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A B S T R A C T   

The rapid spread of SARS-CoV-2 infection throughout the world led to a global public health and economic crisis 
triggering an urgent need for the development of low-cost vaccines, therapies and high-throughput detection 
assays. In this work, we used a combination of Ideal-Filter Capillary Electrophoresis SELEX (IFCE-SELEX), Next 
Generation Sequencing (NGS) and binding assays to isolate and validate single-stranded DNA aptamers that can 
specifically recognize the SARS-CoV-2 Spike glycoprotein. Two selected non-competing DNA aptamers, C7 and 
C9 were successfully used as sensitive and specific biological recognition elements for the development of 
electrochemical and fluorescent aptasensors for the SARS-CoV-2 Spike glycoprotein with detection limits of 0.07 
fM and 41.87 nM, respectively.   

1. Introduction 

Over two years have passed since the initial outbreak of a new 
Coronavirus disease (COVID-19). The original report to the World 
Health Organization (WHO), anticipated that COVID-19 would present a 
challenge for the public health systems across the world due to the rapid 
spread of the disease [1]. To date, over 323 million confirmed COVID-19 
cases have been reported worldwide leading to the death of more than 
5.5 million people by the severe acute respiratory syndrome associated 
with COVID-19 [2,3]. Although vaccines are already available in several 
countries, COVID-19 remains a major public health concern due to the 
uprising of SARS-CoV-2 variants and the lack of epidemiological sur-
veillance and vaccination programs in impoverished countries [4]. 

The etiological agent for COVID-19 is the new coronavirus SARS- 
CoV-2, a single-stranded positive sense RNA (+ssRNA) enveloped 
virus with a genome of approximately 30 Kb encoding four structural 
proteins: Spike (S), membrane (M), envelope (E) and nucleocapsid (N) 
[5]. The trimeric S protein is recognized as the main virulence factor [6, 
7]. This is a type I transmembrane protein consisting of a large ecto-
domain, a single-pass transmembrane anchor and a short C-terminal 

intracellular tail [8]. The role of the S protein is crucial for viral 
adherence and entry to the host cell, where the receptor binding domain 
(RBD) within S protein mediates the interaction with the 
angiotensin-converting enzyme 2 (ACE2) attached to the cell membrane 
[9]. In addition, the S protein appears highly immunogenic, making it a 
suitable candidate for vaccine development and theranostic applications 
[10–13]. 

Quantitative RT-PCR (RT-qPCR) or serological SARS-CoV-2 tests 
have become the standard COVID-19 diagnostic methods, however, they 
are costly, time-consuming and require specialized equipment and 
trained personnel [14]. In addition, serology and antigen tests require 
the production of purified proteins and specific antibodies, a long and 
expensive process that often leads to batch-to-batch variations [15]. 
Such problems related to antibodies may be one of the reasons why there 
is a difference in the detection performance (specificity and sensitivity) 
observed on rapid antigen tests when these parameters are determined 
in clinical conditions [16,17]. 

There are some new detection methods for SARS-CoV-2 infection 
based on technologies such as Field Effect Transistor, CRISPR-Cas12, 
Fluorine Doped Tin Oxide electrodes and functionalized gold 
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nanoparticles or magnetic beads; however the equipment and the pro-
cess to generate the materials needed for their implementation are 
difficult to obtain in most laboratories [18–21]. As practical COVID-19 
detection becomes necessary to save lives and return to a relative 
normality, there is a pressing need for efficient and affordable diagnosis 
tools. 

Biosensors have been developed for the rapid, sensitive, and stable 
diagnostic methods that can use novel recognition elements such as 
nucleic acids aptamers [22,23]. Nucleic acid aptamers are short, 
single-stranded DNA (ssDNA) or RNA molecules that are selected for 
binding to a specific target [24]. The high affinity and specificity of 
aptamers are comparable to those of antibodies, with the advantage of 
rapid and massive high-quality production by automated synthesizers 
[25]. Aptamers are obtained through a highly probabilistic process 
called Systematic Evolution of Ligands by Exponential Enrichment 
(SELEX) [26]. In SELEX, large single-stranded oligonucleotide combi-
natorial pools are challenged for binding to a desired target under a 
defined set of conditions [24,25]. Aptamer selection is attained through 
iterative steps of target incubation with combinatorial pools, followed 
by the separation of unbound sequences (partitioning), and the 
PCR-mediated amplification and purification of the target-bound 
oligonucleotide species [27,28]. Aptamers with high affinity can be 
recovered through several partitioning methods although efficiency is 
often affected by the nonspecific background binding that each SELEX 
variant may have [29]. SELEX based on capillary electrophoresis 
(CE-SELEX), where target-bound aptamers are separated in solution, 
eliminate the possible background against components of the parti-
tioning method resulting in the fast selection of aptamers due to its 
higher partition efficiency [30]. 

Aptamers are used in biosensors as biological recognition elements 
(BRE) for accurate and rapid detection of pathogens through fluores-
cence, chemiluminescence, electrochemistry and immunoluminescence 
techniques. These methods often require the chemical modification of 
the aptamer to produce visual or measurable signals upon interaction 
with the target molecule. Such modifications include labeling with flu-
orogenic, electrochemical or chromogenic moieties, addition of catalytic 
nucleic acids (aptasensors) or even allosteric aptamers (aptazymes) 
responsive to the target. Recently, new biosensors for COVID-19, 
including devices targeting the RNA of SARS-CoV-2, and COVID-19 
antibodies, as well as immunosensors targeting the S and N proteins 
have been reported [31–37]. Nonetheless, aptamer-based biosensors 
offer advantages compared to antibodies such as shorter generation 
time, lower manufacturing costs, negligible batch-to-batch variability, 
simple chemical modification, better thermal stability, long shelf-life 
and higher target selection potential [38–40]. 

