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a b s t r a c t

A noncompetitive and homogeneous fluorescence resonance energy transfer (FRET) immunoassay was
developed using a nanobody (Nb) for highly sensitive and simultaneous detection of ochratoxin A (OTA)
and ochratoxin B (OTB). The promoted intrinsic fluorescence (lex: 280 nm) of tryptophan residues
(donor) in Nb can excite the fluorescence of OTA and OTB (acceptor) for detection (lem: 430 nm). Using
optimal conditions, the limits of detection of the Nb-based FRET immunoassay were 0.06 and 0.12 ng/mL
for OTA and OTB, respectively. Minimal cross reactivity was detected for several analogues of OTA and
OTB as well as nonspecific proteins and antibodies. Acceptable accuracy and precision were obtained in
the spike and recovery study, and the results correlated well with those by HPLC. These results
demonstrated that the developed method could be a useful tool for noncompetitive, homogeneous, and
simultaneous detection of OTA and OTB as well as other environmental analytes with similar fluores-
cence properties.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Mycotoxins are the secondary metabolites of various fungi, and
have become a major threat to food safety because of their toxic
effects and wide distribution in the world. Ochratoxins (OTs) are a
group of mycotoxins produced by several species of Aspergillus and
Penicillium (Gareis and Gareis, 2007). OTs mainly contain three
analogues, ochratoxin A (OTA), ochratoxin B (OTB), and ochratoxin
C (OTC), of which OTB and OTC are the non-chlorinated and ethyl
ester of OTA, respectively. OTs have effects of nephrotoxicity, hep-
atotoxicity, immunotoxicity, teratogenicity, cytotoxicity, and geno-
toxicity on humans and animals (Gan et al., 2018; Lee et al., 2019;
Tao et al., 2018). The toxicities of these molecules are attributed to
the isocoumarin moiety and the lactone carbonyl group in their
structures (Xiao et al., 1996). Currently many countries and
e by Charles Wong.
organizations have set up the maximum limit of OTA in food
because of its high portion in total OTs contamination, and various
methods have been developed for OTA detection. Due to the tox-
icities of natural analogues of OTA, it is necessary to attach
importance to their detection although no maximum limits have
been established for them.

Various chromatography detection methods have been estab-
lished for OTs, such as high performance liquid chromatography
and liquid chromatography tandem mass spectrometry (Al-Taher
et al., 2017; Campone et al., 2018; Di Stefano et al., 2015). The
chromatography methods exhibit high sensitivity and good reli-
ability. However, they are limited for the expensive instruments,
time-consuming pretreatment of sample, and laborious operation.
Immunoassays are selected as an alternative to chromatography
methods because of the advantages of low cost, ease operation, and
high sensitivity. The reported immunoassays for OTs are mainly
performed in the competitive and heterogeneous format (Liang
et al., 2016; Liu et al., 2017; Liu et al., 2015; Liu et al., 2014; Qileng
et al., 2018; Sun et al., 2017; Sun et al., 2018; Sun et al., 2019;
Tang et al., 2018). Moreover, various protocols were used to
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improve the detection limit of immunoassays for low molecular
weight compounds in the noncompetitive and heterogeneous
format, such as PHAIA-based immunoassay and open sandwich
immunoassay (Kim et al., 2011; Lim et al., 2007). Nevertheless, the
improvement of detection sensitivity of these methods are still
restricted due to the heterogeneous assay format that involves re-
petitive steps of incubation and washing.

