized silver nanoparticles; green line indicates the Raman
spectrum of the BHQ-2 amine in the absence of nanoparticles.

two times when the nanoparticles were functionalized with the
RHAO0385 aptamer (Figure 6B), indicating the assembly of the
complex between BHQ-2 amine and the aptamer that increased
the local concentration of the dye near the nanoparticle surface.
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FIGURE 7 | Interaction between the aptamer and its complex with the
BHQ-2 amine and the influenza A virus assessed by biolayer interferometry.
The aptamer was incubated in the buffer or in a 1 uM solution of the BHQ-2
amine and then interacts with 4-10% HAU/mI solution of IVA.

3.4 Competitive Binding of BHQ-2 Amine

and Influenza Virus to the DNA Aptamer
Analyte-dependent changes in the SERS signal are required to
produce sensors based on the BHQ-2 amine. The competition
between the BHQ-2-amine and influenza virus for binding to
RHAO0385 was studied by biolayer interferometry. The aptamer
was immobilized onto the sensor and incubated in a buffer without
or with 1 pM concentration of the BHQ-2 amine. Then, the sensors
were put into solutions of the influenza A virus with a subsequent
dissociation step in the buffer. The resultant curves (Figure 7)
demonstrated that the interaction between the aptamer and the
virus was disrupted if the aptamer was incubated with the BHQ-2
amine. The overall signal is slightly lower, and the dissociation is
more pronounced, suggesting that the dye and the virus do
compete for aptamer binding

3.5 Usage of Polyethylene Terephthalate

Membrane for Virus Filtering

The second significant point is to decrease the concentration of
low-molecular substances and macromolecules in the sample in
order to reduce non-specific interactions. Influenza virus particles
are mainly spherical with a characteristic diameter of 100 nm;
however, virus particles tend to form aggregates and filamentous
structures of 300 nm and higher (Bouvier and Palese, 2008). We
tested several polyethylene terephthalate track-etched
membranes with pore sizes of 80 nm, 320 nm, and 490 nm.
The membrane with a pore size of 80 nm was clogged by the
virus, thus hindering filtering. The other two membranes can be
used for filtering. The membrane with a medium pore size was
chosen for further characterization and development of the
sensor. Scanning electron microscopy images revealed the
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FIGURE 8 | Scanning electron microscopy images of the polyethylene terephthalate membrane with a pore size of 320 nm. (A) Front view; (B) side view.

FIGURE 9 | Atomic force microscopy images of the influenza A viruses that passed the membrane (A) and were retained by the membrane (B). The maximum
height on the A image is in the rate of 30-40 nm; on the B image, it is nearly 180-200 nm.
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FIGURE 10 | Schematic representation of the proposed sensor. Small objects are filtered out, and large objects displace the BHQ-2 amine from the complex with
the aptamer decreasing the SERS signal in the probe.
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mean outer and inner pore sizes to be of 320 nm (Figure 8). The
thickness of the membrane was 19 .

Next, we estimated the fraction of the virus particles that is
held on the membrane during filtering. A measure of 200 pl of the
influenza A virus with a concentration of 4,000 HAU/mL was
filtered through the membrane by centrifugation. Nearly 200 pL
of the solution after filtration was collected, and the membrane was
flashed with 200 pL of the buffer to wash out the virus that did not
pass the membrane. The virus content in these two fractions was
estimated by the hemagglutination assay. The solution after filtration
contained 1,000 HAU/ml of the influenza A virus (25%); the
membrane flush contained 500 HAU/ml (12.5%), ie., 62.5% of
the virus particles stacked inside the membrane. Thus, the virus
concentration in the sample was decreased 8 times; however, the
filtration greatly improved the characteristics of the sensor (see the
next subsection for details). The virus particles from two fractions
were studied by atomic force microscopy, revealing a large amount
of aggregates in the fraction that did not pass the membrane and
nano-objects of nearly 100 nm in diameter in the filtered fraction
(Figure 9). Influenza A viruses tend to form aggregates as
hemagglutinin from one viral particle binds to sialic acids on
another viral particle (Yen et al, 2011). We suppose this process
could be reinforced during filtration through the membrane. Both
fractions can bind to the cells, as seen from the hemagglutination
assay, and are recognized by the aptamer, as seen from biolayer
interferometry (see Supplementary Figures S44, $45).

