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ABSTRACT: Immunological methods to detect SARS-CoV-2
seroconversion in humans are important to track COVID-19 cases
and the humoral response to SARS-CoV-2 infections and
immunization to future vaccines. The aim of this work was to
develop a simple chromogenic magnetic bead-based immunoassay
which allows rapid, inexpensive, and quantitative detection of human
antibodies against SARS-CoV-2 in serum, plasma, or blood.
Recombinant 6xHis-tagged SARS-CoV-2 Nucleocapsid protein was
mobilized on the surface of Ni2+ magnetic beads and challenged with
serum or blood samples obtained from controls or COVID-19 cases.
The beads were washed, incubated with anti-human IgG-HPR
conjugate, and immersed into a solution containing a chromogenic
HPR substrate. Bead transfer and homogenization between solutions was aided by a simple low-cost device. The method was
validated by two independent laboratories, and the performance to detect SARS-CoV-2 seroconversion in humans was in the same
range as obtained using the gold standard immunoassays ELISA and Luminex, though requiring only a fraction of consumables,
instrumentation, time to deliver results, and volume of sample. Furthermore, the results obtained with the method described can be
visually interpreted without compromising accuracy as demonstrated by validation at a point-of-care unit. The magnetic bead
immunoassay throughput can be customized on demand and is readily adapted to be used with any other 6xHis tagged protein or
peptide as antigen to track other diseases.
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The COVID-19 immunological tests detect antibodies
reacting against SARS-COV-2 antigens.1 One of the main

advantages of immunological tests is that they can be used to
screen COVID-19 cases after the acute phase of the disease
given that antibodies remain detectable for months after onset
of symptoms or viral detection by RT-PCR.2,3 Hence, COVID-
19 immunological tests are important tools for epidemiological
surveillance, analyzing the efficiency of future COVID-19
vaccines and humoral response kinetics to SARS-CoV-2
infections and/or immunization.4 Furthermore, COVID-19
immunological tests may act as an additional toolkit to identify
COVID-19 in the acute phase of the disease given that some
patients produce detectable antibodies as early as 2 days after
symptom onset.2,3

The ELISA assay (enzyme-linked immunosorbent assay),
described by Engvall and Perlmann in the early seventies,5 is
still considered the gold standard immunological method, as it

can provide a low-cost, easy to implement, and high-
throughput method to quantitatively detect antibodies.6

Indeed, ELISA assays have been used to successfully detect
SARS-CoV-2 seroconversion in humans.7,8 The main short-
coming of ELISA is that it is not suited to point-of-care
analysis. On the other hand, lateral flow immunochromatog-
raphy, which has been widely used to track COVID-19 cases, is
relatively inexpensive and can be applied for point-of-care,
providing the results in 15−20 min.9 The shortcomings of
immunochromatography are that it only provides qualitative
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data and is not adaptable to high-throughput analysis, and the
accuracy of some COVID-19 tests based on this method
available on the market are questionable.10

■ EXPERIMENTAL SECTION
Antigen Purification. ELISA assays and human samples: Details

of antigen production and purification, ELISA assays, and human
samples are provided in Supporting Information.
Magnetic Bead-Based Immunoassay. The magnetic bead-

based immunoassay was developed using MagneHis Ni2+ magnetic
beads (Promega cat number V8550) as described previously.6 1 mL of
the beads was washed 2× with 1 mL of TBST and resuspended in 50
mL of TBST containing 0.75 mg of purified His-tagged N-protein.
The beads and antigen were incubated for 10 min at room
temperature with gentle mixing. The beads were washed with 20
mL of TBST and resuspended in 5 mL of TBST. The antigen coated
beads where separated in 0.1 mL aliquots, which were kept in the
fridge up to 3 months. For use, 0.1 mL aliquots were resuspended in
1.2 mL of TBST containing 1% (w/v) skimmed milk, and 0.1 mL
aliquots were distributed into each well of a 96 well plate (Figure 1). 2
μL of human serum (or 5 μL of blood) were diluted in 0.2 mL of
TBST 1× skimmed milk 1% (w/v) directly in the wells of the 96 well
plate. The magnetic beads coated with N protein were mixed with the
diluted serum for 2 min. The beads were captured using a simple
homemade magnetic extractor device (Figure S2 and SI video) and
loaded into sequential 2× wash steps for 30 s in 1× TBST. The beads
were incubated for 2 min with 0.15 mL goat anti-human IgG-HPR
(Thermo Scientific) diluted 1:3000 in 1× TBST, following by 2×
wash steps for 30 s TBST 1×. The beads were transferred to wells
with 0.15 mL of the HPR substrate TMB (Thermo Scientific) and 5
min. The total time of the procedure took less than 12 min. We
routinely performed the test in a 12 sample format (Figure 1). When
the reactions were complete, the beads were removed, and the plates
were put on the top of a white light transilluminator device and
photographed. The optical density was measured at 650 nm using a
TECAN M Nano plate reader (TECAN) monochromator at
bandwidth 9 nm and 25 flashes. More details are provided in
Supporting Information.