Fluorescence resonance energy transfer (FRET) is a process in
which the electronic excited state energy transfer occurs between
two chromophores, namely the donor and the acceptor, respec-
tively (Masters, 2014). The FRET results in light emission from the
acceptor when the distance between the excited donor and
acceptor ranges from 1 to 10 nm (Tyagi et al., 2000). FRET is a ho-
mogeneous reaction system and thus the combination of FRET and
immunoassay can efficiently improve the detection limit of
immunoassay and shorten the assay time by eliminating repetitive
steps of incubation and washing. Most current FRET-based immu-
noassay systems require fluorescent dyes or fluorophore-tagged
antibodies and antigens to act as donors and acceptors. Since the
antibody has intrinsic fluorescence resulting from the indigenous
tryptophan (Trp) residues (lex: 280 nm and lem: 350 nm), the
antibody can serve as a donor in FRET interactions with bound li-
gands or antigens participating as acceptors (Borkman and Lerman,
1978; Li et al., 2013). Consequently, the specific binding of an
antibody to an antigen can lead to fluorescence quenching of Trp
residues in the antibody and fluorescence enhancement of the
antigen which involves the energy transfer efficiency. According to
F€orster's theory, the energy transfer efficiency can be increased by
shortening the distance between the donor and acceptor (effective
FRET distance, R) (Lakowicz, 1999). Compared to the intact anti-
body, an antigen-binding fragment (Fab) contains a higher pro-
portion of Trp residues that are close to the bound target antigen.
Since the fluorescence efficiency mainly depends on Trp residues in
the variable domains of an antibody, the FRET immunoassay using
an Fab shows more intense fluorescence quenching by the bound
target antigen (Schreiber et al., 1978). This phenomenon was vali-
dated by the theoretically calculated values of R for intact antibody-
antigen and Fab-antigen (Li et al., 2013). Thus, the utilization of a
miniaturized antibody to replace the intact antibody in FRET
immunoassay is an effective approach to shorten the effective FRET
distance by decreasing the mean distance between Trp residues
and antigen binding site, and improve the energy transfer efficiency
for a lower detection limit.

With the rapid development of antibody engineering and mo-
lecular cloning techniques, numerous genetically engineered anti-
bodies have been explored, such as single chain variable fragments
and nanobodies (Nbs). The Nbs have a molecular weight of
approximately 12e15 kDa and are reported to be the smallest intact
antigen-binding single polypeptide chains in natural antibodies
(Muyldermans, 2013). Nbs are derived fromheavy-chain antibodies
(HCAbs) and new antigen acceptors (NARs), which are naturally
devoid of light chains and present in camelids and sharks
(Greenberg et al., 1995; Hamers-Casterman et al., 1993). Both the
HCAbs and NARs have an antigen recognition part composed of
single variable domains, considered as the variable domain of the
heavy chain of HCAb (VHH) and of the NAR (V-NAR) (Harmsen and
De Haard, 2007; Muyldermans, 2013). Owing to the cylindrical
shape of 2.5 nm diameter and 4 nm height, these single variable
domains are accordingly named as Nbs by its original developer
Ablynx and sometimes more generally referred to as VHH. Due to
the advantages of ease expression, high solubility, and high toler-
ance to harsh environment, various Nbs have been developed to
replace intact antibodies for competitive and heterogeneous
detection of compounds with low molecular weight, including
mycotoxins, pesticides, and other contaminants in food and
environment (Bever et al., 2014; He et al., 2014; Huo et al., 2018;
Sun et al., 2018; Wang et al., 2014). Nevertheless, there are few
reports on the development of noncompetitive and homogeneous
immunoassays for low molecular weight compounds using Nbs.

In previous work, we reported the development of alpaca anti-
OTA Nbs and a sensitive indirect competitive Nb-based ELISA for
OTA with an LOD of 0.16 ng/mL (Liu et al., 2017; Liu et al., 2014). To
evaluate the potential of Nbs for improving assay sensitivity, the
anti-OTA Nb (Nb28) was selected for establishing a FRET-based
immunoassay system for noncompetitive and homogeneous
detection of OTs in this study. The experimental parameters related
to method optimization and evaluation are detailed. To our
knowledge, a FRET-based immunoassay system using an Nb for
noncompetitive, homogeneous, and simultaneous detection of OTs
(OTA and OTB) and other analogues with lowmolecular weight has
not yet been reported.

2. Materials and methods

2.1. Materials and instruments

Nickel-nitrilotriacetic acid (Ni-NTA) Sepharose was procured
from Solarbio (Beijing, China). OTA, OTC, and fumonisin B1 (FB1)
were obtained from Pribolab (Singapore). Aflatoxin B1 (AFB1) and
zearalenone (ZEN) were purchased from Fermentek (Jerusalem,
Israel). OTB was from Bioaustralis (Smithfield, NSW, Australia).
Deoxynivalenol (DON) was from Sigma-Aldrich (CA, USA). Bovine
serum albumin (BSA) and ovalbumin (OVA) were obtained from
Sangon Biotech Inc. (Shanghai, China). The black microtiter plates
were from Corning Inc. (NY, USA). The mouse anti-OTA monoclonal
antibody mAb YK232 was obtained from Yikang Biotech Inc. (Hai-
kou, China). The anti-alpha fetoprotein (AFP) Nb was prepared in
our lab. The engineered BL21(DE3) strain of E. coli containing the
vector Nb28-pET25b for Nb28 expression was prepared previously.
All other chemicals and organic solvents were of reagent grade or
better.

