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Abstract

A heavy-chain antibody (VHH) library against procymidone (PRM) was constructed via
immunizing Bactrian camel. Through careful biopanning, seven nanobodies (Nbs) with different
sequences were obtained. The variability in their performance was primarily attributed to the
amino acid differences in the complementarity-determining region 3 (CDR3), as analyzed by
molecular docking. The Nb exhibited the highest sensitivity, named NbFM5, was biotinylated

and conjugated to streptavidin-labeled gold nanoparticle to preserve the epitope’s activity and
prevent a decrease in sensitivity due to traditional random electrostatic adsorption. Subsequently,
a simple and sensitive immunochromatographic assay (ICA) was developed for the rapid detection
of PRM based on the biotinylated Nb (btNb). The developed btNb-ICA showed a cut-off value
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of 200 ng/mL for visual judgement and a half-inhibitory concentration (1Csg) of 6.04 ng/mL for
quantitative detection. The limit of detection (LOD) was as low as 0.88 ng/mL. The recoveries

in actual samples of crops ranged from 82.2% to 117.3%, aligning well with the results obtained
from GC-MS/MS (R2=0.995). In summary, the developed btNb-ICA demonstrated high specificity
and good accuracy for the rapid detection of PRM residues in vegetables. The total analysis time
from preparing the sample to obtaining the result was less than 25 minutes.
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INTRODUCTION

Procymidone (PRM) is a fungicide with low toxicity, widely used to control botrytis cinerea
and sclerotinia on crops!. However, there is growing concern about its high detection and
over-standard rates, particularly in chives, cucumbers and tomatoes, with frequent reports of
excessive levels during supervision and spot-check?. Of particular concern, excessive levels
of PRM pose a risk to human health, potentially causing chronic toxic effects and severe
kidney damage® 4. Hence, strict monitoring of PRM residues is crucial for human health.
Currently, many countries and organizations have established strict maximum residue limits
(MRLs) for PRM in crops, including China (2 mg/kg in cucumbers/tomatoes®, and 5 mg/kg
in chives®), Korea (2 mg/kg in cucumbers, 5 mg/kg in chives, 10 mg/kg in tomatoes)’, Japan
(2 mg/kg in chives and 4 mg/kg in cucumbers/tomatoes)8 and USA (5 mg/kg)®. Thus, it

is essential to develop a more sensitive method for the rapid detection of PRM residues to
prevent the harm caused by varying limit standards.

Traditional instrumental detection methods offer good reproducibility and high accuracy?,
while exhibited limitations such as complex sample pretreatment, expensive instruments

and time-consuming processes. The immunoassay based on antibodies provide a sensitive,
accurate, simple and rapid approach for screening pesticide residues. Despite this, there have
been only a few reported cases of immunoassays for PRM using the indirect competitive
enzyme-linked immunosorbent assay (ic-ELISA)L. Recently, nanobody (Nb) have gained
interest as they exhibit several advantages, which are characterized by their low molecular
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weight, high stability and high affinity. It could be obtained via the cloning of the variable
domain of the heavy-chain of heavy-chain antibody (VHH) found in camels, comprising
only 3 complementarity determining regions (CDRs) and 4 framework regions (FRs)12,
while maintains intact antigen-binding capacity. Notably, Nbs possess several superiorities
over traditional antibodies for immunoassay methods development3:14, Nbs are easier

to produce in large quantities, reduce production costs, and allow efficient labeling and
minimal batch-to-batch variation. Additionally, their superior stability and longer storage
period enable high activity under various extreme conditions. Consequently, it is widely used
in the detection of small molecule pollutants at present1®.

In this study, we aimed to explore the application of highly sensitive and stable Nbs as

a promising alternative method for small molecule immunochromatographic assays'é. Our
plan involved obtaining several highly specific Nbs for PRM through immunization, phage
display and gene library screening. Subsequently, a gold-labeled immunochromatographic
assay based on biotinylated Nb (btNb-ICA) would be established (Scheme 1). It was hopeful
to expand the practical application of Nbs in rapid detection, and provide a new method for
the study of ICA.

EXPERIMENTAL SECTION

Materials and Instruments.

