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Abstract

Point-of-care (POC) technologies and testing programs hold great potential to significantly improve diagnosis and disease
surveillance. POC tests have the intrinsic advantage of being able to be performed near the patient or treatment facility, owing
to their portable character. With rapid results often in minutes, these diagnostic platforms have a high positive impact on disease
management. POC tests are, in addition, advantageous in situations of a shortage of skilled personnel and restricted availability of
laboratory-based analytics. While POC testing programs are widely considered in addressing health care challenges in low-
income health systems, the ongoing pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections
could largely benefit from fast, efficient, accurate, and cost-effective point-of-care testing (POCT) devices for limiting COVID-
19 spreading. The unrestrained availability of SARS-CoV-2 POC tests is indeed one of the adequate means of better managing
the COVID-19 outbreak. A large number of novel and innovative solutions to address this medical need have emerged over the
last months. Here, we critically elaborate the role of the surface ligands in the design of biosensors to cope with the current viral
outbreak situation. Their notable effect on electrical and electrochemical sensors’ design will be discussed in some given
examples.

Keywords Point-of-care (POC) technologies - SARS-CoV-2 - Biosensors - Surface ligands - Electrochemistry - Field effect
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Introduction

Transmission of communicable disease is an ever-evolving
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ratory diseases, is no exception. Since the COVID-19 out-
break early December 2019, millions of people have been
infected, thousands have died, and the economies of many
countries have come to a halt [1]. The main mode of transmis-
sion of SARS-CoV-2 like other acute respiratory diseases is
through large droplets, but transmission through contact
(including hand contamination followed by self-inoculation)
and infectious respiratory aerosols of various sizes at the short
range may also occur. Many symptoms of COVID-19 are
non-specific, and the importance of infection prevention and
control measures in health care settings have become evident
over the weeks. The types of diagnostic tests being used clin-
ically include, next to chest computed tomography (CT) scans
and reverse transcription-polymerase chain reaction (RT-
PCR) assays, which identify the virus based on its genetic
material. The use of a CT scan is limited to equipped hospitals
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and trained personnel and it is not specific. RT-PCR is a time-
consuming assay, which encounters large possibilities of
false-negative results due to the complexity of the test.
While multiplex PCR (mPCR) has emerged as an interesting
strategy for the rapid detection and precise identification of a
large number of respiratory viruses [2, 3] (https://www.sfim-
microbiologie.org/wp-content/uploads/2020/09/Rapport
FilmArray RP2.1plus 30072020-1.pdf; https://www.qiagen.
com/ie/products/diagnostics-and-clinical-research/infectious-
disease/qiastat-dx-covid-19-ruo/#orderinginformation) and
can provide results within 1 h (compared to >4 h for RT-
PCR), this technique is less sensitive. The mPCR film array
assay (https://www.sfm-microbiologie.org/wp-content/
uploads/2020/09/Rapport_FilmArray RP2.1plus_30072020-
1.pdf) offers the possibility of multiplex testing up to 19
viruses, one of them being SARS-CoV-2. Besides being
expensive, it can only test one sample at a time. The mPCR
QIAstat-Dx COVID-19 assay is comparable, allowing the de-
tection of 22 respiratory viruses, one being SARS-CoV-2.

Rapid diagnostic tests with high specificity for SARS-
CoV-2 antigens can be performed using biosensors [4].
Biosensors are smart analytical diagnostic devices that com-
bine a biological recognition element immobilized on a phys-
ical transducer to detect biomarkers within bodily liquids.
Their sensing capacity is based on the efficient and selective
transformation of a biological reaction event (interaction of a
surface-attached ligand with a biomarker in solution) into a
measurable and quantifiable detectable signal. Since the ad-
vent of the first biosensor, a glucose sensor based on glucose
oxidase as a surface ligand [5], continuous efforts have been
made to render these sensors more efficient, in terms of sen-
sitivity, and more portable to fully explore their potential for
point-of-care applications [6, 7]. These point-of-care devices
have been recognized to be the most effective mean to help
contain the spread of the virus. In the context of viral sensing,
their large advantage over RT-PCR is the timescale and the
multiple formats they can provide including, next to antigen
assays, which detect part of the SARS-CoV-2 virus, antibody
tests that sense the production of antibodies once a person has
been infected. However, quicker, eventually cheaper, and
less-complicated diagnostic platforms such as biosensors are
often accompanied with the drawback of being not as sensi-
tive as RT-PCR assays, which can detect a single molecule of
RNA in a microliter of solution. To date, biosensor platforms
have not demonstrated the capability to distinguish between
infected and non-infected patients.

