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ABSTRACT: The availability of sensors able to rapidly detect SARS-CoV-2 directly in
biological fluids in a single step would allow performing massive diagnostic testing to track in
real time and contain the spread of COVID-19. Motivated by this, here, we developed an
electrochemical aptamer-based (EAB) sensor able to achieve the rapid, reagentless, and
quantitative measurement of the SARS-CoV-2 spike (S) protein. First, we demonstrated the
ability of the selected aptamer to undergo a binding-induced conformational change in the
presence of its target using fluorescence spectroscopy. Then, we engineered the aptamer to
work as a bioreceptor in the EAB platform and we demonstrated its sensitivity and specificity.
Finally, to demonstrate the clinical potential of the sensor, we tested it directly in biological
fluids (serum and artificial saliva), achieving the rapid (minutes) and single-step detection of
the S protein in its clinical range.
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The current COVID-19 pandemic has made it clear how a
highly infectious airborne pathogen (such as SARS-CoV-

2) has the ability to spread globally in a matter of weeks.1,2 As
influenza viruses, SARS-CoV-2 travels from patient to patient
within respiratory droplets (e.g., small aqueous particles of
saliva or mucus produced by exhalation), making it extremely
challenging to contain due to its close relationship with social
distance (Figure 1A).3,4 Once the virus gets inside the
organism, its membrane proteins (i.e., spike (S) protein)
interact with the transmembrane ACE2 receptor infecting the
host’s cells. The binding between the two proteins triggers the
cellular fusion of the virus and subsequent release of its genetic
material into the cytosol.2,5,6 This, in turn, allows the virus to
replicate inducing tissue inflammation and leading to shortness
of breath, chest pain, loss of speech, and eventually death
(Figure 1A).2,7 Besides the dramatic effects that this virus can
have on single individuals, we have also seen how a pandemic
can affect the entire world population by limiting movements
and having a huge impact on the global economy.8,9 So how
can we deal with such a catastrophe? Unfortunately, like any
other disease, finding the vaccine and cure need their time (in
the case of vaccine following the accelerated protocol, it took
at least one year); instead, specific diagnostic devices are
available in weeks, providing monitoring tools to limit the
spread of the disease (e.g., by introducing lockdowns and
evaluate the efficiency of prophylactic actions).9−11

Current molecular approaches to infectious disease diagnosis
are not rapid and decentralized enough to keep up with the
spread rate of a highly infectious pathogen in a globalized
world.12,13 For example, the current gold standard technique

used to diagnose COVID-19 is the polymerase chain reaction
(PCR), which provides high sensitivity and specificity through
the direct quantification of the viral RNA. This is a crucial
clinical parameter to estimate the stage of the infection and to
discover asymptomatic patients (i.e., people infected with
COVID-19 that cannot be easily identified due to the absence
of symptoms).14 Despite these clinical advantages, the PCR
requires trained personnel, expensive equipment, delicate
reagents, and a relatively long procedure, which hamper its
use for frequent testing (multiple times per week)15 and in
low-resource settings.9,10,16 These disadvantages make PCR
too slow for the immediate identification of infected
asymptomatic individuals, leading to delays in the application
of containment measures allowing the virus to spread further.15

As an alternative to the PCR, lateral flow immunoassays
(LFIAs) provide a more rapid response at the point of care,17

but their lower sensitivity and specificity relegate them
primarily for end-point serologic applications (i.e., the
detection of anti-SARS-CoV-2 antibodies weeks after getting
infected).18 Even the most recent LFIAs for antigenic testing
have considerably lower analytical performance (compared to
the PCR), leading to delayed and qualitative diagnosis, which
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in turn affects the way patients are managed.18 Therefore, the
development of biosensing platforms able to detect the
clinically relevant concentrations of SARS-CoV-2 in a single
step directly in untreated biological fluids could represent a
new clinical tool to achieve rapidly and efficiently contact
tracking of the COVID-19 outbreak.15

Recently, we and other researchers have been working on
the development of a new type of sensing technology that can
provide a precise quantitative response at the point of care:
electrochemical aptamer-based (EAB) sensors.22−27 This
technology relies on the signal produced by a binding-induced
conformational change of a redox reporter-modified aptamer

on a gold electrode surface (Figure 1B). A variation in the
target concentration induces a change in the aptamer
conformation, which in turn changes the position of the
redox reporter (here, we used Atto MB2, which is a methylene
blue derivative) relative to the electrode surface, generating a
quantitative electrochemical signal.28−32 The precise analytical
response of the EAB sensor is coupled with their quick
response time (from few seconds to 5 min) and extremely
simple operation (single step), making them ideal diagnostic
devices for COVID-19 monitoring through high-frequency
testing. Motivated by this, here, we describe the development
and characterization of a new EAB sensor against the SARS-
CoV-2 S protein and its ability to recognize the target in
undiluted samples (serum and artificial saliva) in its clinical
range.

■ RESULTS AND DISCUSSION
As the recognition element for our sensor, we selected two
recently developed DNA aptamers, termed 1C and 4C, able to
recognize the receptor-binding domain (RBD) of the SARS-
CoV-2 spike (S) protein.33 We selected these aptamers
because they display three key features for the development
of a responsive EAB sensor. First, the variants have been
selected in a working buffer that mimics the physiological
conditions; therefore, they can support the measurement of the
S protein in biological fluids.21 Second, the estimated
dissociation constants (KD) of the aptamers (5.8 ± 0.8 nM
for 1C and 19.9 ± 2.6 nM for 4C) are comparable to those of
commercially available antibodies developed to bind the S
protein.34 Third, the binding interactions between the target
and the aptamers have been previously characterized through
the molecular dynamics (MD) technique.33 More specifically,
the variants can interact with the S protein through the
formation of a network of hydrogen bonds creating two
consecutive binding interfaces in the case of the 1C variant,
and only one for the 4C variant.33 These data suggest that the
magnitude of the binding-induced conformational change in
the 1C variant is stronger than that in the 4C variant. Although
this promising structural prediction confirms the binding, it is
not clear if these interactions can induce a conformational
change in the aptamers. Indeed, this structure-switching
property is crucial to generate a detectable output signal on
the EAB sensing platform (Figure 1B).28,35

