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Abstract

This is the first report on the screening, expression, and recognition mechanism analysis of single-chain fragment
variable (scFv) against phenylethanolamine A (PEAA), a newly emerged (3-adrenergic agonist illegally used as a feed
additive for growth promotion. The PEAA-specific scFv scFv, called scFv-32, was screened from hybridoma cell

lines by phage display and was found to be optimally expressed in the E. coli system. The ic-ELISA results revealed

an ICq, value of 10.34 pg/L for scFv-32 and no cross-reactivity with other 3-adrenergic agonists. Homology modeling
and molecular docking revealed the key binding sites VAL178, TYP228, and ASP229. One hydrogen bond, two pi-
sigma bonds, and one pi-pi bond maintain the formation of the antibody-drug complex. Alanine scanning mutagen-
esis of the three predicted key binding sites showed that the mutants completely lost their recognition activity, which
confirmed the accuracy of the theoretical analysis. These results are valuable for the preparation of scFvs and the anal-
ysis of the molecular recognition mechanism of antigen-antibodies.
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Introduction

Driven by considerable economic benefits, several
banned drugs, such as f-agonists, are applied in animal
breeding and seriously threaten the environment and
human health (Wang et al. 2021). To detect these banned
drugs, antibody-based immunoassays are widely applied
because they are low-cost, rapid, efficient, and suitable
for on-site detection in the production chain (farm or
slaughterhouse) (Ouyang et al. 2022). However, tradi-
tional polyclonal antibodies and monoclonal antibodies,
which are the core reagents for immunoassays, are labor
intensive, expensive to produce, limited in recognition
performance by animal hosts, and virtually impossible to
optimize or evolve once produced (Ahmed et al. 2020).
Therefore, it is essential to explore the development of
novel antibodies to remedy the deficiencies of traditional
antibodies.

With the development of phage display technology, sin-
gle-chain fragment variable (scFv) has become a promis-
ing alternative to traditional antibodies (Basu et al. 2019).
The scFv is composed of a variable light chain (VL) and a
variable light chain (VH) of traditional antibodies joined
by a flexible polypeptide linker and retains the original
antigen specificity and affinity (Li et al. 2022). Compared
with traditional antibodies, scFv has the characteristics of
a simple preparation process, low production cost, and
easy performance evolution; thus, it has attracted much
attention and has been extensively studied (Peltomaa
et al. 2022). Phage display technology involves high-
throughput screening by fusing gene-encoded antibod-
ies and capsid proteins on the surface of phages to obtain
antibodies that bind to the target antigen (Reader et al.
2019). This technology establishes a direct link between
the antibody phenotype and genotype, avoiding the steps
of immunization and cell fusion, thus shortening the
experimental period, reducing the cost, and increasing
stability (Roth et al. 2021). Compared with other scFv
screening techniques, such as cell surface display, ribo-
some display, and yeast display, phage display technology
is easier to use and more efficient (Farajnia et al. 2014).
Consequently, this approach is widely applied for the
preparation of antigen-specific scFvs in the field of food
safety detection.

The in vitro evolution of recognition properties by
genetic engineering methods (such as error-prone PCR,
chain shuffling, and site-directed mutation) is one of the
advantages of scFv antibodies (Li et al. 2022). Explor-
ing the mechanism of antibody-antigen interactions is
crucial for guiding the evolution of antibodies in vitro.
Experimental methods, such as high-resolution X-ray
crystallography, can obtain the three-dimensional struc-
ture of the scFv but are expensive and labor intensive
(Toride and Brooks 2018). Therefore, reliable homology

Page 2 of 11

modeling tools, such as SWISS-MODEL software, with
more than 400,000 high-quality models have been widely
adopted (Bienert et al. 2017). Based on the accurate scFv
structural data provided by homology modeling, molecu-
lar docking, a bioinformatics prediction method, can be
used to search for the optimal binding mode between
scFv and antigens through the principles of spatial struc-
ture complementarity and energy minimization. Among
more than 60 different molecular docking software
packages, AutoDock Vina with the PSOVina algorithm
and multithreaded acceleration operation have obvi-
ous advantages in terms of docking accuracy and speed
(Tao et al. 2020). With the help of computer simulation
technology, the binding pattern of scFv antigens can be
accurately analyzed, key amino acid information can be
obtained, and site-directed mutation of these key amino
acids can be performed to improve antibody sensitivity
simply and quickly. In recent studies, based on the reli-
able structural insights of different scFvs with fluoroqui-
nolones (Wang et al. 2016), amantadine (Xie et al. 2020),
amoxicillin (He et al. 2017), and phenothiazines (Shi et al.
2017) provided by bioinformatics prediction methods,
scientists have performed antibody evolution and suc-
cessfully improved scFv antibody affinity. Therefore, bio-
informatics prediction methods provide a new strategy
for improving antibody sensitivity.

