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Simple workflow to repurpose SARS-CoV-2 swab/serum samples
for the isolation of cost-effective antibody/antigens for proteotyping
applications and diagnosis
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Abstract
Supply shortage for the development and production of preventive, therapeutic, and diagnosis tools during the COVID-19 pandemic is
an important issue affecting the wealthy and poor nations alike. Antibodies and antigens are especially needed for the production of
immunological-based testing tools such as point-of-care tests. Here, we propose a simple and quick magnetic nanoparticle (MNP)–
based separation/isolation approach for the repurposing of infected human samples to produce specific antibodies and antigen cocktails.
Initially, an antibody cocktail was purified from serums via precipitation and immunoaffinity chromatography. Purified antibodieswere
conjugated onto MNPs and used as an affinity matrix to separate antigens. The characterization process was performed by ELISA,
SDS-PAGE, electrochemistry, isothermal titration calorimetry, and LC-Q-TOF-MS/MS analyses. TheMNP-separated peptides can be
used formass spectrometry–based as well as paper-based lateral flow assay diagnostic. The exploitation of the current workflow for the
development of efficient diagnostic tools, specific treatments, and fundamental research can significantly impact the present or eventual
pandemic. This workflow can be considered as a two birds, one stone–like strategy.
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Lateral flow assay

Introduction

Since the arrival of the SARS-CoV-2 pandemic, research has
been working to provide tools for the fight against the virus.

These efforts consisted of developing diagnostic tools and the
production of treatments and vaccines. The majority of the
reports published during this period have been based on affin-
ity interactions using antibodies. Simple and rapid diagnosis
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has a significant impact on the screening of individuals to
provide treatment and preventive measures. Point-of-care
(POC) diagnosis kits have seen more popularity due to their
portability, ease of use, and low cost. Immunological assays
based on antigens and antibody detection have shown great
potential in large-group screening. Nevertheless, the prepara-
tion of highly specific antigens and antibodies is a time- and
labor-consuming process in addition to the expensiveness re-
lated to monoclonal or recombinant antibody production [1].

Monoclonal antibodies (mAbs) demonstrate various attrac-
tive features that make them the obvious choice in biomedi-
cine applications compared to polyclonal antibodies. The ho-
mogeneity of mAbs permits the precise detection of single
specific targets, which allows them to be considered a single
entity [2]. Yet, with the urgency needed for the current pan-
demic, the similarities between the SARS-CoV-2, its variants,
and the previous strains made the limitations of mAbs more
apparent. Additionally, they are expensive and labor-inten-
sive, and might show low efficacy in vivo. On the other hand,
polyclonal Abs can target various epitopes that can cover the
whole antigen. They have high avidity and can tolerate slight
changes such as glycosylation and minor denaturation com-
pared to mAb [3]. With these concerns, the preparation of
antibody cocktails recognizing various epitopes of different
targets can potentially relieve diagnostics and treatment devel-
opment. Indeed, it has been shown in a recent report that the
use of an antibody cocktail (either monoclonal or serum-
derived polyclonal antibodies) can neutralize the COVID-19
virus and resist SARS-CoV-2 escape [4]. The concept of a
“cocktail” that allows the recognition of various epitope tar-
gets proves more attractive for diagnostics and treatment com-
pared with single-target approaches.

Another issue faced during the current pandemic is explic-
itly seen in the middle- and low-income countries. They are
still struggling to obtain diagnostic tools and supplies that they
urgently require to mitigate the disease. Undeniably, even the
wealthiest nations have been hindered by resource shortage
which further accentuates the need for a simple approach to
produce raw materials such as antibodies and antigens to de-
velop diagnostics locally for urgent times [5].

The present study proposes a simple and quick approach to
repurpose human SARS-CoV-2 samples to produce antibody
and antigen cocktails that can be used for various applications
such as diagnostics, therapy, or specific analysis of protein
structures. The purification is based on immunoaffinity proce-
dures using protein A and functionalized magnetic nanoparti-
cles (MNPs) to purify antibodies and antigens (Fig. 1).
Furthermore, the purified proteins were characterized using
various analytical methods such as LC-Q-TOF-MS/MS, elec-
trochemistry, isothermal titration calorimetry, and electropho-
resis to demonstrate the capabilities of the approach in pro-
ducing highly purified proteins. Given the versatility of the
antibody cocktail, the MNP-based purification procedure

was shown to produce antibodies able to properly separate
and detect antigens from wild-type SARS-CoV-2 and the
English B.1.1.7 variant. As a proof of concept, the antigens
and antibodies were used for the development of a paper-
based lateral flow assay (LFA) system used for the diagnosis
of SARS-CoV-2.

Experimental section

The study on infected human samples was performed in an
SBL-2+ level laboratory following the highest standard of
biosafety guidelines, and all samples were handled by
experimented staff. The samples were also inactivated using
standard heat treatment for safety. The proteomic analyses and
sample handling comply with the minimum information about
a proteomics experiment (MIAPE) [6].

