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Chimeric peptides targeting the receptor-binding domain  
of SARS-CoV-2 variants inhibit ACE2 interaction
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Abstract

Background: The receptor-binding domain (RBD) of the SARS-CoV-2 spike (S) protein is pivotal in facilitating viral 
entry and serves as a major target for vaccine development and therapeutics. Despite undergoing mutations aimed at 
evading host immunity, certain regions within the RBD remain conserved. 

Objective: This study aimed to identify peptides capable of interacting with these conserved regions of the RBD across 
various variants and assess their neutralization potential.

Methods: The PhD-12 phage display library underwent screening to identify phages binding to the RBD. Selected  
phage clones were examined for binding to the RBD of multiple variants, including 2019-nCoV, Delta (B.1.617.2),  
Omicron (B.1.1.529), and XBB. Peptides, expressed as chimeric constructs, were tested for their binding to the RBD, 
the Omicron trimeric S, inactivated SARS-CoV-2 virus, and neutralizing activity. The binding sites were analyzed using 
Molecular Docking.

Results: Two selected phage clones displayed peptides binding to the RBD of multiple variants. Chimeric  
Thioredoxin-peptides (Trx-RB9 and Trx-RB10) exhibited binding to both inactivated SARS-CoV-2 and the Omicron 
trimeric S, with half-maximum effective concentrations (EC50) values of 111.9 and 360.2 nM, respectively. Molecular 
docking revealed distinct binding sites within the RBD of the Omicron trimeric S for both Trx-RB9 and Trx-RB10.  
A mixture of Trx-RB9 and Trx-RB10 inhibited 78% of the binding of recombinant human ACE2 to the Omicron  
trimeric S.

Conclusions: The chimeric Trx-RB9 and Trx-RB10 peptides bind to the RBD of SARS-CoV-2 variants and inhibit the 
binding of ACE2 to the RBD of the Omicron trimeric S.
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Introduction
The emergence of severe acute respiratory syndrome  

coronavirus 2 (SARS-CoV-2), the causative agent of 
COVID-19, in late 2019 underscored a significant global 
public health concern. Individuals infected with underlying  
medical conditions are predisposed to developing severe 
symptoms.1-3 SARS-CoV-2, a novel coronavirus within the 
Coronaviridae family, is characterized by its single-stranded, 
positive-sense RNA genome (+ssRNA). The spike (S) protein,  
located on the viral envelope, comprises two distinct  
functional subunits: S1 and S2.4-6 The receptor-binding  
domain (RBD) of the S1 subunit, binding to the host’s  
angiotensin-converting enzyme 2 (ACE2) receptor, is 
a crucial initial interaction that facilitates the complex  
process of viral entry and replication within the host.7-9 
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From these findings, the RBD appears to be a crucial target  
for the development of antibodies for neutralization and 
detection.10,11 However, SARS-CoV-2 has the remarkable  
ability to adapt and undergo genetic changes in the S  
protein, resulting in the emergence of multiple variants,  
including Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron  
(B.1.1.529).7,12,13 These variants affect vaccine efficacy and 
the efficiency of neutralizing antibodies and the detection 
of antibodies. Within a defined timeframe, the expedited  
development of peptides with both neutralizing and  
detecting capabilities may be desirable.14-19 Phage display is 
a robust technique for identifying short peptides, typically  
7-12 amino acids long. Mimicking those on the Fab  
regions of antibodies, these short peptides interact with  
specific targets with high affinity. With a library of over a  
billion unique phages displaying diverse short peptides, this 
method enables extensive screening and analysis for both  
neutralizing and detecting viruses more efficiently.20,21 In the 
context of the ongoing COVID-19 pandemic, identifying and 
characterizing peptides that bind specifically to the RBD of 
the S proteins of SARS-CoV-2 could serve as invaluable tools 
for viral detection and neutralization.

This study aimed to identify peptides that interact 
with the RBD using a phage display library. Subsequently,  
selected displayed peptides, expressed as chimeric constructs,  
underwent evaluation for binding affinity to the RBD of 
various SARS-CoV-2 variants, including the Omicron  
trimeric S. Additionally, their ability to neutralize the binding 
of ACE2 to the Omicron trimeric S was assessed. 

Methods
Phage display selection against the RBD of SARS-CoV-2 

An amount of 18.87 µM of the recombinant RBD of 
SARS-CoV-2 with a 6xHis tag (Sino Biological, China)  
was coupled with Ni2+ magnetic beads (Sigma, USA).  
Subsequently, the beads were incubated in a TBS-0.1% 
Tween-20 (T) and 1% bovine serum albumin (BSA)  
solution (50 mM Tris-HCl, pH 7.5) before being used in  
biopanning, as described in the manufacturer’s manual and 
the Supplementary Methods. 

Phage ELISA 
The binding of the eluted phages to the RBD of  

SARS-CoV-2 was determined. An amount of 188.68 nM 
of the RBD in PBS-1% BSA was coated in each well of a  
96-well Maxisorp plate (Nunc, USA) before being incubated  
with 0.5 × 108 pfu/mL of amplified phages. Bound phages 
were detected using HRP-labeled mouse IgG anti-M13 phage 
(Abcam, UK) as described in the Supplementary Methods.

