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Abstract

Tetrabromobisphenol A (TBBPA) is a flame retardant and has become widely concerning 

environmental pollutant. An ultra-sensitive nanobody based immunoassay was developed to 

monitor the exposure of TBBPA in sediment. First, the anti-TBBPA nanobody was fused with 

nanoluciferase, and then a one-step bioluminescent enzyme immunoassay (BLEIA) was developed 

with high sensitivity for TBBPA, with a maximum half inhibition concentration (IC50) at 187 

pg/mL. Though approximately 10-fold higher sensitivity can be achieved by thisdeveloped BLEIA 

than the classical two-step ELISA (IC50 at 1778 pg/mL), it is still a challenge to detect trace 

TBBPA in sediment samples reliably due to the relatively high matrix effect. To further improve 

the performance of this one-step BLEIA, a C4b-binding protein (C4BP) was inserted as a self-

assembling linker between the nanobody and nanoluciferase. Therefore, a heptamer fusion 

containing seven binders and seven tracers was generated. This reagent improved the binding 

capacity and signal amplification. The one-step heptamer plus BLEIA based on this immune-

reagent shows an additional 7-fold improvement of sensitivity, with the IC50 of 28.9 pg/mL and 

the limit of detection as low as 2.5 pg/mL. The proposed assay was further applied to determine 

the trace TBBPA in sediment, and the recovery was within 92~103%. Taking advantage of this 

heptamer fusion, one-step BLEIA can serve as a powerful tool for fast detection of trace TBBPA 

in the sediment samples.
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INTRODUCTION

Flame retardants were widely used as an additive in the manufacture of circuit boards, 

furniture textiles, and specialty papers. Tetrabromobisphenol A (TBBPA) is currently one of 

the world’s mostly used brominated flame retardants1. Because of its wide use and 

environmental contamination, potential human exposure, the toxicity of TBBPA has caused 

widespread concern2–4. Although it was banned in many countries, TBBPA is ubiquitous in 

the environment, including household dust, soil, water, sewage, sludge, and sediment5. 

TBBPA degrades slowly in the environment, and it can bioaccumulate in fish and aquatic 

invertebrates3. Thus the pollution of TBBPA in the environment is a serious problem that 

needs attention. Many analytical methods used to detect TBBPA, are traditional instrumental 

methods6, including liquid chromatography (LC) and LC-mass spectrometry (LC-MS)7. 

Instrumental methods are highly sensitive and selective, yet requires trained analysts, 

expensive instruments, and complicated sample pretreatments8–10. Alternatively, 

immunoassay based on antibodies against TBBPA is a simple and effective method for 

detecting TBBPA in a high-throughput manner11.

Recently, nanobodies have attracted much attention in the field of immunoassays for 

environmental monitoring12. It has been reported that through strict screening procedures, 

from immunized alpaca, phage display, biological panning, and finally expression in E. coli, 
nanobodies against TBBPA have been successfully isolated13. Compared with the classical 

polyclonal antibody-based immunoassay, immunoassay based on nanobodies shows 
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excellent, sensitive detection of TBBPA. Besides, nanobodies, as good bioengineering 

materials, can be fused with many reporter proteins14. For example, the anti-TBBPA 

nanobody has been successfully fused with an alkaline phosphatase fusion protein. One-step 

immunoassay based on this fusion protein has been developed to detect TBBPA in the 

urines15 and surface soil sample16. Nanobody and nanobody fusions are resistant to many 

organic solvents17, so it is feasible to extract the TBBPA in different matrixes with organic 

solvents and directly subject the extract to nanobody based immunoassay. However, for an 

environmental sample, like sewage, sludge, and sediment samples, those samples have a 

stronger matrix effect in immunoassays because many components may be co-extracted 

during sample preparation18. The extraction from these samples was usually treated with 

extra clean up procedure with solid-phase extraction (SPE) cartridge to eliminate the matrix 

effect prior to immunoassay analysis19. In our previous study, the extract of TBBPA in 

sediment after clean-up still needed extra 50-fold dilution prior to ELISA runs11. Indeed, the 

reduction of matrix interference is a challenge in an immunoassay for detection TBBPA in 

environment samples.