Chemicals and reagents

An affinity column (protein A) was obtained from Thermo
Fisher. Amine-functionalized iron oxide magnetic nanoparti-
cles (30 nm) were purchased from Sigma-Aldrich (Germany).
Anti-COVID IgG, anti-COVID IgA, and anti-COVID IgM
ELISA immunoassays were obtained from EUROIMMUN
(Luebeck, Germany). Recombinant SARS-CoV spike pro-
teins (S1 and S2) were purchased from RayBiotech (GA,
USA). All other chemicals are of analytical grade and were
purchased from Sigma-Aldrich.

Human samples and selection

Human samples (serums: n = 53 and nasopharyngeal swabs:
n = 61) were provided by Ege University Hospital (Izmir,
Turkey) between December 2020 and April 2021. Patients
were rigorously diagnosed for COVID-19 using RT-PCR
analysis in addition to clinical and radiological observations
following national and international guidelines. Samples were
stored at − 80 °C until subsequent use. The study on human
samples was approved by Ege University Clinical Research
Ethics Committee (20-8T/28).

SARS-CoV-2 specific antibody purification

Human serum samples with COVID-19 infection were tested
for the presence of anti-COVID-19 IgG, IgA, and IgM using
ELISA kits. Samples demonstrating high COVID-19-specific
IgG, IgA, and IgM levels were selected and pooled together
for the antibody purification process (Fig. 1A, C). After the
serums were pooled, 45% ammonium sulfate was applied to
precipitate the immunoglobulins. The precipitated sample was
dialyzed and applied into an immunoaffinity spin column
(protein A column) to purify the immunoglobulins. The eluted
fractions were combined and concentrated using a 10-kDa
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MWCO (molecular weight cut off) membrane. The obtained
antibody cocktail solution was stored at − 20 °C in aliquots
until used. Protein concentrations were determined via UV
measurement at 280 nm with a BSA calibration curve.
Purified antibodies were run through gel electrophoresis using
a standard protocol [7]. The specificity of the purified antibod-
ies for COVID-19 was determined using commercial anti-
COVID-19 IgG, IgA, and IgM ELISA kits and calculating
the antibody titer.

Preparation of MNP-Abs and SARS-CoV-2 antigen
purification

Antigen purification was performed by affinity-based interaction
using antibody-functionalized magnetic nanoparticles (MNPs)
according to the protocol described by Denison et al. [8] with
modification. The procedure for functionalization was performed
according to our previous work [9]. Briefly, purified antibodies
were activated via EDC/NHS chemistry to bind on the surface of
MNPs. For this purpose, a mixture of 4.0 mg EDC and 9.0 mg
NHS was added over the antibody solution and allowed to react
for 30 min at room temperature with gentle shaking. The

activated proteins were added to the solution containing MNPs
with a ratio of 1.5:100 (Ab:MNP) and allowed to react at room
temperature for 16 h.

Swab samples with high viral load identified through RT-
PCR were pooled (2.1 ± 0.2 mg protein/mL) and mixed with
the Ab-functionalized MNPs (200 mg/mL) (Fig. 1B, C). The
mixturewas left at room temperature for 30min and thenwashed
three times using PBS to eliminate non-bound substances. The
elution process of antigenswas performed using an elution buffer
containing formic acid/acetonitrile (10%/3.0%, v/v). Purified an-
tigens were collected, aliquoted, and stored at − 20 °C till further
use. Each step of the purification procedure was characterized by
scanning electron microscopy (SEM) (Thermo Fischer Scientific
Apreo S LoVac, OR, USA).

The process of antigen purification via the antibody-
conjugated MNPs was optimized for different parameters
(binding time, binding capacity, binding buffer pH, and elu-
tion buffer composition). The selection of the binding buffer
pHwas performed using various buffers at different pH levels:
sodium citrate pH 5.0, sodium phosphate buffer pH 7.0, am-
monium bicarbonate buffer pH 9.0, and sodium carbonate
buffer pH 11. The optimization of the elution buffer was

Fig. 1 Schematic illustration of the current study design. Samples were
obtained and analyzed via PCR to determine the presence of SARS-CoV-
2 infection. A Serum samples were analyzed with specific COVID-19
anti-IgG, anti-IgA, and anti-IgM. B Nasopharyngeal swab samples were
divided into high, intermediate, and low viral load according to the Ct
scores obtained from RT-PCR analysis. C The samples (serums and