We used fluorescence spectroscopy to study if the
interaction with the target induces a conformational change
in the selected aptamers. Because the binding event should
bring their 5′-ends far away from the 3′-ends (with respect to
their folded stem-loop state), we modified these termini with a
pair of a fluorophore (6-FAM) and a quencher (BHQ-1) to
track this structural variation (Figure 2A).36,37 As targets, we
have used the RBD and the S protein for two reasons: (1) both
proteins share the same target protein domain recognized by
the aptamers and (2) the detection of the larger S protein
could demonstrate the ability of the aptamers to support the
recognition of the virus. To characterize them, we monitored
the fluorescence signal of the aptamers in the presence of
increasing concentrations of the targets (Figure S1). We found
that the presence of the S protein induces an increase in the
fluorescence signal, supporting the hypothesis that formation
of the target−aptamer complex brings the fluorophore far away
from the quencher. On the contrary, for the smaller RBD
protein, we observe only a small suppression of the signal
(Figure S1). We believe that this difference depends on the

Figure 1. Ongoing COVID-19 pandemic is a direct effect of the
appearance and the rapid global spreading of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).19 (A, left) The main human-
to-human transmission route is driven by respiratory droplets
produced by the infected person (here, represented as the red
person).2 The inhalation of these droplets allows the transmission of
the virus to another individual (blue healthy person). More
specifically, (A, right) SARS-CoV-2 can travel deeply in the
respiratory tract until reaching the lungs. There, because the viral
particles cannot be recognized by the immune system,20 they start to
interact with the cells through their membrane spike (S) proteins,
which can be recognized by the angiotensin-converting enzyme 2
(ACE2) receptor. This binding first triggers the virus entry into the
patient’s cell through the cleavage of the S1/S2 site by surface
transmembrane protease serine 2,2 and the next activation of
endolysosomal cathepsin L to induce virus−cell membrane fusion.
After this event, the RNA genome is released into the cytosol of the
patient’s cell, where it is translated into the proteins, which can
activate the replication of the virus inside the patient’s cells. (B)
Electrochemical aptamer-based (EAB) sensors exploit the binding-
induced conformational change of a covalently attached, redox
reporter-modified aptamer to generate an easily measurable electro-
chemical signal. Specifically, the changes in conformation alter the
rate with which the redox reporter (here, we used Atto MB2, a
derivative of methylene blue) exchange electrons with the inter-
rogating electrode. Because this sensing mechanism is based on a
binding-induced conformational change of the receptor, the platform
results in reagentless, rapid, and selective measurements directly in
undiluted biological fluids.21
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different sizes of the proteins and their ability to interact with
their targets (e.g., ACE2 receptor) mainly through electrostatic
and van der Waals interactions.38,39 Specifically, the S protein
(78 kDa vs 23 kDa of the RBD) can interact with the
negatively charged aptamer through a higher binding interface,
which could generate a different microenvironment, for
example, in the presence of extra charged amino acids located
in the proximity of the bound oligonucleotide. This could
induce a stronger conformational change in the aptamer
structure. Fitting the collected data using a Langmuir isotherm
equation (see the Materials and Methods section), we can
estimate with precision the KD associated with the S protein.
Specifically, we find KD values of 26 ± 8 nM for the 1C variant

and 11 ± 5 nM for the 4C variant and both aptamers display a
comparable signal change. However, we observe that the
estimated affinities have slightly higher values than what was
previously reported.33 We suspect that this could be due to the
presence of the fluorophore−quencher pair in their sequences.
Specifically, previous studies have demonstrated how the
formation of the fluorophore−quencher complex could
stabilize the native structure of DNA-based structures inducing
a more folded conformation.40−42

To better understand the different binding behaviors
observed with respect to the previous study, we have reduced
the stability of the native conformation of the aptamers used
for the fluorescent studies. Specifically, by reducing the
electrostatic interactions between mono- and divalent cations
(present in the buffer solution) with the negatively charged
phosphate backbone, we balanced the stabilization produced
by the fluorophore/quencher pair.40,41 To achieve this, we
have adopted a new working buffer with a lower salt content
but with the same amount of magnesium ions (2 mM, see the
Materials and Methods section for the details). We decided to
adopt this strategy to avoid modification of the aptamer
sequences, which could negatively affect the variants’ binding
activities. Then, to demonstrate the reduced stability of the
aptamers we used thermal melting curve experiments. This
apporach allows us to associate the aptamer stability with
respect to its melting temperature (TM) value.

43 Basically, we
observed at which temperature and buffer solution 50% of the
aptamer population unfolds due to the thermal denaturation
process. This induces the fluorophore and the quencher to
move apart leading to an increase in the fluorescence signal.
Therefore, a lower or higher TM value can be associated with
the lower or higher thermodynamic stability of the aptamer
variants. As expected, we found both variants display lower
melting temperatures when they are tested in the new buffer
supporting the validity of our approach (Figure S2).
Next, we tested again the bioreceptors in the presence of

target proteins (Figures 2B and S3). We observe for both
variants, a higher positive fluorescence signal change and lower
KDs. Specifically, the 1C variant displays maximum signal gain
values of +40.3 ± 1.5 and +33.9 ± 3.8% and KD values of 4.8 ±
0.8 and 116 ± 34 nM for the S protein and the RBD (Figures
2B, top and S3), respectively, while the 4C variant displays
signal gain values of +13.6 ± 1.5 and +13.1 ± 5.0% and KD
values of 25.4 ± 10.5 and 24 ± 23 nM for the S protein and the
RBD (Figures 2B, bottom and S3), respectively. The observed
signal change further confirms the ability of the aptamers to
undergo a binding-induced conformational change. Finally,
since the 1C aptamer displays the higher signal gain and the
lower KD for the S protein, we selected this variant for its next
adaptation as a bioreceptor for the EAB sensing platform. To
this purpose, we replaced the fluorophore and the quencher
with a thiol group at 5′-ends and Atto MB2 (a methylene blue
derivative) at 3′-ends as a redox tag (Figure S4).
The newly fabricated EAB sensor responds to the presence

of the target protein when interrogated using square wave
voltammetry (SWV, Figure S5). To demonstrate the ability of
the aptamer to undergo a binding-induced conformational
change upon its attachment on the gold electrode, we
characterized the relationship between its signal change and
the frequency of the interrogating SWV potential pulse.44

Previous studies25,26,45−47 clearly demonstrate that the SWV
frequency used during the sampling of the electrochemical
signal is crucial for the optimization of EAB sensors.

