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Abstract

The simultaneous determination of carbaryl and its metabolite 1-naphthol is essential for risk
assessment of pesticide exposure in agricultural and environmental samples. Herein, several
bispecific nanobodies (BsNbs) with different lengths of hydrophilic linkers and junction sites
were prepared and characterized for the simultaneous recognition of carbaryl and its metabolite 1-
naphthol. 1t was found that the affinity of BsNbs to the analytes could be regulated by controlling
linker length and linking terminal. Additionally, molecular simulation revealed that linker lengths
affected the conformation of BsNbs, leading to alteration in sensitivity. The BsNb with G4S
linker, named G4S-C-N-VHH, showing good thermal stability and sensitivity was used to develop
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a bispecific indirect competitive enzyme-linked immunosorbent assay (Bic-ELISA). The assay
demonstrated a limit of detection of 0.8 ng/mL for carbaryl and 0.4 ng/mL for 1-naphthol in
buffer system. Good recoveries from soil and rice samples were obtained, ranging from 80.0%

to 112.7% (carbaryl) and 76.5% to 110.8% (1-naphthol), respectively. Taken together, this study
firstly provided a BsNb with high sensitivity and efficiency against environmental pesticide and its
metabolite, and firstly used molecular dynamics simulation to explore the influence of linker on
recognition. The results are valuable for the application of immunoassay with high efficiency in
the fields of environment and agriculture.

Capsule: A highly sensitive bispecific nanobody against carbaryl and its metabolite 1-naphthol
was development, and the recognition with the influence of linker was explored via molecular
dynamics simulation and Bic-ELISA.

GRAPHICAL ABSTRACT
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1. Introduction

Carbaryl is a water-soluble carbamate insecticide that has a long residual period in the

soil, easily resulting in contamination of crops and food (Cwielag-Piasecka et al., 2021). It
possesses systemic toxicity, causing damage to all organs of the human body upon ingestion
(Ke et al., 2021). Compared to the 72.17% degradation rate in sterile soil, 59.0% carbaryl
was eliminated in non-sterile soil (Li at al., 2019). It is worth noting that carbaryl can
undergo photolysis or biodegradation by Micrococcus spp., resulting in the production of
1-naphthol and methylamine. 1-Naphthol is the main metabolites of carbaryl (Chen et al.,
2020), which would cause significant harm to human body through contact or accidental
ingestion (Chen et al., 2022). Currently, many countries and organizations have established
strict maximum residue limits for carbaryl in crops or soil, including China (1 mg/kg in
crops, No. 4.235) (GB2763-2021), USA (0.10 ppm, No. §180.169) (EPA, 2014), EU (0.5
mg/kg in barley, No. 0500010; 0.01 mg/kg in rice, No. 0500060) (EU, 2014) and IFS (1
mg/kg, No. 8) (CAC, 2004), while no specific maximum residue limits for 1-napthol had
been set. Recently, some researches had revealed the presence of carbaryl and 1-naphthol
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residues ranging from 100 to 600 ng/g in soils and vegetables (Mei-Liang Chin-Chen et

al., 2012). In addition, the real residues of carbaryl are approximately 4.77 mg/mL in fruits
(Shahdost-fard at al., 2021) and 20 ng/g in other crops (Ding et al., 2023). Hence, it is
necessary to tightly control the actual residue of carbaryl. Hence, it is necessary to tightly
control the actual residue of carbaryl. However, since a single test of carbaryl cannot capture
the true residue, a method that tests both the original pesticide and metabolites together is a
desirable approach.

At present, the detection of carbaryl and its metabolites mainly relies on instruments,

which are costly, require professional operators and have long turnaround times (Chen et
al., 2021). An alternative method for rapid detection is immunoassay based on antibodies
(Bhardwaj et al., 2020; Mills et al., 2022), which offers advantages of high sensitivity,
specificity and cost-efficiency. In 1993, heavy-chain antibodies naturally lacking light chain
were discovered firstly in camels (Hamers-Casterman et al., 1993). This discovery led to

the subsequent identification of nanobody, (Nb), the variable domain of the heavy-chain of
heavy-chain antibody (VHH) (Jia et al., 2020). Nbs possess several advantages, including
small molecular weight, high expression, and ease of functional modification. As a result,

it has been gradually applied in rapid detection of complex matrix samples (Bathula et

al., 2021). Building upon the success of nanobodies, bispecific nanobody (BsNb) with

two epitopes (Li et al., 2022) has been developed and can detect two different antigens
simultaneously, thereby improving detection efficiency (Segovia-de Los Santos et al., 2022).
Currently, bispecific antibody has been applied to the simultaneous detection, including
bispecific Nb produced by He, at al. (2021) and Zhao at al. (2020), bispecific monoclonal
antibody (BsmAb) constructed and used in ELISA by Wang, at al. (2016) and Hua, at al.
(2013), and BsmAb used in colloidal gold immunochromatographic strip that established by
Guo, at al. (2009). Nevertheless, they suffer from time consumption, high detection limits
or poor stability. Moreover, they were unable to identify any potential effects of the linker
on bispecific antibodies so that there is a lack of knowledge regarding the impact of linkers.
To mitigate these challenges, we proposed that BsNbs produced by genetic engineering with
linker could potentially overcome these defects and confer additional benefits.

