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ABSTRACT: The tragic COVID-19 pandemic, which has seen a
total of 655 million cases worldwide and a death toll of over 6.6
million seems finally tailing off. Even so, new variants of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continue
to arise, the severity of which cannot be predicted in advance. This
is concerning for the maintenance and stability of public health,
since immune evasion and increased transmissibility may arise.
Therefore, it is crucial to continue monitoring antibody responses
to SARS-CoV-2 in the general population. As a complement to
polymerase chain reaction tests, multiplex immunoassays are
elegant tools that use individual protein or peptide antigens
simultaneously to provide a high level of sensitivity and specificity.
To further improve these aspects of SARS-CoV-2 antibody
detection, as well as accuracy, we have developed an advanced serological peptide-based multiplex assay using antigen-fused
peptide epitopes derived from both the spike and the nucleocapsid proteins. The significance of the epitopes selected for antibody
detection has been verified by in silico molecular docking simulations between the peptide epitopes and reported SARS-CoV-2
antibodies. Peptides can be more easily and quickly modified and synthesized than full length proteins and can, therefore, be used in
a more cost-effective manner. Three different fusion-epitope peptides (FEPs) were synthesized and tested by enzyme-linked
immunosorbent assay (ELISA). A total of 145 blood serum samples were used, compromising 110 COVID-19 serum samples from
COVID-19 patients and 35 negative control serum samples taken from COVID-19-free individuals before the outbreak.
Interestingly, our data demonstrate that the sensitivity, specificity, and accuracy of the results for the FEP antigens are higher than for
single peptide epitopes or mixtures of single peptide epitopes. Our FEP concept can be applied to different multiplex immunoassays
testing not only for SARS-CoV-2 but also for various other pathogens. A significantly improved peptide-based serological assay may
support the development of commercial point-of-care tests, such as lateral-flow-assays.
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■ INTRODUCTION
Severe acute respiratory syndrome corona virus 2 (SARS-CoV-
2) is an RNA virus and the causative agent of COVID-19
(coronavirus disease 2019), which was first identified in
December 2019.1 The main antigenic part of the virus is the
spike protein, a surface protein that facilitates viral entry into
cells mainly through its interaction with the angiotensin-
converting enzyme (ACE2) receptor.2 The virus can be
detected at the early stages of the disease by a polymerase
chain reaction (PCR) test from the first day of the infection
until approximately 21 days after the infection.3 Early detection
of the virus is a crucial step to isolate cases and limit the virus
spread.4 Antibodies against the viral surface proteins, including
the spike and nucleocapsid proteins, play an essential role in

the immune system fight mechanism and detection of
immunized individuals.3 IgG and IgM antibodies start to
appear seven days after the disease onset, and their levels can
be sustained in the blood for several months providing
immunity against a second infection.3 Early in the pandemic,
detection of SARS-CoV_2 antibodies helped to contain and
manage the pandemic by detecting people who have immunity
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against the virus.5 Due to emerging new viral variants with the
potential to evade the immune response, there is a continuous
public health need for serological testing as an auxiliary
method to screen for SARS-CoV-2 immunity in the general
population.6

Serum antibodies are detected in clinical laboratories either
using an enzyme-linked immunosorbent assay (ELISA) or a
chemiluminescence immunoassay (CLIA).7 In an ELISA, the
antigen of interest, protein or peptide, is attached to a
microtiter plate and used to detect antibodies in the samples

that would bind to the antigen.8 Peptide antigens have several
advantages compared to protein antigens. First, peptides were
reported to have better sensitivity when compared to proteins.9

Second, producing proteins in their native form is challenging,
which could negatively influence the consistency and outcomes
of the test.10 Lastly, peptide sequences can be readily changed
to adapt any specific design requirements or change of viral
protein sequence due to mutations in comparison to
recombinant proteins.11

Figure 1. (A) Mapping of the synthesized peptides against the full spike and nucleocapsid protein sequences. AlphaFold 2 three-dimensional
structure prediction for the (B) spike and (C) nucleocapsid-derived peptides. The peptide secondary structures are labeled in red (helix) and green
(random coil), respectively (B,C).
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Several studies have reported peptide epitopes from the
SARS-CoV-2 surface proteins that can recognize serum
antibodies from COVID-19 patients.12−18 Various peptide
sequences were identified in different studies and were found
to have different sensitivity, specificity, and accuracy for
antibody detection.12−18 For example, Poh et al. screened
overlapping peptide epitopes from the whole spike protein
using ELISA to identify epitopes with reactivity against SARS-
CoV-2 antibodies.12 They found two epitopes from the spike
protein (residues 553−570 and 809−826) that elicited a high
response against SARS-CoV-2 antibodies. Li et al.19 screened
peptide epitopes spanning the entire length of the spike
protein using microarray analysis and found similar epitopes to
Poh et al.12 and other additional epitopes that can be used for
antibody detection. Even though some common peptide
sequences were identified, the diagnostic performance for
these sequences varied among the studies.12,19