Fluorescence spectra and UVevis spectra were obtained using a
spectral scanning multimode reader SP-Max 3500FL (Flash Spec-
trum Inc., Shanghai, China). The HPLC system consisted of a Model
E2695 pump, a Model 2475 fluorescence detector, and a SunFire
C18 5 mm column (Waters, MA, USA).

2.2. Preparation of nanobody Nb28

The E. coli BL21(DE3) strain containing the vector Nb28-pET25b
was used for auto-induction expression of the anti-OTA nanobody
Nb28 according to previous work with some modifications (Liu
et al., 2017). For pre-culture, 5mL of LB medium containing ampi-
cillin (100 mg/mL) was inoculated with a single colony and cultured
overnight at 37 �C by shaking at 220 rpm. For the soluble expression
of Nb28, 300mL of auto-induction medium containing ampicillin
(100 mg/mL) was inoculated with 3mL of overnight culture, fol-
lowed by 3 h of shaking culture at 37 �C. The expression of Nb28
was performed by vigorously shaking at 30 �C overnight. After
centrifugation (10,000 g, 4 �C) for 30min, the bacterial cells were
collected from the culture and resuspended in 1mL of lysis buffer
(pH 8.0, 50mM NaH2PO4, 300mM NaCl, 10mM imidazole) con-
taining 1mM PMSF and 1mg/mL lysozyme per gram of wet weight.
The cells were then subjected to ultrasonication, followed by
centrifugation (10,000 g, 4 �C) for 15min. The filtered supernatant
flew through the protein purification column packed with Ni-NTA
Sepharose by gravity. The column was washed with five column
volumes of wash buffer (pH 8.0, 50mM NaH2PO4, 300mM NaCl,
20mM imidazole) to remove nonspecifically bound proteins. Then
5mL of elution buffer (pH 8.0, 50mM NaH2PO4, 300mM NaCl,



Fig. 1. Schematic illustration of the noncompetitive and homogeneous FRET immu-
noassay using intact antibody anti-OTA mAb YK232(A) and anti-OTA nanobody Nb28
(B), respectively. (R0: F€orster distance; R: effective FRET distance).
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250mM imidazole) was used for the competitive elution of bound
Nb28. After protein dialysis against PBS (4 �C, 72 h), purity identi-
fication and quantification of the purified Nb28 were performed
using the SDS-PAGE and the Bradford method, respectively. The
purified Nb28 solution was frozen at �20 �C and used later.

2.3. Nb-based FRET immunoassay for OTA and OTB

The FRET immunoassay using Nb28 for simultaneous detection
of OTA and OTB was performed as follows. Briefly, 180 mL of Nb28
solution (5 mg/mL in 0.01M MES, pH 6.2) was mixed with 20 mL of
OTA or OTB standard solution with various concentrations (0, 0.25,
0.5, 1.0, 2.0, 5.0, 10, 20, 50, and 100 ng/mL in 0.01MMES containing
50% methanol) and added into the wells of black microtiter plate.
After incubation at room temperature for 10min, the fluorescence
intensity (FI) at 430 nm of the mixture caused by FRET between
Nb28 and analytes was recorded with the excitation wavelength at
280 nm. The quantitative analysis of OTA and OTB was performed
according to the calibration curve for OTA, which was constructed
by plotting the fluorescence enhancing rate (FE) against the loga-
rithm of OTA concentrations. The FE was calculated with the
following equation: FE ¼ (FI-FI0)/FI0, where FI0 and FI are the
fluorescence intensity at 430 nmwithout and with the presence of
analytes.

2.4. Selectivity of the Nb-based FRET immunoassay

In order to determine the selectivity of the Nb-based FRET
immunoassay, the reactivity of the standard solutions of com-
pounds (OTA, OTB, OTC, AB1, ZEN, FB1, and DON) with two con-
centrations (10 and 50 ng/mL) were tested with Nb28.
Meanwhile, various proteins including 50 mg/mL BSA, 50 mg/mL
OVA, 50 mg/mL mouse anti-OTA monoclonal antibody mAb
YK232, and 5 mg/mL anti-AFP Nb were used to replace Nb28 for
fluorescence detection.

