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A B S T R A C T

This work presents an innovative ultra-sensitive biosensor having the Spike protein on carbon-based screen-
printed electrodes (SPEs), for monitoring in point-of-care antibodies against SARS-CoV-2, a very important tool
for epidemiological monitoring of COVID-19 infection and establishing vaccination schemes. In an innovative and
simple approach, a highly conductive support is combined with the direct adsorption of Spike protein to enable an
extensive antibody capture. The high conductivity was ensured by using carboxylated carbon nanotubes on the
carbon electrode, by means of a simple and quick approach, which also increased the surface area. These were
then modified with EDC/NHS chemistry to produce an amine layer and undergo Spike protein adsorption, to
generate a stable layer capable of capturing the antibodies against SARS-CoV-2 in serum with great sensitivity.
Electrochemical impedance spectroscopy was used to evaluate the analytical performance of this biosensor in
serum. It displayed a linear response between 1.0 pg/mL and 10 ng/mL, with a detection limit of ~0.7 pg/mL.
The analysis of human positive sera containing antibody in a wide range of concentrations yielded accurate data,
correlating well with the reference method. It also offered the unique ability of discriminating antibody con-
centrations in sera below 2.3 μg/mL, the lowest value detected by the commercial method. In addition, a proof-of-
concept study was performed by labelling anti-IgG antibodies with quantum dots to explore a new electro-
chemical readout based on the signal generated upon binding to the anti-S protein antibodies recognised on the
surface of the biosensor. Overall, the alternative serologic assay presented is a promising tool for assessing pro-
tective immunity to SARS-CoV-2 and a potential guide for revaccination.
1. Introduction

In just two decades of the 21st century, numerous viral epidemics/
pandemics have occurred that have been recognised by the World Health
Organization. These include Severe Acute Respiratory Syndrome Coro-
navirus (SARS-CoV, 2003), Chikungunya (2005), Influenza A (H1N1)
(2009), Middle East Respiratory Syndrome Coronavirus (MERS-CoV,
2012), Ebola (2014, 2019), and Zika (2015/2016) [1]. Such frequent
outbreaks are evidence that future pandemics can be expected [2]. In this
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context, zoonotic viruses are considered the leading potential pathogens,
for which there are neither effective vaccines nor drugs. The most
compelling example is the recent outbreak of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), which triggered Coronavirus
Disease 2019 (COVID -19) with devastating effects worldwide [3].

The highly contagious properties led to a rapid increase in the number
of infected individuals. The high prevalence of asymptomatic individuals
has also led to a high rate of transmission of the disease. Although there
are no accurate quantitative data in the literature, reports suggest that
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approximately 30% of the population exposed to the virus is asymp-
tomatic and transmits the disease. In addition, the signs of COVID -19 are
nonspecific and include respiratory symptoms, fever, cough, dyspnoea,
and viral pneumonia that require biochemical testing for diagnosis.
Although the inherent infectious properties of the virus cannot be
altered, it is possible to improve the biochemical tests that are currently
being conducted worldwide to stratify the population, monitor the level
of immunity in the community, and conduct viral surveillance [4].

Separating those infected (who must remain in quarantine) from
those who have an immunological response against the virus (antibodies)
is essential for controlling pandemics and improving the global economic
scenario. This will allow a portion of the population to return to their
“normal” activities without risk. In addition, in order for currently
available vaccines to be administered, it must be demonstrated that an-
tibodies against SARS-CoV-2 have formed, and it must be known how
they develop in individuals over time and how they subside over time.
This is especially important at the community level, but difficult to
implement at the global level [5].

Overall, monitoring of antibody levels is necessary to guide antiviral
treatment, infection control, epidemiologic measures, and vaccination.
Serologic testing is essential for evaluating the qualitative and quanti-
tative results of immune responses and has proven to be a valuable tool
since the onset of infection. These tests are important public health tools
to limit the risk of exposure and unintentional spread of the virus. This
could be critical to limit the global spread of the disease and allow for the
establishment of checkpoints for people in transit, including airports. In
addition, a global antibody test would also allow stratification of pop-
ulations by no, weak, moderate, or strong immune response, which is
particularly important for achieving our “normal” life [6,7].

Therefore, tools should be available to detect SARS-CoV-2 antibodies
in the general population at different time points for each individual.
Current methods include enzyme-linked immunosorbent assay (ELISA)
tests, which are neither rapid enough to allow immediate action nor
sensitive enough to detect early stages of viral infection and disease
onset. They also require laboratory facilities and specific equipment and
reagents. In addition, some of these reagents are expensive and not
available to meet global needs [8,9].