A recent study assessed the antibody response of multiple
patients to several peptide epitopes using ELISA.17 They found
that each peptide can detect antibodies from some serum
samples but not the others. Thus, suggesting that a single
peptide sequence might not be capable of detecting all patients
with SARS-CoV-2 antibodies. One proposed way to resolve
this issue is to use a pool or mixture of peptides when coating
the microtiter plate to improve the sensitivity and specificity
for detecting SARS-CoV-2 antibodies.14,16,17

Serological assays need to be highly sensitive and specific to
detect the desired antibodies without false-negative or false-
positive results. Therefore, several aspects need to be
considered when developing a serological assay, including
antigen selection.20 Combining results from viral antigens has
been shown to improve the sensitivity and specificity for
antibody detection.21 An alternative way to combine results
from two antigens would be to synthesize one antigen with
fused sequences from two different antigenic sites. This could
improve the time and cost effectiveness of developing an
immunoassay.

In this study, we aimed to improve the sensitivity, specificity,
and accuracy of serological multiplex assays by fusing various
peptide epitopes as a single antigen for the advanced detection
of SARS-CoV-2 antibodies. For this purpose, selected peptide
epitopes from the spike and nucleocapsid proteins with
reported immunogenicity12−14,22,23 were synthesized. All
selected peptides were individually screened for the best
performing peptide epitopes in terms of specificity and

sensitivity for SARS-CoV-2 antibody detection. We identified
four peptide epitopes out of 10 peptide candidates that reacted
strongly with SARS-CoV-2 antibodies with the highest
sensitivity level of 78%. The identified four peptides derived
from both the spike and the nucleocapsid protein were chosen
for the multiplex assay. They were tested as a mixture of two
peptide epitopes or as a combined single epitope, by fusing the
peptide sequences from the single epitopes. Interestingly, three
of our designed fusion-epitope peptide (FEP) antigens showed
significantly higher sensitivity, specificity, and accuracy for
COVID-19 antibodies when compared with single peptide
epitopes or mixtures of single peptide epitopes. Finally, we
performed a simulation study of the docking between the
peptide epitopes and the crystal structure of reported SARS-
CoV-2 antibodies to demonstrate the docking efficiency
between the peptide epitopes and antibodies. We improved
the sensitivity level of antibody detection up to 88% when FEP
was used. This data could help in understanding factors that
can be utilized to improve the sensitivity, specificity, and
accuracy of detecting SARS-CoV-2 antibodies. Furthermore,
the result of this study could be used in developing peptide-
based serological assays not only for SARS-CoV-2 but also for
other diseases that require serological testing with high
sensitivity and specificity.

■ RESULTS AND DISCUSSION

Patients Samples

A total of 145 samples were included in this study, consisting
of 110 SARS-CoV-2 antibodies positive samples and 35
negative pre-COVID-19 samples. Pre-COVID-19 samples
were de-identified and archived before November 2019.
Regarding the positive samples, 95% were collected between
July and September of 2020 and 5% were collected between
January and February of 2021. Females and males represented
55 and 45%, respectively, of the sample with positive SARS-
CoV-2 antibodies. The mean age of patients was 40 years
(±13.4), and the mean duration between the positive PCR test
and sample collection was 27.5 days (±13.3). This duration
provided sufficient time for the immune system to develop
detectable antibody levels in the blood after the infection.3,24

All 110 positive samples were tested positive for SARS-SoV-2
antibodies using a commercial antibody test (Abbott COVID
IgG test).

Table 1. List of the Synthesized Peptide Amino Acid Sequencesa

peptide amino acid sequence protein amino acid positions

P4 K(Biotin)CNGVEGFNCYFPLQSYGFQPTNGVGY S 480−505
P5 K(Biotin)NLDSKVGGNYNYLYRLFRKSN S 440−460
P6 K(Biotin)VLLPLVSSQCVNLTTRTQLPPAYTN S 6−30
P7 K(Biotin)SFSTFKCYGVSPTKLNDL S 373−390
P10 K(Biotin)GTGVLTESNKKFLPFQQFGRDIA S 548−570
P11 K(Biotin)TQLNRALTGIAVEQDKNTQEVFAQVK S 761−786
P12 K(Biotin)FSQILPDPSKPSKRSFIEDLLFNKV S 802−826
P13 K(Biotin)NNAAIVLQLPQGTTLPKGFYA N 153−172
P14 K(Biotin)NTQEVFAQVKQIYKTPPIKDFGGFNF S 777−802
P15 K(Biotin)KTFPPTEPKKDKKKKADETQALPQRQ N 361−386
FEP10-15 K(Biotin)-GTGVLTESNKKFLPFQQFGRDIA-SGSGS-KTFPPTEPKKDKKKKADETQALPQRQ S−N 548−570(S)-361−386(N)
FEP15-10 K(Biotin)KTFPPTEPKKDKKKKADETQALPQRQ-SGSGS-GTGVLTESNKKFLPFQQFGRDIA N−S 361−386(N)-548−570(S)
FEP12-13 K(Biotin)-FSQILPDPSKPSKRSFIEDLLFNKV-SGSGS-NNAAIVLQLPQGTTLPKGFYA S−N 802−826(S)-153−172(N)

aLC−MS data are provided in Figures S1−S12.
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Screening All Antigens

