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ABSTRACT: Nanoluciferase (Nluc), the smallest luciferase known, was used as the fusion partner with a nanobody against
aflatoxin B, to develop a bioluminescent enzyme immunoassay (BLEIA) for detection of the aflatoxin B, in cereal. Nanobody
(clone G8) against aflatoxin B; was fused with nanoluciferase and cloned into a pET22b expression vector, and then
transformed into Escherichia coli. The nanobody fusion gene contained a hexahistidine tag for purification by immobilized metal
affinity chromatography, yielding a biologically active fusion protein. The fusion protein G8-Nluc retained binding properties of
the original nanobody. Concentration of the coelenterazine substrate and buffer composition were also optimized to provide
high intensity and long half-life of the luminescent signal. The G8-Nluc was used as a detection antibody to establish a
competitive bioluminescent ELISA for the detection of aflatoxin B, in cereals successfully. Compared to classical ELISA, this
novel assay showed more than 20-fold improvement in detection sensitivity, with an ICs, value of 0.41 ng/mL and linear range
from 0.10 to 1.64 ng/mL. In addition, the entire BLEIA detection procedure can be completed in one step within 2 h, from
sample preparation to data analysis. These results suggest that nanobody fragments fused with nanoluciferase might serve as
useful and highly sensitive dual functional reagents for the development of rapid and highly sensitive immunoanalytical

methods.
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B INTRODUCTION

Mycotoxins are a problematic toxic group of small organic
molecules that are produced as secondary metabolites by
several fungal species that colonize crops.' They lead to
contamination at both the field and postharvest stages of food
production with a range of cereals. Aflatoxins are a group of
naturally occurring mycotoxins, produced mainly by Aspergil-
lus. More than 20 types of aflatoxins and some Metabolites
have been identified, among which four aflatoxins (B,, B,, G,
and G,) occur naturally (Figure S1). Aflatoxin B, (AFB, ) is the
most toxic and one of the most potent carcmogens in nature,

classified as a class 1 carcinogen to humans.” Because of the
high toxicity and carcinogenicity of aflatoxins, many countries
have set up strict maximum limits for AFB, or total aflatoxins
perm1551ble in food and agriproducts with the range from 2 to
20 pug/kg.* Numerous analytical methods have been developed
for aflatoxin determination, 1nc1ud1ng chromatography-based
instrumental analytical methods® and immunoassay-based
rapid methods (e.g,, ELISA, lateral flow strips, and sensors).®”"
In past decades, numerous antibodies against aflatoxins have
been developed by polyclonal and monoclonal techniques and
applied in various immunoassay-based rapid methods for the
detection of aflatoxins. With the advent of molecular
engineering and phage display technology, recombinant
antibodies produced in host bacteria or other cell lines have
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become more useful reagents compared to conventional
animal-derived antibodies. Aflatoxin-specific recombinant anti-
bodies such as Fab and ScFv have been utilized in ELISAs and
biosensors.”'? Recently, a novel kind of recombinant antibody
derived from camelids or related species, called nanobodies,
have attracted much more attention. Lacking the light chain
seen in monoclonal antibodies, these recombinant heavy-
chain-only antibodies retain the antigen binding capacity of
antibodies, but are much smaller in size, averaging approx-
imately 1S kDa. Nanobodies are promising reagents for the
next generation of immunoassays because of their high
thermostability and high expression yields compared to the
conventional recombinant antibody fragments. Currently,
nanobody technology has been widely used in the clinical
diagnostic field targeting protein biomarkers and an increasing
number of nanobodies have been isolated against small
molecules for detection in rapid immunoassays.'' An
aflatoxin-specific nanobody was successfully obtained from an
immune alpaca phage-display VHH library constructed by our
laboratory. In our previous study, it has been applied in a
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colorimetric immunoassay'> and immunoaffinity column
preparation,"” proving to be a powerful analytical reagent to
recognize AFB, in various foods.