Phenylethanolamine A (PEAA) is a newly emerged
B-adrenergic agonist that is illegally added to animal feed
to increase carcass leanness (Bai et al. 2012). However,
the residual PEAA in animal-derived foods can poten-
tially threaten the cardiovascular and central nervous
systems (Peng et al. 2019). For this reason, the addition
of PEAA to animal feed and drinking water is prohibited
in various countries (Yan et al. 2014). To detect PEAA,
different immunoassays, including enzyme-linked
immunosorbent assay (ELISA) (Jiang et al. 2017; Li et al.
2015b; Liu et al. 2022), lateral-flow immunoassay (LFA)
(Li et al. 2015a), lateral-flow immunochromatographic
assay (LFIA) (Dai et al. 2015), colloidal gold immunoas-
say (Jiang et al. 2018), immunochromatography assay (Li
et al. 2014), and ultrasensitive electrochemiluminescence
(ECL) (Tang et al. 2015), have been developed. However,
these immunoassays rely on traditional polyclonal and
monoclonal antibodies, which are limited by antibody
development and production. To overcome these limi-
tations, scFvs are considered reasonable alternative rea-
gents due to their easy preparation, low cost, and ability
to undergo in vitro evolution.

Currently, scFv antibodies have been developed against
traditional [-adrenergic agonists, such as clenbuterol
(CLB) (Lu et al. 2020) and salbutamol (SAL) (Lee et al.
2018). However, the ability of PEAA, a novel B-adrenergic
agonist, to produce PEAA-specific scFv antibodies has
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not been reported. Therefore, in this study, an anti-PEAA
scFv was prepared by phage display technology, and
the binding mechanism between scFv and PEAA was
explored by homology modeling and molecular docking.
These findings are beneficial for the future directed evo-
lution of PEAA-specific scFv antibodies and the develop-
ment of immunoassays.

Results

Construction and characterization of the scFv library

The hybridoma cell line PEAA-2D8 was collected for
RNA extraction, and the quality of the RNA was deter-
mined to be excellent by gel electrophoresis (Fig. 1A).
After the RNA was reverse transcribed into cDNA, the
VL and VH gene fragments of approximately 370 bp in
size were amplified from the cDNA using the mouse anti-
body primer library (Fig. 1B). Then, a scFv approximately
750 bp in length was constructed by splicing the VH-
Linker and VL-Linker using SOE-PCR (Fig. 1C). Then,
the scFvs digested with Sfil were ligated into pcomb3xss
phagemid vectors to generate recombinant pcomb3xss-
scFv phagemids. The recombinant phagemids were elec-
troporated into XL1-Blue competent cells, which resulted
in the generation of a phage display library with a capac-
ity of 8.0x10® CFU/mL. Colony PCR revealed that
83.3% of the initial library contained the full-length scFv
(Fig. 1D). The greater the storage capacity and diversity
of the initial library are, the more conducive the screen-
ing of high-affinity scFv agents is. These results indicated
that the constructed initial library had good capacity and
diversity and was suitable for subsequent biopanning.

Biopanning of PEAA-specific phage-scFv

Four rounds of biopanning were applied to select scFv
phages that specifically recognized PEAA. A gradient
reducing the concentration of coating antigen was used
to increase the proportion of high-affinity antibodies
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in the output pool. The results showed that the abun-
dance of anti-PEAA phage scFv particles was signifi-
cantly enriched 200-fold after four rounds of biopanning
(Table S2). Moreover, compared with that of the third
round, the recovery rate of the fourth round did not sig-
nificantly increase, indicating that the specific phages
were enriched enough and that no additional biopanning
was needed. As shown in Fig. 2A, the polyclonal phage
ELISA demonstrated a 4-fold increase in the affinity of
the selected phage pool for PEAA. To further identify
which clones in the four-round output pool were spe-
cific for PEAA, 48 single clones were randomly selected
for phage ELISA identification. As shown in Fig. 2B, a
total of 10 clones exhibited recognition activity for PEAA
(P/N>2.1).