With the aim to simultaneously determine carbaryl and its metabolite, 1-naphthol, we
constructed a BsNb based on the monomer research conducted in our previous work. It
turned out that the length of linker and its junction sites had a significant impact on

the affinity of the BsNb. Consequently, the purpose of this study is to further study the
comprehensive influence of the linker on affinity via combining experimental and molecular
simulation methods, and then discuss the stability of BsNb. Finally, an ELISA-based
simultaneous detection method was established to serve as a foundation for further studies
involving the relevant BsNbs.

Materials and methods

2.1 Materials and Instruments

Coating antigen (1-naphthol-BSA and carbaryl-BSA) were previously prepared in our
laboratory (Chen et al., 2022) and the laboratory of China Agricultural University,
respectively (Figure S1). The pComb3xSS vector with ampicillin resistance and a lactose
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promoter, which dissolved in sterile water, was gifts from Prof. Bruce Hammock (UC Davis,
California, USA). Absorbance was measured at wavelengths of 450 nm using a microplate
reader (Multiskan FC, Thermo Fisher, Shanghai, China). The circular dichroism spectra
were determined by Circular Dichroism (Applied Photophysics Ltd., UK). Other materials
and instruments were summarized at Supplementary Materials (SM).

2.2 Construction of BsNb Plasmid Vector

The commonly used short peptide linker (G4S)3 was preferentially selected for the
construction of two BsNbs, including (G4S)3-C-N-VHH and (G4S)3-N-C-VHH. The codon
of linkers had undergone a retooling, redesign and optimization. To explore the influence

on BsNbs, linkers with different lengths, including no linker, G4S, (G4S),, (G4S)3 and
(G4S)4, were designed as flexible linkers to construct the corresponding BsNbs. Next,

the VHH genes of BsNbs, along with the specific linkers and S# restriction sites, were
amplified by two rounds of PCR (Liu et al., 2022) with specific primers (Table S1). The first
round of amplification was performed to obtain the gene sequences of carbaryl-VHH and
1-naphthol-VHH. Then the ultimate target fragment was amplified in the second round of
PCR amplification by mixing the two target fragments. The optimum annealing temperature
(53-65 °C) for this step was explored. The resulting PCR product, approximately 800 bp,
was purified according to the DNA recovery verification. Finally, the purified PCR products
were purified again after digesting with S/ and subcloned into the pcomb3xSS using T4
DNA ligase (Fu et al., 2020). The reaction was allowed to proceed for at least 2 hours at 22
°C.

2.3 Expression and Purification of BsNb

After transforming the recombinant plasmid into £. coli DH5a, the colony PCR was
performed and the positive clones were sent for sequencing. When obtaining a monoclonal
strain with the correct sequence, the £. co/i BL21 (DE3) was transformed with recombinant
plasmid and the target protein was expressed in periplasmic cavity of £. co/iBL21 via
cultured in LB medium (seeing in SM). Then the protein in periplasmic lumen was extracted
by cold osmotic shock method. Briefly, the bacterial liquid was centrifuged (4 °C, 10000
rpm, 3 min only) to isolate bacteria and was dissolved in sucrose solution. After being
placed in =80 °C to freeze 2 h, the system was added distilled water to shaken for 1 h

(4 °C, 250 rpm) and taken out for centrifugation (4 °C, 10000 rpm, 3 min only). The
supernatant is the protein solution, which would be mixed with nickel filler at least 2 h to
prepare for purification. Then purified with Ni-NTA resin by using 200 mmol/L imidazole
in 0.01 mol/L PBS for elution. The specific procedures were shown in SM. Finally, the 12%
SDS-PAGE and western blotting were both applied to identify the resulting BsNb fusion
protein (Srinivasan et al., 2022).

2.4 Effect of Linkers

The effect of C/N-terminal ligation on BsNb was explored firstly to realize linking

terminal optimization. Then the better would be chosen to optimize the lengths of linkers.
Different lengths of short peptide sequences were selected as linkers for construction. Their
characteristics would be compared via enzyme-linked immunosorbent assay (ELISA) (Li
et al., 2021), including preparation of coating hapten, incubation of BsNb, combination
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of secondary antibody and color development with TMB. The specific details were
summarized at SM.

