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Abstract
Detection methods with high sensitivity and short assay time are urgently required for quantitative analysis of small-molecule 
hazardous substances in food monitoring. In this work, a new anti-aflatoxin  B1  (AFB1) nanobody was screened from an 
immunized nanobody library, and an ultrafast one-step detection of  AFB1 without immobilization and multi-step washing 
was developed based on magnetic separation technology and nanobody (Nb)-alkaline phosphatase (ALP) fusion protein. 
Compared to conventional one-step chemiluminescent enzyme-linked immunosorbent assay (CLEIA) based on Nb-ALP, it 
was surprising to find the sensitivity and lowest limit of detection (LOD) of this method was significantly improved about 
threefold and fivefold separately, and the total assay time could be reduced to 30 from 120 min. Under optimal conditions, 
the developed method achieved the sensitive detection of  AFB1 with LOD with 0.743 pg  mL−1,  IC50 = 0.33 ng  mL−1, the 
linear range was 7.23 pg  mL−1 ~ 12.38 ng  mL−1, and showed powerful tolerance and utility for complex matrix environments 
in sample detection. It is believed this method could provide a newly way for the quick and sensitive detection of  AFB1 and 
could expand the application of Nbs.
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Introduction

Aflatoxin  B1  (AFB1) is well known for its toxicity and one of 
the most toxic of over 20 types of aflatoxins that have been 
found, and its contamination is mostly found in tropical and 

subtropical regions [1]. However, due to changes in climatic 
environment, the regional distribution of  AFB1 contamina-
tion may increase in future years, and this also means that 
the pollution could be triggered in many environments that 
are so far safe [2, 3]. Numerous studies have proven that 
long-term exposure to  AFB1 contamination could cause 
cancer, birth defects, chronic toxicity or even genetic altera-
tions in human beings, and huge economic losses follow 
[4]. Because of the lack of efficient and stable means of 
detoxification, the accumulation of food chain has become 
the main pathway causing above problems [5, 6]. Therefore, 
the necessity of rapid detection capability is magnified, such 
rapid and quantitative analysis is critical to offer real-time 
monitoring and early warning.

Significant effort has gone into and attainments have been 
achieved for  AFB1 detection by liquid chromatography-tan-
dem mass spectrometry, high-performance liquid chroma-
tography and employing thin layer chromatography [7–9]. 
Nevertheless, the above methods require time-consuming 
pre-processing steps and specialized testing instruments, 
which limit the rapid and timely quantitative analysis of 
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 AFB1 to varying degrees. Immunoassay that applies spe-
cific binding of antibody (Ab) and antigen (Ag) has been 
favored and widely utilized thanks to its superiorities of 
high sensitivity, universal application, low cost and easy 
operation [10–12]. Traditional immunoassay-based enzyme-
linked immunosorbent assay (ELISA) or chemiluminescent 
enzyme-linked immunosorbent assay (CLEIA) require 
cumbersomely repetitive operation and enzyme-labeled-
antibody, which lengthen the detection time and the ana-
lytical errors. Those bottleneck problem hinders the further 
development of immunoassay. Easier operate, less time cost, 
better performance detection method is urgently needed.

Traditional immunoassay mainly developed by monoclo-
nal antibodies or polyclonal antibodies, usually need to be 
chemically labeled with biotin [13], fluorescent molecule or 
nanomaterials [14], which could improve the performance, 
while multifarious steps, loss of activity, difference between 
batch still cannot be avoided [15]. Nanobody (Nb), the vari-
able domain of heavy chain antibody, is a fragment derived 
from the camelid antibody, the smallest antibody [16], which 
endows with excellent stability, easy genetic-operability and 
easy preparation, which would be a better way to upgrade the 
immunoassay. Some feasible one-step immunoassay meth-
ods have been developed using Nb-fusion proteins, which 
could reduce detection time and improve sensitivity [17, 
18]. For  AFB1 detection, some methods based on Nb and 
their fusion protein have been developed [19], which also 
were restricted with longer detection time (about 50 min), 
narrower detection range and complex process, as antigen 
immobilization, blocking process and inefficient signal out 
strategy are still unsolved. Magnetic beads (MBs) possessed 
low production cost, easy modification, good biocompat-
ibility, environmental harmlessness, would be used as an 
alternative immobilization support and provide a “mix and 
read” method for  AFB1 detection, magnetic bead-based 
immunoassay (MB-IA), which would provide a homoge-
neous liquid phase reaction environment for the reaction 
of antigen and antibody [20, 21]. What is more, most food 
and environmental samples intrinsically have a low mag-
netic background, and there would be only simple or even 
no pretreatment process in actual sample testing while not 
compromising the sensitivity [22].

