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Abstract One of the proven methods to prevent and inhibit viral infections is to use antibodies to

block the initial Receptor Binding Domain (RBD) of SARS-CoV-2 S protein and avoid its binding

with the host cells. Thus, developing these RBD-targeting antibodies would be a promising

approach for treating the SARS-CoV-2 infectious disease and stop virus replication. Macrocyclic

epitopes constitute closer mimics of the receptor’s actual topology and, as such, are expected to

be superior epitopes for antibody generation. This work demonstrated the vital effect of the

three-dimensional shape of epitopes on the developed antibodies’ activity against RBD protein

of SARS-CoV-2. The molecular dynamics studies showed the greater stability of the cyclic epitopes

in comparison with the linear counterpart, which was reflected in the activity of their produced anti-

bodies. Indeed, the antibodies we developed using macrocyclic epitopes showed superiority with

respect to binding to RBD proteins compared to antibodies formed from a linear peptide. The

results of the present work constitute a roadmap for developing superior antibodies that could

be used to inhibit the activity of the SARS-CoV-2 and prevent its reproduction.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The coronavirus disease 2019 (COVID-19) is caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2

virus), that first started in Wuhan, China in December 2019.
(Rodriguez-Morales et al., 2020) Nowadays the virus has
reached a pandemic level and represents a threat to global

health. There is no specific antiviral agents for the treatment
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of COVID-19. The treatment is symptomatic, and oxygen
therapy represents the first step for addressing respiratory
impairment. Other therapies, e.g., Corticosteroids for the

treatment of viral pneumonia or acute respiratory distress syn-
drome (ARDS) have been also used in this context Several
anti-flu drugs, some antiviral and immunomodulatory therapy

were associated with viral load reduction until viral disappear-
ance. Besides, some inflammation inhibitors have shown
promising roles in improving oxygenation in a majority of

patients (Cavalli et al., 2020, Roschewski et al., 2020). Mean-
while, scientific research is growing to develop several types
of vaccines against Sars-CoV-2 (Zhu et al., 2020). Although
the development of vaccines showed a rapid progress, many

questions about their effectiveness and productions are raised
and need more investigations (Krammer, 2020; Zeng et al.,
2020). Passive immunization is applied today using polyclonal

antibodies from convalescent donors, for fighting COVID-19,
mainly in patients with immune-deficient conditions (Levi-
Schaffer & de, 2021). Additionally, it has been shown that mul-

tiple human antibodies were efficient in neutralizing SARS-
Cov-2 and inhibited its infectious activity in cultured systems.
Different proteins are encoding Corona viruses, including S

(spike), M (membrane), E (envelope), and N (nucleocapsid)
(Wang et al., 2020b) Indeed, The viral entry into host cells is
mediated through the binding between the cell angiotensin-
converting enzyme 2 (ACE2) receptor and the Receptor Bind-

ing Domain (RBD) of the virus in the S1 subunit followed by a
fusion between the virus and the cell through the S2 subunit of
the protein (Ni et al., 2020). Thus, the S protein is highly con-

sidered as a promising target for discovering efficient antibod-
ies, entry inhibitors, and vaccines (Huang et al., 2020, Dai &
Gao, 2021). The production of antibodies against S protein

is achieved by immunization the animal models with recombi-
nant S-protein of SARS-CoV-2.(Lu et al., 2020) Other
researchers have considered, more specifically, the receptor-

binding domain (RBD) to develop neutralizing antibodies
against SARS-Cov-2 (Liu et al., 2020). Despite the encourag-
ing results in the above-mentioned approaches, it would be
more important to consider specific epitopes in the production

of highly selective and superior antibodies against the S pro-
tein of SARS-CoV-2. Indeed, using big pathogens such as
attenuated microorganisms or recombinant proteins may

result in harmful immune responses and undesired side effects
(Purcell et al., 2007). Considering this reductionist approach,
the most specific neutralizing antibodies are expected to be

obtained in an epitope-peptide based strategy. These epitopes
should constitute the minimal immunogenic region of the pro-
tein and allow the production of more specific neutralizing
antibodies. The first step in our approach of antibody produc-

tion is the epitope selection, which determines specificity, selec-
tivity, and sensitivity. In this regard, we considered the
reported crystal structure of RBD bound to the cell receptor