In order to select those peptides with high sensitivity and
specificity, we screened all 10 peptides (Figure 1, Table 1) with
24 random samples (18 positive samples, and six negative pre-
COVID-19 samples). The differences in fluorescent signal
intensity [optical density (OD) signal] between the different

peptides and the S1 subunit of the spike protein are shown in
Figure 2A. The threshold to determine positive and negative
OD signals was calculated for each peptide; detailed
information about how the threshold, sensitivity, and
specificity were calculated can be found in the Experimental
Section. The P4, P10, P12, P13, and P15 peptides and the

Figure 2. ELISA experiments screening all 18 SARS-CoV-2-positive samples and 6 pre-COVID-19 samples with single peptides (P4, P5, P10, P11,
P12, P13, P14, and P15) and S1 subunit of the spike protein. Dashed line represents the threshold for each peptide (A). Sensitivity of the tested
peptides in detecting SARS-CoV-2 antibodies from positive samples (B).
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Spike protein had a high number of positive samples that were
above the threshold (Figure 2A). For the P5 peptide, the OD
results were high for both positive and negative samples, which
resulted in a high threshold cut-off value. The sensitivity of
detecting SARS-CoV-2 antibodies was calculated for all the
peptides and compared with the spike protein (Figure 2B).
The highest sensitivity was 78% for nucleocapsid peptides P13
and P15, followed by 72% for the P10, and 67% for the P12
peptides from the spike protein (Figure 2B). Furthermore, all
peptides had a specificity of 100%. The high specificity for
these peptides was based on the high threshold used to
determine positive and negative samples. We observed that

some patients’ samples had a higher OD signal with the
nucleocapsid protein-based peptides, while others had a higher
signal with the spike protein-based peptides. These results
suggest that pooling or combining at least two peptides from
the P10, P12, P13, and P15 could improve the sensitivity for
detecting SARS-CoV-2 antibodies.
Screening All Samples

Peptides with the highest sensitivity and specificity, P10, P12,
P13, and P15, were selected to be tested with all 110 positive
and 35 negative samples. In addition, two FEPs combining the
sequences of the P10 and P15 and one FEP combining the

Figure 3. OD results for P10, P15, mixed P10 + P15, FEP10-15, and FEP15-10 peptides when tested with (A) 110 positive samples and (B) 35
negative samples. OD results for P12, P13, mixed P12 + P13, and FEP12-13 peptides when tested with (C) 110 positive samples and (D) 35
negative samples. Spike protein control was included when testing all the samples. All peptides showed a statistically significant difference when
comparing positive to negative pre-COVID-19 samples (p-value < 0.0001). Statistically significant difference between the groups is shown in the
graph (***p < 0.001; **p < 0.01; *p < 0.05). Black dot in the middle of the box plot represents the median, and the violin plot was drawn with
kernel density estimate. ROC curves (E) for P10, P15, mixed P10 + P15, FEP10-15, and FEP15-10 peptides and (F) for P12, P13, mixed P12 +
P13, and FEP12-13 peptides showing the sensitivity and specificity for each peptide. AUC for each peptide is shown underneath each ROC figure.
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sequences of the P12 and P13 peptides were synthesized as
one long peptide. In this experiment, all samples were tested
with single epitope (P10, P12, P13, and P15), mixed epitopes
(P10 + P15 and P12 + P13), and fused-epitope (FEP10-15,
FEP15-10, and FEP12-13) peptides. The fused-epitope
peptides were designed to have one epitope from the spike
protein and another epitope from the nucleocapsid protein.
Moreover, the two FEPs from the P10 and P15 peptides were
designed with flipped sequence to assess the role of peptide
orientation on the test parameters. All peptides had a
statistically significant difference in fluorescence signal intensity
between the positive and negative samples (p-value < 0.0001)
(Figure 3A−D). Moreover, the FEPs had a higher mean OD
signal when compared with the single and mixed peptides but
less than the spike protein control. Statistical comparison
between the different peptides and spike protein is provided in
Figure S13.