Since clean-up with SPE is costly, time-consuming, and also not suitable for high-

throughput, dilution with assay buffer directly was considered as a simple approach to 

reduce the matrix effect20. However, the limit of detection (LOD) in immunoassay is 

sacrificed in dilution, especially for complicated environment samples which 100-fold 

dilution may be needed21. Luckily, the loss of sensitivity during sample dilution can be 

compensated by changing the detection mode in the immunoassay. For example, changing 

from colorimetric to fluorescent detection could bring about 10-fold sensitivity 

improvement22. However, the fluorescent detection mode can raise the signal to noise 

problems due to auto-fluorescence and self-quenching. Recently, our group published a 

bioluminescent immunoassay based on a nanobody/nanoluciferase fusion, which was 

established to detect Aflatoxin B1 with a 20-fold improvement of sensitivity when compared 

with classical ELISA23. Another strategy to improve sensitivity in an immunoassay is the 

application of multivalent antibodies with improved affinity24. A variety of multivalent 

antibody engineering techniques have been developed, including chemical ligation25, fusion 

with self-polypeptide and heterodimer modules26. Nanobody, as a recombinant binder, is an 

excellent material for multivalent engineering techniques. It was reported that a nanobody 

linked to the B subunit of verotoxin could self-assembled to form pentamer27 and decamer 

molecules28. The coiled-coil peptide of human cartilage oligomeric matrix protein and 

ferritin were also applied to make a nanobody multimer, respectively, termed as combody29 

and fenobody30 with dramatically increased affinity. C4-binding protein (C4BP) is a spider-

like structure composed of seven a-chains, the amphipathic helices and two cysteine residues 

in the C-terminus of the C4BP have been extensively studied for their roles in 

polymerization31. C4BP has been reported to be suitable for the polymerization of the 

molecule when fused to various proteins32,33. Here, a novel platform to fuse nanobody at the 

N-terminal of C4BP and the nanoluciferase at the C-terminal of C4BP were proposed to 

create a bio-functional immune-reagent both as a high-affinity binder and a sensitive tracer.

In the present study, our goal was to develop multivalent nanobody based immunoassay, 

which is ultra-sensitive to allow at least 100-fold dilution in preparing complicated 

environment samples, which highly reduces matrix effect. Our data show that using 

Li et al. Page 3

Anal Chem. Author manuscript; available in PMC 2021 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monomer anti-TBBPA nanobody fused with nanoluciferase, the sensitivity of one-step 

BLEIA was 10-fold higher than that of classic two-step nanobody based ELISA. To further 

improve the sensitivity of the one-step BLEIA, the C4BP peptide was applied to assemble a 

heptamer of nanobody/C4BP/Nluc fusion. The one-step BLEIA using this novel immune-

reagent greatly improved the sensitivity and compensated the loss of sensitivity due to the 

dilution treatment of sediment samples.

MATERIAL AND METHODS

Chemicals and methods

The synthesis of haptens and the preparation of coating antigen were described in the 

previous studies13. The standard substance of TBBPA was bought from TCI Co., Ltd. 

(Tokyo, Japan). Most of the other chemicals like isopropyl-β-D-thiogalactopyranoside 

(IPTG), bovine serum albumin (BSA), and imidazole were obtained from Sigma-Aldrich 

Chemical Co. (St. Louis, MO, USA). Coelenterazine-H (CTZ-h) was purchased from 

NanoLight Technology Prolume Ltd. (Pinetop, AZ, USA). All restriction enzymes and T4 

DNA ligase were purchased from New England Biolabs, Inc. (Ipswich, MA, USA). HisPur 

Ni-NTA resin, B-PER, Halt protease inhibitor cocktail, and Nunc white flat-bottom 96 well 

plates were purchased from Thermo Fisher Scientific Inc. (Rockford, IL, USA).