Aptamers against SARS-CoV-2 proteins have been previously iso-
lated, some of them are able to block the interaction of S protein/RBD 
with ACE2 receptors and capable of inhibiting infection in pseudovirus 
models demonstrating therapeutic potential [41–44]. Aptamer selection 
for the same virus using different viral targets and SELEX conditions is a 
common practice due to the rise of aptamer with different affinity, 
sequence, structure and binding capabilities [15]. In this regard, a va-
riety of SELEX protocols have been used extensively, such as 
immobilization-free methods that expose the whole protein surface to 
the oligonucleotide pool thus making it more accessible to a variety of 
different aptatopes [45]. This is important when paired (non-competing 
for the same target site) aptamer screening is sought as different com-
binations of aptamers can generate a response to a wider range of the 
analyte concentration [46]. 

Thus, newly selected aptamers may be necessary for a more versatile 
response range in novel biosensors. As different BRE are required for 
biosensor development, aptamers with different interaction properties 
could be useful, alone or in combination with previously published 
aptamers. In addition, different aptamers capable of interacting with 
various epitopes of the S protein may exhibit synergistic effects in the 
inhibition of the viral entry or the detection of target sequence or 

structural variants. Therefore, selection and characterization of novel 
SARS-CoV-2 S protein aptamers are necessary for the development of 
new theranostic and biotechnology applications. 

In the present work, IFCE-SELEX (Ideal Filter Capillary 
Electrophoresis-SELEX) was used in combination with Next Generation 
Sequencing (NGS) for the selection and identification of single-stranded 
DNA (ssDNA) aptamers that specifically bind with high affinity to the 
SARS-CoV-2 S protein. Furthermore, as proof-of-concept applications, 
selected paired aptamers were implemented in a electrochemical apta-
sensor and a simple sandwich-type fluorescent aptasensor capable of 
detecting and quantifying S protein in diluted human saliva of multiple 
donors suggesting a novel tool for the rapid and opportune diagnosis of 
COVID-19. 

2. Materials and methods 

2.1. Oligonucleotides and proteins 

The FWD (5′-CACGACGACAGAGACCACAG-3′) and REV (5′- 
TGTTCGTCTCTGGCTGCTGG-3′) primers, the 40-nucleotide randomized 
DNA pool (M2 pool) and the 5′-FAM-C9 aptamer were purchased from 
T4 oligo® (ADN Artificial S. de R.L. de C.V., Irapuato, México). The 5′- 
amino-C6-modified C7 and C9 aptamers was purchased from Integrated 
DNA Technologies Inc. (San Diego, CA). 5′-DTPA2-modified C7 aptamer 
was purchased from Friz Biochem GmbH (Neuried, Germany). Mono-
functional methoxy-polyethylene glycol thiol (PEG, 2 kDa), Bovine 
serum albumin (BSA), Lysozyme, and Casein were purchased from 
Merck (Merck KGaA, Darmstadt, Germany). The recombinant 
baculovirus-produced SARS-CoV-2 S protein (40589-V08B1), the 
human Angiotensin-Converting Enzyme 2 Protein (ACE2) (10108- 
H08B), the human Respiratory Syncytial Virus (RSV) glycoprotein G 
(11070-V08H), the human Coronavirus NL63 (HCoV-NL63) S Protein 
(40604-V08B), the influenza virus (H1N1) Hemagglutinin protein 
(40510-V08H), the MERS-CoV virus S protein (40069-V08B), and the 
SARS-CoV-2 (2019-nCoV) Spike Neutralizing Antibody, Mouse Mab 
(IgG) were all purchased from Sino Biological (Sino Biological Inc., 
Beijing, China). 

2.2. Ideal-Filter Capillary Electrophoresis SELEX (IFCE-SELEX) 

The M2 pool was purified through HPLC and preparative 8% poly-
acrylamide/7 M Urea gels. Partition by IFCE [30] was achieved using a 
G7100a Capillary Electrophoresis system (Agilent Technologies, Inc., 
Santa Clara CA) with standard uncoated fused-silica capillaries (Agilent 
G1600-60311). Prior to each partition cycle the capillary was pre-
conditioned by flushing 0.1 M NaOH, deionized water and SELEX buffer 
(50 mM Tris-HCl pH 7.0, 110 mM NaCl, 1 mM MgCl2) for 5 min. 

For the initial partition, an interaction mixture containing 100 nM 
purified S protein and 10 μM M2 ssDNA was prepared in SELEX buffer 
and incubated for 30 min at room temperature (RT). In all partition 
cycles the interaction mixture was injected at 34 mbar 10 s pressure 
pulse and propagated through the non-cooled part of the capillary with a 
270 s 20 mbar pressure pulse. The aptamer-S protein complexes were 
separated applying 10 kV across the capillary for 45 min and collected in 
SELEX buffer. To increase selection astringency, protein concentration 
was decreased to 50 nM and 25 nM for the 2nd and 3rd partition cycles, 
respectively. 

