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Abstract: The emergence of the SARS-CoV-2 virus and the associated pandemic has affected the
entire human population. Human susceptibility to the virus has highlighted a tremendous need for
affordable diagnostic systems to manage the pandemic and monitor the effectiveness of vaccination.
We have developed a simple and label-free electrochemical immunosensor for the detection of
human anti-SARS-CoV-2 IgG antibodies, which consists of a supporting screen-printed carbon
electrode (SPCE) modified with an electrodeposited polyaniline film and glutaraldehyde, allowing
effective immobilization of the SARS-CoV-2 spike glycoprotein receptor-binding domain (RBD) as
a biorecognition element. The impedimetric immunosensor showed a linear response over a wide
concentration range of 0.01-10 pg mL~1 thatis, 67 pM-6.7 nM, with a low detection limit of 25.9 pM.
A dual working electrode configuration with a built-in negative control unit was demonstrated for
practical field applications. The immunosensor was successfully used in a real serum sample from
an infected patient and showed good reproducibility and fair agreement with ELISA. An optional
amplification step with secondary goat anti-human IgG antibodies was demonstrated, resulting in an
extended linear range and a detection limit as low as 0.93 pM.

Keywords: SARS-CoV-2; RBD; antibody detection; impedimetric immunosensor; built-in negative
control unit

1. Introduction

The year 2020 will be remembered as the year of the COVID-19 pandemic caused by
the SARS-CoV-2 virus. By now, the virus has already caused over 676 million infections and
claimed nearly 6.8 million lives worldwide [1]. Three years later, it is more than evident
that the pandemic has had a significant impact on public health, as well as on local and
global economies [2].

Various molecular and serological methods are used to monitor viral infections. Cur-
rently, a real-time reverse transcription-polymerase chain reaction (RT-PCR) assay is at
the forefront, also in combination with confirmatory chest scan tomography [3]. However,
PCR-based methods require a thermocycling step, which somehow limits their practicality
in point-of-care diagnostics. Van Elden et al. [4] also pointed out some disadvantages of
the RT-PCR approach, such as contamination, duration, and sample handling. Isother-
mal amplification-based strategies such as RT-LAMP (reverse transcription loop-mediated
isothermal amplification), CRISPR (clustered regularly interspaced short palindromic re-
peats), SHERLOCK (specific high-sensitivity enzymatic reporter unLOCKing), and others
have been recognized as powerful alternatives [2,5-7]. These and related immunological
approaches, for example, ELISA (enzyme-linked immunosorbent assay) and LFIA (ILateral
flow immunoassay), are based on fluorescent and colorimetric detection and the use of
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components such as fluorescent dyes, magnesium pyrophosphate, enzymes, antibodies,
viral spike proteins, etc. [8,9].

It is known that SARS-CoV-2 viral load decreases significantly after the third week of
infection, and at the same time, IgG load starts approaching its highest value [10]. Within
this time frame, genosensing becomes less efficient, and immunosensors come to the fore;
moreover, reliable antibody tests are essential for monitoring the long-term efficacy of
vaccination. The current situation undoubtedly underscores the need for effective sensing
systems that enable the transition from central laboratory analysis to on-site testing. In
this regard, electrochemistry offers unique opportunities, as there are myriad geometries
and sizes of supporting electrodes, numerous electrode materials, and virtually unlimited
possibilities for their further modification. For example, electrochemical methods can be
used for (i) detection of viral RNA by monitoring redox signaling probe activity, change
in conductivity, or pH of the sample solution due to isothermal amplification processes
such as RI-LAMP [11] and rolling circle amplification [12], (ii) detection of antigens [13], or
(iii) detection of antibodies produced by the human immune system in response to viral
infection [14].

Several reports of electrochemical sensors for the detection of SARS-CoV-2-specific
antigens or antibodies have been published since late 2020, proliferating particularly since
March 2021. The reported electrochemical detection principles are based on amperom-
etry [15,16], voltammetry [13,17-19], potentiometry [19,20], impedance [14,21,22], and
field-effect transistors [23]. Most sensors use biomolecules as biorecognition elements, but
there are also reports on the use of molecularly-imprinted polymers [24]. Recent advances
in electrochemical immunosensors for SARS-CoV-2 antigens and antibodies have been
reviewed in detail by Ranjan et al. [25] and Mahshid et al. [26].

