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A B S T R A C T

Cardiovascular diseases are the number one deadly diseases worldwide, with atherosclerosis being their path
ological basis. However, the development of atherosclerosis is chronic and asymtomatic, posing significant 
challenges for its early detection and timely treatment. Recently, a 3136–3155 amino acid sequence, p210, in the 
apolipoprotein B-100 (ApoB100) of low density lipid was found to be associated with the severity of athero
sclerosis and the risk of cardiovascular events. To develop a precise and sensitive immunoassay for the early 
diagnosis of atherosclerosis, three phage libraries displaying single chain fragment variable (scFv) against the 
p210 peptide in human ApoB100 were constructed in the present study, and three high affinity scFvs obtained, 
which were then genetically engineered to constitute a triabody that significantly enhanced its functional affinity 
and antigen-capturing capability towards the pathogenic p210 peptides. Furthermore, a rapid and simple method 
was developed with the triabody for early monitoring of the disease progression in clinical settings. The linear 
range of the sandwich ELISA containing the triabody was 36–576 ng/mL, with a limit of detection of 28.5 ng/mL. 
In addition, the average recovery of intra- and inter-assay were 88.4 ± 3.0 % and 85.5 ± 5.2 %, respectively. The 
developed assay was highly sensitive and specific for the pathogenic epitope, and no cross-reactivity with other 
antigens in serum observed. Importantly, since the triabody developed with trimeric scFvs against the same 
epitope has 2.5 times higher affinity than that of normal antibody with monomeric scFv, its derived sandwich 
ELISA could measure the amounts of pathogenic epitopes at very low levels, thereby capable of detecting signals 
corresponding to the severity of the disease in patients at early stage of atherosclerosis. Collectively, the phage 
library-derived triabody were successfully translated into a quick immunoassay with higher affinity against a 
pathogenic epitope that allows not only early detection but also real-time monitoring of the disease progression 
to minimize the risk of atherosclerotic cardiovascular disease.

1. Introduction

Cardiovascular disease are the main cause of mortality globally, and 
their prevalence is increasing in current aging societies [1]. According to 
the World Health Organization, 17.9 million people died from such 

cardiovascular diseases as coronary heart disease, cerebrovascular dis
ease, peripheral artery disease, rheumatic heart disease, congenital 
heart disease, deep vein thrombosis and pulmonary embolism each year, 
which account for 32 % of all deaths worldwide [2,3]. Basically, the 
pathogenesis of all cardiovascular diseases is atherosclerosis-related, 
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where artery-blocking plaques form due to the accumulation of low 
density lipoprotein (LDL) particles [4]. These LDL particles are oxidized 
in the vascular walls to activate adaptive immune responses against new 
epitopes formed or exposed during oxidation [5–7]. The immunogenic 
epitopes of the LDL particles are oxidized phospholipid motif or the 
polypeptide chain of apolipoprotein (Apo) B-100 (ApoB100), which are 
the protein components of LDL [8–10].

As a lipid carrier protein, Apo can be mainly divided into ApoAI and 
ApoB using the ABC nomenclature [11]. While the former is the main 
structural protein of high-density lipoprotein cholesterol (HDL-CHO), 
the latter constitutes the main structural protein of LDL-CHO. Therefore, 
the determination of ApoB can directly reflect the level of LDL-CHO. Due 
to the differences in amino acid composition, ApoB can be further 
divided into the following subtypes: ApoB100 is a full-length protein 
with 4536 amino acids, while ApoB48 is a shortened version with 2152 
amino acids at the N-terminus. ApoB100 is the protein constituent of 
very low-density lipoprotein (VLDL) and LDL, whereas ApoB48 is the 
protein carrying chylomicrons in the circulation [12]. Only ApoB100 
serves as a critical molecular marker for atherosclerosis, with its con
centration reflecting the number of lipoprotein particles that contribute 
to the formation of atherosclerotic plaques [13]. In contrast, ApoB48 is 
exclusively involved in exogenous lipid metabolism and lacks the ability 
to bind to low-density lipoprotein (LDL) receptors, thereby precluding 
its role in LDL recycling and rendering it unrelated to atherosclerosis. 
The ApoB100-containing LDL is responsible for the transport of endog
enous cholesterol. Abnormal elevations in LDL levels represent a pri
mary pathogenic factor in atherosclerosis, as evidenced by the 
significant increase in cardiovascular event risk associated with high 
LDL-CHO concentrations. VLDL, a triglyceride-rich particle secreted by 
the liver, undergoes metabolic transformation into LDL while continu
ously releasing ApoB100 into the circulatory system, indirectly 
contributing to atherosclerosis progression. The binding of ApoB100 in 
LDL/VLDL to the arterial wall can elicit inflammatory responses, facil
itate cholesterol deposition, and promote plaque formation, with its 
concentration positively correlating with the severity of atherosclerosis. 
At the C-terminus of ApoB100 situated a short peptide, p210 with rich 
content of positively charged arginine and lysine residues for specific 
binding to negatively charged proteoglycans on the cell membrane 
surface via electrostatic interactions [14]. Interestingly, this p210 
epitope within the ApoB100 could act as a key pathogenic antigen in 
atherosclerosis, as there were extensive clinical evidences for an asso
ciation of IgG autoantibodies against native p210 of ApoB100 protein 
and a reduced risk of cardiovascular disease [6,7,15,16]. Therefore, 
measuring the level of this epitope should provide a more precise 
reflection of disease progression compared to total ApoB100 levels.

The current diagnostic methods for atherosclerosis mainly include: 
color ultrasound examination (to observe whether there is fatty 
atherosclerotic plaque in the artery), coronary angiography (to inject 
contrast media into the coronary artery and reveal the blood vessel 
shape through contrast media development to determine whether the 
coronary artery is narrow or atherosclerotic), X-ray examination (to see 
the shadow of calcinosis when the aortic node protruded upward, and 
the aortic shadow become widened and distorted), ultrasonic vascular 
examination (to determine the blood flow of the limbs arteries, kidney 
arteries, carotid arteries and vascular disease problems) etc. [17]. Due to 
the asymptomatic nature of atherosclerosis, however, early diagnose 
becomes impossible before the presence of plaque when atherosclerosis 
has entered a more advanced stage. Even in late-stage diagnosis, ELISA 
kits based on commercially available antibodies target entire ApoB 
protein. Antibodies’ limited specificity and probable cross-reactivity 
with non-disease-associated epitopes in all ApoB proteins, including 
both ApoB 100 and ApoB 48 variations, significantly limit their clinical 
accuracy as diagnostic tools [12], let alone the fact that only ApoB 100 
serves as a recognition signal for the cellular binding and internalization 
of LDL particles via the LDL receptor during atherogenesis.