Expression and purification of chimeric peptides 
The phage-derived 12-amino-acid peptides were  

expressed as chimeric bacterial Thioredoxin (Trx) fused 
proteins (Trx-RB) using the plasmid pET32b (GenScript,  
USA). All chimeric fused proteins, including Trx-RB and 
a chimeric Trx fused with an unrelated target peptide  
(Trx-UTP), were expressed and prepared as described in the 
Supplementary Methods and used in all experiments.

Direct binding of Chimeric Trx-peptides 
The avidin tags of Trx peptides (Trx-RB) and the  

Trx-unrelated-target-peptide (Trx-UTP) were biotinylated  
using a biotinylation kit (Abcam, UK). The binding of  
biotinylated Trx-RB and Trx-UTP to the recombinant RBD 
(aa328-525) of the S1 of variants, including SARS-CoV-2, 
Delta, Omicron, and XBB (Sino biological, China), was  
performed as described in the Supplementary Methods.

EC50 determination assay using the SARS-CoV-2 (B.1.1.529) 
trimeric S

To determine the half-maximal effective concentration  
(EC50), a serial dilution of 0.1 to 600 nM biotinylated  
Trx-RB9 and Trx-RB10 was prepared. The binding of these 
Trx-peptides to 7.14 nM of recombinant trimeric S (S1 + S2) 
of SARS-CoV-2 (B.1.1.529, Omicron) (Omicron trimeric S) 
(Sino Biological, China) was performed as described in the 
Supplementary Methods. A serial dilution of 0.01 to 100 nM 
recombinant human ACE2 with a human FC tag (ACE2-FC) 
(Sino Biological, China) was included as the control.

Analysis of binding sites of chimeric Trx-RB on the RBD of 
the SARS-CoV-2 (B.1.1.529) trimeric S

The binding sites of Trx-RB9 and Trx-RB10 on the 
RBD of the Omicron trimeric S were determined using  
competitive ELISA and Western blot. Both protocols 
are described in the Supplementary Methods. In the  
competitive ELISA, 7.14 nM of Omicron trimeric S in PBS, 
100 nM biotinylated-Trx-RB10, and various dilutions of  
Trx-RB9 (0, 62.5, 125, 250, 500 nM) were used. For the  
Western blot, 59.52 nM of Omicron trimeric S was loaded  
per lane and transferred onto a nitrocellulose membrane.  
A mixture of 5 nM ACE2-Fc and 500 nM Trx-RB9 and/or 
Trx-RB10 was also used in these analyses.

Direct ELISA of the chimeric Trx-RB binding the inactivated 
SARS-CoV-2 

SARS-CoV-2 (2019-nCoV; MUMT64019039) propagation  
and inactivation protocols are described in the  
Supplementary Methods. For ELISA, a diluted 102-107  
pfu/mL of inactivated SARS-CoV-2 in PBS, along with 
600 nM of biotinylated-Trx-RB9, Trx-RB10, and Trx-UTP,  
were used. The detailed protocol is described in the  
Supplementary Methods.

Molecular docking for chimeric Trx-peptides interacting with 
the Omicron spike

The predicted 3D structure of chimeric Trx-peptides 
was obtained from the ColabFold web server.22 The protein  
structures of Omicron trimeric spike (PDB: 7WVN and  
PDB: 7WPD), the RBD of Omicron spike (PDB: 7WPB), 
and human ACE2 (PDB: 6JWH) were obtained from the  
Protein Data Bank (PDB) web server (https://www.rcsb.org).  
Molecular docking of chimeric peptides or ACE2 with the 
spike protein was performed using the binding site-specific 
flexible docking approach on the HADDOCK web server.23



Chimeric peptides binding to the RBD of SARS-CoV-2 

Structure comparison and visualization of Omicron trimeric  
spike and the RBD of Omicron spike were performed  
using ChimeraX (Matchmaker tools). Alignment of the 
secondary structures of proteins was performed by the  
Needleman-Wunsch algorithm.

Data and statistical analysis
The data analysis was conducted using Prism9 (GraphPad,  

USA). Mean differences between the peptides and the  
negative control were assessed using unpaired Student’s  
t-tests. P-values were calculated using a two-tailed ANOVA 
test with a 95% confidence level. 

Results
Biopanning of phage display binding the RBD of the  
SARS-CoV-2

The PhD-12 phage display library underwent screening 
or biopanning to identify phages that bind to the RBD of  
SARS-CoV-2 (Figure 1a). The number of phages binding  
to the RBD from the first, second, and third rounds of  
biopanning, was 2.4 × 105, 8 × 105, and 6.5 × 107 viral phages,  
respectively. Additionally, OD450nm values of phages bound 
the RBD in the first, second, and third rounds, were 0.445, 
0.627, and 0.957, respectively (Figure 1b). From 120 selected  
phages from the three rounds of biopanning, 5 individual 
clones (RB5, RB9, RB10, RB54, and RB56) were identified. 

Figure 1. Biopanning of Phages Binding to the RBD and Phage ELISA. (a) Schematic illustrating the methodology employed 
for the phage display biopanning. (b) The RBD binding results of three rounds of biopanning. (c) The RBD binding results of 5 
selected phage clones: RB5, RB9, RB10, RB54, and RB56. 
Note: a non-specific control, phages binding to BSA.
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Peptide Sequence Molecular 
weight pI

Solubility 
of chimeric 
Trx-peptide

*Water 
Solubility of 

peptides 

UTP 
scan

Reported 
peptides

RB5 Trx-avidin-GTYYLYGVGSEA 20953.41 5.14 0.780 Poor NM NM

RB9 Trx-avidin-ESYSAKHRIMLT 21109.71 5.47 0.800 Good NM NM

RB10 Trx-avidin-ATMRGDQSVRIF 21054.63 5.37 0.793 Good NM NM

RB54 Trx-avidin-HYHLHSHGMVQR 21175.73 5.71 0.792 Poor NM NM

RB56 Trx-avidin-HLRHVATDHHAP 21064.57 5.60 0.818 Good NM NM

UTP Trx-avidin-FAIPLVVPFYSH 21063.71 5.34 0.759 Poor NM NM
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Figure 1. (Continued)

Table 1. Characteristic of chimeric Trx-peptides.

