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The increasing mutation frequency of the SARS-CoV-2 virus and the emergence of successive variants have made
correct diagnosis hard to perform. Developing efficient and accurate methods to diagnose infected patients is
crucial to effectively mitigate the pandemic. Here, we developed an electrochemical immunosensor based on
SARS-CoV-2 antibody cocktail-conjugated magnetic nanoparticles for the sensitive and accurate detection of the
SARS-CoV-2 virus and its variants in nasopharyngeal swabs. The application of the antibody cocktail was
compared with commercially available anti-SARS-CoV-2 S1 (anti-S1) and anti-S2 monoclonal antibodies. After
optimization and calibration, the limit of detection (LOD) determination demonstrated a LOD = 0.53-0.75 ng/
mL for the antibody cocktail-based sensor compared with 0.93 ng/mL and 0.99 ng/mL for the platforms using
anti-S1 and anti-S2, respectively. The platforms were tested with human nasopharyngeal swab samples pre-
diagnosed with RT-PCR (10 negatives and 40 positive samples). The positive samples include the original,
alpha, beta, and delta variants (n = 10, for each). The polyclonal antibody cocktail performed better than
commercial anti-S1 and anti-S2 antibodies for all samples reaching 100% overall sensitivity, specificity, and
accuracy. It also showed a wide range of variants detection compared to monoclonal antibody-based platforms.
The present work proposes a versatile electrochemical biosensor for the indiscriminate detection of the different
variants of SARS-CoV-2 using a polyclonal antibody cocktail. Such diagnostic tools allowing the detection of
variants can be of great efficiency and economic value in the fight against the ever-changing SARS-CoV-2 virus.

1. Introduction in India, and then other new variants followed everywhere [1]. The

emergence of these variants was associated with a high increase in

The rapid mutation of the SARS-CoV-2 virus is one of the major
problems limiting the quick development of treatments and vaccination.
Since its emergence, there have been many variants discovered around
the world. The first identified variant was the alpha variant (B.1.1.7)
that appeared in the United Kingdom. Later, the beta variant (B.1.351)
was identified in South Africa, followed by the delta variant (B.1.617.2)

contagiousness, which made controlling the fast spread difficult. From a
public health perspective, monitoring SARS-CoV-2 infections need to
cover the various variants during screening.

Several approaches have been proposed for SARS-CoV-2 detection
and diagnosis [2]. The most used process in routine practice is real-time
polymerase chain reaction (RT-PCR) that detect nucleic acids associated
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Fig. 1. Illustration of the MNP-based electrochemical immunosensor platform for detecting COVID-19 (and its variants). (A) Nasopharyngeal samples were obtained
from patients and identified using RT-PCR for SARS-CoV-2 and its variants. At the same time, antibodies were purified from positive human serums using affinity
chromatography and confirmed via specific SARS-CoV-2 ELISA. (B) Conjugation steps of the magnetic nanoparticles (MNPs) for sample preparation. (C) Design and

application of the electrochemical sensor in the detection of SARS-CoV-2.

with virus particles. This costly method requires lengthy sample prep-
aration and highly trained experts [3]. Taken together, interest in
point-of-care (POC) diagnostic tools has increased. Traditional POC
tools such as lateral flow assays are based on immunologic analysis to
detect viral proteins in samples [4]. They present an excellent choice to
tackle the rapid propagation of the pandemic due to their fast turn-
around, portability, and simplicity compared with RT-PCR. However,
they face significant drawbacks when it comes to sensitivity, especially
since some patients have been reported to have a low virus load in the
case of SARS-CoV-2.

Electrochemical biosensor platforms are one of the current modal-
ities used as diagnostic tools due to their potential for cost reduction,
small size, and portability [5,6]. Screen-printed carbon electrodes
(SPCE) are often preferred in sensor platforms due to their small size and
suitability for low sample volumes [3,7]. The electrode surface can be
modified with various nanoparticles such as gold [8] or carbon nano-
tubes [9] that increase the surface area of the working electrodes. This
increases the number of immobilized detecting agents and increases
sensing accuracy [10,11]. Magnetic nanoparticles (MNPs) are among
the most interesting nanoparticles used in biomedicine, especially SPCE
sensors, due to their easy synthesis process. MNPs have exceptional
properties such as high field irreversibility, high saturation field,
superparamagnetic and additional anisotropy contributions [4]. These
magnetic properties allow them to form a biocompatible disposable
recognition surface [12] and increase the sensitivity and stability of the
sensing systems [13].

