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Abstract

Ochratoxin A (OTA) contamination in food is a serious threat to public health. There is an

urgent need for development of rapid and sensitive methods for OTA detection, to minimize
consumer exposure to OTA. In this study, we constructed two OTA-specific fluonanobodies
(FluoNbs), with a nanobody fused at the carboxyl-terminal (SGFP-Nb) or the amino-terminal (Nb-
SGFP) of superfolder green fluorescence protein. SGFP-Nb, which displayed better fluorescence
performance, was selected as the tracer for OTA, to develop a FluoNb-based nanosensor (FN-
Nanosens) viathe fluorescence resonance energy transfer, where the SGFP-Nb served as the donor
and the chemical conjugates of OTA-quantum dots served as the acceptor. After optimization,
FN-Nanosens showed a limit of detection of 5 pg/mL, with a linear detection range of 5-5000
pg/mL. FN-Nanosens was found to be highly selective for OTA and showed good accuracy and
repeatability in recovery experiments using cereals with various complex matrix environments.
Moreover, the contents of OTA in real samples measured using FN-Nanosens correlated well

with those from the liquid chromatography with tandem mass spectrometry. Therefore, this work
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illustrated that the FluoNDb is an ideal immunosensing tool and that FN-Nanosens is reliable for
rapid detection of OTA in cereals with ultrahigh sensitivity.
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1. Introduction

As a toxic secondary metabolite from several species of Aspergillusand Penicillium,
ochratoxin A (OTA) contaminates various agro-products, such as beans, cereals, spices,
coffee, milk, beer, wine, grape juice, and meat [1]. OTA can inhibit protein synthesis,
disturb metabolic pathways, disrupt calcium homeostasis, and damage DNA in humans and
animals. The potential human health risks of OTA exposure are related to nephrotoxicity,
hepatotoxicity, immunotoxicity, teratogenicity, and carcinogenesis [2]. To reduce the
exposure hazard of OTA, China [3] and the European Union [4] have set stringent regulatory
levels of OTA in food, such as 2, 5, and 10 pg/kg for wine, cereal, and soluble coffee,
respectively. Therefore, the development of rapid and sensitive detection technologies for
OTA is very imperative to support the regulation of food safety.

Highly accurate and sensitive chromatography methods [5-7] are commonly used as
confirmation methods for detection of OTA by the third testing organizations and
government regulators of food safety. Nevertheless, the requirements for sophisticated
instruments, laborious sample pretreatment, and specialized personnel limit their wide
application by basic regulators or fields, for the rapid detection of hazardous materials

in food. As alternatives to chromatography methods, immunoassays are very attractive
options for high-throughput tests, because of their advantages of speediness, low cost, and
high sensitivity. Immunoassays, including colorimetric immunoassays, chemiluminescent
immunoassays, fluorescent immunoassays, bioluminescent immunoassays, and biosensors
have been widely applied to detect various toxic low-molecular-weight compounds that are
present in food and the environment [8-20]. A breakthrough was obtained upon application
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of a combination of fluorescent immunoassays, biosensors, and fluorescence resonance
energy transfer (FRET). The homogeneous reaction can eliminate the repetitive steps of
incubation and washing, to expedite detection, thus improving the detection sensitivity [21].

FRET is triggered by narrowing the distance between two chromophores with overlapping
spectra of emission and absorption spectra in the range of 1-10 nm; in this scenario,

one chromophore is known as the donor while the other is known as the acceptor [22].
Chromophores with different characteristics mainly include organic dyes, quantum dots
(QDs), and fluorescent proteins. The short fluorescence lifetime and photobleaching of the
traditional organic dyes limit their application in reliable and long-term detection. Owing
to their excellent properties, such as broad excitation spectra, narrow-band emission, and
ease of surface modification, QDs are very attractive as a robust fluorescence nanomaterial
[23, 24]. QDs have been used as both the donor and acceptor, where green QDs chemically
labeled with the target analyte served as the donor and red QDs labeled with the target-
specific antibody served as the acceptor [15]. However, the drawbacks of preparing
antibody-QD conjugates using chemical coupling strategies, such as partial inactivation of
the antibody and random coupling, are inevitable, which in turn influences the sensitivity,
specificity, and repeatability of the method.

The discovery of green fluorescent protein (GFP) has piqued the wide interest of researchers
in fluorescence proteins, because of their favorable fluorescence performance and stability
[25]. Various GFP mutants with different optical properties have been generated, such as
blue fluorescent protein, yellow fluorescent protein, and cyan fluorescent protein. Existing
GFP variants are a group of ~26 kDa proteins that fluoresce green when exposed to light
ranging from the blue to the ultraviolet spectra [26—28]. As reported, the better-folded
variants of GFP are efficient fusion tags for proteins. Nevertheless, the folding yield and
fluorescence intensity (FI) of GFP in fusion proteins cannot be guaranteed [29]. A recent
novel mutant of GFP, namely superfolder GFP (SGFP), has attracted the wide attention of
researchers owing to its excellent characteristics of high water solubility, hyperfluorescence,
fast folding capacity, and good stability. Moreover, neither the misfolding of fusion partners
nor the solubility of fusion can influence the fluorescence of SGFP fusion [30]. Thus, SGFP
could be a very promising fluorescent tag for developing biosensors.