Note: *Water Solubility analyzed by PepCalc (www.pepcalc.com); pI, isoelectric point; UTP, unrelated target peptides; NM, no match 

These clones exhibited binding the RBD with OD450nm values  
ranging from 0.58 to 0.71 after subtracted background  
signals and were selected for characterization of binding  
activities. DNA sequence of the selected clones was obtained  
(Figure 1c). Their deduced peptide sequences had no identity  
or similarity to either unrelated target peptides (UTP) or 
reported peptides from the SAROTUP and UniProt web  
servers (Table 1). 

Characterization of chimeric Thioredoxin-RBD binding  
peptides 

Chimeric Thioredoxin fused RBD binding peptides  
(Trx-RB) derived from RB5, RB9, RB10, RB54, and RB56 
were characterized (Table 1). All purified chimeric Trx-RB  
peptides mobilized between the 20-25 kDa markers in  
SDS-PAGE gels (Figure S1). Furthermore, immunoblotting  
using anti-His mAb confirmed their identity. Predicted  
structural features of the five chimeric Trx-RB peptides  
generated by ColabFold exhibited an unstructured  
conformation of the fused RB peptides, with a model  
confidence score of < 70 pDLLT (Figure S2). In contrast,  
the Trx component retained its structural integrity, as  
evidenced by a model confidence score exceeding 90 pDLLT  
(Figure S2).

Binding characteristic of chimeric Trx-RB peptides
The ELISA results demonstrated that four chimeric  

Trx-RB peptides (RB5, RB9, RB10, RB54) binding to the 
RBD of the SARS-CoV-2 with OD450nm values exceeding 0.75, 
while Trx-RB56 and Trx-UTP showed a similar 0.5 OD450nm 
value (Figure 2a). Further binding to the recombinant  
SARS-CoV-2 RBD variants, including Delta, Omicron, and 
XBB, revealed that only Trx-RB9 and Trx-RB10 interacted 
with all three variants, with varying affinities (Figure 2b-d). 
Specifically, Trx-RB9 bound the RBD of the Delta, Omicron, 
and XBB variants, with OD450nm values of 0.50, 1.30, and 0.43, 
respectively (Figure 2b-d). Moreover, Trx-RB10 bound the 
RBD of the Delta, Omicron, and XBB variants, with OD450nm 
values of 0.58, 0.62, and 0.36, respectively (Figure 2b-d). 
Analysis of the binding of both Trx-RB9 and Trx-RB10 to the 
Omicron trimeric S showed Trx-RB9 bound with 2 OD450nm 
value, whereas Trx-RB10 bound with 1.5 OD450nm value  
(Figure 2e). Determination of the half-maximal effective  
concentration (EC50) of recombinant ACE2 and the chimeric  
Trx-RB peptides yielded EC50 values of 111.9 nM for  
Trx-RB9 and 360.2 nM for Trx-RB10 bound to the Omicron  
trimeric S. In comparison, the EC50 value for recombinant  
ACE2 was 1.64 nM (Figure 3a-c). Additionally, both 
Trx-RB9 and Trx-RB10 were directly bound inactivated  
SARS-CoV-2 at various viral concentrations ranging from  
105 to 107 pfu/mL (Figure 3d). 
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Figure 2. Determining the Binding of Chimeric Peptides to the RBD of SARS-CoV-2 Variants and the Omicron Trimeric S.  
(a-d) Indirect ELISA of five chimeric peptides (Trx-RB) binding to the RBD of (a) SARS-CoV-2, (b) Delta, (c) Omicron,  
and (d) XBB. (e) Indirect ELISA of Trx-RB9 and Trx-RB10 binding to the Omicron Trimeric S. Note: Chimeric unrelated  
target peptide (Trx-UTP) was used as negative control. Data are represented as the mean average ± standard error from three  
independent experiments. All experiments were performed with at least three independent replicates. P-value: *P < 0.05;  
*P < 0.01; ***P < 0.001; ns, No significant difference vs. Trx-UTP).

UTP
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Mapping binding sites of Chimeric Trx-RB peptides on  
Omicron trimeric S 

The Western blot analysis of binding sites on the RBD 
of the Omicron trimeric S for Trx-RB9 and Trx-RB10 was  
conducted. A combination of 250 nM of both Trx-RB9 
and Trx-RB10 inhibited 75% of 5 nM recombinant ACE2  
binding to the RBD of the Omicron trimeric S (Figure 4a, b). 
However, when incubated individually, neither Trx-RB9 nor 
Trx-RB10 inhibited the binding of recombinant ACE2 to the 
RBD of the Omicron trimeric S (Figure 4b). To investigate  
the potential overlap of binding sites for both Trx-RB9 
and Trx-RB10, Trx-RB9 was incubated with a mixture of  
Omicron trimeric S preincubated with biotinylated-chimeric  
Trx-RB10 (Omicron-RB10). The findings showed that 

Figure 3. Analysis of Chimeric Trx-RB9 and Trx-RB10 Binding to the Omicron Trimeric S and Inactivated SARS-CoV-2. 
The binding of (a) ACE2, (b) Trx-RB9, and (c) Trx-RB10 to the Omicron trimeric S. (d) Binding of the biotinylated Trx-RB9, 
the biotinylated Trx-10, and the biotinylated Trx-UTP to coated inactivated-SARS-CoV-2 (MUMT64019039) at viral titer of  
102-107 pfu/mL.