2.3. Generation of dsDNA and ssDNA production 

Recovered aliquots (8 μL) from each partition were amplified by 
qPCR using the 0.3 μM primers and the Thermo Scientific™ 1X Maxima 
SYBR Green master mix (Thermo Fisher Scientific, Inc., Waltham MA), 
and an initial 95 ◦C for 7 min incubation followed by the cycling 
sequence 95 ◦C for 30s, 58 ◦C for 30s, 72 ◦C for 30s until a relatively high 
level of fluorescence was recorded. Purified amplicons were used as 
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templates for asymmetric emulsion PCR (emPCR) to avoid by-product 
formation [47]. The oil phase was composed of 4.5% Span 80, 0.4% 
Tween 80 and 0.05% Triton X-100 in mineral oil. The aqueous phase 
contained 0.2 mM dNTPs, 0.4 μM FWD primer, 0.03 μM REV primer, 3 
mM MgCl2, 1X Taq Buffer (BioTecMol S.A. de C.V., Mexico City, 
Mexico), 5 pM template and 0.125 U/μL Amplificasa® Taq DNA poly-
merase (BioTecMol). The 200 μL PCR reaction was combined with 500 
μL of oil phase, vortexed for 20 min and cycled 50 times. The PCR 
water-in-oil emulsion was extracted with water-saturated dichloro-
methane and centrifuged at 17,200×g for 5 min for aqueous phase re-
covery. The ssDNA was separated from dsDNA through 10% native 
polyacrylamide gels followed by crush and soak elution. The ssDNA was 
quantified using a NanoDrop™ 2000 (Thermo Fisher) and visualized in 
denaturing 8% polyacrylamide/7 M Urea gels after every purification. 

2.4. Next-generation sequencing (NGS) 

NSG was performed essentially as previously described [48]. A 
minimum of 500 ng dsDNA from each cycle was used with the TruSeq 
DNA PCR-Free LT kit (Illumina Inc., San Diego, CA). The different 
adapters were added to each partition round following the manufacturer 
instructions. The partitioned pools with ligated adapters were quantified 
using the NEBNext® Library Quant Kit for Illumina® and paired-end 
sequenced in a MiSeq System using a MiSeq Reagent Kit V2 (Illumina) 
flow cell. NGS data was analyzed with the Galaxy project platform and 
FASTaptamer software [49]. 

To further increase the probability of selecting high affinity and 
specific aptamers, three additional oligodeoxynucleotide pools were 
included in the sequencing analysis. These pools were obtained from 
nitrocellulose-bound sequences recovered from three interaction mix-
tures flowed through a Slot blot apparatus. The first mixture contained 
only 2R ssDNA (NC), the second (NC-100) and third (NC-25) contained 
2R ssDNA and S protein at S protein concentrations of 100 nM and 25 
nM, respectively. The ssDNA bound to the nitrocellulose membrane was 
eluted by incubating at 95 ◦C in nuclease-free water for 10 min and then 
amplified by emPCR. 

2.5. Binding assays 

For Slot blot binding assays, the ssDNA pools and aptamers were 
radiolabeled using Thermo Scientific™ T4 polynucleotide kinase (PNK) 
(Thermo Fisher Scientific) and γ-[32P]-ATP (PerkinElmer, Inc., Wal-
tham, MA). For enrichment and dissociation constant (KD) determina-
tion, interaction mixtures containing 15 pM of radiolabeled M2 pool, 
ssDNA pools or aptamers and different S protein concentrations, control 
proteins or diluted human saliva were incubated for 1 h at RT in either 
complete SELEX buffer, SELEX buffer without magnesium (TNa7) or 
with increasing concentrations of EDTA. The interaction mixture was 
placed in a Slot Blot apparatus (Invitrogen) with a nitrocellulose (NC) 
membrane (aptamer-S complexes retainer) (Cytiva, Marlborough, MA) 
layered on a nylon (NY) membrane (unbound aptamer retainer) 
(Cytiva). Residual radioactivity on the membranes was quantified using 
an Amersham Typhoon IP Biomolecular Imager (Cytiva). The percent-
age of bound fraction (%BF) was calculated using the following formula:  

%BF=Residual radioactivity on NC/total radioactivity on NC and NY)*100    

The KD were calculated using the GraphPad Prism 8.4 software, 
curve-fitting to one site non-linear regression model:  

B=Bmax*[M]/(KD+[M])                                                                        

Where B is the bound fraction, Bmax is the maximum binding, [M] is the 
protein concentration, and KD is the dissociation constant [50]. 

The KD were also determined by single-cycle kinetic analysis using 
surface plasmon resonance BIAcore T200 instrument (SPR) (GE 
Healthcare Europe). His-tag Spike protein with a concentration of 148.8 

nM (20 ng/μL) was immobilized (lane 2) on a surface sensor (Series S 
Sensor Chip NTA) (GE Healthcare Europe) with a flow rate of 10 μL/min 
at 25 ◦C in TNa7 buffer until values of ~600 response units were 
reached. The reference flow cell (lane 1) was left blank. A concentration 
series of C7, C9 and a randomized 80 nt pool as non-binder control were 
assessed for binding with S protein at 25 ◦C. The C7 aptamer was 
injected at concentrations of 1230, 410, 13, 45, and 15 nM. For C9 
aptamer, concentrations were 1523, 507, 169, 56, and 18 nM. The 
concentrations for the randomized pool were 1335, 445, 148, 49 and 16 
nM. The association and dissociation time was 180 s and 600 s, 
respectively. Data was fitted to a 1:1 binding stoichiometry model using 
the BIAcore T200 evaluation software 3.2 (Biacore) for KD 
determination. 