The nanobody (Nb) is the minimal functional antigen-binding fragment, which is mainly
originates from the heavy-chain antibody of Camelidaes [31] and the new antigen receptor
immunoglobulin of sharks [32]. Owing to the attractive characteristics of ease of prokaryotic
expression with high yield, excellent water solubility, ease of genetic manipulation, and
tolerance to harsh environments, various Nbs and Nb-derived fusion proteins have been
generated to detect hazardous materials in food and the environment [9, 10, 33-37].
Nevertheless, there are very few reports on nanobody-fluorescence protein fusion (FluoNbs)
for immune analysis, which is believed to be a very promising tool for immunoassays.

In this work, we constructed FluoNbs and investigated the feasibility of developing a
FRET-mediated nanosensor designed using FluoNbs and QDs for the detection of OTA,

as shown in Scheme 1. The influence of experimental parameters, such as reaction rate of
donor and acceptor, reaction time, pH, methanol concentration, ion strength, and Tween-20
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concentration on the proposed immunoassay was explored. The analytical performance of
this method was assessed using OTA-spiked cereal samples and authentic samples and
further confirmed using liquid chromatography with tandem mass spectrometry (LC-MS/
MS). The proposed FRET immunoassay based on FluoNb exhibited high sensitivity and
selectivity, with acceptable accuracy and precision, for detecting OTA in cereals. To our
knowledge, there are very few reports on FRET-mediated nanosensors using FluoNb as the
donor for detecting OTA and other low-molecular-weight compounds.

Materials and Methods

2.1 Materials and Instruments

Restriction enzymes and PrimeSTAR® HS DNA polymerase were supplied by Takara
Biomedical Tech. Co. Ltd. (Beijing, China). The primers listed in Table S1 were synthesized
by Sangon Biotech (Shanghai, China). Gluconic acid, N, A-dicyclohexyl carbodiimide
(DCC), N, N-dimethyl formamide (DMF), and A-hydroxysuccinimide (NHS) were obtained
from Aladdin (Shanghai, China). Standards of mycotoxins, including aflatoxin By (AFBy),
deoxynivalenol (DON), fumonisin B4 (FB1), OTA, ochratoxin B (OTB), ochratoxin C
(OTC), and zearalenone (ZEN) were purchased from Pribolab (Qingdao, China). The
ZnCdSe/ZnS QDs modified with an amino group (RQD-NH», Ae,=614 nm) were supplied
by Jiayuan Tech. (Wuhan, China). The recombinant vectors, pET25b-Nb28 encoding the Nb
gene against OTA and pGEM-T-SGFP encoding the SGFP gene, were previously prepared
in our laboratory. The remaining inorganic chemicals and organic solvents were of analytical
grade or purity.

A spectral scanning multimode reader was used to scan the fluorescence spectra and
UV-vis spectra (Infinite M200 Pro, Tecan, Switzerland). A PerkinElmer Frontier infrared
spectrometer was used to analyze the Fourier transform infrared spectroscopy (FTIR)
spectra (PerkinElmer, Waltham, MA, USA).

2.2 Construction of Recombinant Expression Vectors for FluoNbs

The vectors pET25b-Nb28 and pGEM-T-SGFP served as templates for the construction

of the recombinant expression vectors of FluoNbs. Eight primers (SN-SF, SN-SR, SN-NF,
SN-NR, NS-NF, NS-NR, NS-SF, and NS-SR), listed in Table S1, were designed to construct
two FluoNbs fused with Nb28 at the carboxyl-terminal of SGFP (SGFP-NDb) or the amino-
terminal of SGFP (Nb-SGFP). As shown in Scheme 1, the SGFP fragment was amplified
using polymerase chain reaction (PCR) with pGEM-T-SGFP as the template; the primer pair
of SN-SF and SN-SR containing the Hinalll restriction enzyme site and linker sequence was
used for SGFP-Nb, while the primer pair of NS-SF and NS-SR containing linker sequence
and Nod restriction enzyme site was used for Nb-SGFP. The Nb fragment was obtained
from pET25b-Nb28 as a template, using PCR with the primer pair of SN-NF and SN-NR
containing linker sequence and NoA restriction enzyme site for SGFP-Nb, and the pair of
NS-NF and NS-NR containing the Hinalll restriction enzyme site and linker sequence for
Nb-SGFP. The PCR conditions used have been shown in the Supplementary Material.

J Hazard Mater. Author manuscript; available in PMC 2023 January 15.
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After identification using DNA agarose gel electrophoresis, the fragments SGFP and Nb
were purified with a cycle-pure kit (Omega, Guangzhou, China) and subjected to splicing of
both genes using sequence overlap extension PCR (SOE PCR). Briefly, the SGFP and Nb
were spliced together using a two-step PCR, as shown in the Supplementary Material, where
both fragments served as the primers for each other. Subsequently, the products were applied
to amplify the SGFP-(G,4S)3-Nb fragment with the primer pair of SN-SF and SN-NR, and
the Nb-(G4S)3-SGFP fragment with the pair of NS-NF and NS-SR. The PCR conditions
used have been listed in the Supplementary Material.