Receiver operating characteristics (ROC) curves were
generated for all peptides, and the area under the curve
(AUC) was calculated for each curve. Each peptide’s
sensitivity, specificity, and accuracy were determined using
the optimal Youden’s index from ROC curves; detailed
information about the calculations is provided in the
Experimental Section. The FEPs had higher AUCs compared
to all single peptides (Figure 3E,F). Consistent with the AUC
findings, FEP15-10 and FEP12-13 had the highest sensitivity,
specificity, and accuracy in comparison to the single and mixed
peptides; the FEP15-10 peptide had results similar to the spike
protein control (Table 2). On the other hand, FEP10-15 had
higher sensitivity, specificity, and accuracy than the single
peptides but similar results to the mixed peptides. Since the
P15 peptide had the maximum possible specificity, there was
no increase in the specificity for FEP10-15 and FEP15-10.
However, an improvement in all test parameters was observed
for FEP12-13 because none of the single peptides reached the
maximum sensitivity, specificity, or accuracy.

Additional experiments with the FEPs were performed. Two
FEPs, FEP 15−10 and FEP12-13, were mixed to assess how
pooling them would affect their sensitivity, specificity, and
accuracy. The OD signal was higher for the mixed FEPs
compared to the single FEPs for the positive samples (Figure
4). There was a significant improvement in the specificity for
the mixed FEPs compared to the single FEP12-13 peptide;
however, both sensitivity and specificity were lower for the
mixed FEPs compared to the single FEP15-10 peptide, as
shown in Table 2. This result indicates that the effect of mixing
two antigens is not additive on the sensitivity, specificity, and
accuracy outcomes. In the future, peptides with the highest
possible specificity should be considered when testing the
pooling of multiple peptides.

A previous study has used bioinformatics tools and reported
that there is a potential to improve the sensitivity and
specificity of SARS-CoV-2 antibody detection using a mixture
of peptides.14 The sensitivity could reach 100% when using a
mixture of four peptides.14 This enhancement in sensitivity and
specificity has also been reported for a chemiluminescent
immunoassay that uses multiple antigens for detecting SARS-
CoV-2 antibodies.25 These results are consistent with our own
findings in this study, in which we experimentally demon-
strated that both sensitivity and specificity increase when using
a mixture of multiple peptides. We have also found that FEP
combining sequences from different viral protein regions can
further improve the sensitivity and specificity. Combining T
ab
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different sequences has been demonstrated previously in which
cell-penetrating peptides were combined with peptides that
have DNA-binding activities in order to design multifunctional
peptides.26 However, FEPs are different from fusion peptides,
which are epitopes on viral surface proteins that are
responsible for viral entry into the host cell.27,28 Our concept
of the FEP is that two non-consecutive epitopes from the same
protein or epitopes from two or more proteins are fused to
create one peptide that can be used for antibody detection.
Furthermore, FEPs could include epitopes from two different
pathogens and are not limited to the same pathogen.

The better performance of the results for the FEPs over the
single and mixed epitopes may be related to multiple factors.
First, the enhancement may be due to the bigger molecular size
of the FEPs that enhance the stability of secondary structures.
This was observed in the predicted secondary structure of the
two flipped FEPs in the computational studies: the longer
sequence of FEPs can lead to a more stable tertiary structure.
In addition, FEPs would have better exposure and accessibility

to the antibodies by being more elevated above the assay plate.
This was observed when the sequence of the fusion epitope
was flipped: FEP15-10 had better results than FEP10-15. This
may be due to the elevation of P10, which had slightly better
test outcomes compared with P15 when they were tested as
single peptides.

SARS-CoV-2 is an RNA virus that is susceptible to
mutations. Several mutations have emerged since the
beginning of the pandemic, five of which have been identified
as variants of concern by the World Health Organization
(WHO): Alpha, Beta, Gamma, Delta, and Omicron (Table
S1).29 Some of the mutations in these variants have resulted in
changes to the amino acid sequences used in this study. For
example, the Alpha variant has resulted in a change to the spike
protein that affected our P10 peptide (A570D), while the
Delta variant has resulted in a change to the nucleocapsid
protein that affected our P15 peptide (D377Y).30 However,
none of the recent Omicron variants have caused any changes
to the best-performing peptides in this study, which include
P10, P12, P13, and P15. The extent to which these changes
may affect the sensitivity and specificity of these peptides is yet
to be determined. However, one of the advantages of our
concept to use a FEP concept is that multiple sequences from
different variants can be fused to detect antibodies from any
variant.
In Silico Molecular Docking Simulations

To further elucidate the peptide-antibody interactions, an in
silico analysis based on protein molecular docking was
performed. The aim of this experiment was to simulate the
docking between the peptides and antibodies. A general
overview of the molecular docking simulations is presented in a
graphical flowchart (Figure 5A). Initially, the peptides’ three-
dimensional structures were predicted using AlphaFold 2, a
program developed for protein structure predictions (Figure 1,
Figures S14−S23, Table S2).31,32 The domains for most of the
peptides seem to be in their majority random coils, and it was
observed that some of the spike-derived peptides contain
regions that fold into alpha-helical secondary structures
(Figure 1). The presence of helical secondary structures was
observed in peptides P5, P4, P10, P11, P12, and P14, which
were selected from the RBD, S1, and S2 regions from the
SARS-CoV-2 spike protein (Figure 1).
Circular Dichroism

The peptides’ secondary structure was assessed using circular
dichroism (CD). In line with the in silico simulation
experiments, CD spectra showed alpha helical components
for P5, P11, P12, P14, and FEP12-13 in which there is a
positive band at 190 nm. On the other hand, P6, P7, P13, P15,
FEP10-15, and FEP15-10 showed random coil structure in
which there is a negative band at 190 nm. The CD spectra for
all peptides are shown in Figure S24.