The hapten PRMH was previously prepared by our laboratory. The details were shown

in the Supporting Information (SI). The pINQ-BtH6 vector and the pCY216 vector with
the BirA gene were gifts from Professor Gonzalez-Sapienza Gualberto (University of the
Republic of Uruguay). PRM and analogue standards were purchased from Tanmo Quality
Inspection Technology Co. Ltd. (Beijing, China). DNA Engine PCR Amplifying apparatus
(BIORAD, USA), Multiskan MK3 Enzyme marker (Thermo Fisher, USA), HGS510 Film
Cutter (Zhejiang, China), HGS201 Cutting machine (Zhejiang, China), GIC-Q Gold label
detector (Zhejiang, China). Other materials and instruments were summarized in SI.

Immunization and construction of phage display VHH library.

To prepare the immunogen and coating antigen, PRMH was covalently conjugated

with Lactoferrin (PRMH-LF) and Bovine serum albumin (PRMH-BSA) following the
conjugation protocols provided in SI. Then immunization was performed on a healthy alpaca
(Hebei, China) using PRMH-LF. Peripheral blood mononuclear cells were isolated from
fresh blood through density gradient centrifugation using lymphocyte separation medium
(850 g~ 4000 g, 4 °C, 15 ~ 25 min). Protein G affinity chromatography column was

used for purification of the isolated cellsl’. Subsequently, the total RNA was extracted and
immediately reverse transcribed to cDNA using a reverse transcription kit'8. Nested PCR
was performed to amplify the VHH genes and the specific primers are showed in Table S1.
The target band was recovered via two rounds of amplification and the vector containing the
target genes was obtained by digesting the plasmid vector pcomb3xSS by Sl and linking by
T4 DNA ligase. The resulting recombinant vectors were transformed into fresh competent
cell £ coliTG1 cells by electroporation. The transgenic cells were calculated and amplified

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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on an agarose medium with ampicillin. The colony PCR using Fr1-Sfl and Fr4-Sfil primers
was performed to analyze the positive insertion rate of the gene library.

Biopanning of PRM selective phage clone.

After the gene library was obtained, a portion of cells were cultured and infected by
M13KO?7 helper phage to generate phage library!®. The genes of PRM selective clones were
selected by a simultaneous competition panning strategy2° and the screening was performed
by ic-ELISA. All the candidate clones were sequenced to identify their amino acid sequence.
The details of the protocol were summarized in Sl.

Expression and identification of the anti-PRM Nbs.

The E. coliBL21 (DE3) were transformed with recombinant plasmids by heat shock at

42 °C for 90 s and grown on LB plates overnight at 37 °C2L. The positive clones were
selected for the production of soluble proteins. The proteins in periplasmic lumen were
extracted by cold osmaotic shock method and purified using Ni-NTA resin with 200 mmol/L
imidazole in 0.01 mol/L PBS for elution. To confirm the resulting anti-PRM Nbs protein,
12% SDS-PAGE and western blotting were performed. The performances of anti-PRM

Nbs were further compared in ELISA detection. Finally, Molecular docking using LeadIT
2.3.2 and Pymol 2.4.0 was employed to study the recognition of VHHSs to the antigen. In
short, structural models of anti-PRM Nbs were built via AlphaFold2. Then the credibility
of the model was confirmed by UCLA-DOE LAB-SAVES v6.0 website database (https://
saves.mbi.ucla.edu/). And the molecular structure of PRM was obtained from the PubChem
database (https://pubchem.ncbi.nIm.nih.gov/). Docking simulations were performed using
leadit-2.3.2-Linux-x64 (http://www.biosolveit.de/LeadlT/) via Enthalpy and Entropy (hybrid
approach) ligand binding setting and the others were default. Finally, the docking model
with the highest score, i.e., the lowest binding free energy, was selected to analyze the
interaction forces between Nbs and ligand using Open-Source PyMoLTM and LigPlus.

Preparation of biotinylated nanobody.