swabs) were selected, pooled, and used to purify SARS-CoV-2-specific
antibodies and antigens, respectively. The purified proteins were charac-
terized and identified using different techniques using SDS-PAGE, elec-
trochemistry, and LC-Q-TOF-MS/MS. D Proteotyping of the obtained
peptide and swab samples (acetone precipitated) using LC-Q-TOF-MS/
MS
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realized using three different buffers: formic acid/acetonitrile
(10%/3.0%, v/v), glycine buffer (0.1 M, pH 3.0), and ammo-
nium bicarbonate (0.2 M, pH 9.0). The next factor is the
antigen-binding time which was estimated through a period
of 1.0 h (5, 15, 30, 45, and 60 min). Lastly, the loading ca-
pacity was measured by applying several sample protein con-
centrations over the MNP-Ab immunoaffinity system (30, 40,
50, 60, 80, and 100 μg protein). Purified antigens were ana-
lyzed by standard sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) [7]. The reusability of theMNP-
Ab for repeatable purifications was explored by applying suc-
cessive purifications (n = 3) over the sameMNP-Abmaterial.

Electrochemical analysis was carried out to confirm the
antibody-antigen interaction using a screen-printed electrode
(SPE) with differential pulse voltammetry (DPV) measure-
ment to exhibit the signal responses with a potential range
from − 0.4 to + 0.8 V. A neodymium magnet was placed in
the center backside of the SPE’s working electrode. After
measuring the DPV signal of bare SPE, 10 μL of MNP-Ab
suspension was deposited onto the SPE surface, and the DPV
signal was measured again. After the SPE was washed, 60 μL
of the sample (purified antigen and positive and negative na-
sopharyngeal swabs) was deposited over the SPE/MNPs-Abs
and allowed to incubate for 60 min at room temperature, after
which the DPV signal of MNP-Ab-Ag was measured. The
biosensor responses were calculated using the difference in
DPV signals before and after the addition of the sample, which
gives the difference between current values (ΔμA). In another
similar experiment set, pure COVID-19 spike proteins (S1 and
S2) were attached to MNPs. They were reacted with the puri-
fied antibody to confirm the specificity of the MNP-based
system in purifying COVID-19 antigens. Isothermal titration
calorimetry (ITC) was used to measure the physical binding
interaction of the purified antigens with the antibodies.
Samples (antigens or antibodies) were deposited in their re-
spective cells, and the interaction was followed through the
thermodynamic parameters generated.

Antigen analysis via mass spectrometry

Sample preparation

Protein bands were excised from the SDS-PAGE gel and
destained using 100 mM (NH4)HCO3/50% MeOH, 25 mM
(NH4)HCO3/50% acetonitrile, and 100% acetonitrile [10, 11].
Destained and dried gel samples were re-suspended in 25 mM
ammonium bicarbonate and subjected to the same trypsin di-
gestion process overnight. Peptides were extracted using
formic acid/acetonitrile (0.1%/70%, v/v) for 10 min under
vigorous shaking. The supernatant was concentrated and used
for mass spectrometry analyses.

To identify the isolated antigens after gel electrophoresis,
an in-gel digest protocol was used. Briefly, samples (acetone-
precipitated swabs or isolated antigens) were dried under N2

gas and re-suspended in 100 μL ammonium bicarbonate buff-
er (50 mM, pH 8.5). The sample solutions were incubated
with 6.0 μL trypsin (20 mg/mL) for 90 min at 37 °C. The
reaction was stopped by formic acid addition (final concentra-
tion 1.0%) over ice for 10 min [12]. The samples were centri-
fuged at 4000×g, and the obtained supernatants were taken for
mass spectrometric analysis.

LC-Q-TOF-MS/MS analysis

Liquid chromatography quadrupole time-of-flight mass spec-
trometry (LC-Q-TOF-MS) analysis was performed using an
Agilent Technologies 1260 infinity series liquid chromatogra-
phy system coupled with an Agilent Technologies G6550A
Q-TOF LC/MS device (with a dual AJS-ESI ion source).
Agilent MassHunter Workstation software was used for both
instrument control and data acquisition. The experimental
conditions for measurement were performed according to
the work of Kotecka-Majchrzak et al. [12].

The SARS-CoV-2 peptides and proteins were identified in
the tested samples using the online Mascot search engine
(http://www.matrixscience.com/). LC-Q-TOF-MS/MS raw
data were first converted to peptide mass value by using
Agilent Bioconfirm software. The search parameters were
set as follows: both contaminants and hSARS-CoV-2 data-
bases were selected, trypsin enzyme with up to 2 missed
cleavages was allowed, peptide mass tolerance was set at ±
1.2 Da, MS/MS tolerance ± 0.6 Da, smaller than seven amino
acid length peptides were filtered, taxonomy all entries, for-
myl (protein N-term) as variable modification, and instrument
ESI-QUAD-TOF. Protein sequences were identified using the
UniProtKB/Swiss-Prot database, and proteins with scores
greater than 38 were considered significant and accepted for
protein identification. MassProfiler software (version B.08.
01) was used to compare data before and after MNP-based
separation.