Here, an  AFB1·BSA-MB and anti-AFB1 alkaline phos-
phatase-nanobody (ALP-Nb) fusion protein-based one-step 
chemiluminescent enzyme-linked immunosorbent assay 
(MB-CLEIA) with high sensitivity, wide detection range, 
ultra-short detection time, and multiple suitability was devel-
oped. For the first anti-AFB1, nanobody was screened from 
an immunized phage-display antibody library, and Nb and 
ALP-Nb were prepared by Escherichia coli expression sys-
tem. Our work showed the interaction between  AFB1 and 
nanobody by molecular docking, and we found sequence of 
Nb and ALP would greatly affect the activity of Nb10E; the 

format as ALP-linker-Nb showed good binding activity to 
 AFB1·BSA and  AFB1 molecule, while the Nb-linker-ALP 
only had the binding activity to  AFB1·BSA, since the ALP 
was too close to the complementarity determining region 
(CDR) 3 domain of Nb10E, which would affect the interac-
tion of  AFB1 molecule. After optimization, the developed 
method could achieve the ultrasensitive detection of  AFB1 
with LOD = 0.743 pg  mL−1 and  IC50 = 0.33 ng  mL−1, and the 
linear range was from 0.00723 ng  mL−1 to 12.38 ng  mL−1, 
and showed powerful tolerance and utility for complex 
matrix environments in sample detection, which only need 
simple dilution and the recoveries were from 96.24 to 
123.37% in oats, corn, and oil sample. What is even more 
remarkable is that all detection time, including sample 
pretreatment, incubation, and measure, only need 30 min, 
which would greatly improve the timeliness and would offer 
a promising strategy for application of other nanobody.

Experimental

Materials and reagents

AFB1·BSA and  AFB1 were purchased from Ludubio Ltd 
(Shandong, China). Camel Peripheral Blood Lympho-
cyte Isolate Kit was acquired from Solarbio Ltd (Beijing, 
China).  PrimeScript™ IV 1st strand cDNA Synthesis Mix 
was sourced from TaKaRa (Beijing, China). Restriction 
endonucleases X-MAI, KpnI-HF, T4 DNA ligase and Q5 
High-Fidelity DNA Polymerase were obtained from New 
England Biolabs Ltd. (Beijing, China). The Trans5α and 
TransB (DE3) Chemically competent Cell was sourced from 
TransGen Biotech Ltd (Beijing, China). Ni-NTA  Sefinose™ 
Resin (Settled Resin) was purchased from Sangon Bio-
tech (Shanghai, China). Anti-His-tag mAb-HRP-DirecT 
was purchased from Medical & Biological Laboratories 
Ltd (Japan). Epoxy-magnetic beads, alkaline phosphatase 
substrate (APS-5) and blocking buffer were obtained from 
BioMag Ltd (Wuxi, China). Corning 96-well White Flat 
Bottom Polystyrene High Bind Microplates were purchased 
from CORNING Incorporated (USA). The chemilumines-
cence immunoanalyzer SpectraMax-5M was produced from 
Molecular Devices Inc. (USA).

ALP‑Nb fusion protein preparation

To construct a specific nanobody library against  AFB1, a 
healthy camel was subcutaneously immunized three times 
with emulsified complete antigen  [AFB1·BSA (1 mg  mL−1), 
1 mL  AFB1·BSA + 1 mL saline + 2 mL incomplete adjuvant] 
at an interval of 1 week. Nanobody titer was estimated by 
indirect ELISA (iELISA). Four to five days after the third 
immunization, the peripheral blood lymphocytes were 
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isolated from a 20 mL fresh and frozen blood sample. Total 
RNA was obtained from lymphocytes and reverse tran-
scribed to cDNA, and then VHH fragments were obtained 
by polymerase chain reaction (PCR) using cDNA. The frag-
ments of VHH were ligated into the phagemid vector pCan-
tab 5E (digested by the restriction enzyme KpnI-HF and 
XmaI). Then recombinant phageminds (VHH-pCantab 5E) 
were electroporated into the pre-prepared Escherichia coli 
(E. coli) TG1 electroporation-competent cells. At last, after 
VHH library has been successfully constructed, anti-AFB1 
nanobodies were screened by 4 rounds of bio-panning using 
iELISA, during the screening process, phages expressing 
VHH was added to the coated wells for shaking incubation 
and forcefully washed ten times with PBST (PBS containing 
1% tween-20, v/v), and then eluted using  AFB1 molecule. 
E. coli TG1 was infected by eluted phages and cultured at 
37 °C, from which 96 colonies were randomly selected and 
cultured separately, and then indirect competitive ELISA 
(icELISA) was used to identify the sensitivity of each single 
colony [23]. The anti-AFB1 nanobody genes obtained from 
the bio-panning were digested and ligated into the pET-22b 
vector at the same restriction site, named the pET-22b-VHH 
vector. The E. coli strain Trans B (DE3) was used to express 
above nanobody proteins, which were induced at 16 °C with 
Isopropyl-beta-D-thiogalactopyranoside (IPTG, 0.1 mM) for 
overnight. VHH proteins were directly purified by Ni-NTA 
column. To evaluate the sensitivity of expression and puri-
fication products, icELISA with anti-His tag monoclonal 
antibody (mAb) was applied.

