Analytica Chimica Acta 1064 (2019) 94—-103

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Analytica
Chimica
Acta

Subtyping of influenza A H1N1 virus using a label-free N
electrochemical biosensor based on the DNA aptamer targeting the o
stem region of HA protein

Jyoti Bhardwaj ¢, Narendra Chaudhary *®, Hajin Kim *°, Jaesung Jang * "

2 Department of Biomedical Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan, 44919, Republic of Korea
b Center for Genomic Integrity, Institute for Basic Science, Ulsan, 44919, Republic of Korea
€ School of Mechanical, Aerospace and Nuclear Engineering, UNIST, Ulsan, 44919, Republic of Korea

HIGHLIGHTS

e An ssDNA aptamer selected for sub-
typing of influenza A HIN1 viruses
via SELEX is reported for the first
time.

e Aptamers that recognize HIN1 sub-
types alone were selected using mini
HA protein and whole H1N1 viruses.

e The dissociation constant of 19.2 nM
was obtained for aptamer V46.

e The electrochemical sensor based on
the DNA aptamer distinguished
H1N1 subtypes from other subtypes
of influenza A virus.
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ABSTRACT

Rapid subtyping of influenza viruses in clinical laboratories has been increasingly important because
three subtypes (seasonal HIN1, H3N2, and 2009 H1N1) of influenza A virus currently disseminated in
humans have variable susceptibilities to antiviral drug. Herein, we present DNA aptamers for selective
detection of influenza A HIN1 (seasonal and 2009 pandemic HI1N1) viruses by targeting recombinant
influenza A mini-hemagglutinin (mini-HA) protein (the stable stem region of HA) and whole HIN1 vi-
ruses. The dissociation constants (Kp) of aptamer candidates V46 and V57 were 19.2 nM and 29.6 nM,
respectively, according to electrochemical characterization (differential pulse voltammetry), demon-
strating strong binding to mini-HA. In comparison, the Kp of the influenza virus antibodies is in the range
of 1 uM—10 nM. Aptamer V46 showed higher specificity and binding affinity to the mini-HA protein and
H1N1 subtypes, and it was also incorporated into an indium tin oxide-based electrochemical sensor,
showing sensitive and specific detection of HIN1 viruses, with a limit of detection (LOD) of 3.7 plaque-
forming units per mL. The binding affinity, specificity, and LOD achieved with the electrochemical sensor
suggest that it can be used for rapid subtyping of HIN1. We also propose that this aptamer can be used
for the neutralization of HIN1 subtypes, suggesting potential therapeutic and diagnostic applications.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Influenza viruses cause infections of human populations every
year and are responsible for serious respiratory diseases. Influenza
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Aviruses infect a wide range of animals, including birds, swine, and
other mammals; hence, they can lead to the development of pan-
demics [1]. Hemagglutinin (HA) and neuraminidase (NA) are the
two surface glycoproteins of influenza A viruses that are the targets
of immune detection. These glycoproteins are highly variable, and
18 HA and 11 NA variants have been identified thus far [2—5].

Currently, seasonal HIN1, 2009 pandemic H1N1, and H3N2 are
three major subtypes disseminated in humans, and rapid subtyping
in clinical laboratories is critical considering that several types of
influenza viruses with variable drug resistance to antiviral treat-
ment are cocirculating [6—8]. In fact, as of January 2010, the sea-
sonal HIN1 viruses are known to be resistant to oseltamivir,
whereas H3N2 and influenza B viruses are susceptible to oselta-
mivir and resistant to amantadine [9]. Currently, most commonly
used methods for subtyping of influenza A viruses are based on
nucleic acid specific tests such as PCR and antibody-based tests
(ELISA; enzyme-linked immunosorbent assay) [6,7]. Nucleic acid-
based methods are generally time-consuming, requiring trained
personnel. Antibody-based subtyping is easier to perform; how-
ever, viral mutation can alter antigenic sites, which may produce
pandemic viral strains, and the synthesis of new antibodies is
laborious, cost-ineffective, and time-consuming [10—12].

