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Abstract

Variable domain of heavy chain antibody (nanobody, Nb) derived from camelids is an efficient 

reagent in monitoring environmental contaminants. Oriented conjugates of Nbs and bacterial 

magnetic particles (BMPs) provide new tools for the high-throughput immunoassay techniques. 

An anti-tetrabromobisphenol-A (TBBPA) Nb genetically integrated with an extra cysteine residue 

at the C terminus was immobilized onto BMPs enclosed within the protein membrane, using a 

heterobifunctional reagent N-succinimidyl-3-(2-pyridyldithiol) propionate, to form a solid BMP-

Nb complex. A rapid and sensitive enzyme-linked immunosorbent assay (ELISA) based on the 

combination of BMP-Nb and T5-horseradish peroxidase was developed for the analysis of 

TBBPA, with a total assay time of 30 min and a half-maximum signal inhibition concentration 

(IC50) of 1.04 ng/mL in PBS (pH 10, 10% methanol and 0.137 moL/L NaCl). This assay can even 

be performed in 100% methanol, with an IC50 value of 44.3 ng/mL. This assay showed 

quantitative recoveries of TBBPA from spiked canal water (114–124%) and sediment (109–113%) 

samples at 1.0–10 ng/mL (or ng/g (dw)). TBBPA residues determined by this assay in real canal 

water samples were below the limit of detection (LOD) and in real sediments were between < 

LOD and 23.4 ng/g (dw). The BMP-Nb based ELISA shows promising application in 

environmental monitoring.
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Introduction

Environmental management requires use of rapid and economical assays. Immunomagnetic 

assays refer to as identification and measurement of the target analytes via capture 

antibodies immobilized onto the surface of magnetic particles. The three-dimensionality and 

the high surface-area-to-volume ratio of the magnetic particles allow a relatively high 

probability of their interaction with targets, and consequently increase the assay efficiency in 

comparison with conventional enzyme-linked immunosorbent assays (ELISAs). The simple, 

rapid and innocuous nature of immunomagnetic assay techniques enables them widespread 

use in life and environmental sciences [1–3].

Magnetotactic bacteria, present in natural aquatic environments, are a group of gram-

negative prokaryotes that biomineralize intracellular, lipid membrane-enclosed crystals of 

magnetic minerals called magnetosomes, also known as bacterial magnetic particles (BMPs) 

[4, 5]. BMPs are generally composed of single-domain ferrimagnetic iron oxide (magnetite, 

Fe3O4) or iron sulfide (greigite, Fe3S4) crystals which exist mainly in cub octahedral, 

elongated prismatic, and bullet-shaped morphologies [6]. BMPs have been studied for a 

wide variety of applications on the basis of their special characteristics such as nanoscale 

size (30–120 nm), dispersal ability, and membrane-bound structure [7]. An abundance of 

amino groups on the membrane of BMPs can be coupled to large quantities of bioactive 

substances such as antibodies [8–10], enzymes [4], antitumor drugs [11], and nucleic acids 

[12]. Since certain strains of magnetotactic bacteria can be fermented on a large scale, BMPs 

could provide economical and effective materials for immunomagnetic assays [13].

Antibodies linked to BMPs have higher activities than those immobilized onto synthesized 

magnetic particles [10, 14]. The coupling was achievable through the reaction between -NH2 
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groups on the membrane of BMPs and -NH2 or -SH groups of the antibodies in the presence 

of bifunctional reagents such as glutaraldehyde [11], carbodiimide [15], 

bis(sulfosuccinimidyl)suberate (BS3) [16] and N-succinimidyl-3-(2-

pyridyldithiol)propionate (SPDP) [17, 18]. Monoclonal antibodies (mAbs) were commonly 

applied to couple BMPs through their most reactive amine groups using glutaraldehyde or 

BS3. However, this coupling may lead to the cross-link of the amine groups on the 

membrane and the random orientation of mAbs, so that a loss of recognition activity could 

happen [19]. Alternatively, an anti-E. coli mAb was immobilized onto BMPs in a site-

directed way using a heterobifunctional reagent SPDP [17]. Nevertheless, reduction of 

antibodies was required in the presence of dithiothreitol which may reduce the antibody 

binding activity.