3.6 Characteristics of a SERS-Based
Aptasensor for Influenza A Virus
Determination With Novel Analyte-Sensitive
Dye and Membrane Filtration

The following setup was proposed. Nanoparticles were
functionalized with 20 nM of the thiolated aptamer RHA0385,

then incubated with 8 nM solution of BHQ-2 amine for 5 min, and
aggregated with a membrane-filtered solution of the influenza A
virus or a control biological solution (Figure 10). To estimate the
contribution of the membrane filtration, an experiment without
this step was performed (Figure 11). The SERS signal increased
nearly monotonously with a dilution of the biological fluid. Similar
results were obtained earlier for SERS in different dilutions of the
blood plasma (Zhdanov et al., 2022). However, the signal in
samples with the influenza A virus was nearly two times lower
than the control biological fluids. This difference was attributed to
the competition between the BHQ-2 amine and the virus for
aptamer binding. As the aptamer provided a two-fold increase
of the SERS signal for BHQ-2 amine (Figure 6B), the two-fold
differences could be interpreted as disruption of the aptamer-
BHQ-2-amine complex by the virus. The absolute SERS cannot be
interpreted directly as it depends on the concentration of
macromolecules in the allantoic fluid. Therefore, relative SERS
signals were plotted versus a viral load before the membrane
filtration (Figure 11B). Notably, the real viral load is
significantly lower for the samples with membrane filtration as
an estimated fraction of the virus on the membrane was 12.5% for
the undiluted virus. This point could be improved by optimizing
the efficiency of membrane filtration. Even based on the viral
content before the filtration, membrane filtration decreased the
limit of detection of the sensor by five orders of the
magnitude—from 1.7 HAU/ml to 2.2:107° HAU/ml
(Figure 11B). Thus, membrane filtration is crucial for the
sensitivity of the technique.

4 DISCUSSION

Surface-enhanced Raman spectroscopy is a highly sensitive
technique; however, there is an urgent need for reproducible
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and cheap SERS-active substrates. The SERS substrates with the
highest Raman enhancement coefficient are produced using high
technological methods like lithography (Chen et al., 2020; Choi
et al., 2020). Colloid silver nanoparticles are very cheap and
simple in production; however, their SERS signal is highly
dependent on the concentration of various biologicals
(Zhdanov et al, 2022). Here, we reduced this effect by
employing sample pre-filtering. The efficient decrease in the
non-specific biologicals is illustrated in Supplementary Figure
$46, where the mixtures of silver nanoparticles with unfiltered
samples are compared with the mixtures of silver nanoparticles
with filtered samples. A yellow color in unfiltered samples
confirms the low efficiency of nanoparticle aggregation,
whereas the gray color corresponds to the formation of large
aggregates with high Raman enhancement coefficients. The
correlation between the color, aggregate size, and SERS
intensity of the samples with viruses is shown in Figures 2-4.

Another significant point is to use Raman-active dyes that are
efficient even in the presence of biologicals. Recently, we have
found that the BHQ-2 amine and the BHQ-2 guanidine provide
strong SERS signals compared to classic BHQ-2. The positive
charge of the dye was supposed to play the key role in the
enhancement of Raman spectra due to adsorption on the
surface of negatively charged nanoparticles (Zavyalova et al.,
2022). In this work, the BHQ-2 amine was shown to provide
SERS spectra even in undiluted biological fluids (Figure 6),
whereas other soluble dyes (cyanine 3, Bodipy FL, rhodamine
6G, BHQ-2, and cyanine 5) were not detected under these
conditions. The BHQ-2 amine was shown to be a ligand of
the G-quadruplex aptamer RHA0385; moreover, it competed
with the influenza A virus for aptamer binding. This
competitive binding was used successfully for influenza A
virus detection with the limit of detection of 2.2-10~° HAU/ml
that corresponds to 1,000 VP/ml (Kramberger et al, 2012).
Nearly the same LoD of 10’ VP/ml was previously shown for
RT-PCR (Herrmann et al., 2001) and electrochemical aptasensor
(Kiilerich-Pedersen et al., 2013). Further improvement of
membrane filtering can decrease the LoD lower than 10° VP/
ml as the current filtration retained only 12.5% of the influenza A
viruses. A combination of microfluidics and membranes with
pore sizes of nearly 100 nm is estimated to be a promising way to
provide even more sensitive sensors with an overall time of
analysis below 15 min.

