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Carlos III, Madrid, Spain

6 - Departamento de Microbiologı́a Clı́nica, Instituto de Investigación Sanitaria-Fundación Jiménez Dı́az University
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Abstract

Hepatitis C virus (HCV) core is a highly conserved and multifunctional protein that forms the viral capsid,
making it an attractive target for HCV detection and inhibition. Aptamers are in vitro selected, single-
stranded nucleic acids (RNA or ssDNA) with growing applicability in viral diagnostics and therapy. We
have carried out DNA and RNA in vitro selection against six different variants of HCV core protein: two
versions of the full-length protein of genotype 1, and the hydrophilic domain of genotypes 1 to 4. The apta-
mer populations obtained were analyzed by means of Ultra-Deep Sequencing (UDS), the most abundant
sequences were identified and a number of highly represented sequence motifs were unveiled. Affinity
(measured as the dissociation constant, Kd) of the most abundant DNA and RNA aptamers were quan-
tified using Enzyme-Linked OligoNucleotide Assay (ELONA)-based methods. Some aptamers with
nanomolar or subnanomolar Kd values (as low as 0.4 nM) were the common outcome of DNA and
RNA selections against different HCV core variants. They were tested in sandwich and competitive
biosensor assays, reaching a limit of detection for HCV core of 2 pM. Additionally, the two most prevalent
and high affinity aptamers were assayed in Huh-7.5 reporter cell lines infected with HCV, where they
decreased both the viral progeny titer and the extracellular viral RNA level, while increasing the amount
of intracellular viral RNA. Our results suggest that these aptamers inhibit HCV capsid assembly and virion
formation, thus making them good candidate molecules for the design of novel therapeutic approaches for
hepatitis C.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Hepatitis C virus (HCV) is the etiological agent of
chronic hepatitis C and a major cause of fibrosis,
cirrhosis and hepatocellular carcinoma.1–5 It is esti-
mated that around 71 million people have chronic
HCV infection worldwide and up to 4 million new
infections occur each year.6–9 Approximately 30%
of patients overcome the disease and the virus
clears after the acute infection, while 70% remain
chronically infected. Among the latter, the risk for
developing cirrhosis and hepatocellular carcinoma
varies between 15% and 30% within 20 years.10

Unfortunately, a protective vaccine for HCV is not
available yet.
HCV is a spherical and enveloped virus that

belongs to the family Flaviviridae and the genus
hepacivirus. It contains a 9.6-kb long single-
stranded RNA genome with positive polarity [(+)
ssRNA], composed of a 5’ untranslated region
(UTR), an open reading frame that encodes a
single polyprotein, and a 3’ UTR. Cap-
independent translation starts when the ribosome
of the infected cell binds to the internal ribosome
entry site (IRES) element placed at the 5’ UTR of
the viral genome. This leads to the synthesis of a
polyprotein of about 3,000 amino acids (aa), which
is afterwards processed by host and viral
proteases in the endoplasmic reticulum (ER) to
produce three structural proteins (core, and the
envelope proteins E1 and E2) as well as seven
nonstructural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B).11–12 The high mutation
rate associated to the replication of HCV genome
dictates the quasispecies dynamics of the virus13

and the very large sequence variability among
HCV isolates detected worldwide. HCV has been
classified into seven major genotypes and several
subtypes based on sequence homology, with geno-
types 1 to 4 being responsible for about 95% of the
reported hepatitis C infections.14–15 In 2018, a novel
HCV genotype (number 8) was identified.16

HCV core shows the lowest sequence variability
among the 10 virus-coded proteins, with an
average nucleotide and amino acid diversity of
8.72% and 4.36%, respectively.17–18 Core is also
the HCV protein which accumulates the lowest
number of nucleotide mutations and amino acid
substitutions during viral replication in the absence
of external perturbations.19 Such a high degree of
sequence conservation suggests that HCV core is
subject to relevant structural and functional restric-
tions. In the HCV replication cycle, core is the first
protein to be translated and released by proteolytic
cleavage to generate an immature, 191 aa-long
polypeptide within the ER. Such a full-length core
protein (known as p23 due to its molecular weight
of 23 kDa) is processed in the ER by cellular pro-
teases, giving rise to the mature form of the protein
(p21), of about 177 aa in length20 and composed of
two functional domains. The first is the highly basic
2

and hydrophilic N-terminal domain (termed D1 and
spanning aa 1 to 121), which is involved in the inter-
action with HCV genomic RNA and in the oligomer-
ization of the capsid around the genome. The C-
terminal, hydrophobic domain (D2, aa 122 to 177),
mediates core binding to ER membrane and lipid
droplets (LD), which is a crucial step for virus
assembly.11 Besides forming the HCV capsid that
surrounds and protects the genomic RNA, core is
a multifunctional protein that interacts with cellular
and viral proteins and is involved in genome tran-
scription, lipid metabolism and cell signaling.21–26

As a consequence of the above mentioned proper-
ties, HCV core protein is an attractive target for viral
diagnosis and for the development of new antiviral
drugs.
In the clinical setting, HCV infection is diagnosed

by means of a two steps-protocol27–30: an initial
serologic assay is performed to detect anti-HCV
antibodies (using the third-generation enzyme
immunoassay, EIA) and, if this screening test is
positive, RTqPCR amplification of the viral genome
is used to confirm an active case. This makes HCV
diagnosis time consuming and expensive. There-
fore, straightforward and cost-effective point-of-
care (POC) tests with enough sensitivity are
required, especially for monitoring the prevalence
of the hepatitis C epidemic in developing countries
as well as for massive screening campaigns. HCV
structural proteins, in particular core, are suitable
targets for the early diagnosis of the infection. Inter-
estingly, HCV core can be detected in complete viri-
ons as well as in naked (full or fragmented) capsids
present in the blood of infected patients.31

In parallel, novel drug candidates are required as
alternatives to available direct-acting antivirals
(DAAs), which are very efficient molecules for the
treatment of hepatitis C but unaffordable options
in the countries that show the highest prevalence
of HCV infection. Besides, HCV viral load is not
efficiently suppressed in 2% to 5% of DAA-treated
patients, and antiviral drug resistance to DAAs
has already been documented, with resistance-
associated substitutions mainly affecting the DAA
target proteins NS3, NS5A, and NS5B.32–34 For
these reasons, the development of complementary
therapeutic approaches focused on alternative viral
targets should be encouraged.
Aptamers are single-stranded DNA or RNA

oligonucleotides that, due to their 3D structure in
solution, can recognize and bind to a broad range
of specific targets (including low molecular weight
compounds, peptides, proteins, nucleic acids,
cells or even tissues) with specificities and
affinities analogous or even higher than those of
antibody-antigen pairs.35 They are selected in vitro
using a process called SELEX (Systematic Evolu-
tion of Ligands by EXponential enrichment),36 which
consists of iterative rounds of selection-
amplification of target-bound nucleic acid
sequences.37–38 Aptamers show many advantages
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over antibodies: laboratory animals are not needed
for their production, they have a long shelf life, dis-
play high batch consistency, can be selected
against non-immunogenic or toxic targets, do not
trigger any immune response, and can be chemi-
cally modified to increase their stability or function-
ality.39–40 Biosensors that use aptamers as
recognition elements, called aptasensors, produce
a quantitative or semi-quantitative signal when
specific aptamer-target interactions occur.41 There-
fore, aptamers are viable alternatives for diagnosis
and therapy, with increasing applicability in virol-
ogy.42–45 Some of them have been selected against
HCV targets, including a few examples of aptamers
specific for HCV core protein (either the first 114 aa
or the full-length protein) expressed in E. coli.46–48

In this work, we have selected DNA and RNA
aptamers against 6 different variants of HCV core
protein: two versions of the full-length protein of
genotype 1, as well as its hydrophilic domain of
genotypes 1 to 4. Five out of the 6 target proteins
were expressed in insect cells. We used different
SELEX protocols to find aptamers that could bind
to the maximum number of variants of this key
HCV protein. The obtained aptamer populations
were examined by Ultra-Deep Sequencing (UDS)
and bioinformatics analysis, and the affinity
(measured as the dissociation constant, Kd) for
HCV core of highly represented aptamers was
assayed using Enzyme-Linked OligoNucleotide
Assay (ELONA)-based methods, as previously
described.49 Subnanomolar Kd values (as low as
0.4 nM) showed by the best aptamers obtained,
together with their excellent performance in sand-
wich and competitive assays, favor their use as
bioaffinity probe molecules in HCV diagnosis.
Alongside, the two most prevalent and high affinity
aptamers were assayed in HCV infections in cell
culture, where they decreased both the viral pro-
geny titer and the extracellular viral RNA level,
and concomitantly increased the presence of non-
encapsidated, intracellular viral RNA. These find-
ings anticipate the usefulness of these aptamers
as efficient anti-HCV molecules.
Results