POCs using immunologic interactions (antibodies and antigens) for
their sensing efficiency cannot keep up with the increasing number of
variants, especially when a new antibody/antigen has to be developed
each time. As such, practical tools for the efficient and cost-effective
detection of the SARS-CoV-2 virus and its various variants are strongly
needed. Indeed, the selection of antibodies is an important consideration
in preparing immunosensors. The most accurate result is obtained when
the antigen in the sample and the antibody are properly matched [3,14].
In this context, antibody selection is even more critical for platforms

designed to detect mutant viruses such as SARS-CoV-2. In this case, it is
advantageous to use antibody cocktails with antibodies that recognize
multiple viral proteins. According to some reports, antibody cocktails
have a higher virus detection rate (including variants) and allow the
detection of variants that evade the antibodies used in traditional testing
methods (mainly represented by monoclonal antibodies) [15,16]. Even
if it is impossible to distinguish which variant is involved, a diagnosis
can be made thanks to the interaction of these immobilized antibody
cocktails with the antigens in the sample. This is because the detection is
mainly achieved through various targets that indiscriminately recognize
the virus regardless of its mutation [16].

The present study reports the development of an “All-in-one” elec-
trochemical immunosensor for the indiscriminate diagnosis of SARS-
CoV-2 and its variants using a combination of SPCE, MNPs, and an
antibody cocktail. For this purpose, three different MNP-based immu-
nosensor platforms were prepared. Two of these platforms were con-
structed using commercially available SARS-CoV-2-specific anti-S1 and
anti-S2 antibodies and compared with the platform using the antibody
cocktail to detect the original, alpha, beta, and delta variants of SARS-
CoV-2. The analysis performance and data were performed and ob-
tained through electrochemical measurement, including differential
pulse voltammetry (DPV), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS).

2. Material and methods
2.1. Chemicals and instruments
Details of chemicals and instruments can be found in the supple-

mentary information. The experimental steps performed in this study
are summarized in Fig. 1.

2.2. Collection of clinical specimens

A total of 50 nasopharyngeal swabs were collected at Ege University
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Hospital (Izmir, Turkey) with informed consent and ethical approval
from the Ege University Clinical Research Ethics Committee (No. 20-8T/
28). Samples were analyzed using RT-PCR and divided into positive (n
= 40) and negative (n = 10) groups. Positive samples were further
divided according to the variant (original, alpha, beta, and delta). All
samples were coded, de-identified, aliquoted, and stored at —80 °C until
use. Swab samples (n = 50) were analyzed with a commercial SARS-
CoV-2 nasal antigen rapid test. Serum samples (n = 20) were also
collected as before and analyzed by SARS-CoV-2 ELISA assay. Serums
were obtained to purify a polyclonal antibody cocktail following the
procedure described in our previous work using Protein A affinity
chromatography [14].

2.3. MNPs synthesis

MNPs were synthesized by the coprecipitation method according to
the procedure of Sanli et al. [12]. Briefly, equal volumes (100 mL) of 2.0
M FeCls and 1.0 M FeCl; solutions were stirred (2300 rpm) at 80 °C
under a stream of nitrogen gas. Then, 10 mL of a 25% NH4OH solution
was slowly dropped into the solution, followed by a 30 min incubation.
The resulting black MNP solution was washed a few times with water
and ethanol, and then the MNPs were dried at 80 °C for 6 h. The MNPs
were stored at room temperature until use.