Nanobody fused with nanoluciferase

According to our previous study, the best clone of anti-TBBPA nanobody (T15) was selected 

along with the best coating antigen T3-BSA. Plasmid pET-22b encoding nanoluciferase gene 

was developed in our laboratory described in the previous studies23. The gene for the T15 

nanobody carried by the pComb3X vector was amplified by PCR (primers in Table S1) and 

cloned into the nanoluciferase harboring pET-22b plasmid using complementary NcoI and 

BamHI restriction sites (Figure S1). The sequenced T15 nanobody/nanoluciferase (NB/

Nluc) plasmid was transformed to BL21 (DE3) by heat shock. After the induction of 

expression by 0.5 mM IPTG induction, the proteins were purified with Ni-NTA resin and 

eluted by 150 mM imidazole in PBS (0.01 mol/L phosphate, 0.137 M NaCl, 3 M KCl, pH 

7.4). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

employed to determine the size and purity of T15 NB/Nluc.

The procedure of two-step ELISA and one-step nanobody-Nluc based BLEIA

In this study, two formats of immunoassay were developed in a routine procedure. As shown 

in Figure S2, the indirect competitive two-step nanobody-based ELISA was developed in 

our previous work13 and carried out as follows. A microtiter plate was coated with T3-BSA 

coating antigen (1 μg/mL) overnight in coating buffer (pH 9.6). 3% skim milk in PBS (pH 

7.4) was used for blocking at ambient temperature for one hour. After washing with PBST 

(PBS containing 0.05% Tween-20), 50 μL of serial dilutions of TBBPA were added to each 

well, followed by 50 μL of the T15 nanobody. The concentrations of coating antigen and 

antibody were determined by checkerboard titration. After 1 h incubation, the plate was 

washed 5 times by PBST, and 100 μL anti-HA Mab-HRP was added to the well and 

incubated for 1 h at ambient temperature. The plate was washed 3 times with PBST. The 

TMB substrate solution was added before the plate was incubated at 37 °C for 7 min. The 
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reaction was terminated by the addition of 50 μL of 3 M H2SO4. The absorbance was 

measured with a Tecan 1000 plate reader (Tecan Inc., Research Triangle Park, NC) at 450 

nm. As shown in Figure S3, the one-step NB/Nluc-based BLEIA developed in this work was 

carried out as described below: the concentration of coating antigen and NB/Nluc was 

determined by checkerboard titration. The plate was coated with T3-BSA coating antigen 

(0.01 μg/mL) overnight and blocked with 3% skim milk for 1 h. After washing with PBST, 

50 μL of serial dilutions of TBBPA and 50 μL of the T15 NB/Nluc fusion protein were 

added to the plate per well. The plate was incubated at ambient temperature for 1 h and 

washed. The nanoluciferase activity was determined by addition of 100 μL of CTZ-h 

substrate (5 μg/mL in ethanol) in the luminescence assay buffer (pH 8.0, 10 mmol/L PBS 

containing 1% Tergitol NP-10, 0.25 mg/mL BSA, and 8.8 mmol/L EDTA-Na2). The 

bioluminescent signal was read in a Tecan 1000 plate reader in luminescence mode. Origin 

8.5 (OriginLab, MA, USA) was employed to generate the standard curve for both two-step 

ELISA and one-step BLEIA by taking the logarithm of the TBBPA standard concentration 

as the abscissa and the signal response as the ordinate with the four parameters logistic 

fitting formula.

Matrix effect and detection of TBBPA in sediment sample

The one-step immunoassay based on NB/Nluc was applied to the detection of TBBPA in 

sediment samples collected from the creek in the campus of University of California, Davis 

(38.54° N, 121.76° W). The sediment sample was collected with a 5 feet long, rigid plastic 

tube hollow in both ends. The tube was straightly inserted to the bottom of creek at least 0.5 

feet deep, and then the sediments were air-dried in the laboratory. The total of organic 

carbon (TOC) and pH of the sediment were determined as 110.52 ± 0.03 (g kg−1) and 7.11 ± 

0.01, respectively. Matrix effects of sediment samples were evaluated following a simple 

dilution protocol. Briefly, 1g dry sediment (TBBPA free confirmed by LC-MS/MS) were 

directly extracted with 5 mL water/methanol = 1/1 extraction solution, and then the 

extraction was diluted with assay buffers in 5, 10, 20-fold, respectively. The TBBPA 

standards were prepared by diluting the extraction solution into serial concentrations with 

the assay buffer and assay buffer only. One-step BLEIA based on the NB/C4BP/Nluc 

heptamer using these TBBPA standards was set up, and the standard curve between them 

was fitted and overlapped by the Origin 8.5 program to evaluate the matrix effect.