For each of the peptides, a protein data bank (PDB)
database search was performed to identify which crystal
structures of the SARS-CoV-2 antibodies bind to the
corresponding regions of the spike and nucleocapsid proteins
(Table S3). Selected antibody structures were then used for
the peptide-antibody docking studies. Our selection criterion
was to consider the highest degree of overlapping sequences
between the antibodies and the individual peptide epitopes
(Table S4). Except for the P15 peptide, we identified various
antibodies that target the investigated peptides. An extensive
number of reported antibodies bind to the RBD region of the

Figure 4. OD results for FEP 15−10, FEP 12−13, and mixed fusion
epitope peptides when tested with (A) 110 IgG-positive COVID-19
samples and (B) 35 negative pre-COVID-19 samples. (C) ROC
curves for the tested peptides.
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SARS-CoV-2. By contrast, only limited number of antibodies
are currently available that binds to regions outside of the RBD
and to the nucleocapsid protein. The vast number of reported
RBD-binding antibodies can be explained by the extensive
number of neutralizing antibodies that target this region.
Hence, most studies have focused on RBD-binding antibod-
ies.33−35 On the other hand, antibodies to the nucleocapsid
protein of the SARS-CoV-2 have been reported to have better
sensitivity than the spike protein antibodies, which make them
suitable candidates for diagnostic assays.36,37

Since there is no reported PDB antibody structure that
targets the P15 peptide epitope within the nucleocapsid
protein, we utilized AlphaFold 2 to generate a prediction for an
antibody structure targeting the N-CTD region of the
nucleocapsid protein (Figure 1). This antibody was predicted
using sequences reported by Ye et al.38 Their study highlights
the role of single-domain antibodies (sdABs) to target the N-
CTD region. The authors report the protein sequences of two
sdABs (sdAB-E2 and sdAB-N3) that interact with the N-CTD
regions 247−364 and 365−419, respectively.38 After an Alpha

Figure 5. Graphical flowchart for the docking simulations (A). The top 10 simulations are identified according to their lowest energy scores (B).
Docking interactions between the spike-derived peptides (C) and the nucleocapsid-derived peptides (D) against different SARS-CoV-2 antibodies.
Antibodies used include NTD 2−51 (PBD: 7L2C), 910−930 (PBD: 7KS9), N-612-004 (PDB: 7S0E), 2G12 (PBD: 7L09), DH1058 (PDB:
7TOW), nCoV396 (PDB: 7CR5), and sdAB E2-N3.
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Fold 2 modeling validation (see Experimental Section), a P15-
recognizing antibody was predicted by combining the protein
sequences of sdAB-E2 (nucleocapsid interacting region 247−
364) and sdAB-N3 (nucleocapsid interacting region 365−419)
to generate a fused antibody structure (sdAB-E2-N3; Table
S5). We were satisfied that our reconstructed antibody model
showed an accuracy of over 90% (Figure S25). The simulated,
fused sdAB-E2-N3 antibody can be used for the interaction
with the P15 peptide; however, further assessment will be

needed when the crystal structures of more antibodies for the
N-CTD region become available.

We used ClusPro, which is a tool used for protein-to-protein
docking simulations, to assess the binding between the selected
peptides and SARS-CoV-2 antibodies. The top 10 molecular
docking simulations for the binding between the peptides and
the corresponding SARS-CoV-2 antibodies were identified
(Figure 5B), and the docking interactions are illustrated in
Figure 5C. The results indicate that all the selected peptides

Figure 6. AlphaFold 2 three-dimensional structure prediction for (A) FEP10-15 (B) FEP15-10, and (C) FEP12-13 peptides. The molecular
docking from (D) FEP10-15, (E) FEP15-10, and (F) FEP12-13. Antibodies used include N-612-004 (PDB: 7S0E), DH1058 (PDB: 7TOW), and
nCoV396 (PDB: 7CR5). The FEP secondary structures were labeled in red (helix), yellow (sheet), and green (random coil), respectively (D−F).
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from the spike and nucleocapsid regions interact with SARS-
CoV-2 antibodies according to their modeled structure.