2.4. Modification

MNPs were prepared by amino functionalization following Stober’s
modification method [17]. MNPs (300 mg) were suspended in 100 mL
80% ethanol and 2.5 mL ammonium solution. After sonication of the
solution, 5.0 mL of TEOS (tetraethyl orthosilicate) was added, and the
solution was incubated for 4 h at 40 °C. The solution was washed a few
times with methanol to remove unreacted TEOS. For the
amino-functional MNPs, the obtained silica-coated MNPs were sus-
pended in 100 mL methanol and 5.0 mL of APTES mixture. After soni-
cation for 15 min, the obtained solution was mixed for 6 h at 60 °C.
Excess APTES was washed with methanol and water, and the particles
were dried at room temperature. The amino-functional MNPs were
stored at room temperature until use.

2.5. Bioconjugation

SARS-CoV-2 specific S1 and S2 proteins were attached to the surface
of amine-functional MNPs via EDC/NHS chemistry, according to the
study of Singh et al. [18]. To this end, 10 mg EDC and 1.7 mg NHS were
mixed with 0.5 mg MNP in 150 mL MES buffer (0.1 M, pH 6.0) and
allowed to react for 10 min at room temperature with shaking. The
MNPs were collected with a neodymium magnet and washed twice with
distilled water. The activated MNPs were resuspended in 250 mL PBS
buffer (0.01 M, pH 7.4). Subsequently, different concentrations of
SARS-CoV-2 specific S1 or S2 proteins (2.5, 10, 25, 50, 75, 100, 150,
200 ng/mL) prepared in PBS buffer were added to 50 mL of MNP so-
lution to a final volume of 300 mL and allowed to react for 2 h at room
temperature. The resulting MNP-antigen conjugates were collected with
a magnet, washed twice with 1.0% BSA solution prepared in PBS buffer,
and finally resuspended in 100 mL of the same solution. All
antigen-MNP conjugates were freshly prepared before each use.

2.6. Immunosensor fabrication

To prepare the immunosensor platforms, after performing electro-
chemical measurements on the bare SPCE, a neodymium magnet was
placed in the center of the backside of the SPCE working electrode, and
20 pL of MNP-antigen conjugates were applied to the SPCE surface.
Then, 5.0 pL of the 250 pg/mL SARS-CoV-2 specific anti-S1 antibody,
anti-S2 antibody, and the antibody cocktail prepared in 1X PBS buffer
(pH 7.4) were added to the electrode surface and incubated at room
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temperature for 30 min. After each modification step, electrochemical
measurements were performed. The biosensor responses were calcu-
lated based on the difference of the signals before and after the addition
of the antibodies, giving the difference of the current values. The elec-
trochemical measurements include differential pulse voltammetry
(DPV), cyclic voltammetry (CV), and electrochemical impedance spec-
troscopy (EIS) (detailed protocol can be found in the supplementary
information).

2.7. Optimization and calibration

To optimize the antibodies concentration, the immunosensor plat-
form was designed as previously described, and antibodies were added
at different concentrations (25, 50, 125, 250, and 500 pg/mL) and left
for 30 min at room temperature. To optimize the incubation time of
antibodies, DPV measurements were performed 15, 30, 45 and 60 min
after antibodies addition (250 pg/mL) over the surface.

The different immunosensor platforms were calibrated by applying
increasing concentrations of the various antigens (S1 and S2) (1.0-200
ng/mL) followed by the addition of the various antibodies at 250 pg/mL.
DPV measurements were performed, and the current difference between
the antigens and the antibodies addition (ApA) was calculated and used
for the determination of the analytical features of the immunosensors.

2.8. Sample application

Clinical nasopharyngeal swabs (grouped as original variant (n = 10),
alpha variant (n = 10), beta variant (n = 10), delta variant (n = 10), and
negative (n = 10)) and vNAT buffer (facilitating extraction) were diluted
100-fold with 1X PBS (pH 7.4) and conjugated with MNPs activated via
EDC/NHS according to the conjugation procedure described above. The
conjugates (20 pL) were applied to the bare SPCE surface. After washing
and drying the SPCE, 5.0 pL of the 250 pg/mL SARS-CoV-2 specific anti-
S1 antibody, anti-S2 antibody, and antibody cocktail prepared in 1X PBS
buffer (pH 7.4) were dropped onto the electrode surface and incubated
at room temperature for 30 min. Electrochemical measurements were
performed after each modification step.