2.5 Model Building and Molecular Simulations

The structural model of the two BsNbs, G4S-C-N-VHH and (G4S)3-C-N-VHH, were

built via AlphaFold2 (Chen et al., 2018). The credibility of the proposed models was
evaluated using UCLA-DOE LAB-SAVES v6.0 (https://saves.mbi.ucla.edu/). To conduct
docking simulations, the molecular structures of carbaryl and 1-naphthol were retrieved
from the PubChem database (https://pubchem.nchi.nim.nih.gov/). The docking simulations
were performed using leadit-2.3.2-Linux-x64 (http://www.biosolveit.de/Leadl T/) with the
Enthalpy and Entropy (hybrid approach) ligand binding setting, while the other settings
remained default. The interaction forces between BsNbs and ligands were analyzed using
Open-Source PyMoL ™ and LigPlus. Then, the semi-flexible docking complexed containing
1-naphthol (ligand) and BsNbs were analyzed via molecular dynamics (MD) simulations
using GROMACS 2021.2 with the AMBER99SB-ILDN force field. MD carried out in

a triclinic box filled with TIP3 water molecules and periodic bounding conditions were
applied with a minimum distance of 1 A, setting 100 ns of the simulation time and 310 K of
simulation temperature.

2.6 Stability of BsNb

To assess different performances of BsNb, several stability performance indicators were
tested and discussed, including thermal stability (37-100 °C), acid-base tolerance (pH 1.4—
12.4) and organic solvent tolerance (10%, 20%, 30%, 40%, 50% of methanol, acetonitrile
and acetone). Comprehensive analysis was performed via combining ELISA and circular
dichroism for secondary structure determination in thermal stability identification (Fan et
al., 2018). Herein, we further set up variable temperature program (37-90 °C) to research
the detailed changes in sum of the valleys of secondary structure by circular dichroism,
measured in every 1 °C rise.

2.7 Optimization of Bic-ELISA and Recovery Test

For different conditions of Bic-ELISA (Hu et al., 2022; Liang et al., 2022), the most

critical parameters, including incubation temperature (4 °C, 25 °C, 37 °C and 50 °C)

and concentrations of coating hapten (1 ug/mL, 500 ng/mL, 250 ng/mL and 125 ng/mL),
was optimized in turns. The sensitivity of the assay was evaluated using the maximum
absorption value (Amax), half-inhibitory concentration (ICsp) and Amax/ICsgq. Then the
optimal conditions were used for recovery verification of real samples, including soil sample
(Gu et al., 2020) from farmland and grain rice. These samples were also evaluated by

liquid chromatography tandem mass spectrometry (LC-MS/MS) to assess the accuracy and
reliability of the proposed Bic-ELISA (Table S2). The specific details were shown in SM.
Finally, the recovery (RR, %) of the sample additions and the coefficient of variation (CV,
%) were calculated and analyzed. In a word, these protocols took at least one week to
complete from the construction of the assay to simultaneous recognition, while only took 2 h
from sample preparation to obtaining the detection results of carbaryl and 1-naphthol.
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3. Results and discussion

3.1 Construction, Expression and Identification of BsNbs

Generally, the specific binding between antigens and antibodies relies on their compatible
epitopes. For BsNb, when one epitope binds to an antigen, the other epitope remains
available to bind another antigen. However, the successful implementation of this dual-
recognition feature requires an appropriate connection method. Presently, several strategies
for BsNb construction have been reported, including short peptide linking (Wichgers
Schreur et al., 2020), natural hinge linking (Zhong et al., 2022), heavy chain transfer (Pekar
et al., 2020), loop composing (Fernandez-Quintero et al., 2022), and chemical linking (Chen
et al., 2022). For the construction of BsNbs, the short peptide linking strategy (Bai et al.,
2023) stands out due to its advantages of high stability, high solubility, high success rate, and
natural conformation folding. Therefore, we opted to constructed BsNbs using this linking
strategy. Considering that linker junction sites and lengths are critical factors affecting
antibody activity, this study aimed to investigate the impact of different linker lengths on
BsNbs. The detailed experimental process is outlined in Scheme 1.

The most commonly used short peptide linker (G4S)3 was preferentially selected to
construct the recombinant plasmid of (G4S)3-C-N-VHH and (G4S)3-N-C-VHH. The codons
of the linker used in this experiment contain a large number of G/C base pairs, which
significantly contribute to improving stability and expression. Then, short peptides with
different lengths, no linker/G4S/(G4S)2/(G4S)3/(G4S)4, were selected as flexible linkers for
the construction of BsNbs. The monomer VHH genes were amplified to construct BsNb
genes through overlap extension PCR and vector construction. The successful generation of
the two VHH genes can be confirmed via RT-PCR and nucleic acid electrophoresis, where
the molecular weight of the gene can be preliminarily determined based on the theoretical
molecular weight. Additionally, the PCR product could be sent for sequencing and then
aligned against a homologous sequence. Finally, antigen-antibody hybridization also can be
used to detect whether the target gene is producing and translating into protein. For the first
round of PCR, primers with different linkers were utilized to amplify the anti-carbaryl and
anti-1-naphthol VHH, resulting in the generation of DNA bands measuring approximately
400 bp (Figure 1a, b). Subsequently, the obtained VHH genes were employed in an overlap
extension process. The annealing temperature was optimized, and the results showed no
non-specific amplification (Figure S2a). Thus, the usual annealing temperature of 60 °C was
chosen for overlap extension PCR. This procedure yielded DNA bands of approximately 400
bp for the intermediate product and 800 bp for the overlap extension product (Figure 1c, d).
The latter was purified for the subsequent vector construction.

