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Abstract
Background  Coronavirus disease 2019 (COVID-19) is an evolving global pandemic, and nanobodies, as well as other 
single-domain antibodies (sdAbs), have been recognized as a potential diagnostic and therapeutic tool for infectious 
diseases. High-throughput screening techniques such as phage display have been developed as an alternative to in 
vivo immunization for the discovery of antibody-like target-specific binders.

Methods  We designed and constructed a highly diverse synthetic phage library sdAb-U (single-domain Antibody 
- Universal library ) based on a human framework. The SARS-CoV-2 receptor-binding domain (RBD) was expressed 
and purified. The universal library sdAb-U was panned against the RBD protein target for two rounds, followed by 
monoclonal phage ELISA (enzyme-linked immunosorbent assay) to identify RBD-specific binders (the first stage). 
High-affinity binders were sequenced and the obtained CDR1 and CDR2 sequences were combined with fully 
randomized CDR3 to construct a targeted (focused) phage library sdAb-RBD, for subsequent second-stage phage 
panning (also two rounds) and screening. Then, sequences with high single-to-background ratios in phage ELISA 
were selected for expression. The binding affinities of sdAbs to RBD were measured by an ELISA-based method. 
In addition, we conducted competition ELISA (using ACE2 ectodomain S19-D615) and SARS-CoV-2 pseudovirus 
neutralization assays for the high-affinity RBD-binding sdAb39.

Results  Significant enrichments were observed in both the first-stage (universal library) and the second-stage 
(focused library) phage panning. Five RBD-specific binders were identified in the first stage with high ELISA signal-
to-background ratios. In the second stage, we observed a much higher possibility of finding RBD-specific clones in 
phage ELISA. Among 45 selected RBD-positive sequences, we found eight sdAbs can be well expressed, and five of 
them show high-affinity to RBD (EC50 < 100nM). We finally found that sdAb39 (EC50 ~ 4nM) can compete with ACE2 for 
binding to RBD.
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Background
Since December 2019, a novel and highly transmissible 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2, COVID-19) [1, 2] has erupted on a large scale 
worldwide and spread rapidly. As of May 2023, more 
than 750  million people have been infected and about 
7 million lives have been claimed. These numbers are still 
rising. The global COVID-19 pandemic poses serious 
challenges to patients, healthcare systems, and economic 
and social activity. Although the SARS-CoV-2 vaccine is 
widely used around the world, the vaccine’s protective 
effect is greatly reduced in people with weakened immu-
nity system, such as the elderly or people with immune-
compromised conditions. Vaccine alone is not enough 
to end the pandemic [3]. The high transmissibility, rapid 
variations of viral sequences, and potential for immune 
escape of the SARS-CoV-2 variants further underscores 
the need for rapid development of antibodies or other 
affinity reagents for the diagnostics, prevention, and 
treatment of SARS-CoV-2. Indeed, monoclonal anti-
bodies (mAb) have had tremendous success in treating a 
variety of diseases, and several mAb have been approved 
for the treatment of COVID-19 [4–9]. However, muta-
tions in SARS-CoV-2 have resulted in reduced sensitiv-
ity to some of the developed anti-SARS-CoV-2 mAbs [10, 
11], In addition, the high production costs, large doses 
needed, and low-temperature requirements for transpor-
tation and storage associated with traditional mAbs make 
it challenging to be cost-effective for large scale applica-
tions [12].

mAb are heterogeneous macromolecules that require 
variable regions of heavy and light chains to bind together 
as antigen recognition pockets. Interestingly, antibodies 
with only heavy chains (HCAb) have been found to exist 
in camelids, which require only a single antigen-binding 
domain (heavy-chain variable region, VHH) to fulfill the 
function of an antibody [13]. The VHHs from camelids 
are much smaller (molecular weights of ~ 15 kD) than 
traditional mAbs (~ 150 kD), and have been commonly 
termed nanobodies (Nbs) [14, 15]. Due to their minimal 
size, they are particularly suited to reach hidden epitopes 
such as crevices of target proteins [16]. Nbs have shown 
great potential in biomedical applications, including can-
cer, infection, inflammation, and other diseases [17–19]. 
The first Nb has been approved to treat acquired throm-
botic thrombocytopenic purpura (aTTP) in 2018 [20]. 
In addition, Nbs can be easily bioengineered into novel 
bivalent / multivalent / multispecific and high-affinity 

molecules [21, 22], and they can be aerosolized for direct 
delivery to the lungs. Howerver, the camelid origin of 
Nbs limits their application as human therapeutics. To 
reduce the risk of immunogenicity, humanizations of 
camel nanobodies have emerged in recent years [23, 
24]. These research efforts have led to the study of sin-
gle-domain antibodies (sdAb) from a variety of sources, 
including human germline immunoglobulin heavy chain 
variable (IGHV) region [25]. For biomedical applications, 
human-derived sdAb may be preferable because of their 
limited immunogenicity in patients. sdAb have several 
important advantages over traditional mAbs. Like Nb, 
sdAb can be expressed in prokaryotic systems with lower 
production costs, and it provides opportunities for rapid 
production of antiviral drugs.