2.6. Saliva collection and pretreatment 

Whole saliva was collected from consenting healthy volunteer sub-
jects, three male and two female donors, between 08:00 a.m. and 14:00 
p.m. to account for the influence of circadian rhythms and food debris. 
Subjects were asked to rinse their mouths with water and discard this 
before sample collection. Saliva was allowed to accumulate on the 
mouth floor. The accumulated saliva was then spit into a polypropylene 
test tube and this was repeated until enough saliva was collected. During 
the collection process the sample tubes were kept on ice. Samples were 
cleared for 30 s in a microfuge. The pellet was discarded, and the su-
pernatant diluted 10-fold in TNa7 buffer. Samples were kept on ice and 
used immediately. 

2.7. Fluorophore-linked aptamer assay (FLAA) 

The proof-of-principle FLAA test for SARS-CoV-2 S protein detection 
was set in 96-well microplates as described with some modifications 
[51]. Briefly, 100 pmole of 5′-amino-C6-modified C7 aptamer was 
immobilized on Pierce™ maleic anhydride activated plates (Thermo 
Fisher Scientific) as capture agent. Plates were blocked using Super-
Block™ reagent (Thermo Fisher Scientific) following the manufacturer’s 
protocol. Different concentrations of S or control proteins were incu-
bated in either TNa7 buffer or TNa7 supplemented with 10% 
single-donor or multi-donor saliva mix (SDS: 10% Single-donor Saliva; 
FDS: 10% multi-donor Saliva mix) and washed five times with TNa7 
buffer. After washing, 50 pmole of the 5′-FAM-C9 aptamer were added 
as detection agent and incubated for 1 h at RT and washed five times 
with TNa7 buffer. To denature and retrieve the detection aptamer, 150 
μL of 7 M urea were added and incubated 30 min in agitation at RT. 
Finally, 25 μL of the urea solution was mixed with 75 μL of TNa7 in 
96-well black opaque plates (Corning Inc., Corning NY) and fluorescence 
measured at 491ex/516em nm using a BioTek® Synergy™ H4 Hybrid 
Multi-mode microplate reader (Thermo Fisher Scientific). For S protein 
quantification and spike-and-recovery assays, the background fluores-
cence signal (SDS or MDS without protein) was subtracted from the 
sample fluorescence signal (SDS or MDS with added S protein) and then 
used to determine the S protein concentration with the linear equation y 
= mx+b. 

The maximum theoretical fluorescence intensity was estimated by 
fitting the calibration data to a nonlinear regression analysis using the 
formula: 

FI =FImax*x/(KD + x)

where FI equals the obtained fluorescence intensity units, FImax is the 
maximum possible signal obtained and f x is the dissociation constant. 
The limit of detection (LOD) was calculated according to the equation: 

LOD= ks/m  

where k is the constant of random error (which 3 is typically used), s is 
the standard deviation of the blank, and m is the slope of the calibration 
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curve [19,27,76]. 

2.8. Electrochemical assay 

The electrochemical detection of the S protein was made utilizing 
well-established flexible multi-electrode arrays (flex-MEAs) [52]. 
Briefly, the flex-MEA chip was incubated for 2 h in a 0.5 μM C7 aptamer 
solution. Afterwards, the chip was rinsed with Tris-HCl 25 mM pH 7.4 
and incubated in for 1 h in 5 mg/mL PEG solution, used as a blocking 
agent, and finally rinse with Tris buffer to remove non-bound molecules. 
Differential pulse voltammetry (DPV) was used for the characterization 
of the S protein detection. The protein was spiked in the buffer medium 
in a concentration range of 1 fg/mL to 100 ng/mL. DPV measurements 
were conducted in 5 mM ferri-ferrocyanide solution with a potential 
scan going from 0.0 V to 0.7 V (Ag/AgCl) with increments of 5 mV, an 
amplitude of 25 mV, a pulse width of 50 ms, a sampling width of 25 ms 
and a pulse period of 100 ms. In the same way, the control tests with the 
proteins from the RSV, Influenza and MERS-CoV virus were performed. 
The ratio between the current signal peak before and after protein 
addition (|ΔI/I_0 |(%)) was calculated for each tested concentration (c) 
to produce a calibration curve. The linear part of the obtained calibra-
tion curve was fitted by the half-log equation:  

|ΔI/I_0 |(%) = 6.29⋅log(c)+144.72                                                             

3. Results and discussion 

3.1. Binding analysis of IFCE-partitioned pools 

SARS-CoV-2 S protein-specific aptamers were selected using IFCE- 
SELEX to integrate a simple and rapid biosensor for COVID-19. IFCE 
partitioning was used to obtain high-affinity affinity aptamers with 2 
selection cycles using purified recombinant S protein and the random-
ized oligonucleotide M2 pool (Fig. 1). IFCE conditions allowed opposite 
migration direction of aptamer-target complex and non-binders by 
decreasing the electroosmotic flow (EOF) in the running buffer. This was 
confirmed by performing capillary electrophoresis of the M2 pool with 
low ionic strength (50 mM Tris HCl) and high ionic strength conditions 
(TNa7) Fig. Multimedia component 5(Supplementary Fig. S1A), as 
described in the original work [30]. This resulted in suppression of pool 

migration with TNa7 condition (Fig. Multimedia component 6Supple-
mentary Fig. S1B). In addition, S protein migration in TNa7 was 
confirmed using the same conditions resulting in a peak at minute 10 
(Fig. Multimedia component 7Supplementary Fig. S1C). Protein inter-
action with aptamers changes drastically the mass-to-charge ratio of 
aptamers resulting in a less negative aptamer-S protein complex whose 
mobility is more affected by EOF rather than by its electrophoretic 
mobility. Therefore, a 45-min collection window was established for the 
partition step [53]. Because the low S protein concentration, the 
aptamer-complex peak was not detected; however, each electrophoresis 
condition was amplified by qPCR and aptamer recovery complex was 
confirmed by direct visualization on polyacrylamide gels (Supplemen-
tary Fig. Multimedia component 8Fig. S2A and Fig. Multimedia 
component 9S2B). 