Aptamers are chemically synthesized oligonucleotides that can
recognize and bind to target molecules with high affinity and high
specificity [13,14]. Their small size, low cost, and reproducible
chemical synthesis, as well as flexibility for chemical modification,
low immunogenicity, and lack of toxicity, make them ideal for
research and diagnosis in strip tests, with considerable potential for
on-site applications [15,16]. Therefore, aptamer-based subtyping
would be a cost-effective and potential alternative to the antibody-
based subtyping, and several DNA and RNA aptamers have been
demonstrated for detection and treatment of influenza viruses
(Table 1). Based on the literature, an aptamer that can distinguish
the HIN1 subtype (seasonal and pandemic) from other cocircu-
lating subtypes of the influenza virus in humans has not yet been
developed.

In this study, we present a DNA aptamer with high affinity and
specificity to the influenza A virus HIN1 subtype and an electro-
chemical aptasensor (aptamer-based biosensor) based on the
developed aptamer for subtyping of influenza A HIN1 virus.

Table 1

Comprehensive identification of epidemic and pandemic strains of
influenza H1N1 virus is challenging because of frequent viral mu-
tations that alter surface antigens, notably on the HA protein, which
is crucial for binding to the host cell prior to membrane fusion
[17—19]. Previously, mini-HA proteins representing the stable HA
stem (rather than the variable head) were developed from the HA
sequence of the HIN1 virus (A/Brisbane/59/2007) and the crystal
structure of the full-length HA of HIN1 virus (A/California/04/
2009) [20]. One (#4900) of the mini-HAs provided successful
protection in animal models against the influenza A group 1 het-
erosubtypic viruses (HIN1 A/Puerto Rico/8/34 and H5N1 A/Hong
Kong/156/97) and influenza A group 2 viruses (H3 and H9 sub-
types) [20]. Compared to the HA proteins that were previously used
to develop DNA aptamers by several groups [21—24], the HA stem
domain is much more conserved, and we postulate that targeting
the stable stem region of HA, namely, mini-HA (which is not as
variable as the head region), will enable the detection of all
pandemic and seasonal strains of HIN1 viruses. Herein, we seek to
develop ssDNA aptamers capable of detecting a broad range of
influenza A HIN1 subtypes using the mini-HA protein for the first
time. Our method involved the use of five rounds of systematic
evolution of ligands by exponential enrichment (SELEX) with the
mini-HA proteins in native active conformation, to select for the
broad detection of influenza A group 1 viruses, followed by six
rounds of SELEX with H1N1 viruses, to select H1N1-specific
aptamers. We also developed an ITO/glass-based electrochemical
aptasensor using the developed aptamer, and the aptasensor was
tested against six strains of HIN1 viruses, two strains of H3N2 vi-
ruses, adenovirus virus, influenza B virus, and HA proteins of four
different subtypes of influenza A viruses (H5N1, HIN2, H1N3, and
H1N8).

2. Methods

2.1. Mini-HA plasmid construction, expression, and protein
purification

The DNA fragment for mini-HA (#4900) protein was chemically
synthesized with gBLOCK gene fragments (Integrated DNA Tech-
nologies, Coralville, 1A, USA), amplified by PCR using a Phusion

Several reported RNA and DNA aptamers for the influenza virus. HA, hemagglutinin; SPR, surface plasmon resonance; ELAA, enzyme-linked aptamer assay; EIS, electrical
impedance spectroscopy; RNA, ribonucleic acid; ssDNA, single-stranded deoxyribonucleic acid.

Detection method Aptamer Selection against protein or ~ Specific target Kp (binding Selectivity References
virus affinity)
SPR RNA Whole HA A/Panama/2007/1999 (H3N2) 188 pM Cannot detect other H3N2  [37]
strains
SPR RNA Recombinant HA HA of H5N1 and H7N7 170 pM No cross reactivity with other [43]
subtypes
SPR RNA Whole HA A/California/07/2009 (pandemic 67 fM Cannot detect other strains of [38]
H1N1) H1NT1 virus
SPR RNA Whole HA Influenza B 720 pM No cross reactivity with [39]
influenza A
SPR DNA Recombinant HA of H5SN1 and H5N1 subtype 4.65 nM No cross reactivity with other [44]
H5NT1 virus subtypes
ELAA ssDNA  HA proteins H1N1, H5N1, and H3N2 153 x 1078 M Specific to influenza A [22]
ELAA ssDNA HA(91-261) H1N1 (A/Puerto Rico/8/1934), Not specific to HIN1 subtype [23]
H2N2 and H3N2 alone
Fluorescent assay ssDNA  Whole HA H1NT1 influenza A/Puerto Rico/8/ 78 + 1 nM Cannot detect other strains of [24]
1934 H1N1
ELAA, EIS aptasensor ssDNA  Inactivated HIN1 virus H1N1, H3N2, influenza B 5.54 +4.41 nM Not specific to HIN1 subtype [41]
alone
Sandwich type SPR ssDNA  Whole virus H5Nx (H5N1, H5N8, H5N2) 8 x 10%to Specific to H5 subtype [45]
1 x 10* EID50/mL
Fluorescence assay, ssDNA  Mini HA 4900 and H1N1 virus HIN1 subtype 19.2nM No cross reactivity with other Present