The interaction between the SARS-CoV-2 and the host 
cell is mediated by the receptor binding domain (RBD) 
of the S1 subunit in its surface Spike (S) glycoprotein. 
The SARS-CoV-2 RBD binds to the peptidase domain 
(PD) of Angiotensin-converting enzyme 2 (ACE 2) [26]. 
Therefore, the RBD is a key region for SARS-CoV-2 bind-
ing to the ACE2 receptor, and is considered to be the 
most effective target for anti-SARS-CoV-2 neutraliz-
ing antibodies to date [5, 7, 8]. At present, A variety of 
anti-SARS-CoV-2 nanobodies targeting RBD have been 
reported, such as TY1 [27], WNb7 [28], and PiN-21 [29], 
among others. They can be flexibly constructed into mul-
tiple versions such as dimeric, trimeric, decameric, and 
other multivalent antibodies, which can be administered 
via the respiratory route and inhibit SARS-CoV-2 infec-
tion in mice in both pre-exposure and post-exposure pro-
phylaxis environments. These SARS-CoV-2 nanobodies 
are mainly obtained through the “in vivo” immunization 
method [29–34]. The recombinant S glycoprotein or RBD 
protein was used to immunize camelid animals such as 
camels or alpacas. However, “in vivo” screening methods 
require a long development period (usually > 3 months) 
from antigen to final specific nanobodies. Therefore, 
rapid and efficient “in vitro” selection has become a very 
promising approach for obtaining single-domain anti-
bodies, by combining high-throughput selection tech-
niques such as phage display [35, 36] with synthetic sdAb 
libraries [24, 37, 38].

Synthetic libraries use gene synthesis methods to intro-
duce random DNA sequences at CDR loci [37]. The syn-
thetic sdAb phage library is a fully synthetic non-immune 
library, so it is not dependent on animal experiments, is 
not limited by the natural immunogenicity or toxicity of 

Conclusion  Overall, this two-stage strategy of synthetic phage display libraries enables rapid selection of SARS-CoV-2 
RBD sdAb with potential therapeutic activity, and this two-stage strategy can potentially be used for rapid discovery 
of sdAbs against other targets.
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the antigen, and allows for the development and adapta-
tion of choices without ethical considerations. In addi-
tion, since all steps are performed in vitro, conditions can 
be tightly controlled. This enables the development of 
robust differential selection and the recognition of con-
formation-specific antibodies. In addition, since natural 
antibody selection requires animal immunization, very 
conserved or toxic antigens should be avoided and there 
is usually only limited control over the immune response. 
In contrast, synthetic libraries do not require animal sac-
rifice and provide a higher diversity of binders even for 
highly conserved antigens in mammals, but high specific-
ity and affinity are usually achieved when selecting from 
very large functional libraries [24]. There are only a few 
reports of the use of synthetic phage libraries to gener-
ate SARS-CoV-2 antibodies with therapeutically desired 
characteristics.

Here, we designed and synthesized a highly diverse 
phage library of sdAb with human framework (sdAb-
Universal, sdAb-U), and screened it to obtain sdAbs 
specifically binding to RBD. The CDR1 and CDR2 of 
the obtained lead sequences were then assembled with 
random CDR3 to construct a focused (targeted) library, 
sdAb-RBD. By this two-stage method, high-affinity RBD-
specific sdAbs can be selected within about two weeks, 
which is considerably faster than the “in vivo” method. 
Finally, we screened and obtained several sdAbs that 
bind to RBD with high affinities. One of the important 
purposes of conducting this research is to verify the fea-
sibility of using our new synthetic sdAb library to obtain 
antigen-specific binders. Overall, we have established an 
efficient two-stage approach that reduces the dependence 
on large library capacity for synthetic library screening 
and can rapidly develop human sdAbs targeting SARS-
CoV-2 RBD. In the future, our approach may also help 
researchers to create their synthetic libraries and to 
obtain new single-domain antibodies against other tar-
gets, with high efficiency.