To increase SELEX stringency, the resulting partitioned pool (1R) 
was used for two subsequent IFCE partition rounds (2R and 3R) with 
decreasing S protein concentrations (50 and 25 nM, respectively). This 
method was modified by performing extra selection rounds to increase 
strong binders, reduce the amount of non-binders and facilitate NGS 
enrichment analysis [54]. Binding assays showed that the M2 and 2R 
pools had differential binding affinities for the S protein. The M2 pool 
showed low binding affinity for S protein at 200 nM concentration, 
while 2R showed a significantly increased binding affinity (Fig. 2A). 
These results suggest that the second IFCE partition round significantly 
increased the number of high affinity aptamers (HAA) decreasing the 
amount of protein required for binding. Also, this higher binding affinity 
appeared specific for S protein as the BSA negative control showed no 
DNA retention (Fig. 2A). Interestingly, a further selection cycle with 
decreased S protein concentration produced loss of binding affinity in 
the third IFCE partition (Fig. Multimedia component 10Supplementary 
Fig. S3). This approach is useful, however, as seen in some mathematical 
models, there is a limit in the protein concentration that can be used to 
improve SELEX. This can be explained because mostly all methods 
exhibit background binding that can compromise SELEX efficiency 
because represents a competitive presence [55]. In addition, this is 
consistent with previous CE-SELEX reports where binding enrichment 
occurred in early selection rounds and further partition rounds showed 
no improvement [56] or even the loss of affinity [57,58]. It is unclear 
why the pool affinity decreases through several partition rounds but 
other plausible explanations include mutations in aptamer sequences, 
DNA contamination and even over-amplification of non-aptamer 

Fig. 1. Schematics representation of DNA aptam-
ers selection against SARS-CoV-2 Spike (S) protein 
through IFCE-SELEX. Purified recombinant SARS- 
CoV-2 S protein was incubated with the M2 ssDNA 
combinatorial pool containing 40 randomized posi-
tions (M2 library). The ssDNA-S protein complexes 
were partitioned using Ideal-Filter Capillary Electro-
phoresis (IFCE). The dsDNA generated from the 
recovered aptamer pools was used as template for 
asymmetric ePCR in ssDNA production. Each parti-
tioned aptamer pool was allowed to enter in 
increasingly stringent selection cycles by decreasing 
the protein concentration by half until 25 nM. 
Figure created with BioRender.com.   
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sequences due to Taq DNA polymerase bias, suggesting that decreasing 
concentrations to a lower limit could be detrimental for the SELEX 
process [55,59]. 

3.2. NGS aptamer identification and validation 

NGS was used for the identification of individual aptamer sequences 
from the pools with high affinity and specificity for the S protein. The 
raw NGS data from unselected M2 pool, all the partitioned pools (1R, 2R 
and 3R) and the NC, NC-25 and NC-100 nitrocellulose bound pools were 
pre-processed through the Galaxy project platform before FASTAptamer 
analysis (Supplementary Table 1). 

A reduction in unique sequences was observed as the selection cycles 
progressed, confirming that the IFCE-SELEX process effectively 
decreased variability through the partition rounds with the lowest 
variability in the 3R pool despite the low binding affinity (Fig. 2B). This 
drop-in variability is also a common event in SELEX processes. Aptamer 
selection against ibuprofen performed a negative selection step (no 
target) reducing the number of sequences by 56% [60]. Also, in a SELEX 

against streptavidin variability decreased through ten selection rounds 
whereas affinity did not increase after round six [61]. Although the 
apparent low number of aptamers in 3R, this data was used to 
discriminate aptamer sequences that are present in both 2R and 3R 
pools. In addition, bioinformatics motif analysis using Multiple Expec-
tation maximizations for Motif Elicitation Suite (MEME Suite) showed 
that top enriched sequences motifs are different in 2R and 3R. However, 
they were not considered for HAA selection due to a high E value 
(<0.05) in MEME motif analysis (Fig. Multimedia component 11Sup-
plementary Fig. S4) [62]. 

To identify HAA, the enrichment-folds (reads per million between 
selection rounds) were calculated and ranked for every sequence 
through the partition rounds using the FASTAptamer-Enrich script to 
observe the most enriched sequences from 2R/1R (Fig. 2C). In addition 
to this enrichment data, the NC, NC-100 and NC-25 NGS data sets were 
used to compare NC-100/NC-25 enrichment and identify which aptamer 
sequences were enriched with the decrement of S protein concentration 
thus facilitating the HAA discovery. 