In this work, we present a sensitive and label-free impedimetric immunosensor for the
detection of clinically relevant concentrations of human anti-SARS-CoV-2 antibodies with
an integrated negative control unit. In addition to a relatively simple preparation protocol
involving commercially available supporting SPCEs, without using precious metals and
enzymes, we have demonstrated the excellent performance of the immunosensor and its
favorable operation in a real sample from an infected patient.

2. Materials and Methods
2.1. Materials and Reagents

Hydrochloric acid (37%), NaCl, KCl, KH,POy (all Merck), aniline, glutaraldehyde
(25%), Ks[Fe(CN)s], K4[Fe(CN)s], NaN3, glycine, IgG-free bovine serum albumin (BSA),
human serum [cat. no. H4522] (all Sigma Aldrich), and Na,HPO,4-2H,O (VWR Chemicals)
were of analytical grade. Aniline was freshly distilled before use, and all solutions used in
this work were prepared with Milli-Q water (18.2 MQ)). K3[Fe(CN)g] and K4[Fe(CN)g] were
diluted to 1.0 mM in 0.1 M KCI. Phosphate-buffered saline (PBS) was prepared according
to the recipe of AAT Bioquest [27]. Glycine and BSA solutions were prepared in PBS, and
0.09% NaN3; was added to BSA as a preservative. All solutions except HCI, K3[Fe(CN)g],
K4[Fe(CN)g], and PBS were stored in a refrigerator at +2 °C.

Recombinant human coronavirus SARS-CoV-2 spike glycoprotein RBD (ab273065), re-
combinant human monoclonal anti-SARS-CoV-2 spike glycoprotein S1 antibodies [CR3022]
(ab273073), unlabeled goat anti-human IgG antibodies (ab97161), and goat anti-human IgG
antibodies conjugated to horseradish peroxidase (the latter used for the complementary
ELISA assay, ab7153) were obtained from Abcam. After delivery, antibodies and other
proteins were aliquoted in PBS and stored in test tubes with low protein binding at —20 °C
until further use.

Human serum from a SARS-CoV-2-positive individual was obtained from the Univer-
sity Clinic of Respiratory and Allergic Diseases Golnik in Slovenia. The study “Identification
of Neutralizing Antibodies Against SARS-CoV-2" was ethically approved by the Slovenian
Medical Ethics Committee (No. 0120-333/2020/3, 14 September 2020).
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2.2. Apparatus

Two types of supporting screen-printed carbon electrodes (SPCEs) were purchased
from Metrohm DropSens: (i) DRP-C110 with a single carbon working electrode (circular,
d = 4 mm); and (ii) DRP-X1110 with two carbon working electrodes (ellipsoidal, 4 mm
width x 1.5 mm height). Both electrode systems had a carbon counter electrode and a
silver quasi-reference electrode.

All electrochemical modifications and measurements were carried out using a Palm-
Sens4 portable potentiostat/galvanostat (PalmSens BV) in combination with a cable con-
nector for SPCEs (DRP-CAC 71606 or DRP-BICAC, Metrohm DropSens) or a MUX8-R2
multiplexer with two adapters for SPCEs (PalmSens BV). The instrument was controlled
with PSTrace 5.8 software (PalmSens BV). All measurements were performed at room
temperature (22-23 °C).

2.3. Preparation of the Immunosensor
2.3.1. Electrochemical Polymerization of Aniline

Prior to modification, the bare SPCEs were electrochemically tested by cycling the po-
tential in the range of —1.0 to +1.0 V in a solution of 0.1 M KCI with 1.0 mM [Fe(CN)g P74~
using a scan rate of 100 mV s~1. Only the electrodes that showed comparable current re-
sponses were selected for further use. Freshly distilled aniline was diluted to 0.1 M in 0.5 M
HCI, and the polyaniline film was electrochemically synthesized on the working electrodes
of both types of SPCEs. The electrodes were immersed in 10 mL of the aniline solution and
subjected to usually five cyclic voltammetric scans in a potential range of —0.2 V to +0.8 V
at a scan rate of 100 mV s7!. The polyaniline (PANI) coated electrodes were rinsed with
deionized water and left overnight at ambient conditions before further modification.