A B

C D

Figure 4. Analysis of Chimeric Peptides Binding Site on the RBD by Western Blot and Inhibition ELISA. (a) Western blot 
analysis of 500 nM Trx-RB9 and 500 nM Trx-RB10 inhibiting 5 nM ACE2 binding to the Omicron trimeric S. (b) The mean 
percentage binding of ACE2 to the Omicron trimeric S. Data points represent the mean ± SE of three different experiments. 
All experiments were performed with three independent replicates. (c) Inhibition ELISA results of chimeric Trx-RB9 inhibiting  
biotinylated chimeric Trx-RB10 binding to the Omicron trimeric S.

A

Trx-RB9 marginally reduced the interaction of Omicron-RB10 
from 0.359 OD450nm (3.5%) at 62.5 nM to 0.340 OD450nm (8.6%) 
at 500 nM, compared to the control without Trx-RB10, which 
yielded 0.372 OD450nm value (Figure 4c). 

Molecular docking of Chimeric Trx-RB peptides and  
Omicron trimeric S

The molecular docking analysis demonstrated that  
Trx-RB9 and Trx-RB10 bound to distinct sites on the 
RBD of the Omicron trimeric S (Figure 5a). Trx-RB9 
formed hydrogen bonds with four amino acids on the 
RBD: GLU1-ILE472, SER4-GLU471, LYS6-ASN460, and  
THR12-ARG355 (Figure 5b, c). Trx-RB10 formed hydrogen 
bonds with three amino acids on the RBD: ARG4-LEU492, 
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Figure 5. Analysis of Chimeric Peptides’ Binding Sites on the RBD by Molecular Docking. (a) Molecular docking using  
ChimeraX illustrates chimeric Trx-RB9 (blue) and Trx-RB10 (pink) binding to the RBD of the Omicron trimeric S  
(PDB:7WPD) (green). Note: Mutated amino acids of the RBD are shown in yellow and red; N-ter represents the N-terminus,  
and C-ter represents the C-terminus. (b) The alignment of amino acid sequences from the RBD of SARS-CoV-2 variants:  
Delta (B.1.617.2) and Omicron (B.1.1.529). Note: Red letters indicate mutated amino acids; green highlights indicate amino acids 
that interact with ACE2; * indicates amino acids that interact with Trx-9; ^ indicates amino acids that interact with Trx-RB10. 
(c) Molecular docking using HADDOCK predicted amino acids of chimeric Trx-RB9 that interact with those on the RBD of the 
Omicron trimeric S. (d) Molecular docking using HADDOCK predicted amino acids of chimeric Trx-RB10 that interact with 
those on the RBD of the Omicron trimeric S.

Figure 4. (Continued)
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To compare Trx-RB binding region with that of human  
ACE2, the HADDOCK molecular docking analysis between 
human ACE2 (PDB: 8JWH) and the RBD of the Omicron  
trimeric spike was also carried out as well as structure 
of hACE2 interacting RBD was generated by ChimeraX  
(Table S2, Figure S5). The HADDOCK score for the model 
was -97.0 ± 1.7 kcal/mol, with a Z score of -2.0 (Table S2).  
Thirteen clusters or predicted distinct groups were formed 
with a total of generated 98 structures The models had 
a Root Mean Square Deviation (RMSD) of the average  
distance between atoms in the models at 3.3 ± 0.4 Å. 
The interaction energy between the interacted molecules,  
Van der Waals energy (-53.5 ± 6.6 kcal/mol), Electrostatic  
energy (-383.0 ± 13.9 kcal/mol), and Desolvation (-3.4 ± 4.9  
kcal/mol) (Table S2). The Buried Surface Area (BSA) value 
was 2139.2 ± 51.6 Å2 (Table S2).

B

C

ARG4-SER494, ASP6-SER496, and GLN7-ARG493 (Figure 
5b, d). The binding site-specific docking score, calculated  
using HADDOCK, for the binding of Trx-RB9 and Trx-RB10  
to the Omicron models was -97.6 ± 19.4 kcal/mol, with 
a Z score of -0.8 (Table S1). A total of 36 structures were  
generated, forming four clusters or predicted distinct groups, 
with a Root Mean Square Deviation (RMSD) of the average 
distance between atoms in the models at 25.3 ± 0.5 angstrom 
(Å) (Table S1). Additionally, the interaction energy between 
the molecules revealed favorable interactions, with Van der 
Waals energy (-76.4 ± 13.9 kcal/mol), Electrostatic energy 
(-297.0 ± 38.5 kcal/mol), and Desolvation (-3.3 ± 2.7 kcal/mol)  
(Table S1). The Buried Surface Area (BSA) value was notably 
high, measuring 2420.8 ± 192.4 Å2 (Table S1).