Recently, construction of antibody-reporter (enzyme/photo-
protein) fusions based on recombinant DNA technology has
shown a significant advantage in immunoassays. Fusions
directly linking recombinant antibody fragments with the
reporter enzyme like alkaline phosphatase are excellent probes
for immunoassays and have been shown to be promising
reagents for detection of protein antigens and small chemicals,
like Bacillus anthraci,'* dermonecrotoxin,”® and 0,0-diethyl
organophosphorus pesticides.'® AP-nanobody fusions have
also been utilized for the detection of small molecules, such as
ochratoxin A,"” tetrabromobisphenol A,'® and parathion."”
Another group of reporters are fluorescent proteins (i.e., GFP
and RFP), which have been used for construction of fusion
proteins with antibody fragments.””~** The one-step immuno-
assay based on antibody—reporter fusions can reduce long
assay times, which is a drawback for traditional immunoassays
requiring secondary or tertiary antibody enzyme conjugates.
Another important group of photoproteins are luciferases.
These enzymes from a variety of organisms catalyze a light-
emitting reaction and are widely utilized as reporter proteins.
The first-generation protein species is firefly luciferase
(Fluc),” which requires ATP for the oxidation of luciferin.
Other popular luciferases are derived from the sea pansy
Renilla reniformis (Rluc)** and the marine copepod Gaussia
princeps (Gluc).”> They can oxidize their substrate coelenter-
azine without ATP or Coenzyme A, which simplifies their use
in a number of reporter applications. Genetic fusions between
Coelenterazine-based luciferases and antibody fragments have
been aspplied in clinical diagnostics and utilized as analytical
tools.”>”” Nanoluciferase (Nluc) derived from the deep-sea
shrimp Oplophorus gracilirostris is the newest commercially
available luciferase enzyme. It is only 19.1 kDa in size and
produces high intensity, glow-type luminescence. Nluc is one
of the smallest luciferases in the world,*® exhibiting several
excellent physical properties superior to traditional luciferases;
it is a thermostable enzyme which retains activity after 30 min
of incubation at S5 °C and is active over a broad pH range
(fully active in the pH 7—9 range, and also retains significant
degree of activity at pH 5—7). Furthermore, its monomeric
nature facilitates its use as transcriptional reporter or fusion
partner. NLuc also contains no post-translational modifica-
tions, including disulfide bonds, making it a powerful
luminescent probe, which can be used as a fusion partner
with antibodies or other binding proteins/peptides for
developing immunoassays.”” "

Although the aforementioned luciferase enzymes have been
available to researchers for over a decade, their application as
reporters in immunoassays have been limited because of some
inherent caveats such as substrate stability and the bio-
luminescence signal half-life. Various substrates and buffer
systems have been developed to alleviate some of these
problems. However, many of these reagents are expensive.
Recently, new coelenterazine substrates have been developed
and are highly sensitive for the detection of luciferase, as low as
the attomole level. However, the combination of different
coelenterazine substrates with this latest luciferase Nluc has
not yet been well studied. A few studies have reported on the
application of nanobody-Nluc fusions for the one-step
detection; their potential had not been revealed so far. In
our study, we developed a novel fusion protein as a powerful
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dual functional reagent and its matching substrate system.
Then an ultrasensitive one-step competitive bioluminescent
enzyme immunoassay (BLEIA) based on nanobody-Nluc
fusion was developed and used for quantification of AFB, in
cereals.

B MATERIALS AND METHODS

Chemicals and Reagent. Restriction enzymes Notl, Sall, Ncol,
and Sfil, Phusion High-Fidelity DNA Polymerase, and T4 DNA ligase
were obtained from New England Biolabs (Beverly, MA, USA).
Invitrogen Bolt 4—12% Bis-Tris Plus, disposable S mL polypropylene
columns, 96 flat bottom white polystyrol (442404), bovine serum
albumin (BSA), protease inhibitor cocktail (EDTA-free, 100X), B-
PER bacterial protein extraction, and HisPur Ni-NTA resin were
purchased from Thermo Fisher Scientific (Rockford, IL, USA). Skim
milk powder was purchased from Magermilchpulver (Billerica, MA,
USA). Black 96-well (E18073CV) and white 96-well (E180538G)
microplates were purchased from Greiner Bio-One. Coelenterazine
substrates (CTZ-native, CTZ-400a, and CTZ-H) were purchased
from NanoLight Technology, Anti-6X His tag antibody (HRP) was
purchased from Abcam. Fumonisin B; (FB;), aflatoxin B, (AFB,),
ochratoxin A (OTA), deoxynivalenol (DON), and zearalenone
(ZEN) were purchased from Fermentek (Jerusalem, Israel). pNPP
was purchased from American Sigma. Primers used for polymerase
chain reaction (PCR) amplification were synthesized and purified by
Invitrogen.