2.9. Data and statistical analysis

Results are presented as mean + standard deviation (SD). The data
for the calibration was fit to a nonlinear four-parameter logistic curve,
and all parameters were calculated as described previously [19]. The
limit of detection (LOD) was calculated as LOD = LOB+(1.645 x SDjow
cone. sample)- LOB is the limit of blank and is calculated as LOB = mean-
blank+(1.645XSDpjank). Other analytical features such as sensitivity,
specificity, and accuracy were calculated according to the formulas
described in the Supporting Information. The threshold calculations
were performed using the Boxplot analysis method. The data analysis
was performed using GraphPad Prism V8.0 software.

Statistical analyses were carried out using one-way analysis of vari-
ance (ANOVA), multiple comparisons were performed using a non-
parametric test with Kruskal-Wallis and Dunn’s posthoc test (Graph-
Pad Prism 8.0). p-values < 0.05 were considered as statistically
significant.

3. Results and discussion

Managing SARS-CoV-2 has been mostly revolving around the effi-
cient diagnosis of infections. Therefore, many efforts were spent devel-
oping specific tools targeting functionally active structures of the virus
[20]. The main proteins targeted for SARS-CoV-2 diagnostic are the
spike glycoprotein (S), envelope protein (E), matrix protein (M), and
nucleocapsid protein (N) [21]. Although RT-PCR is currently the stan-
dard method for diagnosing SARS-CoV-2, it has some inconveniences
such as the cost, need of trained personnel, and centralization [22]. As
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such, researchers turned toward developing point-of-care (POC) tools
and portable biosensors to circumvent the difficulties seen in PCR. Most
of the developed biosensors are designed to detect the S and N proteins
of the virus using commercial antibodies [23-26]. The S protein is the
preferred target for diagnosing SARS-CoV-2 as it is required for viral
entry into host cells and, therefore, directly contributes to the virulence
of SARS-CoV-2. The S1 subunit has low evolutionary protein homologies
within the coronavirus family, suggesting that it may potentially exhibit
less cross-reactivity among endemic coronaviruses [27]. The N protein
plays an essential role in the transcription and replication of viral RNA,
packaging the encapsulated genome into virions and inhibiting the cell
cycle process of the host cells. The N protein is abundantly expressed
during infections and has high immunogenic activity. Therefore, it is
crucial for antibody-based detection of SARS-CoV-2. However, the N
protein homology between SARS-CoV-2 and SARS-CoV-1 is estimated at
90% compared with S protein (77%), specifically the S1 subunit
including the RBD (66%). This makes the N protein unfavorable in terms
of cross-reactivity [28]. Recent studies have shown that N protein-based
antibody assays can exhibit a higher false-negative rate than the S1
subunit. The S1 subunit purified from mammalian cells shows the
highest performance distinguishing COVID-19 patients from controls
[29,30]. Despite all this, the mutation occurrences on the S protein that
continuously produce newly emerging variants make this target difficult
and less trustworthy.

In this work, an electrochemical immunosensor system based on
antigen-antibody affinity using magnetic nanoparticles and an antibody
cocktail was developed for the indiscriminate detection of SARS-CoV-2,
including its variants. The platform’s performance was compared with
the same system using commercial SARS-CoV-2-specific anti-S1 and
anti-S2 monoclonal antibodies. These platforms are designed as antigen
tests. Typically, monoclonal antibodies (mAbs) are used for such antigen
tests due to their high specificity. Yet, polyclonal antibodies have a high
capacity to detect different epitopes, which is of great importance due to

the continuous emergence of new SARS-CoV-2 variants [16,31,32].