D

Figure 5. (Continued)
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Discussion
The COVID-19 pandemic caused by SARS-CoV-2 remains 

a significant global health concern. Traditionally, antibodies 
have been considered essential components for diagnosis and 
treatment. However, due to the time and costs associated with 
antibody production, phage display technology has emerged 
as an alternative method for obtaining peptide-binding  
epitopes. Peptides offer a more straightforward and  
economical option compared to antibodies.15-19 In this study, 
we identified phage clones displaying 12 amino-acid peptides  
that bound to the RBD of SARS-CoV-2 (RBD-SARS-CoV-2).  
The selected five phage clones demonstrated binding  
values > 0.5 OD450nm after subtracting nonspecific binding.  
Displayed peptides of the selected five phage clones were  
further examined for binding activities. Short peptides often  
exhibit poor solubility and stability. As shown in Table 1, 
PepCalc analysis identified three good water-soluble peptides 
(RB 9, 10, and 56) and three poor water-soluble peptides  
(RB 5, 54, and UTP). To avoid solubility and stability issues, 
this study expressed peptides from the selected five phage 
clones as fused C-terminal peptides of bacterial Thioredoxin  
(Trx) to enhance solubility and heat stability (Table 1).24,25 
Predicted structure of the chimeric Trx-peptide (Trx-RB)  
generating by ColabFold22 demonstrated that the Trx retained 
its structure while 40-amino-acid spacers and the peptides 
remained non-structured, suggesting a high flexibility of the 
C-terminal peptide (Figure S2 b-f). The fused peptides in this 
construct can interact with the RBD without hindrance from 
Trx. Additionally, chimeric Trx fused with an unrelated target 
peptide (Trx-UTP), similar to Trx-RB, was used as a negative 
control in all experiments. The results of all assays showed 
that Trx-UTP had low binding to both the RBD variants 
and the Omicron trimeric S. Thus, the results of the Trx-RB  
binding to the RBD were specifically attributed to the fused 
RB peptides. 

As mentioned before, the SARS-CoV-2 virus exhibits a  
remarkable ability to adapt and undergo genetic changes, 
with multiple variants reported within one year.4-6 Alignment  
of amino acid residues of SARS-CoV-2 with three other 
variants, Delta (B.1.617.2), Omicron (B.1.1.529), and XBB,  
revealed sequence similarities of 98.9%, 92.4%, and 88.9% 
with SARS-CoV-2, respectively (Figure S3). The mutated  
amino acid residues among the four SARS-CoV-2 variants  
were in the RBD regions, resulting in weak affinity of  
neutralizing antibodies to the viral particles,26,27 particularly  
to XBB28 (Figure S3). Interestingly, only 2 selected peptides,  
Trx-RB9 and Trx-RB10, had cross-bound the RBD of  
SARS-CoV-2 and variants, Delta, Omicron, and XBB. The 
Trx-RB9 binding the RBD of SARS-CoV-2 and the Omicron  
with an OD450nm value higher than that of the Trx-RB10.  
However, to the RBD of the Delta and the XBB, both  
Trx-RB9 and Trx-RB10 had similar binding OD450nm values. 
These results suggested that both Trx-RB9 and Trx-RB10 

had different binding sites that were less affected by  
mutations (Figure 5 a, b). In addition, the results of no  
reduction in competition binding to the Omicron trimeric S  
also confirmed this observation. The structural differences  
between the trimeric S protein (aa27-1146), consisting 
of S1 and S2, and the monomeric RBD (aa328-525) may 
also influence the binding affinity of the chimeric peptides  
(Figure S4). The increased binding OD450nm values of  
Trx-RB9 and Trx-RB10 to the Omicron trimeric S suggests 
the potential binding behavior of the chimeric peptides to 
the Omicron viral particle. The EC50 values of Trx-RB9 and  
Trx-RB10 for binding to the Omicron trimeric S were  
111.9 and 360.2 nM, respectively, in contrast to 1.64 nM 
for the recombinant ACE2. Moreover, individually, either  
Trx-RB9 or Trx-RB10 could inhibit the binding of the  
recombinant ACE2 by < 10%. However, a mixture of  
250 nM of both Trx-RB9 and Trx-RB10 inhibited 75%  
binding of the recombinant ACE2 to the Omicron trimeric S.  
The results suggest that Trx-RB9 and Trx-RB10 bind at  
different locations. The binding of Trx-RB9 and Trx-RB10 
may partially interfere with the amino acids involved in the 
interaction between ACE2 and the RBD (Figure 5a, b; S5). 
When comparing the predicted binding sites of Trx-RB10 
with the reported crystal structure of ACE2 binding to the 
RBD of the Omicron,29 Trx-RB10 interacted with the RBD 
at the same reported residues: Ala484, Arg493, Ser496, and 
His505. However, the predicted binding site of Trx-RB9 did 
not overlap with that of hACE2. Moreover, when comparing 
the predicted binding site of ACE2 binding to the RBD of 
the Omicron trimeric S (Figure S5) with the reported crystal 
structure of ACE2 binding to the RBD of the Omicron,29 only 
three residues, Arg493, Arg498, and Tyr501, are identical. 
The molecular docking also predicted additional binding site 
residues: Arg403, Val445, Ser446, Ala475, Asn477, Cys488, 
Pro499, and Thr500 (Figure S5). However, Pro499 and 
Thr500 of the predicted model are located adjacent to Arg498 
and Tyr501 of the crystal structure.29 Since both Arg498 and 
Tyr501 form a new interaction network in the hot spot-353 
of the ACE2/Omicron RBD interface,29 Pro499 and Thr500 
of the predicted model may also be important for hACE2  
interaction. This discrepancy might be due to the docking  
model, as this study used data from two crystal models, 
whereas the reported crystal structure was from recombinant  
hACE2 binding to the recombinant RBD region of the  
Omicron variant.29 Taken together, it is possible that the 
binding site of Trx-RB10 overlaps with that of ACE2 in the  
ACE2/Omicron RBD interface. In addition to binding with 
both the RBD and the trimeric S, the binding activity of 
both chimeric peptides to the inactivated SARS-CoV-2 viral  
particle in Vero cell lysate also confirms that both chimeric 
peptides could interact with the S protein of the SARS-CoV-2 
viral particle.
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Molecular docking using the HADDOCK generated 36 
predicted models in 4 distinct groups with different binding  
sites on the RBD of the Omicron trimeric S for both  
Trx-RB9 and Trx-RB10. The results suggest diversity in the  
predicted binding modes or interaction configurations. The 
RMSD of the predicted models is 25.3 ± 0.5 Å, indicating  
high instability of Trx-RB, which may result from the 
fused non-structured 40-amino-acid spacer and avitag-RB  
peptides (Figure S2). The high RMSD value agrees with 
the ColabFold-predicted structure, which shows structured  
Trx linked to non-structured 40-amino-acid spacer and 
avitag-RB peptides (Figure S2). The negative energy values  
of Van der Waals, Electrostatic, and Desolvation of the  
predicted models indicate favorable binding affinity between  
different components of the docked molecules. A high  
Buried Surface Area (BSA) value suggests a large  
interface area, indicating a stable protein-protein interaction.  
However, there were potential issues with the generated  
models, as noted in a high value of Restraints violation  
energy. In addition to molecular docking of Trx-RB  
binding to the RBD of the Omicron trimeric S, docking of 
hACE2 binding to the RBD of the Omicron trimeric S was 
also performed, along with a ChimeraX-generated model  
(Table S2, Figure S5). As previously mentioned, comparing 
the predicted binding sites of ACE2 binding to the RBD of 
the Omicron trimeric S with those of Trx-RB9 and Trx-RB10 
suggests that only the predicted binding sites of Trx-RB10 
may overlap with those of hACE2.