Alternative rapid systems using biosensors have also been developed.
These could be ideal modern tools as they have the potential to develop
simple and inexpensive devices with low limits of detection for anti-SARS
CoV-2 antibodies. Currently, lateral flow assays are the most popular
biosensors for SARS CoV-2 serological assays because they have several
advantages, such as ease of use and rapid response time. However, they
have limited sensitivity and sensing capability compared to biosensors
and are also more expensive [8]. In contrast, electrochemical biosensors
can provide efficient, rapid, and accurate analysis, for which many pa-
pers have been published in the literature using this technology [10].
However, electrochemical biosensors also face some challenges that
delay technology transfer to reach commercialization at the point-of-care
[11].

Recent works on antibody detection can use renewable materials as
substrates [12], optical techniques with special engineered antibodies
[13] or plasmonic-based readout devices [14] and specially designed
nanostructure arrays [15]. Overall, these works provide good analytical
properties but require several steps for electrode assembly, which can be
very complex and/or require specialised and expensive instrumentation.
Therefore, a simple biosensor for serological monitoring of SARS-CoV-2
antibodies is still lacking in the literature, which is particularly impor-
tant to allow scaling up to an industrial production and their global use.

The performance of an electrochemical biosensor depends on the
characteristics of the electrode's interface and external conditions.
Immobilization capacity, sensitivity, conductivity or specificity of the
biosensor may be affected by the electrode's surface area and material
composition [16,17]. Therefore, nanomaterials emerge as a promising
resource to modify the electrode's interface to enhance its efficiency
characteristics, improving the biosensor analytical performance. Carbon
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nanomaterials are particularly suitable for carbon electrodes and engi-
neering their atomic properties allow for a variety of carbon allotropes
that might answer to a diverse range of applications [18]. Carboxylated
single-walled carbon nanotubes (SWCNTs), formed by a nanoscale gra-
phene sheet folded around itself, are characterized by strong covalent
bonding, high tensile strength, improved electron transfer, high surface
area-to-weight ratio and porosity (important for protein immobilization)
and good thermal stability (which may have a positive impact on the
reproducibility of the sensor) [16,19,20].

Additionally, engineered nanoparticles may also be used as electro-
chemical labels. Cadmium telluride quantum dots (CdTe QDs) are
colloidal semiconductor fluorescent nanoscale crystals that can be easily
modified with biomolecules such as antibodies, generally improve the
stability of the sensor as well as its photoelectric properties [21–23], and
present good interaction with carbon nanotubes [24], making these
nanoparticles an interesting electrochemical probe for our biosensor.

Thus, this article presents a sensitive electrochemical biosensor that,
although assembled using an amazingly simple procedure, can detect
small amounts of antibodies in human serum (and in much smaller
amounts than conventional methods). The biosensor uses commercially
available screen-printed electrodes (SPEs) with a carbon working elec-
trode containing p-phenylenediamine and protein S. Analytical proper-
ties are evaluated, and the devices are tested in human serum and further
validated using a commercial benchmark method restricted to laboratory
facilities. Electrochemical detection is performed in two ways: with an
iron redox probe or with anti-IgG labelled with QDs.

2. Experimental section

2.1. Reagents and solutions

All chemicals were of analytical grade and ultrapure Milli-Q water
laboratory grade (conductivity<0.1 μS/cm) was used. Chemical reagents
included potassium hexacyanoferrate III (K3[Fe(CN)6]) from Carlo Erba;
potassium hexacyanoferrate II (K4[Fe(CN)6]) trihydrate from Panreac;
carboxylated single-walled carbon nanotubes (SWCNT); N-ethyl-N’-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDAC), p-phenyl-
enediamine, phosphate buffered saline (PBS, 0.01 mol/L, pH 7.4), N,N-
dimethylformamide (DMF) were purchased from Sigma-Aldrich; N-
hydroxysuccinimide (NHS) was acquired from Merck; recombinant
SARS-CoV-2 Spike protein, S1 subunit, Host Cell Receptor Binding
Domain (RBD), rabbit anti-SARS-CoV-2 S protein antibody, and rabbit
anti-SARS-CoV-2 nucleocapsid (N) protein antibody were obtained from
RayBiotech.

