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Abstract: The development of versatile and sensitive biotools to quantify specific SARS-CoV-2 immunoglobulins in
SARS-CoV-2 infected and non-infected individuals, built on the surface of magnetic microbeads functionalized with
nucleocapsid (N) and in-house expressed recombinant spike (S) proteins is reported. Amperometric interrogation of
captured N- and S-specific circulating total or individual immunoglobulin (Ig) isotypes (IgG, IgM, and IgA),
subsequently labelled with HRP-conjugated secondary antibodies, was performed at disposable single or multiplexed
(8×) screen-printed electrodes using the HQ/HRP/H2O2 system. The obtained results using N and in-house expressed S
ectodomains of five SARS-CoV-2 variants of concern (including the latest Delta and Omicron) allow identification of
vulnerable populations from those with natural or acquired immunity, monitoring of infection, evaluation of vaccine
efficiency, and even identification of the variant responsible for the infection.

Introduction

Over the last two decades, after SARS-CoV and MERS-
CoV, Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) is the third coronavirus causing severe acute
respiratory disease in humans.[1–3] In contrast to the limited
MERS and SARS infections in few countries, Coronavirus
Disease 2019 (COVID-19) caused by SARS-CoV-2 has
affected the whole world, causing a collapse of healthcare
systems and millions of deaths worldwide.[4]

The detection of the body’s natural immune response to
SARS-CoV-2 facilitates contact tracing, the surveillance of
the general population to prevent potential future outbreaks
and to establish “herd immunity” in populations. In
addition, such detection can help in the management of
overall health status and, more importantly, to provide

insight into immunity to future infections.[5,6] With the global
spread of SARS-CoV-2, feasible, accurate, and scalable
detection systems are imperative to combat it efficiently and
safely, and ideally they could be operated outside healthcare
institutions.[7] With the recent emergence of new and more
infectious SARS-CoV-2 variants,[8,9] versatile assays are
needed for an accurate analysis of specific neutralizing
antibodies.

The high throughput and low workload that characterize
serological assays have given rise to more classical diagnostic
methodologies, including nucleic acid testing.[10] Accurate,
rapid, and large-scale identification of infected individuals is
one of the most recent and prominent issues related to the
COVID-19 pandemic.[11] Molecular assays, with PCR-based
methods as the gold standard, show exceptional attributes
for the identification of acute infection, but remain unsuit-
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able for large-scale screening purposes. The monitoring of
SARS-CoV-2 specific antibodies against its antigenic spike
(S) and nucleocapsid (N) structural proteins is necessary not
only for a better understanding of the course of the disease,
but also to contribute to epidemiological studies and assess
vaccine efficacy. Considering SARS-CoV as a reference
model, antibodies against the nucleocapsid protein are the
most sensitive for diagnosing infection through serologic
analysis, as they are produced earlier than antibodies against
other viral antigens.[12] However, the SARS-CoV spike
antigen is considered the best target for neutralizing anti-
bodies and vaccine development, appearing later than those
against the nucleocapsid antigen.

Similarly, specific antibodies against the SARS-CoV-2
nucleocapsid protein can be considered as a relatively early
diagnostic biomarker, as their detection is useful in identify-
ing individuals who have had a recent or previous COVID-
19 infection,[12,13] while the presence of specific antibodies
against the spike antigen correlates well with
neutralization.[14–16]

The detection of IgAs against S- and N-SARS-CoV-2
proteins has been less explored compared to IgG- and IgM-
based serological assays.[17–22] However, kinetics studies of
the antibody response have shown an early appearance of
IgAs.[23] Furthermore, it has been reported that the early
SARS-CoV-2-specific humoral response was dominated by
this antibody isotype, which contributes to SARS-CoV-2
neutralization to a larger extent than IgG.[24] These observa-
tions, together with the high sensitivity provided by SARS-
CoV-2 specific IgA detection,[25,26] evidence the emerging
role of IgA interrogation in the diagnosis of COVID-19.[27]