Methods
Design of the universal sdAb library sdAb-U
We used a sdAb framework (Fig.  1) based on a soluble 
human germline immunoglobulin heavy-chain variable 
region (IGHV3-66*01), which has been shown to be an 
ideal alternative to camelid Nbs [36]. For highly vari-
able complementary-determining regions (CDRs), the 
sequence library (Fig. 1) was designed based on the work 
of McMahon et al. [37], which agrees well with the bioin-
formatics analysis of Nb sequences (comparative analysis 
Nb seq logo) [39]. It is observed that Nbs CDR3 varies 
greatly in length, and contributes most to antigen-bind-
ing affinity and specificity [13]. Therefore, three differ-
ent lengths (10, 14, and 18) were chosen for CDR3. We 
use NNC and NNK codons for fully randomized amino 

acids. For variable positions not fully randomized (such 
as the first amino acid in the CDR1 region), we designed 
degenerate codons using a web-based tool SwiftLib [40]. 
The designed DNA sequence is further optimized for E. 
coli expression based on codon usage.

Construction of the synthetic sdAb-U library
Three sub-libraries were constructed for the three dif-
ferent CDR3 lengths respectively, and then combined in 
subsequent phage panning. As shown in Fig. 1, the full-
length sdAb DNA fragments (as a gene library) were 
obtained by one-pot overlap-extension PCR (OE-PCR) 
[41] using oligonucleotides (with degenerated codons) 
purchased from external primer synthesis services. PCR 
was performed using high-fidelity DNA polymerase 
(Phusion Green DNA polymerase, Thermofisher) for 
20 ~ 32 cycles (with annealing temperature chosen 
according to Thermofisher’s online Tm calculator). The 
full-length sdAb sequences were cloned into the pCom-
b3Xss phagemid (NBbiolab, China) using the circular 
polymerase extension cloning (CEPC) method [42–44]. 
PCR primers for linearizing the pComb3Xss vector 
were designed and synthesized for PCR amplification to 
linearize the phagemid pComb3Xss. In the final CPEC 
assembly and cloning reaction, the prepared PCR-linear-
ized vector pComb3Xss and the full-length sdAb DNA 
fragments (molar ratio of vector to insert fragments is 
1:1.2). The recombinant phagemid was electro-trans-
formed (Bio-Rad MicroPulser electroporator) into E. 
coli TG1 bacteria at 2.5 kV (0.2 cm cuvette) and ~ 5.2ms 
time constant. Pre-warmed SOC medium was added and 
incubated at 37℃ with shaking at 250  rpm for 45  min. 
Finally, > 1x109 bacteria clones were obtained for each 
sub-library.

To prepare the phage library, the cultures were inocu-
lated to 2×TY medium with 75 mg/mL carbenicillin and 
1.5% (w/v) glucose, and incubated at 37℃ with constant 
shaking. When the culture reached OD600 = 0.5, TG1 
cells were infected with M13KO7 helper phages (NBbi-
olab, China), and incubated without shaking for 45 min 
at 37℃. The TG1 were harvested and resuspended in 
2×TY medium with carbenicillin (75 mg/mL) and kana-
mycin (15 mg/mL), and cultured overnight at 30℃ with 
constant shaking. The next day, the cultures were cen-
trifuged and phages were precipitated from the super-
natant by adding PEG-NaCl (final concentration: 4% 
PEG8000, 0.5  M NaCl). After centrifugation, the pre-
cipitated phages were resuspended in sterile PBS buffer. 
In this way, we generated three highly diverse phage sub-
libraries, and they together formed our synthetic sdAb-
U library (single-domain Antibody Universal library) 
(Fig.  1). In addition, the focused library sdAb-RBD was 
constructed using the same gene library synthesis and 
cloning protocols as for the universal library sdAb-U.
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Fig. 1  sdAb-U library construction pipeline
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sdAb screening from phage library
96-well plates (Corning, high binding surface) were 
coated with 100  µl of 100  µg/ml purified protein (RBD 
or BSA) for 2 h at room temperature (RT), and blocked 
with PBS buffer containing 2% milk powder (w/v) for 1 h 
at RT. Phages library were incubated with immobilized 
antigen for 1 h and then washed with PBST (PBS buffer 
supplemented with 0.5% Tween 20). To avoid the enrich-
ment of non-specific binders to plastic plates during pan-
ning, we first incubate the phage libraries with empty 
plates wells to eliminate phages that can bind to the plate 
surface without the immobilized target. Bound phages 
were eluted with 100  µl of 20  µg/ml trypsin, and were 
used to infect TG1 bacteria culture (OD600 = 0.2 ~ 0.8) at 
37 °C for 45 min. The eluted phage library was amplified 
according to the protocol described in the above section. 
The antigen-specific binding of the phages library after 
each round of panning was assessed by polyclonal phage 
ELISA. Single-clone phage ELISA was also carried out 
using colonies on phage titration plates.