2.2. Apparatus

Electrochemical measurements were performed using a PalmSens4
potentiostat/galvanostat controlled by PSTrace 5.8 software. Commer-
cial carbon SPEs (C-SPEs) fromMetrohmDropSens (DRP-110) were used.
These contain a three-electrode system, including: (a) a carbon counter
electrode, (b) a silver reference electrode, and (c) a 4 mm diameter
carbon working electrode. The C-SPEs were connected to a PalmSens
switch box that allows connection to the potentiostat.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) was performed in the range of�0.3 toþ 0.7
V at a scan rate of 50 mV/s. Electrochemical impedance spectroscopy
(EIS) was performed in open circuit with a sinusoidal potential pertur-
bation with an amplitude of 0.01 V and 50 data points logarithmically
distributed over a frequency range of 0.1–100000 Hz. The SWV data
require a sampling potential of �0.3 to þ0.7 V, with a frequency of 2 Hz
and a step height of up to 2.5 mV.

For the EIS data, Nyquist plots were used to represent the spectra
obtained, showing the frequency response of the electrolyte system and
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plotting the imaginary component (Z00) of the impedance against its real
component (Z0). The EIS data were fitted to the typical Randles equiva-
lent circuit, typically employed in impedimetric biosensors, and being
composed herein of solution resistance (Rs), double layer capacitance
(Cdl), and charge transfer resistance (Rct) [25–28]. RS is the resistance
between the working and reference electrode. RCT is the electron transfer
resistance across the electrode-electrolyte interface. Cdl is the specific
capacitance at the interface of the electrolyte and the electrode and is
characterized by the non-faradaic charge that arises from the surface.
Analysing the collected data, circuit elements displayed errors below 5%.

In general, the electrical properties at the working electrode surface
were monitored by CV, EIS, and SWV studies using a redox probe solution
of 5.0 � 10�3 mol/L [Fe(CN)6]3� and 5.0 � 10�3 mol/L [Fe(CN)6]4� in
PBS buffer pH 7.4.
2.4. Preparation of C-SPE biosensor

The approach used to build the current biosensor is described in Fig. 1
and was inspired by our previous work on malaria and Zika diagnostics
[29,30]. The first step involves the dispersion of carboxylated SWCNT in
DMF (1.0 mg/mL) during 60 min. Then, the working electrode was
incubated with 1.16 μL of the SWCNT solution and dried at 72 �C for 30
min (Fig. 1A). In the next step, the carboxyl groups on the surface of
SWCNT were activated with a solution of EDAC and NHS (0.025 mol/L
EDAC and 0.0125 mol/L NHS) for 90 min in a humid chamber at room
temperature. The p-phenylenediamine (0.02 mol/L) was then bound to
the SWCNT by incubation for 60 min to obtain an amine layer on the
working electrode (Fig. 1B). Finally, S protein (0.019 mg/mL) was bound
to the amine layer for 40 min at room temperature and in a humid
environment (Fig. 1C). All solutions were prepared in PBS buffer pH 7.4,
unless otherwise indicated. Subsequently, the analytical performance of
the biosensor was determined by detecting antibodies bound to the S
protein (Fig. 1D).
2.5. Characterization by Raman spectroscopy

Each step of the sensor design was followed by Raman spectroscopy
by direct analysis of the material in a Thermo Scientific DXR Raman
spectroscope equipped with a 532 nm laser. The average signal-to-noise
ratio (peak height/RMS noise) was allowed for 900 s of measurement
time, after up to 2 min of photobleaching, with up to 3 mWof laser power
and a 50 μm slit aperture.
Fig. 1. Schematic representation of the C-SPEs and the functionalization of the wo
phenylenediamine through EDAC/NHS coupling reaction; (C) binding of S protein a
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2.6. Ethics statement

Human serum was collected at Centro Hospitalar e Universit�ario de
Coimbra (CHUC) from patients with or without a clinical history of
COVID -19 and without concomitant comorbidities (cardiovascular,
autoimmune, or respiratory disease). Positive samples were collected
randomly during routine blood analysis by the clinicopathology service
of the University Hospital of Coimbra (Patients details is shown in
Table S1). The collected human samples were immediately frozen until
use. This study was approved by the CHUC Ethics Committee (Process
number OBS.SF.220-2021), always ensuring the protection of personal
data through anonymization (General Data Protection Regulation 2016/
679).
2.7. Analytical performance of the biosensor

The analytical performance of the sensor layer was evaluated by in-
cubation with increasing standard concentrations of antibody solutions
(anti-S protein) ranging from 1 pg/mL to 10 ng/mL prepared in PBS
buffer pH 7.4. Each standard was incubated for 40 min at room tem-
perature in a humidified environment. After incubation with each stan-
dard concentration, the sensor was washed and its impedimetric
properties were analysed by EIS using the iron redox probe. The
analytical response of the biosensor was also evaluated in negative
human serum, i.e., serumwithout anti-S protein antibodies, which served
as a control and was spiked with known standard concentrations of anti-S
protein antibodies. Standards were prepared in negative human serum
diluted 500-fold in PBS buffer pH 7.4, and the incubation time was set at
40 min. All assays were performed in triplicate.