Studies suggest the use of mAb cocktails for the treatment of COVID-
19 [16,33]. In these studies, it was observed that the viral load decreased
when synthetically prepared mAbs were mixed and administered to the
patient to mimic the immune system. In another study, mAbs were also
effective against variants [16]. These therapeutic approaches are also
known as passive vaccination. In addition to therapeutic approaches and
vaccines, evidence is accumulating for the use of antibody cocktails in
diagnosis. In our previous study, cocktail antibodies were used to
develop paper-based lateral flow platforms with dye-loaded polymer-
somes to detect the original variant of SARS-CoV-2 antigens [14]. The
current study aimed to take further advantage of the polyclonal anti-
body cocktail advantages in detecting the different variants of
SARS-CoV-2 following our latest work demonstrating that the polyclonal
antibody cocktail can identify specific regions from the English variant
through mass spectrometry analysis [34].

3.1. Conjugate characterization

MNPs were synthesized and functionalized with amino groups to be
used for the development of immunosensors. Amino functional MNPs
were conjugated with target proteins (S1, S2, and nasopharyngeal
swabs) to generate different immunosensors via EDC:NHS crosslinkers.
SEM images were performed to characterize the MNPs and conjugates.
An increase in size was observed after conjugating the SARS-CoV-2
protein with the amino-functional MNP (Fig. S1).

3.2. Surface modification of immunosensors

The electrochemical behavior of the developed immunosensors was
investigated by electroanalytical techniques (cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS)). When the non-
conjugated amino-functional MNPs, MNPs with EDC:NHS crosslinkers,
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and target proteins-conjugated MNPs were dropped onto the empty
SPCE, a typical decrease in both oxidation and reduction of CV peak
heights were observed [35-37]. The reduction of peaks can be explained
because large groups of bulky materials added to the surface prevented
electrons from entering the electrode surface. Although there was no
significant difference between the peaks of EDC:NHS-treated MNP and
amino-functional MNP, the peak decreased significantly after the MNP
surface was conjugated with target proteins (Fig. 2). This decrease in-
dicates the successful conjugation between the amino group of the MNP
and the carboxyl groups of target proteins via the EDC:NHS chemistry.

In the next step, commercial SARS-CoV-2-specific anti-S1, anti-S2
mADbs, and the antibody cocktail were applied to the surface. Based on
the successful protein-antibody interactions, similar electrochemical
behaviors were observed in this step. The recognition of the S1 and S2
proteins by their respectively specific antibodies happened as expected.
Furthermore, a polyclonal antibody cocktail could identify both S1 and
S2 antigens, as demonstrated by the CV measurements (Fig. 2). Addi-
tionally, EIS measurements were also performed and analyzed by the
Nyquist plot. This plot consists of two parts, including lower and upper
frequencies. At lower frequencies, the diagonal lines observed indicate
the typical diffusion of the redox behavior on the electrode surface,
while at higher frequencies, the observed semicircular peaks indicate
the change in electron transfer resistance. To annotate the EIS mea-
surements, an electrical circuit was designed including Rs (solution
resistance), Zw (Warburg impedance), Cdl (double layer capacitance),
and Rct (change in electron transfer resistance). As expected, the resis-
tance values increased and continued to grow after each modification
step of the immunosensor platform (Fig. 3). The data of the CV and EIS

measurements are summarized in Table S1-S2.
3.3. Optimization studies for antibody immobilization

The immobilization time of the antibodies, which significantly af-
fects the performance of the MNP-based immunosensor platforms was
optimized using a 250 pg/mL antibody concentration and incubated for
different periods. The incubation of 30 min demonstrated the best
optimal condition for the signal analysis (Fig. S2 A-C). The optimization
steps also addressed the concentration of the antibody immobilized over
the biosensor. The MNP-based immunosensor prepared by incubating
250 pg/mL antibody showed the best oxidative current response for
each antibody and was considered as optimal (Fig. S2 D-F).

3.4. Analytical features

Differential pulse voltammetry (DPV) measurements were used to
determine other analytical parameters of the developed immunosensors.
Similar to the results obtained from CV, a decrease in oxidation peaks
was observed after each modification step (Fig. 4).