Enzyme-linked Immunosorbent Assay (ELISA)
The entire ELISA procedure was carried out at room 
temperature. 96-well plates (Corning #3690) were coated 
with 100 µl of 100 µg/ml purified protein (RBD or BSA) 
for 2  h, and blocked with PBS buffer containing 2% 
milk powder (w/v) for 1 h. For polyclonal phage ELISA, 
phages from each round of panning were incubated with 
immobilized antigen, and bound phages were detected 
with anti-M13-horseradish peroxidase (HRP) polyclonal 
antibody (Thermofisher, MA5-29950). For the purified 
antibody binding assay, serially diluted sdAb (with HA-
tag) solutions were added and incubated for 1.5  h, and 
bound sdAb were detected with monoclonal anti-HA-
HRP antibody. The enzyme activity was measured with 
the subsequent addition of substrate EL-TMB and signal 
reading was carried out at 450  nm using a Microplate 
Spectrophotometer.

Protein expression and purification
The gene sequences of the sdAb were amplified with 
PCR, TY1 nanobody DNA sequence were synthesized 
and subcloned into a pET-21(a+) expression vector, 
which contains a C-terminal 6xHis + HA tag. The expres-
sion construct was transformed into a BL21(DE3) chemi-
cally competent E. coli for protein expression.

The overnight culture with the selected colony was 
inoculated in 1 L LB media with the correct antibiotics. 
The temperature was decreased to 18℃when OD600 of 
culture reached 0.6, and the recombinant sdAb protein 
expressing was induced overnight with 0.5mM IPTG. 
Bacterial was harvested and resuspended in lysis buffer 
(50mM PBS, 2mM PMSF, pH 7.4). Protein was purified 

with Ni column (HiTrap Excel, GE Healthcare) and gel 
filtration (Superdex S75 column, GE Healthcare).

RBD (R319-F541) and human ACE2 ectodomain(S19-
D615) protein were expressed with the Bac-to-Bac 
Baculovirus Expression System (Invitrogen). The cor-
responding gene of two proteins were subcloned into a 
modified pFastBac1 vector (Invitrogen), which contains 
a N-terminal GP67 secreting signal peptide sequence 
and a C-terminal 6xHis purification tag. The expressing 
construct was transformed into the bacterial DH10bac 
competent cells, the recombinant bacmid was extracted 
and transfected into the sf9 insect cells with the Cellfec-
tin II reagent (Invitrogen). After two rounds of amplifi-
cation, the recombinant baculovirus with high titer were 
harvested and mixed with Hi5 insect cell (2 × 106 cells 
per mL). After 60 h of infection, the cell culture contain-
ing the secreted proteins was harvested. Protein purified 
with Ni-column (HiTrap Excel, GE Healthcare) and gel 
filtration column (Superdex 200, GE Healthcare); PBS 
buffer was used for all purification steps.

Competition ELISA for sdAb39 and ACE2 binding to SARS-
CoV-2 RBDs
Each well of a 96-well plate was coated with 100 µL of 
20 µg/mL RBD solution, and the control was coated with 
20 µg/mL BSA protein solution, placed on a shaker, mini-
mum speed, 60 min. The coated solution was discarded, 
and 300 µL of PBS-T was washed 3 times, and 300 µL of 
fresh 2% Milk-PBS-T (the blocking solution) was added 
to each well, RT, minimum speed, 45 min. sdAb39, TY1, 
and ACE2 were diluted with the blocking solution in a 
5-fold gradient (100 µL added to 400 µL), respectively. 
The containment solution was discarded, 300 µL of 
PBS-T was washed 3 times, 100 µL of sdAb39 dilutions 
of different dilutions were added to each well, and 25 µL 
of ACE2 dilutions of different dilutions were added to the 
competition group at RT, the lowest rotation speed, for 
60 min. The latter experimental steps are the same as for 
ELISA.

Neutralization test of pseudovirus
To determine the neutralization activity of sdAb39, a 
pseudovirus neutralization assay was carried out, and 
this experiment was entrusted to Darui Biotechnol-
ogy Co. The main materials included: Huh7 cells (JCRB, 
00403), novel coronavirus (SARS-CoV-2) pseudoviral 
strains WH-1 (Darui, DR-XG-A001) and BA.2 (Darui, 
DR-XG-C011), DMEM high-sucrose medium (Gibco, 
C11995500BT), fetal bovine serum (ExCell Bio, FSP500), 
penicillin-streptomycin double antibody (Gibco, 
15,140,163), and firefly luciferase detection reagent (DR-
FLUC-03). This experimental procedure was done under 
BSL-2 biosafety level conditions.
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In 96-well plates, SARS-Cov-2 pseudoviruses (500–
1000 TCID50/well) were pre-incubated with different 
dilutions of sdAb39 or TY1 for 1 h at 37 °C, respectively. 
These virus-sdAb39 or virus-TY1mixtures were then 
added to Huh7/hACE2 cells in 96-well plates (104 
per well), respectively. Approximately 20–28  h after 

inoculation, the supernatant was aspirated and discarded, 
then 100 µL of luciferase detection reagent was added 
and the reaction was carried out for 2–5  min at room 
temperature and protected from light. Blow the liquid in 
the reaction wells 6–8 times with a multichannel pipette 
to fully lyse the cells. Transfer to the corresponding 