The Nb with highest affinity was selected. The VHH gene was amplified and ligated to
pINQ-BtH6 vector containing the biotin gene by enzyme digestion and ligation?°. The
recombinant plasmid was transformed into pCY216 natural competence £. co/i BL21(DES3).
Then the btNb was expressed, purified, and identified via ELISA.

Preparation of gold nanoparticle and GNP@SA-btNb.

Gold nanoparticle (GNP) was prepared by sodium citrate method22. In short, 2 mL of 0.2
g/L chloroauric acid solution was added to 96, 95.5, 95, 94.5, 94 mL of ultrapure water

to boiling, respectively, after heating the ultrapure water. Then 2, 2.5, 3, 3.5, 4 mL of 0.2
g/L trisodium citrate solution (the ratio of chloroauric acid to trisodium citrate was 8:8,
8:10, 8:12, 8:14, 8:16) was added, respectively, after 1 min of boiling. Subsequently, the
solution changed from clear to black, and then turn to translucent burgundy within 5 min.
After heating for 20 min, streptavidin labeled GNP (1 mL) was prepared by mixing it with
a potassium carbonate solution (0.1 mol/L, pH8 ~ 11) and SA for 30 min, then centrifuged
at 4 °C, 13400 g for 15 min. For the preparation of GNP@SA-btNb, btNb (2.5 mg/mL) was

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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incubated with GNP@SA for 30 min at room temperature, followed by purification through
centrifugal washing. Finally, the GNP@SA-btNb complex was coated in 96-well plates and
dried overnight at 37 °C.

Development and optimization of btNb-ICA.

The ICA was assembled with a sample pad, absorbent paper, nitrocellulose membrane (NC
membrane) and PVC base plate. Then PRMH-BSA (1 mg/mL) and the secondary antibody
(1.1 mg/mL) were fixed on NC membrane as the test line (T-line) and control line (C-line),
respectively. The assembly was then dried at 37°C for 12 h. Finally, the NC film, sample
pad and absorbent pad were assembled on the bottom plate and cut into 4 mm wide strips
by a slicing instrument. To perform the assay, 100 pl of the sample solution was added to
the micropores containing GNP probe to react at room temperature for 3 min. The solution
was then added to the sample pad and allowed to react for 5 min. The results can be
qualitatively observed with the naked eye, and the T/C value read by the reader can be used
for quantitative calculations. Subsequently, various parameters and criteria were explored to
find the optimal values for the test strip, including the particle size of GNPs (8:8, 8:10, 8:12,
8:14, 8:16), labeled pH (8 ~ 11), the concentration of labeled protein (btNb: 27.8 ~ 83.3
pg/mL; SA:16.2 ~ 81.1 pg/mL), the added amount of probe (10 ~ 20 uL), the concentration
of PRMH-BSA (0.5 mg/mL, 1 mg/mL, 2 mg/mL) and the composition of sample pad
treatment solution (PB, PBS, BB, Tris-HCI). Detailed information can be found in the SI.

Recovery test and instrumental verification.

The chives sample was subjected to pretreatment for analysis23 by mixing with acetonitrile,
shaking with some reagents and centrifuged for 5 min (1960 g, 16 °C). Next, the sample was
mixed with anhydrous magnesium sulfate, PSA and GCB, shook for 1 min and centrifuged
(1960 g, 16 °C, 5 min) to obtain the final sample solution. To evaluate the recovery of the
method, a recovery test was conducted and compared with the analysis performed using
GC-MS/MS. The details of recovery test and GC-MS/MS conditions were shown in SI.

RESULTS AND DISCUSSION

Construction of Nb genes library and Screening of Phage Display Library.

After immunizing Bactrian camels with PRMH-LF for 5 rounds, the antigen-binding ability
and inhibitory effect of pre- and post-immunization serum were compared using ELISA
(Figure 1a, b). Subsequently, RNA was extracted from the peripheral blood of immunized
camels (3-5 rounds) to construct a gene library. Based on the differential binding strength
to Protein G and Protein A, three different antibody subtypes were isolated from serum of
the Bactrian camel (Figure 1c, d), including 1gG4 heavy chain (50 kDa), 1gG, light chain (25
kDa), 1gG, (64 kDa) and 1gG3 (43 kDa). Among these subtypes, 1gG3 was the predominant
subtype in Bactrian camels followed by 1gG,24. Notably, IgG1 exhibited higher antigen
binding capacity, while the inhibitory effects of the heavy chain antibodies (HcAbs) were
more prominent. This suggested the generation of anti-PRM HcAbs in Bactrian camels and
their potential utility for constructing a gene library of Nbs.