2.5. Sample preparation and analysis

Rice samples for the Nb-based FRET immunoassay were pre-
pared as shown below. Briefly, 0.2 g of ground sample was trans-
ferred to a 50mL centrifuge tube containing 15mL of 50%
methanol-MES buffer. After 15min of ultrasonic extraction, the
sample mixture was centrifuged (8000 g, 4 �C) for 15min. The su-
pernatant was filtered through a 0.45 mm syringe filter before the
Nb-based FRET immunoassay analysis. The filtrate was concen-
trated to dry under nitrogen and dissolved in methanol for analysis
by HPLC with fluorescence detection (HPLC-FLD). Sample analysis
by HPLC-FLDwas performed as described by Remiro and coworkers
with some modifications (Remiro et al., 2010). The mobile phase of
HPLC-FLD contained acetonitrile and 0.4% formic acid solution. The
proportions of acetonitrile:0.4% formic acid were 45:55 and 40:60
(v/v) for OTA and OTB at a flow rate of 1mL/min, respectively. The
injection volume was 20 mL, and the column temperature was
maintained at 40 �C. The excitation and emission wavelengths of
fluorescence detector were set at 333 and 460 nm for OTA and 318
and 460 nm for OTB, respectively.

2.6. Statistics analysis

Student's t-test was performed to assess the differences be-
tween the standard Nb-based FRET immunoassay calibration
curves for OTA and OTB, between the standard Nb-based FRET
immunoassay calibration curve for OTA in the optimal MES-MeOH
buffer and those in rice sample matrix extracts with different
dilution folds, and between the recovered OTs concentrations
detected by the Nb-based FRET immunoassay and HPLC for each
spiked level. The p-value was used to determine the significant
differences.

3. Results and discussion

3.1. Expression, purification, and identification of the nanobody
Nb28

The expression of nanobody Nb28 was assessed by SDS-PAGE
(Figure S-1). Compared to the protein bands of the whole cells
before auto-induction, a new band of 17 kDa for target protein
Nb28 appeared in the whole cell protein of bacteria after auto-
induction (Lanes 1 and 2). Moreover, the main form of the
expressed Nb28 by auto-inductionwas soluble protein, since most
of the target protein was found in the cell supernatant after
ultrasonication (Lane 4). The Nb28 was separated from the su-
pernatant of the broken cells by the Ni-NTA Sepharose affinity
chromatography, and the purity identification of Nb28 was con-
ducted by SDS-PAGE. A single clear band of 17 kDa was observed
(Lane 5), which indicated that the Nb28 was well prepared with
high purity. The yield of Nb28 was calculated to be 100mg/L after
quantification.