Fig. 2  Initial screening of anti-RBD sdAbs. (A-B) Expression and purification of the recombinant RBD through baculovirus expression system and purifi-
cation by Ni–NTA followed by gel filtration. C. The sequences of the CDR1 and CDR2 of the five high-affinity RBD-binding sdAbs. D. The results of phage 
ELISA of candidate phages. The error bars represent S.D. from three independent experiments. The statistical difference was measured by paired two-
sided Student’s t-test
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96-well chemiluminescence detection plate, and put it 
into the multifunctional microtiter detector (PE Ensight) 
to read the luminescence value. The half-maximal inhibi-
tory concentration (IC50) values were determined 
by the four-parameter nonlinear regression model of 
PRISM. All experiments were performed in triplicate and 
repeated at least twice.

Biolayer interferometry (BLI)
Binding of sdAb39 and ACE2 to RBD was assessed using 
the Octet RED384 system (FortéBio). To determine the 
apparent affinity (Kd), 10ug/mL recombinant wild-type 
RBD-Fc (Sino Biological, 40,592-V02H) was loaded 
(~ 1.0 nm) onto Protein A biosensors (Molecular Devices, 
18-5010). After a 100s baseline step in PBS, the RBD-Fc 
loaded biosensors were immersed in sdAb39 or ACE2s 
solution for a 200s association step, followed by a 200s 
dissociation step in PBS. All data for each sample were 
aligned, and Kd was determined with a 1:1 binding model 
in FortéBio data analysis software, version 12.1.

Results
Initial screening of anti-RBD sdAb
We obtained the recombinant SARS-CoV-2  S protein 
RBD (as shown in Fig.  2A-B) through the Bac-to-Bac 
baculovirus expression system and purified by Ni–NTA 
affinity column followed by Superdex-75 gel filtration 
column. Two rounds of phage panning were performed 
against the recombinant RBD from the sdAb-U library 
(Table 1). Enrichment of sdAb-displaying phages against 
the RBD was monitored by enzyme-linked immunosor-
bent assay (ELISA). High-affinity sdAbs were success-
fully enriched by these repeated (25–30 wash times) and 
stringent (0.5% Tween 20) elution procedures. Recovery 
efficiency was estimated by dividing the output phage 
titer by the input phage titer, as shown in Table  2. The 

recovery efficiency for each round was calculated by 
dividing the output titer by the input titer. Candidate 
phages enriched more than 5-fold over the bovine serum 
albumin (BSA) control protein were selected as initial 
leads. No negative controls other than BSA were used. 
Five RBD-binding sdAb clones (Fig. 2C) with high ELISA 
signal-to-background ratios (S/B) were sequenced.

Their CDR1 sequences were: (1) NTFFLRS, (2) NTF-
PART, (3) TISAGPR, (4) NTSTRHP, (5) STFRVRI; and 
their CDR2 sequences were: (1) FLSAINDGSTTY, (2) 
FGSTIADGASTN, (3) FVSGIGPGSITY, (4) FVSTI-
GRGEITY, (5) LVASIGPGRSTI (Fig.  2D). These CDR1 
and CDR2 sequences are consistent with the sequence 
characteristics of sdAbs (Fig.  2D). Then, we combined 
these CDR1s and CDR2s with a fully randomized CDR3 
library (as in Fig.  1) to construct an RBD-specific sdAb 
library. We synthesized the five CDR1 fragments and 
the five CDR2 fragments, and randomly combined them 
(5 × 5 = 25 combinations) with the randomly mutated 
CDR3 library to construct a new library, sdAb-RBD 
(Fig. 2D). sdAb-RBD using the same methods as the con-
struction of sdAb-U.

Anti-RBD sdAb screening from the focused library
Based on the screening results of the universal library, 
the diversity of CDR1 and CDR2 was narrowed down. 
Two rounds of phage panning were performed with the 
sdAb-RBD targeting library. High-affinity sdAbs were 
successfully enriched by these repeated and stringent elu-
tion procedures. Recovery efficiency was estimated by 
dividing the output phage titer by the input phage titer, as 
shown in Table 1. The recovery efficiency of bound phage 
obtained from the targeted sdAb-RBD library was higher 
than that from the universal sdAb-U library by 42 times. 
The recovery efficiency of the second round of panning is 
higher than the first round of panning in either the initial 
library sdAb-U (by 89 times increased) or the subsequent 
focused library sdAb-RBD (by 13 times increased).