Construction of Recombinant Plasmid, Expression, and
Purification. All the nucleotide sequences of primers used are listed
in Table S1 (Supporting Information). The nanoluciferase encoding
gene was first amplified by PCR with primers 1 and 2. After digestion
with NotI and Sall and purification with a PCR cleanup kit, the
resulting nanoluciferase gene was subcloned into a modified pET22b
vector digested by NotI and Sall. The resulting positive vector was
confirmed by DNA sequencing. The gene for the nanobody
containing the upper hinge at the C-terminal (G8) was amplified
with primers 3 and 4 and subcloned into the pET22b vector carrying
the nanoluciferase gene using Ncol and Sfil as described above. The
constructed vector carrying G8-Nluc was confirmed by DNA
sequencing, and the full length of the protein sequence of the fusion
is shown in Table S1. The vector of nanoluciferase and the vector of
G8-Nluc fusion protein were transformed into E. coli BL21(DE3)
competent cells. The transformed cells were grown on Luria-Bertani
(LB) agar plates containing ampicillin and single colonies were used
to inoculate S mL of LB broth containing ampicillin and incubated at
37 °C, 220 rpm overnight. The culture was used to inoculate 200 mL
of LB broth containing ampicillin and incubated at 37 °C, 220 rpm
until the ODgy, (optical density of a sample measured at a wavelength
of 600 nm) reached approximately 0.5 (more than 3 h). To induce
expression of the target proteins, isopropyl f-p-1-thiogalactopyrano-
side was added to the culture at a final concentration of 0.1 mM. After
incubation for 12 h at 20 °C and 180 rpm, cells were harvested by
centrifugation at 5000g for 10 min. The periplasmic extract was
obtained by using Bacterial Protein Extraction Reagent (B-PER): 4
mL of B-PER and 2 uL of lysozyme were added for each gram of cells.
After the cells were lysed thoroughly for 30 min at room temperature,
the supernatant was collected by centrifugation at 15 000g for S min.
Nanoluciferase and G8-Nluc fusion each contain a hexahistidine tag at
their C-terminals and were purified by using HisPur Ni-NTA resin
according to the manufacturer’s protocol. The eluted fractions were
analyzed by SDS-PAGE and stained according to a standard protocol.
The concentration of the nanoluciferase and G8-Nluc fusion were
determined by absorbance at 280 nm using a Nanodrop.

Catalytic Activity of the Fusion Protein. Ten microliters of G8-
Nluc solution in 10 mM phosphate buffered saline (PBS) was added
per well (white 96-well plate) and mixed with 100 uL of solutions of
different coelentrazine substrate analogues (CTZ-native, CTZ-400a,
and CTZ-H). After mixing, the bioluminescent signal was measured
by a Tecan 1000 plate reader in the luminescence mode.
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Horseradish peroxidase (HRP) was 2-fold serially diluted with 10
mM PBS (3.97 X 10° to 1.2 X 10* fmol). Ten microliters of HRP
serial dilutions were mixed separately with 100 uL of 3,3’,5,5'-
Tetramethylbenzidine (TMB) substrate solution at 37 °C for 10 min.
The reactions were stopped with 50 yL of 2 M H,SO, and the
absorbance was read at 450 nm. Similarly, 10 uL of 2-fold serial
dilutions of AP enzyme (2.9 X 10° to 2.8 X 10* fmol, in 1X PBS) were
separately mixed with 100 yL of BBTP fluorescent substrate in
corresponding buffer, incubated at 37 °C for 30 min, and the
fluorescent intensities were measured at 550 nm after excitation at
450 nm. The nanoluciferase and G8-Nluc fusion proteins were 2-fold
serially diluted in 10 mM PBS, from 1.5 X 10* to 14.7 fmol for
nanoluciferase and 1.06 X 10* to 10.35 fmol for G8-Nluc, respectively.
Ten microliters of nanoluciferase or G8-Nluc fusion serial dilutions
were separately mixed with 100 yL of CTZ-H chemiluminescent
substrate in white 96-well plates and the bioluminescence intensity
was measured with Tecan 1000 within 60 s after mixing.