In vitro selection of DNA and RNA aptamers
against HCV core protein variants

DNA and RNA aptamers were in vitro selected
against six variants of HCV core: two versions of
the full-length (191 aa long) protein of HCV
genotype 1 (termed G1-191-F and G1-191) and
the 122 aa-long hydrophilic domain of HCV core
belonging to genotypes 1 to 4 (termed G1-122,
G2-122, G3-122 or G4-122, respectively)
(Supplementary Figure S1 and Supplementary
Table S1). In the 12 SELEX processes performed,
10 to 14 rounds of selection-amplification were
completed. Supplementary Table S2 shows a
3

summary of the protein targets, aptamer types
and selection names. A stepwise increase of the
selection stringency was introduced in each round
to foster the affinity of the obtained aptamers, and
different counter-selection steps allowed
discarding unspecific aptamers (summarized in
Supplementary Table S3).
After the last round of each selection process,

UDS-Illumina sequencing allowed identifying the
most represented individual aptamers and the
cluster of related sequences around them (see
Materials and Methods). Supplementary Table S4
contains the aptamer sequences longer than 62 nt
(most of them, longer than 74 nt) and shorter than
78 nt that showed a relative frequency above 100
counts per million (CPM) in at least one of the last
rounds of the 12 SELEX processes performed.
Figure 1 graphically depicts the relationships
among the aptamers found in the last round of at
least 6 of the 12 selection processes. A number of
aptamers were obtained against different variants
of HCV core, which were sometimes the result of
both DNA and RNA SELEX processes. Such
convergence in the outcome of the selection of
aptamers was relevant for the aim of this work,
since a subgroup of them could be useful in
diagnostic and therapeutic applications for
hepatitis C.
Different criteria were used to choose a subset of

the highly represented aptamers for further
analysis, including their presence in the last
SELEX round of both DNA and RNA processes
and their mean (DNA + RNA) CPM value. Four
aptamers were present in a proportion over 100
CPM in at least 5 selection experiments (including
at least one of DNA and one of RNA), had a mean
CPM (DNA + RNA) value over 1,000 CPM,
showed a very high CPM value (over 20,000) in at
least one of the individual SELEX processes and/
or high CPM values (over 1,000) in at least one
DNA and one RNA selection (Figure 1 and
Supplementary Table S4): AptD-421, AptD-1312,
AptD-1932 and AptD-2251.
The aptamer AptD-1312 appeared in the last

round of the 6 DNA and 6 RNA selections
performed (over 100 CPM in 7 of them), showed
the highest mean CPM in DNA selections (5 times
higher than AptD-2251, see below), the second
highest mean CPM in all selections (DNA + RNA),
and the highest CPM value in a DNA process
(07DS10, against the HCV core variant G1-191-
F). In turn, AptD-421 was also found in the 6 DNA
and 6 RNA selections performed, had the highest
mean (DNA + RNA) CPM among those present in
a proportion over 100 CPM in 6 selection
experiments, and showed the highest CPM value
in the RNA process 07RS10 (against the HCV
core variant G1-191-F). AptD-2251 showed the
highest mean CPM in all selections (DNA + RNA),
the highest mean CPM in RNA selections (6 times
higher than AptD-1312) and the highest CPM



Figure 1. Heat map of the DNA and RNA aptamers found in the last round of at least 6 of the 12 SELEX processes
performed. The color of the cells (using a color scale from purple to yellow) shows the log10 (CPM) of each aptamer in
the final round (the complete list of aptamers and their CPMs is listed in Supplementary Table S4), and the average
log10 (CPM) of DNA, RNA and DNA + RNA aptamers over all targets is shown on the right side. The grey cells
correspond to the aptamers that did not appear in the final round of some of the selection processes. The order of the
aptamers and targets is based on the results of a hierarchical clustering, represented by the dendrograms placed at
the top and right side of the heat map. The highly represented aptamers chosen for further analysis (AptD-1312,
AptD-2251, AptD-421 and AptD-1932, see text for details) are highlighted in bold and identified with a black circle.
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value in an RNA process (12RS10, against the HCV
core variant G1-191), although it was scarcely
selected in DNA processes. Finally, AptD-1932
was obtained in 3 DNA and 6 RNA selections,
showed the third highest mean CPM in DNA
selections and the third highest CPM value in a
DNA process (33DS10, against the HCV core
variant G1-191).
Table 1 summarizes the abundance of the four

highly represented aptamers in the last round of
each of the 12 SELEX processes performed, and
their nucleotide sequences are shown in Table 2.
These aptamers, together with 22 additional ones
4

that also met the above mentioned criteria
(Supplementary Table S5) were assayed using
ELONA-based methods (see below).
Secondary structure prediction and motif
analysis of the highly represented aptamers

Secondary structures of the highly represented
DNA and RNA aptamers were predicted using
Mfold, and QGRS Mapper allowed to predict the
formation of G-quadruplexes (Supplementary
Figure S2). AptD-1932 was the only DNA aptamer
that showed a relatively compact secondary



Table 1 Highly represented DNA and RNA aptamer sequences selected against the six variants of HCV core protein.
Color code (from purple to yellow) shows the abundance of each aptamer [values in log10 (CPM)] in the last round of the
each of the 12 SELEX processes performed (see Figure 1, Supplementary Table S4 and main text for details). The grey
cells correspond to the aptamers that did not appear in the final round of some of the selection processes. The most
widespread aptamer sequence was AptD-1312. Aptamers AptD-1932, AptD-2251 and AptD-421 were present in
different DNA and/or RNA processes (see Figure 1), though they were mainly selected against the full-length HCV core
protein (G1-191-F and G1-191).
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structure at 37 �C under ionic conditions similar to
those used during SELEX experiments, while the
other three aptamers were predicted to adopt very
open structures. In turn, RNA aptamers showed
values of the free energy (DG) associated to their
minimum free energy (MFE) structures much
lower than those of the DNA aptamers, though it
must be noticed that the only ionic conditions
allowed by Mfold for RNA sequences were 1 M
Na+ and no divalent cations. G-quadruplexes, that
could stabilize the tertiary structure of G-rich
sequences in solution, were predicted to form in
AptD-1932, AptD-2251 and the four RNA aptamers.
Cluster analysis of the aptamer populations found

in the last round of the 12 SELEX processes
revealed that the sequence variability was smaller
in DNA aptamers than in RNA aptamers. A
network of the most represented aptamers found
in the last round of the DNA selection processes
was constructed, in which two aptamers are
connected if they share any of the five most
frequent 6-mer motifs in their variable, central
region plus two flanking nucleotides at each side
(Figure 2(A) and Supplementary Table S6). This
network analysis showed that AptD-1312 is the
most connected node: it belongs to a cluster of
highly interconnected aptamers (which includes
AptD-1932 and AptD-2251) and also shares
specific motifs with other sequences that were
only selected against some of the HCV core
targets. The most frequent motif found in the
selected DNA aptamers against all targets is
tTTGTTc (upper case letters are used for
5

conserved nucleotides, while lower case letters
show the most represented nucleotide in the
variable positions of the motif), followed by
tgTAAT and KCCCTc (K stands for either T or G
nucleotide at the first position of the 6-mer motif).
Indeed, AptD-2251, which is highly represented in
selections against target G1-191, contains two
copies of the tTTGTTc motif and many other GT-
rich regions, but neither tgTAAT nor KCCCTc
motifs. On the other hand, AptD-421 is not directly
connected to AptD-1312 in the 6-mer networks,
though both of them share several 5-mers (not
shown).
Two different topologies were identified in the 6-

mer motif networks of DNA aptamers selected
against 122 or 191 aa long HCV core targets,
suggestive of more than one binding mechanism:
strongly connected networks with large motif
similarity among all members for the hydrophilic
domains of HCV genotypes 1 to 4 (Supplementary
Figure S3(A)), or hybrid topologies for G1-191
(Supplementary Figure S3(B)) and G1-191-F (not
shown). Interestingly, all the aforementioned
motifs are predicted to be exposed in the AptD-
1312 secondary structure (Supplementary
Figure S2).
On the other hand, the RNA version of aptamer

AptD-1312 is not among the most connected
nodes (Figure 2(B)). Moreover, the weight of the
edges of the network (which is proportional to the
number of shared 6-mer motifs) evidences lower
similarity among the RNA sequences with respect
to the DNA ones. This is not surprising, due to the
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high number of sequences present in the final round
of RNA selections, which suggests a more flexible
HCV core-binding pattern. Nevertheless, a
detailed inspection of the common 6-mer motifs in
RNA networks shows the ubiquity of variable GU-
rich motifs among the selected sequences (such
as GUUGUU, GUUUGU, UUGUUG, UUGUUU,
GUGUGU, UGUGUU, UGUUGU, UUGUGG,
UUUGUU) or the G-only motif GGGGGG. This
fact, together with the large number of different
sequences present in the final pools of RNA
selections, points towards a moderate binding
preference of HCV core protein to GU-rich RNA
motifs.
The analysis of themost frequentmotifs predicted

by HOMER software (see Materials and Methods)
in each of the selected aptamers (Supplementary
Table S6) showed similar results. Given this list of
motifs, those that were also found in any of the
HCV complete genomes of genotypes 1 to 4
stored in Los Alamos database (LANL) were
filtered out. The most frequent motifs present in
AptD-1932 (mainly in DNA selections) and AptD-
2251 (in both DNA and RNA selections) are
variations or extensions of the tTTGTTc motif
(such as TTGTTCCA, TTGTTCCATCGT,
TTTTYTYC, TTYYTTC and TTTGYT/ARCAAA; Y
and R stand for C/T and A/G, respectively) and
are present in all HCV genomes analyzed, with an
average of occurrences ranging from 30 to 80
times per genome. Motifs frequent in AptD-421
were found in both RNA and DNA selections,
though their sequences are quite different from
those present in AptD-1932 and AptD-2251. Of
relevance, the most frequent motifs found in AptD-
1312 are present in the remaining highly
represented aptamers.