Enzyme digestion of the empty plasmid pcomb3xSS was performed after PCR amplification
and plasmid extraction. Gel purification yielded the target band of approximately 3600 bp
(Figure 1e). Following enzyme digestion of the target fragments, no significant changes
were observed due to the minimal difference in weight before and after digestion. After
enzyme ligation, the chemically competent cells £. coli DH5a were transformed with
recombinant plasmid. Both (G4S)3-C-N-VHH and (G4S)3-N-C-VHH were successfully
obtained with the correct sequence (Figure S2b, c). On the LB plate, only strains containing
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the G4S and (G4S)3 linkers showed monoclonal growth, while strains without a linker or
with (G4S), or (G4S)4 linkers exhibited difficulty in growth. Based on these results, the
codons composing the peptides were re-optimized, followed by re-running the experiment.
However, similar results were obtained, indicating the success of the enzyme digestion and
ligation processes. The observed preference for growth in strains containing G4S or (G4S)3
linkers may be attributed to the correct folding of the translated proteins. Performing colony
PCR on these monoclonal strains (Figure S2b), 5 samples showed an 800bp band (4 of G4S
and 1 of (G4S)3), and only 2 samples showed the correct protein sequence upon sequencing.
Notably, the protein fragment of G4S-C-N-VHH4 consisted of a total of 270 amino acids
(Figure S3), while (G4S)3-C-N-VHH contained 280 amino acids (Figure S2d).

Following the acquisition of the target plasmid, the expression of BsNbs was achieved

using the bacterial expression system. Subsequently, the expressed BsNbs were purified
using a nickel column. The expression yields of G4S-C-N-VHH and (G4S)3-C-N-VHH
were 10.13 mg/L and 8.45 mg/L, respectively (Figure S4a), which were higher than that

of (G4S)3-N-C-VHH (1.29 mg/L). This difference in yield may be due to the fact that
proteins with long linkers are easily influenced by proteases, leading to a reduction in
actual yield, while proteins with short linkers can overcome this influence. The molecular
weight of BsNb was approximately 35 kDa, as shown in Figure S4b. Whereas, there

were several other molecular weights of proteins present, which may be attributed to the
existence of other promoters. In general, the translation of proteins requires promoters. Since
pComb3xSS contains an additional promoter, it can result in the production an unexpected
protein with molecular weight of 25-30 kDa and fewer histidine (Figure S4b). When the
low-concentration imidazole dosage used for purification was insufficient, it would lead to
incomplete impurity removal. However, after washing impurities with the same amount of
imidazole, it was found that the molecular weight of the residual G4S-C-N-VHH hybrid
protein smaller compared to the others. This also indicated that the expression of this hybrid
protein in G4S-pComb3xSS was relatively low, which may be affected by the length of the
linker. Moreover, the expression of BsNb with a long linker was less than others, suggesting
that other proteins with smaller molecular weight were dominant. As a result, the target
protein band appeared slightly fuzzy. Nevertheless, the result of western blot in Figure S4c
showed that only the 35 kDa band existed binding specificity among all the protein. This
demonstrated the successful preparation of specific BsNb.

3.2 Effect of Junction Sites and Linker Length on Assay Sensitivity

Actually, the sequence order of fusion protein genes is very important. The N-terminal or
C-terminal of Nb is always involved in the formation of active sites. It is necessary to

avoid connecting these sites with other proteins to avoid affecting the function of the fusion
protein after expression. In this section, the sensitivity of (G4S)3-C-N-VHH/(G,4S)3-N-C-
VHH was evaluated (Figure 2a—c), and different ligation sites resulted in different nanobody
activities. The results in Figure 2b and ¢ showed that (G4S)3-N-C-VHH had better antigen
binding activity. Whereas, there was no significant improvement in sensitivity to carbaryl.