Construction of nanobody-C4BP-nanoluciferase plasmids

The gene encoding C4BP self-assembled peptide was synthesized according to the published 

protein sequence34. The C4BP peptide was designed as a bridge connecting two functional 

domains, nanobody and nanoluciferase. As shown in Table S2, a flexible linker 

“GSGGGGGGSGGGGSGGGGSGGGGSG” was inserted between nanobody with C4BP 

peptide, while another flexible linker “NSGGGSGGGTG” was inserted between the C4BP 

peptide and nanoluciferase. The heptamer NB/Nluc plasmid was constructed based on the 

plasmid frame pET-22b encoding T15 NB/Nluc gene. First, the gene encoding C4BP 

containing flexible linkers was amplified with PCR and flanked with BamHI/NotI using 

primers listed in Table S2. The plasmid was flanked with BamHI/NotI, and the C4BP PCR 

products were ligated in the flanked pET-22b vector by T4 ligase. After confirmation by 

sequencing, the fragment C4BP was inserted as a connector linked to two functional genes 
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to format a new fusion gene, named NB/C4BP/Nluc. The sequenced T15 NB/C4BP/Nluc 

plasmid was transformed into three E. coli hosts purchased from Millipore Sigma 

(Burlinton, US), including Tuner (DE3), BL21 (DE3), and Rosetta2 (Gami) by heat shock. 

The heptamer proteins were expressed and purified using the same procedure as that of the 

monomer proteins (NB/Nluc). The size and purity of T15 NB/C4BP/Nluc were determined 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) both in reduced 

and non-reduced condition.

Binding characterization of monomer and heptamer fusions

The T3-BSA coating antigen was prepared in 5-fold serial dilution with coating buffer 

(starting point at 1 μg/mL). The plate was coated with serial dilutions of T3-BSA overnight 

along with blank control without coating antigen and then blocked with 3% skim milk for 1 

h. To compare the binding activity of monomer and heptamer fusion, the concentrations of 

both fusion proteins were adjusted to 0.1 mg/mL, which was confirmed by nanodrop 

measurement. 100 μL per well of the diluted fusion protein was added to the plate coated 

with T3-BSA and incubated for 1 h. After the addition of 100 μL of CTZ-h substrate in the 

luminescence assay buffer in each well, the bioluminescence intensity was measured with 

Tecan 1000. The potency curve was fitted by plotting the luminescence signal response 

against the concentration of the T3-BSA with the Origin 8.5 program. The cut-off value was 

calculated as the concentration with the formula S/N>3.

The interactions between the two nanobody/nanoluciferase fusion proteins and the coating 

antigen T3-BSA was measured by Bio-Layer Interferometry (BLI) with Octet Qke system 

(Fortebio, Fremont, US). The coating antigen was biotinylated and loaded on the 

commercial steptavidin sensor. The two fusion proteins were diluted with binding buffer in a 

series of 4 concentrations (5, 10, 20, and 40  μg/mL, respectively). Individual sensors 

recorded the kinetic signals of serial dilution samples, including assay buffer as blank 

control. The association and dissociation phases were recorded for 185 and 300 s, 

respectively. The real-time interaction data were recorded with agitation at 1000 rpm during 

data acquisition, and individual binding curves were fitted using Octet data analysis software 

v9.0.