Quantification of Kd values using ELONA-
based methodologies

The four highly represented aptamer sequences
AptD-1312, AptD-421, AptD-1932 and AptD-2251
(both in DNA and RNA versions, see Table 2)
were chemically synthesized and assayed using
either colorimetric ELONA (DNA aptamers) or
ELONA-RTqPCR (RNA aptamers) to quantify their
Kd values against different HCV core variants, as
summarized in Table 3. Negative control
molecules D-ACTG and R-ACUG (see Materials
and Methods) were tested in parallel
(Supplementary Figure S4).
The DNA aptamers showed high binding affinity

for the different variants of core protein assayed
by colorimetric, indirect ELONA (Figure 3(A)), with
Kd values in the nanomolar or even high
picomolar range (Table 3(A)). The highest affinity
was achieved against the variant G1-122, as
shown in Figure 4(A), with Kd values of 0.4 nM
(aptamer AptD-2251), 0.5 nM (AptD-1312), 1.2 nM
(AptD-1932) and 20 nM (AptD-421). Therefore,
the first three aptamers behave as the best



Figure 2. Network of the most represented aptamers found in the last round of DNA (A) and RNA (B) selection
processes against the 6 HCV core targets used. Two aptamers are connected if their sequences share at least 1 out
of the 5 most frequent 6-mer motifs present in their variable, central region plus two flanking nucleotides at each side.
The weight of the network edges (i.e., the thickness of the grey lines connecting pairs of nodes) is proportional to the
number of shared 6-mer motifs. The highly represented aptamers AptD-1312, AptD-421, AptD-1932 and AptD-2251
are identified with squares. Color of the node (from purple to yellow) shows the degree of each aptamer in the
network, which is the number of aptamers connected to it. Text color in the aptamer names corresponds to its best
HCV core target (see inserts), i.e., the HCV core protein variant for which each aptamer showed the highest CPM
value (Supplementary Table S4).
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binders for the hydrophilic domain of HCV core of
genotype 1 in native conditions, regardless of
having been mainly selected against it (AptD-
1312) or against the denatured, full-length protein
variants G1-191 (AptD-2251 and AptD-1932) or
7

G1-191-F (also AptD-1312, see Figure 1 and
Supplementary Table S4).
Due to the fact that AptD-1312 had been selected

in all DNA SELEX processes performed, its Kd was
quantified against the six HCV core variants. This



Fig 2. (continued)
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aptamer showed very high affinity for the hydrophilic
domains of the four genotypes, with Kd values of
0.5, 2.4, 2.2 and 1.1 nM (G1-122, G2-122, G3-122
and G4-122, respectively). In turn, Kd values of 20
and 207 nM were obtained using the full-length
proteins G1-191 and G1-191-F, respectively
(Table 3(A) and Figure 4(B)). The specificity of
AptD-1312 for HCV core was assayed using the
proteins bovine serum albumin (BSA), human
serum albumin (HSA, which is the most abundant
protein in human blood plasma) and the HCV
nonstructural protein 3 (NS3) as alternative
8

targets in colorimetric ELONA, in parallel to the
four variants of the hydrophilic domain of HCV
core (Supplementary Figure S5). Additionally, the
other three highly represented DNA aptamers
were assayed against G1-122, HSA and NS3 in
parallel (Supplementary Figure S6(A)). These
experiments revealed a residual binding of the
four DNA aptamers to non-specific human and
viral proteins, showing statistically significant
differences in binding affinities compared to those
derived from the specific interaction with G1-122.
Among them, AptD-1312 showed the highest



Table 3 ELONA-based affinity constants Kd (nM) quantified for the four highly represented DNA (A) and RNA (B)
aptamers selected against the six variants of HCV core protein. The best fit curve corresponded to a one site-specific
binding model (with R2 values of 0.99) in all cases. Each data point represents the mean ± SD (n = 6).

A B

Target DNA aptamer Kd ± SD (nM) Target RNA aptamer Kd ± SD (nM)

G1-191-F AptD-421 197 ± 18 G1-191-F AptR-1312 91 ± 9

AptD-1312 207 ± 20 G1-191 AptR-1312 123 ± 11

G1-191 AptD-1312 20 ± 2 AptR-421 1,089 ± 92

AptD-1932 158 ± 15 AptR-2251 148 ± 13

AptD-2251 18 ± 2 AptR-1932 47 ± 4

G1-122 AptD-1312 0.50 ± 0.03 G1-122 AptR-1312 57 ± 3

AptD-421 20 ± 1 AptR-421 410 ± 42

AptD-1932 1.2 ± 0.1 AptR-2251 212 ± 24

AptD-2251 0.40 ± 0.03 AptR-1932 2,086 ± 77

G2-122 AptD-1312 2.4 ± 0.2 G2-122 AptR-1312 41 ± 4

G3-122 AptD-1312 2.2 ± 0.1 G3-122 AptR-1312 19 ± 2

G4-122 AptD-1312 1.1 ± 0.1 G4-122 AptR-1312 38 ± 3

Figure 3. Schematic representation of different colorimetric ELONA formats used in this work: indirect ELONA (A),
sandwich ELONA (B) and competitive ELONA (C).
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specificity for HCV core, followed by AptD-1932. Of
the two proteins used for this specificity control, the
higher binding capacity of HSA to the aptamers
tested may be due to the possibility that it binds
with low affinity to single-stranded nucleic acids,
as recently described.50

The RNA version of the four highly represented
aptamers were assayed using ELONA-RTqPCR,
based on a previously described methodology.49

The Kd values obtained using AptR-1312 against
the 6 variants of HCV core laid in the low to mid
9

nanomolar range: 91, 123, 57, 41, 19 and 38 nM
(for G1-191-F, G1-191, G1-122, G2-122, G3-122
and G4-122, respectively, Figure 5(A)). In turn, the
Kd of AptR-2251 for the full-length HCV core protein
G1-191 (in whose selection process, 12RS10, was
themost abundant aptamer found, see Supplemen-
tary Table S4 and Figure 1) was 148 nM, while
those of AptR-421 and AptR-1932 were 1,089 and
47 nM, respectively (Table 3(B) and Figure 5(B)).
Additionally, their affinity for G1-122 protein was
assayed and the followingKd values were obtained:



Figure 4. (A) Characterization of the binding affinities of the four highly represented DNA aptamers for HCV core
G1-122, by means of colorimetric ELONA. The affinity data showed that the best fit curve corresponded to a one site-
specific binding model (with R2 values of 0.99) in all cases, from which the Kd ± SD was derived: 0.40 ± 0.03 nM (for
AptD-2251), 0.50 ± 0.03 nM (AptD-1312), 1.2 ± 0.1 nM (AptD-1932) and 20 ± 1 nM (AptD-421). Each data point
represents the mean ± SD (n = 6). (B) Characterization of the binding affinities of AptD-1312 for the six variants of
HCV core, using colorimetric ELONA. The affinity data showed that the best fit curve corresponded to a one site-
specific binding model (with R2 values of 0.99) in all cases, from which the Kd ± SD was derived: 0.50 ± 0.03 nM (G1-
122), 2.4 ± 0.2 nM (G2-122), 2.2 ± 0.1 nM (G3-122), 1.1 ± 0.1 nM (G4-122), 20 ± 2 nM (G1-191) and 207 ± 20 nM
(G1-191-F). Each data point represents the mean ± SD (n = 6).
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AptR-2251, 212 nM; AptR-421, 410 nM; AptR-
1932, 2,086 nM (Table 3(B) and Figure 5(C)). The
specificity controls of the four RNA aptamers
showed statistically significant differences among
their affinity against G1-122 and those against
HSA and NS3 proteins at different aptamer concen-
trations (Supplementary Figure S6(B)). Among
them, AptR-1932 showed the highest specificity at
all aptamer concentrations tested. A comparative
analysis evidenced that the specificity for HCV core
protein was higher in DNA aptamers than in RNA
ones.
Additionally, 22 other DNA or RNA aptamers that

showed high CPM in the last round of at least one of
the SELEX processes (Supplementary Table S4)
and/or contained sequence motifs shared with the
four highly represented aptamers (Supplementary
Table S6) were chemically synthesized and
analyzed using ELONA-based methods. Three
high affinity DNA aptamers were identified for G1-
122, with Kd values of 2.29, 4.90 and 6.53 nM
(AptD-2280, AptD-1399 and AptD-3783,
respectively), while the remaining aptamers
assayed showed Kd values in the low to mid
nanomolar range (Supplementary Table S5).
10
Biosensing potential of DNA aptamers in
sandwich and competitive assays