Development of a paper-based colorimetric lateral
flow assay for the detection of SARS-CoV-2 antigens
and antibodies

As a proof of concept in the utility of the purified antibodies
and antigens in diagnosis application, two paper-based color-
imetric lateral flow assays (LFA) were developed: one
sandwich-type LFA for the detection of antigens in the naso-
pharyngeal samples using a competitive-type immunoreac-
tion. The second is for the detection of antibodies in serum
samples. The platform was constructed using a nitrocellulose
membrane containing two test lines: a control line (C-line)
containing rabbit anti-human IgG used as a control for the
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successful function of the system and a test line (T-line) con-
taining the purified antibodies or antigens which produces an
antigen diagnosis LFA or antibody detection LFA, respective-
ly. The color signal was provided by synthesizing a dye-
loaded polymersome that was bioconjugated with the purified
antibody cocktail and loaded with Coomassie blue dye. The
detailed protocol for the biosensor’s design, preparation, and
application can be found in our recent work [13].

Statistical analysis

All data were obtained in triplicates, and results are presented
as mean ± SD. Statistical significance was measured using
the ANOVA test (GraphPad Prism, version 8.0.1). p values
lower than 0.05 were considered statistically significant.

Results and discussion

The current study aims to provide a simple approach for the
selective purification of antibodies and antigens by
repurposing infected human samples (serums and nasopha-
ryngeal swabs) to provide a pool of raw materials that are
ready to use for different applications, including diagnosis.
The isolation of proteins using magnetic nanoparticle
(MNP)–based immunoaffinity could be seen as a quick ap-
proach for producing raw materials that can be prioritized for
the development of performant diagnostic, therapeutic, and
many other applications.

Purification of a SARS-CoV-2-specific antibody
cocktail

The first step in the present work aimed to purify a SARS-
CoV-2-specific antibody cocktail using commercial protein
A–based affinity chromatography. The results demonstrated
that simple ammonium sulfate precipitation followed by chro-
matography allows the successful purification of an IgG/IgA/
IgM cocktail (yield = 42 ± 5%) that is majorly comprised of
COVID-19 specific antibodies. The selection of patient sam-
ples with high immunoglobulin levels provided substantial
amounts of purified antibodies as shown in the antibody titer
(1:2000 for IgG and IgA; 1:250 for IgM) (Fig. 2A). In addition
to the ELISA testing, electrophoresis analysis of the purified
antibodies under reducing and non-reducing conditions dem-
onstrated bands around 50 and 25 kDa, typical for the heavy
and light chains that make the antibody structure. Heavy
chains from other antibodies are known to have variations in
their molecular weights being 60 kDa for IgA and 75 kDa for
IgM. A band of ~ 57 kDa is observed and can be attributed to
the IgA heavy chain. There were no observable IgM heavy
chains due to the low concentration of IgM in the purified
antibody cocktail, as shown in the low antibody titer.

On the other hand, bands of 150 kDa or higher are repre-
sentative of native antibody structures in monomer, dimer
(IgA), and pentamer forms (IgM) (Fig. 2B). The specificity
of the purified antibodies was further confirmed using electro-
chemistry analyses and isothermal titration calorimetry (Fig.
2G–J, Fig. S2). Pure spike proteins (S1 and S2) were func-
tionalized over the MNP surface. After adding the antibodies,
the attachment of the antibodies induced a difference in the
signal measurement compared to negative samples. Many
studies described that a high antibody titer is often related to
severe-infection cases [14, 15]. In addition, it has been shown
that antibody cocktails have more potential for the precise
recognition of the virus antigens than a single monoclonal
antibody due to their capacity to recognize multiple epitope
targets of the virus [4, 16]. Polyclonal antibodies have a high
affinity to their targets, making them a good choice for appli-
cation in immunoassays. Furthermore, they are easy to store
and can handle minor deviations in epitopes (conformational
changes, polymorphism, or denaturation) [17].

Antibody conjugation to MNPs and antigen
separation

In the aim to prepare an immunoaffinity system for the quick
purification of SARS-CoV-2 antigens, the antibodies purified
earlier were conjugated to MNPs. The separation and purifi-
cation process of proteins from other unneeded components as
well as possible impurities in the medium of complex matrices
is an essential step in sample preparation and analysis. As
such, the use of novel strategies based on nanomaterials has
become popular due to their usefulness in bypassing the lim-
itations observed with orthodox extraction methods (high vol-
ume consumption, extended time, etc.) [18]. The current work
aimed to explore MNPs for the purification process. The
functionalization of the MNPs demonstrated a 12.5-μg Ab
bound/mg MNP.

The magnetic features of MNPs are of great interest due to
facilitating and hastening the proteins’ separation process. The
general procedure involves mixing Ab-functionalized MNPs
(MNP-Ab) with the target matrix solution (serums, nasopha-
ryngeal liquid, etc.). After the target proteins are captured,
MNPs are immobilized via strong magnets, and then the un-
attached molecules are eliminated. Lastly, the target proteins
are eluted (by changing solvents) and stocked for further use
after being washed [18]. In the current work, the preparation
of the MNP-based system for the separation and purification
of COVID-19 antigens was characterized via SEM analysis.
The attachment of antibodies onto the MNP surface showed a
higher density of the material and a slight change in the sur-
face color (Fig. S1).