The obtained SGFP-(G,4S)3-Nb and Nb-(G,4S)3-SGFP fragments were purified and digested
with the restriction enzymes Hindlll and Nod. After digestion, the fragments were purified
and inserted into a similarly digested pET25b vector, at a molar ratio of 3:1, using T4 DNA
ligase (New England Biolabs, Beverly, MA, USA), followed by transformation of the ligated
product into competent £. co/i DH5a cells. The transformed bacteria were then cultivated
on Luria-Bertani solid medium supplemented with ampicillin (50 pg/mL), following which
individual bacterial colonies were randomly selected for nucleic acid sequencing.

2.3 Expression and Characterization of Recombinant FluoNbs

E. coli BL21(DE3) cells containing the verified recombinant vectors after transformation
were used for auto-induction, as described previously [38]. After auto-induction, the
bacterial cells were collected from the medium by centrifugation (5000 x g, 15 min),
followed by freezing at —80°C and resuspension in lysis buffer (43.8 mM NaH,POy,, 300
mM NaCl, 20 mM imidazole, pH 8.0) supplemented with 1 mM phenylmethanesulfonyl
fluoride and 1 mg/mL lysozyme. After ultrasonication and centrifugation, the supernatant
containing soluble FluoNbs was separated from the lysed bacteria. Subsequently, the
supernatant was passed through a 0.45 um filter and transferred to an affinity column
loaded with nickel-nitrilotriacetic acid agarose for histidine-tagged protein purification, as
described previously [33]. The eluate from the affinity column was dialyzed at 4°C for 72 h
in phosphate buffer (PB, 50 mM, pH 7.8) and frozen at —20°C before use. The expression
and purity of FluoNbs were analyzed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and the concentrations of FluoNbs were determined using a
NanoDrop® 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
The activities of the Nb partner in SGFP-Nb and Nb-SGFP were determined using a direct
competitive enzyme-linked immunosorbent assay (ELISA), as reported previously [8]. The
fluorescence intensities at 510 nm of the SGFP partner in both the FluoNbs were recorded
upon excitation at the wavelength of 485 nm.

2.4 Preparation and Characterization of the OTA-RQD Conjugates

OTA was immobilized on RQD-NH, using the DCC/NHS method, to prepare the OTA-RQD
conjugates (OTA-RQDs), as described below. Briefly, a mixture of 1.32 pg DCC and 0.38

ug NHS in 100 puL of DMF was incubated with different amounts of OTA standards (0.8,
1.6, and 3.2 nmol) by shaking (30°C, 2 h) in the dark, to prepare the active esters of OTA.
The resultant solution was added dropwise to 500 pL RQD-NH, solution (0.4 pM in 0.2

M borate buffer, pH 7.4) and incubated at room temperature for 90 min. The OTA-RQDs
were blocked by incubation with 0.2 pmol gluconic acid for 60 min, followed by collection

J Hazard Mater. Author manuscript; available in PMC 2023 January 15.
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through two rounds of centrifugation (27000 x g, 30 min). The OTA-RQDs were redissolved
in borate buffer and stored at 4°C.

2.5 Measurements using FluoNb-Based Nanosensor

Measurements using FluoNb-based nanosensor (FN-Nanosens) via FRET were conducted as
described below. First, a mixed solution of 10 uL. SGFP-Nb (10 pug/mL), 10 uL OTA-RQDs,
and 180 pL PB (50 mM, pH 7.8) was transferred to a black 96-well microtiter plate

(Corning Incorporated, Corning, NY, USA). Subsequently, 20 pL of OTA standard solution
ranging from 0 to 1000 pg/mL in 50% methanol-PB solution was added for competitive
reaction (37°C, 10 min). Finally, the FI of the solution at 619 nm (A¢m of OTA-RQDS)

was determined upon excitation at 485 nm (Agx of SGFP-Nb). The standard curve was
plotted by fitting the fluorescence enhancement rate (FE) versusthe logarithm of the OTA
concentration for the quantitative analysis of OTA. The equation for the calculation of FE
value is FE = (FIpga-FIp)/Flp, in which Flpga and Flp represent the fluorescence intensity
at 619 nm in the presence and absence of OTA-RQDs, respectively.

2.6 Selectivity of the FluoNb-Based Nanosensor

The OTA standards were replaced with six substitutes, AFB;, DON, FB4, OTB, OTC,
and ZEN, at two concentrations - 0.01 and 1 ng/mL, and subjected to measurement using
FN-Nanosens. The calculated FEs were used to evaluate the selectivity of FN-Nanosens.

2.7 Method Validation in a Complex Environment

Cereal samples, including barley, oats, rice, and wheat, were pre-treated and tested to
investigate the effectiveness of the proposed FN-Nanosens, as follows. First, 1 g of milled
cereal sample was immersed in 5 mL of PB (50 mM, pH 7.8) with 50% methanol (v/v),
followed by ultrasonic extraction for 15 min. After 15 min of centrifugation (8000 x g,
4°C), the supernatant was transferred and filtered through a syringe filter of 0.45 nm, and
the prepared filtrate samples were tested using FN-Nanosens. To validate the effectiveness
of FN-Nanosens, authentic cereal samples tested using FN-Nanosens were further analyzed
using LC-MS/MS [33].