One-step BLEIA based on NB/C4BP/Nluc heptamer

The NB/C4BP/Nluc-based BLEIA was developed in the one-step mode: the concentration of 

coating antigen and NB/C4BP/Nluc was determined by checkerboard titration. The plate 

was coated with 100 μL T3-BSA coating antigen (0.002 μg/mL) overnight coating and 3% 

skim milk was added for blocking for 1 h. After washing with PBST, 50 μL of serially 

diluted TBBPA and 50 μL of T15 NB/C4BP/Nluc fusion protein per well were added to the 

plate. The plate was incubated at ambient temperature for 1 h and washed before 100 μL 

CTZ-h substrate (5 μg/mL) in the luminescence assay buffer was added. The bioluminescent 

signal was read in a Tecan 1000 reader in luminescent mode. The luminescence signal 

response was plotting against the logarithm of the standard concentration of TBBPA in 

logistic fitting formula with the Origin 8.5 program.
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Detection of TBBPA in sediment sample

For the recovery study, a series of TBBPA (0, 500, 1000, 1500, 3000, and 4000 pg) were 

spiked into the TBBPA free sediment (the dry weight is 1g). The samples were first gently 

shaken for 10 min in 5 mL water/methanol = 1/1 extraction solution. After centrifugation at 

10, 000 × g for 10 min, the supernatant was diluted with assay buffer and subjected directly 

to the one-step BLEIA based on both NB/Nluc and NB/C4BP/Nluc. The extraction solution 

was also subjected to LC-MS/MS method following the centrifugation at 3000 × g for 20 

min. The analysis by LC-MS/MS was carried out in Agilent HPLC and 4000 Qtrap mass 

spectrometer along with C18 column (Table S3).

RESULT AND DISCUSSION

Expression and identification of nanobody nanoluciferase fusion

Nanobody T15 against TBBPA was obtained from an immunized alpaca derived phage 

display library in our previous study13. Nanoluciferase, a small reporter protein (19 kDa), is 

a very efficient bioluminescent enzyme used in BLEIA frequently. It has been shown that 

nanoluciferase is easily produced in high yield in E. coli, making it a highly attractive fusion 

partner. In this study, the plasmid containing nanobody/nanoluciferase fusion gene was 

prepared by molecular engineering. The nanobody T15 and nanoluciferase were linked with 

a flexible linker (GGGGS)2 according to the sequencing result (Table S1). Following a 

standard routine, the E. coli harboring fusion gene was expressed and purified in a Ni-

affinity column chromatography. The yield of fusion was determined as 10 mg by weight 

from 1 L bacterial culture media. As shown in Figure S4, the NB/Nluc fusion protein is 

found as one dominant band of 40 kDa upon SDS-PAGE analysis, indicating the expected 

fusion protein has been obtained successfully.

The performance of one-step BLEIA compared with two-step ELISA

The NB/Nluc fusion is a bifunctional immunoreagent, which serves as a binder for 

recognizing the coating antigen and meanwhile a tracer to provide signal amplification in 

immunoassay. Thus, it is valuable for the development of one-step immunoassays. The 

classic two-step dc-ELISA based on nanobody T15 was also carried out to compare the 

sensitivity between parental nanobody and NB/Nluc fusion protein. Both the parental 

nanobody and the NB/Nluc fusion proteins showed excellent affinity to the coating antigens 

T3-BSA and inhibition by free TBBPA. Using the anti-HA-tag Mab HRP conjugated as the 

secondary tracer, two-step ELISA was applied for the detection of TBBPA with an IC50 of 

1778 pg/mL (Figure 1a). Meanwhile, NB/Nluc, served as binder and tracer, was applied to 

develop one-step bioluminescent enzyme immunoassay (BLEIA) along with the CTZ-h 

substrate (Figure S2). Due to the strong signal amplification effect on nanoluciferase/CTZ-h, 

the concentration of T3-BSA coating antigen was drastically decreased when optimized in 

checkerboard titration. The developed BLEIA was almost 10 times more sensitive than the 

classic two-step ELISA, with an IC50 of 187 pg/mL, and a limit of detection of 25.2 pg/mL 

(Figure 1b). Also, the NB/Nluc fusion-based one-step immunoassay reduced the time 

significantly to 1 h compared with at least 2 hours for the two-step ELISA.
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Matrix effect in the detection of TBBPA in sediment

Sediment samples were collected from an organic matter rich creek at the campus of the 