To optimize the purification system, various factors (bind-
ing time, buffer pH, loading capacity, and the elution buffer
type) have been explored to determine the optimal conditions
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(Fig. 2C–F). Results showed that the binding capacity of the
MNP-based system was defined as 6.0 μg protein/mg MNP
(yield = 49 ± 2%). The increase of sample amount showed
exponential antigen binding reaching a maximum (6.0 μg
protein/mg MNP) at 80 μg of the loaded sample. Higher
amounts of the loaded sample had no changes suggesting
saturation of all binding sites (Fig. 2C). Physiological pH
levels (pH 7.0) showed the highest protein binding compared
to other pH levels. A highly basic pH (pH 11) showed poor
binding that can be related to protein damage or environment
electrons and proton perturbation (Fig. 2D). The type of buffer
employed is another factor that may affect the purification
process. Data demonstrated that a mixture of formic acid/
acetonitrile (10%/3%, v/v) produced the most optimal elution

process compared with other types of buffers (Fig. 2E). The
last factor to optimize was the binding time where it was time-
dependent. Although the increase continued till 60 min of
incubation, it had no statistical significance compared with
30 min (Fig. 2F). As such, the current system showed a max-
imum binding capacity of 6.0 μg antigens/mg MNP at pH 7.0
with an extraction time of 30min and elution with a mixture of
formic acid/acetonitrile (10%/3%, v/v). There exist many
commercially available MNPs functionalized with a wide va-
riety of functionalities such as protein A/G, amine groups,
biotin/streptavidin, etc., which further expand their potential
applications. Generally, MNP-based separation methods take
around 15 min to 120 min for the purification, depending on
the protein type [18]. Furthermore, themain advantage of such

Fig. 2 Purification and characterization of antibody and antigen
cocktails. Serum samples from COVID-19-positive patients were taken
and analyzed via ELISA for IgG and IgA levels, after which the samples
with the highest amounts were subjected to simple purification via protein
A affinity. A Purified antibody cocktail titer analysis using COVID-19-
specific ELISA kits. B Electrophoresis analysis of both purified antibod-
ies and antigen cocktails under reduced and non-reduced conditions.C–F
Optimization of the various parameters implicated in the functioning of

MNP-based immunoaffinity antigen purification. G Illustration of the
working principle of the electrochemical-based analysis. H
Electrochemical confirmation of the antibody/antigen attachment. I
Confirmation of the antigen presence via testing a positive and negative
swab sample and calculatingΔμA. J Confirmation of the antibody spec-
ificity using MNPs functionalized with pure SARS-CoV-2 spike proteins
(S1 and S2). *p < 0.05, **p < 0.01, and ***p < 0.001 vs the optimal
condition marker
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anMNP-based system is their reusability after simple washing
processes, which further underline their economic potential in
parallel to their effectiveness and easy-to-use operations.

A COVID-19-positive patient’s nasopharyngeal samples
were selected (with high viral load determined from PCR data)
and applied through the MNP-based separation system to purify
antigens. The eluted samples were characterized via electropho-
resis (Fig. 2B) and electrochemical analysis compared with com-
mercially obtained pure S1 and S2 spike proteins (Fig. 2G–J).
The use of S1 and S2 proteins demonstrated that the purified
antibody cocktail at least contains spike protein–recognizing an-
tibodies. In a similar logic, the antigen mixtures can also be said
to possess at least spike proteins in their content. The electropho-
retic analysis of the purified antigens demonstrated two major
bands of a molecular weight around 48 and 60 kDa and a less
obvious band around 20–25 kDa. The composition of the SARS-
CoV-2 proteins has been extensively analyzed, and the major
proteins were found to be at 47–55 kDa for N protein, 60–
80 kDa for S1 and S2 separately (130–150 kDa for complete
monomeric spike protein), and 15 kDa for membrane protein
[19]. Our findings align with the statements above, demonstrat-
ing protein bands of the same interval molecular weights.

Additionally, the purified antigens were characterized
using electrochemical analysis using screen-printed electrodes
(SPE) and the earlier prepared MNPs-Ab. The SPE-based
electrochemical analysis is a simple tool that has excellent
biosensing potential for analyte detection. It consists of trap-
ping the MNP-Ab on the SPE surface using magnets, after
which the sample is added over the surface (Fig. 2G). The
addition of purified antigens or purified spike proteins induces
a change in the current measured via differential pulse volt-
ammetry (DPV) (Fig. 2H–J). The difference in signals be-
tween SPE-Ab and SPE-Ab/antigen highlights the attachment
of the purified antigens over the functionalized MNPs.