Formulation of Substrate Buffer for Coelenterazine-Based
Bioluminescent Detection. Coelenterazine-H is a suitable
substrate for nanoluciferase. The 100X stock solution (0.5 mg/mL)
was prepared by dissolving coelenterazine-H in 75% methanol, 15%
glycerin, and 100 pM ascorbic acid. In biological luminescence
measurement systems, the maximum luminescent intensity and the
dynamic stability of the luminescence signal are critical for high-
throughput detection. A series of luminescence assay buffers were
formulated and their luminescence performance with nanoluciferase
and the coelenterazine-H substrate was evaluated. All luminescence
assay buffers contained BSA, EDTA-Na,, Triton X-100, and Tergitol
NP-10. Ten millimolar PBS (pH 8) buffers containing different
concentrations of the following additives were prepared: BSA (0.06,
0.12, 0.25, 0.5, and 1.0 mg/mL), EDTA-Na, (1.1, 2.2, 4.4, 8.8, and
17.6 mM), Tergitol NP-10 (0.25%, 0.5%, 1%, 2%, 4%, and 8%). One
hundred microliters of 1X coelenterazine-H substrate solutions in
different luminescence assay buffers were loaded onto the white plate.
The luminescence reactions were started by the addition of 10 L of
the G8-Nluc (70 ng/mL) working solution and the luminescence
intensity was recorded in 60 s intervals for 1200 s by using a Tecan
1000 instrument. The maximum intensity of luminescence (I,,,,) was
shown as a relative light unit (RLU). RLU and signal half-life were
measured for reactions of CTZ-H with G8-Nluc fusion protein in a
variety of luminescence assay buffers. After determining the optimal
luminescence assay buffer, its characteristics were compared to two
commercial luminescence assay buffers (Passive lysis buffer and Glo
lysis buffer from Promega).

Competitive ELISA Based on G8 Nanobody and G8-Nluc
Fusion. Optimal concentrations of G8 nanobody, G8-Nluc fusion,
and coating antigen AFB,—BSA were determined by checkerboard
titration. For this assay, a 96-well microtiter plate was coated with
AFB,—BSA (2 pug/mL in 10 mM PBS) at 100 uL/well overnight at 4
°C; the liquid was removed, the plate was washed three times with
0.01% PBST, and the plate was blocked with 300 pL/well skim milk
at 37 °C for 1 h. After removal of the blocking solution, the plate was
washed three times with PBST; S0 uL/well of G8 nanobody (2.75
ug/mL) or G8-Nluc fusion protein (3.1 yg/mL) and an equal volume
of serial concentrations of AFB, standard were added, and the plate
was mixed and incubated at 37 °C for 30 min after the plate was
washed three times with PBST. For the two-step ELISA, 100 uL of
HRP-labeled mouse anti-His tag secondary antibody (1:1000) was
added, and incubated at 37 °C for 30 min. After washing three times
with PBST, TMB substrate solution was added, and the plate was
incubated at 37 °C for 7 min. The reaction was stopped by adding 50
L of 3 M H,SO,, and the absorbance was measured at 450 nm. The
binding rate (%) of each standard concentration was calcululated as
B/By X 100% (B is the OD,s, in the presence of AFB, and B, is in the
absence of AFB;). Taking the logarithm of the AFB, standard
concentration as the abscissa and the binding rate as the ordinate, an
inhibition standard curve was obtained by plotting the binding rate
against the AFB,; concentration, which was analyzed using the
program Origin 7.5 with the four parameters logistic formula listed
below.

5223

y=d+ (a—d)/(1+ (x/c))

Competitive BLEIA Based on G8-Nluc Fusion. The coating
and blocking steps for BLEIA were the same as those used in the
ELISA. In one-step BLEIA, the concentration of AFB,—BSA and the
G8-Nluc were optimized by checkerboard titration. A 96-well high-
binding white microtiter plate was coated with AFB;—BSA (1 ug/mL
in 10 mm PBS) overnight at 4 °C, followed by blocking with 5% skim
milk. Then SO uL/well of G8-Nluc fusion protein (0.5 g/mL) and an
equal volume of serial concentrations of AFB, standard were added;
the plate was mixed and incubated at 37 °C for 30 min. After washing,
100 uL/well of 5 pg/mL CZT-H substrate solution was added and
the bioluminescent signal was recorded immediately. The standard
curve was obtained by using the same formula as above for the ELISA.
The BLEIA assay buffer has three critical parameters, including pH
value, ionic strength, and methanol concentration, all of which were
assessed in this study. The following BLEIA assay buffers were
evaluated with varying methanol concentrations (0%, 5%, 10%, 20%,
40%, and 80%), ionic strength (0, 10, 20, and S0 mM), and pH (5, 6,
7, 8, and 9). BLEIA under different conditions was carried out using
the same procedure, and their RLU_, and ICs, values were
compared.