3. Results and Discussion

3.1 Expression and Characterization of the Recombinant FluoNbs

Recombinant plasmids with the inserted fragments of SGFP-(G4S)3-Nb and Nb-(G4S)3-
SGFP were confirmed using colony PCR (Figure S1-S3) and nucleic sequencing.
Recombinant £. coliBL21(DE3) cells were constructed to express FluoNbs (Nb-SGFP
and SGFP-Nb), and the expression of FluoNbs was evaluated using SDS-PAGE (Figure
1A). A predicted band of approximately 47.2 kDa for FluoNbs was present in the total
bacterial protein after auto-induction, while it was absent before the induction (lanes 1 and
2 in both Figure 1A up and down). Moreover, a single clear band of approximately 47.2
kDa was observed in the eluate of the supernatant after purification (lane 3 in Figure 1A
up and down), indicating that the FluoNbs were well prepared and of high purity. The
yields of soluble Nb-SGFP and SGFP-Nb were calculated to be 10.5 mg/L and 46.5 mg/L,
respectively, after quantification. The activity of Nb in both the FluoNbs was tested using

J Hazard Mater. Author manuscript; available in PMC 2023 January 15.
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indirect competitive ELISA. As seen in Figure 1B, Nb-SGFP and SGFP-Nb showed similar
antigen-binding activities. No significant variation was observed between the half maximal
inhibitory concentration (1Csp) values (0.67 and 0.66 ng/mL) of both the FluoNbs, which
were similar to the 1Cgq (0.64 ng/mL) of the original unfused Nb [8]. Therefore, the fusion
format of SGFP at the N- or C-terminus of Nb seemed to have no significant influence on
the antigen-recognition capacity of the antibody. The FI of 100 pL/well of each FluoNb
(0.039, 0.078, 0.156, 0.312, 0.624, 1.248, 2.496, 4.992, 9.984, and 19.968 pmol/assay) was
tested, and no significant difference was detected in the FI of either FluoNb (Figure 1C).
These results could mainly be attributed to the excellent flexibility of the linker domains
between Nb and SGFP, which is useful for facilitating the correct folding of Nb and SGFP
in both the FluoNbs. The length of the linker peptide (G4S)3 of FluoNbs was designed to
contain 15 amino acids encoded by 45 bp. By comparison, the Nb-SGFP had a 1.5-fold
longer linker sequence than the SGFP-Nb, since the hinge region containing eight amino
acids (24 bp) at the C-terminus of Nb is a flexible sequence, which can function as an
additional linker in the Nb-SGFP, in which the Nb is fused at the N-terminus of SGFP.
Because of the relatively higher FI and soluble expression yield, SGFP-Nb was selected for
further research. The thermal stability of SGFP-Nb was evaluated upon incubation at room
temperature, 4°C, and —20°C for various time-periods, as described in the Supplementary
Material. By comparison, preservation at —20°C was found to be the most effective means
to ensure stable activity of SGFP-Nb, and no significant variations were observed even after
incubation for 336 h (14 d) at —20°C, as shown in Figure S4.

3.2 Preparation and Characterization of the OTA-RQDs

To prepare the OTA-RQDs, four groups of OTA and RQD-NH> with input molar ratios of
5:1, 10:1, 15:1, and 20:1 were first tested. The excess OTA was quantified as previously
described [8], and the coupling ratio for OTA was calculated according to the equation:
coupling ratio (%) = [(Ninput 0TA — Nexcess 0TA) Ninput 0TA]l X 100%. As shown in Table S2,
the coupling ratios for OTA were determined as 74.51%, 76.83%, 74.76%, and 61.42%,
which meant that one RQD-NH,, particle was averagely immobilized with 3.73, 7.68, 11.21,
and 12.28 OTA molecules, respectively. After labeling with OTA, the emission peak of the
RQDs was characterized by a redshift from 615 nm to 619 nm, as shown in Figure 2A.
The FI of OTA-RQDs at 619 nm upon excitation at 485 nm increased upon increasing

the input molar ratio of OTA/RQD-NH, from 5:1 to 10:1, whereas it varied very slightly
when the ratio was continuously increased. This result could mainly be ascribed to that
the superfluous immobilization of OTA, which induces the surface effect of the RQDs
[39]. Moreover, the FI at 430 + 2 nm of the OTA-RQDs (A¢=365 nm) increased with
increasing reactant mole ratio of OTA/RQD-NHo>, indicating that an increasing number of
OTA molecules were immobilized on RQD-NHs>.