Furthermore, positive and negative swab samples were
tested, and the obtained differences between the signal further
demonstrate the recognition of COVID-19 antigens by the
MNP-Ab. The use of MNPs for the specific detection of
SARS-CoV-2 antigens has been reported in many researches
[20] and showed excellent sensitivity in different matrices
such as saliva [21]. To further confirm the specificity of the
purified antigens and antibodies, isothermal titration calorim-
etry was employed to measure the affinity between them (Fig.
S2). The obtained results underline the recognition and affin-
ity between the two proteins, which further prove the efficien-
cy of the proposed system for the repurposing of human sam-
ples in the purification of antigens and antibodies. The capac-
ity of the MNP-Ab utilization for several successive purifica-
tions was explored and showed 100%, 97%, and 90% from
the first to the third application, respectively (Fig. S3). The
capacity of the MNP-Ab was tested after 2 months from prep-
aration and showed a capacity of 50% (data not shown).

Antigen sequence identification and analysis

The use of MNPs has a significant role in developing biosen-
sors by taking advantage of magnetic separation. The latter
can facilitate the cleaning and enrichment of target molecules,
enabling the purified biomolecules’ easy exploitation for dif-
ferent applications [22]. In this sense, the characterization
demonstrated earlier using the repurposed human samples
for the purification of antibodies and antigens presents a great
potential for the development of an electrochemical biosensor
for the diagnosis of SARS-CoV-2 taking advantage of the
multiple epitope target–recognizing antibody cocktails or the
antigen mix that can be immobilized over the MNPs for the
detection of antigen or antibody presence, respectively.
Furthermore, the MNP-based separation can be seen as a sam-
ple preparatory method to clean, enrich, or explore the antigen
protein sequences. Indeed, the current study used mass spec-
troscopy to analyze nasopharyngeal antigens pre- and post-
passage through the MNP system. The use of MNP-based
separation allowed the selective purification of COVID-19-
specific antigens and eliminating unnecessary proteins going
from 946 peptides pre-MNP-Ab to 66 peptides post-MNP-Ab
separation (Table S1, Fig. 3).

Identifying the separated proteins in the pooled nasopha-
ryngeal samples and the eluted samples further demonstrated
the specificity of the separation. Proteins and peptides identi-
fied through LC-Q-TOF-MS in the pooled swabs and the pu-
rified antigens showed an important number of SARS-CoV-2
proteins and peptides that were preserved after purification
(Table S1). The peptide sequences identified were further fil-
tered, and only peptides of 7 amino acids or higher were con-
sidered. These peptides were mainly represented by the spike
protein and nucleoprotein. It should be mentioned that other
proteins (membrane, envelope, and ORF) were also identified
but showed lower scores than S and N proteins.

In-gel digestion of the purified peptides observed after
SDS-PAGE further confirmed our initial estimation that the
bands corresponded to S, N, M, E, and other structural pro-
teins (Fig. 2, Table 1). These potential peptides were again
checked for their positions over the entire sequence of each
respective protein to determine if key regions or domains were
identified. The raw data of the analysis with all possible iden-
tified peptides were also taken into consideration, and only
peptides with a higher score were selected and presented
(Table S2). It has been reported that COVID-19 patient anti-
bodies mainly react to peptides derived from S and N proteins
followed by ORF1. However, ORF1 was also detected by
antibodies from patients infected with other coronaviruses.
This suggests that the recognition of ORF1 is a result of
cross-reactivity due to prior infections. There was also a low
detection of peptides derived fromM, ORF3, and ORF9 from
SARS-CoV-2 patients’ antibodies [16]. These results corrob-
orate our findings, especially with the low peptide hits found
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in proteins other than S and N proteins. In the process of
infection, the spike protein is cut into S1 and S2 subunits.
The S1 protein consists of the N-terminal domain (NTD)
and the receptor-binding domain (RBD), responsible for the
interaction with ACE2. Besides, the NTD function is still not
fully understood. It has been seen that in other coronaviruses,
the NTD interacts with glycated moieties during attachment
and thus has a potential role in the transition between
prefusion and postfusion states of the S protein during infec-
tion. Furthermore, the NTD of the S protein was shown to be a
key target for neutralizing antibodies in MERS-CoV [23].

The use of an antibody cocktail has great potential in enhanc-
ing the recognition and enrichment properties of the proposed
MNP-based system. It has been demonstrated that from a popu-
lation point of view, IgG and IgA have a similar recognition
frequency of antigens. Nevertheless, at an individual level, there
have been various discrepancies showing that some epitopes are
recognized by only IgG, only IgA, or both antibodies. This sug-
gests that patients generate distinct antibody responses to SARS-
CoV-2. As for IgM, it is suggested that the low presence is
probably due to a monoclonal response, and given some signals,
IgM clones transform into IgA or IgG antibodies [16].