Given the current lack of early diagnosis and urgent need for specific 

detection of the development of atherosclerosis, in present study we 
genetically engineered a triabody with three single chain of variable 
fragments (scFvs), all specific against the pathogenic p210 epitope in the 
atherosclerosis-related ApoB100, and established a rapid immunoassay 
to not only detect the presence but also monitor its severity in patients 
with atherosclerosis at various developmental stages.

2. Materials and methods

2.1. Materials

Ovalbumin (CAS: A5378), an albumin protein purified from chicken 
egg white, was obtained from Sigma-Aldrich. The p210 hapten (Human 
p210 antigen peptide of ApoB100 KTTKQSFDLSVKAQYKKNKH) were 
produced in Sangon (Shanghai, China). Human APOB ELISA Kit (CAS: 
KE00158) were bought from Proteintech (Wuhan, China). Biodragon 
(Suzhou, China) supplied goat anti-mouse IgG conjugated with horse
radish peroxidase (IgG-HRP) (CAS: BF03001) and goat anti-rabbit IgG 
conjugated with horseradish peroxidase (IgG-HRP) (CAS: BF03008). 
Abcam (Shanghai, China) supplied native human apolipoprotein B (CAS: 
ab91112). All remaining materials and chemical reagents were of 
analytical purity and obtained from commercial suppliers.

2.2. Complete antigen preparation and animal immunization

To conjugate p210 to carrier proteins, the 1-ethyl-3-(3-dimethylami
nopropyl) carbodiimide hydrochloride (EDC) method was employed 
[18]. The mixture was dialyzed with 0.01 M PBS (pH 7.4) after reaction 
period. Ultimately, the conjugated products were stored at − 20 ◦C for 
subsequent usage.

Non-denaturing gel electrophoresis was employed to examine the 
p210-BSA/OVA conjugates, while a BCA protein concentration assay kit 
was utilized to measure the complete antigen’s concentration. To 
generate high-titer antiserum, BALB/c mice and SD rats (aged 6–8 
weeks) received immunizations of p210-BSA conjugates (0.1 mL, 100 
μg) mixed with an equal amount of Freund’s complete adjuvant for the 
initial dose. Subsequent immunizations were administered 8 times every 
two weeks interval, with an equal volume of Freund’s incomplete 
adjuvant and dose reduced to 50 μg (0.05 mL) conjugates. The antiserum 
titer of immunized mice and rats’ serum were assessed by indirect 
ELISA. The animal experiments followed guidelines provided by Anhui 
Normal University’s Animal Experimentation Ethics Committee.

2.3. PCR amplification of the VH and VL genes and construction of 
phage-displayed scFv libraries

To construct an animal immune scFv library, mice and rats were 
sacrificed after obtaining high serum titers, and spleen cells were 
collected for RNA extraction. The extracted mRNA was utilized to create 
first-strand cDNA using reverse transcription PCR (RT-PCR) [19]. The 
coding sequences for the variable fragments of the heavy (VH) and light 
chains (VL) were then amplified from the first-strand cDNA using pri
mary PCR. Murine universal antibody primer sequences were utilized to 
amplify the mouse or rat VH and VL. To assemble a scFv antibody 
fragment, a special sequence encode linker (Gly4Ser)3 was developed. 
The 45 bp DNA acts as a bridge linking VH and VL fragments, and is 
amplified by overlap extension-PCR (SOE-PCR), with an approximate 
molecular ratio of VH-linker to VL-linker approximately 1:1 [20]. With 
another round of PCR, the Sfi I and Not I restriction sites were introduced 
to either end of the scFv antibody fragment before cloning it into the 
phagemid vector pCANTAB-5E [21]. The product was ligated with a pre- 
digested phagemid vector and subsequently electroporated into 
competent E. coli TG1 cells. For colony quantification, 100 μL of the 
diluted transformed cells were plated onto 2YT-AG agar plates and 
incubated overnight at 37 ◦C. Then M13KO7 served as the helper phage 
to supply capsid protein during the rescue. All cultures were centrifuged 
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and the pellets moved to another sterile flask for phage package and 
cultured in 2YT-AK at 30 ◦C. After that the supernatants were centri
fuged for 12,000 g, 20 min, 4 ◦C to obtain recombinant phage scFv 
antibody.

To generate human patient’s scFv library, prior to extracting total 
RNA, the peripheral blood mononuclear cells (PBMC) from patients with 
atherosclerosis were obtained from the First Affiliated Hospital of 
Wannan Medical College. Total mRNA was isolated from PBMC using 
Trizol method. The isolated RNA was then reverse transcribed using the 
cDNA Synthesis SuperMix Kit to produce first strand cDNA. The gener
ated cDNA was then employed as a template for amplification of the VL 
and VH genes using universal human antibody primers. The remaining 
procedures were carried out in accordance with the instructions for 
building an immune library.

2.4. Biopanning of phage display library

Immunotubes were coated with 2 mL of p210-OVA antigen in 
coating buffer (pH 9.6) at 5 μg/mL and incubated overnight at 4 ◦C. 
Following three washes with PBS, the immunotubes were blocked using 
PBS containing 2 % non-fat milk. Simultaneously, an uncoated immu
notube was blocked with PBSM as a control. The efficiency of bio
panning was enhanced by precipitating phage particles with 
polyethylene glycol (PEG)/NaCl on ice for 4 h, following centrifugation 
at 12,000 g for 30 min at 4 ◦C [20]. The phage pellet was resuspended in 
2 % PBSM and incubated in a control immunotube at room temperature 
for an hour. Subsequently, the recombinant phage was transferred to a 
pre-treated immunotube. After incubating at 37 ◦C for 2 h, the immu
notube was thoroughly washed 20 times with PBS and another 20 times 
with PBST (PBS containing 1 % Tween 20) to remove any unbound 
phages. The neutralization procedure consisted of eluted phages that 
had reacted with p210 using 3 mL of Gly-HCl (0.1 mol/L, pH 2.2), fol
lowed by neutralization of the elution buffer with 2 mL of Tris-HCl (1 
mol/L, pH 8.0). Log-phase E. coli TG1 cells were infected with the eluted 
phages, and 10 μL aliquots of the infected bacterial suspension were 
plated on 2YT-AG agar (2YT medium supplemented with 100 μg/mL 
ampicillin and 2 % glucose). Individual colonies were isolated and clone 
numbers were enumerated. Totally, this biopanning process was 
repeated for three consecutive rounds.