Sandwich and competitive ELONA assays were
developed to analyze the usefulness of the high
affinity aptamers for the detection of HCV core
protein G1-122 in solution. In the sandwich assay
(Figure 3(B)), biotin-labelled AptD-1312 was used
as capture aptamer and, upon its binding to G1-
122 protein, each of the four digoxigenin-labelled
aptamers (AptD-421, AptD-1312, AptD-1932 and
AptD-2251) were added as detecting aptamers.
The four detecting aptamers gave positive results
(including AptD-1312, thus suggesting the
possible existence of alternative binding sites for it
in the hydrophilic domain of HCV core of genotype
1) in a range of G1-122 concentrations between 4
and 64 nM (Figure 6(A)). The calculated limit of
detection (LoD) of the assay was as low as 0.002,
0.066, 0.095 and 0.140 nM using AptD-1312,
AptD-1932, AptD-421 and AptD-2251 as detecting
aptamers, respectively.
For the competitive ELONA assay (Figure 3(C)),

digoxigenin-labelled AptD-1312 was incubated
with different concentrations of G1-122 core in
solution (from 0.02 to 250 nM) and, later on, the



Figure 5. (A) Characterization of the binding affinities of AptR-1312 for the six variants of HCV core, using ELONA-
RTqPCR (values corresponding to targets G1-122 and G1-191 are shown on the right Y axes). The best fit curve
corresponded to a one site-specific binding model (with R2 values of 0.99) in all cases, from which the Kd ± SD was
derived: 91 ± 9 nM (G1-191-F), 123 ± 11 nM (G1-191), 57 ± 3 nM (G1-122), 41 ± 4 nM (G2-122), 19 ± 2 nM (G3-122)
and 38 ± 3 nM (G4-122). Each data point represents the mean ± SD (n = 6). (B) Binding affinities of AptR-1312, AptR-
2251 and AptR-1932 (left Y axes), as well as AptR-421 (right Y axes) for G1-191, using ELONA-RTqPCR. The best fit
curve was a one site-specific binding model (with R2 values of 0.99) in all cases, from which the Kd ± SD was derived:
1,089 ± 92 nM (AptR-421), 123 ± 11 nM (AptR-1312), 47 ± 4 nM (AptR-1932) and 148 ± 13 nM (AptR-2251). Each
data point represents the mean ± SD (n = 6). (C) Binding affinities of the four RNA aptamers for G1-122, using
ELONA-RTqPCR. The best fit curve was a one site-specific binding model (with R2 values of 0.99) in all cases, from
which the Kd ± SD was derived: 410 ± 42 nM (AptR-421), 57 ± 3 nM (AptR-1312), 2,086 ± 77 nM (AptR-1932) and
212 ± 24 nM (AptR-2251). Each data point represents the mean ± SD (n = 6).
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unbound aptamer was allowed to react with G1-122
core immobilized onto multiwell plates. The
colorimetric results showed that, as expected,
higher concentrations of G1-122 in solution left
less aptamer available to bind to the immobilized
core protein, thus lowering the measured
11
absorbance signal (Figure 6(B)). The calculated
LoD of this assay was 2.5 nM.
Finally, the competition among different aptamers

for the same (or overlapping) binding site(s) in HCV
core G1-122 was assayed in solution. The results
showed that digoxigenin-labelled AptD-1312
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competed with the other three high affinity, non-
labelled aptamers in the order: AptD-2251 > AptD-
421 � AptD-1932 (Figure 6(C)). The residual
competition between AptD-1312 and AptD-1932 is
coherent with their good performance as the pair
of aptamers used in sandwich ELONA (Figure 6
(A)).

Effect of aptamers AptD-1312 and AptD-1932
on HCV progeny, extracellular and intracellular
viral RNA production

Highly represented and high affinity aptamers
AptD-1312 and AptD-1932, which did not compete
for the same binding sites on HCV core G-122
(Figures 6(A) and (C)), were studied in cell culture
for their possible effect on viral progeny,
extracellular and intracellular viral RNA
production. With that aim, Huh-7.5 cells were
either mock-transfected or transfected with
aptamers AptD-1312 or AptD-1932. Cells were
transferred to a larger culture plate 24 h post-
transfection; 24 h later, cells were infected with
HCV p051 at a multiplicity of infection (MOI) of 0.1
TCID50/cell. Viral titer, and extracellular and intra-
cellular RNA levels were measured 72 h post-
infection. Parallel transfections were carried out
using the ssDNA molecule D-ACTG as a negative
control (Figure 7(A)).
The use of fluorescein-labelled aptamers showed

that they accumulate in Huh-7.5 cells
(Supplementary Figure S7). The results of the
functional assays indicated that the decrease of
viral progeny titer produced by aptamers AptD-
1312 and AptD-1932 was 1.9-fold (p = 0.002; t-
test) and 3.4-fold (p = 0.0015; t-test), respectively
(Figure 7(B)). The decrease in extracellular viral
RNA level was 8.9-fold (p = 0.024; t-test) for
AptD-1312 and 13.8-fold (p = 0.021; t-test) for
AptD-1932 (Figure 7(C)). Concomitantly, the
intracellular viral RNA increased 4.9-fold
(p = 0.0045; t-test) for AptD-1312 and 5.2-fold
(p = 0.00076; t-test) for AptD-1932 (Figure 7(D)).
Thus, the results confirmed the inhibitory effect of
aptamers AptD-1312 and AptD-1932 on HCV p0
infectious viral progeny and extracellular RNA
production.

Discussion

Aptamers are increasingly used in virology,
including those selected against HCV targets
(reviewed in42,45). RNA and DNA aptamers specific
for the structured 5’ (containing the IRES element)
or 3’ UTR of HCV genomic RNA have been
reported.52–55 Also, different aptamers have been
developed against non-structural and structural
HCV proteins, including the viral proteases NS256

and NS3,57–59 the dimeric metalloprotein NS5A
(which is an essential component of the HCV repli-
cation complex),60 the RNA-dependent RNA poly-
12
merase NS5B,61–63 the envelope proteins E1 and
E264–66 and core protein.46–48 However, despite
being a highly conserved and multifunctional pro-
tein, HCV core has still been little explored as the
target for aptamer-based viral diagnosis and for
the design of therapeutic strategies alternative or
complementary to DAAs.
The first HCV core-specific aptamers were

selected against the N-terminal amino acids 2 to
114 of HCV core of genotype 1 expressed in
E. coli,46 in a process that yielded four RNA apta-
mers showing nanomolar affinity for its target (Kd
values of 142 and 224 nM). The authors developed
a sandwich assay using labelled antibodies as
reporters, though no LoD or sensitivity of the
method was reported. Using one of these aptamers,
a lateral flow assay for the direct detection of HCV
core antigen was further developed, with a LoD of
10 pg/ml, which corresponded with a viral load of
104 copies/ml.67 Later on, other authors reported
the selection of 7 DNA aptamers against the full-
length HCV core protein of genotype 2 expressed
in E. coli.47 Although their Kd values were not quan-
tified, some of them were shown to inhibit the pro-
duction of infectious virus in cell culture
(measured as the secretion of core protein into the
culture medium of virus-infected cells) and were
used to detect HCV in serum samples from patients
infected with various genotypes of the virus. As a
result, different groups have developed HCV sens-
ing platforms based on some of the DNA aptamers
selected by Shi et al. in 2014,68–69 whose improved
sensitivity is promising for future use in clinical
practice.
In this work, we have selected DNA and RNA

aptamers in parallel against six variants of HCV
core protein, through 12 independent SELEX
processes. Three different variants of genotype 1
HCV core protein have been used: two full-length
versions (G1-191, and the b-galactosidase-tagged
fusion protein G1-191-F) and the complete N-
terminal hydrophilic domain (G1-122). Additionally,
the hydrophilic domains of HCV core protein
belonging to the genotypes 2, 3 and 4 (G2-122,
G3-122 and G4-122) have also been used as
selection targets. Another variable explored was
the fact that G1-191 and G1-191-F were available
in denatured form, while the four 122 aa-long
versions of the protein were used in native state.
Thus, we designed a multivariate strategy with the
aim of obtaining the best and most universal
aptamer candidates for HCV diagnosis and
inhibition. Notably, five out of the six proteins used
as selection targets were expressed in
baculovirus-insect systems instead of in E. coli,
and thus are assumed to contain post-
translational modifications similar to those present
in HCV-infected human cells.
The bioinformatics analysis of the highly

represented sequences obtained in the last round
of each DNA and RNA SELEX process showed a