Aggregates of silver nanoparticles provide a wide plasmonic
peak allowing the use of several laser wavelengths, e.g., 633 nm.
Concurrent usage of two or three lasers can be applied to visualize
the enhancement inside the nanoparticle aggregates similar to the
previous work (Asiala et al., 2015). The aggregates can be also
deposited on the transparent substrate providing a solid-state
SERS substrate similar to those reported previously
(Jayawardhana et al., 2013).

It is important to discuss the possibility of incorporating the
SERS-based techniques in a routine laboratory analysis. SERS-
based techniques provide high sensitivity with a short time of
analysis. We aimed to minimize the time of analysis to 15 min in
this work and our previous works (Kukushkin et al., 2019;
Gribanev et al, 2021; Gribanyov et al., 2021; Zavyalova et al,,

SERS-Based Aptasensors for Influenza Virus

2022; Zhdanov et al., 2022), which places the techniques in the
raw of rapid point-of-care tests. SERS equipment is of rather high
cost; here, we used a portable device with the price 15,000 USD
with a user-friendly interface (RaPort instrument from Enhanced
Spectrometry, United States). This equipment minimizes special
work skills of the operator training allowing the spectra to be
recorded automatically, thereby minimizing human involvement
and measurement error. The price of the sensor itself is extremely
low, 0.2 USD, compared to the price of the test strips of 20-30
USD. The low price was achieved due to the cheap and simple
production of silver colloids, large-scale production of
membranes, low concentrations of dyes, and aptamers. The
cost of the piece of equipment with large-scale use in clinical
practice will pay off quickly enough due to the large difference in
cost between the developed sensor and test strips. PCR provides
the same sensitivity within several hours with the typical price of
the equipment about 40,000 USD and 15-25 USD per sample (the
data are given from the WHO official website). Thus, SERS-based
techniques can enter laboratory diagnostics in the near future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee
of the Chumakov Institute of Poliomyelitis and Viral Encephalitides,
Moscow, Russia (Approval #4 from 2 December 2014).

AUTHOR CONTRIBUTIONS

GZ, EN, NM, AAKk, and EZ performed the experimental part of
the manuscript. OK, EA, ER, 1Y, AG, VK, and AAr provided
necessary materials and equipment. EZ, VK, and AAr performed
conceptualization. The text was written and reviewed by EZ.

FUNDING

This work was supported by the Russian Science Foundation (#
18-74-10019, https://rscf.ru/project/18-74-10019/). The funder
had no role in study design, the collection, analysis, and
interpretation of data, the writing of the report, and in the
decision to submit the manuscript for publication.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 937180


https://rscf.ru/project/18-74-10019/
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.937180/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhdanov et al.

REFERENCES

Akhmetova, A. I, and Yaminsky, I. V. (2022). High Resolution Imaging of Viruses:
Scanning Probe Microscopy and Related Techniques. Methods 197, 30-38.
doi:10.1016/j.ymeth.2021.06.011

Ambartsumyan, O., Gribanyov, D., Kukushkin, V., Kopylov, A., and Zavyalova,
E. (2020). SERS-based Biosensors for Virus Determination with
Oligonucleotides as Recognition Elements. Int. J. Mol. Sci. 21, 3373.
doi:10.3390/ijms21093373

Apel, P. Y. (1995). Heavy Particle Tracks in Polymers and Polymeric Track
Membranes. Radiat. Meas. 25, 667-674. do0i:10.1016/1350-4487(95)
00219-5