Voltammetry aptasensor

subtypes study
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high-fidelity PCR master mix (New England BioLabs, Ipswich, MA,
USA) according to the manufacturer's instructions and cloned into a
PCDNA3.1 vector by restriction digestion and ligation. His-tagged
mini-HA protein was produced in HEK293T cells by transient
transfection of the recombinant vector with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). The HEK293T cells were cultured in
Dulbecco's Modified Eagle's Medium with high glucose, 10% fetal
bovine serum, and 1 x penicillin/streptomycin solution (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) and were incubated
at 37 °C in a humidified 5% CO, incubator. The His-tagged mini-HA
was purified with the MagneHis protein purification system
(Promega, Madison, WI, USA), according to the manufacturer's
protocols. The purity of the eluted mini-HA protein was estimated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

2.2. In vitro selection of aptamers

A DNA library that consisted of randomized 40-mer DNA se-
quences flanked by primer-binding sites and appropriate primers
was purchased from Trilink Biotechnologies (San Diego, CA, USA).
The DNA library was amplified by PCR with the Phusion high-
fidelity PCR master mix with HF buffer according to the manufac-
turer's protocols for 25 cycles. The amplified products were purified
with the GeNetBiotech PCR purification kit (GeNetBiotech, Seoul,
Korea), converted to ssDNA by denaturation at 95°C for 10 min,
followed by immediate snap-freezing on ice. Selection of the
aptamer was carried out initially by incubation of the mini-HA
protein (2 ug) with the amplified ssDNA library (10 nM) in 450 pL
of binding buffer (MagneHis Protein Purification System) for 1h
with shaking at room temperature (RT). A volume of 5 puL of Magne-
His Ni particles was added, incubated for 15 min, and washed with
a washing buffer three times to remove unbound DNA. The bound
ssDNA—mini-HA complexes were eluted with 50 pL of elution
buffer (MagneHis Protein Purification System) and recovered by
precipitation with 2.5 uL of 200 mM glycogen, 20 uL of 7.5M so-
dium acetate, and 200 pL of 100% ethanol. The recovered complexes
were re-suspended in 25 pL of nuclease-free water and used as the
template in the next round of SELEX amplification and purification.
After the execution of five rounds of SELEX with amplification
followed by mini-HA selection, six rounds of SELEX were per-
formed with H1N1 viruses. First, 400 plaque-forming units (PFU) of
H1N1 (KBPV—VR—33) virus were included. The aptamers bound to
the HIN1 virus were recovered by centrifugation for 1hat
12,000rpm and 4°C. The supernatant was discarded, pelleted
complexes were washed twice, and the aptamers were recovered
by heating them at 95 °C for 5 min and collected by centrifugation
at 12,000rpm and 4°C for use in the subsequent rounds of
amplification and purification. Selection concentrations were
gradually reduced over the SELEX process, from 2 pg to 125 ng for
mini-HA protein and from 40pL to 5pL for HIN1 virus
(10* PFUmL™ 1), to obtain high-binding affinity aptamers (Table 2).

2.3. Enzyme-linked aptamer assay (ELAA)

ELAA was performed for the comparison of binding of the PCR
products with mini-HA for 1-5 rounds and with H1NT1 viruses for
6—11 rounds. The ssDNA pools from each round of selection were
stored and amplified with biotinylated forward and reverse
primers. A 96-well microtiter plate (Nunc, Roskilde, Denmark) was
treated with either 250 ng of mini-HA protein or 40 uL of H1N1
virus (KBPV—VR—33) (10* PFUmML™") per well in 100 pL of carbon-
ate buffer (pH 9.6) at 4°C overnight. The plate was rinsed with
phosphate buffered saline (PBS) and treated with super-block TBS
buffer (Thermo Scientific) for 1hat RT to preclude nonspecific
binding. The biotinylated PCR products were diluted in PBS to a

Table 2
Concentrations of aptamers, targets, and incubation time for each cycle of systematic
evolution of ligands by exponential enrichment (SELEX).