2.3.2. Modification with Glutaraldehyde, Biorecognition Elements, and Glycine

The PANI-coated SPCEs were further modified with glutaraldehyde as a linker (2.5%
in PBS, pH 7.4), then with either BSA (as a negative control unit, 10 pg mL~! in PBS, pH 7.4)
or RBD (as a biorecognition element, 10 pg mL~! in PBS, pH 7.4), and finally with glycine
(as a blocking agent, 1.0 M in PBS, pH 7.4) to block the unreacted glutaraldehyde moieties.
Modifications were performed stepwise by drop-casting 10 pL of each solution onto the
surface of a polyaniline-coated working electrode, followed by an incubation period in a
humid atmosphere until the next modification step. The unbound reagents were thoroughly
rinsed from the electrode surface with deionized water and PBS. The detailed procedure is
shown in Scheme S1.

2.4. Impedimetric Immunosensing

The immunosensor was first exposed to a 10 pL. sample of human anti-SARS-CoV-2
IgG antibodies for one hour, followed by rinsing and (optionally) by exposure to 10 pL of
unlabeled goat anti-human IgG secondary antibodies (the latter usually at a concentration
of 25 pg mL™) for signal amplification. The analytical performance of the immunosen-
sor was investigated in the concentration range of 0.01-10 ug mL~! by electrochemical
impedance spectroscopy (EIS) in the presence of 1.0 mM [Fe(CN)s]3~/4~ in 0.1 M KCl. All
measurements were performed at the formal potential of the Fe(CN)>~/4~ redox probe
(Eqc = +0.14 V) with an AC potential amplitude of 20 mV and 30 measurement points in the
frequency range of 10 kHz to 100 mHz. The complementary ELISA protocol is described in
the Supplementary Material.

3. Results and Discussion

The immunosensor architecture comprised the RBD subunits of the SARS-CoV-2 spike
glycoprotein bound to a pre-modified SPCE surface to efficiently bind target antibodies,
that is, human anti-SARS-CoV-2 IgGs. Optionally, unlabeled secondary antibodies, in
this case, goat anti-human IgGs, were added to bind with the primary antibodies and
increase the sensitivity of the electrochemical immunosensor, as schematically shown in
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the graphical abstract. Incubation times similar to those used in the ELISA assay were
used, while binding of the antibodies was detected by the increase in charge-transfer resis-
tance (R¢t) obtained from impedimetric measurements in the presence of the redox probe
Fe(CN)¢>~/4~. Immunosensors were used as disposable devices for one-shot analysis.

3.1. Synthesis of PANI Film

PANI can be used as a suitable modifier that enables the effective immobilization of
biomolecules through covalent bonding [28,29]. In conjunction with glutaraldehyde, the
latter is expected to form bridges between primary and secondary amine groups in the PANI
chain and with various functional groups on the protein surface through (predominantly)
imine and enamine bonds [30]. Some researchers propose instead that the proteins bind
to glutaraldehyde, which spontaneously polymerizes within the PANI network, whereas
PANI and glutaraldehyde do not react [31]. Nevertheless, we found that a combination
of PANI and glutaraldehyde allowed consistent immobilization of proteins on the SPCE
surface, being stable and not easily washed away. This is particularly convenient for
immunosensors, which need to be thoroughly rinsed after the incubation step(s) to limit
non-specific binding and avoid false-positive results.