From the sdAb-RBD library, dozens of candidate 
sdAb-displaying phage clones with more than 30-fold 
enhanced ELISA signals over BSA were selected (Fig. 3). 
On average, the sdAb phage clones screened from the 
targeted sdAb-RBD library had a significantly stronger 
affinity to the RBD than those from the universal sdAb-U 
library (Fig. 4). These results showed that the sdAb-RBD 

Table 1  After sequential rounds of screening using the universal library sdAb-U and the targeted library sdAb-RBD, the SARS-CoV-2 
RBD-specific binding phages were selectively enriched. PFU, plaque-forming unit
Library Round Wash times Input titer

(PFU/well)
Output titer
(PFU/well)

Recovery
efficiency

Fold increase

sdAb-U Round 1 25 3.2 × 1011 1.2 × 106 3.8 × 10− 6 --
Round 2 30 2.1 × 1010 7.1 × 106 3.4 × 10− 4 89

sdAb-RBD Round 1 25 2.5 × 1010 3.9 × 106 1.6 × 10− 4 42 (to sdAb-U round 1)
Round 2 30 5.1 × 109 1.0 × 106 2.0 × 10− 3 13

Table 2  SARS-CoV-2 pseudovirus strains
Pseudovirus 
strain

Mutation site

WH-1 N/A
BA.2 T19I、L24S、P25del、P26del、A27del、G142D、V21

3G、G339D、S371F、S373P、S375F、T376A、D405N
、R408S、K417N、N440K、S477N、T478K、E484A、
Q493R、Q498R、N501Y、Y505H、D614G、H655Y、
N679K、P681H、N764K、D796Y、Q954H、N969K
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library, with CDR1 and CDR2 optimized according to 
the lead sequences, had improved neutralizing capac-
ity against RBD compared with the initial library sdAb-
U. It’s worth noting that the presence of high-molecular 

weight aggregates of the sdAbs and RBD proteins was 
not assessed but was likely and could dramatically affect 
the results, and positive and negative controls other than 

Fig. 3  The results of phage ELISA of candidate phages. The error bars represent S.D. from three independent experiments
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BSA were not included in the titration ELISA, and there-
fore the binding specificity could not be evaluated.

Binding affinity of the top sdAb candidates
For E. coli expression of phage-screened sdAb, we 
selected 45 highest-affinity clones with diverse CDR 
sequences to encompass a variety of biophysical, struc-
tural, and potentially different antiviral properties. We 
found that 13 of them had no expression (28.8%), 23 
had low expression (51%), and only 8 candidates had 
high expression (17.7%; High expression indicated more 
than 5  mg sdAbs protein could be purified from 1  L of 
E. coli broth) (Fig. 5A). Solubility of the proteins was not 
assessed but because of the nature of synthetic human 
sdAbs (with exposed hydrophobic FR2 regions), they 
may aggregate. We purified these 8 sdAbs and tested 
their RBD binding by ELISA, from which we identified 
five high-affinity RBD-specific sdAbs (Fig. 5B-E). Amino 
acid sequences of the five highest affinity RBD sdAbs 
candidates are shown in Fig.  5E. Among them, sdAb39 
and sdAb42 had the highest affinity to RBD, however, 
the sdAb42 protein was less stable and precipitated after 

freezing and thawing. sdAb39 has good stability, a high 
affinity to RBD, and the half-inhibitory concentration 
reaches about 10 nM (Fig. 5B-E).

The affinity of the most promising binder sdAb39 
against the wild-type RBD was further determined using 
BLI [45]. Consistent with the previous ELISA result, the 
apparent affinity (Kd, dissociation constants) of sdAb39 
to RBD was 56 nM (Fig.  5F). By the same BLI method, 
we also measured the Kd of ACE2 binding to RBD to be 
36 nM, which is consistent with previously reports [46]. 
sdAb39 is identified as a promising binder of w RBD by 
both ELISA and BLI.