The FTIR spectra of free RQD-NH,, OTA, and OTA-RQDs were further tested to confirm
the coupling of OTA to RQD-NH> (Figure 2B and Table S3). The free RQD-NH, showed
a characteristic N-H stretching peak at 3448.47 cm™! in the FTIR spectrum. The free OTA
exhibited a C=0 stretching peak of carboxyl at 1605.90 cm~2, which was mainly caused
by the hydrogen bond formed between the oxhydryl and amino groups of OTA and the
conjugative effect from the = bonds in benzene rings around the carboxyl of OTA. In

J Hazard Mater. Author manuscript; available in PMC 2023 January 15.
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addition, a peak of O-H stretching for the carboxyl of free OTA was observed at 3436.34
cm™1. After conjugation, the above peaks were absent from the OTA-RQDs. Moreover,

a new N-H stretching peak at 3516.57 cm™1 and a new C=0 peak at 1650.78 cm~1

that was partially covered by the strong C=0 stretching peak at 1720.33 cm~! appeared
in the OTA-RQDs, indicating that a new amide | group was generated by dehydration
condensation between the carboxyl of OTA and the amino group of RQD-NH,. Thus, the
results demonstrated that OTA was successfully coupled with RQD-NHs.

3.3 Construction of the FluoNb-Based Nanosensor

To verify the feasibility of developing an FRET-mediated nanosensor using FluoNb (SGFP-
Nb) and OTA-RQDs, the fluorescence spectra of SGFP-Nb and OTA-RQDs-10, and the
absorption spectrum of OTA-RQDs-10 were first determined, where the OTA-RQDs-10
denotes the OTA-RQD conjugate prepared with a 10:1 input molar ratio of OTA and RQD-
NH,. As seen in Figure 3A, the UV-vis absorption spectrum of OTA-RQDs-10 exhibited
a highly overlapped area with the fluorescence emission spectrum of SGFP-Nb in the
range of 470-628 nm. Moreover, the emission spectra of SGFP-Nb and OTA-RQDs-10
were apart from each other, with no significant effective overlap. These results confirmed
the prerequisite for the occurrence of FRET between SGFP-Nb (donor) and OTA-RQDs
(acceptor). The fluorescence lifetimes of SGFP-Nb in the presence and absence of OTA-
RQDs were determined to confirm the fluorescence quenching mechanism of SGFP-Nb by
OTA-RQDs (Figure 3B). After incubation with the OTA-RQDs, the fluorescence lifetime
of SGFP-Nb declined significantly with the t; decreasing from 2.57 ns to 0.92 ns and the
T, from 5.13 ns to 2.58 ns. Moreover, the estimated maximum FRET distance between
SGFP-Nb and OTA-RQDs (9.31 nm) was smaller than the calculated Forster distance (Rg =
12.84 nm), as described in the Supplementary Material. Thus, FRET was proved to mainly
contribute to the fluorescence quenching of SGFP-Nb by OTA-RQDs. Furthermore, the
negative staining transmission electron microscopy (TEM) was also conducted to analyze
the morphology of both SGFP-Nb and OTA-RQDs [40]. As shown in Figure 3C, we
observed not only the free OTA-RQDs and SGFP-Nb with regular morphology, but also
the OTA-RQDs/SGFP-Nb immunocomplex with irregular morphology in the mixture of
OTA-RQDs and SGFP-Nb. This phenomenon demonstrated that the FRET in this case was
triggered by a specific antigen-antibody interaction between SGFP-Nb and OTA-RQDs.

Because the bioconjugation mole ratio of SGFP to Nb in the donor was fixed at 1:1, it was
necessary to optimize the coupling molar ratio between OTA and RQD-NH, for optimal
energy transfer efficiency. Figure 3D shows that the FE increased with increasing molar ratio
from 5:1 to 10:1. However, it gradually decreased as the molar ratio increased from 10:1

to 20:1. This phenomenon could be ascribed to the enhanced hydrophobicity of RQD-NH,
induced by the excessively immobilized OTA, which can affect the interaction between
SGFP-Nb and OTA-RQDs. Because of the highest FE, the SGFP-Nb/OTA-RQDs-10 group
was selected as the optimal donor-acceptor pair for further research.

3.4 Optimization of the FluoNb-Based Nanosensor

To determine the optimum detection performance of FN-Nanosens, various experimental
conditions were optimized in sequence. First, the quenching efficiencies at different input
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molar ratios of donor SGFP-Nb and acceptor OTA-RQDs-10 were tested. As seen in Table
S4, the quenching efficiency dramatically increased with an increase in the reactant mole
ratio from 1:1 to 3:1, and slightly declined when the ratio was continuously increased to
5:1. Therefore, the optimum input molar ratio of SGFP-Nb/OTA-RQDs-10 was determined
to be 3:1 for the highest quenching efficiency of (38.09 + 1.42)%. Second, the influence

of different competitive reaction times on method performance was evaluated. As shown in
Figure 4A, the FE increased sharply from 10.04% to 39.25%, with a competitive reaction
time in the range of 0-5 min. However, it remained stable when the time was extended
from 5 to 30 min. Hence, the optimal competitive reaction time was determined to be 5
min. Four key factors of the reaction solution that could influence the antibody-antigen
interaction were further assessed. As seen in Figure 4B, a rapid increase from 25.6% to
41.4% in the FE was observed in the pH values ranging from 6.2 to 7.0, while there was