The arrangement in phylogenetic trees implies the acquisition of new 

Fig. 2. IFCE SELEX analysis. A) Binding affinity and specificity of the different aptamer pools partitioned by IFCE-SELEX. Slot blot binding assays were made by 
incubating purified recombinant SARS-CoV-2 S protein (200 nM) with 10 pM of either the radiolabeled M2 randomized pool or the partitioned pools 2R and 3R. 
Bovine serum albumin (BSA) (200 nM) was used as negative binding control. The residual radioactivity on the nitrocellulose (NC) and nylon (NY) membranes was 
used to determine the aptamer fraction bound to the proteins. Error bars represent one standard deviation from triplicate analyses. The results were analyzed using 
one-way ANOVA with post hoc Tukey’s multiple comparisons test (99.9% CI). Asterisks indicate statistical significance (n = 3, p < 0.0001). B) NGS variability 
analysis. The percentage of unique sequences in each dataset was calculated after sequencing each IFCE-SELEX cycle. The number of unique sequences decreased 
through the IFCE partition. C) NGS enrichment analysis. R1 data set was matched against 2R. Each black dot represents one sequence obtained from the NGS data. 
Sequence frequency was plotted as a function of its enrichment-fold from R1 to R2. It was observed that some of the most enriched sequences were also frequent. 
FASTAptamer toolkit was used for the variability and enrichment analysis. D) Unrooted radial phylogenetic tree of the most enriched sequences in R2 containing the 
ten selected aptamer sequences. E) Unrooted radial phylogenetic tree of the most enriched sequences against NC membrane. The trees were constructed using the 100 
most enriched sequences and analyzed by Molecular Phylogenetic Analysis by Maximum Likelihood method based on the Kimura 2-parameter model conducted in 
MEGA7. Scale bar indicates 0.5 substitution per site. 
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characteristics with respect to their ancestors along the branches. Using 
Molecular Phylogenetic analysis by Maximum Likelihood method ten 
candidates were selected from different families in the selection cycle 2 
(Table 1) and analyzed by binding analysis to find the best HAA (Fig. 2D) 
[63,64]. All sequences showing high enrichment or frequency in the NC 
data set were discarded. All ten candidate sequences exhibited no 
enrichment in the NC data set (Fig. 2E), but some were present in the 
NC-100 and NC-25 data set. 

NGS analysis revealed that the initial pool variability decreased 
through the SELEX procedure although there were not highly over- 
represented or predominant sequence motifs as previously described 
for other CE-SELEX experiments [56,65–69]. Nevertheless, the bio-
informatic analysis allowed identification of enriched oligonucleotide 
sequences. It is also possible that data may be improved if the NGS 
output is increased by using higher capacity flow cells since other NGS 
aptamer analyses used a higher number of reads per cycle (>1 million 
reads) [50]. 

Slot blot binding assays showed candidates C7 and C9 best binding 
affinities similar to that presented by the whole 2R pool. No significant 
differences were observed with the BSA negative binding control or 
without protein, suggesting specific interactions (Fig. 3B and 3C), as 
confirmed later by FLAA assay. Candidates C7 and C9 were further 
analyzed for binding affinity because they showed the lowest dissocia-
tion constant KD = 89.41 ± 18 nM and 231.9 ± 15 nM in a linear model, 
respectively (Fig. 3A and Supplementary Fig. Multimedia component 
12Fig. S5A and Fig. Multimedia component 13S5B). In addition, all the 
KD were also determined by SPR showing nanomolar binding affinities 
similar to the Slot blot results (Fig. Multimedia component 14Supple-
mentary Fig. S6). 

3.3. FLAA can be used to quantify SARS-CoV-2 S protein 

Biosensors can be classified as competitive and sandwich assays 
depending on the number of BRE that are used. Sandwich-type bio-
sensors are preferred because of its dual recognition mechanism; in this 
type of biosensors, two different BRE are needed as two spatially distant 
regions are recognized within the target. This results in higher speci-
ficity and selectivity as one BRE is used for capture and the other for 
signal generation [70]. 

For a FLAA setting, C7 was immobilized on the surface of treated 
multiwell plates as capture agent and fluorescein-labeled C9 was added 
as detection agent. Purified recombinant SARS-CoV-2 S protein was 
added to the C7-containing plates, blocked and incubated in the pres-
ence of 10% saliva prior to addition of FAM-labeled C9 (Fig. 4A). Other 
non-related proteins (mouse IgG, ACE2 and milk casein) were used as 
specificity controls (Fig. 4B). 

SARS-CoV-2 S protein exhibited the highest fluorescence intensity 
suggesting a positive recognition and that C7 and C9 bind to different 
sites within S protein as no signal will be recorded otherwise. Interest-
ingly, when 5′-amino-C6-modified C9 aptamer was used as capture 
agent and FAM-labeled C7 aptamer as detection agent, no signal was 
detected when 250 nM of S protein was added in TNa7 buffer. This may 
be due to the higher KD of C9 (230 nM) compared to C7 (89 nM) sug-
gesting that the capture agent must be the aptamer with the highest 
affinity for the target if a low limit of detection (LOD) is desired, 
although the KD may vary depending of the determination method as we 
observed by SPR analysis (Supplementary Fig. S6). Another explanation 
may be that the chemical modification itself impaired C9 binding, since 
such an effect has been observed with other chemical modifications 
causing the partial or total loss of aptamer binding [71,72]. Also, it has 
been reported that the negative phosphate backbone of an aptamer can 
interact with the immobilization surface electrostatically, resulting in 
denaturation of the aptamer structure. This last may impact more C9 
structure (ΔG = − 7.4 kcal/mol) since it is less stable than C7 structure 
(ΔG = − 8.9 kcal/mol) [73]. 

In addition, FLAA was tested against other surface virus proteins, 
such as human RSV glycoprotein G and HCoV-NL63 S protein, using 
milk casein and egg lysozyme as negative controls (Fig. 4C). No fluo-
rescence was observed despite other S protein from a human coronavi-
rus was used, thus indicating aptamer specificity for SARS-CoV-2 S 
glycoprotein. These results showed the suitability of FLAA as a detection 
test for S protein [45,74,75], using C7 and C9 aptamers as capture and 
detection agents, respectively. 