Based on the results of phage ELISA, the clone scFv-
32 with the highest affinity was selected for nucleotide
sequencing, and the sequence was submitted to the
NCBI IGBLAST database for homology analysis. As
shown in Fig. 2C, VL is composed of 113 amino acids and
shares 94.6% homology with IGKV1-117*01. As shown in
Fig. 2D, VH is composed of 116 amino acids and shares
82.8% homology with IGHV2-3*01. Homology analy-
sis confirmed that scFv-32 was derived from the mouse
germline gene, and the sequence variation was especially
concentrated in the frame region. This phenomenon may
result from somatic mutations that contribute to the
increased affinity of the antibody for PEAA.

Expression and purification of soluble scFv

The phagemid pcomb3xss bears an HA tag for detection
and a 6xHis tag for purification, which allows soluble
expression of scFv. The recombinant phagemid obtained
from the scFv-32 clone was subsequently transferred
into E. coli TOP10F, followed by a sufficient expression
of soluble scFv in the periplasmicspace of the bacteria
with the induction of IPTG in a low-temperature (18°C)
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Fig. 1 Construction and characterization of the initial scFv library. A Agarose gel (1%) electrophoresis identification of total RNA. B Agarose gel
(1%) electrophoresis identification of VL and VH. Lane M: marker DL2000 bp; lane 1:VL; lane 2: VH. C Agarose gel (1%) electrophoresis identification
of the assembled full-length scFv. Lane M: DL5000 bp marker. D Colony PCR of 18 clones from the initial library. Lane M: marker DL5000 bp; lanes

1-18: random colonies
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environment. A high concentration of IPTG inhibited the
growth of the bacteria, so the optimal induction concen-
tration of IPTG was explored. As shown in Fig. 3A, IPTG
was necessary for the expression of scFv-32, but there
was no significant difference in scFv expression between
different IPTG concentrations. The soluble scFv-32 was
purified by Ni-IDA agarose column chromatography
and targeted against the 6 X His tag. The optimal elution
concentrations of imidazole was at 100 and 200 mmol/L
determined by SDS-PAGE (Fig. 3B). Western blot anal-
ysis of scFv-32 demostrated a single band of approxi-
mately 32 kDa, indicating that scFv-32 was successfully
expressed (Fig. 3C).

Functional characterization of soluble scFv by ic-ELISA

The ic-ELISA was applied to evaluate the affinity and
specificity of the purified scFv-32. The optimal ic-ELISA
conditions were determined by checkerboard titra-
tion: 12.5 pg/mL coating antigen (PEAA-NH,-OVA)
and 1:8 dilution of scFv-32. As shown in Table 1, puri-
fied scFv-32 was inhibited by free PEAA, and the ic-
ELISA method based on scFv-32 exhibited an ICy, of
10.34 pg/L toward PEAA (average of three independ-
ent experiments). This result suggested that the affin-
ity of scFv-32 for PEAA was not sufficient to support
its application in sample detection and it is necessary
to further enhance the affinity by molecular evolution
in vitro. The cross-reactivity (CR) data indicated that
scFv had no reactivity toward ractopamine, clenbuterol
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or salbutamol, which was consistent with what was
observed with monoclonal antibodies.

Homology modeling and molecular docking

In the present study, the amino acid sequence of scFv-32
was uploaded to the SWISS-MODEL website for homol-
ogy modeling (Fig. 4A). The GMQE value of the model
was 0.69, and the QMEAN value was -1.17, which prelim-
inarily proved that the quality of the model was optimal.
Further evaluation tools, such as VERIFY, ERRAT, and
Ramachandran plot, on the official website of the UCLA-
DOE LAB-Laboratory Services were applied to evaluate
the quality of the model. The model’s ERRAT score of
95.045 and VERIFY score of 95.08 are above the standard
values of 85 and 80, respectively. A ramachandran plot
indicated that approximately 99.5% of the amino acid res-
idues were distributed in the allowed region and that only
0.5% were distributed in the disallowed regions (Fig. 4B).
These results showed that the scFv model was suitable for
further molecular docking.