Phage display has been utilized to identify peptides that 
bind to the RBD of SARS-CoV-2 for either neutralization30,31  
or detection purposes.32,33 However, owing to constant  
mutations in the RBD regions of the spike protein, it  
remains unclear whether previously reported peptides could  
cross-bind among different SARS-CoV-2 variants. Despite 
the presence of four different amino acids (484, 493, 496, and 
505) in the RBD of SARS-CoV-2, Delta, and Omicron, both 
Trx-RB9 and Trx-RB10 demonstrated cross-binding with the 
RBD of the mutated variants, including the recent variant 
XBB.

Taken together, the chimeric Trx-RB9 and Trx-RB10 
peptides exhibited binding with the RBD of multiple  
SARS-CoV-2 variants. Additionally, a combination of Trx-RB9  
and Trx-RB10 peptides effectively inhibits the binding of 
recombinant human ACE2 to the RBD of the Omicron  
trimeric S. Further experiments are required to explore 
the therapeutic and detection potentials of Trx-RB9 and  
Trx-RB10, which are crucial for their practical applications in 
combating SARS-CoV-2. 
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Supplementary Methods
Phage display selection against the RBD of  
SARS-CoV-2
Biopanning

Briefly, the beads were incubated with 1011 pfu/mL 
of PhD-12 Phage display library (NEB, USA) at room  
temperature (RT) for 1 hour with gentle agitation. After  
a 10-time washing with TBS-0.1% Tween-20 (T), the 
beads were incubated in an elution solution (0.2 M glycine,  
pH 2.2) for 20 minutes. Subsequently, the supernatant was  
neutralized to pH 7.4 with 1 M Tris-HCl, pH 9.1 solution in a 
new tube. The supernatant containing phages were incubated 
with E. coli ER2738 (NEB, USA) culture containing 50 μg/mL 
tetracycline at 37°C for 4.5 hours. The culture was centrifuged 
at 9,300 ×g for 30 minutes, and the supernatant was used for 
the next round. The second and third rounds of biopanning 
were performed the same as above, except for washing the 
beads with TBS-0.5%T. 

Phage ELISA 
The eluted phages binding the RBD of SARS-CoV-2 

was determined. An amount of 188.68 nM of the RBD 
in PBS-1% BSA was incubated in each well of a 96-well  
Maxisorp plate (Nunc, USA) at 4°C overnight. After  
washing with PBS-0.05%T, PBS-0.05%T-1%BSA was added  
and incubated at RT for 1 hour. After washing, a mixture  
containing 50 μL of 109 pfu/mL amplified phages and 50 μL 
of PBS-0.05%T was incubated per well at RT for 2 hours. 

After washing, a 1:250 diluted HRP-labeled mouse IgG  
anti-M13 phage (Abcam, UK) was incubated at RT for 1 hour. 
After washing, TMB (3,3’,5,5’-Tetramethylbenzidine) was  
added, and the reaction was stopped by adding 2 M sulfuric 
acid before measuring absorption at OD450nm. 