2.5. Identification of the clones with higher binding specificity from the 
enriched clones

Enriched monoclonal cells were picked and cultured in a cell culture 
tube with M13KO7 for rescue, and then ELISA plate was coated with 5 
μg/mL of p210-OVA antigen in pH 9.6 coating buffer (100 μL/well) 
overnight at 4 ◦C, blocked with PBSM, and washed. Phage supernatant 
from an M13KO7-infected clone culture was dissolved in 2 % PBSM at a 
1:1 ratio, applied to the plate, and incubated at 37 ◦C for 2 h. After three 
rounds of washing with PBST and PBS, the attached phage was identified 
with an anti-M13 mouse monoclonal antibody diluted to 1:5000 and 
incubated for one hour. After washing, add 100 μL of goat anti-mouse 
IgG-HRP (1:5000 in block buffer) to each well and incubate for 1 h at 
37 ◦C. The color development was performed by employing 3,3,5,5-Tet
ramethylbenzidine (TMB, 100 μL/well), which was stopped by adding 2 
M H2SO4 (100 μL/well). A microplate reader was used to determine 
absorbance at 450 nm. Comparing the antigen well’s values to the 
negative control’s c absorbance allowed for evaluation of phage binding 
activity. The positive clone was selected to send to company for phag
emid sequencing.

2.6. Specificity analysis of anti- p210 scFvs

BSA, OVA, ALDH4A1, OVA-p210, and MILK were used to coat 96- 
wellplates in triplicate (5 μg/mL; 100 μL/well) at 4 ◦C overnight. The 
plates were then blocked with 5 % PBSM [21]. Following a 2-h 

incubation at 37 ◦C, recombinant phage particles containing scFv were 
added, and the scFv clone was detected using mouse anti-M13 mono
clonal antibody and HRP conjugated goat anti-mouse IgG polyclonal 
antibody at 1:5000 dilution. To stop the reaction, 100 μL of stop solution 
was added to each well after 15 min of incubation with TMB substrate 
(100 μL/well, 37 ◦C, dark conditions). Optical density measurements 
were subsequently performed at 450 nm using a microplate reader.

2.7. Epitope predication and 3D structure simulation

The mature peptide sequence and potential epitopes of p210 were 
further evaluated using the B-Cell Linear Epitope Prediction program on 
the Immune Epitope Database Analysis Resource server (http://tools. 
immuneepitope.org/bcell/) [22]. Meanwhile, the 3D structure of p210 
(The p210 peptide along with its amino acid sequence, including the 10 
amino acids preceding and following the p210 segment in ApoB100) 
was predicated on the basis of homology modeling using SWISS-MODEL 
(http://swiss.model.expasy.org/) [23].

2.8. Bioinformatic analysis of the anti-p210 scFv gene, homology 
modeling and molecular docking

Using BLAST, the homology among the scFv gene sequence and 
known murine, rattus or homo antibody genes in the GenBank/EMBL 
and V-Quest databases was determined. By analyzing the V-Quest IMGT 
(https://www.imgt.org/) [19,24], the germline origin of the VH and VL 
regions was identified. The database was used to align optimized 
complementarity determining regions (CDRs) with published crystal 
structures.

The 3D structural model of the scFv-A1, scFv-B2 and scFv-A12 were 
developed based on sequence similarity homology, SWISS-MODEL 
(https://swissmodel.expasy.org/) was utilized to generate a molecular 
model of the scFv and p210 antigen. The ZDock server was employed for 
rigid docking to make up the top 10 various orientations. It is an efficient 
molecular docking tool that uses the Fast Fourier Transform (FFT) al
gorithm to efficiently filter out potential interaction patterns and is 
important for understanding the mechanism of binding between antigen 
antibody molecules [25]. PyMOL was used to calculate the intermo
lecular spatial distance for docking with high ZDock scores and generate 
graphical molecular docking images.

2.9. Generation and expression of the MBP fusion antibodies

Following sequencing of the positive scFv clone with strongest 
binding activity, gene-specific primers were constructed to amplify the 
corresponding scFv. The pMAL-c2x vector had been employed for con
structing vectors for gene expression containing the scFv-A1, scFv-B2, 
and scFv-A12 proteins fused to MBP tags. The expression of the scFv was 
achieved through the transformation of the recombinant pMAL-c2x-scFv 
(A1/B2/A12) plasmids into E. coli TB1 via electroporation. Once the LB 
culture achieved an OD600 of 0.8, the fused protein was expressed by 
induction with 1 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) at 
16 ◦C for a duration of 16 h. Subsequently, the cell pellets were har
vested through centrifugation at 4 ◦C.

2.10. Purification and binding activity test for anti- p210 antibodies

The recombinant anti-p210 scFv was purified by MBP-affinity 
chromatography, and the resulting protein fractions were analyzed 
using SDS-PAGE to assess purity. The activity of purified scFv products 
was determined using indirect ELISA. The 96-well plates were coated 
with serially diluted OVA-p210 antigen and kept overnight at 4 ◦C. After 
that, the purified, fused scFv proteins, which varied in concentration, 
were added to reaction wells to incubate for a period of 2 h at 37 ◦C after 
blocking process. In the following of the reaction, an anti-MBP tag 
antibody (1:1000 dilution) was added to the reaction wells and a goat 
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anti-mouse IgG antibody conjugated HRP at 1:5000 was utilized to 
amplify the chromogenic signal. The enzyme process was performed 
with tetramethylbenzidine (TMB) as the substrate, and the color for
mation halted by the addition of 2 M H2SO4. The measurement of the 
absorbances at 450 nm was conducted using a microplate reader.

2.11. Identification of anti- p210 antibodies

In order to ascertain the binding affinity of the expressed anti-p210 
scFv antibody (MBP-linker-scFv), an indirect ELISA checkerboard 
assay was conducted. In summary, within ELISA plates, the p210 epitope 
was serially diluted and reacted with the different concentrations of 
expressed scFv. The Kaff formulathat was employed was Kaff =

n− 1
2×(n[Ab]t− [Ab] ) [20,26,27], where Kaff refers to the affinity constant; n is the 
proportionality coefficient associated with antigen coating concentra
tion; [Abt] and [Ab] correspond to the antibody concentrations at the 
half-maximal absorbance point. This approach is widely used for 
quantifying affinity constants between antibodies and immobilized an
tigens due to its operational simplicity and reproducibility 
[18,21,22,26–33].

To determine the specificity of the anti-p210 scFvs (MBP-Linker-scFv 
A12/B2/A1), Different protein antigens, including BSA-p210, OVA- 
p210, ALDH4A1, tetranectin (TN), GFP, BSA, OVA and PBSM were 
coated in 96-well ELISA plates (5 μg/mL). The remaining ELISA pro
cesses were identical to those described above in 2.10.

Meanwhile, to assess the antibody inhibitory ability to p210, indirect 
competitive ELISA (ic-ELISA) was conducted [34]. The competition 
antigen was the standard p210 epitope synthesized from company to 
react with the MBP-linker-scFv antibody at 37 ◦C incubation for 2 h, 
which were followed by the other ELISA steps mentioned earlier. Origin 
8.0 was employed to show the typical calibration curve and linear 
portion of the standard curve, and B/B0 determined by calculating it 
over the p210 concentration.