ALP-Nb fusion fragments were constructed by fusing 
ALP (derived from E. coli) and (G4S) 3 linker and nanobod-
ies by gene splicing by overlap extension polymerase chain 
reaction (SOE-PCR) [24]. Then, ALP-Nb fusion protein was 
expressed and purified in the same way as nanobody proteins 
and identified by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), and the concentration 
determination of purified ALP-Nb was performed by bicin-
choninic acid protein quantification (BCA assay). ALP-Nb 
was demonstrated by one-step indirect competitive chemilu-
minescent enzyme-linked immunosorbent assay (icCLEIA) 
using the chemiluminescence intensity (CL intensity) of 
ALP and APS-5 (the main components and the principle 
action of APS-5 are shown in Support information Fig. 8) 
as signal output.

Preparation of  AFB1·BSA immunomagnetic beads

0.2 mL Epoxy-magnetic beads (Epoxy-MBs) (20 mg  mL−1) 
was injected into a 1.5 mL EP tube. Epoxy-MBs were placed 
in a magnetic field to separate and washed three times with 
0.5 mL of PBS buffer (0.1 mM, 1 mM EDTA, pH 8.5). 
Then, Epoxy-MBs were mixed in 1 mL PBS buffer contain-
ing 0.15 mg  AFB1·BSA and 185 mg  Na2SO4, meanwhile, 

a control group without  AFB1·BSA was established and 
named as negative Epoxy-MBs (N-MBs). Two kinds of mix-
tures were shaken gently for 12 h at room temperature and 
washed three times with 0.5 mL of PBS buffer. After that, 
the MBs were blocked by magnetic beads blocking buffer for 
6 h and washed six times with 1.0 mL PBST buffer to obtain 
 AFB1·BSA-MBs  (AFB1-MBs) and N-MBs.

Establishment of the MB‑CLEIA

Series of concentrations of ALP-Nb was used to titrate 
 AFB1-MBs.  AFB1 molecule/reaction solution, ALP-Nb 
and  AFB1-MBs/N-MBs were mixed in reaction solution, 
then simultaneously added to the white ELISA-wells with 
nonbinding surface and incubated at 37 °C, and collection 
of ALP-Nb-AFB1-MBs/N-MBs was performed by mag-
netic adsorption, while free  AFB1 and ALP-Nb-AFB1 were 
washed with PBST. After that, 100 μL APS-5 was added 
to the reaction bath and the CL intensity of ALP-Nb bound 
to  AFB1-MBs and CL intensity of negative control were 
monitored using SpectraMax-5M.

Optimization of the MB‑CLEIA

To achieve optimal performance of the MB-CLEIA, a range 
of testing influencing factors were adopted to optimize the 
detection condition under the premise that the total volume 
of the MB-CLEIA was determined to be 200 μL (volume 
ratio of diluting solution, ALP-Nb:AFB1-MBs:AFB1 = 3:4:3) 
[25–27]. Specifically, Epoxy-MBs diameters (0.3, 1.0, and 
2.6 μm), the concentration of  AFB1-MBs (0.0625, 0.125, 
0.25, and 0.5 mg  mL−1), amount of tested ALP-Nb (0.24 μg, 
0.12 μg, 0.06 μg and 0.03 μg of ALP-Nb), reaction time 
(5, 10, 20, 40 and 80 min), times of washing (1, 2, and 3), 
thermal stability of ALP-Nb (0, 10, 20, 30, 40, and 50 min 
at 75 ℃), methanol content of  AFB1 PBS diluent (10%, 30%, 
and 60%, v/v), pH value (pH = 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 
and 12.0 of reaction solution), the concentration of NaCl 
(0, 25, 50, 100, 200 and 400 mM of reaction solution) were 
optimized and screened by comparing the CL intensity and 
the inhibition ratio of 0.5 ng  mL−1  AFB1 [Inhibition ratio 
(%) = (CL intensity of 0.5 ng  mL−1  AFB1 − CL intensity of 
negative control)/(CL intensity of 0 ng  mL−1  AFB1—CL 
intensity of negative control) × 100%]. Non-specific adsorp-
tion of MBs with ALP-Nb was analyzed using blocked 
N-MBs as a negative control.

Specificity

The specificity of MB-CLEIA, expressed as inhibition rate 
(IR), was certified by assessing the recognitional capac-
ity of structural analogues, such as  AFB2,  AFG1,  AFG2, 
 AFM1,  FB1, DON, ZEN and  T2. IR (%) was expressed as 
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the inhibition rate of same concentration of the target analyte 
and analogue.