Asiala, S. M., Marr, J. M., Gervinskas, G., Juodkazis, S., and Schultz, Z. D. (2015).
Plasmonic Color Analysis of Ag-Coated Black-Si SERS Substrate. Phys. Chem.
Chem. Phys. 17, 30461-30467. doi:10.1039/C5CP04506A

Bizyaeva, A. A, Bunin, D. A., Moiseenko, V. L., Gambaryan, A. S., Balk, S,
Tashlitsky, V. N, et al. (2021). The Functional Role of Loops and Flanking
Sequences of G-Quadruplex Aptamer to the Hemagglutinin of Influenza a
Virus. Int. J. Mol. Sci. 22, 2409. doi:10.3390/ijms22052409

Bouvier, N. M., and Palese, P. (2008). The Biology of Influenza Viruses. Vaccine 26,
D49-D53. doi:10.1016/j.vaccine.2008.07.039

Chan, K.-H., To, K. K. W,, Chan, J. F. W,, Li, C. P. Y., Chen, H., and Yuen, K.-Y.
(2013). Analytical Sensitivity of Seven Point-Of-Care Influenza Virus Detection
Tests and Two Molecular Tests for Detection of Avian Origin H7N9 and Swine
Origin H3N2 Variant Influenza A Viruses. J. Clin. Microbiol. 51, 3160-3161.
doi:10.1128/JCM.01222-13

Chen, H., Park, S.-G., Choi, N., Moon, J.-I, Dang, H., Das, A,, et al. (2020). SERS
Imaging-Based Aptasensor for Ultrasensitive and Reproducible Detection of
Influenza Virus A. Biosens. Bioelectron. 167, 112496. doi:10.1016/j.bios.2020.
112496

Chen, H,, Park, S.-K,, Joung, Y., Kang, T., Lee, M.-K., and Choo, J. (2022). SERS-
based Dual-Mode DNA Aptasensors for Rapid Classification of SARS-CoV-2
and Influenza A/HIN1 Infection. Sensors Actuators B Chem. 355, 131324.
doi:10.1016/j.snb.2021.131324

Choi, M., Kim, S., Choi, S. H., Park, H.-H., and Byun, K. M. (2020). Highly Reliable
SERS Substrate Based on Plasmonic Hybrid Coupling between Gold
Nanoislands and Periodic Nanopillar Arrays. Opt. Express 28, 3598-3606.
doi:10.1364/OE.386726

Flerov, G. N., Apel, P. Yu,, Didyk, A. Yu., Kuznetsov, V. I, and Oganesyan, R. T.
(1989). The Use of Heavy Ion Accelerators for the Manufacture of Nuclear
Membranes. At. Energy 67, 274-279. (Article in Russian). doi:10.1007/
bf01123341

Gribanev, D. A., Zavyalova, E. G., Gambaryan, A. S., Kukushkin, V. I., Rudakova, E.
V., and Ambartsumyan, O. A. (2021). Investigating Aptamer-Functionalized
Silver Nanoparticles as SERS Substrates for Selective Protein Detection. Bull.
Russ. Acad. Sci. Phys. 85, 127-132. doi:10.3103/51062873821020106

Gribanyov, D., Zhdanov, G., Olenin, A,, Lisichkin, G., Gambaryan, A., Kukushkin,
V. et al. (2021). SERS-based Colloidal Aptasensors for Quantitative
Determination of Influenza Virus. Int. J. Mol. Sci. 22, 1842. doi:10.3390/
ijms22041842

Herrmann, B., Larsson, C., and Zweygberg, B. W. (2001). Simultaneous Detection
and Typing of Influenza Viruses A and B by a Nested Reverse Transcription-
PCR: Comparison to Virus Isolation and Antigen Detection by
Immunofluorescence and Optical Immunoassay (FLU OIA). J. Clin.
Microbiol. 39, 134-138. doi:10.1128/JCM.39.1.134-138.2001