Candidate sdAb competes with ACE2 for RBD binding
To test whether the sdAb candidates compete with 
angiotensin-converting enzyme 2 (ACE2) for RBD bind-
ing. We obtained the extracellular domain of ACE2 
protein through the Bac-to-Bac baculovirus expression 
system, and purified it by Ni–NTA affinity column fol-
lowed by Superdex-75 gel filtration column (Fig. 6A). We 
also expressed and tested the SARS-CoV-2 nanobody 
TY1 [27], as a positive control. We developed a compe-
tition ELISA to test the competition between ACE2 and 
sdAb39 after mixing purified sdAb39 with SARS-CoV-2 
RBD (Fig.  6B). The results showed that ACE2 could 
block the interaction between human sdAb39 and RBD 
(Fig.  6B-C); that is, ACE2 hindered the binding of RBD 
and sdAb39, allowing the no longer bound sdAb39 to be 
removed during plate washing. At a concentration of 0.6 
µM, ACE2 showed a significant binding blocking effect, 
which remained significant at a concentration of 0.12 
µM. Neither non-SARS-CoV-2 antibodies nor irrelevant 
competitors were tested in this study. The above experi-
mental results indicated that sdAb39 blocked ACE2-RBD 
binding.

Neutralizing capacity of SARS-CoV-2 pseudoviruses for 
sdAb39
The pseudoviruses neutralizing assay results showed that 
sdAb39 efficiently neutralized SARS-CoV-2 WH-1 pseu-
dovirus with an IC50 value of 30 nM (Fig. 6D). However, 
using 30 nM sdAb39 we failed to observe significant omi-
cron BA.2 pseudovirus neutralization. This is consistent 
with many studies concluding that the SARS-CoV-2 omi-
cron mutant escapes most existing NAbs (Neutralizing 
antibodies) [10, 11, 47]. Non-SARS-CoV-2 pseudotyped 
viruses were not tested. These results suggest that the 
combined use of sdAb-U and sdAb-RBD libraries can 
lead to functional RBD antibodies.

Discussion
The synthetic sdAb library uses gene synthesis technol-
ogy to introduce random DNA sequences at specific 
sites, which is highly controllable and allows fast and 

Fig. 4  Affinity of sdAbs phage clones screened for SARS-CoV-2 RBD bind-
ing from the universal sdAb-U library or the target sdAb-RBD library. The 
statistical difference was measured by paired two-sided Student’s t-test 
(***, P < 0.001)
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efficient screening against target proteins. However, due 
to combinatorial explosion, the possible sdAb sequence 
space is extremely vast and much larger than the capac-
ity of the phage library. In this study, we first screened 
universal sdAb-U library against the target protein and 
obtained five high-affinity lead sequences. We further 
assembled the CDR1 and CDR2 sequences from these 
five initial leads with randomly mutated CDR3 to con-
struct a second library sdAb-RBD, which is more focused 

on the target protein (RBD). Multiple sdAb candidates 
were obtained from the sdAb-RBD library. Among them, 
sdAb39 has good stability, and high binding affinity to 
RBD with the EC50 reaching 4nM, and sdAb39 can com-
pete with ACE2 for binding to RBD.

It’s worth noting that, the CDR3 amino acid sequences 
of the top five candidate SARS-CoV-2 RBD sdAbs 
(Fig.  5E) with the highest affinity display an intrigu-
ing pattern. All five sdAbs exhibit the presence of Arg 

Fig. 5  RBD binding affinity of the sdAb candidates. (A) Pie chart of RBD sdAbs’ affinity and expression in E. coli. High expression indicated more than 5 mg 
sdAbs protein could be purified from 1 L of E. coli broth. (B) RBD binding affinity analysis of the sdAb candidates by ELISA. (C) EC50 of the sdAb candidates 
binding to RBD. The EC50 is the concentration of sdAbs that gives a half-maximal RBD-binding response. (D) Five highest affinity RBD sdAb candidates. 
(E)` The amino acid sequence of the five highest affinity RBD sdAb candidates. (F) The binding affinity of sdAb39 and ACE2 to wild-type RBD. The upper 
panel: the association and dissociation of the response curves of each sample. Fc-tagged SARS-CoV-2 RBDs were loaded onto the surface of Protein A 
biosensors. A series of concentrations of each sample were used. The lower panel: Kd of each sample was fitted based on the experimental data
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amino acids within their CDR3 regions. Specifically, 
sdAb10, sdAb38, and sdAb42 contain a single Arg amino 
acid, while sdAb12 possesses two Arg amino acids, and 
sdAb39 incorporates three Arg amino acids. Further-
more, four out of the five sdAbs feature His amino acids, 
being found in sdAb12, sdAb38, sdAb39, and sdAb42. 
Notably, both sdAb12 and sdAb39 also contain an addi-
tional two Pro amino acids each. Additionally, sdAb12 
incorporates one Met amino acid, whereas sdAb38 
encompasses two Cys amino acids.