The limit of detection (LOD) corresponded to the xþ 3σ, where x is
the average value of the EIS blank signals (obtained in the absence of
anti-S protein) and σ is the known standard deviation of the EIS blank
signal in successive measurements [31].

Biosensor selectivity was evaluated by incubation with the anti-N
protein antibody in the same concentration range used to determine
the calibration curve with the anti-S protein antibody. Similarly, the in-
cubation time was set at 40 min and all electrochemical assays were
performed in triplicate.
2.8. Analysis of human serum samples by VIDAS®

Immunoassay tests were performed using the VIDAS® equipment
rking electrode: (A) addition of carboxylated SWCNT; (B) modification with p-
nd (D) electrochemical detection of anti-S protein antibody.
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from Biom�erieux (Marcy l'Etoile, France). This instrument performs an
automated qualitative ELISA for the detection of specific anti-SARS-CoV-
2 IgG in human serum, which requires the use of the VIDAS SARS -CoV-2
IgG 423834-02® kit (BioM�erieux, Marcy l'Etoile, France). This kit con-
tains the disposable solid phase strips, solid phase vials containing hu-
manized recombinant SARS-CoV-2 antigen, the standard (with
humanized recombinant anti-SARS-CoV-2 IgG antibody), and the posi-
tive (also with humanized recombinant anti-SARS-CoV-2 IgG antibody)
and negative controls (without the humanized recombinant anti-SARS-
CoV-2 IgG antibody) (https://www.biomerieux-diagnostics.com/vidas
-sars-cov-2). In addition, the solutions used to generate the standard
curve were obtained by successive dilutions of the purified anti-SARS-
CoV-2 S-protein S1 recombinant antibody from BioLegend (San Diego,
CA, USA).

The different solutions of the purified anti-SARS-CoV-2 S-protein S1
recombinant antibody were prepared. Then, 100 μL of these solutions
were added to a designated spot on the kit strip and the automated
qualitative ELISA was performed. First, the instrument dilutes the con-
tents of the container. Then, the coated antigen captures the SARS-CoV-2
specific IgG, and a wash step follows to remove the unbound compo-
nents. In a second step, the mouse monoclonal antibodies conjugated
with alkaline phosphatase specifically recognize the IgG present in the
contents. Again, the device performs a wash step to remove the unbound
components. Finally, the instrument performs an incubation step by
adding the substrate 4-methyl-umbelliferyl phosphate to the sample/
standard, which is hydrolysed to the fluorescent product 4-methyl-
umbelliferone. The fluorescence of this product is measured at 450 nm
and a relative fluorescence value (RFV) is generated (Fig. S1) [32].

2.9. Correlation of VIDAS® signal with standard anti-S solutions

Even though VIDAS® gives an RFV value, the information it provides
is only qualitative. It is considered a positive result if the test value
(which is the quotient between the RFV of the sample and the RFV of the
instrument standard 1) is equal to or above 1.00, and negative if it is
below 1.00 [32,33] However, the RFV values are proportional to the
concentration when anti-S standard solutions are analysed by VIDAS®.
This allows the conversion of RFV values to concentration. To this end,
anti-S standards of 0; 1.0; 5.0; 10.0; 25.0; 50.0; 100; 250 μg/mL were
analysed by VIDAS®.

2.10. Analysis of human sera with the electrochemical biosensor

The positive serum samples were tested to evaluate the biosensor
response compared to the VIDAS® results. The serum samples only had to
be diluted beforehand (500-fold dilution in PBS, pH 7.4) to fit within the
linear range of the sensitive biosensor and avoid interference from the
serum matrix. All assays were performed in triplicate.

2.11. Synthesis of quantum dots and conjugation with anti-human IgG
antibodies

Red emitting cadmium telluride quantum dots capped with 3-mercap-
topropionic acid CdTe@MPA QDs were prepared according to a previous
protocol with minor modifications [23]. Conjugation of antibodies with
red emitting CdTe@MPA QDs was performed as follows. A solution of
QDs (2.5 mg/mL) in PBS 0.01 mol/L pH 7.2 was incubated with goat
anti-human IgG (51.02 μg/mL), EDAC (1.25 mg/mL), and NHS (1.50
mg/mL) for 3 h at room temperature in a total volume of 100 μL. Then,
30 mL of glycine (10 mmol/L) was added and the reaction mixture was
incubated at room temperature for 30 min. Finally, the resulting solution
was centrifuged at 8500 rpm for 3 min in the Amicon™ Ultra-0.5 cen-
trifugal filter device. The filtrate solution was discarded, and the mem-
brane was inverted to collect the anti-human IgG@QDs conjugates at the
final concentration of 51.02 μg/mL. The procedure was repeated for the
4

preparation of anti-human IgG@QDs at 10.10 μg/mL and 101.01 μg/mL
(Fig. S2).