Figure 2. (A) We characterized the binding activities of aptamers
against the SARS-CoV-2 RBD (black curves) and the S protein (red
curves) in solution using fluorescence spectroscopy. To do this, we
labeled the 1C and 4C variants with a fluorophore−quencher couple
at the two ends. In the absence of the target, the close proximity
between the fluorophore and the quencher decreases the overall
fluorescent signal. Instead, the presence of the target induces a
binding-induced conformational change in the aptamer structure,
separating the fluorophore from the quencher, thus increasing the
fluorescent signal. (B) We find that the 1C aptamer exhibits a lower
dissociation constant (4.8 ± 0.8 nM) and a higher signal gain (+40.3
± 1.5%) for the S protein (red curves) than the C4 variant (KD = 25.4
± 10.5 nM; 13.6 ± 1.5%). As expected, the optically labeled variants
can also recognize also the RBD target (black curves) but they are
displaying lower affinities and signal gain due to the smaller size of the
target. The binding curves were obtained by adding increasing
concentrations of protein targets to a 5 nM concentration of 1C (B,
top) or 4C variant (B, bottom) in 0.1× PBS buffer (NaCl 13.7 mM,
KCl 0.27 mM, Na2HPO4 1 mM, and KH2PO4 0.18 mM), 2 mM
MgCl2, pH 7.4 at 25 °C.
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Specifically, this parameter affects the sign of the signal change
(i.e., generating either signal-off or signal-on behavior) and its
magnitude (overall signal gain). This is mainly due to the
binding-induced changes in aptamer flexibility, which alters its
electron transfer kinetic because the redox reporter could be
pushed farther from or closer to the electrode surface upon
binding with the target. Therefore, to explore this, we tested
our sensor in the presence of a saturating concentration of the
RBD (100 nM), and we collected its electrochemical response
over square wave frequencies ranging from 5 to 1000 Hz
(Figure S5). We find that the sensor’s signal displays a strong
dependency on the SWV frequency. Specifically, we observed
at a high frequency a signal-on response and at a low frequency
a signal-off response. This dual behavior further demonstrates
the presence of a binding-induced conformational change since
it indicates the presence of two major aptamer conformation
populations.
Our EAB sensors can recognize the S protein in its clinically

relevant range, providing a new analytical tool for the detection
of SARS-CoV-2. To characterize our sensors, we recorded their
SWV signal in the presence of increasing concentrations of the
RBD and the S protein (Figure 3). We observe for both targets
the expected Langmuir isotherm binding curves at all square
wave frequencies tested (5 and 300 Hz). Comparing the
collected data, we note that the S protein produces a slightly

larger response than the RBD. Specifically, the former target
displays maximum signal gain values of −5.2 ± 0.4 and of +7.3
± 0.5% at 5 and 300 Hz, respectively, while the latter displays
signal gain values of −5.0 ± 0.2 and +5.1 ± 0.2% (Figure 2),
respectively, for frequencies at 5 and 300 Hz. To understand
the clinical value of the sensor, we estimated the associated
dissociation constants through the analysis of the binding
curves (see the Materials and Methods section). We found that
the aptamer displays different affinities or KDs for the two
targets. Specifically, the RBD results in KD values of 181 ± 43
and 1231 ± 209 pM at 5 and 300 Hz, respectively, which is in
agreement with the previous study (Figure 2).34,49 The larger S
protein displays a better sensitivity and KD values of 35.4 ±
11.7 and 126.4 ± 50.4 pM at 300 and 5 Hz, respectively, which
cover the wide clinical relevant range.34,50 More specifically,
although the sensor is not able to achieve the same sensitivity
of molecular techniques based on enzymatic amplification such
as PCR or LAMP (from 1 to 100 copies/mL),51 its dynamic
range cover a concentration range (from ≈760 pg/mL to 76
ng/mL) that is comparable with point-of-care approaches
developed for the detection of SARS-CoV-2 and used for high-
frequency testing.52,53 Moreover, we find that the estimated KD
for the 1C variant on the surface is lower than what we have
obtained using fluorescence spectroscopy (Figure S3). We
believe that this result could arise from two additive effects.
The first one is originated from the different labeling molecules
used to modify the aptamer variant and track its conforma-
tional change. As highlighted before, the fluorophore−
quencher couple can stabilize the native conformation of the
aptamer40−42 with respect to the redox molecule that does not
affect its stability.54 The second effect arises from the ability of
the larger S protein to strongly interact with surfaces through
electrostatic and van der Waals interactions (i.e., not selected
during the SELEX process). These combined effects lead to an
improvement of the overall affinity of the variant on the
electrode surface.55−57