In terms of the technologies explored for the inter-
rogation of COVID-19 related biomarkers, electrochemical
biosensors have enormous potential because they enable the
implementation of rapid, affordable, and facile infectious
disease tests that can operate at the multiplexed and
multiomics level either in the laboratory or, more impor-
tantly, in a field setting for expediting and improving clinical
decision making. Among the more recently reported studies,
the following can be highlighted: the detection of SARS-
CoV-2 specific S antigen and S-specific IgGs and IgMs using
a paper-based electrochemical platform functionalized with
graphene oxide and detection by square wave
voltammetry,[28] the use of streptavidin-coated carbon
screen-printed electrodes (SPEs) and chronoamperometry[29]

for the detection of S-specific IgGs and IgMs, the prepara-
tion of an antifouling nanocomposite, comprising graphene
oxide, bovine albumin serum, and glutaraldehyde, for the
simultaneous determination of SARS-CoV-2 RNA and
specific antibodies involving CRISPR-based technology and
serological assays, respectively,[30] and the use of magnetic
beads (MBs) combined with carbon black screen-printed
electrodes for the detection of N- or S-SARS-CoV-2
proteins.[31] However, to our knowledge, there are no reports
describing an electrochemical multianalyte platform combin-
ing the remarkable advantages exhibited by MBs modified
with in-house expressed viral antigens coupled to SPEs as
transducers to allow the simultaneous screening of the
humoral immune response against SARS-CoV-2 Wuhan

D614G (B.1 variant) and currently circulating variants of
concern from both a global and specific perspective.
Accordingly, we have developed the first multiplexed plat-
form that combines protein engineering and electrochemical
transduction to detect the presence of total and isotype N-
and S-specific anti-SARS-CoV-2 serum Igs in as little as
75 minutes, with high reliability.

The proposed methodology has been successfully ap-
plied to decipher the global and isotype-specific immune
response of COVID-19 convalescent patients and vaccinated
individuals. More importantly, we used the bioplatforms to
detect variant-specific S antibodies by employing in-house
expressed S-proteins from variants of concern recognized by
the World Health Organization (WHO). To do that, the
murine sera from animals immunized with Wuhan D614G S
variant and human sera from patients infected with SARS-
CoV-2 in the first wave in Spain (March–June 2020) were
surveyed with purified-to-homogeneity S variants: B.1
(Wuhan D614G), Alpha containing the E484K mutation
(Alpha E484K), Kappa, Delta, and Omicron. Importantly,
the proposed methodology has been successfully applied to
discriminate between variant-specific immunized animals as
well as between convalescent and vaccinated subjects,
demonstrating that the bioplatforms can detect variant-
specific antibodies.

Results and Discussion

The rationale for the developed bioplatforms for the
determination of total or isotype N- and S-specific anti-
SARS-CoV-2 serum Igs relies on the use of MBs covalently
functionalized with the corresponding viral antigen (com-
mercial or in-house expressed recombinant proteins) for the
efficient capture of the specific Igs (Scheme 1). The determi-
nation of a single Ig isotype or the total of the three isotypes
was performed by their selective enzymatic labelling with
the corresponding HRP-conjugated secondary antibody or
an antibody cocktail. In all cases, the resulting magnetic
bioconjugates were captured on the working electrode
surface of disposable electrode platforms and amperometric
detection was employed using the H2O2/hydroquinone (HQ)
system. The variation in the measured cathodic current
arising from the enzymatic reduction of H2O2 mediated by
HQ was proportionally related to the concentration of Igs.

Evaluation of Key Experimental Variables

Key experimental variables for the implementation of
immunoassays using N-Ms-IgG (Mouse COVID 19 N
Coronavirus Monoclonal Antibody) or S-Rb-IgG (Rabbit
COVID 19 S RBD Coronavirus Polyclonal Antibody)
standard solutions were optimized. Other experimental
conditions involved in the electrochemical measurements
were the same as those optimized in previous studies.[32–34]

The ratio between the amperometric responses measured in
the presence of a fixed concentration of standards
(50 ngmL� 1 N-Ms-IgG or 250 ngmL� 1 S-Rb-IgG, S signal)
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and in their absence (B signal), i.e., the S/B ratio, was taken
as the selection criterion for the variables summarized in
Table S1 (in the Supporting Information), where the
evaluated range for each variable is also indicated.

As illustrative examples, the results obtained in the
optimizations of the N- and S-antigen concentrations for
their covalent immobilization on activated MBs (Fig-
ure S1A,B, respectively), of the steps used to perform the
immunoassay for the determination of N-Ms-IgG (Fig-
ure S1C), and in the optimization of the secondary antibody
concentration for the enzymatic labelling of S-Rb-IgG
captured on S-MBs (Figure S1D) and the related discussion
are given in the Supporting Information.