Figure 6. Biosensing potential of the selected DNA aptamers. (A) Colorimetric Sandwich ELONA using the biotin-
labelled AptD-1312 as capture aptamer for G-122 core protein, and the digoxigenin-labelled detecting aptamers AptD-
1312, AptD-2251, AptD-421 and AptD-1932. Each data point represents the mean ± SD (n = 3). (B) Competitive
ELONA using AptD-1312 aptamer and HCV core protein G1-122 in solution (ranging from 0 to 250 nM). Each data
point represents the mean ± SD (n = 3). The obtained R2 value was 0.99 (C) Binding site competition assay in solution
to evaluate the possibility that aptamers share the same (or overlapping) binding site(s) in G1-122 core protein. In this
ELONA assay, non-labelled or “cold” aptamers (AptD-421, AptD-2251 and AptD-1932) were used as competing
aptamers and digoxigenin-labelled AptD-1312 was the detecting aptamer. Each data point represents the mean ± SD
(n = 3).
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Figure 7. Effect of DNA aptamers AptD-1312 and AptD-1932 on HCV progeny, extracellular and intracellular viral
RNA production. (A) Experimental scheme. Huh 7.5 cells were seeded in 24-well plates, and 24 h later cells were
transfected with the aptamers. Twenty-four hours after transfection, cells were transferred to 6-well plates and
infected with HCV p0 24 h later. Supernatants and intracellular RNA were collected 72 h post-infection. (B) Effect of
the aptamers on infectious progeny production of HCV p0. The aptamer used is indicated in the upper box. The viral
titer expressed as log10 TCID50 /ml is indicated in the ordinate. Values of viral titer (mean ± SD, n = 3) are
6.08 � 103 ± 3.98 � 102 (HCVp0), 4.81 � 103 ± 1.09 � 103 (D-ACTG), 3.11 � 103 ± 5.97 � 102 (AptD-1312) and
1.79 � 103 ± 8.75 � 102 (AptD-1932). The graphic on the right side represents the viral titer expressed as a
percentage. (C) Same as B, but for the extracellular viral RNA (mean ± SD, n = 3): 1.47 � 108 ± 6.40 � 107 (HCVp0),
6.56 � 107 ± 2.21 � 107 (D-ACTG), 1.64 � 107 ± 1.94 � 106 (AptD-1312) and 1.07 � 107 ± 1.94 � 106 (AptD-1932).
(D) Same as B, but for the intracellular viral RNA (mean ± SD, n = 3): 2.73 � 104 ± 9.81 � 103 (HCVp0),
8.81 � 104 ± 3.53 � 104 (D-ACTG), 1.36 � 105 ± 3.13 � 104 (AptD-1312) and 1.41 � 105 ± 1.90 � 104 (AptD-1932).
All titrations were carried out in triplicate and the statistical significance of the differences was determined by t-test: ns,
no significant difference; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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convergence towards a limited number of
aptamers. Among them, AptD-1312, AptD-421,
AptD-1932 and AptD-2251 were chosen for further
ELONA-based biochemical analysis in both DNA
and RNA versions. They were clearly different in
sequence and secondary structure (both globally
and after the motif analysis performed) from the
HCV core-specific aptamers previously published
by other authors.46–48 The only exception is that
the sequence alignment of AptD-1932 and the apta-
mer Cnew published by Shi et al.47 shows an overall
nucleotide identity of 46.4%, which is distributed in
sequence stretches not longer than 5 nt and is not
reflected at all in their respective secondary struc-
tures. Additionally, a very limited number of the
short sequence motifs found in the variable regions
of some of the highly prevalent aptamers selected in
this work (in particular, KCCCTc and tTTGTTc) are
also present in aptamers C7, C42, C104 and Cnew
published by Shi et al.47. Regarding the RNA apta-
mers, the lack of similarity between those obtained
in this work and those previously published by Lee
et al.46 is consistent with the high variability
observed in the final rounds of the RNA selection
processes carried out here. The relevance of these
findings will be investigated in a future work.
The aptamer sequence AptD-1312 was retrieved

in the 12 SELEX processes performed, being highly
represented in the 6 DNA selections. This fact
suggests that the target sequence of such a
universal or “pangenotypic” aptamer could be
present inside the hydrophilic domain of core
protein, in a region which seems conserved
among genotypes 1 to 4 and accessible in both
native and denatured states of the protein.
However, the lower Kd values of AptD-1312 for
the hydrophilic domains (0.5, 2.4, 2.2 and 1.1 nM
for core variants G1-122, G2-122, G3-122 and
G4-122, respectively) than for the complete
protein (20 and 207 nM for G1-191 and G1-191-F,
respectively) points towards a tighter aptamer-
protein recognition when the polypeptide is
accessible in native conditions. This fact also
suggests that the fusion protein G1-191-F could
exhibit some steric hindrance towards the binding
of AptD-1312. The bioinformatics characterization
of short sequence motifs present in the selected
aptamers suggests that HCV core protein may
bind to different nucleic acid sequences, including
variants of the tTTGTtc and TCCCT motifs as well
as other GT-rich sequences. Different versions of
these motifs are present in AptD-1312 and remain
accessible in its predicted secondary DNA
structure. This could be one of the reasons why
this aptamer efficiently recognizes every HCV
core variant assayed, albeit with different affinity.
In turn, the RNA aptamer AptR-1312 showed
higher Kd values against the 6 variants of HCV
core, lying in the low to mid nanomolar range.
The aptamer AptD-2251 showed a Kd of 0.4 nM

for G1-122, which is even smaller than that of
15
AptD-1312. Therefore, although the
methodologies used to quantify Kd values are
different, the affinity of these two (DNA) aptamers
is 280 to 560 times higher than that of the only
two (RNA) HCV core-specific aptamers for which
Kd values were previously reported: 142 nM for
the aptamer termed “9–14” and 224 nM for the
aptamer “9–15” published by Lee et al.46. Regard-
ing the RNA aptamers selected in this work against
G1-122, the affinity shown by AptR-1312 (withKd of
57 nM) is 2.5 to 6.4 times higher than that of the
RNA aptamers selected by Lee et al. against a sim-
ilar target (containing aa 2–114 of the hydrophilic
domain of HCV genotype 1).46

Most of the Kd values of the four highly
represented aptamers laid in the picomolar to
nanomolar range for different HCV core targets.
Additionally, all of them displayed high binding
specificity for HCV core compared to that shown
against HSA (the most abundant protein in human
blood plasma) and HCV NS3. Therefore, these
high-affinity and high-specificity aptamers provided
various options for analyzing their pairwise
behavior, which is required in sandwich and
competitive ELONA-based biosensing. The
calculated LoD of the sandwich assay (with AptD-
1312 as the capturing aptamer and HCV core G1-
122 as the target protein) was 0.002, 0.066, 0.095
and 0.140 nM using AptD-1312, AptD-1932, AptD-
421 and AptD-2251 as detecting aptamers,
respectively. In these assays, the fact that the
binding of AptD-1312 to G1-122 does not avoid the
further binding of other AptD-1312 molecule to the
same target suggests that the hydrophilic domain
of HCV core of genotype 1 might expose at least
two alternative binding sites for this aptamer.
However, since G1-122 does not contain repeated
sequence domains, both potential binding sites for
AptD-1312 are expected to show different binding
affinities. This possibility will be investigated in a
future work. Regarding competitive ELONA
assays, a calibration curve between 0.016 and
250 nM of HCV core was constructed, from which
a LoD of 2.5 nM was calculated. The very high
sensitivity achieved using these aptamer-based
assays paves the way to the development of novel
and highly efficient diagnostic systems for HCV,
with applicability as POC tests.
The results of sandwich and competitive ELONA

showed that, among the highly represented DNA
aptamers that exhibit high affinity and specificity
for HCV core, AptD-1312 and AptD-1932 were the
least likely to compete with each other for their
binding sites in the hydrophilic domain of this
protein. Therefore, both aptamers were assayed
in independent cell culture experiments (following
previous reports47) as they could provide alternative
pathways to inhibit HCV production based on their
interaction with the essential and multifunctional
core protein. They were shown to decrease the viral
progeny titer and the extracellular viral RNA level,
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with a concomitant increase in intracellular viral
RNA. These results suggest that AptD-1312 and
AptD-1932 inhibit HCV capsid assembly and, thus,
virion formation and exit in cell culture.
As a consequence, the aptamer-driven

intracellular accumulation of HCV core protein not
assembled in capsids is expected, which might
entail an increase in associated lipid droplets.
Additional experiments are needed to explore
these possibilities and will be conducted in a
future work. Moreover, since Huh-7.5 cells are
known to be deficient in innate immune
signaling,70 possible additional effects of these
aptamers on immune activation cannot be ruled out.
Future experiments will also include the

biochemical analysis of other highly represented
aptamers selected in the 12 SELEX processes
performed, and the optimization of some of the
aptamers that show high affinity and specificity to
get minimal HCV core-binding sequences. The
best DNA aptamers will be tested in ELONA
assays and in different biosensor formats using
HCV positive sera from infected patients (as well
as uninfected control sera), which will allow us to
compare their performance with that of standard
diagnostic tools used in the clinical practice. In
parallel, given the already demonstrated antiviral
activity of AptD-1312 and AptD-1932, the
inhibitory potential of other high affinity and highly
represented DNA and RNA aptamers (in the latter
case, once the required chemical modifications
are introduced to increase their resistance to
degradation by cellular RNases) will be tested
individually and in combination, and the delivery
mechanisms will be optimized. This will hopefully
contribute to the design of novel aptamer-based
strategies for the treatment of hepatitis C.