Application potential of the current study

Identification capabilities using mass spectrometry

The collection of proposed therapeutic antibodies and vaccines
were initially designed based on the first described spike

protein. However, with the emergence of the various variants,
many preliminary studies have suggested that these antibodies’
neutralization/detection efficiency might be reduced against
these variants containing mutations [4]. From this logic, some
of the described peptides risk being different on the proteins of
the virus variants. Our approach consisted of examining naso-
pharyngeal samples taken from confirmed cases of the B.1.1.7
(English variant). The data showed that some of the found
peptide sequences in the earlier SARS-CoV-2 samples were
not found in the B.1.1.7 variant suggesting that the proposed
peptides might not have a great potential for large spectrum
diagnostic, therapy, or vaccine purposes (Fig. 4A). Results
showed various sequences from both structural (spike protein,
nucleoprotein, envelope, membrane) and non-structural
(ORF3a and ORF7) proteins that are common between the wild
type and the English variant. This demonstrates that the purified
antibodies could potentially be used in diagnostic applications
with a wide range of recognition that can detect other variants
given the various target epitopes it can recognize. This conse-
quently provides a group of target peptides that can be used as
an identification base in LC-Q-TOF-MS/MS or other methods
for diagnostics. Indeed, the use of mass spectrometry analysis
for diagnostics can provide a high level of accuracy due to the
detection of a myriad of peptides that can give a general idea of
the protein content and allow for a diagnosis verdict compared
with other methods that target only one protein or a specific
region. Our experimental data was able to detect peptides from
structural and non-structural proteins (Fig. 4B). The peptide
sequences can be used as a base for diagnosis or explored to
develop different immunological-based diagnosis tools.

Fig. 3 Comparison between the peptide content in nasopharyngeal swabs and the purified antigens after passing through the MNP-based system.
Comparison according to A mass data and B retention time
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Lateral flow assay development for diagnostics

As a proof of concept of the feasibility of the purified antigen
and antibody application in developing highly sensitive diag-
nostic tools, two types of lateral flow assays (LFA) were de-
signed to detect antigens or antibodies in nasopharyngeal or
serum samples, respectively (Fig. 5A). The human samples
were tested compared to RT-PCR or commercial ELISA re-
sults. The obtained data demonstrated a 93% correlation with
the RT-PCR results for the antigen detection capacity. On the
other hand, 92.2% agreement was seen between our antibody
test and the commercial ELISA (Fig. 5B, C). It has been
shown that the specificity and sensitivity of biosensors to-
wards antigen detection are closely related to Ct scores. We
have also explored the sensitivity of the proposed platform
according to Ct values and divided the samples into high-,

middle-, and low-viral-load groups. The results showed 94%
correct diagnosis for the high-viral-load groups followed by
the middle and low groups. On the one hand, this decrease in
sensitivity can be attributed to the limited number of antigens
to be detected in the samples but also the limited number of
samples used for the study (Fig. 5B, C). The antibody detec-
tion produced a 91% correct detection when samples contain
SARS-CoV-2-specific IgG and IgA. This value also decreases
when samples are either IgG+ or IgA+ alone. The rationale is
that the development of COVID-19 antibody production hap-
pens in different steps where IgM is generally associated with
infection within the first days, followed by IgG production,
and then IgA [24]. The detection of antibodies is important for
epidemiological studies and can help predict the date of the
infection onset. Additionally, it helps predict immune re-
sponse patterns that are necessary for developing prevention

Table 1 Peptide identification from the in-gel digestion of the purified antigen

Protein name/
accession
number

Molecular
weight
(Da)

Position Peptide
sequence

Domain Sequence
coverage
(%)

Expected
value

Protein
score

Retention
time
(min)

Mass

Nucleoprotein/
NCAP_SARS2

45,598 33–38
62–68
94–100
101–107
144–149
196–203
250–256
294–299
362–369

SGARSK
EDLKFPR
IRGGDGK
MKDLSPR
SAAEASK
NSTPGSSR
QGTDYK
DHIGTR
TFPPTEPK

NTD
NTD
NTD
NTD
NTD
SR-rich

linker
SR-rich

linker
CTD
CTD

14 2.8e−05 71 1.748
10.009
8.99
14.535
11.876
3.106
8.141
4.463
17.195

605.3003
905.3679
702.3656
846.4745
663.2919
805.4151
711.3777
699.3434
916.4878

Spike
Glycoprotein/

SPIKE_SARS2

141,088 35–41
196–202
238–246
305–310
409–417
458–466
530–535
568–577
815–825
987–995
1020–1028
1039–1045

GVYYPDK
NIDGYFK
FQTLLALHR
SFTVEK
QIAPGQTGK
KSNLKPFER
STNLVK
DIADTTDAVR
RSFIEDLLFNK
VEAEVQIDR
ASANLAATK
RVDFCGK

NTD
NTD
NTD
NTD
RBD
RBD
SD1
SD1
FP
–
HR
HR

7 3.5e−05 70 15.271
14.761
11.536
8.141
7.293
7.293
5.765
8.537
8.537
8.537
14.535
16.515