Jayawardhana, S., Rosa, L., Juodkazis, S., and Stoddart, P. R. (2013). Additional
Enhancement of Electric Field in Surface-Enhanced Raman Scattering Due to
Fresnel Mechanism. Sci. Rep. 3, 2335. doi:10.1038/srep02335

Kiilerich-Pedersen, K., Dapra, J., Cherré, S., and Rozlosnik, N. (2013). High
Sensitivity Point-Of-Care Device for Direct Virus Diagnostics. Biosens.
Bioelectron. 49, 374-379. doi:10.1016/j.bios.2013.05.046

Killian, M. L. (2014). “Hemagglutination Assay for Influenza Virus,” in Animal
Influenza Virus. Editor E. Spackman (New York, NY: Humana Press), 1161,
3-9. Methods in Molecular Biology (Methods and Protocols). doi:10.1007/978-
1-4939-0758-8_1

Kim, H. N,, Yoon, S. Y., Lim, C. S., and Yoon, J. (2022). Comparison of Three
Molecular Diagnostic Assays for SARS-CoV-2 Detection: Evaluation of

SERS-Based Aptasensors for Influenza Virus

Analytical Sensitivity and Clinical Performance. Clin. Lab. Anal. 36, €24242.
doi:10.1002/jcla.24242

Klimstra, W. B., Tilston-Lunel, N. L., Nambulli, S., Boslett, J., McMillen, C. M.,
Gilliland, T. et al. (2020). SARS-CoV-2 Growth, Furin-Cleavage-Site
Adaptation and Neutralization Using Serum from Acutely Infected
Hospitalized COVID-19 Patients. J. Gen. Virol. 101, 1156-1169. doi:10.
1099/jgv.0.001481

Kramberger, P., Ciringer, M., Strancar, A., and Peterka, M. (2012). Evaluation of
Nanoparticle Tracking Analysis for Total Virus Particle Determination. Virol. J.
9, 265. doi:10.1186/1743-422X-9-265

Kukushkin, V. L, Ivanov, N. M., Novoseltseva, A. A., Gambaryan, A. S., Yaminsky,
L. V., Kopylov, A. M, et al. (2019). Highly Sensitive Detection of Influenza Virus
with SERS Aptasensor. PLoS ONE 14, e0216247. doi:10.1371/journal.pone.
0216247

Leopold, N., and Lendl, B. (2003). A New Method for Fast Preparation of
Highly Surface-Enhanced Raman Scattering (SERS) Active Silver
Colloids at Room Temperature by Reduction of Silver Nitrate with
Hydroxylamine Hydrochloride. J. Phys. Chem. B 107, 5723-5727.
doi:10.1021/jp027460u

Masson, L., Mazza, A., and De Crescenzo, G. (2000). Determination of Affinity and
Kinetic Rate Constants Using Surface Plasmon Resonance. Methods Mol. Biol.
145, 189-201. doi:10.1385/1-59259-052-7:189

McAuley, J. L., Gilbertson, B. P., Trifkovic, S., Brown, L. E,, and McKimm-
Breschkin, J. L. (2019). Influenza Virus Neuraminidase Structure and
Functions. Front. Microbiol. 10, 39. doi:10.3389/fmicb.2019.00039

McCormick, W., and Mermel, L. A. (2021). The Basic Reproductive Number and
Particle-To-Plaque Ratio: Comparison of These Two Parameters of Viral
Infectivity. Virol. J. 18, 92. doi:10.1186/s12985-021-01566-4

Novoseltseva, A. A., Ivanov, N. M., Novikov, R. A,, Tkachev, Y. V., Bunin, D. A,,
Gambaryan, A. S., et al. (2020). Structural and Functional Aspects of
G-Quadruplex Aptamers Which Bind a Broad Range of Influenza A
Viruses. Biomolecules 10, 119. doi:10.3390/biom10010119

Peters, T. R., Blakeney, E., Vannoy, L., and Poehling, K. A. (2013). Evaluation
of the Limit of Detection of the BD Veritor System Flu A+B Test and Two
Rapid Influenza Detection Tests for Influenza Virus. Diagnostic
Microbiol. Infect. Dis. 75, 200-202. doi:10.1016/j.diagmicrobio.2012.
11.004