Materials and methods

Target HCV core proteins

Six variants of HCV core protein were used as
targets for the selection of DNA and RNA
aptamers in this work (Supplementary Figure S1).
Two of them contained the full-length sequence of
HCV core (aa 1–191), belonging to genotype 1
and available in denaturing conditions: a
commercial (Abcam, Cat. No. ab49020) C-
terminal biotin-tagged, fusion protein with b-
galactosidase expressed in E. coli that we have
termed G1-191-F, and an N-terminal 6xHis-tagged
protein (see below) expressed in baculovirus-
insect systems (Algenex, Spain)71 termed G1-191.
The four remaining variants (also expressed in
baculovirus-insect systems by Algenex) contained
the 6xHis-tagged, hydrophilic domain (aa 1–122)
of HCV core in native conditions belonging to geno-
types 1 to 4, termed G1-122, G2-122, G3-122 and
G4-122, respectively.
Representative sequences of HCV core protein

belonging to genotypes 1 to 4 were previously
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chosen for being produced in baculovirus-insect
systems. First, a BlastP search72 of HCV core pro-
teins available in GenBank was performed, using a
seed sequence of known core proteins of each
genotype and default parameters (BLOSUM63
matrix, gap open penalty 11, gap extension penalty
1). The sequence alignment was obtained through
MAFFT v7.21573 using options globalpair-
maxiterate 1000. The corresponding distance
matrix was obtained by means of the program dist-
mat included in EMBOSS v6.6.0.074 without cor-
recting for multiple substitutions. The consensus
sequence of each alignment was produced using
the program cons in EMBOSS v6.6.0.0. For each
of the four HCV genotypes, its representative core
sequence was chosen as that showing the lowest
distance to the corresponding consensus
sequence, and thus the minimum sum of distances
to all the sequences in the alignment. Their Gen-
Bank accession numbers were AFS60333.1,
AFS60360.1, ACZ60107.1 and DQ988076 for
HCV genotypes 1 to 4, respectively (Supplementary
Table S1).

In vitro selection of DNA and RNA aptamers
against HCV core proteins
Immobilization of the target proteins for SELEX.
To start DNA and RNA aptamer selections against
the G1-191-F core variant, a volume of 100 ll
(370 pmoles) of the biotin-tagged protein was
attached to 100 ll of streptavidin-coated magnetic
beads (Dynabeads MyOne Streptavidin T1,
Invitrogen) resuspended at 10 mg/ml following
manufacturer’s instructions. Alternatively, 10
pmoles of the 6xHis-tag proteins (G1-191, G1-
122, G2-122, G3-122 or G4-122) were
immobilized onto Pierce� Copper Coated High
Binding Capacity Plates (Thermo Scientific
Fisher), pre-blocked with bovine serum albumin
(BSA, Sigma), following the manufacturer’s
guidelines.

Initial ssDNA library. The ssDNA combinatorial
library and the primers used for amplifications
were chemically synthesized and HPLC-purified
by IBA Lifesciences (Goettingen, Germany). The
library, termed M1-40, consisted of a pool of 76
nt-long oligonucleotides containing two flanking
primer-binding regions of 18 nt-long each, and a
central, 40 nt-long random region: 5’-
GCGGATCCAGACTGGTGT(N40)
GCCCTAAAGACAAGCTTC-3’.
To start the selection of DNA aptamers, 80

pmoles of M1-40 (equivalent to 4.8 � 1013

molecules) were amplified by asymmetric PCR
[94 �C 2 min, 25 cycles of (94 �C 15 sec, 60 �C 30
sec, 72 �C 45 sec), 72 �C 5 min]. The
amplification was performed using the forward
primer M1-F (5’-GCGGATCCAGACTGGTGT-3’)
(at 0.5 mM) and the reverse, 5’-biotinylated primer
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M1-R-Biot (5’-Bio-GAAGCTTGTCTTTAGGGC-3’)
(0.1 mM), dNTPs (0.2 mM), High Fidelity Expand
DNA polymerase (EHF) (0.07 U/ml) (Sigma) and
EHF buffer 1X (with 2 mM Mg2+).
The mixture of ssDNA and dsDNA obtained was

subjected to strand separation to produce ssDNA
using streptavidin magnetic beads.75 Briefly,
400 ll of MagnaBind Streptavidin beads (Thermo
Scientific Fisher) at 5 mg/ml were washed just
before use, once with 400 ll of 100 mM NaOH
and twice with 600 ll of SB1T Buffer (40 mM
HEPES pH 7.5, 125 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 1 mM CaCl2, 0.05% Tween-20), and the
beads were then resuspended in 400 ll of 1 M NaCl
with 0.05% Tween-20. Upon activation of the mag-
netic beads, 200 ll of amplified, biotinylated dsDNA
were added, incubated at 25 �C for 5 min with
14.000 rpm agitation, resuspended and incubated
for 5 min in the same conditions. Then, the beads
were washed three times using 300 ll of SB1T.
Afterwards, 480 ll of 100 mM NaOH were added
and the suspension was incubated at 25 �C for
10 min, with 600 rpm stirring. Finally, the sample
was partially neutralized by adding 120 ll of
80 mM HCl and 6 ll of 1 M HEPES. The eluted,
non-biotinylated ssDNA (forward strand) was puri-
fied using Amicon Ultra-0.5 mL 10 K Centrifugal Fil-
ters (Merck). Such a purified ssDNA strand was
quantified by UV–vis spectrophotometry (Nan-
odrop, Thermo Fisher Scientific) and its integrity
was checked by electrophoresis using a denaturing
(5 M urea) 10% polyacrylamide gel.
Alternatively, ssDNA was prepared by means of

k-exonuclease digestion. With that aim, 80 pmoles
of M1-40 were PCR amplified using the forward
primer M1-F and the 5’-phosphorylated, reverse
primer M1-R-5’P (5’-GAAGCTTGTCTTTAGGGC-
3’), in the conditions described above. The
reverse DNA strand was removed by enzymatic
digestion, using 10 units of k-exonuclease
(Thermo Scientific) for every 2 mg of amplified
dsDNA, in 50 ml of 1X reaction buffer (67 mM
glycine–KOH pH 9.4, 2.5 mM MgCl2, 0.01% Triton
X–100). The reaction mixture was incubated at
37 �C for 1 hour (h), followed by heat deactivation
at 80 �C for 10 min. The resulting ssDNA (forward
strand) was precipitated by adding 0.1 volumes of
3 M NaOAc pH 5.5 and 2.5 volumes of cold
absolute ethanol. After precipitation for a minimum
of 1 h at �80 �C, the DNA was centrifuged at 4 �C
for 40 min at maximum speed. The supernatant
was washed using 70% ethanol. After a
centrifugation of 15 min, the pellet was dried and
resuspended in water. Then, the DNA was purified
using Amicon Ultra-0.5 mL 10 K Centrifugal Filters
(Merck).
In turn, for the selection of RNA aptamers 80

pmoles of M1-40 were PCR amplified using the
forward primer M2-F (5’-TGTAATACGACTCACT
AATAGGGGCGGATCCAGACTGGTGT-3’, which
includes the T7 RNA polymerase promoter, in
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italics) (0.06 mM) and the reverse M1-R (0.06 mM),
in a 1 ml reaction, with 4 cycles of the same
program described for ssDNA aptamers. Milli-Q
water treated with DEPC was used in all the
processes involving RNA. The amplified product
was in vitro transcribed (IVT) by T7 RNA
polymerase using the AmpliScribeTM T7 High Yield
Transcription Kit (Epicentre) following
manufacturer’s instructions. The resulting RNA
pool was precipitated using 1 volume of 5 M
NH4OAc and 2.5 volumes of cold absolute
ethanol, following the protocol described above.
In vitro selection of DNA and RNA aptamers
against different variants of HCV core protein. DNA
and RNA independent SELEX processes were
performed against each of the 6 variants of HCV
core protein (Supplementary Figure S1) using up
to 14 SELEX rounds, as summarized in
Supplementary Table S2. The first round of each
DNA aptamer selection was carried out using
�1014 molecules of the amplified initial ssDNA
library (see above). With that aim, the amplified
ssDNA population was resuspended in 90 ml of
Selection Buffer (SB) (100 mM HEPES pH 7.5,
100 mM NaCl, 10 mM KCl, 5 mM MgCl2, 2 mM
CaCl2, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.05% Tween-20), denatured at 95 �C for 10 min
and renatured by cooling at 37 �C for 10 min. The
folded ssDNA pool was added to either 90 ml of
selection matrix containing streptavidin-coated
magnetic beads bound to the biotinylated G1-191-
F core protein, or to well plates containing the
6xHis-tagged proteins G1-191, G1-122, G2-122,
G3-122 or G4-122 (see above). In all cases, the
ssDNA pool was incubated with its target at 37 �C
for 1 h. In the partition step, unbound ssDNA was
removed by washing two times with 500 ml of SB.
Then, core-bound aptamers were recovered by
adding 100 mL of Milli-Q water, and heating at 95 �
C for 10 min. The preparation of the ssDNA
population to initiate the next SELEX round was
performed by asymmetric PCR amplification of the
recovered ssDNA aptamers as described above,
using a number of cycles that varied between 20
and 30 along the different rounds and SELEX
processes.
To foster the selection of high affinity aptamers,

the stringency of the selection process was
stepwise increased at each round by doubling the
number of washing steps. Also, the incubation
time was decreased along all the processes and,
in some cases, the amount of ssDNA added to the
selection matrix (thus, the ssDNA:protein ratio)
was modified, as previously described.49,76