Since April 2020, there is a flurry of activity on COVID-19
(the disease caused by SARS-CoV-2 virus) diagnostic kits to
sublimate hospitals and diagnostic laboratories with alterna-
tives to RT-PCR assays [8—16]. SARS-CoV-2 has 28 different
types of proteins, with the structural membrane (M) and en-
velope (E) proteins being important for assembling the virus
structure (Fig. 1a).
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The nucleocapsid protein (NP) packages the genomic RNA
to form a helical nucleocapsid. The envelope protein together
with the M protein and the spike protein (S) is embedded in a
lipidic membrane to form the viral outer wall. The spike pro-
tein protrudes from the viral membrane, and the viral entry
into host cells is mediated by the spike protein that recognizes
the host receptor ACE2 by using its receptor-binding domain
(RBD) region (Fig. 1b). The RBD region of the S protein is
therefore a major target for viral neutralization as well as an
excellent target for diagnostics. In addition, the spike protein
is repeated some 50-200 times on the viral surface, the exact
copy number being still a subject of research [18]. The tech-
nologies behind the different SARS-CoV-2 biosensors are
based on the linkage of a COVID-19 single-stranded DNA
(Fig. 1c), IgG specific to the spike protein (Fig. 1d), or
aptamers (Fig. 1e). What is the best choice of a surface ligand
for a biosensor in the COVID-19 context? A survey of current
diagnostic devices will provide insights into what has been
done until now. Some other concepts will be discussed as it
is important to widen the horizon of surface anchors of such
biosensors in the context of the current epidemic as well as for
further ones that may occur in the next future.

DNA, antibodies, aptamers: different
recognition elements for SARS-CoV-2

The recognition element is one of the most important parts ofa
biosensor due to its role in target-analyte recognition [19].
Looking through the literature, the choice between an anti-
body, an aptamer, and more lately a “simplified antibody” is
often very arbitrary and linked to what is commercially avail-
able or has been described by others. Considering that access
to any ligand is ensured, what would be then the ideal ligand
of choice for an electrical, electrochemical, or optical sensor?

End of August, the Abbott’s immunochromatographic an-
tigen assay (COVID-19 Ag) received emergency use authori-
zation and stands out as it does not require instrumentation for
reading [20]. This technology is based on using unique anti-
bodies specific to the nucleoprotein (Fig. 1a). In a test per-
formed in a clinical setting [20], it was concluded that for
patients with mild respiratory symptoms, the Panbio
COVID-19 Ag Rapid Test had 99.4% specificity and a sensi-
tivity above 98.2% for nasopharyngeal samples when using C;
values < 33 cycles as cut-off for a RT-qPCR positive test. The
Panbio' COVID-19 Ag assay differs from the BinaxNOW "
COVID-19 Ag CARD, which is a lateral flow immunoassay
intended for the qualitative detection of nucleocapsid protein
antigen from SARS-CoV-2 in direct nasal swabs. The
Roche’s SARS-CoV-2 Rapid Antigen Test (https://www.
roche.com/media/releases/med-cor-2020-09-01b.htm) is also
a rapid chromatographic immunoassay for nasopharyngeal
swab samples. The test has a sensitivity of 96.52% and a
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Fig. 1 SARS-CoV-2 bioreceptors used in diagnostic devices: a
schematic presentation of the SARS-CoV-2 viral particle organization
presenting S (spike protein), E (envelope protein), M (membrane protein),
and N (nucleocapsid protein); b schematic illustration of a spike protein
together with its 3D structure; ¢ single-stranded DNA approach as a

specificity of 99.68%, based on 426 samples from two
independent study centers.

The accuracy of saliva-based tests [21] still remains a de-
bate, even so some of them got FDA clearance, such as the
SalivaDirect developed by researchers at the Yale School of
Public Health. The test can run approximately 90 samples in
3 hin a laboratory. EasyCov, a saliva SARS-CoV-2 screening
test based on the RT-LAMP technique, developed in the
Sys2diag Laboratory of the CHU Montpellier, required
40 min and showed 87% concordance to RT-PCR for
COVID-19-positive samples and 99.4% specificity for
COVID-19-negative ones.