Advancements in the production of genetically engineered antibodies, including single-chain 

variable fragment (scFv) and variable domain of heavy chain antibody (VHH or nanobody 

(Nb)), over the last few decades have opened new avenues for the incorporation of 

functionalities and tags for numerous applications, such as detection, purification, 

conjugation and immobilization purposes [20, 21]. Camelid Nbs are well known having a 

number of advantages such as small size, high solubility, high thermal stability and cost-

effective production. They were genetically modified for bioanalytical applications, e.g., as 

capture reagents in biosensors and affinity chromatography [22, 23]. In a Nb-based 

diagnostic study, Nbs specific for carcinoembryonic antigen (CEA) were tagged with 

quantum dots through an additional cysteine (Cys) residue integrated within the C terminus 

of the nanobodies, allowing for the excellent specificity of flow cytometry quantitative 

discrimination of CEA positive and negative tumor cells [24]. Combination of Nbs and 

BMPs in biotechnological application was scarce and limited to a study on magnetosome-

specific expression of a red fluorescent protein (RFP)-binding Nb in vivo, accomplished by 

genetic fusion of Nb to the magnetosome protein MamC in magnetotactic bacteria [25]. The 

isolated magnetosomes expressing MamC-Nb was used for immunoprecipitation of RFP-

tagged proteins and their interaction partners from cell extracts.

Owing to the easy manipulation of both BMPs and Nbs, combined use of these materials 

might provide a valuable tool for monitoring environmental chemicals. As a proof of 

concept, in the present study we developed a small, stable, and specific BMPs with oriented 

conjugation of Nbs for the rapid and sensitive detection of tetrabromobisphenol-A (TBBPA) 

in water and sediments. TBBPA is a currently intensively used brominated flame retardant 

showing widespread environmental and human exposures. Due to its high lipophilicity and 

persistence, TBBPA could be detected in wastewater [26], fresh surface water [27, 28] and 

sediments [29].

Material and methods

Chemicals and Reagents

The TBBPA standard was purchased from TCI Co., Ltd. (Tokyo, Japan). Ring-13C12 labeled 

TBBPA (99% purity) was obtained from Cambridge Isotope Laboratories, Inc. (Andover, 

MA). Isopropyl-β-D-thiogalactopyranoside (IPTG), 3,3’,5,5’-tetramethylbenzidine (TMB), 

p-nitrophenyl phosphate (pNPP), imidazole, alkaline phosphatase (AP), horseradish 
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peroxidase (HRP) and SPDP were purchased from Sigma-Aldrich Chemical Co. (St. Louis, 

MO, USA). All restriction enzymes and T4 DNA ligase were purchased from New England 

Biolabs, Inc. (Ipswich, MA). HisPur Ni-NTA resin, Halt protease inhibitor cocktail, and 

Nunc MaxiSorp flat-bottom 96-well plates were purchased from Thermo Fisher Scientific 

Inc. (Rockford, IL). Competent cell E. coli DH5α and pClone007 Simple Vector were 

purchased from Tsingke Biological Technology Lt. (Beijing, China).

Preparation of BMPs

BMPs were isolated from bacteria Magnetospirillum gryphiswaldense strain MSR-1 (DSM 

6361) and then purified according to the methods described previously with slight 

modification [16]. Briefly, approximately 10 g bacteria suspended in 200 mL of phosphate 

buffered saline (PBS, 0.01 moL/L phosphate, 0.137 moL/L NaCl, and 0.003 moL/L KCl, pH 

7.4) were disrupted by sonication for 25 min (10 s each, 50 cycles with 5 s interval) at 200 

W. Afterwards, the suspension of BMPs was magnetically separated by using a strong 

magnet and then the supernatant was removed. The separated BMPs were re-suspended in 