Cycle HA protein (ug) ssDNA Pool (nmole) Incubation time (min)

1 2 10 60
2 1 10 60
3 0.5 7 45
4 0.25 7 45
5 0.125 7 30
Virus (uL)
6 40 7 30
7 30 5 30
8 20 4 25
9 10 3 25
10 5 2 20
11 5 2 20

final concentration of 500 nM and denatured at 95 °C for 5 min.
These ssDNA pools were added to the mini-HA protein- (1-5
rounds) or virus-coated wells (6—11 rounds), incubated for 1 h at
RT, and washed with PBS three times. A volume of 50puL of
streptavidin—horseradish peroxidase (Abcam, Cambridge, UK) was
added, and the mixture was incubated at RT for 30 min. The plate
was washed again, 100 puL of 3,3',5,5'-tetramethylbenzidine sub-
strate solution (Sigma—Aldrich, St Louis, MO, USA) was added, and
the plate was incubated for 10 min at RT. Sulfuric acid (0.5 N) was
then added, and the absorbance (450 nm) was measured with a
microplate reader.

2.4. Cloning and sequencing of aptamer candidates

The aptamer pools at the final round were amplified and puri-
fied as described above. The purified DNA products were cloned
using the pGEM-T Easy Vector system (Promega) and transformed
into chemically competent TOP10 Escherichia coli cells (Invitrogen)
by heat shock at 42°C. The transformed cells were plated on
Luria—Bertani (LB) agar with ampicillin (50 pgmL™"), and 60
randomly selected bacterial colonies were picked and grown in LB
broth (6 mL) containing ampicillin (50 ug mL~!) at 37 °C overnight
by shaking at 150 rpm. Plasmids were isolated with the PureYield
Plasmid Miniprep system (Promega) and sequenced by Macrogen
(Seoul, South Korea). The sequences of selected aptamers were
further processed for secondary structure prediction with the
software NUPACK [25] and FOLD [26].

2.5. Quantification of target-bound aptamers using qgPCR

All qPCR amplification and analyses were performed with a
LightCycler 480 II instrument. A PCR reaction mixture (20 puL) was
prepared with 10 puL of Power SYBR Green PCR Master mix (Applied
Biosystems, Foster City, CA, USA), 2uL of primer pair mix
(5pmol uL~! each primer), 3L of DNA template, and 5pL of
nuclease-free water. The ssDNA aptamers at both the 10th and 11th
rounds were incubated with the mini-HA protein (250 ng) rather
than the influenza virus H1N1, owing to the safety of the process, in
binding buffer at a final volume of 50 uL for 2 h. Target-bound
aptamers were pulled down and eluted as described above, and
5-uL aliquots were then used as a qPCR template for all the
aptamers. The amplification cycle was completed as follows: an
initial denaturation at 95°C for 10 min, followed by 40 cycles
(10sat 95°C, 10sat 60°C, and 10sat 72°C) with fluorescence
signal measurements after each extension step. All qPCR mea-
surements were performed in duplicate. A standard curve was
determined using aliquots of a 10-fold serial dilution of the random
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ssDNA library as qPCR templates, to enable the extrapolation of the
copy numbers of target-bound aptamers. Background measure-
ments were subtracted for each sample. The dissociation constant
(Kp) was calculated by nonlinear fitting to Y = Bpax x X/(Kp + X),
where Y is the normalized signal, X is the concentration of the
aptamer (nM), and By is the maximum signal.

2.6. Fluorescence affinity measurement

Different concentrations of carboxyfluorescein (FAM)-labeled
ssDNA aptamers V46 and V57 were incubated for 2 h with mini-HA
protein (250 ng) in binding buffer (MagneHis Protein Purification
System) at RT, followed by the addition of 5 uL of Magne-His Ni
particles (MagneHis Protein Purification System). The aptamers
were incubated for 15 min, washed three times with binding buffer
(MagneHis Protein Purification System), and the bound aptamers
were eluted with elution buffer (50 pL) (MagneHis Protein Purifi-
cation system). The eluted aptamers were calculated by fluores-
cence intensity measurements with a microplate reader (excitation
wavelength 490 nm, and emission wavelength 520 nm), and Kp was
calculated by nonlinear regression fitting as described above.