In contrast, the 1C5q values for (G4S)3-C-N-VHH were lower, indicating a 2-fold increase in
sensitivity to 1-naphthol. Based on these findings, (G4S)3-C-N-VHH was selected to observe
the effect of linker lengths.
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Normally, two protein fragments need to be joined by a proper peptide in order to reduce
steric hindrance. This may also be the main reason for the failure of plasmid construction
without linkers. As a matter of fact, the activity and stability of BsNbs largely depends

on the type/length of linkers, codons and metal ions. Among these factors, the amino

acid composition of peptide chain will affect the flexibility and hydrophilicity of the

linker, thereby affecting the functional activity. Notably, linkers with low electricity and
hydrophobicity, (G4S), possess great flexibility and can effectively separate the two protein
molecules. This allows the fusion protein to fold into its natural conformation and exhibit
proper protein activity. Additionally, glycine and serine are ionizable in water with strong
hydrophilicity, enabling the peptide segment to promote the stable existence of the protein in
an aqueous solution. Nevertheless, if the linker is too short, the decrease in steric hindrance
may not be significant, while if it is too long, the binding efficiency of BsNb to antigen may
be affected due to conformational changes, or even lead to misfolding and susceptibility

to protease hydrolysis. Hence, although the enzyme linkage results showed successful
vector construction (Figure 1e), the strain could not grow when the plasmids without a
linker/containing (G4S), and (G4S)4 were constructed in the same batch of recombinant
plasmids. This suggests that these three linkers were not conducive to strain growth or
protein expression. Thus, a further comparison of the binding activity was made between
G4S-C-N-VHH and (G4S)3-C-N-VHH (Figure 2d-f). From the results of Figure 2e, f,
G4S-C-N-VHH showed higher sensitivity to both carbaryl and 1-naphthol than (G4S)3-C-N-
VHH. It had lower IC5q values of 29.5 ng/mL and 6.5 ng/mL in buffer system, respectively,
and wider detection ranges. Based on this observation, we hypothesized that a five-residue
length linker would be more suitable for construction of BsNbs. To further investigate the
influence of linker length on the structure of BsNbs and the potential impact mechanism,
molecular simulation was performed.

3.3 Model building and Molecular Simulations

To gain insights into the structural differences between G4S-C-N-VHH and (G4S)3-C-N-
VVHH, 3-D models of both BsNbs were generated using AlphaFold2 (Figure S5a and b).

The models revealed that the C-chains of the two models largely overlapped, exhibiting
only one difference arising in C-CDR2. However, significant differences were observed

in the conformation of the N-chains. These conformational variances originated from the
linker, which differed in length, and subsequently affected the conformation of the N-chains.
Thus, it became evident that different linker lengths would influence the conformation of
BsNbs, primarily affecting the conformation of N-chains. To validate the credibility of the
two models, Ramachandran plot maps were obtained, showing that more than 95% of the
residues located within the allowed region (Figure S5c and d). In addition, the 3D-1D

scores for both BsNbs mostly exceeded 0.2, with 92.86%—-94.07% residues (Figure S5e).
These results affirmed the credibility of the models. Subsequently, molecular simulation was
conducted to explore the location of the binding pocket in different BsNbs.

The flexible pockets of functional proteins are usually active binding areas. Due to their high
flexibility, they can adapt to various insertion directions of ligands with different tightness,
thereby resulting in various docking results and binding energies. The optimal binding
conformation occurs when the small molecular ligand is in the mode that maximizes the
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binding energy, indicating the most stable binding conformation. Consequently, the docking
model with the maximum binding energy was selected for analysis based on the scoring
order by the software (Xiang et al., 2021). All the docking results above suggested that the
affinity of BsNbs to ligands was related to the docking region and the depth of the docking
pocket (Figure 3). Surprisingly, the caudal region of carbaryl inserted into the pocket on
C-CDR2 region of G4S-C-N-VHH, therefore, forming 3 shorter hydrogen bonds with the
Nitrogen and Oxygen atoms. The bond lengths of N-Ser52, O-Arg53 and O-Leu54 were
2.71 A, 2.21 Aand 2.15 A, respectively. However, the pocket formed by the C-CDR3
region of (G4S)3-C-N-VHH was notably larger and shallower. Theoretically, the expansion
of the protein pocket often leads to a looser combination with ligands and a decrease in
binding energy, resulting in extremely low affinity (Chen et al., 2018). Here, the docking
results indeed showed that it just formed 2 hydrogen bonds with Asp106 and Thr108, the
bond lengths of which were longer. Thus, G4S-C-N-VHH showed a stronger affinity to
carbaryl than (G4S)3-C-N-VHH. As for 1-naphthol, the adsorption sites of 1-naphthol for
BsNbs are mainly Oxygen atoms (Sun, 2023). Specifically, the Oxygen atom on benzene
ring formed a strong hydrogen bond (~2.15 A) with Cys175 in the N-CDR3 region of
G4S-C-N-VHH. Additionally, there were 12 hydrophobic interactions with amino acids
formed by 1-naphthol within a 4 A range. In contrast, the docking pocket formed by
N-CDR1 region of (G4S)3-C-N-VHH was noticeably shallower. This limits the interaction
of 1-naphthol with the surface, resulting in a relatively weak interaction force indicated by
a long hydrogen bond of approximately ~3.20 A. It can be speculated that the difference
in affinity for 1-naphthol between G4S-C-N-VHH and (G4S)3-C-N-VHH was influenced by
the linker length affecting the conformation. To further determine the stronger binding of
G4S-C-N-VHH to 1-naphthol, MD was performed, followed by calculation of the binding
free energy.