PBS and sonicated for 15 min at 3 s/time with the interval of 5 s at 120 W to lyse MSR-1 

cells. The suspension was placed on the magnet to separate the BMPs. The procedure was 

repeated twice with the power changing to 80 W and 40 W, respectively, until the 

concentration of supernatant protein was less than 0.1 ng/mL. After washing with PBS 

buffer five times, BMPs were collected and kept at −70°C until use. The purity and size of 

BMPs were assessed by transmission electron microscopy (TEM) (JEM-1400, Japan; CCD: 

Gatan 832, 4k×3.7k, USA). The hydrated radii, zeta potentials and polydispersity of BMPs 

were analyzed by a zeta potential analyzer (Brookhaven Instruments Corp., Long Island, 

NY).

Construction of Recombinant Plasmid and Expression of Nb-Cys

The anti-TBBPA Nb (T3–15) was isolated from an immunized alpaca library as previously 

described [30]. The primers 5’-CAAGCTTCAGTTGCAGCTCGTGGAGTC-3’ and 5’-

CCGAGCTCTCAACAATGTGATGGTGATGATGGTCTTG-3’, including Hind III and Xho 
I restriction site underlined, were used to clone the target Nb gene, and an extra C-terminal 

cysteine residue following 6×His tag was introduced simultaneously, yielding a Nb-6His-

Cys fragment. After purification, the fragment was cloned into a pClone007 Simple Vector 

and transformed into the competent cell E. coli DH5α. After sequence, the target fragments 

were cloned into pET29a digested by the same enzymes, resulting in recombinant plasmids 

pET29a-Nb-Cys, and introduced into E. coli BL21(DE3)pLysS. A single positive colony 

was cultured at 37°C in 1 L of Luria-Bertani (LB) liquid medium supplemented with 

kanamycin (50 μg/mL) until the OD600 reached 0.5, and then induced by adding IPTG at a 

final concentration of 1.0 mmoL/L for 8 h. After harvesting the cells by centrifugation 

(8,000×g, 15 min, 4°C), the pellets were lysed by sonication (10 s each, 10 cycles with 5 s 

interval) in ice water bath. After another centrifugation (10,000×g), the supernatant of lysate 

was collected. Proteins were purified with a Ni-NTA column. The purity and size of proteins 

were analyzed on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE).
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Oriented Immobilization of Nbs onto BMPs

An aliquot of 2.5 μL of SPDP dissolved in dimethyl formamide (1 mM) was added to 1 mL 

of BMPs suspension (10 mg/mL) in PBS (pH 7.4). The suspension was then dispersed by 

sonication and incubated for 2 h at room temperature. The SPDP-modified BMPs were 

washed with PBS for three times and then incubated with Nb-Cys solution for 2 h at room 

temperature. The concentration of Nb-Cys in the solution was evaluated by using a BCA 

protein assay kit (Pierce, Rockford, IL) before and after immobilization, and the quantities 

of Nb-Cys immobilized on BMPs were calculated. The constructed BMP-Nb complexes 

were washed three times with PBS (pH 8.0) to remove nonspecifically adsorbed antibodies. 

BMP-Nb was identified by a Western blotting analysis. The bands of BMP-Nb complexes on 

a SDS-PAGE gel were transferred onto a nitrocellulose membrane by electroblotting and 

blocked with 1% BSA overnight at 4°C. Diluted mouse anti-His mAb was used as primary 

antibody (1:25,000, v/v) incubated with the membrane under gentle agitation for 1 h at room 

temperature. The membrane was rinsed to remove unbound primary mAb and then placed in 

a solution of secondary antibody (goat anti-mouse IgG labled with AP) for 1 h at room 

temperature. After washing three times with PBST (PBS containing 0.05% Tween-20), the 

reactivity was detected by 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium 

to generate a precipitate in proportion to the amount of protein.