Analytical and Operational Characteristics

Under the selected experimental conditions summarized in
Table S1, the analytical and operational characteristics of
the bioplatforms developed for the single amperometric
determination of the S- and N-specific human Igs (hIgs)
isotypes standards are summarized in Table 1 and the
calibration plots displayed in Figure 1. These analytical
characteristics show very high sensitivity for the determina-
tion of N- and S-specific human Igs isotypes. Since normal
serum levels of this type of Igs are in the μgmL� 1 range,[35] it

can be concluded that the developed bioplatforms exhibit
enough sensitivity for their determination in serum and even
in other biofluids, such as saliva. Zeng et al.[36] have recently
used chemiluminescence to estimate the change in the
concentration of N- and S-specific IgGs, IgMs and IgAs of
SARS-CoV-2 21 days after infection, and they reported
mean values between 8.84 and 149.37 μgmL� 1 for the three
isotypes. These concentrations are three orders of magni-
tude higher than the LODs and LOQs (limit of detection
and quantification, respectively) provided by the developed
biotools. When compared with the available ELISA meth-
odologies for the determination of these specific Igs, the
developed bioplatforms are competitive in terms of sensi-
tivity, simplicity, assay time, affordable cost, and compati-
bility with multiplexed point-of-care (POC) determinations.
Indeed, ELISA kits for the detection of IgGs in human
serum against these two viral antigens provide LOD values
of about 5 IUmL� 1, which, considering that 0.115 UmL� 1

IgG=1 mgdL� 1, correspond to μgmL� 1 concentrations,
which are three orders of magnitude larger than those
achieved with the developed bioplatforms. In addition, the
ELISA methodologies require multiple washing steps,
lengthy incubation, and bulky and expensive equipment for
detection, making it labor-intensive, time consuming, and
limited to laboratory settings.

Scheme 1. Fundamentals of the bioplatforms developed for the determination of total (IgG+ IgM+ IgA) and isotype-specific serum Igs against N
and S WT and SARS-CoV-2 emergent variants by exploiting the use of MBs modified with N and in-house expressed S ectodomains of SARS-CoV-2
variants with amperometric detection at disposable single or multiplexed SP8CEs.

Table 1: Analytical and operational characteristics obtained with the developed bioplatforms for the single amperometric determination of isotype
(IgG, IgM and IgA) N- and S-specific anti-SARS-CoV-2 hIgs standards.

S-specific N-specific

Parameter IgG IgM IgA IgG IgM IgA

Linear range [ngmL� 1] 0.4–50 1.1–100 1.2–25 0.1–10 0.3–10 0.4–10
r 0.998 0.998 0.990 0.991 0.996 0.994
Slope [nAmLng� 1] (54�2) (20.4�0.5) (19�1) (449�23) (271�9) (155�8)
Intercept [nA] (157�34) (101�18) (133�13) (276�106) (74�45) (52�39)
LOD [ngmL� 1][a] 0.1 0.3 0.3 0.05 0.07 0.1
LOQ [ngmL� 1][b] 0.4 1.1 1.2 0.1 0.3 0.4
RSD (n=5) [%] 3.3 8.6 7.4 3.0 3.2 5.8

[a] 3×sb/m. [b] 10×sb/m with sb: standard deviation of 10 amperometric measurements obtained in the absence of standard; m slope value of the
calibration plot in buffered solution.
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Moreover, the relative standard deviation (RSD) values
shown in Table 1 were calculated from the measurements
made with five different bioplatforms manufactured in the
same way, for 25, 50, and 10 ngmL� 1 S-hIgG, -hIgM, and
-hIgA, and for 2.5 ngmL� 1 N-hIgG, -hIgM, and -hIgA,
respectively. The RSD values confirmed the acceptable
reliability of the protocols used for the preparation of the
magnetic bioconjugates and the amperometric detection at
the bioplatforms.

Furthermore, bioplatforms constructed with N- and S-
MBs that were stored after their preparation in filtered PBS
at 4 °C provided similar S/B ratios for 50 and 250 ngmL� 1 N-
Ms-IgG and S-Rb-IgG standards 9 and 14 days, respectively,
after preparation of the modified MBs. This allows their
preparation in advance and the simplification of the working
protocol, shortening the assay time required for the determi-
nation to as little as 75 min.