2.12. Construction of anti-p210 triabody

In order to improve recombinant antibody binding activity and the 
stability of antigen-antibody complex, scFv-A1, B2 and A12 encoding 
gene was fused and linked together by SOE PCR and constructed into 
pMAL-c2x expression vector. For expression of triabody, the plasmids 
were transformed into E coli TB1 strain. Transformed bacterium were 
growing at 37 ◦C for amplification in shake flasks and induced by IPTG 
(Isopropyl β-D-thiogalactopyranoside, 1 mM) for overnight at 16 ◦C. 
Following MBP tag affinity chromatography, the trimeric scFv of MBP 
fusion expression is purified and identified.

2.13. Identification of reactive anti-p210 triabody with high affinity

After the purification process, the binding activity of assembled 
trimeric scFv was measured using indirect ELISA. The affinity, speci
ficity and inhibition of triabody were performed as the above in Section 
2.11. To confirm triabody binding capacity to total ApoB100, western 
blotting was performed as follows. The human naïve Apolipoprotein B 
100 (ab91112) antigen was transferred onto a nitrocellulose (NC) 
membrane from a SDS-PAGE gel, and the triabody was utilized as the 
primary antibody to react with the antigen. Subsequently, an anti-MBP 
tag antibody was incorporated into the blocking buffer as the secondary 
antibody, and a goat anti-mouse IgG-HRP antibody was utilized even
tually. The signals were observed using enhanced chemiluminescence 
(ECL) for reaction.

2.14. Generation of PAbs against apoB100

To generate polyclonal antibodies (PAb), female New Zealand rab
bits were immunized with human naïve apolipoprotein B 100 as 

described in Section 2.2. The antibody titration of the antisera was 
measured by indirect ELISA, briefly, native ApoB100 was immobilized 
onto ELISA plates and blocked overnight with PBS-containing milk. 
Serial dilutions of serum (from 1:1000 to 1:512000) were then applied. 
Following incubation, an HRP-conjugated goat anti-rabbit IgG second
ary antibody was added at a dilution of 1:5000. Enzymatic activity was 
detected using tetramethylbenzidine (TMB) as the substrate. The 
colorimetric reaction was stopped after 15 min with 2 M H₂SO₄, and 
absorbance was measured at 450 nm using a Bio-tek microplate reader.

2.15. Development of sandwich ELISA based on anti-p210 triabody

The sandwich ELISA was developed using triabody as the capture 
antibody and pAb as the detection antibody. Firstlly, triabody or 
monomeric scFv dissolved in 0.01 M PBS (5 μg/mL) was coated on ELISA 
plates. Following blocking and washing steps, various concentrations of 
human naïve Apolipoprotein B-100 (250,000, 125000, 62500, 31250, 
15625, 7812.5, 3906.25, 1953.125, 976.5625, 488.28125, 244.140625, 
and 122.0703 ng/mL) and PBSM (blank, without ApoB100 antigen) 
were incubated in consecutive wells. The theoretical concentration of 
the p210 epitope was determined by multiplying the initial concentra
tion of the ApoB100 standard by the molecular weight ratio of the p210 
epitope (2.37 kDa) to the full-length ApoB100 protein (515 kDa). This 
ratio equates to 1/217, meaning the resulting epitope concentration 
amounts to 1/217th of the original ApoB100 input. Following the in
cubation and washing step, rabbit anti-ApoB100 polyclonal antibody 
(1:1000) were used across the row. After a final washing step, the re
action was completed by adding HRP-tagged anti-rabbit secondary 
antibody (1:4000) and TMB substrate for color development. Solution 
containing sulfuric acid (2 M H2SO4) was used to stop reaction and the 
color intensity proportional to the quantity of p210 epitope measured at 
450 nm. A statistical approach was used to calculate the limit of 
detection (LOD = Mean blank + 2 SD blank) [35].

2.16. Blood samples detection based on anti-p210 triabody

The repeatability, sample recovery, and accuracy of sandwich ELISA 
were determined by using both intra- and inter-assays. The mean re
covery of sandwich ELISA was determined by adding varying amounts of 
p210 peptide to samples with no residual p210 antigen. The average 
recovery and coefficient of variation values (CV%, ratio of standard 
deviation to mean) of spiked samples with p210 concentrations (100, 
200, 300, 400, and 500 ng/mL) were measured for four times in both 
intra- and inter-assays.

Blood samples were collected from the First Affiliated Hospital of 
Wannan Medical College for atherosclerosis patients and healthy con
trols. The entire blood was centrifuged at 2000 g for 15 min, and the top 
layer of transparent plasma (without blood cells) was extracted [18]. 
After mixing 15 μL of plasma with 285 μL of PBSM (blocking buffer PBS- 
MILK), 100 μL of the mixture was transferred to ELISA plates that were 
triabody pre-coated and PBSM blocked to incubate for 1 h. Following 
washing with PBST and PBS, the rabbit polyclonal antibodies (detection 
antibody) at 1:5000 was added to PBSM for reaction. The subsequent 
steps were carried out as indicated in Section 2.14.

To confirm the detection results of scFv, commercial Human APOB 
ELISA Kit was used to detect and quantify ApoB100 protein levels of 
plasma. The detection process was carried out exactly in accordance 
with the instruction manual that was provided with the commercial 
ELISA kit.

2.17. Statistical analysis

At least three experiments were performed, and the data is presented 
as the mean +/− standard deviation (SD), with n representing the 
number of experiment times. In the case of uncertainty measures 
(standard errors, root mean square errors, relative prediction errors) and 
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also parameters derived from uncertainties (detection limit, quantita
tion limit), they should be reported with one or at most two significant 
figs. [36]. ANOVA was used to determine statistical differences among 
more than two groups that had a normal distribution and met variance 
homogeneity [37,38]. All data was analyzed using Prism Software, and P 
values less than 0.05 were deemed statistically significant.

3. Results

3.1. Complete antigen and animal immunization

Due to p210 is a hapten inside the ApoB100 protein that has only 20 
amino acids in length, conjugation of the carrier protein is necessary to 
efficiently generate immune responses in rodents for antibody produc
tion. Therefore, the carbodiimide crosslinker EDC was employed to 
conjugate the human p210 peptides to carrier protein BSA or OVA, as 
p210-BSA or p210-OVA respectively, and the results were showed in 
Fig. S1. When performing non-denaturing gel electrophoresis, the con
jugates with higher molecular weight migrated more slowly than carrier 
proteins only did, suggesting successful conjugation of carrier proteins 
to the p210. Non-denaturing agarose gel electrophoresis was employed 
to characterize the cross-linked antigens based on their molecular 
weight and charge. The primary objective was to highlight the differ
ential migration velocities of the antigen before and after the cross- 
linking reaction [27,39–42]. Following eight subcutaneous immuniza
tions with the p210-BSA immunogen, administered at two-week in
tervals, antiserum obtained from inoculated mice and rats was analyzed 
using an indirect ELISA to ascertain the antibody titer in vivo against the 
detection antigen, p210-OVA. Compared to the negative control (pre- 
immune serum), the p210-BSA immunized serum reacted with p210- 
OVA in a dosage-dependent manner. However, it did not respond with 
OVA, indicating the production in vivo of polyclonal antibodies against 
p210 epitope (Fig. S2A and Fig. S3A). Furthermore, the immunized 
mouse had anti-p210 titer about 1:3200 while the titer in immunized rat 
reached 1:6400 (Fig. S2A; Fig. S3A). Notably, the antiserum titer of SD 
rat was approximately double that of BALB/c mice, further confirming 
that the complete antigen was successfully prepared and animal im
munization works effectively in different species.