Our EAB sensor displays enough specificity to recognize the
S protein from different coronaviruses, indicating its potential
use for diagnostic applications. We tested the selectivity of the
sensor challenging it with two RBD proteins selected from
previous coronaviruses (SARS-CoV and MERS-CoV) and the
non-viral protein NGAL (a protein found in various bodily
fluids27 including saliva, blood, and urine). We observe that the
sensor at 300 Hz does not produce a detectable signal change
for any of the three proteins over the range of concentrations
tested (from 10 pM to 100 nM) (Figure 4A, top). On the
contrary, at lower SWV frequencies (5 Hz), only the SARS-
CoV-1 RBD protein induces a signal change of the sensor,
which is comparable to what is observed for SARS-CoV-2
(Figure 4A, bottom). We believe that this result depends on
the selected aptamer and the structural properties of the target.
Specifically, the aptamer was selected without performing a
counter-selection against the SARS-CoV RBD protein during
the SELEX process,33 and at the same time the RBD target
from SARS-CoV shares almost 70% of the overall structure
with the SARS-CoV-2 RBD.58−61 Taking together these two
conditions, we believe that the SARS-CoV-1 RBD protein is
able to bind the aptamer receptor without inducing a
conformational change; therefore, it can only decrease the
collisions between the variant and the electrode surface
(through steric hindrance), leading in a signal-off behavior.
Despite this, the different signal responses at low and high
SWV frequencies displayed by the sensor can be used to

Figure 3. Newly fabricated EAB sensor responds to the increasing
concentrations of the SARS-CoV-2 RBD (black curves) and the S
protein (red curves) producing the expected Langmuir binding
curves. To support the electrochemical readout, we modified the
aptamer with an Atto MB2 redox reporter and attached it via a
hexanethiol anchor to a gold wire electrode coated with a self-
assembled monolayer of 6-mercapto-1-hexanol. As previously
observed for sensors belonging to this class, our EAB sensor displays
a signal-on response at higher square wave frequencies (300 Hz) and
a signal-off response at lower frequencies (5 Hz). At the same time,
the dynamic range (defined here as the range from 10 to 90% of the
maximum signal change) of the sensor allows covering the clinically
relevant range of SARS-CoV-2 in infected individuals,48 demonstrat-
ing its clinical value. The binding curves were obtained in PBS buffer,
2 mM MgCl2, pH 7.4 at 25 °C, using square wave voltammetry
(SWV). The error bars reflect standard deviations derived using at
least three independently fabricated sensors.
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discriminate the different RBDs from SARS-CoV-2 and SARS-
CoV-1 through a single measurement at 300 Hz or through a
double detection at both frequencies. Therefore, our sensing
platform displays all its potential to discriminate different S
proteins variants and this could be improved only by the
introduction of counter-selection steps during the selection of
the aptamer to further improve its specificity.
The sensor response is so fast that can recognize the SARS-

CoV-2 RBD target in seconds, demonstrating its ability to
support point-of-care (PoC) sensing strategies. To evaluate the
resolution time of the sensor, we exploited the ability of EAB
sensors to perform high-frequency measurements. We
collected the SWV signals at both frequencies (5 and 300
Hz), and after achieving a stable baseline (approximately after
5 min), the sensor was challenged with 10 nM S protein
(Figure 4B, top). The sensor responds within 15 s from the
addition of the target, which corresponds to the required time
to collect the two voltammograms. To further demonstrate the
rapidity of the binding kinetics, we challenged the sensor also
with the RBD protein. Again, the sensor promptly responded
to the injection of the RBD protein within 15 s, which
demonstrates that the sensor’s response is not affected by the
target’s size (Figure 4B, bottom).
Because the signal transduction mechanism is based on the

binding-induced conformational change of the recognition
element, EAB sensors work well when used directly in

untreated biological fluids in vitro and in vivo.27,62,63

Harnessing this unique feature, we tested our sensor directly
in artificial saliva and fetal bovine serum (FBS) (Figure 5). We

selected these biological fluids because the former is routinely
used for COVID-19 diagnostics (e.g., PCR, antigenic tests, and
cellular culture) due to the presence of the high concentration
of viral particles,64,65 whereas the latter allows studying the
EAB sensor response in extremely complex media. When the
sensor is employed in undiluted FBS (Figure 5A), we observe
maximum signal gain values of −9.2 ± 0.9 and +16.0 ± 1.3% at
5 and 300 Hz, respectively, and KD values of 300 ± 100 and
800 ± 200 pM at 5 and 300 Hz, respectively. Although the
estimated affinities are lower than those obtained using the
buffer solution, the sensor’s dynamic range still covers the
clinically relevant range.34,48,50 We believe that this difference
arises from the fouling effect, which reduces the formation of
electrostatic and van der Waals interactions between the target
and the sensing surface.57 Then, the sensor was tested in 50%
artificial saliva (Figure 5B). Specifically, at 5 Hz, the sensor still
responds to the target with a maximum signal gain of −7.3 ±
0.2% and an estimated KD of 28.2 ± 5.0 pM. At 300 Hz, we
estimated a maximum signal gain of +5.0 ± 0.2% and an
estimated KD of 14.9 ± 2.0 pM. Motivated by the results, we
further characterize our EAB sensor in undiluted artificial saliva
(Figure S6) to understand if it could be translated to work in
real saliva samples. Using this condition, the sensor is still able
to detect the presence of the protein target in its clinical range;
however, it displays a lower signal gain. We believe that the
lower response is ascribed to the effect of the matrix on the

Figure 4. Sensor is specific and rapid providing a new clinical tool for
the detection of the SARS-CoV-2 S protein. (A) To demonstrate this,
we challenged the EAB sensor with the viral protein SARS-CoV-1
RBD (green curves) and MERS RBD (black curves) and the protein
biomarker NGAL (blue curves). At 300 Hz (A, top), we do not
observe a detectable signal change from any interference proteins over
the concentration range we tested. On the contrary, at 5 Hz, the
SARS-COV RBD is the only protein able to induce a response in the
sensor, which is similar to the SARS-CoV-2 S protein (red curves).
We believe that this result is due to the similarity of the proteins’
native structure and the lack of a counter-selection round during the
SELEX process. The error bars reflect standard deviations derived
using at least three independently fabricated sensors. (B) The sensor
is rapid and can respond to the protein target in less than 20 s upon
the addition of a clinically relevant concentration of the SARS-CoV-2
S protein (top) and the RBD (bottom). The electrochemical signal
was collected at 300 Hz (red) and 5 Hz (black) square wave
frequencies. The binding curves and kinetic experiments were
obtained in PBS buffer, 2 mM MgCl2, pH 7.4 at 25 °C, using square
wave voltammetry (SWV).