3.2. Construction of the Nb-based FRET immunoassay

As shown in Fig. 1, the F€orster distance (R0) and effective FRET
distance (R) for intact antibodymAb YK232-OTA group (R0: 23.24 Å,
R: 27.2 Å) and Nb28-OTA group (R0: 22.69 Å, R: 21.5 Å) were
calculated according to the equations in the supporting material.
Since the mean distance between Fc region of mAb YK232 and OTA
is obviously longer than R0 (23.24 Å), OTA-induced fluorescence
quenching on Fc region Trp residues in mAb YK232 has an
extremely low efficiency. Thus, the mAb YK232-OTA group has a
bigger value of R than that of R0. The Nb28-OTA group has a shorter
effective FRET distance than that of the mAb YK232-OTA group,
thus we hypothesized that the FRET immunoassay using Nb28
could show a higher energy transfer efficiency. To construct an Nb-
based FRET immunoassay for noncompetitive and simultaneous
detection of OTs, the fluorescence properties of Nb28 and OTs were
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investigated. The Nb28 contained two Trp residues in the previ-
ously reported amino sequence (Liu et al., 2014). Fluorescence
spectrum scanning validation was performed by excitation at
280 nm to identify the fluorescence property of Nb28, and a sig-
nificant fluorescence emission peak was observed at 325 nm
(Fig. 2). There are three different prototropic forms (neutral, mon-
oanion, and dianion) reported for OTA in solution, amongwhich the
monoanionic form and dianionic form dominate in acidic media
and alkaline media, respectively (Il'ichev et al., 2001). It had been
reported that the fluorescence emission peak at 450 nm for OTA
was produced by excitation at ca. 330 nm in acidic media and ca.
380 nm in alkaline media, respectively (Hashemi and Alizadeh,
2009). Thus the fluorescence properties of OTA in solution varied
significantly depending on its protonation state. The fluorescence
spectra for OTs (OTA, OTB, and OTC) in MES buffer (0.01M, pH 6.2)
and PB buffer (0.01M, pH 8.6) were scanned by excitation at
280 nm. The relative fluorescence intensity of emission at 430 nm
inMES buffer wasmuch lower than that in PB buffer (Fig. 2A and B),
and thus MES buffer reduced the background signal. Moreover, the
excitation spectra of OTA and OTB in MES buffer overlapped more
with the emission spectrum of Nb28 than those in PB buffer did,
which could enhance the detection signal (Fig. 2C and D). The MES
buffer was selected because of the higher signal to noise ratio for
improving the assay sensitivity. This was attributed to the high
binding affinity between the dianions of OTA and OTB and Trp
caused by electrostatic interaction (Il'ichev et al., 2002). Since no
OTC dianion existed in acidic media, a low level of fluorescence
intensity of OTC in MES buffer was observed by excitation at
280 nm (Fig. 2C). Thus the Nb-based FRET immunoassay was pre-
liminarily constructed for simultaneous detection of OTA and OTB
in MES buffer.
Fig. 2. Fluorescence emission spectra (lex: 280 nm) of 100 ng/mL OTA, OTB and OTC in ME
spectra (lex: 280 nm) of 5 mg/mL Nb28 and fluorescence excitation spectra (lem: 430 nm) of
and PB buffer contain 0.5% Tween 20 and 5% methanol.
3.3. Optimization of the Nb-based FRET immunoassay

Effects of various conditions on the performance of the Nb-
based FRET immunoassay was assessed, including immuno-
reaction time, pH, methanol, ionic strength, and surfactant
(Figure S-2). The fluorescence enhancing rate of OTs (FEOTs) caused
by FRET from Nb28 (5 mg/mL) to OTs (100 ng/mL) was used for
assessment criterion. The FEOTs was calculated with the following
equation: FEOTs¼ (FINb@OTs-FIOTs)/FIOTA, where FINb@OTs and FIOTs are
the fluorescence intensity of OTA and OTB at 430 nm with and
without the presence of Nb28 (lex¼ 280 nm). The FEOTs increased
as the immunoreaction time increased, and therewas no significant
change when the time exceeded 10min. Thus 10min of immuno-
reaction timewas selected for further research (Figure Se2A). Since
the dianionic OTs exist in acidic media, the assay buffers with
various pH (5.0e6.6) were tested. The FEOTs increased from 2.16 to
2.69 when the pH ranged from 5.0 to 6.2. However, the FEOTA
significantly declined to 2.23 when the pH reached up to 6.6.
Therefore, the pH of 6.2 was selected as the optimal one
(Figure Se2B). Due to the hydrophobicity of OTA and OTB, it is
necessary to use an organic reagent for the preparation of standard
solutions and sample pretreatment. Methanol was commonly
selected as the solvent of OTA and OTB, and the effect of methanol
with various concentrations on assay performance was investi-
gated (Figure Se2C). When the final concentration of methanol was
no more than 5%, the FEOTs gradually rose from 2.13 to 2.43. While a
gradual decrease of the FEOTs was observed when the methanol
concentration increased from 5% to 20%. Hence, the recommended
final concentration of methanol in assay buffer is 5%. To evaluate
the effect of ionic strength on the Nb-based FRET immunoassay, the
MES buffers (pH 6.2, 0.01M) containing serial concentrations of
S buffer (pH 6.2, 10mM) (A) and PB buffer (pH 8.6, 10mM) (B). Fluorescence emission
100 ng/mL OTA, OTB, and OTC in MES buffer (C) and PB buffer (D). Both the MES buffer
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sodium chloride (0, 10, 25, 50, and 100mM NaCl) were tested
(Figure Se2D). Compared to the assay buffer with 0mM NaCl, a
significant decrease of FEOTs was measured in assay buffers with
higher content of NaCl. Thus the ionic strength of 0mM was
selected. Moreover, the assay buffers with various contents of
nonionic surfactant Tween 20were tested to reduce the nonspecific
adsorption of Nb28-OTA immunocomplex by the microplate
(Figure Se2E). The result showed that the addition of Tween 20 in
assay buffer can effectively improve the relative fluorescence in-
tensity compared to the MES buffer, and 0.05% of Tween 20 was
selected for the highest FEOTs. Under the optimal experimental
conditions, the fluorescence emission spectra of Nb28 (5 mg/mL,
lem¼ 324 nm) and the UV absorption spectra of OTA (100 mg/mL,
lab¼ 333 nm) and OTB (100 mg/mL, lab¼ 320 nm) were measured
(Figure Se2F). The UV absorption spectra of both analytes over-
lapped well with the normalized fluorescence emission spectra of
Nb28, which ascertained the FRET from Nb28 to OTA and OTB.