2.7. Voltammetry measurement of the binding affinity

Chemically modified indium tin oxide (ITO)/glass electrodes
were used for binding affinity measurements using voltammetry.
An immobilization scheme on the ITO/glass electrodes is given in
supplementary information (Fig. S1). Cyclic voltammetry (CV) were
performed to characterize the modified ITO/glass electrodes after
each modification step over the potential range (—0.65V to + 0.5 V)
with a scan rate of 50 mV s~ . Binding assays were performed with
various aptamer concentrations (0—250 nM) and 250 nM of
random sequence 5'-TTCGACCGCGGTTATAAGACTCAT-3’ (Macro-
gen) as a negative control (NTC) using differential pulse voltam-
metry (DPV). DPV was also performed at a potential range (—0.8 V
to +0.8 V) with a pulse amplitude of 50 mV and a scan rate of
100 mVs~ L. The CV and DPV measurements were performed in the
presence of 1 x PBS (pH 7) solution containing 5 mM [Fe(CN)g]> /4~
and 0.5M KCl as the redox probe. The Langmuir isotherm
(nonlinear regression fitting) was used for Kp determination, based
on the formula Al = (Al)max [C/Kp + C], where Al is the change in
current (I (blank)—I(test samples)), and C is the aptamer concentration.

2.8. Fabrication of an aptasensor using the developed aptamer

An ITO coated glass wafer was diced into electrode strips
(2 cm x 0.5 cm), and the strips were cleaned in acetone, methanol,
and DI water sequentially. The ITO/glass strips were ultrasonically
cleaned using acetone, soap solution, and distilled water for 5 min
each and was dried under a stream of Ny gas. These strips were
immersed in a solution containing NH4OH, H,0,, and H,0, at a
volume ratio of 1:1:5 for 30 min at 60 °C to form hydroxyl groups
on the surface of the ITO. The modified strips were washed with
distilled water and dried gently with N, gas. A working area of
0.1 cm? was used for further modification and the remaining area
was covered with tapes to prevent the deposition. Positive charges
were introduced by immersing the working areas of the ITO/glass
strips in 1% polyethylenimine (PEI) solution for 2 h followed by
incubation with the negatively charged V46 aptamer (100 nM),
which corresponded to 3.9 x 10® molecules/cm? Physically
adsorbed aptamers were removed by immersion in ultrapure wa-
ter. Finally, the V46—PEI-ITO electrode was immersed in 1% BSA
solution to block active sites.

2.9. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed to characterize the modified ITO
electrodes (aptasensors). The CV was recorded from —0.8 V
to +0.8 V with a scan rate of 50 mVs~'. The impedance measure-
ments were performed in the frequency range of 0.1 Hz—100 kHz
and an amplitude of 10 mV. For detection of the HIN1 virus, 10-uL
droplets containing various virus concentrations (KBPV—VR—33)
(10° to 108 PFUmML™!) were incubated on the aptamer-modified
electrodes for 30 min and washed with PBS to remove unbound
viruses, followed by DPV measurements. Selectivity experiments of
the aptasensors were performed by incubating them with six
strains of HIN1 influenza A viruses [KBPV—VR—33, KBPV—VR-76,
ATCC—VR-98 (A/Mal/302/54), ATCC—VR—-97 (A/FM/1/47),
ATCC—VR-219 (A/NWS/33), and ATCC—VR—1736 (A/Virginia/
2009)], two strains of H3N2 influenza A viruses (KBPV—VR—71 and
ATCC—VR—1837), adenovirus virus (KBPV—VR—4), and influenza B
virus (IV-B; KBPV—VR—34), where all the virus concentrations
were 10° PFUmL™, and 250 ng of HA proteins of four different
subtypes of influenza A viruses: H5SN1 (A/Anhui/1/2005), HIN2 (A/
swine/Guangxi/13/2006), HIN3 (A/duck/NZL/160/1976), and HIN8
(A/Egyptian/South Africa/AI1448/2007/) (Sino Biological, Wayne,
PA, USA). DPV was carried out over the potential range of —0.8 V
to +0.8 V, with a pulse amplitude of 50 mV and a scan rate of
100 mVs~! using an Autolab Potentiostat/Galvanostat (PGSTAT204,
Metrohm, Barendrecht, Netherlands) in 1 x PBS solution that con-
tained 5 mM [Fe(CN)s]®>*~ and 0.5 M KCl as the redox probe.