Next to these commercialized antigen sensors, what is the
state-of-the-art for other sensing concepts in the literature and
their potential to be taken up into the market? As there are
several review articles available by now [4, 8-10, 12, 15, 16],
the discussion will be limited to the most adapted surface
ligand for electrochemical and electrical transducers. Some
of the considerations can be potentially applied to optical
sensing, but will not be evoked here. In addition, the focus is
on antigen sensing and discussion around serological biosen-
sors, based on the detection of formed COVID-19 antibodies,
is excluded. The readers are encouraged to check some

RBD

] S1 subunit
} S2 subunit

]JTransmembrane domain

d .' Y 'y Thiolh-cDNA (RdRp-COVID-C)
F

surface ligand: genome positions according to GenBank, SARS-CoV-2
NC_045512 together with thiol-cDNA used (reprinted from ref. [11]); d
antigen sensing approach based on IgG recognizing the RBD of the virus
[14]; e structure of a proposed SARS-CoV-2 aptamer (together with the
SARS-CoV-2 S1-protein complex) [17]

interesting articles on this topic, one by Ali et al. using elec-
trochemical impedance spectroscopy (EIS) sensing on
graphene-coated 3D micro-electrodes modified with spike S
and RBD [22], and the other by Torrente-Rodriguez et al. [23]
using a multiplexed electrochemical graphene-based platform
for sensitive and simultaneous interrogation of NP viral anti-
gen, S1-IgG, and S1 (IgM isotypes and C-reactive protein).

Electrical and electrochemical COVID-19
diagnosis: what is the best surface ligand
choice?

Deoxyribonucleic acid sequencing technology

While the clinical analysis of SARS-CoV-2 is for most people
directly related with the deoxyribonucleic acid (DNA) se-
quencing technology and RNA detection methods (e.g.,
PCR, loop-mediated isothermal amplification (LAMP)), the
only reported biosensor concepts are the thermo-plasmonic-
based one by Qiu et al. [11] and the colorimetric-based one by
Moitra et al. [24]. Qiu et al. showed that localized heat, gen-
erated on gold nanoislands when irradiated with light, can
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increase the hybridization temperature and discriminate simi-
lar gene sequences down to 0.22 pM of the RdRp Covid
sequence (Fig. 1c), a 25-based DNA strand (thiol5’-GCATC
TCCTG ATGAG GTTCC ACCT) [11]. The assay by Moitra
et al. is based on gold nanoparticles capped with thiol-
modified antisense oligonucleotides specific to the nucleocap-
sid protein of SARS-CoV-2. Aggregation of the 4 different Au
NPs-DNA particles in the presence of viral RNA can be seen
with naked eyes in color change, achieving a detection limit of
18 ng/uL RNA. With a persistence length of about 6.6-8.0 nm
(corresponding to 2025 base pairs [25]), DNA hybridization
is inside the strong localized surface plasmon resonance field.
While such an approach would be ideally suited for electro-
chemical sensors, the reports are scarce and lack information
[26] (https://www.zimmerpeacocktech.com/2020/04/13/
electrochemical-rt-per-detection-for-covid-19/). This might
be that viral lysing is still required for RNA-based sensors
making it overall more complex and time consuming.

Aptamer-based viral sensing

Aptamers are single-stranded DNA or RNA sequences that
bind to their targets through shape recognition. Since the first
DNA aptamer was selected for human thrombin in 1992,
DNA aptamers have been researched and applied in various
fields, including for sensing viral biomarkers [27, 28]. These
aptamers, consisting of 15 to 70 bases in length, have the same
level of target-binding affinity as monoclonal antibodies with
dissociation constants (Ky) usually ranging from 0.1 to 50 nM.
While DNA and RNA aptamers are functionally similar, they
have some differences, notably RNA aptamers being chemi-
cally more unstable and can be hydrolyzed. These aptamers
are selected via combinatorial libraries of nucleic acid se-
quences known as the SELEX (systemic evolution of ligands
by exponential enrichment) process. While a handful of
aptamers for COVID-19 was postulated [29, 30] (Fig. 2a),
their use for electrochemical sensing has not been reported
so far. Their rather small size, 68 nm, for 20-25 base pairs
makes them ideal surface ligands for electrochemical sensors
(Fig. 2b).