Analysis of the Humoral Immune Responses in Serum Samples
from Uninfected, Infected, and Vaccinated Individuals

The potential of the developed bioplatforms to discriminate
SARS-CoV-2 PCR-confirmed infected (n=12, PC) from
non-infected (n=12, NC) individuals was evaluated by
determining the serum levels of N- and S-SARS-CoV-2
specific immunoglobulins. In all cases, human sera samples
were 1000-fold diluted. This dilution factor was selected
based on the comparison of the slope values of the
calibration plots constructed with the N- and S-specific

isotypes standards in buffered solutions and with diluted
serum samples of a non-infected individual (NC_4). As it
can be seen in Table S2 in the Supporting Information, a
1000-fold dilution factor allowed no apparent matrix effect
to occur. Furthermore, this dilution factor ensured that the
signals obtained from most of the analyzed samples fell
within the linear range provided by the bioplatforms for
each Ig isotype. S- and N-specific IgGs and IgMs levels were
tested to check the ability of the bioplatforms to detect past
and current COVID-19 infections, respectively. IgGs against
N- or S-SARS-CoV-2 specific proteins were observed in
most of the infected individuals, whereas only non-infected
samples NC_5 and NC_6 were positive to N-specific IgGs
(Figure 2A). Furthermore, only 3 out of 12 serum samples
from infected individuals showed N-specific IgMs, with 5 out
of 12 also possessing S-specific IgMs, which indicated that
these patients might still have a current infection with
COVID-19 at the time of sample collection (Figure 2B). The
measured S- and N-specific IgAs levels in the serum samples
were lower than those of IgGs and IgMs for COVID-19
infected patients, highlighting that patients without IgMs
were not IgAs-positive (Figure 2C). Regarding the total
immunoglobulin content (Figure 2D), N- and S-Igs were
detected in all serum samples from infected individuals
except in one sample (PC_3), whereas very low signals were
obtained for non-infected individuals’ serum samples, except
for samples NC_5 and NC_6, which showed Igs levels
against N protein similar to those of the less reactive
samples from infected individuals. Moreover, owing to the
absence of matrix effects for 1000×-diluted serum samples,
the single levels of the six isotypes of target Igs were
quantified by simple interpolation of the amperometric
responses provided by the bioplatforms (displayed in Fig-
ure 2) into the corresponding calibration plot (Figure 1).
The resulting Igs concentrations are summarized in Table 2.

The diagnostic ability of the bioplatforms to detect
COVID-19 patients was analyzed by means of ROC curves.
Individual ROC curves showed that the detection of total
Igs against N and S proteins, as well as the detection of S-
and N-specific IgGs, S-specific IgMs, and S-specific IgAs,
are highly diagnostic for COVID-19 infection, with sensitiv-
ity, specificity, and AUC higher than 80% (Figure S2 in the
Supporting Information). Importantly, the combination of
S- and N-specific immunoglobulins increased the diagnostic
ability, reaching 100% sensitivity, specificity, and AUC
based on the detection of N- and S-specific IgGs (Fig-
ure S3A). It is worth noting the significant improvement in
diagnostic sensitivity (see Figure S3B) by targeting IgMs or
IgAs when MBs are modified with a mixture of N and S
antigens (protocol described in the section “Preparation of
the magnetic conjugates” in the Supporting Information).
However, it is important to note that although this
alternative would simplify the multiplexed determination, it
would not make it possible to discriminate the Igs specific to
each viral protein, which remains essential, considering the
different roles played by both proteins and the interest in
their specific determination due to the incessant appearance
of variants mostly mutated in the S protein rather than the
N protein.

Figure 1. Calibration plots constructed with the developed bioplatforms
for the single amperometric determination of isotype (IgG, IgM and
IgA) S- (A, C, E) and N- (B, D, F) specific anti-SARS-CoV-2 hIgs
standards.
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Figure 2. Amperometric signals provided by the developed bioplatforms for the serological detection of isotype (IgG (A), IgM (B), and IgA (C)) and
total (D) S- and N-specific anti-SARS-CoV-2 Igs in 1000×-diluted serum samples from non-infected (NC) and infected (PC) individuals. The
presence of negative bars is due to the fact that in all cases the given amperometric responses are obtained after subtracting the signals recorded
for each serum sample with the unmodified-MBs (no viral antigen immobilized) to correct for the nonspecific adsorption of hIgs on the MBs.

Table 2: Concentrations[a] of S- and N-specific anti-SARS-CoV-2 IgG, IgM, and IgA, in μgmL� 1, as determined with the developed bioplatforms.