Figure 5. Our EAB sensors can fully support the detection of the
SARS-CoV-2 S protein and the RBD directly in biological fluids,
demonstrating all their potential to perform frequent testing. When
the EAB sensors are challenged in (A) fetal bovine serum (FBS) and
(B) 50% artificial saliva, they can detect both viral protein targets,
displaying measurements with picomolar precision. The error bars
reflect standard deviations derived using at least three independently
fabricated sensors.
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aptamer’s conformational change. This suggests the need for
an optimization study for its next employment for clinical or
precommercial applications. Although biological fluids such as
saliva could have an impact on the performance of the EAB
sensor, the overall data demonstrate that our developed sensor
could be used as a diagnostic tool for the rapid detection of the
SARS-CoV-2 S protein.

■ CONCLUSION

In this paper, we described the development of a new EAB
sensor able to detect the SARS-CoV-2 S protein rapidly and
efficiently in biological fluids. First, we characterized the
binding activity of the selected aptamers for the S protein using
fluorescence spectroscopy. Through the use of optically labeled
variants, we demonstrate that the aptamers can support a
binding-induced conformational change mechanism, making
them ideal candidates to support EAB sensing platform. The
resulting EAB sensor showed comparable bioanalytical
performance in comparison to other methods using antibod-
ies34,50,66 and aptamers67,68 for the detection of SARS-CoV-2
antigens. Specifically, using the 1C variant, we detected
picomolar levels of the S protein in buffer, serum, and 50%
artificial saliva. The specificity of the results are also very
promising, indicating the ability of the EAB sensor to
discriminate between similar targets (RBD portions of other
coronaviruses) and other proteins, besides being able to detect
the target in undiluted serum and artificial saliva. Finally, the
quick binding kinetics of the aptamer and its single-step
operation allow the detection of the target in 15 s, making our
EAB sensor ideal to support high-frequency testing at the point
of care. Undoubtedly, other technologies that have been used
for decades (e.g., LFA and ELISA)17,69 are still far ahead in
terms of their application and commercial availability;
however, with this work, we want to show the potential of
EAB sensing as a valid alternative to the current PoC tests.
Additionally, their ability to support calibration-free and dual-
reporter approaches70,71 (i.e., allowing the direct quantification
of the target) and their versatility to be coupled with mobile
phones or portable electrochemical setups could represent an
additional tool to achieve real-time epidemiology.26,34

The secondary goal of this study is to help the community
during the design and development of aptamer-based sensors,
specifically (but not limited to) those relying on the binding-
induced conformational change. For example, looking in
particular at the aptamer characterization, our results clearly
reinforce the need to introduce in the SELEX process both
counter-selection steps and the use of buffers with different
ionic strengths. The former is crucial to select aptamers that
specifically bind through a conformational change the target
protein even in the presence of similar contaminants. For
example, the possibility to discriminate between the RBD
portions of SARS-CoV-1 and SARS-CoV-2 would allow the
precise diagnosis of similar yet different diseases, requiring
different treatments and containing actions.72 The latter is
important to guarantee the binding to the target in natural
conditions, as it could be in a highly ionic strength
environment such as saliva. Nonetheless, even with a
suboptimal selection, the aptamers we tested showed excellent
binding performance as bioreceptors in an EAB sensor. On the
one hand, the use of different sampling frequencies allowed for
the discrimination of the RBD from different coronaviruses.
On the other hand, a simple dilution step (correcting the ionic

strength of the matrix) allowed the detection of the target
protein in artificial saliva.
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Brufsky, A. M.; Uhal, B. D. The Structural Basis of Accelerated Host
Cell Entry by SARS-CoV-2†. FEBS J. 2020, 369, 330.
(7) Khan, S.; Liu, J.; Xue, M. Transmission of SARS-CoV-2,
Required Developments in Research and Associated Public Health
Concerns. Front. Med. 2020, 7, 310.
(8) COVID-19’s Psychosocial Impacts − Scientific American Blog
Network. https://blogs.scientificamerican.com/observations/covid-
19s-psychosocial-impacts/ (accessed April 20, 2021).
(9) Bhalla, N.; Pan, Y.; Yang, Z.; Payam, A. F. Opportunities and
Challenges for Biosensors and Nanoscale Analytical Tools for
Pandemics: COVID-19. ACS Nano 2020, 14, 7783−7807.
(10) Morales-Narváez, E.; Dincer, C. The Impact of Biosensing in a
Pandemic Outbreak: COVID-19. Biosens. Bioelectron. 2020, 163,
No. 112274.
(11) Caliendo, A. M.; Gilbert, D. N.; Ginocchio, C. C.; Hanson, K.
E.; May, L.; Quinn, T. C.; Tenover, F. C.; Alland, D.; Blaschke, A. J.;
Bonomo, R. A.; Carroll, K. C.; Ferraro, M. J.; Hirschhorn, L. R.;
Joseph, W. P.; Karchmer, T.; MacIntyre, A. T.; Reller, L. B.; Jackson,
A. F. Infectious Diseases Society of America (IDSA). Better Tests,
Better Care: Improved Diagnostics for Infectious Diseases. Clin. Infect.
Dis. 2013, 57, S139−S170.
(12) Sheridan, C. Fast, Portable Tests Come Online to Curb
Coronavirus Pandemic. Nat. Biotechnol. 2020, 38, 515−518.
(13) Xu, L.; Li, D.; Ramadan, S.; Li, Y.; Klein, N. Facile Biosensors
for Rapid Detection of COVID-19. Biosens. Bioelectron. 2020, 170,
No. 112673.
(14) Lavezzo, E.; Franchin, E.; Ciavarella, C.; Cuomo-Dannenburg,
G.; Barzon, L.; Del Vecchio, C.; Rossi, L.; Manganelli, R.; Loregian,
A.; Navarin, N.; Abate, D.; Sciro, M.; Merigliano, S.; De Canale, E.;
Vanuzzo, M. C.; Besutti, V.; Saluzzo, F.; Onelia, F.; Pacenti, M.;
Parisi, S. G.; Carretta, G.; Donato, D.; Flor, L.; Cocchio, S.; Masi, G.;
Sperduti, A.; Cattarino, L.; Salvador, R.; Nicoletti, M.; Caldart, F.;
Castelli, G.; Nieddu, E.; Labella, B.; Fava, L.; Drigo, M.; Gaythorpe,
K. A. M.; Ainslie, K. E. C.; Baguelin, M.; Bhatt, S.; Boonyasiri, A.;
Boyd, O.; Cattarino, L.; Ciavarella, C.; Coupland, H. L.; Cucunubá,
Z.; Cuomo-Dannenburg, G.; Djafaara, B. A.; Donnelly, C. A.;
Dorigatti, I.; van Elsland, S. L.; FitzJohn, R.; Flaxman, S.;
Gaythorpe, K. A. M.; Green, W. D.; Hallett, T.; Hamlet, A.; Haw,
D.; Imai, N.; Jeffrey, B.; Knock, E.; Laydon, D. J.; Mellan, T.; Mishra,
S.; Nedjati-Gilani, G.; Nouvellet, P.; Okell, L. C.; Parag, K. V.; Riley,
S.; Thompson, H. A.; Unwin, H. J. T.; Verity, R.; Vollmer, M. A. C.;
Walker, P. G. T.; Walters, C. E.; Wang, H.; Wang, Y.; Watson, O. J.;
Whittaker, C.; Whittles, L. K.; Xi, X.; Ferguson, N. M.; Brazzale, A. R.;
Toppo, S.; Trevisan, M.; Baldo, V.; Donnelly, C. A.; Ferguson, N. M.;
Dorigatti, I.; Crisanti, A. Suppression of a SARS-CoV-2 Outbreak in
the Italian Municipality of Vo’. Nature 2020, 584, 425−429.
(15) Mina, M. J.; Parker, R.; Larremore, D. B. Rethinking Covid-19
Test Sensitivity  A Strategy for Containment. N. Engl. J. Med. 2020,
383, No. e120.
(16) Adams, E. R.; Augustin, Y.; Byrne, R. L.; Clark, D. J.; Cocozza,
M.; Cubas-Atienzar, A. I.; Cuevas, L. E.; Cusinato, M.; Davies, B. M.