MB‑CLEIA in samples

Sample detection capability of MB-CLEIA was confirmed 
by recovery rate of target standard addition and relative 
standard deviation. First, the impact of matrix effects on the 
detection system is assessed. 20 mL of 60% methanolic PBS 
was added to 5 g oats/corn and 5 ml of 60% methanolic PBS 
was added to 1 g oil, shaken vigorously at room tempera-
ture and centrifuged at 6000 g, and the supernatant was col-
lected. Then, the supernatant was diluted onefold with PBS 
as  AFB1 diluent to compare the effect of different sample 
supernatants and 30% methanolic PBS on the CL intensity 
and the inhibition rate of 1 ng  mL−1  AFB1 in the detec-
tion system.  AFB1 standard  (AFB1 in methanolic solution, 
10 μg  mL−1, 1 μg  mL−1, 0.1 μg  mL−1, and 10 ng  mL−1) in 
different concentrations were spiked in corn/oats/oil samples 
(spiked concentrations were 0.08, 0.4, 0.8, 8 and 80 μg  kg−1, 
according to the  IC20,  IC50 and  IC80 in the detection system 
standard curves), and extracted by adding 60% methanolic 
PBS; extracted samples were analyzed 5 times. The addi-
tion recovery rate (Recovery, %) and relative standard devia-
tion (RSD, %) were calculated in the light of the following 
mathematical formula: Recovery ± SD (standard deviation) 
(%) = [(Measured value/Spiked value) ± SD] × 100% and 
RSD (%) = (standard deviation/average value) × 100%.

Results and discussion

Anti‑AFB1 nanobody acquisition

Nanobody has been applied in immunoassays, which can 
be screened to obtain by several rounds of bio-panning. The 
titer of nanobody against  AFB1 reached 1:5000 after immu-
nizing three times with  AFB1·BSA. The total RNA was iso-
lated from immune lymphocytes and reverse transcribed into 
cDNA that was amplified to the heavy chain antibody gene 
fragments of 750 bp in the first-round PCR (Support infor-
mation Figure 1. (A)). After that, nanobody gene fragments 
about 450 bp (Support information Figure 1. (B)) was ampli-
fied in the second PCR, when everything was ready, the 
phage-display library against  AFB1 was successfully con-
structed and its capacity reached about 6 ×  107 CFU  mL−1. 
Colony PCR results showed that VHH gene insertion rate 
reached 90% and gene sequencing analysis revealed good 
library diversity. During the four rounds of bio-panning, the 
coating concentration of  AFB1·BSA antigen decreased round 
by round (1 μg/well ~ 0.2 μg/well), specific phage bound to 
 AFB1·BSA was eluted using Glycine-Tris–HCl (pH 2.5, 
1.0 M Tris–HCl, 0.75% Glycine, v/v) solution in the first and 

second bio-panning rounds, and then competitively eluted 
using  AFB1 molecule in the third and fourth bio-panning 
rounds (Support information Figure 2). Finally, three differ-
ent Nbs were selected and named Nb10E, Nb81C, Nb12E 
(Support information Figure 3). Furthermore, Nb10E was 
found to show a high sensitivity with  AFB1 by icELISA, 
and the result showed that  IC50 was 1.36 ng  mL−1 and the 
linear range was 179.64 pg  mL−1 ~ 13.33 ng  mL−1 (Fig. 1A).

Structure simulation and docking analysis of Nb10E 
nanobody and  AFB1

The amino acid sequence of Nb10E was submitted to the 
Swiss-Model online homology modeling website, and then 
template searching with the help of Search for Templates 
(the sequence identity of the templates used in this study 
was generally not less than 60%), 20 templates were finally 
selected by X-ray method (resolution less than 2.0 Å) for 
homology modeling and construction of 3D structures and 
optimized using the OPLS-AA/L force field of GROMACS. 
The  AFB1 structural formula was downloaded from the 
Pubchem organic small-molecule bioactivity database and 
successfully completed the virtual screening using Auto-
dockVina, resulting in the highest scoring conformation of 
the modeling template which was selected to construct the 
complex model, and named this template Model 8 (Fig. 1C). 
Ramachandron profiling of Model 8 (Fig. 1B) showed that 
92.8% of the amino acids were located in the core region, 
indicating the reasonable optimized Nb10E structure. 
Molecular docking results showed that  AFB1 could bind to 
the nanobody active pocket through the Pi-Pi T-shape with 
PHE49; Van der Waals force with CYS45/MET46/GLY47/
GLY59/ALA61/ILE63/TYR71/TYR72/ALA73/CYS121/
PRO122/GLU127; carbon hydrogen bonds with GLN124/
GLY62; Pi-Alkyl with TYR128 (Fig. 1D). At the same 
time, it can be learned that all three CDRs of Nb10E play 
an important role in the capture of  AFB1 which was wrapped 
in pocket-like CDR.