Therefore, the initial study focused on obtaining an electrochemically reproducible
PANI layer with a favorable low resistance. During the electrochemical deposition of
the PANI film, it was determined that the number of voltammetric scans must be low
to achieve optimal sensing performance (as a support for further modifications), with
five cycles being the optimum. The first five typical cyclic voltammograms during the
deposition of PANI film on the supporting SPCE are shown in Figure 1la, indicating a
successive increase in the current signal as a result of the growth of the PANI film. As
can be seen in Figure 1b, the increase in polymerization cycles also led to a significant
increase in the square-wave voltammetric response of the PANI-modified electrodes in
the presence of Fe(CN)63’/ 4= Moreover, with the increasing number of electrochemical
polymerization cycles, the formation of an additional signal at more positive potentials
corresponding to the oxidation of leucoemeraldine to emeraldine salt was observed. Since
this signal is relatively close to the signal of the Fe(CN)¢3~/4~ redox probe at about +0.2 V,
it can be a major obstacle for further electrochemical detection. Therefore, a protocol with
only five cyclic voltammetric scans at 100 mV s7! in a potential range of —0.2 V to +0.8 V
was used to construct the first modification layer, which also resulted in satisfactorily low
background noise.

The PANI-modified SPCEs were also characterized by EIS, and the corresponding
results are presented in Figure 1c. The spectra obtained for the bare SPCE and the electrodes
modified with one or two electrodeposition cycles show both the large semicircle, and the
diffusion tail, which can be easily fitted with the Randles equivalent circuit (see Figure 1d),
where Rg corresponds to the resistance of the solution, R is the charge-transfer resistance
associated with the redox species, W is the Warburg constant phase element modeling
the diffusion, and Q is the constant phase element describing the non-ideal double-layer
capacitance. Impedimetric response for the PANI-modified electrodes, characterized by
a still considerable charge-transfer resistance but lower than that of the bare SPCE, is
probably due to the porosity of the thin PANI film formed on the electrode surface after
one and two electrodeposition cycles. As the number of polymerization cycles increased,
the surface of the electrode became densely covered with the conductive PANI film, and
the impedimetric behavior was apparently dominated by diffusion. In contrast to one
or two electrodeposition cycles, the obtained data for five and more electrodeposition
cycles should be fitted with simplified circuits, that is, a very good statistical agreement
(x* ~ 10~3) was obtained with the equivalent circuit Rg-W, in which the solution resistance
is characterized by Rg, whereas the diffusion is modeled by Warburg (W), which is, in fact,
a constant phase element (Q) with a phase angle (¢) of 45° and a fixed n parameter of
0.5 (Figure 1d). It appears that the reason for a well-developed voltammetric response after
five electrodeposition cycles, as shown in Figure 1b, and a relatively low charge-transfer
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resistance, as shown in Figure 1c, was a uniform growth of a dense and conducting PANI
layer defined by a semi-infinite diffusion of redox species. In addition, the thicknesses of
the electrodeposited PANI layers (h) were calculated using the following equation [32]:

qgM

B pAnF @

where g stands for the electrodeposition charge extracted from the cyclic voltammetric poly-
merization curves, M is the molecular weight of aniline (93.13 g mol '), A represents the
geometric area of the working electrode (0.1256 cm?), 1 is the number of electrons involved
in the polymerization reaction (n = 2), p is the density of PANI (1.33 g cm 2 [33]), and F
is Faraday constant (96485 C mol~!). Accordingly, the calculated thicknesses were 55 nm,
107 nm, 358 nm, 1.41 um, 3.63 um, and 27.1 um for 1, 2, 5, 10, 15, and 25 electrodeposition
cycles, respectively. These results are consistent with the electrochemical studies shown in
Figure 1b,c and demonstrate that the increased number of electrodeposition cycles leads to
the formation of denser and thicker structures characterized by diffusion-controlled EIS
spectra (Figure 1c), along with a relatively high square-wave voltammetric response for
Fe(CN)¢>~/4~ (Figure 1b). The corresponding plots of thickness versus electrodeposition
cycles/time are shown in Figure S1.
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Figure 1. Five cyclic voltammograms (CVs) during electrodeposition of PANI recorded in 0.5 M HCI
with 0.1 M aniline (a). Square-wave voltammograms (b) and electrochemical impedance spectra (EIS:
symbols for measurements, lines for fitted data) (c) recorded in 0.1 M KCl with 1.0 mM [Fe(CN)]?—/4~

using SPCEs modified with a different number of PANI electrodeposition cycles. Decrease in charge-
transfer resistance (Rct) for zero, one, and two cycles of PANI electrodeposition (black symbols, left Y
axis) obtained by fitting raw impedance data using the Randles circuit (inset), and the decrease in
Warburg constant phase element (W) for a higher number of PANI electrodeposition cycles (white-
green symbols, right Y axis) obtained by fitting raw impedance data using the simpler equivalent
circuit, i.e., Rs-W (inset) (d).
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3.2. Glutaraldehyde Crosslinking