O.; Davis, M.; Davis, P.; Duvoix, A.; Eckersley, N. M.; Edwards, T.;
Fletcher, T.; Fraser, A. J.; Garrod, G.; Hadcocks, L.; Hu, Q.; Johnson,
M.; Kay, G. A.; Keymer, K.; Kirwan, D.; Klekotko, K.; Lewis, Z.;
Mason, J.; Mensah-Kane, J.; Menzies, S.; Monahan, I.; Moore, C. M.;
Nebe-von-Caron, G.; Owen, S. I.; Planche, T.; Sainter, C.; Schouten,
J.; Staines, H. M.; Turtle, L.; Williams, C.; Wilkins, J.; Woolston, K.;
Sall, A. A.; Fitchett, J. R. A.; Krishna, S. Rapid Development of
COVID-19 Rapid Diagnostics for Low Resource Settings: Accelerat-
ing Delivery through Transparency, Responsiveness, and Open
Collaboration. medRxiv 2020, DOI: 10.1101/2020.04.29.20082099.
(17) Parolo, C.; Sena-Torralba, A.; Bergua, J. F.; Calucho, E.;
Fuentes-Chust, C.; Hu, L.; Rivas, L.; Álvarez-Diduk, R.; Nguyen, E.
P.; Cinti, S.; Quesada-González, D.; Merkoci̧, A. Tutorial: Design and
Fabrication of Nanoparticle-Based Lateral-Flow Immunoassays. Nat.
Protoc. 2020, 15, 3788−3816.
(18) Peeling, R. W.; Olliaro, P. Rolling out COVID-19 Antigen
Rapid Diagnostic Tests: The Time Is Now Lancet Infect. Dis. 2021, 0,
DOI: 10.1016/S1473-3099(21)00152-3.
(19) Burki, T. The Origin of SARS-CoV-2. Lancet Infect. Dis. 2020,
20, 1018−1019.
(20) Zhou, T.; Tsybovsky, Y.; Gorman, J.; Rapp, M.; Cerutti, G.;
Chuang, G. Y.; Katsamba, P. S.; Sampson, J. M.; Schön, A.; Bimela, J.;
Boyington, J. C.; Nazzari, A.; Olia, A. S.; Shi, W.; Sastry, M.; Stephens,
T.; Stuckey, J.; Teng, I. T.; Wang, P.; Wang, S.; Zhang, B.; Friesner, R.
A.; Ho, D. D.; Mascola, J. R.; Shapiro, L.; Kwong, P. D. Cryo-EM
Structures of SARS-CoV-2 Spike without and with ACE2 Reveal a
PH-Dependent Switch to Mediate Endosomal Positioning of
Receptor-Binding Domains. Cell Host Microbe 2020, 28, 867−879.
(21) Arroyo-Currás, N.; Dauphin-Ducharme, P.; Scida, K.; Chávez,
J. L. From the Beaker to the Body: Translational Challenges for
Electrochemical, Aptamer-Based Sensors. Anal. Methods 2020, 12,
1288−1310.
(22) Xiao, Y.; Lubin, A. A.; Heeger, A. J.; Plaxco, K. W. Label-Free
Electronic Detection of Thrombin in Blood Serum by Using an
Aptamer-Based Sensor. Angew. Chem., Int. Ed. 2005, 44, 5456−5459.
(23) Xiao, Y.; Piorek, B. D.; Plaxco, K. W.; Heegert, A. J. A
Reagentless Signal-on Architecture for Electronic, Aptamer-Based
Sensors via Target-Induced Strand Displacement. J. Am. Chem. Soc.
2005, 127, 17990−17991.
(24) Lai, R. Y.; Plaxco, K. W.; Heeger, A. J. Aptamer-Based
Electrochemical Detection of Picomolar Platelet-Derived Growth
Factor Directly in Blood Serum. Anal. Chem. 2007, 79, 229−233.
(25) Idili, A.; Gerson, J.; Parolo, C.; Kippin, T.; Plaxco, K. W. An
Electrochemical Aptamer-Based Sensor for the Rapid and Convenient
Measurement of l-Tryptophan. Anal. Bioanal. Chem. 2019, 411,
4629−4635.
(26) Idili, A.; Parolo, C.; Ortega, G.; Plaxco, K. W. Calibration-Free
Measurement of Phenylalanine Levels in the Blood Using an
Electrochemical Aptamer-Based Sensor Suitable for Point-of-Care
Applications. ACS Sens. 2019, 4, 3227−3233.
(27) Parolo, C.; Idili, A.; Ortega, G.; Csordas, A.; Hsu, A.; Arroyo-
Currás, N. N.; Yang, Q.; Ferguson, B. S.; Wang, J.; Plaxco, K. W. Real-
Time Monitoring of a Protein Biomarker. ACS Sens. 2020, 5, 1877−
1881.
(28) Plaxco, K. W.; Soh, H. T. Switch-Based Biosensors: A New
Approach towards Real-Time, in Vivo Molecular Detection. Trends
Biotechnol. 2011, 29, 1−5.
(29) Arroyo-Currás, N.; Somerson, J.; Vieira, P. A.; Ploense, K. L.;
Kippin, T. E.; Plaxco, K. W. Real-Time Measurement of Small
Molecules Directly in Awake, Ambulatory Animals. Proc. Natl. Acad.
Sci. USA 2017, 114, 645−650.
(30) Arroyo-Currás, N.; Dauphin-Ducharme, P.; Ortega, G.;
Ploense, K. L.; Kippin, T. E.; Plaxco, K. W. Subsecond-Resolved
Molecular Measurements in the Living Body Using Chronoampero-
metrically Interrogated Aptamer-Based Sensors. ACS Sens. 2018, 3,
360−366.
(31) Idili, A.; Arroyo-Currás, N.; Ploense, K. L.; Csordas, A. T.;
Kuwahara, M.; Kippin, T. E.; Plaxco, K. W. Seconds-Resolved