Preparation of ALP‑Nb

The process of ALP-Nb expression vector construction is 
shown in Support information Fig. 4. After gene sequencing 
analysis (Azenta, Tianjin, China) (Support information Fig-
ure 5), the correctly constructed plasmids were transformed 
into E. coli Trans B (DE3). Fusion proteins were purified 
using Ni-NTA after induction of expression and analyzed 
using SDS-PAGE. The SDS-PAGE analysis showed that the 
fusion protein was soluble and had a band of approximately 
70 kDa (Support information Figure 6). The result of BCA 
assay showed the concentration determination of purified 
ALP-Nb was 0.9966 μg μL−1. In the course of the experi-
ment, it was found that the competitive activity of linking 
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ALP to the N terminus (ALP-Nb) of the Nb gene fragments 
was significantly better than that of linking to the C terminus 
(Nb-ALP), and icCLEIA were employed to compare the sen-
sitivity of the two. The results showed that there was higher 
sensitivity for the free  AFB1 molecule when ALP-Nb was 
used (Support information Figure 7). We surmised that the 
relatively tiny size of the nanobodies is an important reason 
for the poor sensitivity of Nb-ALP, and it may affect the 
recognition of nanobody to  AFB1 and thus lead to a decrease 
in sensitivity. In contrast, the fusion of ALP-Nb moved away 
from CDRs, which facilitated exposure of the optimal region 
for antigen recognition. This discovery provides a viable 
avenue for the fusion expression or modification of antibod-
ies with other signaling components, avoiding the compro-
mise of the antibody’s own properties (Scheme 1).

AFB1·BSA‑modified Epoxy‑magnetic beads

Epoxy groups [–CH(O)CH–] have the ability to react 
with polyfunctional compounds to form cured products 
with cross-linked structures, and they are able to undergo 
ring-opening reactions with sulfhydryl groups to combine 
thioethers under mild conditions, due to the presence of high 

tension in the ternary ring [28]. BSA, a free sulfhydryl group 
is located at position 34 of the BSA peptide chain. Therefore, 
 AFB1·BSA can be modified on the surface of epoxy-based 
magnetic beads (Epoxy-MBs), three different particle sizes 
of MBs (0.3, 1.0, 2.6 μm) were modified with  AFB1·BSA 
under the same reaction conditions. As shown in Fig. 2A, 
compared to the Epoxy-MBs (− 32.03 mV),  AFB1-MBs 
showed a negative charge (− 38.83 mV) after modifying 
 AFB1·BSA (− 20.43 mV), and negative-MBs (− 17.2 mV) 
showed a clear change; after the binding of ALP-Nb to 
 AFB1-MBs, a new negative charge (− 11.73 mV) was like-
wise revealed, and these fully confirmed that  AFB1-BSA 
was successfully immobilized on the surface of Epoxy-MBs. 
Moreover, the slight change in the DLS further proved the 
successful immobilization of  AFB1-BSA onto Epoxy-MBs 
(Fig. 2B). Taking 0.3 μm MBs as an example, field emis-
sion scanning electron microscopy (SEM) images revealed 
that the epoxy-based magnetic beads were clustered with 
coarse surfaces and average diameters of approximately 
0.3 μm, and the rough surfaces of the beads were beneficial 
for labeling biomolecules; on the contrary, the  AFB1-MBs 
were monodispersed and homogeneous, with smooth sur-
faces. The detailed structure in the inset of Fig. 2C, D shows 

Fig. 1  A The sensitivities of Nb10E. B Ramachandron Plot. C Model 8 structure of CDR regions in Nb10E nanobody. D 3D and 2D interaction 
model of  AFB1 docking to Nb10E
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that clear edges and uneven surfaces of MBs by field emis-
sion transmission electron microscope (TEM), and blurred 
edges of  AFB1-MBs. The TEM images showed sizes and 
surface morphologies, which were consistent with the SEM 
results. ALP from E. coli is a dimer composed of identical 
monomers [29, 30]. Figure 2E shows that a fixed-size gap 
was formed between  AFB1-MBs bound to ALP-Nb, and the 
fixed-size gap was indicated by the red arrow; the above 
phenomenon was more obvious in the TEM illustrations.