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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To isolate lymphocytes from peripheral blood, Trizol lysate was used for total RNA
extraction. The extraction process yielded two distinct bands (28 S, 18 S) and an obscure
band (5 S) (Figure 1e), with the intensity of the 28 S band being twice that of the

18S band, indicating successful and complete RNA extraction. The extracted total RNA
was then reverse transcribed into cDNA using a commercial kit, followed by nested

PCR amplification (Figure 1f). In the first round of PCR, the cDNA templates amplified
1gG1(1000 bp), 1gG2, (800 bp) and 1gG3(700 bp) (Figure 1g). From this amplification,

the 19G»,, 1gG3 fragments were isolated and employed as templates for the second round
of PCR, producing a target VHH fragment of 500 bp using specific primers (Figure 1h).
The resulting product was then digested with Sfl and ligated into the digested pcom3xSS
vector using T4 DNA ligase2l. Following the transformation, the constructed plasmid

was transformed into £. coli TG1 by electroporation and the capacity of the library was
determined, yielding a library size of approximately 2.27x107 cfu/mL (227 individual
colonies) and a positive insertion rate of 93.3% (Figure S1a), which determined through
colony PCR identification. After sequencing on these positive clones, the amino acid
sequence alignments were shown in Figure S1b. Notably, the number and composition of
amino acids in CDR1, CDR2 and CDR3 exhibited significant variability. Furthermore, the
absence of repetitive sequences in all clones demonstrated a high effective capacity and
diversity within the library. The library was then rescued by helper phage M13KO7, with a
titer of 1012 pfu/mL. Consequently, the titer of the phage display Nb library was determined
to be 1.2x1012 pfu/mL.

Next, the phage-displayed Nb library was screened using PRMH-BSA as the coating
antigen through 4 rounds of affinity panning. The enrichment of PRM-specific phages

was observed, and monoclonal strains were selected for identification and screening

using ELISA and inhibition calculations (Figure S2). The results demonstrated successful
enrichment of phages with higher inhibition rate (inhibition rate>50% at 50 ng/mL), and
the range of inhibition rate became more stable with each round of screening. Sequencing
of monoclones from each inhibition region (a total of 36) resulted in the acquisition of 7
amino acid sequences, designated as NoboFM1~ NbFM7 (Figure 2a). A comparison of these
Nb sequences revealed highly conserved FRs regions, while significant variations in the
number and type of amino acids were observed in the CDRs regions. In particular, the most
diversity in both length and sequence could be observed in CDR3. Among these sequences,
NbFM1 and NbFMS5 exhibited differences in the number of Cys residues compared to the
other sequences.

purification and Identification of anti-PRM Nbs.

The Nbs above were all expressed in £. coliBL21. Then the protein in periplasmic space
was extracted by the cold osmotic shock method and then purified using Ni-NTA resin with
200 mmol/L imidazole in 0.01 mol/L PBS for elution20. SDS-PAGE analysis of the purified
Nbs revealed a protein band slightly higher than 15 kDa, consistent with the expected
molecular weight of 18 kDa (Figure 2b). However, the expression levels of Nbs were
relatively low, ranging from 0.3 mg/I to 1.8 mg/L (Figure 2c), with NbFM3 exhibiting

the highest expression level. The affinity of these Nbs was then evaluated by ELISA

and compared with the anti-PRM mAbs (Figure 2d). With the exception of NbFM6 and

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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NbFM?7, all Nbs showed activity at concentrations below 100 ng/mL, indicating a higher
antigen-binding capacity compared to the mAbs. In addition, the 1Cgq of the Nbs, except for
NbFM7, were below 20 ng/mL, illustrating the high affinity for PRM, particularly NbFM5.