Studies have revealed the determinants of polyreac-
tivity in antibodies, including CDR3 length and flexibil-
ity, hydrophobicity, net charge, as well as enrichment in 
Arg, Trp, Tyr residues [48–50]. In our study, all of the five 
selected sdAbs have at least one Arg, and sdAb12 incor-
porates one Met amino acid. Antibodies with positively 
charged CDRs (especially Arg) have a higher risk of low 
specificity than antibodies with negatively charged CDRs 
[51]. However, extensive studies have found that no sin-
gle amino acid residue or biochemical property leads to 
polyreactivity, and more data support the use of multiple 
strategies for antibodies’ polyreactive binding. Therefore, 
we predicted the degree of polyreactivity of the RBD-
binding sdAbs using the machine learning models devel-
oped by Harvey et al. (http://18.224.60.30:3000/) [50]. 

The predicted scores ( Fig. S1 and Table S1) of the five 
SARS-CoV-2 RBD sdAbs in Fig. 5E are within the range 
of minimal polyreactivity, except sdAb12. Interestingly, 
both sdAb39 with three Arg residues and sdAb42 with 
only one Arg residue in CDR3 have quite high scores 
(low polyreactivity). While Arg and unpaired Met resi-
dues may be potential factors contributing to the non-
specific binding of proteins, however, both local and 
global characteristics of antibodies affect their degree of 
polyreactivity.

Arginine (Arg) is frequently involved in protein inter-
actions due to its unique properties. The positive charge 
on its side chain enables strong electrostatic interactions, 
making it prone to engage in protein binding. Addition-
ally, the aromatic ring of Arg can undergo π-interactions, 
further contributing to ligand binding. In terms of pro-
tein-protein interaction (PPI) hotspot residues, Trypto-
phan (21%), arginine (13.3%), and tyrosine (12.3%) have 
been found to emerge as the three fundamental amino 
acids with notable frequencies [52]. Arg has also been 
observed in the CDR sequences of nanobodies target-
ing SARS-CoV-2 RBD in published literature, such as the 
WNb7, WNb10, and WNb15 nanobodies [28].

The probability of screening high-affinity RBD-bind-
ing sdAb from the focused sdAb-RBD library is higher 

Fig. 6  sdAb39 competes with ACE2 for RBD binding and neutralizes SARS-CoV-2 pseudoviruses. The statistical difference was measured by paired two-
sided Student’s t-test (*, P < 0.05; **, P < 0.01)
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than from the universal sdAb library, and the identified 
sdAbs have higher affinities than the lead sequences. 
These results validate the feasibility and effectiveness 
of this two-stage screening strategy, where a univer-
sal and diverse library is initially screened to obtain 
lead sequences for construction of an antigen-specific 
library for a second-stage screening (Fig. 7). This strategy 
allows screening of high affinity SARS-CoV-2 sdAbs for 
about two weeks, which is relatively quickly compared 
to immunized animals. Moreover, compared to the tra-
ditional one-stage synthetic library screening (univer-
sal library in the first stage), the second-stage focused 
library is more efficient in screening. This strategy can be 
extended to the screening of other targets.

However, in vitro screening methods for phage syn-
thetic libraries, selection is usually performed using 
antigens adsorbed directly onto the surface of the immu-
notubes, and non-specific adsorption may result in anti-
gen denaturation. (1) Folding Stability and Solubility 

Problems: Since sequences in synthetic libraries are usu-
ally not subjected to evolutionary screening, there may 
be problems with folding stability and solubility. This may 
limit the application value of some candidates. (2) Risk 
of specificity and affinity: single-domain antibodies in 
synthetic libraries may show lower specificity and affin-
ity, partly due to the absence of an evolutionary process 
of natural selection. (3) Design and construction con-
straints: the construction of synthetic libraries requires a 
full understanding and tuning of the interactions between 
the antigen and the structure of the sdAb.

In summary, here we report a synthetic sdAb platform 
for rapid selection of anti-RBD sdAb (Fig.  7), and this 
pipeline can be extended to the panning of other targets. 
These sdAb may be promising candidates for COVID-19 
prevention, treatment, or as reagents to facilitate SARS-
CoV-2 vaccine development. This two-stage strategy 
can be used to rapidly develop new sdAb against mutant 
virus strains, and address the need for continuous virus 

Fig. 7  Strategy and timeline of the two-stage sdAb phage screening
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mutation in a pandemic. It’s worth noting that our sdAb 
phage synthetic libraries and strategy offer the advan-
tages of high throughput, ease of use, and versatility, and 
can be used to obtain targeted binders rapidly and cost-
effectively. However, fold stability and solubility issues 
as well as specificity and affinity challenges still needs to 
be addressed. Researchers need to consider the applica-
bility of synthetic libraries based on specific goals and 
applications, and design and optimize them as needed. 
Besides, the short half-life of sdAb in circulation need to 
be addressed before sdAb can be considered for in vivo 
application. A very effective approach is to fuse sdAb 
with the human IgG1 Fc, which significantly extends 
their half-life.
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