To optimize the linkage of Nb-Cys to BMPs, a variable quantity of Nb-Cys (0.2, 0.5, 1.0 and 

1.2 mg) was mixed with 1 mg SPDP-modified BMPs in 1 mL of PBS and incubated for 

different time (30, 60, 90, 120 and 150 min). The Nb-Cys concentration in the solution 

before and after reaction was measured and the linkage rate was calculated as the method 

reported by Li et al. [16].

Coupling TBBPA Derivatives to Enzymes

TBBPA haptens T3 and T5 (see Electronic Supplementary Material (ESM) Fig. S1) 

available from our previous study [31] were coupled to HRP and AP according to the 

method reported by Schneider and Hammock [32]. The concentrations of hapten-enzyme 

conjugates, termed as tracers, were determined by the BCA protein assay.

BMP-Nb Based ELISA for TBBPA

A 96-well microtiter plate was blocked with 1% gelatin (300 μL per well) in carbonate-

bicarbonate buffer (pH 9.6) at 4°C overnight and washed with PBST. The BMP-Nb 

complexes were blocked with 1% gelatin overnight and the BMP-Nb suspension was added 

to the blocked plate above (100 μL per well). This plate was fastened to a 96-well magnetic 

frame and washed three times with PBST. Two assay formats, defined as one- and two-step, 

were conducted for the detection of TBBPA. For one-step, an aliquot of TBBPA and tracer 

in PBS (each 50 μL) were added to the well holding BMP-Nb and the mixture was incubated 

on an oscillator (150 rpm/min) for 30 min without magnet. The plate was washed three times 

with PBST as above. For two-step, 50 μL of TBBPA solution was added to the well with 

BMP-Nb and incubated for 10 min, followed by the addition of 50 μL of tracer. After 

another 5 min incubation, the plate was washed. For AP and HRP activity, 150 μL of 1.0 

mg/mL pNPP (1 M glycine buffer, 1 mM MgCl2, and 1 mM ZnCl2, pH 10.4) and 100 μL of 

TMB solution (400 μL of 0.6% TMB and 100 μL of 1% H2O2 dilution in 25 mL of citrate 
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buffer, pH 5.5) were added into the plate, and the reaction was stopped 8 min later by the 

addition of 50 μL of 3 M NaOH and 2 M H2SO4, respectively. The absorbance was read at 

405 and 450 nm on a microtiter plate reader (ELx800, BioTek, USA) for AP and HRP, 

respectively. The half-maximum signal inhibition concentration (IC50), an indicator of the 

assay sensitivity, and the limit of detection (LOD), denoted as IC10, were obtained from a 

four-parameter logistic equation generated by SigmaPlot 10.

Effects of pH, Organic Solvent and Ionic Strength on ELISA

To evaluate the effects of physicochemical factors on ELISA (maximal signal A0 and IC50), 

this assay was performed in PBS with various pH (3.0–11.0), different concentrations of 

methanol (MeOH) (5–100%, v/v) and different concentrations NaCl (0–2.188 moL/L). 

Except for the single variable, the rest of the PBS conditions was as follows: pH 7.4, 0.01 

moL/L phosphate, 0.137 moL/L NaCl, 0.003 moL/L KCl, and 10% MeOH.

Sample Analysis and Validation

Water and sediment samples were collected from the Xiao Qing He canal in Beijing, China. 

Sediments were lyophilized, ground, and sieved through a 20-mesh (0.9 mm aperture) 

screen. Blank water and sediment samples free of TBBPA identified by a liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) were used for the recovery study. 

Water samples were fortified with TBBPA at final concentrations of 1.0, 5.0 and 10 ng/mL. 

After passing through a 0.22 μm filter (Waters, MA, USA), water samples were diluted at 

least 4-fold with PBS (pH 10, 10% MeOH) and subjected to BMP-Nb based ELISA. A dry 

weight (dw) of 1.0 g sediment was weighed in a 50 mL glass tube and spiked with TBBPA 

(1.0, 5.0 and 10 ng/g (dw)). The samples were extracted twice with 10 mL of methanol/

acetone (50:50, v/v) (×2) in an ultrasonic water bath for 15 min at room temperature. The 

slurry was centrifuged at 8,000×g for 10 min to collect the supernatant. The combined 

supernatant was evaporated to near dryness under a gentle stream of nitrogen and the residue 

was redissolved in 200 μL of methanol. The extracts were diluted with PBS at least 20-fold 

prior to ELISA. The ELISA results were finally validated with a LC-MS/MS method 

described by Yang et al [33].