3.2. ScFv libraries construction and bio-panning

The first chain cDNA was produced using an RT-PCR kit and total 
RNA as template from the splenocytes of the immunized animals (BALB/ 
c mice and SD rats) or patient’s peripheral blood mononuclear cells 
(PBMC). The cDNA templates mentioned above was used for VH and VL 
gene amplification, and the lengths of the VH and VL DNA fragments 
were approximately 350 bp and 320 bp, respectively (Fig. S2B and 
Fig. S3B). For homo antibody gene library, in the initial PCR, VH PCR 
products are approximately 380 bp in length, while kappa or lambda 
light chains are approximately 650 bp. The second PCR appears to be 
similar to the first PCR, but the length of the VH PCR products is around 
400 bp due to the addition of restriction sites, whereas the length of 
kappa or lambda VL is approximately 400 bp as shown in Fig.S4B. A 
SOE-PCR reaction was used to assemble the VH, VL, and linker genes 
into a complete scFv gene for three different derives, and the assembled 
scFv fragments all had an approximate size of 750 bp (Figs.S2-4C), 
which were then digested and inserted into the phagemid pCANTAB-5E. 
After transformation into E. coli TG1, the recombinant phagemids were 
verified by bacteriophage PCR to determine the accuracy and insertion 
rate of the scFvs. The percentage of murine, rattus or homo antibody 
genes that were successfully inserted was 82 %, 86 % and 85 % 
respectively (Figs. S5-7 A), indicating that high-quality antibody li
braries had been generated. With the rescue of helper phage M13KO7, 
the displayed scFv libraries were employed to 1.8 × 108 pfu/mL (mouse 
immune library, Fig. S5C), 3.0 × 108 pfu/mL (rat immune library, 
Fig. S6C) or 1.6 × 108 pfu/mL (human patient’s library, Fig. S7C), and 

the elution of these phage libraries were shown in Figs. S5–7C. 
Following three rounds of bio-panning, the eluted phage clones were all 
kept at a level of around 106 pfu/mL, suggesting that more specific scFvs 
were attached to the p210 antigen on the immunotubes during bio- 
panning and enrichment (Figs. S5–7B). Then, several clones were 
randomly selected and screened by phage ELISA and sequenced. 
Furthermore, the clones of highest affinity that displaying the strongest 
binding activity (Fig. 1) were selected and named as scFv-A12 (murine 
scFv library), scFv-B2 (rattus scFv library), or scFv-A1 (homo scFv li
brary) respectively. To identify the specificity of the scFv-A12, scFv-B2, 
and scFv-A1, various antigens including OVA, BSA, ALDH4A1, p210- 
OVA, and skimmed milk (PBSM) were assayed in triplicates by indi
rect ELISA. As shown in Fig. S8, the phage antibodies scFv-M-A12, scFv- 
R-B2, and scFv-H-A1 specifically recognized the p210 antigen without 
any cross-reactivity to the other related antigens.

3.3. Bioinformation of the scFv and evaluation of epitope binding pattern

BLAST was used to determine homology between the scFv gene 
sequence and any reported antibody genes from the GenBank and V- 
Quest databases. The scFv clone sequence (Fig.S9) was analyzed using 
V-Quest IMGT (International Immunogenetics Information System 
[http://www.imgt.org]) to identify the germline origin of the VH and VL 
regions. Fig. S10 shows IMGT “collier de perle” graphical two- 
dimensional (2-D) representations of the three scFvs.

The antigenic sites on the p210 were identified utilizing the Bepipred 
B-cell linear epitope prediction program. As demonstrated in Fig. S11A, 
this antigen has a single major epitope at positions 5–16 of the protein 
sequence. Therefore, we predict that the major epitope that the anti
bodies bind is likely to fall in this region.

3.4. Homology modeling and molecular docking

Since the molecular docking is an effective method to study the 
molecular interaction and recognition of antibody-antigen [43], the 3D 
homology modeling of the scFv domain and ApoB100 p210 epitope were 
carried out by SWISS-MODEL and docked by ZDock online server. As 
were demonstrated in Fig. S12, it was evident that the conformation of 
p210 epitope was inside the murine scFv-M-A12 binding cavity. 
Furthermore, visualizing the interactions between the antigen and the 
antibody complex showed that hydrogen bonds were formed between 
the residues of murine scFv HCDR3 ARG100 and residue Vla11 of p210 
epitope (bond length: 2.8 Å); HCDR3 Gly102 and Vla11 (2.0 Å); HCDR3 
Asn103 and SER10 (2.5 Å); HCDR3 Gly105 and SER10 (2.0 Å); HCDR3 
ASN106 and Asp8 (2.9 Å); HCDR3 Ser107 and SER10 (2.9 Å); HCDR3 
Tyr110 and Ala13 (2.8 Å); LCDR3 TRP230 and Phe7 (2.9 Å) (Fig. S12).

Also shown in Fig. S13, the conformation of p210 epitope was inside 
the binding pocket of the rattus scFv-R-B2, which was found in the 
HCDR3 loop regions of the antibody, with residue PHE83 forming 
hydrogen bond (2.5 Å) with p210 residue 15YTR. HCDR3 HIS94, and 
residue TYR95 forming hydrogen bond with p210 at SER6 and Gln5 
(2.70 and 3.20 Å). Collectively, the results demonstrated that these three 
hydrogen bonds were the main sensitive and specific binding forces in 
antibody recognition [21] [43].

For homo scFv-H-A1, residues Arg95 of HCDR3 and Asp8 (2.0 Å), 
TYR102 and Gln14 (3.0 Å) of p210 epitope establish hydrogen bonds. 
The HCDR3 residue LEU101 interacted with the two epitopes (SER10 
and LYS12 animo acid) of p210 via hydrogen bond of 2.90 Å and 3.20 Å 
distance, which play an important role in the antibody-antigen inter
action (Fig. S14). These three HCDR3 residues interacted with the p210 
epitope via four hydrogen bonds to maintain antigen-antibody complex 
conformation [44].