Furthermore, fluorescence spectra of the mixture of Nb28 (5 mg/
mL) and serial concentrations (0, 0.25, 0.5, 1, 2, 5, 10, 20, 50, and
100 ng/mL) of the analytes (OTA and OTB) were scanned (Fig. 3A
and B). As the concentration of OTA and OTB increased, significant
and similar fluorescence intensity decrease (wavelength¼ 330 nm)
and increase (wavelength¼ 430 nm) was observed for both ana-
lytes. This phenomenonwas attributed to energy transferring of the
intrinsic fluorescence quenching of Nb28 caused by the FRET be-
tween Nb28 and analytes. Moreover, the fluorescence enhancing
efficiency correlated well with the concentration of OTA and OTB
ranging from 0.25 ng/mL to 20 ng/mL (Insets in Fig. 3C and D). At
95% confidence level, no significant difference was observed be-
tween the standard calibration curves of Nb-based FRET immuno-
assay for OTA and OTB using the Student's t-test analysis (p> 0.05).
Fig. 3. Fluorescence emission spectra of solutions containing 5 mg/mL Nb28 and various con
FI0 at 430 nm of the antigen/Nb complex as a function of concentration of OTA (C) and OTB
portion of the plot. The error bars indicate standard deviations of data from experiments p
Thus, the calibration curve for OTAwas applicable to OTB. The limit
of detection (LOD) of the Nb-based FRET immunoassay was calcu-
lated to be 0.06 ng/mL for OTA and 0.12 ng/mL for OTB, and the LOD
equals to the average response of 20 blank samples minus 3-fold
standard deviations (Xu et al., 2014). The LOD of OTA by the Nb-
based noncompetitive homogeneous FRET immunoassay was
improved 2.7 folds compared to that (0.16 ng/mL) by the Nb-based
indirect competitive heterogeneous ELISA (Liu et al., 2017). Besides,
the assay time (10min) of the developed FRET immunoassay was 7
folds shorter than that (70min) of the Nb-based indirect compet-
itive heterogeneous ELISA (Liu et al., 2017). Moreover, the analytical
performance of the Nb-based FRET immunoassay was compared
with other nanotechnology- and mass spectrometry-based assays
for OTs (Campone et al., 2018; He et al., 2019; Meerpoel et al., 2018;
Qileng et al., 2018; Rodríguez-Cabo et al., 2016). The detection
limits for those nanotechnology- and mass spectrometry-based
assays are often lower, but they are limited by the time-
consuming operation and expensive equipments (Table 1). In
contrast, the mouse anti-OTA monoclonal antibody (mAb YK232,
50 mg/mL) was used to replace Nb28 for FRET immunoassay
(Fig. 4A). ThemAb YK232 showed a higher fluorescence intensity at
the wavelength of 330 nm than Nb28 because of more Trp residues
inmAb YK232 (Inset in Fig. 4A). However, the stronger fluorescence
intensity at the wavelength of 430 nmwas tested in the Nb28@OTA
(100 ng/mL) FRET immunoassay system than in the mAb@OTA
(100 ng/mL) group (Inset in Fig. 4A). This can be ascribed to the fact
that the former has a higher energy transfer efficiency (45%) than
the latter (15%). Thus, the higher fluorescence enhancing efficiency
was obtained in both Nb28@OTA and Nb28@OTB groups than in
mAb YK232@OTA group (Fig. 4A). Moreover, the LOD of mAb
YK232-based FRET immunoassay for OTA was calculated to be
centrations of OTA (A) and OTB (B), and plot of relative fluorescence intensities (FI-FI0)/
(D). The fluorescence spectra were recorded with excitation at 280 nm. Inset in: linear
erformed in triplicate.