Results and Discussion

Preparation of BMPs

The BMP production in magnetotactic bacteria was observed under aerobic and strict 

anaerobic conditions, with yield in the following order of M. gryphiswaldense strain MSR-1 

> M. magneticum strain AMB-1 > M. magnetotacticum strain MS-1 after 24 h of 

fermentation [34]. MSR-1, a kind of magnetic Spirillum, was thereby selected to produce 

BMPs with the medium and culturing conditions optimized by Zhang et al [35,36]. The 

yield of BMPs (Fe3O4) reached to 402 mg/L by dry weight after 48 h of fermentation, 

showing a cost-effective production. TEM image of 500 BMPs revealed that most of the 

BMPs have a narrow size distribution of 20–50 nm in diameter (Fig. 1, A and C). Although 

the average hydrated radius of BMPs was 282.4 nm, their zeta potentials were lower than 

−30 mV (see ESM Table S1), illustrating that the aqueous colloids were quite stable. Mass 

production of BMPs would facilitate their detailed biotechnological applications.
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Construction of Nb-Cys

The alpaca-derived Nb T3–15 has demonstrated high selectivity and sensitivity to TBBPA 

[30, 37]. In the analysis of amino acid sequences of the Nb, only one pair of intrinsic 

cysteines was found which may form a disulfide bond to maintain the structure stability 

(Fig. 2, A), hardly providing any free sulfhydryl groups for reaction with SPDP. Reduction 

of the Nb may alter its structure and binding affinity and thus was avoided. It was reported 

that the functional parts of Nbs are closely located at N terminus of their three-dimensional 

structures [38]. Therefore, the Nb was C-terminally fused to a 6×His tag for purification 

purpose, followed by an additional single free cysteine residue for specific reaction with 

SPDP (Fig. 2, A). After expression and purification, the protein was analyzed on a SDS-

PAGE gel and a prominent band with the expected size (~15 kD) was observed (Fig. 2, B), 

indicating the emergence of the protein Nb-Cys. The yield of Nb-Cys was approximately 30 

mg from 1 L bacterial culture media.

Oriented Conjugation of Nb onto BMP

SPDP is a short-chain crosslinker for amino-to-sulfhydryl conjugation via N-

hydroxysuccinimide ester and pyridyldithiol reactive groups to form a peptide bond and a 

cleavable (reducible) disulfide bond, respectively [39]. In the section above, the specific 

integration of a single cysteine residue at the C terminus of the Nb amino acid sequence was 

done to facilitate the oriented conjugation with BMPs. The linking efficiency of Nb-Cys to 

SPDP-modified or non-modified BMPs was evaluated and meanwhile, the parental Nb was 

used as a control. For the SPDP-modified BMPs, linkage rate from the incubation of Nb-

Cys/BMP was much higher than that of Nb/BMP (Fig. 3, A and B), indicating the specific 

reaction between SPDP and Nb-Cys, and the weak reaction between SPDP and the parental 

Nb (linkage rate < 8%). For the non-modified BMPs, nonspecific adsorption rates of Nb-Cys 

and Nb on BMPs in the absence of SPDP were below 5% (Fig. 3, C and D). The maximum 

linkage rate of 81% (810 μg/mg) was achieved by mixing Nb-Cys and BMPs each at a final 

concentration of 1 mg/mL (see ESM Fig. S2, A), and incubating for 120 min (see ESM Fig. 