Among the three dimensional visualization of the antigen-antibody 
complex, the residues involved in hydrogen bonding are entirely 
located within the CDRs of the scFvs (Fig. S11B). The formation of these 
hydrogen bonds enhances the stability and specificity of the antigen- 
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antibody complex [45].

3.5. Soluble expression and determination of the scFvs

Considering the solubilization-promoting effect of maltose-binding 
protein (MBP) tag on its linked protein [34], the fusion proteins MBP- 
linker-scFv (namely MBP-linker-A1, MBP-linker-B2, and MBP-linker- 
A12) were produced in E. coli TB1 cells, isolated using MBP-affinity 
chromatography, and subsequently analyzed by SDS-PAGE. As shown 
in Fig. S15, the molecular mass of the MBP control was approximately 
50 kDa, while that of each MBP-linker-scFv fusion protein increased to 
around 70 kDa. To preserve the structural and functional integrity of the 
recombinant scFvs, affinity purification was carried out under mild 
conditions following bacterial induction, resulting in protein prepara
tions with purities exceeding 90 % (Fig. 2).

Furthermore, in order to prove whether the scFvs conform to 
favorable characteristics of antibodies, indirect ELISA was carried out to 
validate their specificity, affinity and inhibition towards the p210 an
tigen. As illustrated in Fig. S19, the purified M-A12, R-B2 and H-A1 were 
all exclusively reactive with p210 antigen, but not with their carrier 
proteins, OVA, BSA or other proteins, such as MILK, TN, ALDH4A1 and 
GFP. Meanwhile, indirect ELISA was carried out to assay the affinity of 
scFvs and the affinity constant of homo scFv-H-A1, rattus scFv-R-B2, and 

murine scFv-M-A12 were 1.05 × 108 L/mol, 1.34 × 107 L/mol, and 2.19 
× 108 L/mol respectively (Fig. S20), all belonging to high affinity 
antibody (affinity among107 to 1012 L/mol was generally accepted as 
high). The optimal concentrations for coating p210-OVA antigen and the 
working dilutions of scFvs used in ic-ELISA were established through 
checkerboard titration. As summarized in Fig.S16–18 and Fig.S23, the 
coating concentrations yielding a target absorbance of approximately 
1.0 [18]—were determined to be 5 μg/mL for scFv-A12, 0.625 μg/mL 
for scFv-B2, 5 μg/mL for scFv-A1, and 5 μg/mL for the triabody. These 
optimized antigen levels were subsequently employed in all ic-ELISA 
coating steps. A standard inhibition curve for the ic-ELISA of the p210 
epitope was generated by incubating purified anti-p210 MBP-linker- 
scFv fusion proteins with varying concentrations of competing p210 
peptide (Fig. S21). The correlation between p210 concentration and 
inhibition rate was evaluated using Origin 8.0 software. The calculated 
half-maximal inhibitory concentration (IC50) values for p210 binding to 
scFv-H-A1, scFv-R-B2, and scFv-M-A12 were 0.576 μg/mL, 0.88 μg/mL, 
and 1.079 μg/mL, respectively. These results demonstrate that the 
recombinantly produced and purified MBP-linker-scFv proteins are 
suitable for use as detection antibodies against the p210 peptide.

3.6. Identification of anti-p210 triabody and development of sandwich 
ELISA

Since the pathogenic p210 epitope is extremely low in circulation, 
and engineering monovalent scFv into multivalent molecules such as 
diabody, triabody or larger aggregates can significantly enhanced their 
functional affinity and specificity to the targeted antigen [46,47], we 
thereby tried to increase the functional affinity of our detecting reagent 
by incorporating more scFvs. After amplification of scFv-H-A1, scFv-R- 
B2 and scFv-M-A12 genes by PCR, scFv-A1 and scFv-B2 was firstly 
overlapped as a diabody, then scFv-A12 and the diabody were assem
bled to become trimeric scFv fragments which were amplified by SOE- 
PCR using a flexible (G4S)3 DNA linker gene. Fig. S22A shows the PCR 
identification of the triabody, with about 2400 bp of the predicted 
trimeric scFv band amplified successfully. Furthermore, the scFv genes 
of triabody was inserted into the pMAL-c2x expression vector containing 
MBP gene, and expressed by IPTG (Isopropyl β-D-thiogalactopyrano
side) induction. The scFv protein (Fig. 3) was expressed and purified 
using affinity chromatography and analyzed using SDS-PAGE 
(Figs. S22B-C).

The affinity constant of the anti-p210 triabody was assessed via the 
protocol described as monomeric scFvs above. The result was illustrated 
in Fig. S24, and the affinity constant of trimeric scFv was 7.89 × 108 L/ 
mol, which is 2.5 times higher than that of the highest monomeric scFv- 
A12 among the three differently derived scFvs. To validate the binding 

Fig. 1. The phage ELISA assay of the selected scFv clones in phage libraries of various species. Of ten positive clones obtained in each library, one clone (scFv-M-A12, 
scFv-R-B2, scFv-H-A1) with the highest affinity was selected for further study in (A), (B) and (C).

Fig. 2. SDS-PAGE of purified MBP fused scFvs. Three distinct protein bands at 
70 kDa, indicate effective purification from E coil lysis product for each scFv. M: 
protein marker, lane 1: MBP-linker-H-A1-scFv, lane 2: MBP-linker-R-B2-scFv, 
lane 3: MBP-linker-M-A12-scFv.
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activity of the triabody to native human ApoB100 entire protein, west
ern blotting was done, and a clear band at 500 kDa was shown following 
ECL chemiluminescence and graphic (Fig. S25), indicating that the 
trimeric scFvs effectively binding to the human naïve ApoB100 antigen 
immobilized on the NC membrane. To identify the specificity of tri
abody, the purified trimeric scFvs were assayed by iELISA and found 
only reactive with p210 peptide, with no cross-reactivity to other anti
gens (Fig. S26).

Finally, ic-ELISA was performed to develop a standard curve 
(Fig. S27). The inhibition data were analyzed using Origin 8.0 software. 
The half-maximal inhibitory concentration (IC50) of the triabody for 
p210 binding was determined to be 0.209 μg/mL, which was signifi
cantly lower than those of the monovalent antibody fragments (H-A1 
IC50 = 0.576 μg/mL, M-B2 IC50 = 0.88 μg/mL, M-A12 IC50 = 1.079 μg/ 
mL). Additionally, the IC50 value for the triabody was found to be 0.209 
μg/mL, with its half maximal inhibitory concentration against the p210 
antigen being approximately half that of the most competitive mono
meric antibody, H-A1-scFv, among the three scFvs. These findings 
indicated that the triabody probably exhibited superior inhibitory 
capability against the p210 and could detect the pathogenic epitope of 
p210 within a lower concentration range effectively. Collectively, the 
above result demonstrated that the triabody developed had higher af
finity and binding activity, and might be suitable for quantitative 
detection of p210 antigen.