Calibration graphs were made using the current difference of DPV
peaks obtained by adding antibodies and MNP-conjugated to target
proteins over the electrode surface (Fig. 5). The data was fit onto a
nonlinear four-parameter logistic curve. The LOD of the MNP-S1 protein
conjugate-based immunosensor was calculated to be 0.93 ng/mL after
the addition of the S1 antibody. In contrast, the use of the antibody
cocktail yielded 0.53 ng/mL (Fig. 5A and B, Table 1). For the MNP-S2
protein conjugate, the LOD was estimated as 0.99 ng/mL with anti-S2
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Table 1
Analytical parameters.
Analytical Values
Parameters
MNP-S1/ MNP-S1/ MNP-S2/ MNP-S2/
S1 Ab Cocktail Ab S2 Ab Cocktail Ab

Detection Range 2.5-200 1-200 1-200 2.5-100
(ng/mL)

a (zero 0.099 0.493 1.249 0.894
concentration)

b (slope factor) 3.502 2.861 2.715 12.029

¢ (mid-range 29.977 51.209 16.504 11.067
concentration)

d (infinite 2.894 3.343 2913 3.265
concentration)

Correlation 0.952 0.994 0.771 0.921
coefficient

LOB (ng/mL) 0.828 0.510 0.835 0.510

LOD (ng/mL) 0.930 0.538 0.994 0.756

Repeatability (+SD)  0.03 0.008 0.08 0.051

Coefficient of 2.630 3.870 3.340 3.360

variation (%)

antibody and 0.75 ng/mL for the antibody cocktail (Fig. 5C and D,
Table 1).

The repeatability (+SD) was tested by measuring the current dif-
ferential at the same concentration on different electrodes (n = 3) by
selecting the midpoint of the calibration graph for each sensor platform
(Table 1). The coefficient of variation was calculated accordingly and
was less than 10% for the four different sensors. The low coefficients of
variation obtained for each sensor confirmed that the immunosensors
have high repeatability [38]. The various analytical parameters
analyzed for the current electrochemical immunosensor are summarized
in Table 1.
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3.5. SARS-CoV-2 analysis in clinical samples

The RT-PCR confirmed clinical samples were used to investigate the
detection performance of the developed SARS-CoV-2 immunosensors
using different antibodies. A total of 50 nasopharyngeal swabs were
collected from patients, of which ten were negative, and the rest were
positive (n = 40). Moreover, the positive samples were classified as
original, alpha, beta, and delta variants according to RT-PCR data.

In the designed immunosensor platforms, MNP was conjugated to the
swab samples and vNAT buffer. DPV measurements were performed
before and after immobilization of the antibodies on the electrode sur-
face, and the oxidation current difference was calculated. Fig. 6 shows
the electrochemical immunosensor response obtained for the anti-S1
antibody, anti-S2 antibody, and antibody cocktail for swab samples
from patients with negative, original, alpha, beta, and delta variants. In
addition, Tables S3 and S4 provide the current differential values ob-
tained for each sample and vNAT buffer. Differential values for the vNAT
buffer were similar to the current differential values for the negative
samples. These results indicate that the vNAT buffer did not cause
interference on the sensor platform. The response of the sensor platforms
to clinical samples was classified by calculating the threshold for each
immunosensor, with samples that responded below the threshold clas-
sified as negative and values that responded above the threshold as
positive. The red lines in Fig. 6 demonstrate the threshold values: 1.5 pA
for the anti-S1 antibody, 1.4 pA for the anti-S2 antibody, and 1.1 pA for
the antibody cocktail. The results of the MNP-based immunosensor
platform developed for each antibody to detect the SARS-CoV-2 and its
different variants were compared with the Ct values data and a
commercially available rapid antigen test (lateral flow assay) (Table S4).
Using these results, the sensitivity, specificity, and accuracy were
calculated for the three different immunosensors (Table 2). The anti-
body cocktail provided the best analytical features reaching 100%

Cocktail Ab Fig. 6. Electrochemical signals of COVID-19 pa-

tients swab specimens (+(original), «, p, and A
variants) and non-infected individuals (negative