Table 1
Analytical performances of the Nb-based FRET immunoassay and other nanotechnology- and mass spectrometry-based assays for ochratoxins.

Protocol Analyte LOD Assay time Reference

LCeQTOF-MS OTA 0.05 ng/mL >45min. Rodríguez et al. (2016)
LC-MS/MS OTA 0.05 ng/mL >45min Meerpoel et al. (2018)
SPE-HPLCeMS/MS OTA 0.01 ng/mL >60min Campone et al. (2018)
Fluorescent aptasensor OTA 0.8 ng/mL 190min He et al. (2019)
Photoelectrochemical immunosensor OTA

OTB
OTC

0.02 pg/mL
0.04 pg/mL
0.03 pg/mL

336min Qileng et al. (2018)

Nb-based FRET immunoassay OTA
OTB

0.06 ng/mL
0.12 ng/mL

10min This work

Fig. 4. Comparison of standard curves of the Nb-based FRET immunoassay for OTA and OTB and standard curve of the mAb YK232-based FRET immunoassay for OTA (A), and
selectivity analysis of the Nb-based FRET immunoassay using nonspecific proteins (B and C) and structural analogues of OTA and OTB (D). The solutions containing 5 mg/mL Nb28 or
50 mg/mL mAb YK232 together with various concentrations of analyte were incubated at room temperature for 10min. Fluorescence intensity (lem: 430 nm) of the antibody-analyte
complex was recorded by excitation at 280 nm. Inset in: fluorescence emission spectra (lex: 280 nm) of Nb28, Nb28@OTA complex, mAb YK232, and mAb YK232@OTA complex. For
selectivity analysis, the nonspecific proteins including OVA (50 mg/mL), BSA (50 mg/mL), and the anti-AFP Nb (5 mg/mL) were used to replace Nb28 for incubation with 10 and 50 ng/
mL OTA (A) or OTB (B). Common mycotoxins including OTC, AFB1, ZEN, FB1, and DON were used to replace OTA and OTB, and incubated with 5 mg/mL Nb28 (C). Fluorescence
intensity (lem: 430 nm) of each solution was recorded by excitation at 280 nm. The error bars indicate standard deviations of data from experiments performed in triplicate.
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0.5 ng/mL, which was 8.3 folds higher than that (0.06 ng/mL) of the
Nb-based FRET immunoassay, indicating the effective way to
improve the detection sensitivity of OTs using Nb.
3.4. Selectivity of the Nb-based FRET immunoassay

Several nonspecific proteins and common mycotoxins were
used to replace Nb28 and target antigens (OTA and OTB) for
determining the selectivity of the Nb-based FRET immunoassay.
Nonspecific proteins including OVA (50 mg/mL), BSA (50 mg/mL),
and the anti-AFP Nb (5 mg/mL) were subjected to the assay (Fig. 4B
and C). Insignificant increases of fluorescence intensity of OTA and
OTB were measured when the nonspecific proteins were incubated
with 10 ng/mL and 50 ng/mL of both OTA and OTB. The fluorescence
intensity caused by the binding of OVA and BSA to OTA or OTB is
higher than that of the control groups containing only OTA or OTB.
Nevertheless, it is much lower than that produced by the binding of
Nb28 to target antigens. Furthermore, the selectivity of the Nb-
based FRET immunoassay was assessed by testing the fluores-
cence signal of Nb28 together with the analogue of OTA and OTB
(OTC) and some common mycotoxins (AFB1, ZEN, FB1, and DON). As
shown in Fig. 4D, negligible increase of fluorescence intensity at the
wavelength of 430 nm was detected for the common mycotoxins.
Better interestingly, 5.7% and 58% of cross reactivity of the Nb28
with OTB and OTC (Table S-1) were detected in an Nb-based
competitive heterogeneous immunoassay performed according to
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the previous work (Liu et al., 2017). The results demonstrated that
the increase of fluorescence intensity in the Nb-based FRET
immunoassay system originated from the recognition of Nb28 to
dianions of OTA and OTB in a weakly acidic buffer. Thus the
developed Nb-based FRET immunoassay exhibits high selectivity
for OTA and OTB.