3.7. Standard curve and spiked samples determination

To establish a standard curve for analyzing the p210 pathogenic 
epitope using sandwich ELISA, the triabody was coated on the ELISA 
plates that bind three p210 epitopes at once that suited on the surfaces of 
ApoB100 antigens. After attaining a satisfied titer of 1: 256,000, poly
clonal detecting antibodies were purified from rabbit antiserum 
(Fig. S28). The sandwich ELISA standard curve was plotted by p210 at 
dosages ranging from 1152 to 0.56 ng/mL and fitted using a nonlinear 
logistic curve. Fig. 4A depicts the OD values at various p210 concen
trations. From the typical calibration curve illustrated by plotting 
OD450nm against p210 concentration, the equation of the logistic curve 
was y = 3609.813 + [(0.28706–3609.813)/(1 + x/1.57498)0.69479], 
with a correlation coefficient (R2) of 0.9804. The Limit of detection 
(LOD) of the ELISA was 28.5 ng/mL, and the linear equation is y =
0.36076×-0.2322, with a correlation coefficient (R2) of 0.983 and the 
linear range between 36 and 576 ng/mL (Fig. 4B).

To evaluate the detection performance of the engineered triabody in 
a sandwich immunoassay format relative to monomeric single-chain 
variable fragments (scFvs), we conducted additional sandwich ELISAs 
for scFv-M-A12, scFv-R-B2, and scFv-H-A1, as provided in the Supple
mentary Materials (Fig. S29–31). The linear detection ranges for these 
monomeric scFvs ranged from 72 to 1152 ng/mL, which was higher than 
that of the triabody (36–576 ng/mL). However, the minimum detection 
limits for the monomeric scFvs (41.2 ng/mL, 58.8 ng/mL, and 34.4 ng/ 
mL, respectively) were all higher than that of the triabody (28.5 ng/mL). 
These results indicate that the trivalent antibody exhibits improved 

Fig. 3. The schematic profiles of expression vector construction and scFv fusion formats against p210 epitope for MBP, MBP-linker-A1-scFv, MBP-linker-B2-scFv, 
MBP-linker-A12-scFv and MBP-linker-A1-scFv-linker-B2-scFv-linker-A12-scFv. ATG, start codon; MBP, maltose binding protein; Linker, (G4S)3 linker chain; scFv: 
single chain fragment; Stop, stop codon.

Fig. 4. Typical curves of sandwich ELISA for the detection of p210 epitope. (A) Standard calibration curve plotting OD450nm against p210 concentration, the 
equation of the logistic curve was y = 3609.813 + [(0.28706–3609.813)/(1 + x/1.57498)0.69479], with a correlation coefficient (R2) of 0.9804. The limit of detection 
(LOD) was 28.5 ng/mL. (B) Linear range graph conserved from (A). The equation is y = 0.36076×-0.2322, with a correlation coefficient (R2) of 0.983. The range of 
linear detection for p210 pathogenic epitope was 36–576 ng/mL.
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immunoassay sensitivity over its monomeric counterparts. To analyze 
the recovery of detection and coefficiency of variation (CV), standard 
curves of sandwich ELISA were performed, with the standard p210 
epitope added to the diluted buffer at various concentrations (100, 200, 
300, 400, 500 ng/mL). The average recoveries within and between 
batches were (88.4 ± 3.0)% and (85.5 ± 5.2)%, respectively, with an 
average CV ranged from 4.1 % to 6.1 % (Table 1).

3.8. Detection of p210 by sandwich ELISA in clinical plasma samples

Following the validation of the sandwich ELISA as a viable detection 
method with adequate sensitivity and recovery in spiked samples, we 
investigated its use for blood detection in clinical instances of athero
sclerosis. Blood samples were gathered from patients at Wannan Medical 
College’s First Affiliated Hospital, while healthy persons served as 
controls. First, we discovered that there was a good linear association 
between ApoB100 concentrations (measured by commercial kits) and 
p210 epitope levels (detected by our triabody) in the patient’s plasma 
(Fig. 5A), indicating the accuracy of our assay (Table S1 and Table S2). 
Furthermore, we employed the trimeric antibody to evaluate the p210 
levels in plasma and discovered that the p210 epitope concentration in 
the plasma of twelve patients with atherosclerosis was all higher than 
that of healthy controls (Fig. 5B), and the average value of which was 
calculated to be 4.80 ± 0.92 μg/mL, suggesting that the amount of 
atherosclerosis-inducing p210 epitope assessed by the triabody can 
accurately indicate disease severity and be normalized. The patient’s 
values were found to be higher than those of the control group, which 
indicated the possibility of atherosclerosis. Overall, these findings sug
gested that the sandwich ELISA approach based on the trimeric scFv 
established in this work can be used to detect atherosclerosis cases in 
clinical settings not only accurately, but also quantitatively.

4. Discussion and conclusion

Current clinical diagnostic methods for atherosclerosis primarily 
encompass laboratory tests, electrocardiogram assessments, ultrasound 
evaluations, and imaging analyses, among others [17]. These tech
niques, however, necessitate extensive medical infrastructure and 
specialized personnel. Moreover, the pathological changes associated 
with atherosclerosis remain asymptomatic during the early stages, 
which only manifest as significant clinical symptoms when vascular 
stenosis or blood flow obstruction occurs in the later stages, and the 
condition often becomes irreversible. Consequently, there is an urgent 
need for a comprehensive set of effective early diagnostic tools and post- 
treatment monitoring strategies in this field.

Measurement of atherosclerosis-related protein levels in the circu
lation provides a good way to diagnose and monitor the disease pro
gression. Currently, there are two primary types of ApoB detection 
reagents available in the market. One is designed to detect total ApoB 
protein, such as the commercial kit from Abcam (Human Apolipoprotein 

B ELISA Kit, Catalog No. ab108807), and the other is made to measure 
ApoB100, exemplified by the Human APOB ELISA Kit (CAS: KE00158, 
provided by Proteintech, Wuhan, China). Unfortunately, none of them 
are specifically targeted against pathogenic epitopes, as total ApoB 
contain atherosclerosis-unrelated lipid protein ApoB48 (chylomicrons), 
and even atheroslcerlosis-related ApoB100 (LDL/VLDL) includes a lot of 
nonpathogenic epitopes. As a result, commercial kits may cross-react 
with a wide range of common epitopes in healthy individuals.