2.12. Secondary anti-human IgG@QDs as electrochemical labels

First, different concentrations of secondary goat anti-human IgG an-
tibodies (10.10, 51.02, and 101.01 μg/mL) labelled with CdTe QDs were
each incubated on one of the three sensor-modified surfaces with the
maximum positive serum concentration detected by our biosensor (752
ng/mL) to select the optimal concentration for signal detection (Fig. S2).
The composite working electrode surface of five other biosensors was
incubated with PBS pH 7.4 for 40 min at room temperature until stabi-
lized. Then, positive serum solutions diluted in negative serum (107, 150,
188, 250, and 752 ng/mL) were incubated on each of the five composite
sensors. The selected concentration of QDs-labelled IgG antibody con-
jugates was then added to our device to label the primary antibodies
present in the positive serum by incubating it at room temperature for 90
min. Instead of a redox probe, a solution containing 0.1 mol/L KCl as
electrolyte was used to allow a more practical direct reading. The pa-
rameters of the SWV method had a potential range of �1.0 V to �0.2 V,
with a potential step of 2.5 mVwith an amplitude of 0.02 V at a frequency
of 2 Hz.

3. Results and discussion

3.1. Biosensor assembly and characterization

The biosensor was constructed in three steps: Carboxylation of the
carbon substrate, subsequent amination of this surface, and adsorption of
S-protein. The preparation of an aminated surface directly on the carbon
substrate could combine the first two steps and further simplify the
procedure, but this was tried in several other ways that did not show
sufficiently satisfactory results in terms of electrochemical stability to be
a convincing electrochemical biosensor for global application.

The electrochemical features of the C-SPEs in each of these steps were
followed by CV, EIS and SWV tests, with a standard iron redox probe,
whose typical data are shown in Fig. 2. Carboxylation of the carbon
working electrode on the C-SPEs was performed by casting carboxylated
SWCNTs. As expected, the electrochemical properties showed that the
electrical properties of the sensing layer were improved after modifica-
tion with carboxylated carbon nanotubes. The effectiveness of this step
was more evident in the EIS and SWV data, with a lower Rct value of
~549Ω and a higher current of ~48.62 μA, respectively, compared to the
original readings. After this modification, amination of the working
electrode with p-phenylenediamine was achieved by an EDAC/NHS
coupling reaction between the carboxyl groups of SWCNT and an amine
group of p-phenylenediamine [34]. Subsequently, the S-protein was
incubated on the amine layer, which resulted in a decrease in current at
both CV (~83.68 μA) and SWV (~33.98 μA). In addition, a significant
increase in Rct (1038.67 Ω) was observed. These results suggest that the
S-protein recognition layer was successfully formed on the electrode.

The chemical modification of each step of the biosensor construction
was followed by Raman spectroscopy (Fig. S3). The typical G and D bands
of the C-SPE were located at 1583.0 cm�1 and 1350.8 cm�1, respectively,
indicating the presence of a graphitic nanomaterial with sp2 and sp3

carbon-hybridization systems. Incubation of the carboxylated SWCNT
onto the working electrode significantly changed the Raman spectra
obtained. The G and D bands were now at 1590.62 cm�1 and 1342.21
cm�1, respectively, with the D band decreasing more than tenfold
compared to the G band. Overall, this confirmed the presence of the
carbon nanotubes on the C-SPE [35]. Subsequent addition of EDAC/NHS,
p-phenylenediamine, S-protein, and anti-S-protein antibodies did not
result in significant changes in Raman spectra, also confirmed by calcu-
lating the ratios of the intensities of G and D bands (Table S2). Overall,
the significant change in Raman spectra was observed only after the
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incubation of the carboxylated SWCNTs, with only minor changes in the
D-band and G-band observed in the subsequent phases of the biosensor
assembly.
3.2. Analytical performance in PBS buffer

The analytical properties of the biosensor were evaluated by testing
increasing concentrations of the anti-S protein antibody, followed by EIS
measurements and the generation of calibration curves. The typical
Fig. 3. EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL
curve (B). Readings were performed with the redox pair 5.0 � 10�3 mol/L [Fe(CN)6]