Counter-selection steps were introduced along the
SELEX processes to discard aptamers that could
have been selected against the inert matrix (either
naked streptavidin beads or empty, streptavidin-
coated well plates). Also, counter-selection was
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used in most of the processes to increase the speci-
ficity of the selected aptamers, by discarding those
able to bind to other proteins abundant in human
serum (HSA and prothrombin). Additionally,
counter-selection was used to discard the aptamers
that were able to bind to only one of the HCV core
genotypes, since universal or pangenotypic apta-
mers were sought. In one of the selections, a com-
petition (termed CP) among the selected aptamers
and tRNA was also introduced (Supplementary
Table S3).
For the in vitro selection of RNA aptamers against

the six variants of HCV core protein, the first SELEX
round was accomplished using �1014 molecules of
the in vitro transcribed RNA pool refolded in 90 ml
of SB, following the protocol described above.
Once the unbound RNA molecules were
discarded, the recovered aptamers in each round
were retrotranscribed and amplified by one-step
RT-PCR [55 �C 30 min, 94 �C 5 min, (94 �C 15
sec, 60 �C 30 sec, 68 �C 45 sec), 68 �C 5 min] with
SuperScript� III reverse transcriptase and
Platinum� Taq DNA Polymerase (Life
Technologies) using M2-F (0.5 mM) and M1-R
(0.5 mM) in a total volume of 100 ml. The number of
PCR cycles in each SELEX round varied between
20 and 30. After each RT-PCR, 2 mg of the
amplified DNA was in vitro transcribed and the
resulting RNA pool was purified by ethanol
precipitation. Other experimental variables were
the same than those described for the selection of
DNA aptamers.

Ultra-deep sequencing and bioinformatics
analysis of the aptamer populations

After the last round of each selection process
(Supplementary Table S2), the DNA or RNA pools
were re-amplified using 57 nt-long forward
standard selection primers containing specific 6
nt-long barcode sequences, as well as a common,
34 nt-long reverse one. Barcoded, 131 nt-long
PCR samples were mixed in equimolar amounts
and submitted to Sistemas Genómicos, S.L.
(Valencia, Spain) for standard UDS-Illumina
MiSeq sequencing.
Forward Illumina paired end read sequences

were demultiplexed with the AptaPLEX method
implemented in the software collection AptaSUITE
0.9.077 using the following parameters: total apta-
mer length between 61 and 81 nt (i.e., length of
the variable region between 25 and 45 nt); minimum
overlapping region length = 15 nt; maximum mis-
matches in overlapping region = 5; maximum mis-
matches in the forward or reverse primer-binding
regions = 3. Demultiplexed aptamers were then
clustered applying the AptaCluster78 algorithm,
included in the same software, with the default
parameters. Seed sequences of clusters with a rel-
ative frequency above 100 CPM in at least one of
the final SELEX rounds were sorted alphabetically
and a code ID was assigned to each cluster after
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its position. Supplementary Table S4 includes the
relative frequency of these sequence clusters in
each final selection round.
Over-represented sequence motifs found in the

aptamer pools selected in each final round were
identified by applying the findMotifs.pl routine,
included in the HOMER package,79 using as back-
ground the initial pool of sequences and, when
available, the sequences corresponding to a selec-
tion step previous to the final one. Two types of
motif discovery methodologies were applied: the
default search routine for motifs of undetermined
length, and a motif-length based approach
restricted to small motifs of 5 to 8 nt. Motifs detected
by HOMER in the final round of each selection were
then compared with the sequence of each one of
the over-represented aptamers selected for bio-
chemical validation (see below). They were also
compared with the HCV complete genomes of
genotypes 1 to 4 stored in Los Alamos HCV
Sequence Database,80 which contained 1,909 gen-
omes of genotypes 1 to 4 (1,571, 186, 71 and 81
respectively). The sequence motifs found in the dif-
ferent selections that are present in each one of the
selected high affinity aptamers, as well as their fre-
quency in HCV full genomes is summarized in Sup-
plementary Table S6.
Additionally, short sequence similarity was

studied for the 25 most frequent seed sequences
that showed at least 50 CPM in each individual
protein target, as well as for the combined data of
the 6 DNA SELEX processes, the 6 RNA SELEX
processes, and the 4 DNA selections against the
122 aa-long targets (G1-122 to G4-122). Short
sequence motifs were defined by decomposing the
variable, central region, plus two flanking
nucleotides at each side, into k-mers by a sliding
window of step 1. Then, DNA and RNA aptamer
networks were constructed based on short
sequence motif co–occurrence of the 5 most
frequent motifs.
The secondary structure of the four high affinity

DNA and RNA aptamer sequences was predicted
using Mfold.81 For DNA aptamers, the folding
parameters were set to values analogous to those
operating in the in vitro selection cycles (37 �C,
100mMNa+ and 5mMMg2+). In turn, for RNA apta-
mers the folding temperature was also 37 �C though
the only ionic conditions allowed by the software
were 1 M Na+ and no divalent cations. For compar-
ison, DNA aptamers were also folded in the same
ionic conditions than those of RNA. The program
QGRS Mapper82 was used in parallel to detect
and predict the formation of G-quadruplexes in
DNA and RNA aptamers.

Colorimetric ELONA for the quantification of
Kd of DNA aptamers

To biochemically characterize the selected
aptamers using ELONA-based methods, 10
pmoles of G1-191-F core variant were
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immobilized onto high binding capacity 96-well
plates (CorningTM CostarTM 96-Well EIA/RIA Plates,
Thermo Scientific Fisher). The plate was
incubated overnight at 4 �C, and then at 37 �C for
1 hour with agitation (300 rpm). The supernatant
was discarded, 100 ml/well of blocking buffer (PBS
1X with 1% BSA) was added and incubated at
37 �C for 30 min with agitation (300 rpm), and the
supernatant was discarded again. In turn, ELONA-
based protocols involving the 6xHis-tag proteins
(G1-191, G1-122, G2-122, G3-122 or G4-122)
were performed on Pierce� Copper Coated High
Binding Capacity Plates (Thermo Scientific Fisher)
as described above.
An indirect, colorimetric ELONA (Figure 3(A)) was

used to quantify the Kd values of the most
represented DNA aptamers, as previously
described.49 Each individual 5’ digoxigenin-
labelled ssDNA aptamer (purchased to IBA Life-
sciences) was assayed (in triplicate) at eight
increasing concentrations (0, 0.032, 0.16, 0.8, 4,
20, 100 and 500 nM). A synthetic, 76 nt-long ssDNA
molecule termed D-ACTG was used as a negative
control, which contains 10 repeats of the tetranu-
cleotide ACTG in its central region [sequence 5’-G
CGGATCCAGACTGGTGT(ACTG)10
GCCCTAAAGACAAGCTTC-3’]. Two independent
multiwell plates were used for each experiment,
thus giving rise to 6 aptamer-target data points for
each aptamer concentration. The non-linear regres-
sion analysis of the binding curves and theKd quan-
tification were performed using GraphPad Prism 6.
To test the specificity for HCV core of the highly rep-
resented DNA aptamers, colorimetric ELONA
assays were conducted following the protocol
described above and using three 6xHis-tagged pro-
teins: BSA (abcam), HSA (abcam) and HCV NS3
(RayBiotech).

ELONA-RTqPCR for the quantification of Kd of
RNA aptamers

The highly represented RNA aptamers selected
were subject to biochemical analysis using
ELONA-RTqPCR, as previously described.49 For
that, 10 pmoles of G1-191-F were attached to Corn-
ingTM CostarTM Brand 96-Well EIA/RIA Plates (Fisher
Scientific) and were incubated (in triplicate, over-
night at 4 �C, and then at 37 �C for 1 hour with
300 rpm agitation) with eight increasing concentra-
tions (0, 0.032, 0.16, 0.8, 4, 20, 100 and 500 nM)
of each individual RNA aptamer. In turn, 10 pmoles
of each 6xHis-tagged core variant (G1-191, G1-
122, G2-122, G3-122, or G4-122) were attached
to the corresponding wells of a Pierce� Copper
Coated High Binding Capacity Plate (Thermo Sci-
entific Fisher) and were incubated in a similar
way. In both cases, four different aptamers could
be assayed in parallel in a single plate. Two inde-
pendent multiwell plates were used for each exper-
iment, thus giving rise to 6 aptamer-target data
points for each aptamer concentration. After the
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incubations, the supernatants were discarded,
100 ml/well of blocking buffer (PBS 1X with 1%
BSA) was added and incubated at 37 �C for
30 min with agitation (300 rpm), and the super-
natant was discarded again. As a negative control,
the 76 nt-long RNA molecule termed R-ACUG,
which contains 10 repeats of the tetranucleotide
ACUG in its central region [5’-GCGGAUCCA
GACUGGUGU(ACUG)10GCCCUAAAGACAAGCU
UC-3’] was used.
RNA aptamers bound to the corresponding