As shown in Figure S6, the ligand-receptor complexes reached an equilibrium state after

10 ns (G4S-C-N-VHH)/50 ns ((G4S)3-C-N-VHH) of MD simulation. Herein, the calculated
root-mean-square deviation (RMSD) values on binding region had fluctuated within the
range of 2 A, indicating a stable binding and dynamic equilibrium (Xiang et al., 2021).

The overall root-mean-square fluctuation (RMSF) value of G4S-C-N-VHH complex was
slightly lower than that of the (G4S)3-C-N-VHH complex (Figure S6b), suggesting that G,S-
C-N-VHH complex was more stable and had lower degrees of freedom (Xiang et al., 2021).
Furthermore, the smaller radius of gyration of the G4S-C-N-VHH (Figure S6c) complex
indicated a tighter binding between G4S-C-N-VHH and the ligand (Yang et al., 2019). The
free energy landscapes with the lowest energy point (the purple region) demonstrated that
the system had reached an equilibrium steady state (Figure S6e—f), indicating the credibility
of the simulation under this stability condition. Finally, the enthalpy change (4+) and Gibbs
free energy variation (AG) were further calculated from the MD simulation results (Table 1).

The (4G) of G4S-C-N-VHH complex with 1-naphthol was —67.953 kJ/mol, lower than that
of the (G4S)3-C-N-VHH complex (-44.184 kJ/mol), confirming that G4S-C-N-VHH binds
more tightly to the ligand and exhibits greater stability. Meanwhile, the lower Kivalue of
G4S-C-N-VHH indicated a stronger affinity for 1-naphthol. In conclusion, these results
suggested that G4S-C-N-VHH and 1-naphthol possess functional groups with stronger
interactions. Different linker lengths indirectly influence the affinity of BsNbs by affecting
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their conformation. The greater stability and sensitivity of G4S-C-N-VHH were further
demonstrated, justifying its selection for stability testing.

3.4 Stability of BsNb

Thermal stability of Nb is an important performance index storage stability. High thermal
stability of Nb also means that they are less affected by temperature changes, especially
temperature rise. Thus, improving thermal stability of nanobodies can prolong their storage
time at room temperature or higher temperature. It can also be used in samples that

heat treatment without the need for cooling, effectively maintaining their activity and
reducing processing time, thereby improving the utilization value. Inspired by the impact
of incubation temperature on the sensitivity of BsNb, further exploration was conducted to
understand the influence of different incubation time at different incubation temperatures.

As shown in Figure 4a, b, the A450 nm of BsNb obtained at 50 °C was close to

those obtained at low temperature, indicating that BsNb had a certain tolerance to high
temperature. Interestingly, it only took 20 minutes to reach equilibrium at 50 °C, albeit

with a slight decrease in sensitivity, whereas it took over 40 min at 4 °C to reach the

binding equilibrium. These results suggested a positive correlation between temperature

and binding affinity within 50 °C with a moderate increase in temperature promoting

the binding rate of nanobodies. Additionally, it was observed that the equilibrium time
required for incubation at higher temperature was shorter within a certain temperature range.
However, when the incubation temperature exceeded 30 min, the binding affinity decreased
to some extent. To further understand the temperature tolerance of BsNb, the protein
solutions were heated at different temperatures for 10 min, and the effect of temperature

on their secondary structure was explored using Circular Dichroism (Figure 4c). The circular
dichroism spectra showed a trough signal at 216 nm, indicating that the secondary structure
of BsNb remained unaffected when the temperature was below 50 °C. However, when the
temperature rose above 75 °C, the wave valley exhibited a slight upward shift, suggesting

a subtle change in the secondary structure with a decrease in the content of a-helix and

an increase in the content of anti-parallel chains. Notably, when the samples were treated

at 100 °C, a visible leftward shift in the trough occurred, accompanied by the appearance

of a signal at 215 nm, indicating significant structural changes in the protein. Furthermore,
we observed the detailed changes in the secondary structure at 216 nm with increasing
temperature to compare the thermal stability of each monomer with BsNb (Figure 4d).
Surprisingly, it was found that the secondary structure of BsNb remained relatively stable
when the temperature was increased up to 90 °C. In contrast, the monomers showed a
significant decrease in stability below 70 °C. The denaturation temperature of the carbaryl
nanobody was determined to be 60 °C, while that of 1-naphthol nanobody was 65 °C. These
findings indicated that the BsNb obtained in this work exhibited higher thermal stability,
maintaining its secondary structure up to 90 °C, which can be attributed to the crosslinking
of nanobodies by the linker, increasing the overall structure stability (Sun, 2023).