The initial experiments have shown that further modification of the electrodeposited
PANI film with glutaraldehyde is rather challenging. Glutaraldehyde exists in a solution as
a complex mixture of various forms, that is, from monomers, linear and cyclic oligomers
to higher polymers, depending on factors such as pH, concentration, and temperature.
Modification procedures using glutaraldehyde should, therefore, be developed empirically
and tailored to each individual protein [34]. It is also important that glutaraldehyde solu-
tions are always prepared freshly before use and that further modifications with proteins
are performed immediately after the short rinsing sequence; otherwise, the crosslinking is
insufficient due to the instability of glutaraldehyde.

After optimization, the modification protocol that proved the most suitable within the
current immunosensor architecture included fresh 2.5% glutaraldehyde solution in a PBS
buffer (pH 7.4) for effective immobilization of RBD (as a positive control unit) or BSA (as a
negative control unit). Both protein layers (RBD or BSA) had to be further incubated with
1.0 M glycine in PBS to block unreacted aldehyde groups.

Stepwise modification of the supporting electrode was monitored by EIS, and the
corresponding data are presented in Figure 2.
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Figure 2. EIS (Nyquist plots) measurements for a stepwise preparation of the immunosensor moni-
tored in 0.1 M KCl with 1.0 mM [Fe(CN)6]3_/ 4= as the redox probe. The high-frequency range for all
recorded spectra is shown in the inset.

It can be observed that the modification of rather resistive SPCE (Rt = 3654 ohms)
with the conductive PANI considerably affected the shape of the impedance spectrum,
exhibiting only the contributions of solution resistance and diffusion, as discussed in the
previous section. The subsequent incorporation of glutaraldehyde was characterized by
the appearance of a semicircle, indicating that a resistive layer was formed on the PANI
film. In the next step, crosslinking between PANI and RBD revealed a further increase in
impedance compared to the previous modification step. It is known that the interior of RBD
is positively charged, while its surface, which typically targets host cell ACE2 receptors, is
predominantly negatively charged [35,36]. This suggests that the increased impedimetric
signal in the measurements with a negatively charged [Fe(CN)s]>~/4~ redox probe after
modification with RBD could be a solid indicator of successful RBD binding to the modified
electrode surface via its positively charged fragment. Finally, modification with glycine,
aimed at preventing non-specific binding during incubation, resulted in a further increase
in impedance.
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3.3. Electroanalytical Performance

After optimizing the modification protocol, we studied the electroanalytical perfor-
mance of the immunosensor using an impedimetric approach. The sensor was tested over
a wide concentration range of 0.01-10 ug mL ™!, that is, 67 pM-67 nM, and analytical
signals were obtained from the raw spectra shown in Figure 3. Data were fitted using the
modified Randles circuit Rg-(RtW | | CPEg;), where Rg stands for the solution resistance,
Rt corresponds to the charge-transfer resistance within the sensor interface, the Warburg
element (W) represents the diffusion of redox species in solution, and CPEg4 denotes a
non-ideal double layer capacitance. The difference in charge transfer resistance of the incu-
bated sensor with and without target antibodies (AR.t) was used as the analytical signal,
and the corresponding calibration plot is depicted in the inset of Figure 3 involving error
bars calculated as standard errors of four measurements carried out with four identically
prepared immunosensors per each data point.
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Figure 3. EIS (Nyquist plots) for different concentrations of anti-SARS-CoV-2 IgGs and the corre-
sponding calibration plot in the inset (n = 4).

A linear impedimetric response of ARt vs. log[ Anti-SARS-CoV-2 IgG] was obtained
(r* =0.97), along with a very low detection limit of 25.9 pM. The detection limit was
calculated using the 30 criterion for measuring with four identically prepared sensors
for each data point. In addition, the sensor-to-sensor reproducibility was tested yielding
the value of ca. 10% for 0.1 ug mL~! data point. A somewhat higher value is primarily
due to the known intrinsically lower reproducibility of commercially supported screen-
printed electrodes.