3.5. Analysis of spiked samples by Nb-based FRET immunoassay
and HPLC-FLD

The elimination or reduction of matrix effect is critical for food
sample analysis. Various strategies have been successfully applied
to minimize the matrix effect of food, such as dilution method and
solid-phase extraction (Jiang et al., 2015; Yang et al., 2015). Dilution
is the most commonly used method because of the advantages of
easy operation, low cost, and speed. Nevertheless, a high dilution
factor will reduce the detection sensitivity although it can effec-
tively minimize the matrix interference. In this study, standard
calibration curves using the rice sample extracts with different
dilution factors were set up and compared with the one using the
optimal MES-MeOH buffer (Figure S-3). There was no significant
difference between the standard calibration curve without matrix
and thosewith diluted rice sample extracts through the Student's t-
test analysis at 95% confidence level (p> 0.05). As shown in
Figure S-3, the maximum relative fluorescence intensity (FImax-FI0)
decreased as the dilution factor increased. The matrix interference
was effectively reduced when the dilution factor exceeded 20.
Therefore, 30-fold dilution was selected to minimize the rice
sample matrix effect in Nb-based FRET immunoassay system. Assay
sensitivity obviously can be increased with a partition of SPE col-
umn to reduce matrix interference with an increase in assay time
and cost and a decrease in reproducibility. The fluorescence
enhancing rate of the mixture of Nb28 and OTA standards (2 and
10 ng/mL) prepared with 30-fold diluted rice extract (Nb28@Ri-
ce@OTA) was tested by the Nb-based FRET immunoassay, and
compared with those of the control groups including themixture of
Nb28 and OTA (Nb28@OTA) and of Nb28 and rice extract
(Nb28@Rice). As shown in Figure S-4, ignorable interference effect
from the rice extract was observed for the detection of OTA by the
Nb-based FRET immunoassay, which fortifies the concept of the
proposed method.

To evaluate the effectiveness of Nb-based FRET immunoassay
for real samples, the rice samples were spiked at three concentra-
tion levels of OTA (60, 150, and 300 mg/kg) for intra- and inter-assay
accuracy and precision analysis and confirmed by HPLC-FLD
(Table S-2). The average recoveries of OTA measured by Nb-based
FRET immunoassay and HPLC-FLD were among 100e124% with
the relative standard deviation (RSD) ranging from 5 to 10% and
among 85e116% with RSD ranging from 4% to 9%, respectively.
Furthermore, five different ratios of OTA and OTB mixtures (0:10,
8:2, 7:3, 6:4, and 5:5) at three different spiking levels (60, 150, and
300 mg/kg) were applied to the simultaneous detection of OTA and
OTB by Nb-based FRET immunoassay (Table S-3). The average re-
covery of mixed OTs was in a range of 83e127% with RSD ranging
from 3% to 11%, and the results were validated by HPLC-FLD
(Table S-3). At 95% confidence level, the Student's t-test indicated
that there was no significant difference in recovered OTs concen-
trations between the two methods (p> 0.05). Thus, these results
revealed the acceptable accuracy and precision of Nb-based FRET
immunoassay for simultaneous detection of OTA and OTB in rice
samples.

4. Conclusions

In summary, we developed a noncompetitive and highly
sensitive FRET-based homogeneous immunoassay system for
simultaneous detection of OTA and OTB using an Nb. This system is
constructed according to the following principles: Firstly, the
intrinsic fluorescence energy transfers from antibody Trp residues
(Donor) to antigen (Acceptor) when the specific interaction of two
molecules happens. Secondly, the smaller size of Nb can contribute
to the shorter mean distance between Trp residues and antigen-
binding site and effective FRET distance compared to the intact
antibody, and improve the fluorescence enhancing efficiency of
acceptor molecule. Thus, the higher detection sensitivity is ob-
tained in the Nb-based FRET immunoassay system. Compared to
the conventional competitive ELISA systems for OTs, the new sys-
tem can implement label-free, wash-free, noncompetitive, and
homogeneous detection of low molecular weight compounds in a
single step. These advantages can not only avoid the inactivation or
activity decrease of antibody by chemical labeling method and the
variability resulting from repeatedwashes involved in conventional
ELISA, but also the FRET shortens the assay time and improves the
detection sensitivity. To our knowledge, there are few reports on
the simultaneous detection of OTA and OTB or other analogues
using an Nb-based FRET immunoassay. Thus, this study provides
model basis of highly sensitive detection of total amount of low
molecular weight compounds that have similar fluorescence
properties with OTA and OTB.
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