Through the organic stability test (Figure S7), it was observed that BsNb maintained its
binding activity in solvents containing no more than 10% methanol, 20% acetonitrile or
10% acetone solvent. Consequently, in sample pretreatment, it is important to combine with
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nitrogen drying to minimize the concentration of organic solvents. Regarding the effect of
pH values (Figure S8), different pH values had varying influences on the drug sensitivity of
BsNb. In most cases, the sensitivity of the Nbs tends to decrease under acidic or alkaline
conditions. However, in this experiment, the BsNb exhibited some advantages under acidic
or alkaline conditions, particularly in the detection of carbaryl or 1-naphthol, where its
sensitivity remained relatively stable under alkaline conditions (Figure S8). The specific
folding mode of BsNb may contribute to this phenomenon, though further investigation is
required to fully understand its underlying mechanism.

3.5 Optimization of Bic-ELISA and Sample Validation

Herein, we initially investigated the optimization of incubation temperature to enhance
sensitivity. The results (Figure S9) demonstrated a decrease in the antigen binding capacity
with the decreased in temperature, while the sensitivity to carbaryl/1-naphthol increased.
This may be due to the slowed binding speed of BsNb at lower temperatures, increasing the
opportunity for small-molecule drugs to bind. Additionally, the pocket cavity within BsNb’s
binding site may slightly shrink at lower temperatures, allowing small-molecule drugs to
more easily enter and bind to hapten with BSA. Notably, the BsNb maintained its monomer
binding activity with the 1Cgq values of 18.8 ng/g for carbaryl and 6.3 ng/g for 1-naphthol at
an incubation temperature of 25 °C. Considering cost-effectiveness, room temperature was
chosen for subsequent reactions. Regarding the optimization of coating hapten concentration
(Figure S10), the obtained Amax/ICsq values of different concentrations suggested that the
optimal reaction concentration was 250 ng/mL for both carbaryl or 1-naphthol.

Subsequently, soil samples from farmland and grain rice were selected for the detection
of carbaryl and 1-naphthol pollutants. The results of matrix effects (Figure S11) showed
that a 1:20 dilution with PBS for carbaryl and 1:40 dilution with PBS for 1-naphthol
analysis could effectively eliminate the matrix effects. The spiked sample extraction was
then measured by ic-ELISA under the established conditions. Moreover, the same spiked
sample extraction for carbaryl and 1-naphthol was also analyzed using HPLC-MS/MS
(Table S3). Finally, the LC-MS/MS detection limits obtained were 1.7 ng/g for carbaryl
and 1.3 ng/g for 1-naphthol. The RR of carbaryl and 1-naphthol in soil and rice using
ELISA ranged from 80.0 to 112.7% and from 76.5 to 110.8%, respectively, with a CV of
less than 15%. Additionally, the analysis results of the multianalyte ic-ELISA were in good
agreement with that from HPLC-MS/MS (Table S4).

Compared with other detection methods (Table 2), our BsNb demonstrated the ability

to recognize two antigens simultaneously while maintaining sensitivity. Although the
polyclonal antibody obtained by Sun (Sun et al., 2010) achieved a sensitivity of 0.3 ng/g
for carbaryl, its narrow detection limit restricts its practical applications. Moreover, its
cross-reactivity with 1-naphthol, with an 1Csq of 600 ng/g, indicates that its specificity is
not superior to other methods. Regarding 1-naphthol detection, the multianalyte ic-ELISA
developed in this study exhibited a lower detection limit, a wider linear range and excellent
thermal stability compared to the pAb-ELISA developed by Kramer (Kramer et al., 1994),
the fluorescent sensor by Qin and Yan (Qin and Yan, 2018), the mAb-ELISA by Chen
(Chen et al., 2020) and the Nb-ELISA by Chen (Chen et al., 2022). Overall, this work

Environ Pollut. Author manuscript; available in PMC 2024 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 12

provides valuable insights for the detection and related research of small molecules and
multiple analytes. However, further improvements are needed in terms of sensitivity and
simultaneous detection methods although the whole construction process is fast and easy to
operate. In the future, new detection methods of BsNb will continue to be researched to fully
exploit its advantages in molecular technology, especially the development of dual-channel
mix-and-read detection method like dual-channel fluorescence resonance energy transfer.
Furthermore, BsNb may potentially be used in chromatographic column to eliminate

the cross-interference from other drugs or for sample pretreatment, leveraging its high
specificity and stability.