Meanwhile, we performed homology modeling of NbFM5 and NbFM7 using AlphaFold2.
The credibility of the models was confirmed by Ramachandran plot map using UCLA-DOE
LAB-SAVES v6.0 (Fig. S3). All the models were reasonable when over 95% of amino acids
are in the allowable region. which showed that less than 3% of residues of NbFM5/NbFM7
were in the disallowed region (white region). Molecular docking was then conducted
between NbFM5/NbFM7 and PRM via LeadIT 2.3.2. The docking result with the lowest
score was selected for demonstration (Figure 3).

As shown in Figure 3a-b, PRM was deeply inserted into the active pocket of the CDR3
region in NbFM5, forming a 1.68 A hydrogen bond with Ala47 and engaging in seven
hydrophobic interactions within a 4 A range (Figure 3c). The analysis of electrostatic
potential energy revealed a predominantly negative charge in the pocket, with a strong
potential difference near the binding site (Figure 3d). In contrast, the interaction between
NbFM7 and PRM appeared weak. Due to sequence diversity, the CDR3 region of NboFM7
was shorter than that of NbFMS5, resulting in the formation of a small pocket cavity (Figure
3e), implying the presence of more spatial resistance. Molecular docking further revealed
that PRM did not tightly insert into the active pocket of the CDR3 region of NbFM7, while
rather on the outer part near the CDR3 region (Figure 3f). The hydrogen bond formed with
Cys103 had a bond length of 3.30 A (Figure 3g) representing a weaker interaction. Besides,
fewer hydrophobic bonds were formed within the 4 A range, and the potential difference
was not significant (Figure 3h). These findings indicated that the sequence differences in
the CDR3 region of the Nbs would influence the spatial conformation, thereby affecting
their interaction with the ligand. Importantly, the benzene ring-containing aspect of PRM
was inserted inside NbFMS5, while it remained outside in NbFM7, suggesting different
binding modes. In summary, NbFM5 was preferentially selected for the development of
immunochromatographic assay, while NbFM7 was excluded from further identification
attributed to its lowest sensitivity.

Furthermore, the specificity and stability analysis results were performed and presented in
Figure S4-5 and Table S2. In summary: (1) the inhibition rate of all Nbs to other analogues
was less than 50%; (2) most of the Nbs remained antigen-binding activity after incubation
for 1 h and their sensitivity to PRM remained largely unchanged; (3) All Nbs completely
lost their activity in the presence of 40% methanol, 20% acetonitrile and 30% acetone, and
most of them experienced a loss of at least 20% of their antigen-binding activity in 10%
organic solvents. (4) The anti-PRM Nbs exhibited the same acid-base tolerance as mAb
and showed better performance, functioning within a pH range of 3.4 ~ 9.4. It is consistent
with the previous reports indicating the functional capability of certain Nbs under polar pH
conditions2>: 26,

Preparation of btNb and Development of anti-PRM btNb-ICA.

The Nb gene with the highest sensitivity (NbFM5) was cloned from the pComb3X vector
into pINQ-BtH6 vector using the Sfl enzyme. The pINQ-BtH6 vector contained a BtAP

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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receptor peptide with a biotin Avi-tag and a 6xHis-tag, essential for purification, allowing
for the biotinylation of NbFM5 under the catalysis of the biotin ligase BirA (Figure

4a). Then the £. ColiBL21 (DE3) were transformed with the resulting plasmid for the
production of btNb. The expression level of btNb was 4.2 mg/L, higher than that of the
non-fusion protein NbFM5 (1.8 mg/L). The biotinylation of NbFM5 was confirmed through
SDS-PAGE analysis, which also showed that btNb had a slightly larger molecular weight
compared to non-biotinylated NbFM5 due to the specific recognition between the Avi-tag in
the pINQ-BtH6 vector and biotin (Figure 4b). ELISA testing further demonstrated that btNb
exhibited similar activity and specificity to non-biotinylated NbFMD5, indicating no influence
on their functional properties. This confirmed that the obtained btNb was suitable for use in
the ICA.