variants of HCV core protein were denatured and
eluted with water at 95 �C. Recovered aptamers
were then amplified by RTqPCR in triplicate. The
kit KAPA SYBR FAST qRT-PCR Master Mix (2X)
Universal (Kapa Biosystems, Boston,
Massachusetts, USA) was used for the RTqPCR
amplifications. The reactions contained SYBR
Green RX Mix 1X buffer, primers M1-F (0.06 mM)
and M1-R (0.06 mM), KAPA RT Mix 1X and
enzyme mix (0.1 U/ml). The final volume of all the
reactions was 10 ml, containing 4.7 ml of the RNA
template. The RTqPCR reactions were carried out
in triplicate using the following cycling program:
3 min 50 �C, 5 min 95 �C, (1 min 95 �C, 1 min 55 �
C, 30 sec 60 �C). The Ct (Cycle threshold) values
were transformed into pmoles of bound RNA
aptamer by interpolation using a calibration curve
as previously described,49 which was constructed
by amplifying 10 different known concentrations
(from 2.5 � 10-14 to 2.5 � 10-21 moles) of a 76 nt-
long RNA molecule, in triplicate. As described for
DNA aptamers, the specificity of the highly repre-
sented RNA aptamers was tested by means of
ELONA-RTqPCR, using the 6xHis-tagged proteins
HSA and HCV NS3.

ELONA sandwich

Biotin-labelled capture aptamer AptD-1312 (at
100 nM concentration, in SB) was added to
streptavidin-coated 96-well plates (100 ml/well)
and incubated at 4 �C overnight (Figure 3(B)).
Then, the wells were washed three times with
200 ml of SB. G1-122 core protein was added at
eight concentrations (0, 1, 2, 4, 8, 16, 32 and
64 nM, in SB) to the corresponding wells (100 ml/
well, in triplicate) and incubated at 25 �C for 1 h.
The wells were washed three times with 200 ml of
SB and the digoxigenin-labelled detection
aptamers AptD-421, AptD-1312, AptD-1932 and
AptD-2251 (at 42 nM concentration, in SB) were
added (100 ml/well) and incubated at 25 �C for 1 h.
After washing three times with 200 ml of SB, the
wells were incubated with an anti-digoxigenin
antibody (Sigma) labelled with HRP (diluted
1:5000 in PBS 1X) at 25 �C for 1 h. The wells
were washed three times using 200 ml of PBS 1X,
and TMB (100 ml/well) was added and incubated
at 25 �C for 5 to 10 min. The reactions were
stopped by adding 100 ml/well of 2 M H2SO4 and
the absorbance at 450 nm was measured in each
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well using a microplate reader Tecan GENios
(Tecan Group Ltd., Zürich, Switzerland). The Limit
of Detection (LoD) of the assay was calculated
(for n = 3) as follows: LoD = 3Sb/m, where Sb is
the blank standard deviation and m is the slope of
the linear regression equation.
Competitive ELONA

The competitive assay consisted of two steps
(Figure 3(C)). In the first one, the digoxigenin-
labelled aptamer AptD-1312 (at 5 nM
concentration) was incubated with different
concentrations of G1-122 core protein (0, 0.016,
0.08, 0.4, 2, 10, 50 and 250 nM in SB) in distinct
Eppendorf tubes, at 37 �C for 1 h. In the second
step, each mixture (composed of aptamer-core
complexes, unbound aptamer and/or unbound
protein) was added (100 ml/well, in triplicate) to
Copper-coated 96-well plates onto which G1-122
core protein had been previously immobilized (at
100 nM) as described above. This allowed the
unbound aptamer present in some of the tubes to
react with the immobilized protein. After washing
three times with 200 ml of SB, the wells were
incubated with an anti-digoxigenin antibody
labelled with HRP and the colorimetric reaction of
TMB was revealed as described above. LoD was
calculated as explained above.
Analysis of binding site competition in
solution

A competitive, indirect ELONA was carried out for
the analysis of the possible competition of aptamers
in solution for the same (or overlapping) binding site
in HCV core protein. For that, core G1-122 (at
100 nM concentration, in PBS 1X) was
immobilized onto Copper-coated 96-well plates at
25 �C for 1 h, in triplicate. Then, the wells were
washed three times using 200 ml of PBS 1X. In
each experiment, a non-labelled or “cold” aptamer
(AptD-421, AptD-2251 or AptD-1932) was mixed
(at concentrations 0, 0.032, 0.16, 0.8, 4, 20, 100
and 500 nM) with the digoxigenin-labelled AptD-
1312 at 4 nM concentration. Each mixture of
aptamers (100 ml/well, in SB) was incubated at
37 �C for 1 h with the immobilized G1-122 core
protein. Then, the wells were washed three times
by adding 200 ml of SB, and the incubation with an
anti-digoxigenin antibody labelled with HRP and
the colorimetric reaction of TMB were performed
as described above.
Functional analysis of high affinity aptamers in
cell culture
Cells and virus origin. For the experiments in cell
culture, Huh-7.5, Huh-7-Lunet and Huh-7.5 reporter
cell lines were used. Their origin and the procedures
for cell growth in Dulbecco’s modification of Eagle’s
20
medium (DMEM), have been previously
described.83–84 Huh-7.5 cells cultured at 37 �C and
under 5%CO2 were used for aptamers transfection,
infections and titration of virus infectivity. Cells were
periodically thawed from a large frozen stock and
passaged a maximum of 30 times.
The initial HCV strain (belonging to viral genotype

2, subtype 2a) was obtained by transcription of
plasmid Jc1FLAG2(p7-nsGluc2A),85 followed by
RNA electroporation into Huh-Lunet cells, concen-
tration of the progeny virus shed into the culture
medium, and further amplification in Huh-7.5 repor-
ter cell monolayers to yield HCV p0, as previously
described.51 The absence of contamination was
controlled by titration of the supernatants of mock-
infected cells, which were maintained in parallel
with the infected cultures.
Transfection of aptamers and infections with
HCV p0. For transfection of aptamers, 1 � 105

Huh-7.5 cells were seeded in 24-well plates. Cells
were transfected 24 h later with 1 lg of aptamer
AptD-1312 or AptD-1932 in SB1T buffer (see
above) lacking Tween-20, which were previously
refolded by incubation at 100 �C for 5 min and at
37 �C for 5 min. FuGeneHD Transfection Reagent
(Promega, Madison, Wisconsin, USA) was used.
The use of fluorescent microscopy and
fluorescein-labelled aptamers allowed their
intracellular localization within the Huh-7.5 cells,
thus checking that transfection was correctly
performed (Supplementary Figure S7). Twenty-
four hours after transfection, cells were washed
with EDTA, trypsinized and transferred to 6-well
plates. Cells were infected with HCV p0 at MOI of
0.1 TCID50/cell 24 h later and, after a virus
adsorption period of 5 h at 37 �C, the inoculum
was removed and 2 ml of medium was added to
the cell monolayer. The infected cells were further
incubated at 37 �C for 72 h.
Virus titration, RNA extraction and quantifica-
tion. Titrations of infectious HCV in the presence or
absence of aptamers were performed by serial
dilution of cell culture supernatants that were
subsequently applied to Huh-7.5 cell monolayers in
96-well plates (6,400 cells/well, seeded 16 h
earlier). Three days after infection, cells were
washed with PBS, fixed with ice-cold methanol,
and stained to detect NS5A using anti-NS5A
monoclonal antibody 9E10, as described
previously.51,86 Virus titers were expressed as
TCID50/ml.87

Intracellular viral RNA was extracted from
infected cells using the Qiagen RNeasy kit
(Qiagen, Valencia, CA, USA), following the
manufacturer’s instructions. In parallel, viral RNA
from 140 ml of cell culture supernatants was
extracted using the Qiagen QIAamp viral RNA
mini kit (Qiagen, Valencia, CA, USA). In both
cases, HCV RNA quantification was performed by
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RTqPCR using the Light Cycler RNA Master SYBR
green I kit (Roche).51,86 Quantification was relative
to a standard curve obtained with known amounts
of HCV RNA synthesized by in vitro transcription
of plasmid GNNFLAG2(p7-nsGluc2A). The 5’ UTR
of HCV genomewas amplified using the forward pri-
mer HCV-5UTR-F2 (5’-TGAGGAACTACTGTCTT
CACGCAGAAAG-3’; the 5’ nucleotide corresponds
to genomic residue 47 according to JFH-1, Gen-
Bank accession number AB047639) and the
reverse HCV-5UTR-R2 (5’-TGCTCATGGTG
CACGGTCTACGAG-3’; the 5’ nucleotide corre-
sponds to genomic residue 347 according to JFH-
1).51 Negative controls (both without template
RNA and with RNA from mock-infected cells) were
run in parallel with each amplification reaction to
confirm the absence of contamination with unde-
sired templates.
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