A key concept in electrochemical systems is the fact that
the kinetics of the heterogeneous electron transfer at modified
electrodes is strongly dependent on the thickness of the
functionalization layer and the surface coverage. High cover-
age results in a large decrease in the apparent rate constant for
mediator oxidation/reduction, but depends, in addition, on the
thickness of the modifying layer [31]. Using
ferrocenemethanol, it was demonstrated, for example, that this
mediator can permeate to a small extent into a monolayer-
modified gold electrode, while the electron transfer at the bi-
layer is mainly governed by diffusion of the mediator through
pinholes with the electron transfer occurring at the free sites on
the electrode rather than permeation. In our preliminary study,
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a thiolated COVID-19 aptamer was grafted onto a gold elec-
trode via self-assembly and the electron transfer kinetics were
investigated using three different redox mediators (Fig. 2b).
The results indicated that ferrocenemethanol is best suited for
further studies on the charge transfer of aptamer-modified
electrodes. Using the negatively charged ferro/ferricyanide
redox couple [Fe(CN)6]4_/3_ revealed that electron transfer is
hindered most likely due the repulsive effect between nega-
tively charged DNA aptamers and negatively charged redox
probe and the larger size of the redox couple compared to
ferrocenemethanol, restricting the diffusion through pinholes.
When using the positively charged [Ru(NHz)s]**** redox
meditator, some of the current could be recovered.

Antibody-based viral sensing

In the case of SARS-CoV-2 antigenic tests, antibodies are the
most commonly employed surface ligands. Structurally, an
antibody is a globular tetramer, consisting of two longer heavy
(H) chains (50 kDa, about 450 residues) and two shorter light
(L) chains (25 kDa, about 220 residues), connected together
by disulfide bridges and stabilized by non-covalent bonds
(Fig. 3a). Antibodies have the advantages of greater specific-
ity: interaction of the antibody paratope with the epitope of the
SARS-CoV-2 antigen leads to the formation of the antigen-
antibody complex. In vivo, the formation of this complex
blocks the virus penetration in the cell and results in signali-
zation to the immune system, leading to the antigen destruc-
tion. In diagnostic platforms such as antigenic tests, the for-
mation of the antigen-antibody on the surface of the transduc-
er results in a signal change, with quantitative and qualitative
information.

The first biosensor based on surface-linked SARS-CoV-2
spike antibodies is the graphene-based field effect transistor
(FET) developed by Seo et al. [14] (Fig. 3b). The use of the
FET concept, allowing the signal enhancement of surface-
binding events with an applied electric field, is a lab-on-a-
chip approach with short assay times down to seconds in the
best cases and has been applied for viral protein sensing [28,
34]. Selective sensing of SARS-CoV-2 was ensured through
anchoring the SARS-CoV-2-specific antibody on the
conducting graphene channel of the transistor via the widely
used 1-pyrenebutyric acid N-hydroxysuccinimide ester link-
age [28]. In a model experiment using the spike protein, a
detection limit as low as 100 fg/mL was attained in clinical
transport medium. In addition, the sensor performed well in
virus culture medium with a detection limit of 1.6 x 10"
plaque-forming units (pfu/mL) and a detection limit of
2.42 x 10% copies/mL in nasal swab samples. These results
are indeed encouraging as the electrical probing of antibody-
protein interactions via FET is a challenging task due to the
Debye screening length (Fig. 3¢) [32, 33]. The expected size
of the antibody is about 13 nm; the Debye length in 10 mM
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Fig. 2 SARS-CoV-2 aptamers: a 51-bp aptamer with 3 hair-pined struc-
tures selective to RBD [17], 67-bp 2 hairpin sequences [17], 20-bp
aptamer with 1 loop (www.basepairbio.com), 58-bp aptamer [30]. b
Differential pulse voltammograms (DPVs) of a gold electrode

phosphate-buffered saline (PBS; pH 7.4) is about 0.7 nm: The
positively charged COVID-19 S1 subunit protein cannot in