Generally, electrostatic adsorption is non-directional and often susceptible to spatial
hindrance, whereas labeling with streptavidin allows for the directional labeling of Nbs.
This approach enables the rapid functionalization of streptavidin-labeled GNP with btNb,
which not only enhances sensitivity through the ultra-high affinity of the biotin-streptavidin
system but also allows for reorientation to maximize exposure of Nbs to the analyte, thereby
improving Nbs utilization and detection efficiency. Based on this principle, a GNP@SA-
btNb was produced using a direct labeling method mediated by biotin-Streptavidin
interaction in this work. Then it was utilized for the development of btNb-ICA (Figure

4c), and several parameters were optimized accordingly (Figure S6 and Table S3-5).

The detection result could be assessed qualitatively by the naked eye and calculated
quantitatively by measuring the T/C value read using a reader. Specifically, in the absence
of PRM in the samples, the PRMH-BSA would capture the GNP@SA-btNb, resulting in
the formation of a red test line. A negative result would be determined when the T-line was
equivalent to that of the C-line. Conversely, the GNP@SA-btNb would preferentially react
with free PRM, leading to a negative correlation between the color intensity of the T-line
and the concentration of PRM in the samples. The concentration of PRM at which the T-line
completely disappeared served as the cut-off value for the test strip. Based on the btNb-ICA
mentioned above, several parameters were optimized in a stepwise manner.

The shape and size of GNPs have significant effects on the color development of test strips
and detection sensitivity?’. The uneven shape can lead to system instability, making it easier
for proteins bound to the surface to separate, thereby, greatly impacting the labeling results.
Fortunately, the GNPs obtained in this study exhibited almost uniform shapes, regardless

of their different particle sizes. Besides, the size of GNPs (15 ~ 40 nm) was controlled by
adjusting the ratio between chloroauric acid and trisodium citrate (Table S3). The effect of
GNPs on the sensitivity of competitive ICA was then investigated (Figure S6a, b). Generally,
a smaller GNP diameter results in a significant decrease in overall extinction28, thereby,
reducing the color intensity2%. Moreover, a larger particle size is positively correlated with
color intensity.28: 22 We found that all probes were significantly more violet than the NbFM5
probe when labeling to SA@btNb. The color intensity was significantly too low when the
size was small. As a result, through comprehensive analysis of GNP color, GNP color
development degree and the sensitivity on the strip with GNP, the GNP with a particle size
of 38 £ 5 nm was selected as the modified carrier for SA to ensure the color development
sensitivity of the paper strips. Subsequently, the pH of the GNP solution was adjusted using

J Agric Food Chem. Author manuscript; available in PMC 2024 September 06.
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K,CO3 (Figure S6c, d) to improve the binding efficiency of Nb. However, it was observed
in this study that the btNb-ICA agglomerated under the conditions of pH < 8, making it
difficult to dissolve after centrifugation and causing it to turn black. While smaller GNPs
require higher pH labelling conditions3, the choice of 38 + 5 nm GNP to modify Nb was
made. Thus, it should be ensured that the reaction takes place under pH > 8. Moreover,
the optimal antibody-binding efficiency of streptavidin occurs at pH 931, Hence, btNb was
labelled at pH 9 to match this condition.

In competitive ICA, the mass concentration of PRM-BSA detected on the T-line plays a
crucial role in determining its color intensity and sensitivity32. In the two-step method,
both the amount of streptavidin and btNb affected the final binding, and their optimal
concentrations were determined (Figure S6e-h). It was observed that the positive inhibition
rate decreased as the mass concentration of btNb increase, indicating stable and effective
probe conditions (Figure Sée, f). However, when the concentration of btNb decreased

to 27.8 pug/mL, the color intensity of the T-line appeared too light, suggesting that the
concentration was too low. Similarly, reducing the amount of streptavidin to 16.2 ug/mL
did not significantly affect color development and inhibition (Figure S6h), while the GNP
and test paper appeared dark purple (Figure S6g), indicating the concentration was too low.
Consequently, streptavidin at a concentration of 32.4 ug/mL and btNb at a concentration of
41.7 pg/mL, which exhibited satisfactory color development and sensitivity, were selected
for labeling. Furthermore, the usage volume (15 mL per micropore) and concentration (2
mg/mL) of PRMH-BSA on the detection line were further optimized based on negative
T/C-line readings and the inhibition rate of the positive solution (Table S4). Finally, the
sample pad treatment solution and the diluent for PRM were optimized sequentially (Table
S7). The best pad solution consisted of 0.2 mol/L PB buffer containing 0.5% Tween —20,
while PB buffer with a pH of 8.4 and ion concentration of 0.2 mol/L was selected as the
diluent.