Expression and purification of chimeric peptides 
The phage-derived 12-amino-acid peptides were  

expressed as chimeric fused-protein. An avidin tag was 
added at the N-terminus and 6xHis tag was added at the  
C-terminus of the peptides. The cDNA encoding the  
peptides was synthesized and inserted into a cloning site 
at a C-terminus of bacterial Thioredoxin (Trx) of plasmid  
pET32b (GenScript, USA). The plasmid was transformed 
into E. coli T7 express lysY (NEB, USA) and grown on 
LB plates containing 100 μg/mL ampicillin and 20 μg/mL  
chloramphenicol. Chimeric Trx-peptides were expressed  
under 0.2 mM IPTG induction at 25°C for 6 hours.  
Bacterial pellets containing Trx-peptides were sonicated in  
PBS-lysozyme and centrifuged at 16,000 ×g at 4°C for  
30 minutes. The supernatant containing Trx-peptides was  
incubated with Ni2+ magnetic beads in buffer-A (50 mM 
NaH2PO4, 0.3 M NaCl, and 20 mM imidazole) at RT for  
30 minutes with gentle shaking. After washing with buffer-A, 
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In competitive ELISA, 7.14 nM of Omicron trimeric  
S in PBS, were added per well of a 96-well maxisorp 
plate and incubated at 4ºC overnight. After washing  
with PBS-0.05%T, PBS-0.05%T-3%NFDM was added and  
incubated at RT for 1 hour. After washing, 100 nM  
biotinylated-Trx-RB10 was added. Then, various dilutions 
of Trx-RB9 (0, 62.5, 125, 250, 500 nM) were added and  
incubated at RT for 2 hours. After washing, 1:4000 diluted 
HRP-Streptavidin was added and incubated at RT for 1 hour. 
After washing, TMB substrate was added, and the reaction 
was stopped by adding 2 M sulfuric acid before measuring  
absorption at OD450nm. 

In Western blot, 59.52 nM of Omicron trimeric S was 
loaded per lane of a 10% SDS-PAGE gel, and resolved  
under a constant current before being transferred onto a  
nitrocellulose membrane. The membrane was cut as strips 
and incubated in PBS-0.05%T-3%NFDM at RT for 1 hour.  
Then, each membrane strip was incabated with 5 nM  
ACE2-Fc or a mixture of 5 nM ACE2-Fc and 500 nM  
Trx-RB9 and/or Trx-RB10 at RT for 2 hours. After washing  
with PBS-0.05%T, each membrane strip was incabated 
with 1:4000 diluted HRP-conjugated anti-human Fc-IgG  
antibody (Abcam, UK) at RT for 1 hour. After washing, 
each membrane strip was incabated with chemiluminescent 
HRP substrate, and emitted signals were captured on X-ray 
film. The intensity of the bands was analyzed using Image J 
software before values were converted to the percentage of  
ACE2 binding.

Direct ELISA of the chimeric Trx-RB binding the inactivated 
SARS-CoV-2

SARS-CoV-2 (2019-nCoV; MUMT64019039) propagation  
and inactivation were prepared by the Center for Vaccine 
Development, Institute of Molecular Biosciences, Mahidol 
University, Thailand, as follows. African kidney Vero cells  
(ATCC No. CCL-81) were cultured in Dulbecco’s Modified  
Eagle’s Medium (DMEM) (Gibco, USA) containing 10%  
fetal bovine serum (FBS) (Hyclone, USA) at 37°C with 5% 
CO2. The virus was propagated in the Vero cells cultured in 
DMEM-2%FBS. The virus was harvested by centrifugation, 
and the titer was determined by plaque assay. SARS-CoV-2 
supernatant containing 1 × 108 pfu/mL was inactivated by 
Lysis Buffer (4% v/v SDS, 250 mM Tris-HCl pH 6.8, 0.9 mM 
Bromophenol blue, 0.5 mM DTT, 30% v/v Glycerol) and 
boiled for 5 minutes.

For ELISA, a diluted 102-107 pfu/mL of inactivated  
SARS-CoV-2 in PBS was incubated per well of a 96-well  
maxisorp plate at 4°C overnight. After washing with  
PBS-0.05%T, PBS-0.05%T-3%NFDM was added and  
incubated at RT for 1 hour. After washing, 600 nM of  
biotinylated-Trx-RB9, or Trx-RB10, or Trx-UTP, was added  
and incubated at RT for 1.5 hours with gentle shaking.  
After washing, 1:4000 diluted HRP-Streptavidin was added  
and incubated at RT for 1 hour. After washing, TMB  
substrate was added, and the reaction was stopped by adding 
2 M sulfuric acid before measuring absorption at OD450nm. 

Trx-peptides were eluted with buffer-B (50 mM NaH2PO4, 
0.3 M NaCl, and 250 mM imidazole) before being stored at 
-20°C. In addition to Trx-RB, a chimeric Trx fused with an 
unrelated target peptide (Trx-UTP), a construct similar to 
Trx-RB, was expressed and prepared as described above and 
used in all experiments. 