Magnetic Bead Extractor Device. A simple magnetic extractor
device was prepared by fixing 12 nails (11 mm) on a piece of foam
(Figure S2A) as described previously.6 In the head of the nails, a set of
neodymium magnets were added by simple magnetic attraction. We
used 2× (3 × 2 mm) and 1× (2 × 2 mm) neodymium magnets
(Figure S2A). A better-quality system can be prepared using a 3D
printer (Figure S2B). The extraction of the beads is performed by
inserting the magnets on the PCR-strip, so the PCR-strip will hold
firmly the magnetic beads during the transfer from well to well
(Figure S2). Once the beads are in place in the next solution, magnets
are removed, and the PCR strip is gently moved to allow proper
homogenization of the magnetic beads in the solution in such way
that the PCR strip acts as a mixer (SI video).

Data Analysis. The group working in Brazil used one COVID-19
positive serum as reference throughout the study. This sample showed
an interassay raw OD CV% of 8.5% (n = 25) in the magnetic bead
immune assay. All data were normalized as % of the reference before
applying Receiver Operating Analysis (ROC) using GraphPad Prism
7.0. For the data generated by the group working in Germany, raw
OD was directly used for ROC analysis. Statistical analysis was
performed using the t test on GraphPad Prism 7.0.

■ RESULTS AND DISCUSSION

The aim of this work was to develop an inexpensive COVID-
19 immunological test, adaptable to both point-of-care and
high-throughput diagnostic, which would provide quantitative
data within minutes. The basic idea was to develop an indirect
chromogenic ELISA, which functions with the antigen
immobilized on the surface of magnetic beads nanoparticles
(we now call magnetic bead ELISA).
As a proof of concept, we expressed and purified a His-

tagged version of SARS-CoV-2 Nucleocapsid N protein
(Figure S1) and immobilized it on Ni2+ magnetic beads
(antigen mobilization on beads takes about 15 min, and
precoated beads can be stored for at least 3 months in the
fridge). These beads were then challenged with human serum
from COVID-19 positive and control subjects for 2 min

Figure 1.Magnetic bead-based chromogenic ELISA. (a) Reaction components. (b) Diagram of the reaction and distribution of the components on
a 96 well plate. (b) Positive samples will develop a blue color in line H due to the formation of a ternary complex between antigen and primary and
HPR secondary antibody. (d) Photography register of a typical assay. H2 and H12, serum from two PCR-confirmed patients (mild and severe,
respectively). Other lanes serum from negative controls.

ACS Sensors pubs.acs.org/acssensors Letter

https://dx.doi.org/10.1021/acssensors.0c02544
ACS Sens. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02544/suppl_file/se0c02544_si_002.mp4
https://pubs.acs.org/doi/10.1021/acssensors.0c02544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02544?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c02544?ref=pdf


following the procedure described in Figure 1. The beads were
washed two times for 30 s, and then immersed in a solution
containing anti-human IgG HPR for 2 min, followed by two
additional 30 s washes. The beads were finally immersed in
HPR chromogenic substrate and incubated for 5 min. At the
end of the assay, the beads were removed from the solution so
that the results could be visually inspected. The negative
controls were completely blank, whereas those of COVID-19
positive samples developed a strong blue color indicating the
presence of IgG reacting with the SARS-CoV-2 N protein
(Figure 1). When all reagents are in place, the procedure takes
less than 12 min and uses only 2 μL of serum at a price of
consumables of less than US $1 per sample. Effective bead
transfer and homogenization between each solution was
achieved using a simple in-house-built magnetic extractor/
mixer device at a cost of less than US $2 (Figure S2 and SI
video).
To confirm the efficiency of our immunological method, we