Next, we envisioned designing of FEPs to further enhance
the binding with SARS-CoV-2 antibodies. In this case, the
best-performing peptides from the spike and nucleocapsid
proteins were selected, and their three-dimensional structures
were predicted using AlphaFold 2, to carry out molecular
docking simulations. These FEPs include FEP10-15, FEP15-
10, and FEP12-13. It was found that both FEP15-10 and
FEP10-15 folded similarly, exhibiting closely mirrored
structures in which they shared the presence of alpha-helical
and beta-sheet secondary structures (Figure 6A,B). On the
other hand, the FEP12-13 mainly exhibited a helical structure
(Figure 6C). More information about the accuracy of the
AlphaFold 2 modeling to generate FEP structures is reported
in Figures S26 and S27. The simulation between the FEPs and
SARS-CoV-2 antibodies was performed using ClusPro and the
structures are demonstrated in Figure 6D−F.

Our molecular binding results show that the FEPs exhibited
higher interactions against SARS-CoV-2 antibodies in
comparison to the single peptides. For the single peptide
simulations, P10 was found to have the highest number of
interactions, followed by P13, P12, and P15 (Figure 7A). On
the other hand, FEP10-15 exhibited the most interactions

against the tested antibodies, followed by FEP15-10 and
FEP12-13; preliminary testing with FEP13-12 showed similar
trends to the other FEPs (Figure 7 and Table S6). The
evaluated FEPs had more interactions with the antibodies
compared with the single peptides (Figure 7).

Since the FEPs can interact with antibodies from two
different regions, a simulation was performed for each antibody
and the interactions from the two simulations were combined
to obtain the total number of interactions. FEP10-15 had a
total of 13 unique amino acid interactions and two common
interactions between the two antibodies, while FEP15-10 had
16 unique amino acid interactions and one common
interaction between the two antibodies (Figure 7B).
Unfortunately, the FEP simulation was restricted to testing
each antibody individually and not as a pool of antibodies due
to the limitations of the simulation tool. Future studies using
more advanced simulations will be needed to study the
docking between a pool of antibodies and the FEPs. Detailed
information about the molecular docking studies is presented
as part of the Supporting Information (Table S3).

The simulation data demonstrates the possibility of using
AlphaFold 2 to predict the structure of antibodies to be used
for the docking studies. Most of the studies in the literature
report sequences of antibodies that can be used either to detect

Figure 7. Comparison between single and FEPs’ binding interactions against the SARS-CoV-2 antibodies (A). The main interacting amino acids
from the peptide composition against the antibodies are shown; patterned colors represent the overlapping amino acids between the two antibodies
(B).
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or neutralize an antigen, but only a few, select studies report
the macromolecular structures of these antibodies in the PDB
database. These antibody sequences can be used with
AlphFold 2 to predict the antibody’s macromolecular structure
for comprehensive computational studies. Furthermore,
AlphaFold 2 could be utilized to generate more antibodies
and predict all possible interacting amino acids from each
peptide in the future. With more advanced simulations, the
sequences of FEPs could be optimized to design peptides that
are more stable, enhance interactions, and omit overlaps,
resulting in enhanced sensitivity and specificity.
Future Directions

The antigens used in this study, either as individual peptides or
FEPs, could be used to develop serological tests for
commercial applications. For example, an ELISA test similar
to the one used in this study could be developed and made
commercially available as a coated plate to detect serum
antibodies in all clinical laboratories. Another possible
application involves conjugating magnetic beads with these
peptide epitopes to detect serum antibodies using a magnetic
chemiluminescence immunoassay, as used in more advanced
clinical laboratories.39 In these assays, there is still a need to
find an optimal antigen for better antibody detection, as
recently highlighted by Rosadas et al.40 Furthermore, these
peptide epitopes could be used to develop rapid serological
tests to detect SARS-CoV-2 antibodies. For example, a lateral
flow immunoassay (LFIA) could be developed for the rapid
detection of SARS-CoV-2 antibodies.41,42 In addition,
conjugating peptide epitopes to gold nanoparticles could
enable rapid detection of antibodies using a nanosensor
colorimetric assay.43 These rapid tests could be used as point-
of-care tests where access to a clinical laboratory is limited.

■ CONCLUSIONS
In this study, we have demonstrated that the sensitivity,
specificity, and accuracy of a peptide-based immunoassay can
be improved by using a FEP. Two epitopes from the SARS-
CoV-2 spike protein and two epitopes from the nucleocapsid
protein were selected and FEPs were synthesized by combining
the sequences from one spike and one nucleocapsid epitopes.
A docking simulation demonstrated the binding between these
FEPs and SARS-SoV-2 antibodies and highlighted the
interacting amino acids from the FEP peptides. Multiplex
testing with FEPs showed better sensitivity, specificity, and
accuracy compared with multiplex testing with a mixture of
single epitope peptide antigens. Moreover, synthesis of a FEP
has the advantage of being both time- and cost-efficient by
synthesizing one peptide as opposed to the double effort
required for two peptides. Thus, peptide epitopes could be
used to design immunoassays to detect SARS-SoV-2 antibod-
ies, either as a point-of-care or laboratory-based test, with
higher sensitivity and specificity. Moreover, due to the
flexibility of peptide synthesis, peptide epitope sequences
could be quickly modified and synthesized to reflect changes in
the SARS-CoV-2 sequence due to mutations. Future
simulation and experimental studies could be conducted to
tailor-make FEPs with improved sensitivity, specificity, and
accuracy. We hope that this encouraging concept can be
applied to improve the lateral flow immunoassay test to a level
that is comparable to a laboratory-based test. Finally, this
concept is not limited to SARS-CoV2, but can be applied to

any other diseases that require immunoassays with a high
degree of sensitivity and specificity.