Shiratori, I, Akitomi, J., Boltz, D. A., Horii, K., Furuichi, M., and Waga, L. (2014).
Selection of DNA Aptamers that Bind to Influenza A Viruses with High Affinity
and Broad Subtype Specificity. Biochem. Biophysical Res. Commun. 443, 37-41.
doi:10.1016/j.bbrc.2013.11.041

Treshchalina, A., Postnikova, Y., Boravleva, E., Gambaryan, A., Belyakova, A.,
Ishmukhametov, A., et al. (2021). Substitution Argl40Gly in Hemagglutinin
Reduced the Virulence of Highly Pathogenic Avian Influenza Virus H7N1.
Viruses 13, 1584. doi:10.3390/v13081584

Yaminsky, I, Akhmetova, A., and Meshkov, G. (2018). Femtoscan Online
Software and Visualization of Nano-Objecs in High-Resolution
Microscopy. NanoRus 11, 414-416. doi:10.22184/1993-8578.2018.11.6.
414.416

Yaminsky, L, Filonov, A., Filonov, A., Sinitsyna, O., and Meshkov, G. (2016).
FemtoScan Online Software. NanoRus 2, 42-46. doi:10.22184/1993-8578.2016.
64.2.42.46

Yan, C,, Cui, ., Huang, L., Du, B, Chen, L., Xue, G., et al. (2020). Rapid and Visual
Detection of 2019 Novel Coronavirus (SARS-CoV-2) by a Reverse
Transcription Loop-Mediated Isothermal Amplification Assay. Clin.
Microbiol. Infect. 26, 773-779. doi:10.1016/j.cmi.2020.04.001

Yang, J., Han, Y., Zhang, R., Zhang, R., and Li, J. (2021). Comparison of Analytical
Sensitivity of SARS-CoV-2 Molecular Detection Kits. Int. J. Infect. Dis. 111,
233-241. doi:10.1016/j.ijid.2021.08.043

Yen, H.-L,, Liang, C.-H., Wu, C.-Y,, Forrest, H. L., Ferguson, A., Choy, K.-T.,
et al. (2011). Hemagglutinin-neuraminidase Balance Confers Respiratory-
Droplet Transmissibility of the Pandemic HIN1 Influenza Virus in Ferrets.
Proc. Natl. Acad. Sci. US.A. 108, 14264-14269. doi:10.1073/pnas.
1111000108

Zavyalova, E., Ambartsumyan, O., Zhdanov, G., Gribanyov, D., Gushchin, V.,
Tkachuk, A., et al. (2021). SERS-based Aptasensor for Rapid Quantitative
Detection of SARS-CoV-2. Nanomaterials 11, 1394. doi:10.3390/
nanol1061394