a marginal increase in the FE, from 41.4% to 42.78%, when the pH was in the range of
7.0-7.8. However, it dropped rapidly to 37.82% as the pH increased to 8.6. These results
indicated that the antibody-antigen interaction of the proposed FN-Nanosens was highly
sensitive to the solution pH; the optimum pH was confirmed to be 7.8, because of the
observation of the highest FE at this pH. Methanol is a commonly used organic solvent for
the analysis of OTA and other lipophilic analytes. As shown in Figure 4C, the FE varied
when the methanol concentration of the reaction system ranged from 0% to 30%, and the
highest FE of 42.9% was obtained with 2.5% methanol. To assess the influence of ion
strength on assay performance, PB solutions supplemented with various concentrations of
sodium chloride (NaCl) (0-200 mM) were applied to FN-Nanosens. As seen in Figure 4D,
the FE increased to a maximum of 48.53% when the concentration of NaCl was increased
to 20 mM. Nevertheless, a remarkable reduction in the rate was observed upon further
supplementation with NaCl. Hence, a PB solution with an ion strength of 20 mM of NaCl
was selected. The concentration of the non-ionic surfactant Tween-20 of the assay system
was optimized, and the optimum performance of the proposed method was determined using
0.05% Tween-20 (Figure 4E). Thus, the optimal experimental conditions after optimization
were as follows: input molar ratio of SGFP-Nb/OTA-RQDs-10, 3:1; competitive reaction
time, 5 min; pH, 7.8; methanol concentration, 2.5%; ion strength, 20 mM NaCl; Tween-20
concentration, 0.05%.

3.5 Detection Performance of the FluoNb-Based Nanosensor

Based on the optimum experimental parameters, the detection performance of the developed
FN-Nanosens was investigated. Fluorescence spectra were first scanned for the mixed
SGFP-Nb, OTA-RQDs-10, and a series of standard solutions of OTA (0-10000 pg/mL).

As seen in Figure 5A, the FI of the mixture with a fixed excitation wavelength of 485 nm
declined at 619 nm (A¢m 0of OTA-RQDs-10) and increased at 510 nm (A, of SGFP-Nb)
with increasing OTA concentration. When the concentration of OTA in the mixture reached
10000 pg/mL, no significant variation was observed in the FI at 510 nm of the mixture

and the control group of 0.5 pg/mL SGFP-Nb. In addition, both control groups of OTA-
RQDs-10 and 10000 pg/mL OTA showed no emission at 510 nm upon excitation at 485 nm.
Therefore, these results indicated the competitive reaction of OTA and OTA-RQDs-10 for
specific binding to SGFP-Nb, which could cause a decrease in FE, as shown in Figure 5B.
A remarkable linear relationship (R?=0.994) was obtained between the FE and logarithmic
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concentration of OTA (5-5000 pg/mL). Moreover, FN-Nanosens had a limit of detection
(LOD) of 5 pg/mL, which was defined as the mean value of 20 blanks plus three standard
deviations (SDs) of the blanks. As observed in Figure 5A, after deducting the FI of OTA-
RQDs-10, which acted as the blank control, the valid change in FI for quantitative analysis
ranged from approximately 2 K to 0.5 K, which is equal to 3/4™ of the total intensity,
indicating efficient application of FN-Nanosens.

For comparison, we also developed an enhanced green fluorescence protein-nanobody
fusion protein (EGFP-NDb) to replace SGFP-Nb for the FRET-mediated nanosensor (EN-
Nanosens). The construction (primers listed in Table S5) and characterization of EGFP-Nb
are detailed in the Supplementary Material. Based on the optimum experimental parameters,
the EN-Nanosens showed a 4-fold higher LOD of 20 pg/mL, as compared to that of FN-
Nanosens (Figure 5C). This could mainly be attributed to the higher FI of SGFP compared
with that of EGFP, which can generate higher quantum yield and energy transfer efficiency,
although the EGFP-Nb showed a higher sensitivity in the colorimetric immunoassay than
the SGFP-Nb (Figure S5). Compared to other reported highly sophisticated equipment- and
nanotechnology-based detection methods for OTA, the proposed FN-Nanosens exhibited
significant superiority in sensitivity, speed, and linear detection range, as shown in Table S6.
Compared with the FRET-mediated immunosensor based on the Nb-RQDs/OTA-GQDs pair
[15], the currently proposed method is more cost-efficient and eco-friendly for the use of
cloneable SGFP-Nb by biosynthesis instead of the Nb-RQD conjugate by chemical labeling
(Table S7). Figure 5D indicates that negligible decreases in the FE were measured when the
substitutes of OTA listed in Figure 5E were added, as compared to when OTA was added.
Thus, FN-Nanosens was highly selective for OTA, as demonstrated here.