3

5

Nyquist plots of the EIS measurements are shown in Fig. 3A. They show a
positive correlation between the increase in Rct and the successive in-
crease in antibody concentration. These results indicate that the
impedimetric resistance, i.e., the diameter of the semicircles in the
Nyquist plots, increases with increasing amount of antibody that recog-
nizes and binds the S protein. The sensor showed a linear range between
1.0 pg/mL and 10.0 ng/mL, while higher concentrations saturate the
sensor layer (Fig. 3B). The reproducibility of the sensor system was
confirmed by performing three independent calibrations, with new
– 100 ng/mL) in PBS buffer: Nyquist plots (A) and the corresponding calibration
� and 5.0 � 10�3 mol/L [Fe(CN)6]

4� prepared in 0.01 mol/L PBS buffer pH 7.4.
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biosensing units. The relative standard deviation of the slope was ~2.6%,
with an average slope of 280.47 Ω/decade. The squared correlation co-
efficient of the calibrations was >0.99. The reproducibility of the elec-
trochemical response was excellent, proving that the system is
reproducible, considering that the RSD values ranged from 0.5% (mini-
mum) to 1.11% (maximum) in a linear trend. Overall, these results
showed a highly sensitive response to anti-S protein antibodies with a
LOD of 0.77 pg/mL.
3.3. Selectivity of the biosensor

The biosensor had a recombinant S protein on the surface of the
working electrode so that it should bind selectively to anti-S protein
antibodies. This selective binding may be confirmed by examining the
response of the biosensor to other competing compounds. Since infected
humans also have anti-N protein antibodies, it was considered here to
evaluate the selectivity by checking the cross-reactivity of the biosensor
with these specific antibodies. Distinguishing between antibodies to S
and N proteins is also critical for tracking COVID -19. Technically, anti-N
proteins are expected to interfere little to not at all with the measurement
of anti-S proteins.

In this study, the selectivity of the biosensor was evaluated by
examining the response to individual solutions of anti-N and anti-S
protein antibodies prepared in the same concentration range over the
concentration range of the linear response. The data collected considered
the Rct values obtained in each EIS measurement, and the average values
were plotted in Fig. 4. In general, in the presence of the anti-N protein
antibody, the biosensor showed a uniform response (like the blank) over
the entire concentration range tested. This contrasted with the increasing
Rct values of the biosensor in the presence of the increasing concentra-
tions of anti-S protein antibody.
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Overall, the data suggest that the current biosensor is not affected by
the presence of the anti-N protein antibody and that it responds accu-
rately to the anti-S protein antibody. These are interesting results, as any
analytical tool capable of distinguishing spike-from nucleocapsid-specific
immunity can help to study the immunological response of post-infected
or vaccinated individuals [10,36].

3.4. Analytical performance in spiked human serum

The analytical performance of the sensing layer was evaluated using
negative human serum spiked with anti-S protein antibodies to provide
more realistic information in the context of real-world applications. The
negative serum was diluted 500-fold to better match the sample to the
linear trend of the biosensor. The EIS measurements were used to eval-
uate the biosensor response, and the calibration curves were plotted as
Rct versus the logarithm of concentration (Fig. 5). Rct values increased
with increasing antibody concentration (Fig. 5A), and a linear trend was
confirmed in the range of 1.0 pg/mL and 10 ng/mL. The average slope
was 1825.5 Ω/decade, which was greater than that of the buffer, indi-
cating that sensitivity increased. This likely reflects the higher
complexity of the sample matrix (including higher ion and protein con-
tent), as the absolute Rct values were higher than those of the buffer at
comparable concentrations. Overall, the biosensor provided reproducible
responses, with relative standard deviations of slope of ~4.0. The
squared correlation coefficient of all calibrations was also >0.99, con-
firming the quality of the linear trend (Fig. 5B). Overall, these results
showed a sensitive response to detect anti-S antibodies with a very low
LOD. Although tested in a more complex matrix, LOD was not signifi-
cantly different from LOD in PBS buffer pH 7.4 and was 0.70 pg/mL. This
LOD is in the range or even lower than recent findings reported in the
literature for other electrochemical biosensors, mostly also containing
nanomaterials that improve the sensitivity (Table S3).

Considering the detection of antibodies in infected humans and
because the serum was diluted 500-fold, the biosensor can be used to
analyse human sera from 0.5 ng/mL to 5000 ng/mL. This is a wide
concentration range that will simplify future application procedures,
although more concentrated solutions may saturate the biosensor and
require additional dilution. However, further testing was performed with
positive samples, as the level in the serum of a healthy person (negative
serum) is quite different from that of a person with COVID -19.