2.10. Statistical analysis

All experiments were performed in triplicate. Error bars repre-
sent the standard deviation of three measurements.

3. Results and discussion
3.1. Selection of target-bound aptamers by SELEX

After five rounds of SELEX with the mini-HA protein and six
rounds with the HI1N1 virus (Fig. 1A), binding of ssDNAs from each
round was assessed using ELAA. The level of binding of the ssDNA
pool increased as the SELEX progressed from the first to the fifth
round and from the sixth to the eleventh selection cycle (Fig. 1B).
The selectivity was increased throughout the SELEX by decreasing
the amounts of ssDNA and either the mini-HA protein or the HIN1
virus (Table 2) to promote specific binding between these targets
and the selected aptamers. Binding of the ssDNA pool to the HIN1
virus did not differ significantly between the tenth and eleventh
selection rounds, suggesting the maximum binding affinity to-
wards the target. Therefore, the eluted ssDNA aptamer pools from
the tenth and eleventh rounds of SELEX were PCR-amplified,
cloned, and sequenced. Clones without aptamer sequences were
excluded from further analyses. Several aptamer sequences were
repeatedly found in two or more clones, indicating that these
repeated sequences had a high binding affinity [27]. Complete
sequencing results are shown in Table S1.

3.2. Evaluation and characterization of candidate aptamers

The level of binding was evaluated by incubating the aptamers
with the mini-HA protein and quantifying the copy numbers of the
bound aptamers with qPCR (Fig. 1C). A total of 11 ssDNA aptamers
with high copy numbers or repeated sequences were selected for
further evaluation (Table 3). The binding affinities of these selected
aptamers were assessed by qPCR after incubation of different
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Fig. 1. Outline of the systematic evolution of ligands by exponential enrichment (SELEX) process. (A) A library consisting of randomized 40-mer ssDNA sequences was used for
selection of aptamers via five rounds of SELEX with a recombinant influenza A mini-hemagglutinin (mini-HA) stem protein, and six rounds with influenza HIN1 whole viruses
(KBPV—VR—-33). The concentrations of the mini-HA protein and HIN1 viruses were gradually reduced in subsequent cycles to obtain high-binding-affinity aptamers. (B) Parallel
binding measurements of PCR products from each round of SELEX were performed after amplification of ssDNA pools with biotinylated primers. (C) Selection of aptamers with a
high level of binding from randomly selected clones based on qPCR analyses. Aptamers were incubated with mini-HA protein in 50 pL (final volume) of binding buffer for 2 h,
unbound ssDNA was removed by washing, and the level of binding of each aptamer was measured by qPCR. Eleven aptamer sequences with high copy numbers or repeated

sequences (dark colored bars) were selected for further analysis.

Table 3

Binding affinity (Kp) determined by qPCR and the corresponding sequences of the 11 selected aptamers. Aptamers with data that did not fit the
equilibrium binding curves were excluded from further analysis, and their dissociation constants are indicated as not being available (N/A).

Aptamers Sequence Kp

V9 GACGTGGTGACGGTGGGGTGGAACGTGCCGTGTGCGTGGT N/A

V16 TCGTTGGGCTGGGCTGCGATGGTTGGTGAGACTCGGCGTG N/A

V30 GCCACGTACGCCTCATCGCCCACCCTCACTGCACCTCGCC 99.8 +24.9
V32 CGCGAGAGCAGCTGGGGGGAGGGCGTGGCAGGTGGTGTGG N/A

V33 CACGGACGGACGGCACAGTGGAGGGAGGCACACCGCGGTG N/A

V37 CCACCTCACAACGACACCACAACCCCGTACGCCACATCGG 835.8 +159.2
V38 GGACACGTGCGGACTGTGGTCATGTGACGCATGGTGCAGG 1184 +36.8
V46 TACTGCACACGACACCGACTGTCACCATCACCTCGGCGCA 20.7+3.8
V50 GGACACAGAGGGCAAGATGTGTGTAGGATGGGTAGGGTCA NA