840.3916
855.4207
1099.5145
711.3777
898.4402
559.2666
660.3676
538.2224
1381.5842
1059.4718
846.4745
824.4274

Membrane/
VME1_SARS2

25,130 43–50
151–158
175–180
181–186

NRFLYIIK
IAGHHLGR
TLSYYK
LGASQR

– 12 0.0031 51 19.514
15.836
7.01
10.065

1065.5635
859.4678
774.3603
632.3762

ORF3a/
AP3A_SARS2

31,103 22–30
62–67
69–75
193–198

DATPSDFVR
IITLKK
WQLALSK
WESGVK

– 10 0.0067 47 8.537
7.575
14.535
6.387

1007.4616
716.3357
846.4745
704.3564

ORF8/
NS8_SARS2

13,822 45–52
95–101
116–121

WYIRVGAR
LGSLVVR
VVLDFI

– 17 0.011 45 11.536
10.009
6.387

1021.46
371.655
704.3564

Envelope/
VEMP_SARS2

8360 62–69
64–69
70–75

VKNLNSSR
NLNSSR
VPDLLV

CTD 18 0.012 38 7.575
14.705
2.653

916.4513
689.3618
655.3016

Placeholder TextPeptides with 7 amino acids or higher are considered as plausible sequences for further analyses
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methods. A more thorough study of the application of the
current purified antigens and antibodies has been reported
by our research group in our recent publication [13].

Limitations, perspectives, and conclusions

The current study describes a methodology for a quick and
simple workflow in repurposing SARS-CoV-2 samples to
produce precise and accurate targeting and generate a low-
cost pool of raw materials (antibodies and antigens) used for
critical research related to diagnostics, therapy, or vaccine
development. The advantage resides in the fact that the human
samples are destined to be eliminated after PCR or ELISA
analysis, thus making the source free of recruiting patients or
volunteers. In addition, while it is understandable that outside
pandemic times, finding enough patients is difficult, the cur-
rent report proposes this approach for urgent times such as
pandemics where the supply chain cannot be predicted. It
should be noted that biosafety is an important factor in this
situation and needs to be handled carefully using proper lab
safety measures and experimented staff. The use of MNP-
based separation methods to isolate specific proteins and pep-
tides could be adapted to a broad range of proteomics-based
applications. The current study demonstrated that with simple

sample preparatory techniques, highly purified materials
could be produced. The purified antibodies show great poten-
tial as a tool to be explored in diagnostic procedures such as
ELISA, lateral flow assay, biosensors, etc. We have explored
the potential of the purified antigens and antibodies in the
current study by developing a colorimetric paper-based LFA
where the system efficiently recognized positive and negative
samples with a sensitivity of 93% compared with RT-PCR
results [13]. These materials can also be exploited in combi-
nation with mass spectrometry to explore the antigen se-
quences for identification. Some interesting research has used
mass spectrometry techniques to identify and diagnose SARS-
CoV-2, providing a fast turnaround reaching as low as 3 min
[25–27]. Here, it is indeed difficult to draw strong conclusions
about the feasibility of the identified peptide sequences for
such applications. However, it is indeed a promising approach

Fig. 4 A Peptide identification and analysis of SARS-CoV-2 samples
and its B.1.1.7 variant via LC-Q-TOF-MS/MS (n = 6). Bold peptides
are sequences found in both SARS-CoV-2 and B.1.1.7 variants (n = 3
each).B Ensemble of the sequences that could be detected through LC-Q-

TOF-MS/MS and their positioning over the SARS-CoV-2 genome. Non-
structural proteins are represented mainly by replicase 1a (from ORF1a)
and replicase 1ab (fromORF1a and b). Red and green colors represent the
absence or presence of the peptide sequence in the tested samples

�Fig. 5 Development of a lateral flow assay (LFA) using the purified
antigens and antibodies to diagnose SARS-CoV-2. A Schematic repre-
sentation and visual observations of the sandwich-type and competitive-
type LFAs. B, C Analytical assessment of the LFA platform and estima-
tion of the accuracy compared with RT-PCR. Reprinted with permission
from [13]. Copyright 2021 American Chemical Society
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for bulk production of material supplies in urgent times such
as pandemics or the case of low-financial power. The pro-
duced antibodies are designed for a wide-range screening.
However, additional studies to check cross-reactivity against
other microorganisms should be cleared. Moreover,
performing deeper profiling of the antigens in larger cohorts
with different demographic factors (age, race, and sex) and
other virus variants will provide a better understanding of
the epitope landscape which can pave a stepping stone for
the isolation and creation of efficient tools that can standardize
the approaches to fight the current or any eventual pandemic.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03654-4.
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