Antigen binding
region

COVID-19 FET sensor

Fig.3 Antibody-based SARS-CoV-2 antigenic sensors: a Schematic rep-
resentation of the full-length IgG antibody Fab (fragment antigen bind-
ing) element, Fv (fragment variable element), and Fc (fragment crystal-
lizable). b Schematic diagram of the COVID-19 field effect transistor

E 1V (vs. Ag/AgCI)

E 1V (vs. Ag/AgCl)

functionalized with a cysteine-modified 20-bp COVID-19 aptamer
(10 ug mL™" for 2 h) using three different electrochemical mediators
(1 mM in 0.1 M PBS, pH 7.4). DPV parameters: Egc,=0.01 V;

Epuse=0.06 V, 1=0.02 s, scan rate = 0.06 V/s

principle approach the graphene surface close enough to in-
duce a notable field effect under this high saline condition, but

Debye length

C
®
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-
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=140m oo01mm |
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(FET) using graphene as a channel material, where SARS-CoV-2 spike
antibodies were covalently immobilized via the 1-pyrenebutyric acid N-
hydroxysuccinimide ester linker (reprinted with permission from [14, 32]
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Fig. 4 Electrochemical antigenic COVID-19 sensors: a magnetic bead—
based electrochemical immunosensors for S1 protein detection: change in
DPV signal upon viral binding together with selectivity test (reprinted
with permission from ref. [13]). b Electrochemical biosensors,
eCoVSense, using glass slides coated with fluorine-doped tin oxide and
modified with Au NPs serving for COVID-19 antibody conjugation by
physisorption or electrostatic interactions; the same was performed on
screen-printed carbon electrodes where antibodies were immobilized

only in diluted PBS. Still, the authors were able to perform
diagnostics in nasopharyngeal swabs suspended in universal
transport medium (UTM), which contains various reagents
including BSA (0.5%) and about 10 mM PBS due to
charge-related effects. A French biotechnology compa-
ny, Grapheal, constructed a sensor using a similar ap-
proach. While the performance characteristics are not
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[36]. ¢ Reagent-less sensing of COVID-19 viral particles based on the
change in hydrodynamic diameter in the presence of the spike protein of
the viral particle. Sensor architecture based on antibodies tethered to a
stranded DNA bearing a ferrocene moiety. Application of a positive po-
tential attracts the negatively charged DNA strand to the surface.
Experimental time-dependent current transitions in the presence of the
SARS-CoV-2 viral S1 protein (1 n mL™") and viral particles (10’ mL ™)
B7D

available, using molecular modeling, the detection
mechanism is explained (https://www.linkedin.com/
pulse/making-grapheals-graphene-based-sars-cov-2-
sensor-animation-redon/).

Fabiani et al. [13] proposed an electrochemical
immunosensor for SARS-CoV-2 detection in saliva. This as-
say was conceived for the detection of the S1 protein as well
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Table 1 Summary of currently reported SARS-CoV-2 electrochemical and electrical diagnostic platforms together with some other ones for
comparison
Target analyte Surface ligand Sensor characteristics Ref.
Electrical SARS-CoV-2 sensors
GFET S1 protein Anti-S1 antibody 100 fg mL™" (S1 protein) [14]
1.6x10" pfu mL™
(cultured virus)
2.42x10? copies mL™
Electrochemical SARS-CoV-2 sensors
Coupled with S1 protein Anti-S1 antibody on 6.5 pfu mL" (saliva) [13]
magnetic beads N protein magnetic beads
eCovSens S1 protein Anti-S1 antibody 80 fM (S1 protein) [36]
Reagent-less approach S1 protein Anti-S1 antibody 1 pg mL™" (S1 protein) [37]
attached to DNA 4x10° viral particles mL ™"
bearing ferrocene
Portable platform S1 protein Engineered antibodies 2.2x10? pfu mL™' [45]
(cultured virus)
S-PCR: 72% to
PCR-positive samples
and 92% to
PCR-negative ones
Other selected
SARS-CoV-2 sensors
Abbott N protein Anti-N protein S: 99.4% [20]
S-PCR: 98.3%
Nasopharyngeal samples
using C; values <33 cycles
Roche S1 protein Anti-S1 antibody S: 99.68% (https://www.roche.
S-PCR: 96.52% com/media/releases/med-
cor-2020-09-01b.htm)
Plasmonic sensor SARS-CoV-2 DNA 0.22 pM [11]
sequence
Colorimetric assay N protein DNA 18 ng/uL viral RNA [24]