■ EXPERIMENTAL SECTION

Peptide Selection and Peptide Synthesis
Peptide Design. B-cell epitopes were selected from the SARS-

CoV-2 proteins based on emerging computational and experimental
epitope-mapping studies.12−14,22,23 A biotin tag was incorporated into
the peptide epitopes at the N-terminal site. Figure 1 maps the
synthesized peptide sequences to the spike and nucleocapsid proteins.
A “SGSGS” linker was used between the epitopes in the FEPs,
because its flexibility permits the mobility of the linked parts without
it interfering with the function of each domain.44 The entire
sequences are provided in Table 1.
Peptide Synthesis and Purification. All peptide epitopes were

synthesized via solid-phase peptide synthesis (SPPS) using a CS136X
CS Biopeptide synthesizer. The peptide coupling was conducted on
MBHA Rink amide resin, agitated in a mixture of TBTU (3 equiv),
HOBt (3 equiv), DIPEA (6 equiv), and Fmoc-protected amino acid
(3 equiv) for an hour. The resin was then washed with DMF (3×),
DCM (3×), and DMF (3×). A 20% (v/v) piperidine/DMF solution
was subsequently added to remove the Fmoc-protecting group from
the sequence. These steps of coupling, washing, and Fmoc
deprotection were repeated until the desired sequence was achieved.
In every sequence, the last amino acid coupled was Fmoc-
Lys(Biotin)−OH. The resin was then transferred out of the
synthesizer and cleaved with an acidic solution of TFA/TIS/water
(95:2.5:2.5). After 2 h of mixing, the solution was collected, dispersed
in cold diethyl ether, and stored at 4 °C overnight. The precipitated
peptide was then centrifuged and dried in a vacuum desiccator prior
to being purified. Peptide purification was performed with reversed-
phase high-performance liquid chromatography using the C-18
column.
Liquid Chromatography-Mass Spectroscopy. The peptide

purity was determined using a Dionex ultra high-pressure liquid
chromatography system (nano RSLC) equipped with either Orbitrap
Lumos Tribrid mass spectrometer (Thermo Scientific) or Orbitrap
Exploris 480 mass spectrometer (Thermo Scientific). Peptides (125
ng) were injected onto a 75 μm × 2 cm PepMap-C18 pre-column and
resolved on a 3 μm, 100 Å particle size 75 μm × 15 cm RP-C18
EASY-Spray temperature controlled integrated column-emitter
(Thermo), using a 30 min multistep gradient from 2.1% B to 55%
B with a constant flow of 300 nL min−1. After that, percentage B was
increased to 95% and maintained for 5 min to ensure all peptides are
eluted before finally equilibrating the column from t = 36 to t = 45
min at 2.1% B. The mobile phases were: Water incorporating 0.1% FA
(solvent A) and 95% ACN incorporating 0.1% FA (solvent B). The
spray was initiated by applying 2 kV to the EASY-Spray emitter and
the data were acquired under the control of Xcalibur software
(Version 4.3, June 2019) in a data-dependent mode using top speed
and 2 s duration per cycle. The scan survey was acquired in the
Orbitrap in the high mass mode covering the m/z range from 500 to
3500 Th for Orbitrap Lumos and 350 to 1400 Th for Orbitrap
Lumos. The results were then analyzed using Thermo Scientific
FreeStyle software (version 1.8 SP1). Spectra for the tested peptides
are provided in Figures S1−S12.
Patient Samples
The serum samples of patients were obtained from King Khalid
Teaching Hospital and King Fahad Medical City in Riyadh, Saudi
Arabia. This study was approved by the institutional review board
committee (IRB) at both institutions and the institutional ethics and
biosafety committee (IBEC) at King Abdullah University of Science
and Technology (KAUST). A total of 145 samples were used,
comprising 110 samples collected from PCR-confirmed COVID-19
patients and 35 pre-COVID-19 samples collected and archived before
outbreak, which were used as a negative control. All samples collected
from COVID-19 patients tested positive for the presence of SARS-
SoV-2 antibodies using a commercial antibody test (Abbott COVID
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IgG) at King Khalid Teaching Hospital’s clinical laboratory. In
addition, the age, gender, date of PCR testing, and date of blood
sample collection were recorded for each sample.
ELISA Experiment: All Antigens Screening
ELISA was performed using streptavidin-coated plates (Thermo
Fisher, Cat# 15120). A detailed outline of the ELISA protocol is
provided in the Supporting Information. Initially, experiments were
conducted with a single peptide coating at a concentration of 1 μM
and S1 spike protein (SinoBiological, 40591-V08H) at a concen-
tration of 2 μg/mL, in which 18 positive and six negative samples, all
randomly selected, were tested. The peptides tested included P4, P5,
P6, P7, P10, P11, P12, P13, P14, and P15 (Figure 1, Table 1). In
addition, control wells with no peptide coating were used to correct
for background signal.45 Next, peptides with the highest sensitivity
and specificity were selected and tested with more patients’ samples,
as outlined below.
ELISA Experiment: All Samples Screening
Two peptides from the spike protein (P10 and P12) and two from the
nucleocapsid protein (P13 and P15) were selected to be tested with
all 110 positive samples and 35 negative pre-COVID-19 samples.
Additionally, the sequences from the P10, P15, P12, and P13 peptides
were combined and synthesized as three longer FEPs (FEP10-15,
FEP15-10, and FEP12-13). The FEPs and a mixture of the
corresponding single peptides were tested with all samples. The
data from the single peptides, the single peptides mixture, the FEPs,
and the spike protein control were compared to assess any change in
the sensitivity, specificity, and accuracy. Furthermore, additional
experiments were conducted with a mixture of FEP15-10 and FEP12-
13 to any evaluate changes in sensitivity, specificity, and accuracy.
ELISA Data Analysis
Optical density (OD) data correction was performed for all tested
samples. The mean optical density (OD) signal from wells coated
with a peptide was calculated and subtracted from the mean OD
signal for the peptide control wells, which were wells with no peptide
coating. The corrected data from the negative pre-COVID-19 samples
were used to calculate the threshold value for each peptide.
All Antigens Screening Analysis. For the peptide screening