AutoDock Vina software automatically docks the
PEAA into an active pocket surrounded by the six CDRs
of scFv-32. As shown in Fig. 4C, the PEAA-scFv complex,
which exhibited the lowest energy docking (-5.7 kcal/
mol), was selected as the docking model from the 9 gen-
erated docking models. According to the docking results,
a total of 13 amino acids were directly involved in the
formation of the active pocket (Fig. 4D). The key contact
amino acids ASP229, VAL178, TYR228 and PEAA form
one hydrogen bond, two pi-sigma bonds, and one pi-pi
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Fig. 2 Biopanning and sequence homology analysis of the anti-PEAA scFv antibody. A Results of polyclonal phage ELISA for each round of the
output library. B Monoclonal phage ELISA result from the fourth round of the output library. P/N: OD,s0(phage-scFv)/OD,5,(OVA). C Homology
analysis of the light-chain amino acid sequence of scFv-32. D Homology analysis of the heavy chain amino acid sequence of scFv-32
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Fig. 3 Soluble expression and purification of scFv-32. A SDS-PAGE results of scFv-32 expression at different IPTG concentrations. Lanes 1-7: 0,
0.05,0.1,0.2,0.5,0.8 and 1.0 mmol/L IPTG; Lane M: 10-180 kDa marker. B SDS—PAGE result of scFv-32 antibody purification. Lanes 1-2, lanes 3-4,
lanes 5-6, lanes 7-8, lanes 9-10, lanes 11-12, and lanes 13-14: the eluate contained imidazole concentrations of 25, 50, 100, 200, 300, 400 and 500
mmol/L, respectively; Lane M: 10-180 kDa marker. C Western blot result of soluble scFv-32. Lane 1: 0 mmol/L IPTG; Lanes 2-6: 1 mmol/L IPTG; Lane

M: 10-180 kDa marker

Table 1 Standard curve for the ic-ELISA and cross-reactivity of
the scFv-32

The standard curve of ic-ELISA  Analyte IG5 (ng/L) CR (%)
— Phenylethamine A 10.34 100
\ Ractopamine >2000 <1
------- Clenbuterol >2000 <1
0 \
log10 PEAA concentration (K g/L) Salbutamo‘ > 2000 < "

bond, respectively. Since alanine is small in size and has
a negligible effect on protein structure, the key amino
acid was replaced with alanine to confirm the accuracy
of the docking results. As shown in Fig. 4E, three alanine
mutants (VAL178ALA, TYR228ALA and ASP229ALA)
were successfully expressed. The results of ic-ELISA indi-
cated that all three mutants lost their binding activity to
PEAA (Fig. 4F), which supported the accuracy of the rec-
ognition mechanism analysis.

Discussion

ScFv antibodies are widely applied in food safety detec-
tion because of their ability to bind antigens, low cost of
expression in prokaryotic expression systems, and ease
of genetic engineering operations (Li et al. 2022). Phage
display technology is an effective and low-cost screen-
ing technology for scFv antibodies that revolutionizes
the traditional monoclonal antibody preparation process
(hybridoma technology). A prerequisite for successfully
generating scFv antibodies using phage display is the con-
struction of high-quality scFv source libraries. The qual-
ity of the scFv source library is primarily evaluated based

on the scFv gene source, library capacity, and library
positivity rate (Xu et al. 2019). In the present study, the
scFv gene was amplified via PCR from PEAA-specific
hybridoma cells. Antibody genes in specific hybridoma
cells have been selected by antigens in vivo for affinity
maturation, which is conducive to improving the affin-
ity and positivity rate of antibodies. After the scFv gene
was ligated into the pcomb3xss phagemid vector, efficient
transformation of the recombinant phagemid vector was
achieved via electroporation. Finally, a high-quality scFv
source library with a capacity of up to 8.0x 108 CFU/mL
was obtained. This library was confirmed by colony PCR,
and the percentage of positive cells was 83.3%. These
evaluation criteria demonstrated the successful construc-
tion of a high-quality scFv source library.