As shown in Figure 4d, the red band on the T-line gradually weakens with the increasing
PRM concentration from 0 to 5000 ng/mL, resulting in an ICgq value of 6.04 ng/mL and

a cut-off value of 200 ng/mL under optimal conditions. The limit of detection (LOD)

was 0.88 ng/mL, significantly lower than the national standard limit. Since the national
standard limit for PRM is 200 ng/mL, it could be judged qualitatively by naked eye without
any instruments and equipment by this method. Moreover, our work offers a simpler and
more cost-effective process with minimal batch-to-batch variation compared to previous
studies!?: 33, To validate the stability and reproducibility of the test strip, an accelerated
stability experiment was conducted at 45 °C following the method introduced by Liu et
al.34, The Figure 4e illustrates the signal intensity changes of the negative control strip at
different time points. The results indicate that the btNb-ICA retains the color intensity of
the C-line color intensity even after 28 days, demonstrating high storage stability and a long
shelf life. These favorable developmental characteristics further enhance the reliability of
the btNb-1CA method. The specificity of the btNb-ICA method was assessed by analyzing
and comparing the chromogenic performance of the test strips with PRM metabolites,
3,5-dichloroaniline, as well as structurally and functionally similar analogs (Figure S6).
The results showed that btNb-ICA produced a strong positive reaction only for PRM at a
concentration of 20 ng/mL, while showing no significant response to other analogues and
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metabolites (20 pg/mL). Thus, it demonstrates that the btNb-ICA developed in this study
exhibits high specificity for PRM and can be effectively utilized for specific PRM detection.

Recovery test and instrument validation.

In sample pretreatment, the use of organic solvents is common for extracting hydrophobic
drugs to ensure a high extraction rate, while high concentration of organic solvents would
disrupt the conformation of antibodies, thus affecting their bioactivity. Nevertheless, this
effect could be mitigated through high-magnification dilution or blow-dry redissolution®. In
this study, chives samples were used for optimization of two treatment methods (direct
dilution; dilution after blow-dry and re-dissolution). The acetonitrile extract obtained

from the purified chives sample was diluted using QUEChERS method after drying and
redissolving. Then the standard curves were fitted under different dilution multiples (Figure
5a, b). Herein, for the purpose of initial screening, a coefficient of variation (CV) of

20% or less is generally acceptable36: 37, It was observed that the sensitivity of btNb-ICA
decreased under the condition containing 10% acetonitrile (v/v), and the recovery was
abnormal at 120%, suggesting a decrease in the bioactivity of btNb. However, when the
conditions contained 5% or 2.5% acetonitrile (v/v), the recovery of directly diluted btNb-
ICA were 114.6% or 112.4%, higher than those of the same dilution after drying and
redissolving. Furthermore, pretreatment with blow-dry and re-dissolution resulted in low
recovery, suggesting the loss of some target analytes during the drying process. In summary,
a PBS solution with a pH of 8.4 containing 5% acetonitrile (20 times dilution) was selected
as the drug diluent for further exploration.

To assess the accuracy and precision of btNb-ICA, a recovery test was performed on
samples of chive, cucumber, and tomato using PRM concentrations of 50, 200 and 2000
ug/kg. The results presented in Table 1 showed that the recoveries of btNb-ICA ranged
from 82.2% to 117.3%, with CV values ranging from 2.6% to 14.6%. These low CV
values indicated the excellent reproducibility of btNb-ICA. The acceptable recoveries and
CV values confirmed that the btNb-ICA was suitable for rapid on-site detection and
quantitative analysis of PRM. Furthermore, four randomly labeled chive, cucumber and
tomato samples were compared by btNb-ICA and GC-MS/MS. The results, as depicted
in Figure 5c¢, revealed a good correlation between btNb-ICA and GC-MS/MS, with a
correlation coefficient of 0.995. Consequently, the btNb-ICA established in this study
provides accurate quantitative detection of PRM.