Direct binding of Chimeric Trx-peptides 
The avidin tags of Trx-peptides (Trx-RB) and  

Trx-unrelated peptide (Trx-UTP) were biotinylated using 
a biotinylation kit (Abcam, UK). Binding of biotinylated  
Trx-RB and Trx-UTP to recombinant RBD (aa328-525) of 
the S1 of variants, including SAR-CoV-2, Delta, Omicron, 
and XBB (Sino biological, China), was performed as follows. 
An amount of 188.68 nM of the RBD in PBS were incubated  
per well of a 96-well maxisorp plate at 4°C overnight.  
After washing with PBS-0.05%T, PBS-0.05%T-3% (W/V) 
non-fat dried milk (NFDM) was added and incubated at 
RT for 1 hour. After washing with PBS-0.05%T, 250 nM of  
biotinylated Trx-RB was added and incubated at RT for 
1.5 hours with gentle shaking. After washing, 1:4000  
diluted HRP-conjugated streptavidin (HRP-Strepavidin,  
Abcam, UK) was added and incubated at RT for 1 hour.  
After washing, TMB substrate was added, and the reaction 
was stopped by adding 2 M sulfuric acid before measuring  
absorption at OD450nm. 

EC50 determination assay using the SARS-CoV-2 (B.1.1.529) 
trimeric S

To determine the half-maximal effective concentration  
(EC50), Trx-peptides (Trx-RB) binding recombinant  
trimeric S (S1 + S2) of SARS-CoV-2 (B.1.1.529, Omicron)  
(Omicron trimeric S) (Sino Biological, China) was  
performed as follows. 7.14 nM of Omicron trimeric S 
in PBS was incubated per well of a 96-well maxisorp 
plate at 4°C overnight. After washing with PBS-0.05%T,  
PBS-0.05%T-3%NFDM was added and incubated at RT 
for 1 hour. After washing, a serial diluted 0.1 to 600 nM  
biotinylated Trx-RB9 and Trx-RB10 were added. Moreover, 
a serial diluted 0.01 to 100 nM recombinant human ACE2  
with a human FC tag (ACE2-FC) (Sino Biological, China)  
was also added as the control. Then, 1:4000 diluted  
HRP-Streptavidin was added to detect the bound Trx-RB9 
and Trx-RB10, while HRP-conjugated anti-human IgG  
antibody (Abcam, UK) was added to detect bound ACE2, and 
incubated at RT for 1 hour. After washing, TMB substrate  
was added, and the reaction was stopped by adding 2 M  
sulfuric acid before measuring absorption at OD450nm. 

Analysis of binding sites of chimeric Trx-RB on the RBD of 
the SARS-CoV-2 (B.1.1.529) trimeric S

The binding sites of Trx-RB9 and Trx-RB10 on the RBD of 
the Omicron trimeric S was determined in 2 tests as follows.
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Supplemental Table S1. HADDOCK analysis score of  
chimeric Trx-RB9 and Trx-RB10 interacting the RBD of the 
Omicron monomeric spike (PDB:7WPB)

HADDOCK score -97.6 ± 19.4

Cluster size 4

RMSD from the overall lowest-energy  
structure 25.3 ± 0.5 Å

Van der Waals energy -76.4 ± 13.9 kcal/mol

Electrostatic energy -297.0 ± 38.5 kcal/mol

Desolvation energy -3.3 ± 2.7 kcal/mol

Restraints violation energy 414.1 ± 111.65 kcal/mol

Buried Surface Area 2420.8 ± 192.4 Å2

Z-Score -0.8

Supplemental Table S2. HADDOCK analysis score of 
hACE2 (PDB: 6JWH) interacting the RBD of the Omicron  
monomeric spike (PDB:7WPB)

HADDOCK score -97.0 ± 1.7

Cluster size 13

RMSD from the overall lowest-energy  
structure 3.3 ± 0.4 Å

Van der Waals energy -53.5 ± 6.6 kcal/mol

Electrostatic energy -383.0 ± 13.9 kcal/mol

Desolvation energy -3.4 ± 4.9 kcal/mol

Restraints violation energy 365.2 ± 58.8 kcal/mol

Buried Surface Area 2139.2 ± 51.6 Å2

Z-Score -2.0

Supplemental Figure S1. Trx-RBs expression and purification. (a-b) SDS-PAGE analysis was performed to examine the  
expression and purification of (a) Trx-RB9, Trx-RB10, and (b) Trx-UTP. Samples with 0.2 OD600nm value and 500 ng of  
purified Trx-RBs were loaded. Note: Mk = protein marker, N = non induced sample, L = induced cell lysates, P = purified  
samples. 
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Supplemental Figure S2. A) Illustration of Trx-peptide construct; B) Predicted 3D-structure of chimeric peptides generated 
by the ColabFold
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Supplemental Figure S3. Alignment of Amino Acid Sequences from the RBD of Four SARS-CoV-2 Variants. Amino acid 
sequences from the RBD of SARS-CoV-2 compared to those of Delta (B.1.617.2), Omicron (B.1.1.529), and XBB. Different  
residues are highlighted

Supplemental Figure S4. Structural Comparison of Two Recombinant RBDs from the Omicron Spike. Structural comparison 
of the RBD of the Omicron monomeric spike (PDB:7WPB) (pink) and the RBD of the Omicron trimeric spike (PDB:7WPD) 
(gray) using ChimeraX. Peptides RB9 (blue) and RB10 (green) interact with both structures. The inset shows amino acid residues 
with differences in terms of angle and location. 
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Supplemental Figure S5. Molecular docking of hACE2 binding to the RBD of the Omicron trimeric spike (PDB:7WPB). The 
alpha1-2 regions of hACE2 (PDB: 6JWH) interacting to amino acids of RBD of the Omicron trimeric spike (PDB:7WPD) from 
ChimeraX-generated structure of the hACE2 binding to the RBD is showed. The inset shows interacted amino acid residues of 
RBD.