3.5. Analysis of positive sera samples

The ability of the electrochemical biosensor to determine antibody
levels in different positive human samples was tested by analyzing the
same samples with both the biosensor and VIDAS®. Since VIDAS® only
provides qualitative data (positive or negative) in terms of antibody
levels in sera, we generated a standard curve using different standard
solutions of purified anti-SARS-CoV-2 S1 recombinant protein anti-
bodies. The RFV values obtained for these antibodies (expressed in
arbitrary units) were correlated with the logarithm of the antibody
concentration, enabling the extraction of quantitative data from this
commercial method. The data obtained are shown in Fig. S4 and consider
only the concentration range of the antibodies, which have a linear
behaviour. The anti-S-SARS CoV-2 IgG concentration in the sera could be
now calculated by intersecting this curve, which gives an idea of the
range of anti-S protein IgG antibody concentrations in the COVID-19
positive population.

The samples included in this comparative study contained different
ranges of antibody concentrations (n ¼ 5), as expected given the quite
variable RFV concentrations in VIDAS®. The concentrations chosen for
this purpose are well above the capabilities of the biosensor and range
from 5 to 230 μg/mL. Prior to analysis, samples were treated according to
the method used. For VIDAS®, the procedure provided by the commer-
cial instrument was used, while for the biosensor only an appropriate
dilution was performed.



Fig. 5. EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL – 100 ng/mL) spiked in negative human serum (500-fold diluted in PBS buffer):
Nyquist plots (A) and the corresponding calibration curve (B). Readings were performed with the redox pair 5.0 � 10�3 mol/L [Fe(CN)6]3� and 5.0 � 10�3 mol/L
[Fe(CN)6]

4� prepared in 0.01 mol/L PBS buffer pH 7.4.
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The concentrations of these samples obtained with VIDAS® and the
biosensor are shown in Table S4. The concentrations obtained with the
biosensor were extracted from the correlation of the log concentration of
antibodies known to be present in the samples with the Rct values of each
of these positive samples (Fig. S5). This was done to provide a valuable
correlation between the positive sera and the electrochemical method,
which proved necessary to eliminate the effect of the sample matrix now
containing additional biomolecules required to combat the disease. At-
tempts were made to compare the readings with the concentrations of
antibodies diluted in negative sera, but the data obtained were not reli-
able. It was also noted that the Rct values increased well beyond the usual
calibration ranges, which indeed confirmed some influence of the posi-
tive samples, but these had no significant effect upon the concentration of
antibodies yielding a linear trend.

Overall, the relative errors in this analysis ranged from �10.2 to
þ15.3%. Considering that these are human samples, these results can be
considered accurate [37,38]. Furthermore, these are excellent results
considering that the samples were highly diluted in the biosensor mea-
surements and that the two methods have very different operating
principles. This also indicates that the biosensor can be considered an
important alternative to current methods, especially when lower
amounts of antibodies are involved.
3.6. Comparison of method capabilities to low antibody concentrations

From the data obtained, it appeared that the biosensor was able to
detect much lower concentrations of antibodies than VIDAS®. To
confirm this, a positive human sample with a concentration of approxi-
mately 225.66 μg/mL was diluted down to different concentration levels
and evaluated using both methods.

VIDAS® was only able to measure concentrations up to 2256 ng/mL,
which corresponds to a 100-fold dilution of the original sample. At higher
serum dilutions, corresponding to 150, 107, and 83 ng/mL, the analytical
signal in VIDAS® was similar, indicating that the concentration was
equal to or lower than 2.3 μg/mL and that further concentration differ-
ences could not be distinguished. Overall, VIDAS® was unable to
discriminate between antibody concentrations below 2.3 μg/mL. This is a
fairly high concentration and confirms the limited ability of the
comparative method to provide accurate data for lower antibody con-
centrations (the commercial method works well but only provides reli-
able data for higher concentrations).

In contrast, serial dilution of this sample resulted in a linear trend
against antibody concentration by EIS. This was achieved when the
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concentration incubated on the biosensor ranged from 70 to 752 ng/mL,
with clearly distinguishable values for concentrations of 150, 107, and 83
ng/mL. The electrochemical biosensor was thus able to detect differences
between samples that had much lower concentrations than those ana-
lysed by VIDAS®, down to 70 ng/mL. Validation of the data obtained by
EIS was not performed because we were not aware of any method suit-
able for comparison at such low concentrations. This unique feature of
the proposed devices could be a valuable tool for future epidemiological
studies and for understanding changes in antibody levels associated with
vaccination (as a recommendation for clinicians on when to recommend
a new vaccine dose).
3.7. Alternative electrochemical analysis of human sera

Considering the good results obtained in testing positive human
serum with the electrochemical biosensor, another proof-of-concept was
explored by developing and using nanoparticles as electrochemical
markers bound to secondary antibodies. These secondary antibodies bind
the anti-S protein antibodies recognised on the surface of the biosensor
and generate an electrochemical signal. For this purpose, the secondary
antibodies were labelled with CdTe QDs, which are nanoscale colloidal
semiconductor crystals that have electrochemical properties (Fig. S2)
[24]. The electrochemical results of the QDs were investigated in terms of
metal oxidation by SWV, moving from �1.0 V to positive potentials.