compared the results obtained with those from classic ELISA,
which was in house developed using polystyrene 96 well plates
coated with the same SARS-CoV-2 N protein preparation.
Serum from a COVID-19 positive case and negative control
were serially diluted and allowed to react with SARS-CoV-2 N
protein on both classic and magnetic bead ELISA. The
COVID-19 positive serum showed strong reaction with the N
protein, which was clearly distinguished from the negative
serum (Figure S3). The raw optical density (OD) vs reciprocal

dilution plot of the positive serum showed a similar profile
response on both classic and magnetic bead ELISA, the
dynamic ranges on both systems were equivalent with linearity
observed within 6 data points of the dilution curve (Figure
S3A,C). Hence, the magnetic bead ELISA can be used to
provide quantitative data. The magnetic system was less
sensitive than classic ELISA, 10-fold lower serum dilution was
required to reach signal saturation (Figure S3A,C). However,
this made the magnetic system more practical, as sera could be
diluted directly on the plate of the assay bypassing the time
and plastic consuming dilutions required prior classic ELISA. It
worth mentioning that, whereas in classic ELISA intra-assay
reproducibility was in the 8−9% range, the magnetic system
showed better intraassay reproducibility (CV 2−3%) in such
way that no replicates were required, whereas they were
necessary in classic ELISA (see Supporting Information for
details).
The correlation of the results obtained using classic and

magnetic bead ELISA was evaluated by comparing the color
developed in the magnetic system vs serum titration on classic
ELISA. Negative samples developed no visual color in
magnetic bead system (Figure 2A), whereas mild and severe
COVID-19 serum samples were visually distinguished from
negative samples (Figure 2A). The color intensity clearly
correlated with the serum titer observed using classic ELISA
(Figure 2A,B).

Figure 2. Comparison between classic and magnetic-bead ELISA. (a) Serum from negative controls and COVID-19 positive cases were analyzed
using the magnetic bead and classic ELISA. (b) Correlation between raw OD obtained with classic vs magnetic bead ELISA. The equation for
linear regression was Y = 1.06 × X + 0.08. (c) Raw OD obtained using classic and magnetic bead ELISA. (d) Raw OD values obtained using the
magnetic bead ELISA prepared by a different group of operators and different cohort of samples performed in Germany. (e) Correlation of raw
fluorescence signal from Megaplex vs raw OD from magnetic bead ELISA; both systems investigated IgG against SARS-CoV-2 N protein. The
equation for linear regression was Y = 25627 × X + 3236.
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The raw OD obtained using classic ELISA and our method
(using a cohort of 165 samples, 46 PCR-confirmed COVID-19
and 119 pre-pandemic negative controls) were highly
correlated, Pearson’s R = 0.91, p < 0.0001 (Figure 2C). Raw
OD values obtained using serum from COVID-19 positive
patients were not significantly different between classic ELISA
and magnetic bead ELISA, p = 0.16. On the other hand, the
raw OD values of control samples were different between the
methods, p < 0.0001 (Figure 2C). The magnetic bead ELISA
produced lower raw ODs than classic ELISA. Receiver
operating characteristic (ROC) of these 165 samples indicated
that the magnetic bead ELISA outperformed classic ELISA
with area under the ROC curve of 0.97 vs 0.96, respectively.
Using the magnetic system, sensitivity of 97% could be reached
at 100% specificity. Classic ELISA performed at 90% sensitivity
at a cost of 100% specificity. The magnetic bead ELISA
showed exceptionally low cross-reaction background in the
negative group (mean raw OD = 0.08 ± 0.001), thereby
outperforming classic ELISA in the ability to discriminate
positive samples with low antibody titer (Figure 2C). Such low
background allowed visual inspection of the results without
significantly compromising accuracy (sensibility and specificity
of 96% and 99% were obtained by visual inspection).
The magnetic-bead ELISA was further validated by