A suitable biopanning strategy is essential for obtain-
ing high-affinity scFv antibodies via phage display
technology. Among the various biopanning strate-
gies, solid-phase screening, which involves the use of
antigen-coated solid media to adsorb antigen-specific
phage-scFv, has been widely applied because of its sim-
plicity and high efficiency (Sompunga et al. 2019). Gen-
erally, 3-5 rounds of “adsorption-elution-amplification”
screening are necessary. Reducing the antigen concen-
tration and enhancing the elution intensity are benefi-
cial for enriching antibodies with high affinity (He et al.
2019). In this study, a higher antigen concentration
(100 pg/mL) was used in the first round of biopanning,
followed by decreasing antigen concentrations (50, 25
and 12.5 pg/mL) in subsequent rounds of biopanning.
Additionally, incubating the phage library with the car-
rier protein and blocking solution before each round of
biopanning can effectively eliminate interference from
nonspecific phage-scFv (Rahbarnia et al. 2016). Wash-
ing can affect the biopanning effect to some extent, and
increasing the number of washing times with increas-
ing biopanning can effectively eliminate the nonspe-
cific and low binding activity of phage-scFv. The phage
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Fig. 4 Homology modeling and molecular docking analysis of scFv-32. A 3D conformation of the scFv-32 antibody. B Ramachandran plot
of the scFv-32 model. C Molecular docking of scFv-32 and PEAA. D 2D views of the interaction between PEAA and key amino acid residues. E

SDS-PAGE results of the alanine scanning and scFv-32 mutant fractions. Lane M: 10-180 kDa; Lanes 1

—3:TYR228, ASP229 and VAL178 were mutated

to alanine; Lane 4: GLY180 was mutated to TRP. F Ic-ELISA results for alanine scanning and the scFv-32 mutant

recovery and ELISA results indicated that the biopan-
ning strategy was successful.

E. coli is considered to be the most suitable host for
soluble scFv due to its simple and inexpensive growth
medium, low equipment requirements and fast growth
rate (Gupta and Shukla 2017). In the recombinant
phagemid vector, a UAG stop codon is present between
the antibody gene and gene III. When expressed in the
amber mutant strain (XL1-Blue), UAG is read through
as Gln, resulting in the expression of a scFv-PIII fusion
protein attached to the phage surface. When expressed
in nonsuppressor strains, translation is terminated at
the UAG, leading to the production of soluble scFv anti-
bodies (Galan et al. 2016). Therefore, the nonsuppressor
strain ToplOF was selected as the soluble expression
host. Multiple studies have shown that a low-temperature
environment and appropriate IPTG concentration are
conducive to the correct folding of scFv (Lee et al. 2018;
Liu et al. 2021); hence, induction conditions of 18°C and
1 mmol/L IPTG concentration were used in this study.

After soluble expression and purification, a scFv-32
specific to PEAA was prepared with an IC, of 10.34
ug/L. However, the sensitivity of scFv-32 was lower than
that of its parent monoclonal antibody (0.63 pg/L). This
difference may be due to two reasons: First, scFv retains

only the VH and VL of the monoclonal antibody and uses
a short peptide chain of 15 amino acids to form a pro-
tein with a molecular weight of only one-sixth of that of a
complete antibody. This difference in molecular structure
may cause a change in the binding characteristics of the
scFv. Second, during the amplification and splicing of VH
and VL gene fragments, amino acid mutations caused by
degenerate primers or mismatches may cause changes in
the spatial conformation of the antigen binding site in the
scFv, which can impact its affinity and specificity. In the
Chinese aquaculture industry, PEAA is explicitly prohib-
ited in animal feed and drinking water, so scFv antibodies
need to be as sensitive as possible to recognize PEAA.
One of the outstanding advantages of scFv is the ease
of manipulation at the genetic level to improve its recog-
nition activity. Numerous studies have shown that scFv
mutants with improved performance can be obtained
through in vitro evolution based on the molecular recog-
nition mechanism between antigens and antibodies (He
et al. 2017; Xie et al. 2020; Dong et al. 2020). For example,
He et al. analyzed the binding mechanism of scFv and
amoxicillin through homology modeling and molecular
docking and obtained a scFv mutant with up to sixfold
improved sensitivity through directional mutation of key
amino acids (He et al. 2017). Another study showed that
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the scFv mutant obtained by mutating the amino acid
residue GLY107 to PHE had a 3.9-fold increase in affin-
ity for amantadine based on virtual mutation analysis
(Xie et al. 2020). Therefore, it is essential to analyze the
molecular mechanism through which scFv binds to anti-
gens. In this study, homology modeling and molecular
docking were employed to explore the molecular recog-
nition mechanism between scFv-32 and PEAA. The anal-
ysis results indicated that three key amino acids, ASP229,
VAL178, and TYR228, played major roles in antigen—
antibody binding.