“-”). Each bar represents the mean + SD of three
separate measurements. The red lines represent
the threshold lines. Below this line indicates
negative results, and above indicates positive re-
sults. (A) MNP/EDC:NHS/Clinical samples/anti-
S1 antibody platform, (B) MNP/EDC:NHS/Clin-
ical samples/anti-S2 antibody platform, (C)
MNP/EDC:NHS/Clinical sample/Antibody Cock-
tail sensor platform. ns: non-significant; *: p >
0.05, **: p < 0.01, and ***: p < 0.001 compared
with the negative group. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Table 2
Clinical performance of three different immunosensor platforms.
RT-PCR Sensitivity Specificity Accuracy
Positive Negative
Anti-S1 antibody immunosensor Positive 36 0 90% 100% 92%
Negative 4 10
Total 40 10
Anti-S2 antibody immunosensor Positive 35 0 87.5% 100% 90%
Negative 5 10
Total 40 10
Antibody cocktail immunosensor Positive 40 0 100% 100% 100%
Negative 0 10
Total 40 10
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Table 3
Overview of reported electrochemical biosensor platforms for SARS-CoV-2 diagnosis.

Electrochemical Method Target Biomarker Linear Range LOD Biological Sample Ref.

DPV measurement S1 spike protein 5.0-500 ng/mL 2.9 ng/mL Human serum [42]

Paper based electrochemical RNA of the N gene 585.4-5.854 x 107 6.9 copies/ Nasopharyngeal swab [43]

measurement copies/pL pL

DPV measurement Spike protein 0.04-10 pg/mL 19 ng/mL Untreated saliva [44]
Nucleocapsid protein 0.01-0.6 pg/mL 8.0 ng/mL

DPV measurement ORFlab 1072 fM-1.0 pM 200 copies/ Throat swab, Urine, Feces, Plasma, Whole blood, [45]

mL Saliva

DPV measurement Nucleocapsid protein 0.22-333 fM 27 tM Nasopharyngeal swab [46]

EIS measurement S protein 1.0 fM-1.0 nM 2.8 fM Fetal bovine Serum, Rabbit Serum [47]1
RBD 16.9 fM

SWV measurement SP-RBD 1.0-1000 ng/mL 0.11 ng/mL Human sera [48]

SWV measurement SARS-CoV-2 spike 0.1-1000 ag/mL 0.01 ag/mL Pretreated saliva and oropharyngeal swab [49]
antibody

DPV measurement MNP-S1/anti-S1 Ab 2.5-200 ng/mL 0.93 ng/mL Nasopharyngeal swab (original, alpha, beta, and This
MNP-S1/Ab cocktail 1.0-200 ng/mL 0.53 ng/mL delta variants) work
MNP-S2/anti-S2 Ab 1.0-200 ng/mL 0.99 ng/mL
MNP-S2/Ab cocktail 2.5-100 ng/mL 0.75 ng/mL

AuNP: Gold nanoparticle, Cys: Cysteamine, DPV: Differential pulse voltammetry, EIS: Electrochemical impedance spectroscopy, FET: Field-effect transistor, LSG:
Laser-scribed graphene, MNP: Magnetic nanoparticles, ORF: Open reading frame, PBASE: 1-pyrenebutyric acid N-hydroxysuccinimide ester, RBD: Receptor binding
domain, SP-RBD: Spike protein receptor-binding domain, SWV: Square-wave voltammetry.

accuracy, specificity, and sensitivity compared with the other two
platforms (Table 2).

Statistical analysis of the different immunosensors responses to SAR-
CoV-2 variants showed that the anti-S1 antibody-based platform had a
significant difference (p < 0.001) between the negative samples and the
original variant, alpha variant, and delta variant (Fig. 6A). However, no
difference was found between the negative and beta variant for this
immunosensor (p > 0.05). These results are similar for the anti-S2
antibody-based immunosensor (Fig. 6B). This suggests that the beta
variant may contain mutations and structural changes that limit the
recognition ability of the monoclonal antibodies targeted against the
original variant. It further confirms the reported information that the
variants are resistant to neutralization by antibodies erected against the
original variant [16]. The statistical analysis of the antibody
cocktail-based sensor resulted in a significant difference between
negative samples and all the variants regardless of their type (p < 0.05)
(Fig. 6C).