N protein nucleocapsid protein, S specificity, S-PCR sensitivity vs. PCR, LAMP loop-mediated isothermal amplification, GFET graphene-based field

effect transistor

as the nucleocapsid protein using magnetic beads (MB) as
support (Fig. 4a). The assay relies on the formulation of
COVID-19 antibody—modified MB, which allowed the viral
capture and preconcentration of the sample. These beads with
their immunological chain labeled with alkaline phosphate
enzymes were deposited on a carbon-based working elec-
trode, and the immune complex was revealed by detecting
the formation of 1-napthol via differential pulse voltammetry
(DPV) using a portable potentiostat. The enzymatic byproduct
could be detected at lower potentials (0.1 V) on the electrode
compared to the unmodified one. The response of the assay to
native virus was tested in a Biosafety Level 3 environment and
resulted in a sensitivity for S protein of 6.5 pfu mL™".

The research group of Mahari et al. [36] reported
eCovSens, a laboratory-based antigenic COVID-19 sensor
for detecting the S1 protein of COVID-19 on fluorine-doped
tin oxide (FTO) decorated with Au NPs (Fig. 4b) or screen-
printed carbon electrodes. A detection limit of 80 fM and

120 fM for the S1 protein on the FTO and SPCE, respectively,
was achieved in saliva in 30 s.

An interesting concept was proposed by a Canadian team
who reported a reagent-free electrochemical sensing of
SARS-CoV-2 viral particles [37] (Fig. 4c). It is based on the
linkage of an anti-S1 antibody to a negatively charged DNA
linkage that also features a tethered redox probe, ferrocene.
When a positive potential is applied, the sensor is linked to the
surface and a chronoamperometric signal is detected.

Alternative ligands for viral sensing: some unexplored
routes using engineered antibody fragments (Table 1)

A considerable effort has been put in the last years to design
small antibody fragments, such as single-chain variable frag-
ments (ScFv), single-domain antibodies (sdAb), diabodies,
and fragment antigen-binding (Fab) fragments (Fig. 5a) [38,
39]. These fragments are mostly obtained as recombinant
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Fig. 5 a Schematic representations of some engineered antibody
fragments and their respective height dimension. b Influence of the
COVID-19 surface ligand on the current of DPVs recorded on cysteine-
modified gold electrodes (2 mM, 2 h) followed by covalent linkage of
10 pg mL"! VHH-72 (green), VHH-72-Fc¢ (blue), or COVID-19 anti-
spike IgG (Abcam, ab273074) via EDC/NHS coupling chemistry
(15 mM/15 mM, 1 x PBS, 2 h): mediator: ferrocenemethanol (1 mM in
0.1 M PBS, pH 7.4). DPV parameters: Ege,=0.01 V, Ej1e =0.06 V, =
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0.02 s, scan rate=0.06 V/s. ¢ Dose-dependent response curve toward
SARS-CoV-2-cultured virus. d Concept of the distinction of infection
state based on current difference. ¢ DPVs acquired on VHH-72-
modified electrodes before (black) and after immersion into nasal swab
samples of PCR-categorized COVID-19-positive (red) or COVID-19-
negative (green) patient samples. f Results of the preclinical trial on 25
PCR-categorized positive and 25 PCR-categorized negative patient sam-
ples [45]
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proteins produced in E. coli or mammalian cells. All of these
fragments retain at least one antigen-binding region and are
able to recognize the active target. They offer several advan-
tages for diagnostic applications such as low costs and high
synthetic yield. Their small distance between the attachment
site and the antigen binding site (4 to 10 nm) should make them
attractive as surface ligands in electrochemical and electronic
configurations (Fig. 5b). Camelids (dromedary, camel, llama,
etc.) possess an alternative immune system that produces
heavy-chain-only antibodies. Furthermore, besides the con-
served Fc, antigen-recognizing moiety is composed of a unique
immunoglobulin domain quoted VHH or nanobody. When
expressed recombinantly after phage display selection, this
VHH domain offers new opportunities for biosensors.
Showing a high sequence homology to the variable domains
of the heavy chain in humans, but being much smaller in size
than a conventional antibody Fab (conventional Fab ~ 60 kDa,
nanobodies ~ 12—15 kDa) makes them ideal for sensing of an-
tigens. It has been shown that, in contrast with Fabs, nanobodies
are able to bind concave epitopes of antigens [39, 40]. Being
devoid of Fc domain that may exhibit binding interference from
contaminants in the sample, surface-anchored nanobodies inter-
act solely in ligand-receptor interactions in a highly specific
manner. Given their excellent solubility, long-term stability at
+4 °C, strong acid-base resistance, and being amendable to
genetic manipulation for targeted applications, they seem high-
ly suitable for sensors [35, 43].