V52 AGCACAGAGTTGGAAACATGACCCCGACCCGCCGCGTTGA 311.5+151.9
V57 CGCAACACACCATCCCCCTTGCATTCCGCACACCACGCTT 66.7+18.3

concentrations of the aptamers with the mini-HA protein (250 ng)
and removal of unbound aptamers. The qPCR results enabled the
calculation of the Kp values for each of these aptamers by nonlinear
fitting, and the Kp values ranged from 20.7nM to 835.8nM
(Table 3). Aptamers V46 and V57 yielded the highest affinities, with
Kp values of 20.7 + 3.8 nM and 66.7 + 18.3 nM, respectively. These
two aptamers demonstrated sufficient affinities considering that Kp
values for many antibodies range between 1nM and 100 nM
[28,29], and their binding affinities were further evaluated by
fluorescence measurements (Fig. 2A). Different concentrations of
FAM-labeled V46 and V57 aptamers were incubated with the mini-
HA (250 ng), and the fluorescence intensities of eluted bound
aptamers were measured to calculate the Kp values using the
Langmuir binding isotherm [30,31], eliciting values of 29.1 + 6.2 nM
for V46 and 36.1 + 16.0 nM for V57. These results indicated that V46

had a higher binding affinity than V57 to the mini-HA protein.

The secondary structures of the aptamer sequences, as deter-
mined with the Fold web server, showed the presence of CACC (also
in 5" and 3’ complementary sequences captured with forward and
reverse primers) in the loops of the majority of aptamer sequences
(Fig. 2B, Fig. S2). It has been reported that the secondary loops and
repeating sequences of C nucleotides are important to producing
high affinity aptamers for viruses [32]. Interestingly, aptamer V46
contained three CACC (highlighted in red) in the stem and loop
motif altogether (Fig. 2B, Table 3).

3.3. Kp determination using an electrochemical assay

To further evaluate aptamers V46 and V57, mini-HA immobi-
lized ITO electrodes were developed (Fig. S1) and electroanalytical
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Fig. 2. Binding affinity measurements and secondary structure prediction of two selected aptamers, V46 and V57. These two aptamers were incubated with a fixed amount of
recombinant influenza A mini-hemagglutinin (mini-HA) stem protein, unbound aptamers were removed by washing, and the levels of bound aptamers were measured by fluo-
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RNA fold software. The predicted secondary structure shows two stem loops with three CACC motifs (in red) in aptamer V46 and one stem loop with one CACC sequence in aptamer
V57. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

measurements were acquired using negative control (NTC) and
various concentrations of the aptamers. The peak current changed
after each successive modification of the ITO with APTES, GA, mini-
HA, and BSA (Fig. 3A). Differences in peak current (Al = I,—I) with
the final mini-HA immobilized electrode were observed before and
after the binding of the aptamers (Fig. 3B, insets). The change in
peak current owing to NTC attachment was negligible (relative
change < 2%), indicating the low probability of false positive results.
The peak currents showed concentration-dependent decreases
with the addition of the aptamers because of the repulsion of the
redox probe by the negatively charged DNA on the modified elec-
trode, which obstructed the transfer of electrons. Based on this
method, the Kp values were determined as 19.2 +5.7 nM for V46
and 29.6 + 8.8 nM for V57 (Fig. 3B).

The predicted secondary structure of aptamer V46 showed two
stem loops (CACC motif), which may not only facilitate high binding
affinity and specificity but also enable stable binding interaction
with HIN1 influenza A viruses and mini-HA proteins compared to
aptamer V57, which contains only one stable stem loop. The CACC
motif was also present in the stem-loop sequence of a high binding
affinity RNA aptamer (D-26) [33]; however, this aptamer failed to
bind with HA proteins of different strains of HIN1, demonstrating
its strain-specificity. Moreover, RNA aptamers are not stable in

comparison to DNA aptamers [34—36]. Therefore, aptamer V46 was
further evaluated by DPV measurements to assure the stable
binding interaction with different strains of the HIN1 virus, where
the viruses were immobilized on the same ITO electrodes instead of
mini-HA (Fig. S1). The estimated Kp values for V46 against the

KBPV—-VR—-33, KBPV-VR-76, ATCC—VR-97, ATCC—VR-98,
ATCC—VR-219, and ATCC—VR—1736 strains of HIN1 virus were
251+10.0nM, 33.5+13.8nM, 571+159nM, 12.5+73nM,

143 +£6.5nM, and 8.2+ 1.1nM, respectively (Fig. 4). Although
several RNA [37—39] and DNA [22—24,40] aptamers have been
reported for influenza A viruses, this is the first report of the se-
lection of ssDNA aptamers targeting the mini-HA to enable the
detection of a broad range of HIN1 virus strains. This report con-
trasts with the DNA aptamers previously developed using HA
proteins [22—24,40].