The results show that the immunosensor designed with the antibody
cocktail has a higher ability to discriminate between positive and
negative samples and a higher variant detection rate. Our information
on SARS-CoV-2 and its variants suggest that they contain mutations that
can cause functional changes, especially in the spike glycoprotein, un-
like the original virus [39]. The alpha variant has amino acid changes,
deletions, insertions, and synonymous mutations. It contains several
biologically important mutations, including E484K and N501Y. Simi-
larly, the E484K mutation was also found in the beta variant [40],
whereas in the delta variant, the L452R and P681R mutations in the S
protein were most prominent [41]. Due to these alterations, the efficacy
of antigen tests that detect the S protein is limited against the variants.
On the other hand, tests developed with the polyclonal antibody cocktail
that recognize SARS-CoV-2 proteins are more effective in detecting
variants. The results of our study also showed that the assay platform
designed with the antibody cocktail could detect spike or
nucleocapsid-specific immunoglobulins in swap samples for all variants.
This is related to the advantages of the antibody cocktail mentioned
earlier. In addition, it is possible to detect not only one but all immu-
noglobulins whose levels change at different times after infection.
Furthermore, the antibody cocktail sensor proved to be more suitable for
future studies considering the increasing number of mutations of
SARS-CoV-2, as it provided significant results for the different variants.

All swab samples were applied to a commercially available rapid
antigen test kit, and the results’ representative images are shown in
Fig. S3. According to the rapid antigen test results, it reacted directly
proportional to the viral load in all variants. The increase in Ct values

(lower viral load) was associated with an increased frequency of false
negatives. This demonstrates the success of the systems developed in this
study compared to an existing rapid antigen test. We also assessed the
developed biosensor with other sensor platforms described in the liter-
ature (Table 3). The main advantage of our proposed system compared
with other platforms resides in using an antibody cocktail-MNP com-
bination for the indiscriminate detection of various variants. Although
our immunosensor platforms have a similar working performance to
other systems, they are superior because most of the other platforms are
focused on a single target that can be affected if a new mutation touches
the targeted structures whereas, our system can be seen as an all-in-one
system in terms of variants detection.

3.6. Limitations and perspectives

This study can be considered an “emergency case technology” in the
context of new information, product development, and rapid adaptation
strategies to help control the current pandemic. Because the pandemic is
an unusual and unpredictable global problem, knowledge is growing
daily. As new variants emerge, there is a need for adaptive technologies
that can adapt quickly. Clearly, the antibody cocktails used in this study
represent a way to increase sensitivity in detecting viral antigens by
recognizing different targets [34]. However, it is unavoidable that using
these antibodies derived from human samples is not a sustainable
resource. Other alternative approaches are needed, both to establish a
stable production source and to be able to recognize new variants. In this
context, further studies should be conducted to use aptamer-based bio-
recognition molecules or to produce recombinant antibodies as an
alternative for systems that can rapidly adapt to the current and next
possible pandemic processes, which will include current and potential
mutations.

4. Conclusion

As long as the pandemic COVID-19 continues, there is a need for
sensitive and accurate alternative diagnostic methods against its vari-
ants. We propose the concept of an “all-in-one” biosensor as a versatile
sensor that can detect various variants simultaneously. In this study,
three different immunosensor platforms prepared with different anti-
bodies were investigated using the same series of experiments and
clinical samples. The literature search revealed that this study is the first
to compare magnetic nanoparticle-based immunosensor systems pre-
pared with an antibody cocktail purified by affinity chromatography
from patient serum samples, as well as commercially available anti-S1
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and anti-S2 antibodies. The design proposed with an antibody cocktail
proved to be more successful in terms of sensitivity, accuracy, and
specificity in detecting variants. This study contributes to the current
debate on SARS-CoV-2 variants detection. We believe our method can be
used as a potential diagnostic tool during this global crisis and other
COVID-19 like pandemics.
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