Optimization of the detection system

A wide variety of factors affect the performance of MB-
CLEIA. The appropriate  AFB1-MBs and ALP-Nb con-
tent is essential for improving the sensitivity of the reac-
tion system. The results showed that 0.3 μm, 1.0 μm and 
2.6 μm  AFB1-MBs at concentrations of 0.25 mg  mL−1, 
0.0625 mg  mL−1 and 0.25 mg  mL−1, respectively, showed 
the optimal inhibition rate of  AFB1 (1.0 ng  mL−1) with 

Scheme 1  A Synthesis 
of  AFB1-magnetic beads 
 (AFB1-MBs). B Synthesis of 
alkaline phosphatase-nanobody 
(ALP-Nb). C Schematic of 
magnetic separation competitive 
immunoassay assay for  AFB1 
detection

Fig. 2  A Zeta potential of Epoxy-MBs,  AFB1·BSA,  AFB1-MBs, 
Negative-MBs, ALP-Nb and ALP-Nb-  AFB1-MBs. B DLS of 
Epoxy-MBs and  AFB1-MBs. C SEM image of 0.3 μm Epoxy-mag-
netic beads. Inset: TEM image of 0.3  μm Epoxy-magnetic beads. 

D SEM image of 0.3 μm  AFB1-MBs. Inset: TEM image of 0.3 μm 
 AFB1-MBs. E SEM image of 0.3  μm ALP-Nb-AFB1-MBs. Inset: 
TEM image of 0.3 μm ALP-Nb-AFB1-MBs
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0.24 μg tested ALP-Nb (Fig. 3A, B, C). Particle size of 
the  AFB1-MBs affects the stability and density of the anti-
body/antigen binding. After the dosage of  AFB1-MBs and 
ALP-Nb in MB-CLEIA was determined, three standard 
curves of different  AFB1-MBs particle sizes were estab-
lished (Fig.  3D, E, F). Obviously, the standard curve 
comparison showed that 0.3 μm of MBs achieved the best 
sensitivity under the same conditions (the linear range was 
0.0372–4.314 ng  mL−1,  IC50 was 0.422 ng  mL−1).

The co-incubation time of ALP-Nb,  AFB1-MBs, and 
 AFB1 in MB-CLEIA was called reaction time, which 
was the time required for antibody to recognize and bind 
to the target, and reaction time and number of washings 
were optimized in order to improve the sensitivity and at 
the same time reduce the detection time. Reaction system 
was incubated at 37 °C for 5, 10, 20, 40 and 80 min. The 
results showed that the reaction reached a maximum CL 
intensity at 20 min, and the sensitivity was expressed by 
the inhibition ratio, which means ALP-Nb has sufficiently 
bound to the target, still stable at 40 and 80 min (Fig. 4A). 
Therefore, the incubation time of the reaction was set to 
20 min, which saved a lot of time compared with tradi-
tional ELISA and other methods, probably because the liq-
uid phase detection environment provided by MB-CLEIA 
was more conducive to the performance of the antibody.

Subsequently, the number of post-reaction washes was 
optimized, the free samples were eluted and ALP-Nb-AFB1-
MBs were adsorbed at the bottom of the reaction cell by 
magnetic enrichment, and eluted 1, 2, and 3 times using 
PBST, respectively. The results showed that the better CL 
intensity and detection sensitivity were exhibited when the 
number of washes was 1 time (Fig. 4B). In summary, MB-
CLEIA ensured better sensitivity while greatly reducing the 
detection time, from sample addition to result acquisition 
in 30 min. Moreover, the operation process was simple and 
convenient.

In order to equip MB-CLEIA with the ability to cope 
with the complex and uncontrollable assay environment, 
standard curves were established in three different con-
centrations of methanolic solutions (Fig. 4C, D, E). The 
 IC50 was closer in 10% and 30% methanolic PBS buffer 
(v/v), but the linear range of detection was greater in 30% 
methanolic PBS buffer (v/v). Then, pH and salt concentra-
tion were optimized (Fig. 4G). All other conditions being 
equal, CL intensity was maximum in reaction solution 
at pH 8.0, and under this condition, MB-CLEIA has the 
lowest inhibition ratio; this means that the sensitivity of 
MB-CLEIA is highest at pH 8.0. Same as above, NaCl was 
added to the PBS buffer to prepare different concentrations 
of salt reaction solution (Fig. 4H). MB-CLEIA has supe-
rior sensitivity in 200 mM NaCl reaction solution. High 

Fig. 3  A The concentration of 0.3  μm  AFB1-MBs and amount of 
tested ALP-Nb were optimized for detecting  AFB1 (1  ng   mL−1). B 
The concentration of 1.0 μm  AFB1-MBs and amount of tested ALP-
Nb were optimized for detecting  AFB1 (1 ng  mL−1). C The concen-
tration of 2.6  μm  AFB1-MBs and amount of tested ALP-Nb were 