University of California, Davis. The sediment samples were dried and kept in a sealed 

container until use. The sediment samples were tested with LC-MS/MS to confirm the 

absence of TBBPA before the study of the matrix effect in BLEIA. Sediment (1g) was 

weighed before the addition of water/methanol = 1/1 extraction solution (5 mL). The sample 

was then sonicated for 20 min. Finally, the supernatant was obtained by centrifuging the 

samples for 15 min at 3000 × g. One of the most common sample pretreatment methods to 

minimize matrix effects on immunoassay is by the dilution of sample extracts with assay 

buffer. In this study, the extraction solution of sediment was diluted with assay buffer 10% 

methanol in PBS by different factors of 5, 10, and 20. This procedure of using methanol 

takes advantage of the solvent resistance of the reagents to minimize the binding of the 

lipophilic analyte to plastic plate. As shown in Figure 2, the maximum luminescence 

intensity was significantly reduced among sediment samples diluted by 5 and 10-fold, which 

indicated the strong matrix effect in sediment. The absence of matrix effect was evidenced 

by the similarity between calibration curved prepared in a diluted matrix compared to a 

calibration curve generated in the assay buffer. The standard curve of 20-fold diluted 

extraction almost overlapped with that of the assay buffer. Based on the results, a 20-fold 

dilution was chosen as an optimal dilution for the developed assay. In our study, the 

sediment sample was dissolved in 5 mL extraction solution and then diluted with assay 

buffer by 20-fold, resulting in a total of 100-fold dilution before performing the BLEIA 

assay. The developed BLEIA has a LOD of 25.2 pg/mL for the detection of TBBPA in assay 

buffer, meaning a LOD of 2520 pg/g for detection TBBPA in the sediment. Generally, 

dilution with assay buffer easily and effectively reduces or eliminates the matrix effect in 

immunoassays. However, at the expense of sensitivity, the developed BLEIA based on NB/

Nluc is not sensitive enough to detect trace TBBPA in sediment.

Expression and characterization of nanobody/C4BP/nanoluciferase fusion

The affinity of the binder is a key factor for sensitivity in an immunoassay. Some reports 

have already pointed out that the application of multivalent antibody can increase antibody 

avidity and the corresponding sensitivity of immunoassay24. In the present study, the 

nanobody against TBBPA was fused to the N-terminal of the C4BP peptide, while 

nanoluciferase was fused the C-terminus of C4BP. The designed C4BP gene was inserted in 

the current vector containing the NB/Nluc gene by special primers listed in Table S2. 

Following the general protocol, this novel heptamer containing two functional domains was 

expressed in three different E. coli hosts, including Tuner (DE3), BL21 (DE3), and Rosetta2 

(Gami). As shown in Table S2, there are two cysteines in the protein sequence of C4BP, and 

the cysteines could form disulfide bonds for crosslinking of each C4BP peptides in the 

heptamer. We assumed that the protein would self-assemble into NB/C4BP/Nluc heptamer 

by disulfide bond linkage during expression in E. coli. To analyze the multivalency of NB/

C4BP/Nluc, SDS-PAGE was run under non-reducing conditions, in which the upper band 

indicated that the heptamer migrated with a very large molecular mass of about 300 kDa 

(Figure 3). Meanwhile, running SDS-PAGE under reducing condition in the presence of 10 

mM DTT caused the heptamer to fall apart to about 45 kDa, the size of the monomer. It 

indicated that the heptamer scaffold was assembled with intermolecular disulfide bonds, 
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which could make the heptameric core structure (C4BP) more stable during the storage31. 

As shown in Figure 3, the expression in three E. coli hosts was slightly different, Rosetta2 

(Gami) gave the highest yield of heptamer among the three hosts. According to the 

manufacturer’s protocol, this host strains combine the advantages of Rosetta 2 and Origami 

2 strains to alleviate codon bias and enhance disulfide bond formation when heterologous 

proteins are expressed in E.coli. This feature benefits the formation of heptamer by 

crosslinking the intermolecular disulfide bonds in C4BP, so the heptamer expressed in this 

host strain was used for subsequent characterization and assay development. The 

interactions of monomer NB/Nluc and NB/C4BP/Nluc heptamer with T3-BSA coating 

antigen were studied with a Bio-Layer Interferometry (BLI) (Figure S5). Both NB/Nluc and 

NB/C4BP/Nluc heptamer specifically recognized T3-BSA coating antigen immobilized on 

the sensor, the equilibrium dissociation constant KD was determined around 1.27 × 10−7 M 

and 1.07 × 10−8 M, respectively (Table 1), with a good fit quality (R2 > 0.95). It 

demonstrated that the avidity of NB/C4BP/Nluc heptamer was increased by almost 10 fold 

over that of the NB/Nluc monomer. These results showed that the fusion between nanobody 

and the N-terminus of C4BP peptide enhances the affinity of the nanobody remarkably.