To analyze the interactions between SGFP-Nb and three ochratoxins (OTA, OTB, and
OTC) for explaining the good selectivity of SGFP-Nb for OTA, molecular docking was
conducted using the CDOCKER protocol of Discovery Studio software, as described in the
Supplementary Material. Figure 6 displays the molecular docking results of SGFP-Nb and
the three ochratoxins. There are several forces involved in the binding sites between the Nb
subunit and three ochratoxins, including hydrogen bonds (conventional hydrogen bonds and
carbon hydrogen bonds), hydrophobic interactions (alkyl and pi-alkyl interaction), van der
Waals, and pi-lone pairs. As seen in Figure 6A-B, Val97 and Tyr99 in the CDR3 region

of the Nb subunit formed alkyl and pi-alkyl interactions with OTA, respectively. Gly10 and
Gly11, near the CDR3 region of the Nb subunit, served as H bond acceptors and formed
conventional hydrogen bonds with OTA. This finding was consistent with a previous study,
which demonstrated that CDR3 is vital for the interaction between the antigen and Nb

[41]. In addition, the GIn113 in FR4 region formed a carbon hydrogen bond with OTA.

In addition to these interactions, the relatively large van der Waals areas might contribute

to the docking of the Nb subunit and OTA as well. Figure 6C-D indicates that the Gly12
and Leul3 in the CDR1 region of the Nb subunit formed a conventional hydrogen bond

and alkyl interaction, respectively, with OTB. As observed in Figure 6E-F, the interaction
of Nb28 and OTC was only in terms of van der Waals interactions. These differences in
interactions could contribute to the sensitivity variations of SGFP-Nb against OTA, OTB,
and OTC. The energy of the molecular docking is summarized in Table 1. In the CDOCKER
module of DS, the -CDOCKER interaction energy was used to evaluate the docking results.
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A higher score indicates better binding between the two molecules [42]. The -CDOCKER
interaction energies of the three ochratoxins decreased in the following order: OTA, OTC,
and OTB. More interactions and higher -CDOCKER interaction energy between the binding
sites of the Nb subunit with OTA than with OTB or OTC could be interpreted as higher
binding specificity of SGFP-Nb against OTA.

3.6 Method Validation in the Complex Environment of the Food Matrix

Based on its favorable analytical performance, the effectiveness of FN-Nanosens was further
evaluated in a complex environment using practical cereal samples. The accuracy and
repeatability of FN-Nanosens were tested through spiking and recovery experiments. Cereal
samples previously confirmed as negative using LC-MS/MS were used to generate various
increasing levels of the OTA standard (0.02, 0.2, and 2 pug/kg). The separated supernatants
containing OTA after extraction were directly diluted to eliminate matrix effects (10-, 25-,
40- and 100-fold dilutions for rice, barley, wheat, and oats, respectively, as shown in Figure
S6), as described in the Supplementary Material, and then detected using FN-Nanosens.
Table 2 shows that the developed method has a mean recovery rate of 70%-109% for intra-
assay and 73%-106% for inter-assay, and corresponding relative standard deviation (RSD)
of 4%-16% and 3%—-16%, respectively, confirming the high accuracy and repeatability of
FN-Nanosens. Furthermore, the OTA contents of the 13 positive cereal samples tested, as
measured using FN-Nanosens, were linear with those determined using LC-MS/MS (Table
3 and Figure S7). Therefore, the above results demonstrated the applicability and reliability
of FN-Nanosens for rapid detection of OTA in cereals, with ultrahigh sensitivity and good
selectivity.

4. Conclusions

In the present study, we report a novel immunosensing probe, the FluoNb (SGFP-Nb),
and a rapid, ultrasensitive, and selective FN-Nanosens via FRET from SGFP to QDs for
detecting OTA in cereals. Owing to the unique features of Nb and SGFP, FN-Nanosens
can be more widely applied than the other immunoassay formats. As demonstrated here,
Nb allows for ease of genetic manipulation and expression in the prokaryotic system,

and the high quantum yield of SGFP is beneficial for improving the FRET efficiency

and obtaining higher detection sensitivity. We also demonstrated that SGFP fusions could
be very promising immune tracers for low-molecular-weight analytes. The SGFP fusion
technology could produce a cloneable SGFP-Nb probe with a fixed reporter/probe molar
ratio of 1:1. It can also replace the QDs chemically labeled with Nbs, thus making FN-
Nanosens economical and eco-friendly. Moreover, FN-Nanosens integrates the advantages
of no-wash, one-step detection, and high detection sensitivity, which are attributed to their
homogeneous detection mode. Hence, this work provides a new detection mode for the
analysis of ultralow levels of small-molecule contaminants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. A bifunctional and cloneable fluonanobody tracer for ochratoxin A was
constructed

. A fluonanobody-based nanosensor via FRET for detecting ochratoxin A was
developed

. One test could be implemented in a single step within 5 min

. The nanosensor sensitively and selectively detected ochratoxin A down to 5
pg/mL

. The nanosensor is applicable for detecting ochratoxin A in complex food
matrices
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Analysis of the FluoNbs using SDS-PAGE and ELISA. (A) Analysis of the expression of
FluoNbs using SDS-PAGE (up: Nb-SGFP, down: SGFP-Nb). Lane M, pre-stained protein
molecular weight marker; lane 1, uninduced total bacterial protein; lane 2, induced total
bacterial protein; lane 3, bacterial supernatant after ultrasonication. (B) Comparison of the
antibody activity using an indirect competitive ELISA and (C) fluorescent protein activity

by measuring the FI at 510 nm (A¢=485 nm). The error bars denote the SDs of tests

conducted in triplicate.
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Figure 2.