ACE2 where our focus was on the RBD sequences that are
interaction with ACE2 (Lan et al., 2020). Linear peptides cur-
rently used to elicit antibodies’ production have numerous

confirmations that do not reflect the topology of the native
protein. On the other hand, macrocycles are large rings pos-
sessing restricted conformations similar to original structures

found in proteins (Hill et al., 2014). Molecular dynamic is an
effective computational tool widely used to evaluate the con-
formational stability of newly discovered therapeutics. It was
recently employed to prove the secondary structure and estab-
lish the excellent stability of the tested SARS-CoV2 peptide
inhibitor. Additionally, molecular dynamics were used in the
in silico investigation of a number of peptide inhibitors of

SARS-CoV-2 spike protein (Panda et al., 2021).
In this work, we have prepared linear and macrocyclic pep-

tidomimetics as conformational epitope mimics (MEM:

Macrocyclic Epitope Mimics) for the production of superior
antibodies against S protein of SARS-CoV-2 for therapeutic
and diagnostic applications. The effect of the epitope structure

and its stability on the antibody activity was examined by
molecular dynamics studies. Although the project initially tar-
gets the RBD of S protein of SARS-CoV-2 to develop neutral-
izing antibodies for therapeutic and diagnostic use, this

project’s methodology could be directly transferable to dis-
cover other antibodies that can target other regions and pro-
teins encoding the surface of SARS-Cov-2.

2. Methods

2.1. Design of peptides

Conformational searches were performed using the Low-Mode

MD application from the ‘‘Molecular Operating Environ-
ment” software MOE 2016.08 (Computing & Inc, 2016). The
reported crystal structure of the SARS-Cov-2 RBD in complex

with ACE2 has allowed us to select the sequences with good
interactions and can be used as epitopes for neutralizing anti-
body development (Lan et al., 2020). The topology of these

regions was an important parameter for peptide selection. It
is worth noting that the used SARS-Cov-2 RBD was the one
discovered at the time we started the project, and this is the
reason why it was selected in this work. The details are the fol-

lowing: Gene: (S) UNQ 868/PRO1885; Mutations = 0; Uni-
port code = P0DTC2; PDB ID = 2M0J. The stability of the
selected peptides after initial energy minimization and after

MD simulation was important parameter as well. In addition,
the presence of cysteine residues was another parameter that
allowed the formation of macrocyclic peptides through disul-

fide formation.

2.2. Molecular dynamics

All molecular dynamic (MD) simulations were conducted by

MOE software (Computing & Inc, 2016). The dynamics simu-
lations were applied for a conformational search to find out
the stable conformation and calculate the RMSD for each

designed peptide. The quality of the temperature-related fac-
tors, protein geometries, and electron density were tested. All
hydrogens were added, and energy minimization was com-

puted. The solvent molecules in the system were deleted before
solvation, and salt atoms were added to ensure complete neu-
tralization of the biomolecular system. The solvent atoms were

added to surround the system in a cubic shape. Amber 10:EHT
was selected as a force field in the potential setup step. All Van
der Waals forces, electrostatics, and restraints were enabled.
The heat was adjusted to increase the temperature of the sys-

tem from 0 to 300 K, followed by equilibration. Cooling was
then initiated until 0 K was reached. The simulation was con-
ducted over 50 ns period of time. The 3D structure of peptides

was built, and the protonation state was checked. Partial
charges were calculated. Energy was minimized using a suit-
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able forcefield. The topology problems were solved. The sys-
tem was surrounded by a cube shape of solvent (water), and
NaCl was used as a salt to neutralize charged system.

Amber12: EHT was selected as an all-atom forcefield. All
bonds, Van Der Waals, electrostatics, and restraints were
enabled. Energy minimization was performed. Root mean

square deviation gradient was 1.0. Start time was zero, and
the checkpoint was 250. The molecular dynamics protocol
was done using NPA (Nose-Poincare-Andersen) to solve the

equation of motion. Temperature was 300 K, and the time
scale was 50000 ps (50 ns).

2.3. Peptide synthesis

One Linear and two macrocyclic counterpart peptides have
been synthesized. The synthesis was performed on Rink Amide
MBHA Resin using the Fmoc solid-phase peptide approach

and orthogonal protecting groups were carefully chosen. The
sequences of peptides are presented in Table 1.