Table 1 
Sequences of the ten aptamer candidates with higher enrichment/frequency.  

Name Sequence of selected aptamers (5’→3′) 

C1 TCGTAGAGTAGGTGCGGGCTTAACGCTCCAATCCGCTGAC 
C2 ATGTAACGTAACATCGTGGATTTGCAGATATTCCCTCAGG 
C3 GCTGAACATGCCTTGGAATCATGTTGTCTGCCCAGAGACA 
C4 GGGCGCGGGGGACAACGAGATGGGCTTAATGGATAGCAGA 
C5 CTCATTAGGCCCATCAAAGTGCCTTAGCTGAATGACCTCA 
C6 TGATACGTGACATGGTGCTTGATGAATAGGAATCGTTGT 
C7 CACGTGGCCCACGTTAATCCGTTATAAGTCAAGCTCGAT 
C8 CTCCCATCGGGATCTTATATCACGAATCGACAACGGTTGA 
C9 GGGGGCGTCAAGCGGGGTCACATCGGAGTAGGGAATCTTG 
C10 ATCTGAGAGGTCCAAGAGTGCACTGAAGGCATGCCTCTAT  

Fig. 3. Binding Affinity and Specificity of aptamer sequences. A) KD determination. The dissociation constants for aptamers C7 (KD = 89.41 ± 18 nM) (black 
dots) and C9 (KD = 231.9 ± 15 nM) (black triangles) were calculated fitting the bound fraction curves from slot blot assays to a one binding site non-linear regression 
model (C7 R2 = 0.83; C9 R2 = 0.92). B) Binding specificity of C7 (left panel) and C9 (right panel) aptamers. Radiolabeled aptamer DNA (15 pM) was incubated with 
600 nM of purified S protein. BSA (600 nM) and no protein negative controls were included. The data was analyzed using one-way ANOVA with post hoc Tukey’s 
multiple comparisons test (99% CI). Asterisks indicate statistical significance (n = 3, p < 0.0001). For both aptamers no statistically significant differences were found 
between BSA and without protein (C7: p > 0.039; C9: p > 0.99). 
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To further characterize FLAA detection parameters, a calibration 
curve was generated using TNa buffer. The increase in fluorescence in-
tensity (FI) signal caused by the formation of a tertiary complex (C7–S 
protein-C9) was determined by fluorometry. Background fluorescence 
was subtracted from all data points and plotted against increasing S 
protein concentrations to establish the dynamic detection range. The 
resulting standard curve was fitted to a simple linear regression analysis 
where the following equation was obtained: 

FI = 51.04[nM] + 5940, (R2= 0.947)

The calculated LOD of the FLAA assay was 41.87 nM with a sensi-
tivity (S) extracted from the slope of the obtained equation of 51 nM. 
The calculated FImax was 70585 FI which corresponds to a protein 
concentration greater than the tested in this assay (600 nM); this result 
implies that the dynamic detection range of this assay using these BREs 
is wider and may be used with higher protein concentrations. 

To determine FLAA detection performance in biofluids, spike-and- 
recovery assays were performed using diluted human saliva as matrix. 
As biological matrices may contain components that affect the response 
to the analyte more than the standard diluent (TNa), a spike-and- 

Fig. 4. FLAA specificity and detection parameters. A) Schematics of the FLAA procedure. Step 1: 5′-amino-C6-modified C7 aptamer was immobilized on the 
surface of maleic anhydride-activated multiwell plates as capture agent. Step 2: The purified recombinant SARS-CoV-2 S or negative binding control protein were 
added to the C7-containing plates. Step 3: Fluorescein-labeled C9 was added as detection agent. Step 4: After step 3 the multiwells are washed with TNa buffer. The 
multiwell plates are incubated with 7 M urea and volume is transferred to black plates. B) FLAA test based on the C7 and C9 aptamers. Purified recombinant S protein 
(250 nM) was added and incubated before addition of FAM-C9. Milk casein, human ACE2 and mouse IgG, were used as non-related controls to evaluate the FLAA 
specificity in 10-fold diluted human saliva. The graphs represent the mean and standard deviation from three independent experiments analyzed by one-way ANOVA 
with post hoc Tukey’s multiple comparisons test (95% CI). Asterisks indicate statistical significance (n = 3, p < 0.0001). C) The FLAA test does not detect unrelated 
proteins and other common cold recombinant surface virus proteins. Milk casein, egg lysozyme, Human Respiratory Syncytial virus (RSV) glycoprotein G and Human 
Coronavirus (HCoV-NL63) S protein (250 nM) were added and incubated before addition of FAM-C9. The graphs represent the mean and standard deviation from 
three independent experiments analyzed by one-way ANOVA with post hoc Tukey’s multiple comparisons test (95% CI). Asterisks indicate statistical significance (n 
= 3, p < 0.0001). D) FLAA signal is concentration-dependent of S protein. A FLAA test based was developed in 96-microwell plate format using aptamer C7 as 
capturing agent and FAM-labeled C9 as detection agent. . The FLAA concentration curve (0 nM–600 nM) of S protein (Black circles) showed a simple linear regression 
(R2 = 0.94). Background fluorescence from the well without S protein was subtracted from the measurements. BSA (600 nM) was used as negative control (Black 
triangle). Plotted data represents the mean and standard deviation of three independent experiments (n = 3). 
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recovery assay is appropriate to assess the difference response between 
the standard diluent and the biological matrix [77]. A specific amount of 
purified S protein (spike) in 10-fold diluted human saliva (from multiple 
or single donors) was added to the microplate wells in TNa buffer and 
the fluorescence response (recovery) read after incubation in compari-
son with the response without saliva. BSA was used as negative control 
(Fig. 4D). It was established that the FLAA assay determines S protein 
concentration with an average recovery well within the 80–110% 
acceptable range (Table 2) [73]. These results also showed that other 
components found in saliva had low detrimental effect in the capacity of 
C7 and C9 aptamers to detect and quantify S protein, indicating that the 
FLAA may be suitable for COVID-19 detection in diluted saliva samples 
(Supplementary Fig. Multimedia component 15Fig. S7A 
andFig. Multimedia component 16 S7B). 