One-step BLEIA based on nanobody nanoluciferase heptamer fusion

The NB/C4BP/Nluc heptamer and NB/Nluc were both able to bind to T3-BSA immobilized 

on the sensor in the BLI test. To compare their performance in immunoassay, two nanobody/

nanolucifease fusions were applied to detect a series of diluted coating antigen T3-BSA 

coated on the plate. The potency curve was fitted by plotting the luminescence signal 

response against the concentration of the T3-BSA. The cut-off value in the potency curve 

was calculated as the concentration with the formula S/N>3. As shown in Figure 4, the NB/

C4BP/Nluc heptamer fusions showed higher sensitivity with the cut-off of 40 ng/mL T3-

BSA, while the cut-off is about 400 ng/mL T3-BSA for monomer NB/Nluc. The results 

proved that heptamer is a stronger binder against T3-BSA than the monomer. This may be 

related to the affinity improvement because of multivalent binding interaction, and also to 

the multivalent tracer, which enlarged the signal amplification. The assay concentration of 

coating antigen and NB/C4/Nluc were optimized by checkerboard titration, in which the 

concentrations of both reagents decreased gradually. As shown in Figure 5, one-step BLEIA 

based on NB/C4BP/Nluc was found to be ultra-sensitive to detect trace level of TBBPA, 

with IC50 of 28.9 pg/mL and LOD of about 2.5 pg/mL in assay buffer. The sensitivity of 

one-step BLEIA based on heptamer NB/C4BP/Nluc had been improved almost 7-fold 

compared with that on monomer NB/Nluc (IC50 of 187 pg/mL).

As proof of the concept, the C4BP as a linker can be used to generate NB/C4BP/Nluc 

heptamer fusion, in contrast, the traditional “(GGGGS)2” linker could only generate NB/Nlu 

monomer fusion. This novel design integrated seven nanobody binders and seven tracers for 

developing an improved bioluminescence immunoassay on the first try. In our previous 

study, the same nanobody was fused with alkaline phosphatase (AP), which form a dimer 

NB-AP fusion15. The reported ELISA based dimer fusion have IC50 of 200 pg/mL, it is less 

sensitive than BLEIA based on heptamer fusion and even the monomer fusion. In 

conclusion, the BELIA based on heptamer NB/C4BP/Nluc fusion demonstrated the best 
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sensitivity among other reported immunoassay for TBBPA. Thus, it could serve as an 

ultrasensitive assay to detect the trace TBBPA in the complicated matrix.

Detection of TBBPA in sediment

BLEIA based on heptamer NB/C4BP/Nluc was performed to analyze TBBPA in the spiked 

sediment samples to evaluate the reliability of the method. Before the spiking and recovery 

study, undetectable TBBPA in the sediment sample was supported by LC-MS/MS analysis. 

Five doses of TBBPA (500, 1000, 1500, 3000, and 4000 pg) were spiked into 1 g dry 

sediment samples. The sediment sample was extracted with 5-fold volume solution and 

diluted with assay buffer in 20-fold, which has been shown as an effective method to 

eliminate matrix effect in immunoassays. The diluted extracts were subjected to the BLEIA 

based on both NB/Nluc and NB/C4BP/Nluc and also measured by LC-MS/MS for 

validation. In this work, the bioluminescent detection mode showed significant advantages in 

terms of sensitivity in comparison with conventional colorimetric techniques. The NB/Nluc 

fusion and NB/C4BP/Nluc both demonstrated excellent sensitivity in the detection of trace 

TBBPA in sediment. As shown in Table 2, a sensitive BLEIA based on an NB/Nluc fusion 

protein could be applied to detect trace TBBPA as low as 3000 pg/g in sediment samples. 