S2, B). The constructed complex of BMP-Nb was confirmed by Western blotting analysis, 

as an obvious reaction occurred at MW ~15 kD (Fig. 3, inset). BMP-Nbs were associated 

with higher values of hydrated radii, zeta potential and polydispersity than BMPs (see ESM 

Table S1), but the size distribution of BMP-Nbs was similar to that of BMPs (Fig. 1, B and 

D). The low zeta potential of BMP-Nbs (−46.86 mV) indicated that a stable aqueous colloid 

solution of BMP-Nbs was obtained.

Binding Activity of BMP-Nb to Tracers

AP and HRP have demonstrated advantages of high stability, high activity and cost-

effectiveness in ELISAs and thereby were employed to label haptens in the present study. 

The binding affinity of BMP-Nb to tracers was evaluated by a competitive immunomagnetic 

assay in the presence of TBBPA (100 ng/mL) (Fig. 4). BMP-Nb demonstrated higher 

binding affinity to T5-AP/HRP than to T3-AP/HRP, which was expected since the anti-

TBBPA Nb was generated from the immunogen T5-thyroglobulin [30]. Additionally, higher 

binding activity and inhibition by TBBPA were observed from the combination of BMP-Nb 

and T3/T5-HRP (Fig. 4, A) than that of BMP-Nb and T3/T5-AP (Fig. 4, B). A possible 
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reason was that AP (112 kD) caused a stronger steric hindrance than HRP (44 kD), due to 

the size difference. Another was that tracer construction may somewhat lead to the loss of 

AP activity. In terms of hapten disparity, higher sensitivity was obtained from combination 

of BMP-Nb/T5-HRP than from that of BMP-Nb/T3-HRP, reverse to the outcomes of linker 

length effect on the traditional ELISA [31]. Since BMP-Nb exhibited satisfactory binding 

activity to both T5-HRP and TBBPA, the combination of BMP-Nb/T5-HRP was selected for 

the development of an immunomagnetic assay for TBBPA.

Optimization of BMP-Nb Based ELISA for TBBPA

BMPs were reported to possess intrinsic peroxidase-like activity [40] which could interfere 

with the activity of tracer hapten-HRP employed in the BMP-Nb based ELISA. Generally, 

signal detection of BMP based immunoassays was related to AP tracer or fluorescent tracer 

[25,41]. In an attempt to develop a BMP-Nb/T5-HRP based assay, it is essential to adjust the 

concentration of BMP-Nb to a threshold suitable for detection purpose and elimination of 

the peroxidase-like activity of BMP. Thus, various amount of BMP-Nb in TMB solution 

(100 μL per well) was incubated for 30 min at room temperature and then the absorbance 

was detected. It was noteworthy that the peroxidase-like activity was reduced when BMPs 

were coupled with Nbs (see ESM Fig. S3). As the concentration of BMP-Nb was below 1.0 

mg/mL, low OD450 (<0.1) was observed (see ESM Fig. S3), indicating the elimination of 

enzyme mimetic activity. As determined by a checkerboard method, 160 μg/mL BMP-

Nb/PBS suspension (100 μL per well) and 22 ng/mL T5-HRP (50 μL per well) were selected 

for the next assay optimization.

In order to optimize the BMP-Nb based assay, one- and two-step assays were evaluated by 

comparing their sensitivities and performance time. The IC50 values of one- and two-step 

assays were 50.9 and 6.48 ng/mL, respectively (see ESM Fig. S4, A). The sensitivity 

difference may result from the different binding priority of Nb to targets. In one-step format, 

TBBPA and T5-HRP shared the equivalent opportunities binding to Nb, whereas, in two-

step format, the binding sites of Nb were occupied by TBBPA in the first step and provided 

few spaces for tracers in the second step, consequently improving the assay sensitivity.