S-specific N-specific

Subject IgG IgM IgA IgG IgM IgA

NC_1 ND[b] ND ND ND ND 1.0�0.1
NC_2 ND 1.3�0.2 ND ND 0.053�0.004 ND
NC_3 0.89�0.03 ND ND 0.85�0.06 ND ND
NC_4 ND ND ND ND ND 0.21�0.04
NC_5 ND ND ND 1.5�0.2 0.16�0.01 0.23�0.04
NC_6 ND ND ND 1.7�0.2 0.068�0.005 0.59�0.09
NC_7 ND ND ND ND ND 0.032�0.003
NC_8 ND ND ND ND ND ND
NC_9 ND ND ND ND 0.038�0.004 ND
NC_10 ND ND ND 0.31�0.02 0.25�0.02 ND
NC_11 ND ND ND ND ND ND
NC_12 ND ND ND ND 0.057�0.004 ND

PC_1 59�6 73�17 107�21 1.5�0.2 ND 0.6�0.1
PC_2 135�13 31�7 1.5�0.2 1.4�0.1 0.85�0.09 ND
PC_3 ND ND ND 1.9�0.1 ND ND
PC_4 47�4 ND ND 4.8�0.5 ND 0.013�0.002
PC_5 9.6�0.9 ND ND 3.5�0.3 ND 0.8�0.1
PC_6 107�10 58�11 10�0.2 8.9�0.9 2.9�0.3 8�2
PC_7 15�1 ND ND 6.0�0.6 ND 0.34�0.05
PC_8 35�3 1.9�0.3 0.25�0.04 3.9�0.3 ND 0.60�0.07
PC_9 84�9 68�14 5.5�0.9 25�3 ND 4.8�0.6
PC_10 13�1 ND ND 2.5�0.2 ND 0.40�0.06
PC_11 121�14 73�16 13�3 8.2�0.8 5.0�0.4 4.2�0.8
PC_12 123�12 ND ND 5.4�0.4 ND 0.9�0.2

Cutoff value [μgmL� 1][c] 5.25 1.60 0.15 1.1 0.55 0.25

[a] Mean value� t× s/
p
n, n=3, α=0.05. [b] Non-detectable. [c] Cutoff value estimated in serum samples by ROC curves to discriminate NC and

PC individuals.
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It is important to note the good agreement between the
quantitative results provided by the bioplatforms with the
concentrations reported by other authors for the target Igs
(8.84—149.37 μgmL� 1 for S- and N-specific Igs)[36] as well as
for S-specific Igs with the qualitative Luminex methodology
used in the clinical routine (Table S3, ROC curves data
summarized in Table S4 and bioplatforms–Luminex correla-
tion plots displayed in Figure S4). Conversely, a poor
correlation between the results provided by the bioplatforms
and Luminex was observed for N-specific Igs. Interestingly,
ROC curves for N-specific Igs were much better with the
bioplatforms over Luminex, obtaining at the same time
quantitative Igs levels. All these results confirmed the
suitability of the developed bioplatforms to quantify the
levels of target Igs in an affordable way and with the
possibility of use at the POC. In addition, the analysis of
these quantitative results by the ROC curves allowed the
establishment of the cut-off values shown in Table 2 for
each specific isotype, to discriminate between COVID-19
infected and non-infected individuals. All these data show
the usefulness of the developed bioplatforms for the
serological discrimination between non-infected and in-
fected COVID-19 individuals and between the latter accord-
ing to the neutralizing antibody loading they have gener-
ated.

Moreover, the potential of the bioplatforms for a more
complete monitoring of the immune response was evaluated
by using an eight-electrode SPCE array able to monitor in a
single platform and a single experiment the total content of
Igs and the individual IgG, IgM, and IgA against the two
viral proteins tested. Accordingly, eight different batches of
MBs were individually modified with the viral protein
antigens (four with S- and four with N-) and the total Igs or
isotypes specific to them were captured from the analyzed
serum sample and detected through their enzymatic label-
ling with the corresponding HRP-conjugated secondary
antibody or antibody cocktail. The corresponding magnetic
bioconjugates were captured on each working electrode
(WEs1–WEs8) of the SP8CE and the eight amperometric
responses were recorded simultaneously. Four SP8CEs were
used: two for the analysis of sera from a healthy individual
and a COVID-19 infected patient, and two more SP8CEs to
monitor the background current obtained in each case after
incubation of the corresponding and properly diluted serum
sample with unmodified MBs. The results are displayed in
Figure 3 and, as expected, the amperometric responses

provided by both arrays for each viral antigen/Ig(s) were
consistent with those obtained at the single platforms
showing larger amperometric responses in all cases for the
infected individual.