Cyclization of peptides was performed through disulfide

formation between the side chains of the cysteine amino acids.
For example, for the synthesis of the semi cyclic peptide (2),
the sequence CNGVEGFNCY-NH2 was first assembled on

resin using orthogonal protecting groups. The oxidization
was made then between the two Cysteine on the resin by using
Iodine in DMF, and the synthesis was continued after that to
complete the desired sequence. The same strategy was applied

for the synthesis of the second cyclic peptide (3). The three
peptides were cleaved from the Rink amid resin and the pro-
tecting groups were removed simultaneously using the mixture

TFA/TIS/water (95:2.5:2.5). The three peptides bear a termi-
nal cysteine to conjugate them to the immunogenic BSA
protein.

2.4. HPLC analysis

In order to verify the purity of the synthesized peptides, HPLC

Analyses were carried out. All the experiments were conducted
on CXTH LC3050N system coupled with a UV–Visible detec-
tor. Successful purifications of samples were achieved by gradi-
ent elution on a reverse-phase Gemini-NX 5l C- 18 110A,

4.6*250 mm column, using a mobile phase consisting of
0.1 %Trifluoroacetic in 100% Acetonitrile and 0.1 %Trifluo-
roacetic in 100% Water at a detection wavelength of 220 nm,

Flow rate: 1.0 ml/min and volume: 20 ml. CXTH data system
software was used to control the HPLC system and for data
Table 1 Sequences of the studied peptides. All the peptides

bear a cysteine for bioconjugation with the immunogenic

protein BSA. [] represents the place of cyclization in the

macrocycles. Z represents the spacer amino hexanoic acid.

Peptide’s

#

Peptide’s sequence Peptide’s

shape

(1) C-Z-YQAGSTPSNGVEGFNSY-NH2 Linear

(2) C-Z-YQAGSTP[CNGVEGFNC]Y-NH2 Semi cyclic

(3) C-Z-[CYQAGSTPSNGVEGFNSYC]–NH2 Cyclic
acquisition and analysis. The gradient mobile phase set for
the different peptides is presented in (SI, Table S1). All the
peptides were obtained with a purity greater than 90% as

shown in the HPLC spectra (SI, Figures S1, S2 and S3).

2.5. LC-MS spectrometry

Peptides’ masses were verified by LC-MS (SI, Figures S4, S5,
and S6). The analyses were carried out using Agilent 6125B
(ESI) LC/MS. The detection was conducted by an MS

equipped with a V electrospray ionization (ESI) source, and
the following MS parameters are applied: Nebulizer Gas Flow:
1.5 L/min CDL: �20.0 v CDL Temp: 250 Co Block Temp.:

200 Co Probe Bias: +4.5kv Detector: 1.5 kv and Flow rate:
0.2 ml/min. The separation of samples was achieved by iso-
cratic elution on a reverse-phase Gemini-NX 5l C- 18 110A,
4.6*250 mm column, using a mobile phase consisting of 50

% H2O / 50 % acetonitrile. Agilent Open LAB CDS software
was used to control the MS data acquisition and analysis.

2.6. Immunization and antibody production

Immunization and boosts (in duplicate) of New Zealand White
rabbits for 70 days have been done at Proteogenix (Schiltigh-

eim, France, https://www.proteogenix.science) to produce
polyclonal antibodies against the different synthesized epi-
topes. The experiments on animals were conducting according
to the regulations of ISO9001:2015 Quality Management Sys-

tem and the ARRIVE Guidelines (https://arriveguidelines.
org). Proteogenix respects the ethical use of animal science
and their applied protocols are accredited by the Association

for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). Each antibody was produced in
duplicate in two different rabbits. For this purpose, six rabbits

(randomly female and male) with average body weight 2 kg
± 200 g were used. The rabbits were housed in metal cages
separately, where fresh and clean water was supplied. The pep-

tides have been conjugated to a BSA immunogenic protein
through the terminal cysteine and injected in the rabbits. The
sera have been collected, and biweekly ELISA measurements
against the corresponding epitopes were performed to detect

the antibody production.

2.7. Direct ELISA on the collected sera

0.5 lg of the RBD was typically immobilized to a 96-well
microliter plate via a chemical reaction that results in the cova-
lent attachment of the antigen through free amino groups.