Compared to one-step assay, two-step assay is more complicated but showed higher 

sensitivity required for the detection of low level of TBBPA in the environment. The two-

step format was selected for the remainder of this study and the incubation time of each step 

was optimized. In the first step, it took approximately 10 min for the reaction of BMP-Nb 

with TBBPA (5 ng/mL) to reach to a balance (see ESM Fig. S4, B, Curve-1). In the second 

step, the competition between T5-HRP and TBBPA for the binding sites of BMP-Nbs could 

achieve a balance in about 5 min (see ESM Fig. S4, B, Curve-2). Thus, for the BMP-Nb 

based competitive ELISA, the incubation time for the first step and the second step was 10 

and 5 min, respectively.

Effect of Physicochemical Property on ELISA

The effect of buffer pH on the BMP-Nb ELISA was evaluated firstly and this assay had a 

higher sensitivity in basic buffer than in acidic one, with the least IC50 of 1.05 ng/mL at pH 

10 (Fig. 5, A). It is possible that the basic condition could stabilize BMP-Nb and increase 
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TBBPA solubility in buffer [42]. Thus, the following immunoassays were conducted in PBS 

(pH 10). Although anti-TBBPA Nb has shown strong tolerance to MeOH in our previous 

report [30, 37], the influence of the organic solvent on BMP-Nb based ELISA remained 

unknown and should be evaluated prior to the application in real environmental samples. As 

shown in Fig. 5 B, IC50 and A0 values ranged from 1.06 to 44.3 ng/mL and from 0.893 to 

0.924, respectively, with the increase of MeOH from 5% to 100%. Slight change of BMP-

Nb binding to TBBPA was observed with MeOH in a range of 5–40% and the most sensitive 

assay (IC50, 1.06 ng/mL) was obtained at 10% MeOH, with a reasonable A0 (0.924) (Fig. 

5,B). This high resilience to MeOH could be explained that the short time (10 min) exposure 

of BMP-Nb in 100% organic solvent did not totally denature either BMP membrane protein 

or Nb. Thus, MeOH was qualified to stabilize TBBPA for the BMP-Nb based competitive 

ELISA, and 10% MeOH was selected for the remainder of this study. As NaCl concentration 

increased from 0 to 2.188 moL/L, the IC50 and A0 varied in a range of 1.04–80.8 ng/mL and 

0.934–0.534, respectively (Fig. 5, C). Strong ionic strength might interfere with the 

interaction between antibody and analyte, resulting in the decline of assay signal and 

sensitivity. In the current assay, 0.137 moL/L NaCl in PBS was selected because the 

satisfactory A0 (0.916) and IC50 (1.04 ng/mL) values were exhibited under this ionic 

strength.

The typical calibration curve of BMP-Nb based ELISA for TBBPA was generated in PBS 

(pH 10) containing 10% MeOH and 0.137 moL/L NaCl (Fig. 6). This assay had a linear 

range of 0.45–5.25 ng/mL (IC20–IC80), an IC50 value of 1.04 ng/mL, and a LOD of 0.1 

ng/mL, which are comparable to those of traditional Nb-based ELISAs reported previously 

[30].

Sample Analysis

Matrix effect is inevitable in sample extract and easy to cause false positive results in 

immunoassays. Dilution of extract is an effective strategy to eliminate the matrix effect, 

whereas, this method will lead to a loss of assay sensitivity. For the developed 

immunomagnetic assay, a 4-fold and a 20-fold dilution with PBS (pH 10) containing 10% 

MeOH for water and sediment extract, respectively, were qualified to eliminate the matrix 

effect (see ESM Fig. S5) and enable the detection of TBBPA at low level (see Table 1). The 

recoveries of TBBPA from water and sediment samples by the BMP-Nb based ELISA were 

in a range of 114–124% and 109–113%, respectively (see Table 1). This assay was validated 

by comparing the recoveries with those of an instrumental method LC-MS/MS, by which 

recoveries were in a range of 87.3–117% (see Table 1). Both methods showed good 

recoveries and correlated well with each other (see ESM Fig. S6). Difference between two 

analysis methods for TBBPA was tested by the one-way ANOVA in the SPSS software 

package (20.0, USA). A significant difference was only observed from the analyses of 

sediments spiked with 10 ng/g (dw) TBBPA (p<0.05) (see Table 1). The ELISA method was 

also applied to analyze TBBPA in real world samples including 5 waters and 7 sediments 

collected in the Xiao Qing He canal, Beijing. The levels of TBBPA by ELISA were below 

the LOD in all water samples but detectable in three sediments (6.21, 9.56 and 23.4 ng/g 

(dw)), in agreement with those from LC-MS/MS (see ESM Table S2). Therefore, the 
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developed immunomagnetic assay was demonstrated to be a valid method to detect TBBPA 

in water and sediments.