In a proof-of-concept study, different concentrations of anti-human
IgG antibodies labelled with CdTe-QDs were tested to evaluate their ef-
fects on current measurements at the sensor surface (Fig. 6). The most
diluted and the most concentrated solutions of the IgG antibodies pro-
duced similar current values (1.60 μA and 1.63 μA, respectively).
Therefore, considering the fluorescence values obtained for the different
concentrations of QDs-labelled IgG antibodies, we decided to label the
primary antibodies with the lower concentration of IgG antibodies (10.10
μg/mL), as this could be a more dispersed solution containing a higher
ratio of CdTe-QDs nanocrystals for each IgG antibody (thereby ampli-
fying the signal).

In this approach, the biosensor was first incubated in a solution
containing diluted positive serum (107, 150, 188, 250, or 752 ng/mL)
and then in a solution containing anti-human IgG@QDs of 10.10 μg/mL.
The SWV data obtained for these concentrations are shown in Fig. 6D and
reflect the metal oxidation readings. The current signals decreased with
increasing antibody concentration, yielding a linear trend when the peak
height values were plotted against the log concentration of the antibody
(150 ng/mL to 752 ng/mL). In principle, one would expect that a higher



Fig. 6. (A and B) Fluorescence signals of red emitting QDs in the presence of increasing concentrations of goat anti-human IgG, in PBS 0.01 mol/L pH 7.2. (C) UV–vis
absorption spectra of goat anti-human IgG in PBS 0.01 mol/L pH 7.2 (a) and the UV/vis spectra of red emitting QDs 2.5 mg/mL in PBS 0.01 mol/L pH 7.2, (b) along
with the correspondent fluorescent spectra (c). (D) SWV voltammograms of different concentrations of positive serum containing primary antibodies conjugated with a
10.10 ng/mL concentration of IgG secondary antibodies labelled with CdTe QDs.
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amount of anti-S antibody would lead to a higher number of IgG@QDs
conjugates, which in turn should lead to a higher current value due to the
higher amount of QDs. However, the system may undergo opposite ef-
fects during the incubation of the IgG@QDs conjugates. While the anti-
bodies block the electrical surface and decrease the current signals, the
current value of the observed peak increases with increasing number of
QDs. Since this leads to opposite effects and the linear trend has a
negative slope, it was obvious that the anti-IgG dominated the signal
obtained.

In any case, this proof-of-concept approach is an alternative way to
read the electrochemical response if one wishes to obtain a more selec-
tive response. Alternatively, direct electrochemical measurements using
the iron redox probe already outperform conventional methods such as
VIDAS® in terms of LOD and sensitivity.

4. Conclusions

A rapid serological test to diagnose and/or monitor immunity after
SARS-CoV-2 infection or vaccination remains a challenge given current
technologies. ELISA-based methods are not very sensitive and reliable
quantitative information is scarce. Here we demonstrate the successful
development of a simple, innovative, highly sensitive and selective
biosensor for the detection of antibodies to the S protein in human serum.
8

This novel electrochemical biosensor can be used post-infection or post-
vaccination when circulating antibody concentrations are lower and
cannot be detected by conventional ELISA methods. Its detection capa-
bilities significantly outperform commercial methods available on the
market and are comparable or better than other electrochemical methods
described in the literature.

It is important to note that a cross-response of the biosensor against
other SARS virus was not evaluated. However, a cross-reactivity with
other antibodies against these means that one's serum has antibodies that
also recognize S protein, meaning that there is an expected degree of
protective immunity conferred by these. Thus, as the main target of the
biosensor is to monitor the protective immunity by means of antibodies,
an eventual cross-reactivity would not hamper the result of a test pro-
vided by this biosensor in point-of-care.

Overall, the biosensor provides very low LOD values and can reach
very low concentrations of positive sera when testing human sera.
Therefore, the biosensor described here has the potential to become a
valuable tool for early diagnosis andmonitoring of antibody levels during
vaccination follow-up. Future work will therefore focus on miniaturiza-
tion and the use of different nanomaterials as well as an environmentally
friendly substrate, as paper. The development of multiplex biosensors
covering a variety of different viruses is also foreseeable.
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