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c01222
ACS Sens. 2021, 6, 3093−3101

3099

https://doi.org/10.1016/j.it.2020.10.004
https://doi.org/10.1016/j.it.2020.10.004
https://doi.org/10.1073/pnas.2008025117
https://doi.org/10.1073/pnas.2008025117
https://doi.org/10.1073/pnas.2008025117
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1111/febs.15651
https://doi.org/10.1111/febs.15651
https://doi.org/10.3389/fmed.2020.00310
https://doi.org/10.3389/fmed.2020.00310
https://doi.org/10.3389/fmed.2020.00310
https://blogs.scientificamerican.com/observations/covid-19s-psychosocial-impacts/
https://blogs.scientificamerican.com/observations/covid-19s-psychosocial-impacts/
https://doi.org/10.1021/acsnano.0c04421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c04421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c04421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2020.112274
https://doi.org/10.1016/j.bios.2020.112274
https://doi.org/10.1093/cid/cit578
https://doi.org/10.1093/cid/cit578
https://doi.org/10.1038/d41587-020-00010-2
https://doi.org/10.1038/d41587-020-00010-2
https://doi.org/10.1016/j.bios.2020.112673
https://doi.org/10.1016/j.bios.2020.112673
https://doi.org/10.1038/s41586-020-2488-1
https://doi.org/10.1038/s41586-020-2488-1
https://doi.org/10.1056/nejmp2025631
https://doi.org/10.1056/nejmp2025631
https://doi.org/10.1101/2020.04.29.20082099
https://doi.org/10.1101/2020.04.29.20082099
https://doi.org/10.1101/2020.04.29.20082099
https://doi.org/10.1101/2020.04.29.20082099
https://doi.org/10.1101/2020.04.29.20082099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-020-0357-x
https://doi.org/10.1038/s41596-020-0357-x
https://doi.org/10.1016/S1473-3099(21)00152-3
https://doi.org/10.1016/S1473-3099(21)00152-3
https://doi.org/10.1016/S1473-3099(21)00152-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1473-3099(20)30641-1
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1016/j.chom.2020.11.004
https://doi.org/10.1039/d0ay00026d
https://doi.org/10.1039/d0ay00026d
https://doi.org/10.1002/anie.200500989
https://doi.org/10.1002/anie.200500989
https://doi.org/10.1002/anie.200500989
https://doi.org/10.1021/ja056555h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056555h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056555h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac061592s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac061592s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac061592s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-019-01645-0
https://doi.org/10.1007/s00216-019-01645-0
https://doi.org/10.1007/s00216-019-01645-0
https://doi.org/10.1021/acssensors.9b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.9b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.9b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.9b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c01085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c01085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tibtech.2010.10.005
https://doi.org/10.1016/j.tibtech.2010.10.005
https://doi.org/10.1073/pnas.1613458114
https://doi.org/10.1073/pnas.1613458114
https://doi.org/10.1021/acssensors.7b00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.7b00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.7b00787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC01495K
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Pharmacokinetic Measurements of the Chemotherapeutic Irinotecan
in Situ in the Living Body. Chem. Sci. 2019, 10, 8164−8170.
(32) Dauphin-Ducharme, P.; Yang, K.; Arroyo-Currás, N.; Ploense,
K. L.; Zhang, Y.; Gerson, J.; Kurnik, M.; Kippin, T. E.; Stojanovic, M.
N.; Plaxco, K. W. Electrochemical Aptamer-Based Sensors for
Improved Therapeutic Drug Monitoring and High-Precision, Feed-
back-Controlled Drug Delivery. ACS Sens. 2019, 4, 2832−2837.
(33) Song, Y.; Song, J.; Wei, X.; Huang, M.; Sun, M.; Zhu, L.; Lin,
B.; Shen, H.; Zhu, Z.; Yang, C. Discovery of Aptamers Targeting the
Receptor-Binding Domain of the SARS-CoV-2 Spike Glycoprotein.