However, trace TBBPA 500 pg/g in sediment samples could not be detected by BLEIA 

based on the NB/C4BP/Nluc reagent. Because of the complex of multivalent binder and 

tracer, the LOD of heptamer BLEIA was nearly 7 times lower than that of the monomer 

BLEIA. The high sensitivity of heptamer BLEIA overcomes the negative impact of dilution 

on the sensitivity. Even with 100-fold dilution in the sediment sample, as low as 500 pg/g 

TBBPA in sediment was still detectable by BLEIA based on heptamer fusion. The average 

recoveries for BLEIA ranging from 92 to 103 %. The results were also highly consistent 

with that detected by traditional LC-MS/MS, indicating that the developed one-step BLEIA 

is reliable, accurate, and reproducible. Therefore, it can be utilized as an important tool for 

the detection TBBPA in sediment samples.

CONCLUSION

To monitor trace level of TBBPA in sediment, we developed an ultra-sensitive BLEIA based 

on an anti-TBBPA nanobody in a different fusion format. First, the nanobody was fused with 

nanoluciferase. The resulting one-step BLEIA based on this dual-functional reagent greatly 

improved the sensitivity compared with the classic two-step ELISA. To further enhance the 

sensitivity of the one-step BLEIA, an assemble peptide was applied to form a nanobody/

nanoluciferase heptamer. Due to its great binding capacity and signal amplification, this 

novel dual-functional reagent resulted in a huge enhancement of sensitivity in one-step 

BLEIA. The proposed assay was further applied in the detection of trace TBBPA in 

sediment sample and the recovery rate was within 92~103%, which indicated it is an 

efficient tool in environmental monitoring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Two-step ELISA standard curve based on nanobody and anti-HA Mab-HRP tracer (a) and 

one-step BLEIA standard curve based on difunctional nanobody/nanoluciferase (b).
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Figure 2. 
Matrix effect of sediment sample in BLEIA based on NB/Nluc including 4 standard curves 

of extracted solution tested in different dilutions (5, 10, 20-fold and assay buffer).
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Figure 3. 
SDS-PAGE analysis of expression of the fusion protein. Lane marker: spectrum multicolor 

broad-range protein ladder. Lanes 1~3: whole-cell extract of 3 E. coli hosts under induced 

conditions in the presence of 10 mM DTT. Lanes 4~6: whole-cell extract of 3 E. coli hosts 

under non-induced conditions in the absence of DTT. Lane 1 and 4: Tuner (DE3); Lanes 2 

and 5:BL21 (DE3); Lanes 3 and 6: Rosetta 2 (Gami).
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Figure 4. 
Potency test (S/N ratio) of monomer NB/Nluc and heptamer NB/C4BP/Nluc. S represents 

the bioluminescent signal in the presence of coating antigen and N represents the signal in 

the absence of coating antigen.
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Figure 5. 
Standard curve of one-step BLEIA based on heptamer binder/tracer.
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Table 1.

KD value of NB/Nluc monomer and NB/C4BP/Nluc heptamer determined by BLI against the immobilized 

coating antigen on the sensor.

Sample Response KD (M) Kon (1/Ms) Kdis (1/s) R2

Monomer 0.1567 1.27E-07 7.37E+03 9.34E-04 0.9879

Heptamer 0.2225 1.07E-08 9.42E+04 1.01E-03 0.9884
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Table 2.

The detection of spiked TBBPA in sediment samples with developed monomer BLEIA (monomer) and 

BLEIA (heptamer) compared with LC-MS/MS.

Spiked (pg/g)
BLEIA (Monomer) BLEIA (Heptamer) LC-MS/MS

Found (pg/g) Recovery (%) Found (pg/g) Recovery (%) Found (pg/g)

4500 4298 ± 176 96 4175 ± 61 93 4255 ± 213

3000 2837 ± 95 95 2901 ± 99 97 2921 ± 87

1500 ND / 1421 ± 32 95 1326 ± 69

1000 ND / 1028 ± 79 103 1089 ± 40

500 ND / 462 ± 24 92 453 ± 18

0 ND / ND / ND
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