Besides, Nb has the advantage of high solubility and efficient expression in large quantities,
resulting in lower time and production costs compared to traditional antibodies used in other
studies!?: 33, Furthermore, due to the higher organic tolerance of nanobodies, the sample
pretreatment procedures of drying and redissolving with organic solvent can be omitted,
resulting in significant time and cost savings. Meanwhile, the higher tolerance of nanobodies
to sample matrix and organic solvents also ensures that the matrix effect has minimal impact
on the performance of nanobodies. This increased robustness allows for more accurate and
reliable detection of PRM in fruits and vegetables in agricultural markets. In summary, the
developed btNb-ICA provides a rapid, specific and accurate method for the detection of
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PRM in fruits and vegetables in the agricultural markets. The high specificity and accuracy
make it a suitable choice for ensuring food safety and quality control.
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PRM procymidone
Nbs nanobodies
CDR3 complementarity-determining region 3
ICA immunochromatographic assay
btNb biotinylated Nb
LOD limit of detection
ICsg half-inhibitory concentration
MRLs maximum residue limits
ic-ELISA indirect competitive enzyme-linked immunosorbent assay
VHH the variable domain of the heavy-chain of heavy-chain antibody
FRs framework regions
btNb-ICA gold-labeled immunochromatographic assay based on btNb
GNP gold nanoparticle
GNP@SA streptavidin labeled GNP
T-line test line
C-line control line
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Figure 1.

Identification of serum subtypes isolated from serum in Bactrian camels and construction
of Nb genes library. (a) Curves of antigen-binding capacity; (b) Curves of inhibition rate;
(c) Isolation and identification of serum subtypes in Bactrian camels; (d) SDS-PAGE of
serum subtypes. M: marker; 1: serum; 2: 1gG; elution; 3: 1gG5 elution; 4: 1gG3 elution;
(e) Extraction of the total RNA,; (f-g) The amplification of the VHH genes; (h) The second
round of PCR and the digestion of pcomb3xSS.
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Figure 3.
Molecular docking between PRM and anti-PRM NbFM5/NbFM?7. (a-b) The docking results

between NbFM5 and PRM; (c) The interaction forces between NbFM5 and PRM; (d)
The electrostatic potential energy generated by NbFM5-PRM; (e-f) The docking results
between NbFM7 and PRM; (g) The interaction forces between NbFM7 and PRM; (h) The
electrostatic potential energy generated by NbFM7-PRM.
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Figure 4.

Preparation of btNb and development of btNb-1CA,; (a) Directed biotinylated gene design
principle; (b) Directed btNb preparation and identification curve; M: Marker; 1: NbFM5; 2:
btNb; (c) The principle of targeted labeling of anti-PRM btNb and detection of btNb-ICA,;
(d) The calibration curves of the btNb-1CA,; (e) The stability test in 45°C of the btNb-ICA.
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Figure 5.

Optimization of extraction method and the sensitivity of btNb-ICA. (a) The effect of
acetonitrile content in direct dilution pretreatment on detection sensitivity based on btNb-
ICA; (b) The influence of different sample pretreatment methods on the recoveries of
btNb-ICA,; (c) The accuracy of btNb-ICA was verified by GC-MS/MS (n=3).
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Recovery Test Results of Sample Addition for btNb-ICA (n=3).

Table 1

Addition value  Measured values

Samples (ug/kg) (X+SD) (ug/kg) Recovery (%) CV (%)
50 46.7+4.5 93.5 9.6
Chives 200 172.9+11.7 86.5 6.8
2000 1698.8+100.6 84.9 5.9
50 41.1+3.4 82.2 8.1
Cucumbers 200 169.6+24.7 84.8 14.6
2000 2338+205.7 116.9 8.8
50 50.1+3.4 100.3 6.9
Tomatoes 200 210.845.6 105.4 2.6
2000 2346.7£116.5 117.3 5.0
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