experiment, the threshold used to determine positive and negative
results was determined using the following formula: mean of OD
signal of negative samples + (3 × SD).46 Any sample with an OD
result above the threshold would be considered positive, and any
sample with an OD result below the threshold would be considered
negative. Furthermore, sensitivity, specificity, and accuracy were
calculated for each peptide using the following formulas:

=
+

×sensitivity
true positive

true positive false negative
100%

(1)

=
+

×specifity
true negative

true negative false positive
100%

(2)

=
+

×accuracy
true positive true negative

all samples
100%

(3)

All Samples Screening Analysis. OD results for all samples
tested with the single peptides, mixed peptides, and FEPs were
compared using the Mann−Whitney U test (Wilcoxon Rank Sum
Test). Furthermore, ROC curves were computed and analyzed to
assess the AUC for each peptide.47 Besides this, the optimal threshold
was determined using Youden’s J statistics48 to determine the
sensitivity, specificity, and accuracy for each peptide; a 95%
confidence interval was calculated with 2000 bootstrap. Statistical
analysis was performed using R 4.1.0 software.
Docking Simulations
The molecular docking between the peptides and antibodies was
simulated to further elucidate the binding of the peptides to the spike
and nucleocapsid antibodies. Several peptides based on the SARS-
CoV-2 spike protein (P4, P5, P6, P7, P10, P11, P12, and P14) and

two peptides from the nucleocapsid protein (P13 and P15) were used
as targets for the reported antibodies. The PDB database was searched
for antibodies that target the SARS-CoV-2 proteins that correspond to
our peptide sequences (Table S3). The following antibodies were
included: NTD 2−51 (PBD: 7L2C), 910−930 (PBD: 7KS9), N-612-
004 (PDB: 7S0E), 2G12 (PBD: 7L09), DH1058 (PDB: 7TOW), and
nCoV396 (PDB: 7CR5), which have been reported to interact with
different regions from the spike and nucleocapsid protein (Table
S3).49−54 The protein sequences of the sdABs E2 and N3 were
discovered in the literature.38 The initial tridimensional configuration
of the single peptides and FEPs was determined with AlphaFold 2
using MMseqs2.31,32 In addition, the prediction of the structure of
sdAB E2-N3 was determined with AlphaFold 2. A control was
developed to test the accuracy of AlphaFold 2 by predicting the
already-reported heavy chain of the antibody nCoV396 (PDB: 7CR5;
Figure S28). Then, docking simulations between the resulting peptide
configurations and the isolated antibodies were performed according
to the ClusPro protein−protein antibody docking methodology.55−59

A negative control was developed by docking antibodies for the
nucleocapsid to the spike protein-derived peptides and vice versa.
Next, the top 10 simulations of each docking were determined
through their lowest energy scores. The interactions were visualized
and analyzed using PyMOL (v4.6.0).
Circular Dichroism
CD spectra were measured at scanning wavelengths between 190 and
300 nm with 1.0 nm using an AVIV-430 spectrophotometer. All
peptides were dissolved in 20% TFE at a concentration of 1 mg/mL
in a 0.1 mm optical pathlength cuvette and the signals were
normalized to the molar ellipticity value. P4 peptide was not
dissolving properly so it was included in the analysis.
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