3.4. Practical Application with Dual Electrode

A built-in negative control unit in the sensing system is advantageous from the
practical application perspective, as is the case in, for example, lateral flow assay strips.
For this purpose, we employed a supporting dual SPCE, that is, involving two integrated
carbon electrodes that can be modified individually. After the electrodeposition of PANI
and modification with glutaraldehyde, we modified one working electrode with BSA
(negative control unit) and the other one with RBD (positive control unit). During the
immunoassay, we incubated both electrodes with the same concentration of human anti-
SARS-CoV-2 IgGs. As shown in Figure 4, the immunosensor revealed very well-defined
signals and clearly differentiated between positive and negative controls. It should be noted
here that the stepwise preparation was performed with smaller volumes of the modification
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solutions, that is, instead of 10 uL, as in conventional SPCE, only 6 uL was used due to
differences in the electrode geometry and size. Consequently, the absolute values of the
impedance and their relative changes were affected by this peculiarity.
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Figure 4. EIS (Nyquist plot) recorded at dual immunosensor for the negative (a) and positive (b)
control, along with the corresponding measurements using conventional single SPCE.

3.5. Performance in the Real Clinical Sample

We investigated the functioning of the immunosensor in a 20-fold diluted real serum sam-
ple with the concentration of anti-SARS-CoV-2 IgGs of 106 ug mL~?, according to ELISA assay.
The impedimetric signals showed relatively low standard error (ARt = 2434.52 £ 88.92 ohms,
n = 3), indicating very good stability of the sensor architecture even in the case of a real
heterogeneous sample. On the basis of the standard calibration protocol, the value obtained
corresponds to the anti-SARS-CoV-2 IgG concentration of 85 + 18 pg mL~!, which is in
fairly good agreement with ELISA. The corresponding EIS (Nyquist plots) are presented in
Figure 5. It should be mentioned that the RBD-based immunosensor detects both IgG and
IgM antibodies, the latter being dominant in the early immune response.

6000 -

5000
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£
§3000-
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E 2000 mﬂ/‘/
1000 "
0.
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Figure 5. EIS (Nyquist plots) recorded with the immunosensor in a real serum of an infected person.

3.6. Amplification Mode

We also tested the immunosensor using the amplification mode. In this case, the
immunosensor was first exposed to a 10 pL sample containing human anti-SARS-CoV-2
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IgG antibodies for one hour and then to 10 uL of unlabeled secondary goat anti-human IgG
antibodies for another hour, the latter at a necessarily high concentration of 25 pg mL™, to
amplify the analytical signal.

As shown in Figure 6, the amplification mode resulted in an extended linear range,
and an even lower detection limit of 0.93 pM was achieved. However, in this case, we
identified some degree of non-specific binding of the secondary unlabeled goat anti-human
IgG antibodies associated with the negative control unit.
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Figure 6. EIS (Nyquist plots) for different concentrations of anti-SARS-CoV-2 IgGs using amplification
mode and the corresponding calibration plot (n = 4).

3.7. Comparison with Electrochemical Sensors for Anti-SARS-CoV-2 Antibodies

To the best of our knowledge, although a variety of electrochemical sensors for whole
SARS-CoV-2 virus particles, spike proteins, and viral RNA exist [21,22], only a few com-
parable studies on electrochemical sensors for anti-SARS-CoV-2 antibodies have been
published, namely by Rashed et al. [14], Bojorquez et al. [22], Torrente-Rodriguez et al. [37],
Ali et al. [38], Jiang et al. [39], Liustrovaite et al. [40], Shoute et al. [41], and Yakoh et al. [42].
In addition to the differences in sensor architecture and analyte of interest, another key
difference between the two classes of sensors is the matrix in which they are designed to
operate. For virus sensors, this is nasopharyngeal fluid, whereas, for antibody sensors, it is
usually blood plasma or serum. The main difference in the composition of the two fluids is
the total protein content, which ranges from 0.1-2.2 mg mL~! in nasopharyngeal fluid [43]
and 60-80 mg mL~1in plasma/serum [44].