Conclusion

For the first time, an immunomagnetic assay for the detection of TBBPA in water and 

sediments using the combination of BMP-Nb and tracer hapten-HRP was developed. The 

anti-TBBPA Nb modified by fusing a cysteine at the C-terminus allows for the ready site-

directed conjugation to BMPs in the presence of a linkage reagent SPDP. Compared to the 

previous Nb study [30], the BMP-Nb based ELISA is little less sensitive to TBBPA, with 

IC50 values of 1.04 ng/mL vs 0.4 ng/mL, but needs shorter assay time, approximately 0.5 h 

vs 2.5 h. Moreover, this assay showed high resilience to MeOH in a range of 5–40%. The 

results of the BMP-Nb based ELISA for TBBPA in environmental samples were correlated 

well with those from LC-MS/MS. The easy availability and cost-effectiveness of BMP-Nb 

complexes make them attractive as a tool in the environmental monitoring and the 

commercial application of these materials may be expected in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
TEM images of particle BMPs (A) and BMP-Nbs (B); Particle size distribution of BMPs (C) 

and BMP-Nbs (D). A total of 500 BMPs or BMP-Nbs were measured.
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Fig. 2. 
The amino acid sequences of modified Nb and identification of Nb-Cys. (A) The Nb was C-

terminally fused to a 6×His tag, followed by an additional single free cysteine residue (red). 

The red dash line indicates possible formation of the disulfide bond. (B) SDS-PAGE image 

of Nb-Cys.
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Fig. 3. 
Coupling of Nb-Cys/Nb to SPDP-modified or non-modified BMPs. (A) Nb-Cys with SPDP-

modified BMPs; (B) Nb with SPDP-modified BMPs; (C) Nb-Cys with non-modified BMPs; 

(D) Nb with non-modified BMPs. The data are the average of triplicates. The inset is the 

Western blotting image for identification of BMP-Nb.
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Fig. 4. 
Binding activity of BMP-Nb to tracers T3/T5-HRP (A) and T3/T5-AP (B) in the presence or 

absence of TBBPA; the concentration of BMP-Nb/PBS suspension was 150 μg/mL.
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Fig. 5. 
Effects of pH (A), MeOH (B) and NaCl (C) on the performance of BMP-Nb based ELISA 

for TBBPA at ambient temperature. Except for the single variable, the rest of the PBS 

conditions was as follows: pH 7.4, 0.01 moL/L phosphate, 0.137 moL/L NaCl, 0.003 moL/L 

KCl, and 10% MeOH. The data shown are the average of triplicates.
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Fig. 6. 
Calibration curve of BMP-Nb based ELISA for TBBPA. Each value is the average of four 

replicates and the standard deviations.
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Table 1.

Determination of TBBPA spiked in water and sediments by ELISA and LC-MS/MS.

Samples
Spiked level in water

(ng/mL) and sediment
(ng/g (dw))

Average recovery (%) ± CV (n=3)*

ELISA LC-MS/MS

Canal water

0 ND ND

1.0 118±5.5 a 94.5±2.2 a

5.0 114±4.8 a 117±3.9 a

10 124±6.4 a 106±1.9 a

Canal sediment

0 ND ND

1.0 113±3.2 a 90.8±3.7 a

5.0 109±2. 2 a 95.3±3.6 a

10 112±4.7 a 87.3±4.6 b

*
Different letters following the means±CV in a row indicate a significant difference by ANOVA, P<0.05. ND, not detectable.
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