Anal. Chem. 2020, 92, 9895−9900.
(34) Zakashansky, J. A.; Imamura, A. H.; Salgado, D. F.; Romero
Mercieca, H. C.; Aguas, R. F. L.; Lao, A. M.; Pariser, J.; Arroyo-
Currás, N.; Khine, M. Detection of the SARS-CoV-2 Spike Protein in
Saliva with Shrinky-Dink© Electrodes. Anal. Methods 2021, 13, 874−
883.
(35) Lubin, A. A.; Plaxco, K. W. Folding-Based Electrochemical
Biosensors: The Case for Responsive Nucleic Acid Architectures. Acc.
Chem. Res. 2010, 43, 496−505.
(36) Porchetta, A.; Vallée-Bélisle, A.; Plaxco, K. W.; Ricci, F. Using
Distal-Site Mutations and Allosteric Inhibition to Tune, Extend, and
Narrow the Useful Dynamic Range of Aptamer-Based Sensors. J. Am.
Chem. Soc. 2012, 134, 20601−20604.
(37) Stojanovic, M. N.; de Prada, P.; Landry, D. W. Aptamer-Based
Folding Fluorescent Sensor for Cocaine. J. Am. Chem. Soc. 2001, 123,
4928−4931.
(38) Xie, Y.; Karki, C. B.; Du, D.; Li, H.; Wang, J.; Sobitan, A.; Teng,
S.; Tang, Q.; Li, L. Spike Proteins of SARS-CoV and SARS-CoV-2
Utilize Different Mechanisms to Bind With Human ACE2. Front. Mol.
Biosci. 2020, 7, 392.
(39) Amin, M.; Sorour, M. K.; Kasry, A. Comparing the Binding
Interactions in the Receptor Binding Domains of SARS-CoV-2 and
SARS-CoV. J. Phys. Chem. Lett. 2020, 11, 4897−4900.
(40) Moreira, B. G.; You, Y.; Behlke, M. A.; Owczarzy, R. Effects of
Fluorescent Dyes, Quenchers, and Dangling Ends on DNA Duplex
Stability. Biochem. Biophys. Res. Commun. 2005, 327, 473−484.
(41) Idili, A.; Ricci, F.; Vallée-Bélisle, A. Determining the Folding
and Binding Free Energy of DNA-Based Nanodevices and Nano-
switches Using Urea Titration Curves. Nucleic Acids Res. 2017, 45,
7571−7580.
(42) Zimmers, Z. A.; Adams, N. M.; Gabella, W. E.; Haselton, F. R.
Fluorophore-Quencher Interactions Effect on Hybridization Charac-
teristics of Complementary Oligonucleotides. Anal. Methods 2019, 11,
2862−2867.
(43) Hu, J.; Kim, J.; Easley, C. J. Quantifying Aptamer-Protein
Binding via Thermofluorimetric Analysis. Anal. Methods 2015, 7,
7358−7362.
(44) Dauphin-Ducharme, P.; Plaxco, K. W. Maximizing the Signal
Gain of Electrochemical-DNA Sensors. Anal. Chem. 2016, 88, 11654−
11662.
(45) White, R. J.; Plaxco, K. W. Exploiting Binding-Induced Changes
in Probe Flexibility for the Optimization of Electrochemical
Biosensors. Anal. Chem. 2010, 82, 73−76.
(46) Ortega, G.; Kurnik, M.; Dauphin-Ducharme, P.; Li, H.; Arroyo-
Currás, N.; Caceres, A.; Plaxco, K. W. Surface Attachment Enhances
the Thermodynamic Stability of Protein L. Angew. Chem., Int. Ed.
2019, 58, 1714−1718.
(47) Kurnik, M.; Ortega, G.; Dauphin-Ducharme, P.; Li, H.;
Caceres, A.; Plaxco, K. W. Quantitative Measurements of Protein−
surface Interaction Thermodynamics. Proc. Natl. Acad. Sci. USA 2018,
115, 8352−8357.
(48) Yousefi, H.; Mahmud, A.; Chang, D.; Das, J.; Gomis, S.; Chen,
J. B.; Wang, H.; Been, T.; Yip, L.; Coomes, E.; Li, Z.; Mubareka, S.;
Mcgeer, A.; Christie, N.; Gray-Owen, S.; Cochrane, A.; Rini, J. M.;
Sargent, E. H.; Kelley, S. O. Detection of SARS-CoV-2 Viral Particles
Using Direct, Reagent-Free Electrochemical Sensing. J. Am. Chem.
Soc. 2021, 143, 1722−1727.
(49) Stanborough, T.; Given, F. M.; Koch, B.; Sheen, C. R.; Stowers-
Hull, A. B.; Waterland, M. R.; Crittenden, D. L. Optical Detection of

CoV-SARS-2 Viral Proteins to Sub-Picomolar Concentrations. ACS
Omega 2021, 6, 6404−6413.
(50) Kelley, S. O. What Are Clinically Relevant Levels of Cellular
and Biomolecular Analytes? ACS Sens. 2017, 2, 193−197.
(51) Kubina, R.; Dziedzic, A. Molecular and Serological Tests for
COVID-19. A Comparative Review of SARS-CoV-2 Coronavirus
Laboratory and Point-of-Care Diagnostics. Diagnostics 2020, 10, 434.
(52) Corman, V. M.; Haage, V. C.; Bleicker, T.; Schmidt, M. L.;
Mühlemann, B.; Zuchowski, M.; Jo, W. K.; Tscheak, P.; Möncke-
Buchner, E.; Müller, M. A.; Krumbholz, A.; Drexler, J. F.; Drosten, C.
Comparison of Seven Commercial SARS-CoV-2 Rapid Point-of-Care
Antigen Tests: A Single-Centre Laboratory Evaluation Study. Lancet
Microbe 2021, 2, e311−e319.
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