Conclusion

In conclusion, an anti-PEAA scFv antibody (scFv-32)
was isolated, identified, and prepared from a phage dis-
play library in this study. After optimized expression and
purification, the ic-ELISA results indicated that scFv-
32 specifically recognized PEAA, with an IC;, value of
10.34 pg/L. A 3D model of scFv-PEAA was established via
computer simulation to explore the molecular recognition
mechanism of the antibody-antigen complex. Molecular
docking and alanine scanning mutagenesis revealed that
TYR37, VAL99, TRP101 and TRP180 are the key contact
amino acids. The main interaction forces involved hydro-
gen bonding, pi-sigma bonding, and pi-pi bonding. This
study lays the foundation for further improving scFv affin-
ity through site-directed mutagenesis and supports more
efficient PEAA residue monitoring.

Materials and methods

Reagents and materials

Standards, including PEAA, CLB, SAL and RAc, were
obtained from the China Institute of Veterinary Drug
Control (Beijing, China). Hybridoma cells (2D8), which
secrete the monoclonal antibody against PEAA (mAb),
were produced at the National Reference Labora-
tory of Veterinary Drug Residues (HZAU). Anti-HA
tag antibody (HRP), anti-M13 antibody (HRP), pcom-
b3xss, VCSM13 helper phage and E. coli XL1-Blue were
obtained from Bio-View Shine (Beijing, China). A HiS-
cript II 1st Strand cDNA Synthesis Kit and Phanta Max
Super-Fidelity DNA Polymerase were purchased from
Vazyme (Nangjing, China). A SteadyPure RNA Extrac-
tion Kit, SteadyPure gel DNA Purification Kit and Steady-
Pure Plasmid DNA Extraction Kit were purchased from
Accurate Biotechnology (Hunan, China). Sfil restriction
endonuclease and T4 ligase were purchased from NEB
(USA). E. coli Top 10F was obtained from TransGen Bio-
tech (Beijing, China). An SDS-PAGE preparation kit was
purchased from Sangon Biotech (Shanghai, China).

Page 7 of 11

Construction of the phage-displaying anti-PEAA scFv
library

2D8 hybridoma cells (Peng et al. 2019) were resuscitated,
after which antibody secretion was detected. Then, the
cells were collected for RNA extraction using an RNA
Extraction Kit. The cDNA was reverse transcribed and
used as a template for PCR amplification of the anti-
body genes. The specific primers used for the Sfil restric-
tion site are listed in Table S1. Amplification of the VH
and VL genes was performed using Phanta Max Super-
Fidelity DNA Polymerase according to the manufac-
turer’s instructions. Then, equimolar amounts of the VH
and VL purified fragments were spliced into scFv genes
by SOE-PCR with a linker (Gly,Ser);. Subsequently, the
scFv gene and phagemid pcomb3xss were digested with
the Sfil restriction enzyme. After gel purification, the
two purified fragments were ligated by T4 DNA ligase
to construct recombinant phagemids. The recombinant
phagemid was transformed into competent E. coli XL1-
Blue (suppressor strain) cells by electroporation under
optimized conditions of 25 mF, 1.25 kV and 200 Q to
construct the anti-PEAA phage display library. The elec-
troporated cells were immediately resuspended in SOC
medium and incubated at 37°C for 1 h. Then, the trans-
formed cells were gradient diluted and plated on SOB-
AG (SOB medium containing ampicillin (100 pg/mL)
and glucose (1%) plates at 37°C overnight to calculate
the library capacity. The remaining competent cells were
added to a final concentration of 15% glycerol and stored
at -80°C, which was the initial concentration.

Biopanning of the phage display library

Four rounds of biopanning were performed to screen
high-affinity PEAA-specific scFv antibodies from the
phage display library. One milliliter of the initial library
was inoculated into 250 mL of 2XYT-AG media 2XYT
media supplemented with ampicillin (100 pg/mL) and
glucose (1%) at 37°C and 250 rpm/min for 5 h. Then, the
helper phage (VCSM13) was added to the culture at 37°C
and 150 rpm for 1 h. Cultures infected with VCSM13
were centrifuged, and the bacterial precipitates were
resuspended in 500 mL of 2XYT-ATK medium (2xYT
medium containing ampicillin (100 pg/mL), tetracycline
(100 pug/mL) and kanamycin (50 pg/mL)) overnight cul-
ture at 37°C. The phages from the culture supernatant
were purified with 1/5 (v/v) of 20% PEG8000/2.5 M NaCl
on ice for 1 h. The precipitated phages were resuspended
in PBS and used directly for biopanning.