Detection is then performed in three steps, which include prob-
ing the coated well with equal volumes of sera. This step is fol-
lowed by probing the bound antibody using a secondary

antibody (1:8000) specific for the constant region of the pri-
mary antibody. The secondary antibody is typically conju-
gated to alkaline phosphatase, which can be readily detected
using a colorimetric substrate reaction. The color change is

then analyzed in a plate reader in a UV–visible spectropho-
tometer equipped to detect changes in absorbance after differ-
ent sera dilution. Value of 0.200 in absorbance was considered

a threshold of detection.

https://www.proteogenix.science
https://arriveguidelines.org
https://arriveguidelines.org


4 H. Traboulsi et al.
2.8. Antigen-specific antibody purification

The produced antibodies in the pooled rabbits’ sera were puri-
fied using affinity chromatography technique in which
antibody-containing sera were filleted to remove any large

interfering particles. The sera were then passed through pro-
tein G-coupled Sepharose columns then the resulted eluted
solutions were passed through agarose beads immobilized with
peptides which are specific for the required antibody. Then, the

unbounded nonspecific antibodies were washed out with a low
salt solution. After that, the targeted antibody is eluted from
the beads and assessed for binding to the specific antigen using

ELISA. The concentrations of the produced antibodies were
determined by UV–visible spectrophotometry and Beer-
Lambert equation.

2.9. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE)

The collected fractions were analyzed by SDS-PAGE under
reducing and non-reducing conditions at neutral pH. The con-
centration of polyacrylamide gel was 12%. Samples were incu-
bated with 2% SDS for 10 mins at 100 �C. Afterward, 200 ng

from each sample were loaded onto the polyacrylamide gel
wells. The electrophoresis analyses were done using elec-
trophoresis instrument (Bio-Rad Laboratories, USA). After

complete separation, the gel was stained with Coomassie Bril-
liant Blue G 250, and a further distaining step was performed.

2.10. Western blot analysis of antibodies against RBD

The recombinant RBD was purchased from Proteogenix
(RBD purity and sequence are presented in SI, Figure S7).

RBD was electrophoresed on an 8% SDS-PAGE gel and
transferred to a nitrocellulose membrane by blotting. The
membrane was blocked by bovine Serum Albumin (BSA) pro-
tein. The RBD protein was detected by adding the purified

antibodies and washed, then incubated with secondary anti-
bodies and visualized by adding horseradish peroxidase HRP
–specific substrate, and the color was developed.

3. Results

3.1. Peptide design and synthesis

The linear and macrocyclic peptidic sequences have been

selected and designed based on the RBD-ACE2 X-Ray struc-
ture.(Lan et al., 2020)

The structures of the peptides matching the native sequence

in the RBD protein were visualized using MOE software
(Computing & Inc, 2016) and are presented in Fig. 1. The syn-
thesis of the designed peptides was successfully achieved with a
purity greater than 90%, as calculated from HPLC analyses

(SI, Figures S1, S2, and S3). The physicochemical properties
of these peptides are presented in SI section (Table S2). The
peptides showed isoelectric points less than 7.4 (optimum

blood pH), which may correct or antagonize the poor solubil-
ity effect.
3.2. Molecular dynamics

All the designed peptides were subjected to MD simulations
over 50 ns period of time. The trajectories were analyzed,
and the root mean square deviation (RMSD Å) values were

computed. According to the results, the semi-cyclic peptide
(2) showed the least RMSD= 0.61 Å compared with 1.52 Å
and 2.00 Å for peptides (3) and (1), respectively. Peptide (2)

achieved stability after 20 ns (Fig. 2I), and this stability was

continuous till the end of MD. Its equilibrium was obtained
at least deviation0.61 Å. For peptide (2), it was important to
analyze the relaxed and non-relaxed conformations of the

cysteine-cysteine bridge before and after equilibrium. The
angles were also measured to examine the configuration of
the stable conformations (Fig. 2II). The angle of Cys-Cys

bridge in (2) was 104.2� and then became 95.0� at equilibrium
in its most stable form (Fig. 2II).