In addition, the bioplatforms were used to monitor the
IgGs and IgMs levels against S and N antigens in vaccinated
(positive and negative for SARS-CoV-2) vs. non-vaccinated
(negative for SARS-CoV-2) individuals. The corresponding
quantitative results are summarized in Table 3. Figure 4
shows individuals immunized with either AstraZeneca or
Pfizer-BioNTech vaccines who had recovered from the
infection possessed considerably higher S-IgG levels than
vaccinated individuals who had not been infected with
SARS-CoV-2. However, no significant differences were

Figure 3. Schematic diagram of the disposable SP8CEs multiplexed
platform used showing the capture of the corresponding modified MBs
onto each sensing unit (1–8) (A) and real amperometric traces
recorded for 1000×-diluted sera from a representative healthy individu-
al (dashed line) and a COVID-19-infected patient (solid line) (B) for the
detection of total S- and N-specific anti-SARS-CoV-2 Igs (top left), and
specific IgG (top right), IgM (bottom left), and IgA (bottom right).

Table 3: Concentrations[a] of IgG and IgM S- and N-specific anti-SARS-CoV-2 Igs, in μgmL� 1, determined with the developed bioplatforms in serum
samples from vaccinated (either positive, COVID+ , or negative, COVID� , for SARS-CoV-2) and non-vaccinated (negative for SARS-CoV-2 and
control of the assay) individuals.

S-specific N-specific

Subject IgG IgM IgG IgM

Non-vaccinated (COVID� ) ND[b] ND ND 0.23�0.02
Pfizer BioNTech (COVID� ) 35�3 ND 1.6�0.2 ND
Pfizer BioNTech (COVID+) 154�17 ND 0.44�0.04 ND
AstraZeneca (COVID+) 179�20 ND 0.93�0.07 ND

[a] Mean value� t× s/
p
n, n=3, α=0.05. [b] Non-detectable.
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observed when N-IgG levels were compared and IgMs did
not provide useful results. Quantitative results in Table 3 are
consistent with the fact that S-specific Igs, which play a key
role in neutralizing activity of SARS-CoV-2 virus, can be
induced by vaccination, thus providing information on the
vaccine response.[37,38] Conversely, N-specific Igs responses
were considerably lower than those of S protein in
convalescent vaccinated individuals. These results suggest
the feasibility of the bioplatforms to quantify natural anti-
bodies developed after COVID-19 infection or antibodies
developed after vaccination.

Detection of Variant-Specific S Antibodies

We employed the bioplatform to analyze the IgG immune
response to different S variants. Three different sera from—
1) 10 mice immunized with S Wuhan D614G variant,
2) individuals convalescent from COVID-19 infection during
the first wave in Spain, and 3) individuals vaccinated with
Pfizer BioNTech and AstraZeneca SARS-CoV-2 vaccines—
were analyzed to evaluate their response against S variants
of Wuhan D614G, Alpha E484K, Delta, Kappa, and
Omicron (Figure 5). IgGs from mice immunized with S
Wuhan D614G variant (Figure 5A) were able to recognize
the Alpha E484K, Kappa, and Delta S variants at a lower
extent than the Wuhan D614G S variant. Remarkably, the
Omicron S variant was the least recognized (Figure 5B).
Moreover, the bioplatform was able to detect a different
immune response for the different variants in convalescent
(Figure 5C) and vaccinated (Figure 5D) individuals. More
importantly, it was observed that IgGs produced against the
S Wuhan variant recognized the Alpha, Kappa and Delta S
variants to a lower extent, with the Omicron variant as the
least recognized, for individuals infected with SARS CoV-2.
However, sera from vaccinated individuals showed the
lowest recognition of the Delta and Omicron variants in
contrast to the Alpha E484K and Kappa variants whose
recognition was more similar to that observed for the
Wuhan D614G S variant.