analyzing 372 samples including 90 PCR-confirmed COVID-
19 and 282 negative controls. The method operated with an
area under the ROC curve of 0.98, 95% sensitivity, and 99%
specificity (further information on ROC interpretation is
provided in the Supporting Information). Method cross
validation was obtained by the team of operators in Germany
(working independently from antigen preparation to testing).
Using a different cohort of samples, which included 196 PCR-
confirmed COVID-19 cases and 64 negative controls, the assay
performed with area under the ROC curve of 0.93, 83%
sensitivity, and 98% specificity (Figure 2D). The differences in
method performance between the two teams may be due to
the fact that the cohort of positive samples analyzed in
Germany consisted mostly of asymptomatic and nonhospi-
talized COVID-19 cases (97%) whereas the cohort of positive
cases used by the team in Brazil were mostly of hospitalized
COVID-19 cases (58%). Hospitalized cases are known to have
increased IgG levels in comparison to mild COVID-19 cases.12

Furthermore, about 10% of the same cohort of COVID-19
positive cases analyzed by the group in Germany did not have
any detectable antibodies to multiple SARS-CoV-2 antigens as
analyzed by the MagPlex system.11

Given that ROC analysis suggested similar raw OD cutoff
from data sets obtained by the different laboratories, data sets
were combined. The overall cohort consisted of 298 controls
and 284 PCR-confirmed cases. The combined data set ROC
had an area under curve of 0.98, 87% sensitivity (81−90%,
95% CI), and 99% specificity (97−100%, at 95% CI) (Figure
S4). We believe that the combined data set represents
seroconversion in the general population given that 81% of
the COVID-19 cases are mild, and the combined data set had
exactly 81% mild cases in the COVID-19 positive cohort. The
overall method accuracy is in the same range as those obtained
using Microplex to investigate IgG seroconversion for SARS-
CoV-2 using nucleocapsid protein as antigen.12 It worth
mentioning that the signal of IgG reacting to SARS-CoV-2 N
protein correlated well when data obtained using MagPlex and
magnetic bead ELISA were compared (Pearson’s R = 0.77, p <
0.0001, Figure 2E). Hence, the magnetic bead ELISA performs

with accuracy equivalent to well established techniques at a
fraction of the cost of consumables, instrumentation, time to
deliver results, and volume of sample. The method can also be
applied for IgM analysis (see Supporting Information).
We evaluated the ability of the method to discriminate

COVID-19 convalescent cases at a point-of-care unit. For that,
5 μL of capillary blood, collected using finger puncture, was
directly diluted on the line B of the assay plates (see Figure 1).
After the assay development, data was analyzed by visual
inspection; cutoff was set applying a borderline high negative
serum as control (Figure S5). By analyzing a cohort of 56 PCR
confirmed COVID-19 cases (87% nonhospitalized) and 47
negative controls (reporting no COVID-19 related symptoms
since 2019) and area under the ROC curve of 0.96, 93%
sensitivity, and 100% specificity were obtained (Figure S5).
Hence, the method is well suited for point-of-care analysis.
In this study, we used the format described in Figure 1A

with 12 samples being run simultaneously. However, the
method produced equivalent data in multiple formats such as
by running 48 samples simultaneously (Figure S6). The
throughput of the process can be customized on demand, high
throughput is simply achieved applying each step depicted in
Figure 1 to occur on a full 96 well plate instead of a 12 well
lane. Furthermore, the process can be automated using
commercially available magnetic extractor devices.

■ CONCLUSIONS
In recent reviews and studies about immunological techniques
for COVID-19 detection, including magnetic bead systems, all
quantitative methods required more sample volume, time to
deliver results, and/or instrumentation than the method we
describe here. Furthermore, all quantitative methods require
blood processing before the analysis.9,13,14 We believe that the
simple, inexpensive, rapid, and quantitative method to detect
SARS-CoV-2 seroconversion in humans described here may
help to fast track COVID-19 cases especially in developing
countries, where access to molecular testing is limited. The
magnetic bead ELISA method described here is readily
adapted to be used with any other 6×His tagged protein or
peptide as antigen to track other diseases. We envisage that this
method may substitute classic ELISA in near future.
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