3.3. Polyclonal antibody productions

After immunization of the three synthesized peptides in rabbits
for 70 days, all the sera were collected. The ELISA studies
against the corresponding epitope were performed to verify

the presence of antibodies (SI, Figure S10). The ELISA results
confirmed the presence of antibodies in the different collected
sera. The extraction of the obtained antibodies has been

achieved by purification through antigen conjugated resin
which is known to increase the detection sensitivity and reduce
the undesirable background. All the antibodies have been puri-

fied, and their concentrations have been calculated to be in the
range of 1 mg.ml�1. The purified antibodies were obtained in
duplicate and denoted A01, A02, and A03 in correspondence
with peptides (1), (2), and (3). The antibodies were preserved

in PBS buffer, 0.02% sodium azide, pH 7.4. Additionally, their
activities against their corresponding epitopes have been veri-
fied by ELISA technique. The purity of the different antibodies

has been checked by SDS-PAGE in reducing and non-reducing
conditions, as shown in Fig. 3.

3.4. Western Blot and ELISA analyses against RBD

To figure out the recognition between the different produced
antibodies and the RBD, Western Blot analyses have been per-

formed, as shown in Fig. 4.
To compare the different antibodies’ affinity toward the

RBD, ELISA studies have been performed on the three anti-
bodies. The obtained results are shown in Fig. 5.

The EC50 or the concentration of antibodies that give half
maximal binding were calculated from ELISA curves for A01,
A02, and A03. The obtained values were 4.10, 0.39, and 1.30

for antibodies A01, A02, and A03, respectively.

4. Discussion

The present work aimed to prepare linear and macrocyclic
peptidomimetics as conformational epitope mimics (MEM:
Macrocyclic Epitope Mimics) to produce superior polyclonal

antibodies against S protein of COVID-19 for therapeutic



Fig. 1 Structures of the designed peptides (1), (2) and (3) matching with the native sequences in RBD.
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and diagnostic applications. Fundamentally, the approach

relies on the fact that a cyclic, conformationally restricted pep-
tide is a more faithful mimic of the actual 3D topology of sur-
face protein domains than a linear peptide and thus a superior

epitope for antibody generation (Gueret et al., 2020). The
reported crystallographic structure of the complex between
SARS-Cov-2 RBD and ACE2 has allowed us to select the

sequences that could be used as epitopes for neutralizing anti-
body development (Lan et al., 2020; Shang et al., 2020). Our
sequences are selected from the Receptor Binding Motif
(RBM) and, more specifically, on one of the regions

(Tyr473-Tyr489), which contains four residues interacting with
ACE2 (Lan et al., 2020; Shang et al., 2020). The RBD of
SARS-Cov-2 has a twisted five-stranded antiparallel b sheet

with short connecting helices and loops that together form
the core. A total of nine cysteine amino acids are found in
RBD structure, eight of which form four pairs of disulfide

bridges that appear in the final model. The remaining pair
located in our targeted region (Cys480–Cys488) connects the
loops in the distal end of the RBM (Lan et al., 2020). The

RBD is a promising target for virus inhibition. It was chosen
as a prototype in this project for several reasons: First, the

RBD plays an important role in Cell penetration. Secondly,
the Crystal structure of the RBD of SARS-COV in complex
with the human receptor ACE2 is reported. Thirdly, the

RBD of SARS-Cov-2 has been recently characterized and
the amino acid sequences homology was found to be 77.5%
with the protein of the SARS-COV (Wang et al., 2020c).

One Linear and two cyclic counterparts were selected to be
examined in the framework of this project. The three peptides
were engineered to have a terminal Cysteine for conjugation
with the immunogenic BSA protein. In order to avoid the

two internal cysteine and their interactions with BSA, they
were replaced with two serine (the amino acid the most similar
to cysteine). According to the MD results, peptide (2) was pre-

dicted to be the top ranked in stability greater than the cyclic
peptide (3) and the linear peptide (1) that showed higher devi-
ation values (Fig. 2, SI, Figures S8, and S9). The equilibrium in

case of the linear peptide (1) was achieved after a longer time
than in (2) and (3). The main reason for that may refer to that
the linear peptide features more flexible conformations, and as

a result, it also showed the highest RMSD value of 2.00 Å



Fig. 2 I) MD of peptide (2) over 50 ns showing the least RMSD= 0.61 Å. II) A) Superimposition of the reference conformation of

peptide (2) (red) and the stable one at equilibrium (blue), B) RMSD matrix, C) Measured angle before MD, D) Measured angle after MD.