PEAA-specific binders can be captured by a positive—
negative biopanning strategy with some modifications.
Briefly, three 96-well microtiter plates were coated over-
night at 4°C with coating antigen (PEAA-NH,-OVA,
Plate 1), carrier protein (1% OVA, Plate 2), or blocking
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solution (2% MPBS, Plate 3). The concentrations of
the coating antigens used were 100, 50, 25 and 12.5 pg/
mL for the first, second, third, and fourth biopanning
rounds, respectively. Overnight-coated 96-well plates
were blocked with 2% MPBS for 2 h at 37°C. After three
washes with PBST, the precipitated phages were incu-
bated on plates 2 and 3 for 1 h at room temperature to
prevent interference from nonspecific phages. Unbound
phages were then transferred to plate 1 and incubated at
37°C for positive selection. Afterward, plate 1 was washed
with PBST. The number of washes needed to remove the
unbound phages in the first, second, third and fourth
rounds was 3, 6, 15 and 30, respectively. The specific
phages were released with glycine—HCI (0.2 M, pH 2.5)
for 6 min and neutralized with Tris—HCI (1 M, pH 7.4).
E. coli XL1-Blue was infected with the neutralized phages
and incubated at 37°C and 150 rpm for 1 h. Then, 100
uL of bacterial solution was plated on 2XYT-AG plates
for titer determination. The remaining bacterial solution
was infected with VCSM13 and used for the next round
of biopanning. The recovery rate for each round was
calculated according to the following formula: recovery
rate =output phages/input phages.

Polyclonal/monoclonal phage ELISA

For polyclonal phage ELISA, 100 pL of PEAA-NH2-OVA
(25 pg/pL) was added to the microtiter plates and coated
overnight at 4°C. Moreover, the negative control groups
were coated with 1% OVA or 2% MPBS. The coated micr-
otitre plates were washed three times with PBST and
then blocked at 37°C for 2 h by the addition of 250 pL of
2% MPBS. The input and output phages from each round
of biopanning were diluted to 10'° cfu/mL, 100 pL of
phage supernatant was added to the microtiter plates, the
plates were incubated at 37°C for 2 h, and the plates were
subsequently washed with PBST 4—6 times. Then, 100 pL
of HRP-conjugated anti-M13 antibody was added to the
plates, which were incubated at 37°C for 1 h. The plates
were washed in the same way as above. After the last
wash, TMB substrate was added for colorimetric devel-
opment at 37°C, the reaction was terminated with H,SO,
(2 M), and the absorbance was measured at 450 nm. All
the tests were repeated in triplicate, and the given data
are presented as the mean values.

For monoclonal phage ELISA, 48 individual clones
were randomly picked from the fourth round of the wash-
ing sieve bank and cultured in 96-deep-well plates with
500 pL of 2XYT-ATG (2X YT medium containing ampi-
cillin (100 pg/mL), tetracycline (100 pg/mL) and glucose
(1%)). After overnight incubation at 37°C, 40 pL of each
culture from the plates was added to a new 96-deep-well
plate containing 400 pL of 10~'° pfu/mL VCSM13 for 2 h
at 37°C. Precipitates from centrifugation in 96-deep-well
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plates were resuspended in fresh 2YT-ATK medium and
incubated for 16—18 h at 37°C. The monoclonal phage-
scFv was secreted into the medium. After centrifugation,
the supernatant was subjected to ELISA for identification
of monoclonal phages, and the method was similar to
that used for polyclonal phage ELISA.