Recently, our group compared the electrochemical re-
sponse of a gold electrode modified with 2 differently
engineered antibody fragments (VHH-72 and Fc-VHH-72)
to that of an interface modified with a classical antibody
(Fig. 5b) using ferrocenemethanol as the redox mediator.
VHH-72 (PDB ID 6 WAQ) corresponds to the recently report-
ed SARS-CoV-2 spike—specific nanobody [44], with an equi-
librium dissociation constant in the low nM range (~ 39 nM).
Larger initial currents are recorded on electrodes modified
with VHH-72 compared to the COVID-19 antibody. Fusing
a Fc chain to VHH-72 resulted further in an immunoglobulin-
like construct (VHH-72-Fc) where the Fab domains are re-
placed by nanobodies. This bivalent binder exhibited im-
proved equilibrium dissociation constant as reported in [44]
and displayed an intermediate current signal between VHH-
72 and COVID-19, as expected.

VHH-72-modified electrodes were further investigated for
their potential to sense SARS-CoV-2 viral particles in culture
medium via binding toward the receptor-binding domain
(RBD) of the spike protein (Fig. 5c). Upon immersion of the
sensor into a cultured SARS-CoV-2 medium, the electro-
chemical sensor responded to concentration above 2.2 x
10% pfu/mL with saturation at 1.5 x 10° pfu/mL. These results
suggest that the sensor has the potential to be used for
COVID-19 diagnosis. Indeed, in a currently ongoing preclin-
ical trial of 25 samples from people tested positive and

negative for COVID-19 using RT-PCR, and using a current
difference of 15 1A as a cut-off level, the two groups were
clearly distinguished (Fig. 5¢). Comparison with RT-PCR re-
sults in a 72% concordance of PCR-positive samples and a
92% concordance for the RT-PCR-negative ones. We are cur-
rently working on the improvement of the concept in believ-
ing that binding to the S1 antigen, one of the 4 key proteins
(Fig. 1a), minimizes the risk of false-positive samples or iden-
tifying someone having already an immune response for past
infection to the virus.

Conclusion

The major limitations of most electrochemical detection plat-
forms that restrict their application in the current pandemic
crisis are related to their sensitivity, reproducibility, and ulti-
mate upscaling issues. We believe strongly that the success of
such diagnostic devices is connected to the choice of the right
surface ligand and chemistry, and thus, we chose to focus this
critical review on a discussion about surface ligands. Next to
oligonucleotides, aptamers, antibodies, and engineered anti-
body fragments were presented herewith in believing that they
might offer significant advantages for viral POC testing ap-
proaches for obtaining sensitive diagnostic devices without
high costs and improved shelf lives.

While companies and academic research laboratories have
presented a panel of different SARS-CoV-2 POC testing de-
vices over the last months, what remains surprising is how
long it takes for new sensor technologies to enter the market.
All of the discussed sensors are of low technological readiness
levels, being mainly based on proven concepts in a research
environment, reaching in the best cases TRL 3. This seems
even more astonishing in COVID-19 times, where something
as complicated as a vaccine can pass clinical trials and regu-
latory approval in several months.

It is widely recognized that a great number of academic
sensors in development never reaches the market. One of the
great success stories of electrochemical biosensors is the glu-
cose sensor, which still took several years to reach the market.
No doubt, the various efforts invested in virus-oriented, and in
particular COVID-19-oriented, electrochemical and electrical
sensors might be rewarded in the future. Their fast response
time and user-friendly approach make them of great potential
for viral sensing. Their real potential has still to be validated,
however, before they can be considered a real alternative to
standard PCR assays, of which millions of tests are run every
day.
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