Peptide (1) showed the least stability as it reached equilibrium after a long time of 35 ns (SI, Figure S8). Peptide (3) achieved stability after

30 ns with RMSD 1.52 Å (SI, Figure S9). The angle of Cysteine-Cysteine bridge in (3) was 118.7�, and then it became 102.8�at equilibrium
in its most stable form (SI, Figure S9).
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(Fig. 2). Comparing (2) and (3), the MD calculations showed
greater stability for peptide (2), indicating the important effect
of the sulfur-sulfur bridge between the two internal cysteine on

the epitope stability (SI, Figures S8, and S9). The ELISA data
on the sera have shown that all the immunized epitopes have
generated antibodies with different responses (SI, Figure S10).

At a constant volume of analysis, the data showed some signif-
icant differences in the results of the antibodies against their
corresponding epitopes. This could be related either to the dif-

ference in antibody generation, concentration, or the antibody
- epitope affinity. The extraction of the antibodies has been
achieved by purification with corresponding antigen conju-
gated resin. The SDS-PAGE in reducing and non-reducing

conditions for the obtained antibodies has allowed us to esti-
mate the purity of the different antibodies to be more than
95% (Fig. 3). The affinities of our antibodies toward the
recombinant RBD protein have been confirmed with Western
Blot analyses, where all the studied samples have shown a clear
antibody-RBD binding (Fig. 4). The ELISA studies conducted

on the different antibodies against the RBD confirmed the
binding observed in Western Blot. Additionally, the EC50 val-
ues calculated from the ELISA data showed significant differ-

ences depending on the used epitope for antibody generation
(Fig. 5). Although the three peptides we used to generate these
antibodies have similar sequences, one can see an important

effect of the peptide 3D conformational structure on the activ-
ity of the produced antibodies. Indeed, the linear peptide, most
probably due to its high flexibility, has led to the production of
a less binding antibody (A01) against the RBD compared with

its semi cyclic (A02) or cyclic (A03) counterparts. This can be
seen from the EC50 values presented in Table 2, where the
antibody generated from the semi cyclic peptide appears to



Fig. 3 SDS-PAGE for the produced antibodiesA01, A02, and A03 in I) non-reducing and II) reducing conditions. Each antibody has

been prepared in duplicate R1 (Rabbit 1) and R2 (Rabbit 2). M is a pre-stained molecular weight marker.

Fig. 4 Western Blot Analyses of antibodies A01, A02, and

A03against the RBD protein. Each antibody has been produced in

duplicate (Rabbit 1 (R1) and Rabbit 2 (R2)).

Fig. 5 ELISA of the purified antibodies A01, A02 and A03

against the RBD.

Table 2 EC50 of the three antibodies against the RBD

protein and Epitope’s RMSD (from MD).

Antibody EC50 Epitope’s RMSD (Å)

A01 4.10 2.00

A02 0.39 0.61

A03 1.30 1.52
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have ten times more affinity toward RBD than the antibody of
the linear peptide. These results are in perfect agreement with

the MD calculations where (2) showed the least
RMSD= 0.61 Å among the three peptides and has led to
the obtention of the antibody with a greater affinity toward
RBD (Table 2).
The Sulfur- Sulfur bridge between Cys480–Cys488 appears
to be fundamental for peptide structure stabilization and for a

better mimic of the native confirmation found in the RBD. To
the best of odxcddur knowledge, there is no previous reported
work that showed the effect of the 3D conformational struc-

ture of the used epitope in the antibody production against
SARS-Cov-2. Our technology will provide much-needed
improved antibodies. It will also produce currently missing

tools able to elucidate the target more accurately. This technol-
ogy will allow the identification of new avenues for drug dis-
covery against COVID-19.

5. Conclusion

In this work, we have designed linear and macrocyclic epitopes
used for polyclonal antibody production against the S protein

of SARS-Cov-2. The design was focused on one of the regions
of RBD that show interactions with ACE2. MD simulations
exhibited an important effect of the cyclization on the dynamic

stabilities, allowing us to predict the antibodies with the great-
est activities. The synthesized peptides were used to stimulate
the production of antibodies in rabbits. Polyclonal antibodies

were generated, purified, and characterized by Western Blot
and ELISA techniques against the RBD. In agreement with
the MD calculations, the antibodies developed using macro-

cyclic epitopes showed superior binding affinity toward RBD
proteins compared to antibodies formed from the linear pep-
tide. Our results should pave the way towards the development
of superior antibodies that could be used to inhibit the activity

of SARS-Cov-2.
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