In the present research, three scFvs were effectively produced using 
phage display technology, with highly specific and affinity to p210 
epitope in the atherosclerosis-associated autoantigen ApoB100 and no 
cross-reaction with other proteins in plasma or serum. Moreover, a 
sandwich ELISA with triabody assembled by the three monomeric scFvs 
was established with an LOD of 28.5 ng/mL for the p210 epitope. 
Additionally, the established sandwich ELISA method can be used to 
examine serum or plasma with a wide linear detection range 36–576 ng/ 
mL. Notably, the triabody’s quantification of the p210 epitope in patient 
plasma correlated to disease severity. To the best of our knowledge, 
immunoassays developed based on genetically engineered antibody for 
p210 pathogenic epitope quantitative analysis in plasma samples have 
not been reported. Therefore, a feasible immunoassay based on higher- 
affinity triabody was developed for the first time to evaluate the path
ogenic epitope contents in human plasma for the diagnosis of 
atherosclerosis.

Following engineering three monovalent antibodies into trivalent 
forms, the affinity of our tribody was approximately 2.5 times higher 
than that of the original monomeric scFv with the highest affinity, while 
the IC50 for antigen inhibition was approximately two-fold lower than 
that of the most competitive monomeric antibody among the three 
scFvs. The underlying mechanisms are as follows: Firstly, multivalent 
antibodies possess multiple binding sites capable of simultaneously 
interacting with multiple antigenic epitopes. By linking monovalent 
fragments such as Fab or scFv into multimers, the number of binding 
sites is increased, thereby enhancing the overall binding strength of the 
antigen-antibody complex. Secondly, even when individual binding sites 
exhibit low affinity, the combined action of multiple sites binding to 
different epitopes (or multiple copies of the same epitope) results in a 
statistically significant enhancement of overall binding strength, thus 
improving overall affinity. Last but not least, multivalent antibodies 
better accommodate the spatial distribution of antigens, reducing the 
likelihood of dissociation of antigen-antibody complexes and enhancing 
binding stability. Simultaneous separation of multiple sites requires all 
interactions to break concurrently, which is statistically improbable. 
Consequently, even if the affinity of a single antibody is relatively low, 
the overall dissociation rate is still substantially low.

In contrast to the traditional monoclonal antibodies secreted by 
hybridomas that can’t be manipulated genetically [23], antibody genes 
in the triabody scFvs from phagemid were cloned into high-yield 
expression vectors and transformed into the host cell to obtain recom
binant super antibodies, therefore, their production is under strict 

Table 1 
Recovery and coefficiency of variation detection in spiked samples with p210 (n = 4).

Spiked Intra-assay Inter-assay

conventration Measured Recovery CV Measured Recovery CV

(ng/mL) n (ng/mL) (%) (%) n (ng/mL) (%) (%)
100 4 82.85 ± 6.03 82.9 ± 6.0 7.3 4 84.01 ± 7.07 84.0 ± 7.1 8.4
200 4 157.01 ± 6.00 78.5 ± 3.0 3.8 4 153.91 ± 11.18 77.0 ± 5.6 7.3
300 4 284.53 ± 8.22 94.8 ± 2.7 2. 9 4 283.80 ± 16.90 94.6 ± 5.6 6.0
400 4 369.48 ± 15.02 92.4 ± 0.6 3.8 4 339.29 ± 15.24 84.8 ± 3.8 4.5
500 4 467.57 ± 12.30 93.5 ± 2.5 2.6 4 435.75 ± 20.12 87.2 ± 4.0 4.6
Average ​ ​ 88.4 ± 3.0 4.1 ​ ​ 85.5 ± 5.2 6.1

Recovery = (detection concentration / spiked concentration) *100 %.
CV = (Standard Deviation/mean) *100 %.
Intra-assay variation was determined by four replicates of each spiked level on the first day.
Inter-assay variation was determined in independent days (4 times).
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control and reliable. The inter-batch consistency of the recombinant 
antibodies is very high, and can overcome the limitations of any hy
bridoma antibody production methods like low repeatability and ge
netic drift, which makes it possible to target highly difficult targets such 
as toxins, nucleotides and membrane-binding proteins, providing a 
diagnostic progression characterized by high specificity and sensitivity 
disease monitoring. Furthermore, generated recombinant antibody 
could ensure a long-term stable supply, and achieve high-throughput 
production in vitro.

In recent decades, significant advancements have been made in the 
field of molecular diagnostics and immunological detection. Among 
these developments, molecular immunoassay has emerged as the most 
prevalent technique over the past decade, owing to its high diagnostic 
specificity. The triabody test devised in this work differs fundamentally 
from those utilized in common ELISA Kits. In the traditional sandwich 
ELISA, usually capture antibody is divalent and can react with two 
epitopes, while triabody is trivalent to three antigen determinants 
(epitopes). This means that antibodies of the same quality can bind to 
more antigens and increase the rate of antigen-binding efficiency in 

immunoassay. Since p210 in the ApoB100 is a linear epitope, our 
trimeric scFvs that targets linear epitope is a better option for clinical 
diagnostics than antibodies that target only conformational epitopes 
when clinical samples more often than not, become denatured in normal 
storage conditions, or by other variables that interfere with conforma
tional epitopes. Additionally, the p210 residue motif selected for the 
triabody binding is a crucial pathogenic epitope of the ApoB100 
antoantigen, whose level indicates the serum concentration of athero
genic lipoproteins. [48]. Since the p210 fragment is a causative factor in 
the illness and is unique to atherosclerosis start, the amount of its 
binding to triabody indicates disease severity. Altogether, the triabody- 
based sandwich ELISA approach has proven to be accurate in both 
clinical diagnosis and disease severity evaluation for atherosclerosis. 
This approach has the potential to serve as an effective guide for im
munoassays for other diseases.

Bioethics statement:
Healthy controls and patients with atherosclerosis were both sub

jected to blood sampling at the First Affiliated Hospital of Wannan 
Medical College (Wuhu, China). The collection of blood samples was 

Fig. 5. Plasma p210 concentrations between healthy individuals and patients with atherosclerosis. (A) The ApoB100 concentration assessed by commercial kits 
corresponds to the p210 levels found by trimeric scFv in patients with atherosclerosis. Pearson r = 0.9864, Data are mean ± SD. **** P < 0.0001. (B) The healthy 
control value of p210 is 4.80 ± 0.92 ng/mL. However, all individuals with atherosclerosis have significantly higher levels than this normal control value. The error 
bar represents the standard deviation (SD) for four repetitions. The means of healthy persons and patients with atherosclerosis were compared applying one-way 
ANOVA. **** P < 0.0001, *** P < 0.001, ** P < 0.01. ANOVA, analysis of variance.
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ET2023029). Representative 24 human individuals’ (twelve males and 
twelve females, ages 35–69) blood samples were collected and detected; 
please check supplementary table S1–2 for more information. The in
dividuals provided informed permission for blood sample collection, 
and their privacy rights were protected.

The experiment was conducted with groups of female BALB/c mice 
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