optimized for detecting  AFB1 (1  ng   mL−1). D Calibration curves 
established with 0.3  μm  AFB1-MBs. E Calibration curves estab-
lished with 1.0 μm  AFB1-MBs. F Calibration curves established with 
2.6 μm  AFB1-MBs
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NaCl concentrations are present in many samples, so the 
salt tolerance of the assay is very valuable. The thermo-
stability of an antibody reflects its ability to maintain its 
activity under extreme temperatures conditions or after 
repeated multiple freeze–thaw [31–33]. Finally, we found 
in the thermostability experimental results that ALP-Nb 
still had high activity and was incubated for 20 min at 
75 °C; both the binding ability of Nb to the target and the 
ALP-catalyzed chemiluminescence activity of APS-5 were 
relatively stable (Fig. 4I). After optimization, the detec-
tion sensitivity of MB-CLEIA has been further improved, 
and the powerful tolerance of temperature, acid–base and 
salt concentration allow our method to be better applied 
to sample detection, and also show the strong application 
prospects.

Magnetic separation immunoassay for  AFB1 based 
on ALP‑Nb10E

Under the optimized experimental conditions, the MB-
CLEIA was performed to analyze various concentrations 
of  AFB1 through chemiluminescence signal amplifier read-
out. Due to the non-specific binding of MBs and ALP-Nb, 
a slight background value was observed, to exclude this 
effect, the CL intensities of Negative-MBs have been sub-
tracted from the CL intensities of different concentrations 
of  AFB1. Figure 5A shows the relationship between the 
CL intensity and  AFB1 concentration. As expected, com-
pared with conventional ELISA (Fig.  1A), MB-CLEIA 
obviously enhanced the sensitivity, reduced analysis 
time, and also revealed a relatively wide detection range. 
Under the same reaction conditions, for icCLEIA-based 

Fig. 4  A Reaction incubation time at 37  °C for 5, 10, 20, 40 and 
80  min. B Times of washing (1, 2, 3). C Calibration curves estab-
lished with Methanolic PBS buffer (10%) as  AFB1 dilution reagent. D 
Calibration curves established with Methanolic PBS buffer (30%) as 

 AFB1 dilution reagent. E Calibration curves established with Metha-
nolic PBS buffer (60%) as  AFB1 dilution reagent. F Different pH 
reaction solution. G Different concentration of NaCl reaction solu-
tion. H Incubated at 75 ℃ for 0, 10, 20, 30, 40 and 50 min
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ALP-Nb10E,  IC50 was 1.05 ng  mL−1, and the linear range 
was 35.13 ~ 28.205 ng  mL−1. For MB-CLEIA, the LOD 
was 0.743 pg  mL−1  (IC90),  IC50 was 0.33 ng  mL−1, and the 
linear range was 7.23–12.38 ng  mL−1  (IC20 ~  IC80). Briefly, 
the method we developed was confirmed to be an efficient 
sensitive and timesaving immunoassay for  AFB1.

Specificity

As a quick and sensitive immunoassay, specificity was the 
critical parameter for evaluating MB-CLEIA. Including 
 AFB1, aflatoxin  B2  (AFB2), aflatoxin  G1  (AFG1), aflatoxin 
 G2  (AFG2), aflatoxin  M1  (AFM1), fumonisin  B1  (FB1), deox-
ynivalenol (DON), Zearalenone (ZEN) and trichothecenes-2 
 (T2) (50 ng  mL−1), MB-CLEIA was challenged with a series 
of interfering analogues. Specificity was calculated by the 
inhibition rate of the analogue. It was clear that the inhi-
bition rate generated by different interfering analogue was 
higher compared to  AFB1. The above-mentioned experi-
ments demonstrated that MB-CLEIA did not show specific 
recognition performance with the structural analogues of 
 AFB1 (Fig. 5B).

Matrix effect

Matrix compounds such as proteins, fats, sugars and pig-
ments are present in most samples. Aforementioned sub-
stances may affect direct detection due to their unavoid-
able and unpredictable matrix effects. MB-CLEIA should 
not only have superior performance, but also be able to 
withstand complex testing environments. Therefore, we 
first examined the influence of the sample matrix on our 
method. 60% methanolic PBS was added to the samples 
with vigorous shaking, and then the supernatant was col-
lected by centrifugation, which was the blank extraction 
solution. Blank extracting solutions were diluted one-, 
four-, and tenfold containing 0.5 ng  mL−1  AFB1. The CL 
intensity and sensitivity of different matrix solutions were 
compared with those of the 30% methanolic PBS. It was 
noticed that the CL intensity and detection sensitivity 
maintained relative stability when the dilution of sample 
matrix was one-, four-, and tenfold (Fig. 6A, B, C). In 
other words, when the extracts were onefold diluted, the 
MB-CLEIA showed the same sensitivity as under the opti-
mal conditions.