As a second proof-of-principle test, the C7 aptamer was implanted in 
an electrochemical aptasensor configuration. A 5′-end thiol-terminal 
group was added to the C7 aptamer for its immobilization on a gold 
electrode through a sulfur-gold bond (Fig. 5A). Furthermore, thiol 
terminated PEG molecules were used as anti-fouling backfill to suppress 
unspecific binding [78]. The binding of the target to the receptor layer 
induced conformational changes within the aptamer film. These mod-
ulations of the receptor layer caused alterations of the ferri/ferrocyanide 
charge transfer characteristics which were registered by differential 
pulse voltammetry (DPV). Firstly, the starting DPV current signal of the 
sensor electrodes was measured without analyte exposure. Subse-
quently, the sensor responses were recorded after 30-min incubation for 
different S protein concentrations covering a range from 1 fg/mL to 100 
ng/mL. An increase of the peak current signal was observed as the 
concentration of the protein rose. The current increase can be under-
stood as a result of a reduced charge transfer resistance due to 

conformational rearrangements within the receptor layer (Fig. 5A). The 
sensitivity of the sensor was calculated to 6.29 ± 0.98/decade while the 
LOD was calculated to 8.85 fg/mL (0.07 fM). Correspondingly, a dy-
namic detection was feasible in the range from 8.85 fg/mL to 100 
pg/mL. Hereby, the calculated KD for 5′-thio-C7 was 141 fg/mL (1.04 
fM) (Fig. 5B). 

A high selectivity of the C7 aptamer was obtained for S protein of the 
SARS-CoV-2 virus over proteins from other viruses such as the Glyco-
protein G of the RSV, the Hemagglutinin protein of the influenza (H1N1) 
virus, or the S protein of the MERS-CoV virus even at high concentra-
tions (Fig. 5B). 

4. Conclusion 

In the present work, C7 and C9 aptamers specific for the SARS-CoV-2 
S protein were selected by combining IFCE partition with an optimized 
SELEX protocol. The high partition efficiency coupled with the use of 
emPCR for efficient aptamer amplification allowed the enrichment of 
HHA in only two selection cycles. Aptamer sequence identification was 
facilitated by using Slot-blot assays with the generated pools and the use 
of NGS data combined with phylogenetic analysis. This combination of 
methods can be easily applied to different targets for rapid HAA 
discovery. 

The newly developed FLAA test for SARS-CoV-2 S protein detection 
is presented as a proof-of-concept to validate the potential of DNA 
aptamer applications in the fight against COVID-19. The C7 and C9 
aptamers were deemed suitable for the design of FLAA detection 
methods as both bind S in a variety of conditions and appear to have 
different binding sites within the protein as the observed KD for each 
aptamer suggests that no signal would be retained in case of intra-
molecular competition. This indicated a potential application in clinical 
samples, which was further validated by spike-and-recovery assays. 
Furthermore, a second validation approach was demonstrated for the 
implementation of the C7 aptamer in an aptasensor system. A flexMEA 
chip was utilized to electrochemically determine the aptamer-S protein 
complex formation with high sensitivity and selectivity. In addition, C7 
and C9 binding capacities and biofluid resilience are useful for appli-
cation in places where minimal clinical facilities are difficult to meet as 
is the case for developing countries. As a next stage, we are currently 
evaluating the FLAA test with clinical samples to establish clinical 
applicability and final costs. 

Table 2 
Spike-and-recovery assessment for FLAA in diluted human saliva.  

Sample Spike added 
(nM) 

Expected 
(nM) 

Observed 
(nM) 

Average recovery 
(%) 

SDS +
Spike 

500 500 516 ± 24.2 103.27 

MDS +
Spike 

250 250 235 ± 27.9 94.30 

MDS +
Spike 

500 500 439 ± 13 87.80 

SDS + BSA 500 0 − 7 ± 70 – 

SDS: 10% Single Donor Saliva; MDS: 10% Multiple Donor Saliva. 

Fig. 5. Electrochemical detection. A) Schematic representation of the surface of a gold electrode functionalized with C7 aptamer by a sulfur-gold binding through 
thiol groups at the 5′-end (5′-thio-C7). The formation of the aptamer-S protein complex changes the aptamer conformation resulting in modification of the elec-
trochemical signal, shortening the charge transfer distance of the redox molecules and thereby increasing the current as the concentration of the protein increases 
(inlet). B) Current signal I(Ipeak-I0)/I0I (%) of the differential potential voltammetry response versus increasing analyte concentration (1 fg/mL – 100 ng/mL). Inlet: 
same relation but in a semi-log representation. A linear fit was calculated over the linear dynamic detection range (Data points) by excluding the data points in 
saturation region (Excluded). The selectivity is demonstrated by the sensor signals obtained for Glycoprotein G of the RSV, the Hemagglutinin protein of the influenza 
(H1N1) virus, and the S protein of the MERS-CoV virus. 
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