4. Conclusions

In this work, we successfully demonstrated a reliable ic-ELISA based on the anti-carbaryl
and anti-1-naphthol BsNb fusion protein connected by a short peptide for the simultaneous
detection of carbaryl and 1-naphthol in soil and rice samples. The comprehensive effect

of the BsNb constructed with G4S was better than that of BsNbs constructed with other
lengths of short peptides. Molecular docking analysis revealed that linker lengths affected
the conformation of BsNbs, thereby influencing sensitivity. MD further confirmed the
lower binding free energy and higher affinity of G4S-C-N-VHH. Consequently, the BsNb
with G4S was chosen for performance identification and was found that retained better
antigen-binding capacity, showing good specificity under both acidic or alkaline conditions.
Additionally, the BsNb maintained comparable binding activity in organic solvents that did
not exceed 10% methanol, 20% acetonitrile or 10% acetone. In terms of thermal stability,
the BsNb showed high-temperature tolerance, with a denaturation temperature increased by
at least 20 °C compared to the monomers. Moreover, as the temperature decreased, the
antigen-binding activity of the BsNb showed no significant change, while the sensitivity
increased. Based on these results, the multianalyte ic-ELISA was successfully used to
analyze carbaryl and its metabolite 1-naphthol in real samples. The assay demonstrated
appropriate specificity, recovery, and accuracy in different seasons with varying temperature.
The results of proposed method showed a good correlation with those obtained by LC-
MS/MS.
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Highlights
1. Carbaryl and its metabolite 1-naphthol are harmful to environment and human
health.
2. Bispecific nanobodies were constructed to simultaneously recognize them.
3. The linker effect was firstly revealed via molecular simulation and ELISA.
4, It is valuable for immunoassay application in environment and agriculture.
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Figure 1.
Vector construction. (a-b) The first round of PCR amplification of target fragments with

(G4S)3-N/C genes and different linkers; (c-d) The second round of PCR amplification of
recombinant gene fragments with different junction sites and linker lengths; (e) The results
of enzyme digestion and ligation of empty plasmid and target genes.
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Effect of C/N junction sites and linker lengths on assay sensitivity. (a, d) Display of different

junction sites and linker lengths; (b-c) The effect of linker junction sites for BsNbs against
carbaryl and 1-naphthol; (e-f) The effect of different linker lengths for BsNbs against
carbaryl and 1-naphthol.
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Figure 3.
Molecular docking and interaction force analysis of G4S-C-N-VHH and (G4S)3-C-N-VHH

with carbaryl and 1-naphthol. (a) Molecular docking of G4S-C-N-VHH; (b) Molecular
docking of (G4S)3-C-N-VHH; (c) Interaction analysis between G4S-C-N-VHH and carbaryl;
(c) Interaction force between G4S-C-N-VHH and 1-naphthol; (e) Interaction force analysis
of (G4S)3-C-N-VHH.
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Figure 4.
Thermal stability of BsNb. (a-b) Equilibrium time of BsNb binding to antigen at different

temperatures; (c-d) Circular Dichroism results for thermal stability of BsNb.
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Scheme 1.
The diagram of BsNb construction and characterization.
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Table 1
Gibbs free energy parameters via MD.
System AH (kd/mol)  TAS(kJ/mol)  AG (kJ/mol) Ki (nM) Affinity
G4S+1-naphthol -72.179 -4.226 -67.953 1.245x103  Very strong
(G4S)3+1-naphthol -64.395 -20.211 -44.184 18.17 Strong
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Table 2

The comparison of ELISA detection methods for carbaryl or 1-naphthol.

Page 24

Ab Substrate  Sensitive antigen  1Cso (ng/mL) Li?ﬁ%;ﬂ'?ﬁ;]ge (nlaj?nDL) st;ﬂﬁ{ygb Reference
pAb TMB carbaryl ND ND 10 ND (Wang et al., 2005)
carbaryl/2% of
pAb T™MB cross reactivity to 1- 0.3/600 0.1-2 0.015 ND (Sun et al., 2010)
naphthol
ScFv-AP PNPP carbaryl 15 3.5-76 1.6 ND (He et al., 2019)
Nb TMB carbaryl 5.4 0.8-38 0.3 60 (Liuetal., 2019)
pAb TMB 1-naphthol 72 10-1000 10 ND (Kriimer et al., 1994)
mAb T™MB 1-naphthol 11.2 4.0-314 2.2 ND (Chen et al., 2020)
Nb TMB 1-naphthol 8.3 2.7-25.6 1.4 65 (Chen et al., 2022)
ALP-Nb pNPP 1-naphthol 7.6 0.5-107.8 0.1 ND (Chen et al., 2022)
BsNb  TMB Cﬁ;%"’;]%'éll' 18.8/6.3 e 0.8/0.4 90 This work
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