Fig. 5  A Calibration curve for  AFB1 detection with concentration range from 0 to  106 pg  mL−1. B Specificity evaluation for magnetic separation 
immunoassay, including  AFB1,  AFB2,  AFG1,  AFG2,  AFM1,  FB1, DON, ZEN and  T2 (all were 50 ng  mL−1)

Fig. 6  A Matrix effect of corn. B Matrix effect of oats. C Matrix effect of oil
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Samples testing

The specific, rapid and sensitive properties of MB-CLEIA 
had to be applied to the detection of  AFB1. The recovery 
tests were performed by analyzing corn, oats, and oil sam-
ples spiked with six levels of  AFB1 (0, 0.08, 0.4, 0.8, 8, 
and 80 μg  kg−1). The results in Table 1 showed that the 
application performance of MB-CLEIA exhibited satisfy-
ing accuracy with the recovery of 96.24–123.37%. Briefly, 
these results indicated that MB-CLEIA has the ability to 
be used to effectively and accurately quantify  AFB1 in 
agricultural crops and their products.

Comparison of immunoassay methods for  AFB1

The immunoassays that have been successfully established 
and published for  AFB1 are shown in Table 2, compared 
to these immunoassays, MB-CLEIA exhibits advantages in 

terms of fast quantification of the test results, ultra-sensitiv-
ity, relatively wide linear ranges and ability to resist interfer-
ence from complex detection environments.

Conclusions

To sum up, by the effective integration of chemilumines-
cent signal amplification output and fast magnetic separa-
tion technology into one entity, MB-CLEIA significantly 
improved the sensitivity and reliability of immunoassays. 
An ultrasensitive, specific, and stable magnetic separation 
immunoassay for  AFB1 based on ALP-Nb10E has been 
developed, and realized the goal of one step, in which detec-
tion procedures is simplified significantly. The test sample 
and the test reagent were added to the reaction cell at the 
same time, with a reaction time of 20 min and only one 
wash, the test can be completed within 30 min. Moreover, 

Table 1  Recovery analysis 
of  AFB1 spiked in samples 
(corn, oats, and oil) using 
magnetic separation competitive 
immunoassay (n = 5)

Sample Spiked concentration (μg kg −1) Recovery ± SD (%) RSD (%)

Corn 0 – –
8 ×  101 101.05 ± 3.56 3.52
8 ×  100 100.52 ± 3.04 3.03
8 ×  10–1 81.75 ± 3.79 4.64
4 ×  10–1 85.16 ± 6.18 7.26
8 ×  10–2 120.30 ± 3.60 2.99

Oats 0 – –
8 ×  101 103.96 ± 4.02 3.87
8 ×  100 97.15 ± 1.70 1.75
8 ×  10–1 88.95 ± 4.11 4.62
4 ×  10–1 92.15 ± 2.28 2.48
8 ×  10–2 92.42 ± 1.30 1.40

Oil 0 – –
8 ×  101 103.21 ± 4.72 4.57
8 ×  100 102.32 ± 2.29 2.24
8 ×  10–1 98.56 ± 5.66 5.74
4 ×  10–1 113.23 ± 12.41 10.96
8 ×  10–2 122.25 ± 14.56 11.91

Table 2  Overview and comparison of developed immunoassays for the detection of  AFB1

Detection method LOD (ng  mL−1) Liner range (ng  mL−1) Time Antibody Ref
(min)

Time-resolved fluorescence immunochromatographic assay 0.05 0.13 ~ 4.54 – AldNb, mAb [34]
Biotin-streptavidin-amplified enzyme-linked immunosorbent assay 0.04 0.08 ~ 0.65 50 Nb [35]
Nanobody-based enzyme immunoassay – 0.117 ~ 5.676 – Nb [36]
A label-free electrochemical immunosensor 8.43 ×  10–5 3.12 ×  10–4 ~ 1.56 ×  10–3 > 90 Nb [37]
Electrochemical competitive immunosensor 6.8 ×  10–5 0.5 ~ 10 120 Nb [38]
Homogeneous immunosensor 0.04 0.06 ~ 5 20 mAb [39]
Bienzymatic chemiluminescence competitive immunoassay 5 ×  10–6 – > 40 mAb [40]
Our work 7.34 ×  10–4 7.23 ×  10–3 ~ 12.38 30 Nb –
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our assay has the advantage of low cost and easy mass pro-
duction due to the ease of preparation, mass expression and 
gene modification of Nb, and the cost of the MB-CLEIA 
was only 0.05 dollar per sample when the test consump-
tion was tallied. In particular, our method exhibited high 
sensitivity towards  AFB1, with LOD 0.743 pg  mL−1 and 
 IC50 = 0.33 ng  mL−1. What is more valuable was that our 
assays showed superior analytical performance to cope with 
complex testing conditions, after excluding matrix effects, 
MB-CLEIA has the ability to detect corn, oats, and oil. This 
also means that the magnetic separation immunoassay based 
on ALP-Nb10E shows promising application in the field of 
rapid detection of  AFB1.
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