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 937180


https://doi.org/10.1016/j.ymeth.2021.06.011
https://doi.org/10.3390/ijms21093373
https://doi.org/10.1016/1350-4487(95)00219-5
https://doi.org/10.1016/1350-4487(95)00219-5
https://doi.org/10.1039/C5CP04506A
https://doi.org/10.3390/ijms22052409
https://doi.org/10.1016/j.vaccine.2008.07.039
https://doi.org/10.1128/JCM.01222-13
https://doi.org/10.1016/j.bios.2020.112496
https://doi.org/10.1016/j.bios.2020.112496
https://doi.org/10.1016/j.snb.2021.131324
https://doi.org/10.1364/OE.386726
https://doi.org/10.1007/bf01123341
https://doi.org/10.1007/bf01123341
https://doi.org/10.3103/S1062873821020106
https://doi.org/10.3390/ijms22041842
https://doi.org/10.3390/ijms22041842
https://doi.org/10.1128/JCM.39.1.134�138.2001
https://doi.org/10.1038/srep02335
https://doi.org/10.1016/j.bios.2013.05.046
https://doi.org/10.1007/978-1-4939-0758-8_1
https://doi.org/10.1007/978-1-4939-0758-8_1
https://doi.org/10.1002/jcla.24242
https://doi.org/10.1099/jgv.0.001481
https://doi.org/10.1099/jgv.0.001481
https://doi.org/10.1186/1743-422X-9-265
https://doi.org/10.1371/journal.pone.0216247
https://doi.org/10.1371/journal.pone.0216247
https://doi.org/10.1021/jp027460u
https://doi.org/10.1385/1-59259-052-7:189
https://doi.org/10.3389/fmicb.2019.00039
https://doi.org/10.1186/s12985-021-01566-4
https://doi.org/10.3390/biom10010119
https://doi.org/10.1016/j.diagmicrobio.2012.11.004
https://doi.org/10.1016/j.diagmicrobio.2012.11.004
https://doi.org/10.1016/j.bbrc.2013.11.041
https://doi.org/10.3390/v13081584
https://doi.org/10.22184/1993-8578.2018.11.6.414.416
https://doi.org/10.22184/1993-8578.2018.11.6.414.416
https://doi.org/10.22184/1993-8578.2016.64.2.42.46
https://doi.org/10.22184/1993-8578.2016.64.2.42.46
https://doi.org/10.1016/j.cmi.2020.04.001
https://doi.org/10.1016/j.ijid.2021.08.043
https://doi.org/10.1073/pnas.1111000108
https://doi.org/10.1073/pnas.1111000108
https://doi.org/10.3390/nano11061394
https://doi.org/10.3390/nano11061394
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhdanov et al.

Zavyalova, E., Tikhonova, D., Zhdanov, G., Rudakova, E., Alferova, V., Kamzeeva,
P, etal. (2022). SERS-Based Biosensor with Raman-Active External Responsive
Element for Rapid Determination of Adenosine Monophosphate. Anal. Chim.
Acta. in press.

Zhdanov, G. A,, Gribanyov, D. A., Gambaryan, A. S., Kukushkin, V. I., and
Zavyalova, E. G. (2022). Using a Biosensor Based on Surface-Enhanced
Raman Scattering to Identify Influenza Viruses in Biological Fluids.
Bull.  Russ. Acad. Sci. Phys. 86, 434-437. doi:10.3103/
$1062873822040293

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

SERS-Based Aptasensors for Influenza Virus

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhdanov, Nyhrikova, Meshcheryakova, Kristavchuk, Akhmetova,
Andreev, Rudakova, Gambaryan, Yaminsky, Aralov, Kukushkin and Zavyalova.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

14

June 2022 | Volume 10 | Article 937180


https://doi.org/10.3103/S1062873822040293
https://doi.org/10.3103/S1062873822040293
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	A Combination of Membrane Filtration and Raman-Active DNA Ligand Greatly Enhances Sensitivity of SERS-Based Aptasensors for ...
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Viruses
	2.3 Preparation of Silver Nanoparticles
	2.4 Functionalization of Silver Nanoparticles With the Aptamer
	2.5 Biolayer Interferometry
	2.6 Sandwich-Like Assay and Characterization of Aggregated Nanoparticles in the Presence of Viruses
	2.7 Synthesis and SERS Spectra of BHQ-2 Amine
	2.8 Characterization of Membranes for Virus Filtration
	2.9 Atomic Force Microscopy Experiment
	2.10 SERS-Based Sensors for Influenza A Virus Determination

	3 Results
	3.1 Selectivity of the DNA Aptamer and an Assembly of a Sandwich-Like Complex
	3.2 Mechanism of a SERS Signal Decrease in Colloidal Aptasensors
	3.3 Affinity of BHQ-2 Amine to the DNA Aptamer and Its Raman Spectra on the SERS-Active Surface
	3.4 Competitive Binding of BHQ-2 Amine and Influenza Virus to the DNA Aptamer
	3.5 Usage of Polyethylene Terephthalate Membrane for Virus Filtering
	3.6 Characteristics of a SERS-Based Aptasensor for Influenza A Virus Determination With Novel Analyte-Sensitive Dye and Mem ...

	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