Expression and purification of soluble scFv

According to the results of monoclonal phage ELISA,
a recombinant phagemid with the highest affinity was
extracted and heat-shocked and transformed into E. coli
TOP 10F for the production of soluble scFv antibod-
ies. The mixture was spread on a 2XYT-A plate, which
was subsequently incubated overnight. The next day, 10
individual colonies were picked randomly into 5 mL of
2XYT-A medium and grown overnight at 37°C. Positive
clones carrying the correct plasmid were identified by
colony PCR and DNA sequencing. A positive clone was
subcultured in 20 mL of 2XYT-A medium with shak-
ing at 37°C until the OD600 was 0.6. It is important to
induce antibody expression by optimizing the conditions
at an expression temperature of 18°C with various isopro-
pyl B-D-1-thiogalactopyranoside (IPTG) concentrations
(0, 0.05, 0.1, 0.2, 0.5, 0.8 and 1.0 mmol/L). After 16-18
h of shock culture, the precipitate after centrifugation
of the culture mixture was resuspended in 2 mL of pre-
cooled PBS. The resuspended bacteria were disrupted
by an ultrasonic cell pulverizer (power 100 W, disrupted
for 10 s, intermittent 15S). The mixture was centrifuged
at 12,000 r/min and 4°C for 10 min to collect the super-
natant. The soluble scFv antibody in the supernatant was
detected via SDS-PAGE and Western blotting. Finally,
the inoculum was enlarged, followed by protein purifica-
tion via Ni-NTA affinity chromatography.

Functional characterization of soluble scFv
An ic-ELISA was applied to evaluate the affinity and
specificity of the purified scFv. The optimal concentration
of coating antigen and dilutions of scFv were determined
via an ELISA checkerboard. A 96-microtitre plate was
coated with 12.5 pg/mL PEAA-NH,-OVA overnight at
4°C and then blocked with 2% MPBS. After the blocking
solution was discarded and the cells were washed three
times, 50 pL of purified scFv mixed with 50 pL of vari-
ous concentrations of PEAA was added to the wells and
incubated for 2 h at 37 °C. After being washed, 100 pL
of HRP-conjugated anti-HA tag antibody (1:5000 dilu-
tion) was added, and the mixture was incubated for 1 h
at 37°C. After washing, the bound anti-HA tag antibody
was identified by TMB substrate solution.

The cross-reactivity (CR) represents the specificity of
the scFv. The CR toward other (-adrenergic agonists was
determined in a similar manner by challenging the scFvs
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against clenbuterol, ractopamine, and salbutamol. The
extent of CR was assessed by comparison of the IC;, values.
The CR was calculated with the following formula: cross-
reactivity = [ICy, B-adrenergic agonist/IC;, PEAA] X 100%.

Homology modeling and molecular docking

The nucleotide sequence of the scFv identified by mono-
clonal phage ELISA was obtained by DNA sequencing.
Nucleotide sequences were aligned to the mouse IgG data-
base to analyze sequence homology and CDRs (https://
www.ncbi.nlm.nih.gov/igblast/). The tertiary structures
of the anti-PEAA scFv were modeled by analyzing their
amino acid sequences with the SWISS-MODEL service.
The compatibility of the 3D structures and the primary
sequences of the scFv were validated and evaluated by
UCLA-DOE LAB-Laboratory Services (http://services.
mbi.ucla.edu/SAVES/).

AutoDock Vina was used to dock PEAA into the active
site pocket of the scFv. For docking studies, the 3D struc-
ture of the ligand PEAA was searched for and downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The
scFv and PEAA ligand models were imported into Auto-
Dock Vina for Hydrogens Add and Compute Gasteiger,
respectively (Safarpour et al. 2018). Since the CDR region
of the antibody is the main region for target recognition,
PEAA ligand docking was limited to the CDR region of
the scFv (Pierce et al. 2014). The default parameters in the
AutoDock Vina software were used. After running the
AutoDock Vina docking program, a total of nine possible
results were obtained, and the result with the lowest bind-
ing energy was further visualized by PyMOL software.

Alanine scanning mutagenesis

To verify the accuracy of the computer simulation, these
three amino acids, VAL178, TYR228 and ASP229, which
contributed most to the interaction between PEAA and
scFv, were mutated to ALA (Li et al. 2020). The steps
for site-directed mutagenesis were as follows: First, the
required mutant plasmid was amplified via PCR using
the scFv-32 recombinant plasmid as a template. Second,
the mutant plasmid was digested with the restriction
enzyme Dpn I and transformed into E. coli DH5a cells.
Third, the mutant vectors were transformed into TOP
10F competent cells, and the correct sequence was iden-
tified by sequencing. Soluble expression of the three scFv
mutants was performed under optimal expression condi-
tions, and ic-ELISA was used to evaluate the recognition
performance of the scFv mutants.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/544149-024-00113-2.
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Additional file 1. The two tables list the primer sequences and propor-
tions used for VH and VL gene amplification and enrichment of phage-
scFv by biopanning.
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