These results agree with Delta and Omicron SARS-
CoV-2 variants’ immune escape and reinfection, with the
Omicron variant more likely to reinfect than Delta
variant.[39,40] In addition, these results also support the

Figure 4. Comparison of the amperometric signals provided by the
developed bioplatforms for the serological detection of S- and N-
specific anti-SARS-CoV-2 isotypes (IgG and IgM) in 1000×diluted
serum from vaccinated (either positive or negative for SARS-CoV-2)
and non-vaccinated (negative for SARS-CoV-2 and control of the assay)
individuals.

Figure 5. Analysis of the S-specific IgGs against five Spike variants. Amperometric signals provided by the developed bioplatforms using MBs
modified with in-house expressed S ectodomains of SARS-CoV-2 variants (Wuhan D614G, Alpha E484K, Kappa, Delta, and Omicron). Specific S-
IgGs from sera of 10 immunized mice with the S Wuhan D614G variant (WT in the figure) were measured using five Spike variants (Wuhan
D614G, Alpha E484K, Kappa, Delta, and Omicron) (A and B). Pool of five sera from individuals infected with SARS-CoV-2 in the first wave in Spain
and non-infected as control were surveyed for IgG response against the five indicated Spike variants (C). Serum from individuals vaccinated with
the indicated vaccines (with positive or negative infection to Covid (COVID+ and COVID� , respectively) and non-vaccinated (NV) was surveyed
for IgG response to the Spike variants (D).
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bioplatforms’ availability to detect any variant that may
arise and their potential to identify the variant responsible
for the infection. These bioplatforms can also be used to
evaluate the efficacy of vaccines and the possibility of
reinfection, depending on the amount of neutralizing anti-
bodies, thus allowing the implementation of personalized
vaccination strategies.

Conclusion

We have developed amperometric bioplatforms suitable for
monitoring SARS-CoV-2 humoral immune response
through the detection and quantification of isotype-specific
antibodies against S and N proteins. The bioplatforms were
employed to detect antibodies in sera from individual either
infected or vaccinated with Pfizer-BioNTech or AstraZene-
ca. The bioplatforms were also useful in detecting specific
antibodies to different Spike variants as surrogate markers
of variant-specific infection of different individuals. This is
important for predicting the future status of the pandemic,
monitoring new emergent variants, determining whether
vaccinated individuals maintain an important level of anti-
bodies able to block these new variants, and even determin-
ing whether new vaccinations are needed, which could help
prevent possible future outbreaks of the pandemic.

Moreover, since it is well known that viral load peaks
several days after infection and can remain above the
infectious threshold for up to a month after infection, the
high sensitivity and quantitative ability of the bioplatforms
would allow longitudinal assessments to detect early in-
fections when viral load is still low, due to the amplification
factor by the immune system, and to ensure that patients are
isolated for a sufficient period of time to avoid premature
re-entry into the community.

It is also important to highlight the high versatility of the
developed methodology owing to the use of in-house
expressed variants, thus allowing the rapid screening of new
variants, and electrochemical transducers, which makes it
possible, in a simple way, to utilize disposable multiplexed
electrode substrates with large working sensor units (cur-
rently commercially available with up to 96). These highly
multiplexed electrochemical devices will open the door to
provide even more complete information on the humoral
immune response (e.g. by interrogating, globally or individ-
ually, Igs against other SARS-CoV-2 antigens) or regarding
different key aspects of COVID-19 disease in addition to
the immune response, such as viral infection and disease
severity by interrogating specific signatures of biomarkers at
multiomics level: viral RNA and antigenic receptor/proteins
and proteins/cytokines related to the infection severity.
These devices would provide information of great relevance
for: 1) identifying vulnerable populations or those with
natural or acquired immunization; 2) allowing timely detec-
tion of exaggerated responses of the immune system thus
minimizing their fatal consequences; and 3) performing
epidemiological studies on the variant responsible for the
infection and the efficacy of available vaccines against the

variants already identified and the possible emergent ones
envisioned by experts.

Furthermore, the simplicity of the developed bioplat-
forms and their compatibility with the use of amperometric
detectors at the point of care, such as the glucometer, mean
that, unlike ELISA and Luminex methodologies, they can
be used in any environment, including congregate settings or
even at home.

Experimental Section

Apparatus and electrodes, reagents and solutions, patient sera,
design, cloning, expression, and purification of Spike variants, SDS-
PAGE and Western Blot (WB) analysis, mouse Wuhan D614G
Spike variant immunization and mouse serum samples, preparation
of the magnetic bioconjugates, amperometric measurements, Lumi-
nex assay, and statistical analysis, are described in detail in the
Supporting Information.
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