A comparison of the characteristics of competing sensors with the sensor described
in this work is shown in Table 1. It is important to note that two other studies [14,37]
did not report parameters such as RSD or linear range, while the third study [38] used
rabbit antibodies and serum, and therefore, their results cannot be directly extrapolated to
human samples.
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Table 1. Comparison of electrochemical immunosensors for anti-SARS-CoV-2 antibodies.

Sensing Principle Substrate R%ﬁiﬁ‘ei:li?n Target Matrix Negl;lttii/%ri(l?tggtrol RSD Limit :)If(l))lgsection Linear Range Advantages Disadvantages
Commercial
electrochemical 5 Le;bel-free, High cost, Yes/no
16-well plate Human . o imple operation readout, Some key
Ir?pedancem (ACEA SARS-CoV-2 RBD anti-SARS-CoV-2 }1 O?Iér?lsl;‘tei Yesso(ll {‘;OIIISH( Not reported Not reported Not reported High sample, performance
spectroscopy [14] Biosciences IgG antibodies u u u throughput, parameters not
xCELnge;me Negative control tested
system
Glass substrate Label-free, Some key
with poly- . 100x diluted Simultaneous arameters not
Impedaﬂce2 ) dimethylzilo);ane SARS-CoV-2RBD ~ UESARS-CoV-2 human No Not reported as 0.99 pg/mL 1076-10"1 g mL ! detection of B ted,
spectroscopy [22] (PDMS) and Au gL antibodies plasma antigens and Complex
nanowires antibodies architecture
Simple operation,
Amperometry : LOD not tested,
(consumption of Lab-made Human 11\/1;1f1t1ple;< / Observed
H,O; by laser-engraved SARS-CoV-2 spike anti-SARS-CoV-2 100x diluted N 8.4% for IgGs and Not ted 1-500 ng mL~! for pa frm lor interference from
HRP-labeled graphite protein (51) IgG and IgM human serum ° 6.0% for IgMs ot reporte both IgGs and IgMs several analytes SARS-CoV
secondary electrodes antibodies (ar}hge‘n, nucleocapsid
antibodies) [37] antibodies, protein
C-reactive protein)
Complex
2.8 x }10’15 M . architelzmre,
. (42 x10™* ngmL™" *) Two ranges: ) construction
Aerosol jet Rabbit serum with S1 and 1% 1012 10{;; 102M F L?bel free, process and
Impedance nanoprinted SARS-CoV-2 spike Rabbit and fetal +6.01% (12.02% 16.9 x 107 M (6< 15-15n }i,l 5 R as res&o TS, operation, High
P 38 reduced-graphene- protein (S1) anti-SARS-CoV-2  bovine serum No in total, author’s (2.5 x 1073 ngmL "1 %) : ngmt do e e (oned cost, Operation in
spectroscopy [38] oxide-coated 3D and RBD IgG antibodies (dilution not note) with RBD as the and 100 X})O ev1fce Cevers ?Se human samples
electrodes reported) recognition element (15:12803 10 11541 » S;r;‘i,vlirse)‘ may be different,
(estimated ng m Limit of detection
from noise) estimated from
blank/noise
Au nanoparticles F ;?l;gls-fﬁz e
Cyclic modified SARS-CoV-2 spike anti-SARS-CoV-2 PBS No Not reported 128 = fomL-1 t -1 Broad-d pnami,c No selectivity
voltammetry [39] scieen-f)ri?te; protein (S1) IgG antibodies P =6 pgm gm o ng m range, L(};W cost study reported
carbon electrodes Simple operation
Narrow operating
range, No
) selectivity study
voltargr};lcégy ang ~ Labfabricated Au SARS-CoV-2 anti-SARS-CoV-2 PBS and N Not revorted 0.38 pgmL " and 45005 uaml 1 Labelfree Simple riﬁiféi’irﬁjégf
Impedance [40] miecfocszg zssﬁg es spike protein spike antibodies serum o otreporte 0.30 pg mL~! DTLLO Hgm operation electrodes,
Spectroscopy P Common
self-assembled
monolayer