3.4. Electrochemical aptasensor for HIN1 virus

The results described above indicate that aptamer V46 can be
used for electrochemical subtyping of HIN1 virus; therefore, the
aptamer was incorporated into a label-free biosensor platform for
the influenza A H1N1 virus. CV and EIS measurements were per-
formed for the characterization of the aptamer-modified ITO
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electrodes (aptasensor) (Fig. 5A). The amount of current for a
PEI-ITO electrode (peak current, 298 pA) was higher than that for a
bare ITO electrode (peak current, 267 pA), which demonstrated the
conductive nature of PEI (Fig. 5B). The peak current decreased to
51.3 pA after the aptamer was immobilized. BSA was then used for
preventing nonspecific binding on the V46—PEI-ITO electrode,
leading to a further decrease in the peak current (49.2 pA). The
modification of the ITO electrode was also confirmed by impedance
measurements (Fig. 5C). The straight line response of the PEI-ITO
electrode in comparison to the small semicircle (Rct=71Q) for
the ITO electrode indicates the rapid electron-transfer kinetics
associated with the conducting PEI layer on the ITO electrode.

However, after the aptamer was added onto the electrodes, the
charge transfer resistance was increased owing to the repulsion of
ferri/ferro ions by the anionic ssDNA aptamer. The resistance was
further increased upon addition of BSA. These impedance results
were in good agreement with the CV measurements, thus indi-
cating the successful modification of the ITO electrode.

To determine the measurement range of the aptasensor, vol-
tammetric responses were monitored for various concentrations of
H1N1 (KBPV—VR—33) that ranged from 1 to 10® PFUmL™. The peak
current decreased with increasing HIN1 virus concentration
(Fig. 5D, inset). The graph shows a linear relationship from
10! PFUmML™! to 10*PFUmL", and the regression equation is I,
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electrochemical aptasensor for detection of HIN1 viruses with LOD
However, this aptasensor was not only specific to
H1NT1 subtypes, but was also specific to HIN3 as well as influenza B
virus, because the binding affinity of the aptamer used in this work
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differential pulse voltammetry. All the virus concentrations were 10% PFUmL™%.
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was based on probe density; therefore, it is not appropriate for
subtyping.

3.5. Reproducibility and selectivity

To evaluate the reproducibility of the immunosensors, a series of
five different devices were prepared for the detection of
104 PFUmML™! of HINT1 virus (Fig. 6A). The relative standard devia-
tion (RSD) of the measurements for the five devices was 5.95%,
indicating that the reproducibility of the immunosensors was
acceptable. In the present study, the selectivity of the aptasensor
was tested with various stains of HIN1 viruses and other subtypes
of the influenza virus using DPV (Fig. 6B). The decreases in current
compared to the NTC case were large for the mini-HA and 6 strains
of HIN1 viruses but were very small for other subtypes (H3N2,
H5N1, HIN2, HIN3, and H1N8), adenovirus, and influenza B virus.
These results suggest that this V46 aptamer-based electrochemical
sensor had high binding affinity and high specificity to a broad
range of HIN1 strains compared to other influenza sensors and
clinically observed virus concentrations [42]; therefore, this tech-
nology can be used for electrochemical subtyping of HIN1 virus
along with its quantification.

4. Conclusion

We presented ssDNA aptamers with high affinity and high
specificity to influenza A HI1N1 viruses based on the mini-HA (re-
combinant, stable and conserved stem region) and whole HI1N1
viruses via SELEX. The Kp value of aptamer V46 was obtained as
19.2 nM according to the DPV analysis. We also developed a label-
free electrochemical aptasensor using the aptamer for rapid sub-
typing of influenza A HIN1 virus. This is the first study on the
development of a DNA aptamer for rapid subtyping of influenza A
H1N1 virus. This DNA aptasensor-based subtyping is low-cost, easy
to perform, and quicker than the standard ELISA and nucleic acid-
based methods and has the potential to be used in clinical
laboratories.
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