Optimization and characterization of OTA-RQDs. (A) Fluorescence spectrum analysis
(Aex=485 nm) of the OTA-RQDs prepared with diverse input molar ratios. Inset: emission
spectra of the OTA-RQDs upon excitation at 365 nm. (B) Analysis of the free RQD-NH,
and OTA-RQDs using FTIR.
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Feasibility analysis of the FluoNb-based nanosensor for OTA. (A) Fluorescence spectrum
analysis of the OTA-RQDs-10 (A¢x=530 nm) and SGFP-Nb (Ax=485 nm) and UV
absorption spectrum analysis of the OTA-RQDs-10. (B) Fluorescence decay curves of
SGFP-Nb in the presence (red curve) and absence (black curve) of OTA-RQDSs. A¢y=485
nm and Agn=510 nm; (C) Morphology analysis of the SGFP-Nb, OTA-RQDs, and SGFP-
Nb/OTA-RQDs complex by negative staining TEM; (D) Comparison of the FE values of
OTA-RQDs prepared with diverse input molar ratios.
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Optimization of FN-Nanosens. Evaluation of the influence of (A) competitive incubation
time, (B) pH, (C) methanol, (D) ion strength, and (E) Tween-20 on the performance of
FN-Nanosens. The error bars denote the SDs of tests conducted in triplicate.
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Figure 5.

Analytical performance of FN-Nanosens and EN-Nanosens. (A) Fluorescence emission
spectra (Agx=485 nm) of the mixture of SGFP-Nb, OTA-RQDs-10, and a series of OTA
standards, and the control groups of separate OTA-RQDs-10, 0.5 ug/mL SGFP-Nb, and
10000 pg/mL OTA. (B) The calibration curve fitted by plotting the FE value versusthe OTA
concentration for FN-Nanosens. Inset: the linear portion of the curve fitted with the FE value
against the logarithm of OTA concentration. (C) The calibration curve fitted by plotting

the FE value versusthe OTA concentration for EN-Nanosens. Inset: the linear portion of

the curve fitted with the FE value against the logarithm of OTA concentration. (D) Cross-
reactivity of FN-Nanosens with analogs of OTA and several typical cereal mycotoxins. (E)
Chemical structures of AFB;, DON, FB;, OTA, OTB, OTC, and ZEN. The error bars denote
the SDs of tests conducted in triplicate.
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Figure 6.
Molecular docking results of SGFP-Nb and three ochratoxins. Docking model results and

close-up views of the complexes of SGFP-Nb + OTA (A), SGFP-Nb + OTB (C), and
SGFP-Nb + OTC (E). Two-dimensional diagrams between amino acid residues of SGFP-Nb
+ OTA (B), SGFP-Nb + OTB (D), and SGFP-Nb + OTC (F).
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Construction of expression plasmids for FluoNbs FRET nanosensor using FluoNb and QDs

Scheme 1.
Schematic diagram of the FRET-mediated nanosensor designed using Nb-SGFP and QDs,

for detection of OTA.
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Table 1.
Docking energy of SGFP-Nb and three ochratoxins.

OTA OTB OTC

-CDOCKER interaction energy (kcal/mol) 3529 2049 21.58
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Table 2.

Recoveries of OTA from the spiked cereal samples tested using FN-Nanosensor.

| ntra—assaya | nter—assayb

Sample  Spiking level (ug/kg)
Recovery + SD (%) RSD (%) Recovery +SD (%) RSD (%)

Rice 0.02 85+7 8 87+10 12
0.2 109+9 8 100+ 11 11

2 98 +4 4 104 +3 3

Oats 0.02 94+ 14 15 82+9 11
0.2 72+8 11 73+10 14

2 70+4 5 84+3 3

Barley 0.02 93+11 12 83+13 16
0.2 91+8 9 85+8 9

2 105+6 6 106 +10 9

Wheat 0.02 85+6 7 76+6 8
0.2 74+5 7 80+4 5

2 88+ 14 16 88+3 3

a S
Each assay was performed in triplicate on the same day.

b -
Each assay was performed in triplicate on three days.
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Analysis of OTA content in cereal samples.

sample? Lc-Ms/Mms? (ug/kg)  FN-Nanosens (ug/kg)

B1
B2

o1
02
03
04
05
R1
R2
R3
R4
w1
W2

1.83+0.14

ND°

0.82+0.10
7.53+0.11
12.0+0.30
ND
1.22+0.04
2.03+£0.09
ND
1.80+0.17
1.45+0.18
ND
ND

1.69+0.10
ND

1.92+0.14
6.53 +0.65
13.3+1.07
ND
140+0.12
2.47+0.24
ND
1.59+0.12
1.34+0.14
0.13+0.02
ND

aB, O, R, and W represent barley, oats, rice, and wheat, respectively.
bThe LOD of the LC-MS/MS method was 0.01 ng/mL [33].

cNot detected.
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