protocol (SAM)
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Table 1. Cont.
. - Recognition . Integrated Limit of : :
Sensing Principle Substrate Element Target Matrix Negative Control RSD Detection (LOD) Linear Range Advantages Disadvantages
0.4 BAU mL™! B Complex
detection Non-Faradaic fabricati
Lab-made gold . . (upper' > C abrication
. - Trimeric Total limit mode of operation procedure,
ITPEdance i interdigitated SARS-CoV-2spike  anti-SARS-CoV-2  Human serum No Not reported >100 BAU mL"!) 1-100 BAU mL? (capacitive Common
spectroscopy [41] microelectrode protein spike antibodies *BAU corresponds sensing), self-assembled
array to binding Label-free monolayer
antibody units protocol (SAM)
Square-wave Simple operation,
V?)ltammetry Lab-made, Human 0.96 ng mL"" for Multiplex
. paper-based y y g Human serum o IgGs and 1-1000 ng mL~! platform for Limit of detection
ré?jt(t)in;;géznsfgfnzl screen-printed SARS-CoV-2 RBD anltéélzﬁg Icg(l)\>[/ ? (dilution not No 4423 /gof/ooﬁolf IG?\/E;: d 0.14ng mL~! for (logarithm scale) for several analytes estimated from
after antibody graphene antibodies reported) ’ & IgMs (estimated both IgGs and IgMs (antigen and blank/noise
binding) [42] electrodes from noise) antibodies),
i Low cost
Label-free, Simple
5 926 PM]:1 » operation, Simple Some degrf}fe_ of
Impedance Commercial a nti-g :II{I;}EOV-Z 20x diluted ca. 10% (a{nc? % ;n M ) Oglo_églg%()?g }0 tp repetlrs, brilr(l)gi-rslpilehlecn
spectroscopy screen-printed SARS-CoV-2 RBD 16G antibodi Hute Yes (BSA) for 0.1 pg mL~? 7PV and 0. Hg ntegrate ng
. gG antibodies human serum : (0.13ng mL~1) in mL~!in negative control using the
[this study] carbon electrodes _ ) data point , L mL A =N
Kd =6.3nM [45] amplification amplification mode unit, amplification
mode Possible signal protocol
amplification

* Our recalculation based on the typical molecular mass of rabbit IgG antibodies, e.g., 150 kD (150,000 g mol~1).
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4. Conclusions

We demonstrated a simple, label-free, and sensitive immunosensor for impedimetric
detection of human anti-SARS-CoV-2 IgGs. The sensing strategy involved cyclic voltam-
metric deposition of a polyaniline film on a screen-printed carbon electrode, followed by
modification with glutaraldehyde and the RBD subunit of the SARS-CoV-2 spike glycopro-
tein and deposition of glycine to prevent non-specific binding. The immunosensor showed
excellent sensitivity for the detection of SARS-CoV-2 infection in human serum. Practical
applicability was addressed through a dual-working electrode configuration with an inte-
grated negative control unit and by coupling the immunosensor to a portable potentiostat.
The performance of the immunosensor was successfully tested by measuring human anti-
SARS-CoV-2 IgGs in a real serum from an infected patient, achieving good agreement with
a complementary ELISA assay. Such an immunosensor provides a promising and portable
sensing platform for a simple immunoassay that meets the needs of both clinical diagnostics
and vaccine efficacy monitoring. Additional signal amplification with secondary antibodies
has been proposed, but some degree of non-specific binding at the negative control unit has
been observed within this operation mode. It is worth mentioning that matrix variations
should be taken into account in such immunosensing. Improved sensor-to-sensor repro-
ducibility could be achieved by introducing chemical and/or electrochemical pretreatment
protocols for commercial supporting screen-printed electrodes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11040222/s1, Scheme S1: Experimental conditions during
immunosensor preparation steps and measurement.; Figure S1: Polyaniline thickness growth profiles
obtained for different number of electrodeposition cycles. Data were obtained using Equation (1)
presented in the manuscript.; Complementary enzyme-linked immunosorbent assay (ELISA).
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