For cross-reactivity analysis, various concentrations of AFB,, FB,,
OTA, ZEN, and DON standard solutions were prepared using
optimized assay buffer for BLEIA, and a competitive inhibition
standard curve was drawn to calculate IC, and the cross-reactivities
(CR) value using the following formula:

CR (%) = [ICy,(AFB,)/ICs,(AFB,, FB,, OTA, ZEN, DON)]
X 100%

Sample Extraction and Analysis by BLEIA and LC-MS/MS.
For the spiking and recovery study, 5 g of crushed grain samples
(corn, wheat), shown to be AFB, free by LC-MS/MS, were placed in
three 50 mL centrifuge tubes and fortified with 5, 10, and 20 pug/kg of
AFB, standard, respectively. For the extraction, 15 mL of 80%
methanol—PBS was added to the tube. After sonication for 15 min,
the tube was centrifuged at 8000 rpm for 15 min and the supernatant
was collected and filtered through a 0.22 um filter. The resulting
extract was diluted with assay buffer and then subjected to BLEIA.
Each sample was measured in triplicate. Experimental cereal samples
purchased from the supermarket were treated in the same manner.

LC-MS/MS analysis of AFB; was performed on an Agilent SL
liquid chromatograph connected to a 4000 Qtrap mass spectrometer.
The separation was performed on a Kinetex C18 column (30 mm X
4.6 mm, 2.6 ym). The column temperature was set at S0 °C. Water
(solution A) and acetonitrile containing 0.1% (v:v) acetic acid
(solution B) were used as the mobile phases with a flow rate of 0.6
mL/min. The sample injection volume was 5 uL, and each sample
had a running time of 3 min. The gradient is shown in Table S2a. The
mass spectrometer was operated in negative ESI mode and multiple
reaction monitoring mode. The optimized ion source parameters and
MRM method are shown in Tables S2b and S2c, respectively. 12-(3-
Cyclohexyl-ureido)-dodecanoic acid with a final concentration of 200
nmol/L was mixed with analytes as an internal standard to account for
ionization suppression.

B RESULTS AND DISCUSSION

To evaluate the utility of nanoluciferase as a fusion partner for
nanobodies, we selected a common competitive assay system
for detection of AFB,, the major mycotoxin in cereals and the
most harmful to humans as a model antigen. In our study, we
focused on the following three scientific questions: (1)
whether nanoluciferase fusion protein has the same binding
and catalytic ability as its parents; (2) whether the bio-
luminescent immunoassay based on the fusion protein achieves
higher sensitivity, with specific substrate and buffer conditions,
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and (3) whether the novel one-step BLEIA is superior to the
classical ELISA, for the detection of AFB, in cereals.
Expression, Purification, and Identification of the G8-
Nluc Fusion Protein. The first step toward the creation of
the fusion protein is construction of the recombinant plasmid.
First, an oligo of the sequence of nanoluciferase was subcloned
in the modified pET22b vector, and the nanoluciferase was
expressed with high yield in E. coli as in the previous study.
Though the gene of nanoluciferase is derived from deep sea
shrimp, it was considered as the potential fusion partner
because of its small size (19 kDa) and lack of glycosylation and
disulfide bonds. The anti-AFB, specific nanobody G8 was
chosen as the partner of nanoluciferase. Its gene was amplified
from the original plasmid and subcloned into the modified
pET22b vector containing the nanoluciferase gene. With use of
the special primer (Table S1), G8 VHH was amplified with the
upper hinge at the C-terminus and then fused with the N-
terminus of nanoluciferase, resulting in a fusion protein with
fusion partners being separated with the upper hinge as the
spacer. The full sequence of the fusion gene is shown in Table
S1. After transformation, the resulting recombinant plasmid
was confirmed by DNA sequencing and then transformed into
competent cells for expressing the soluble fusion protein. The
crude fusion protein extracted by the B-PER reagent was
purified by a Ni-NTA affinity column, and SDS-PAGE was
used to determine the size and purity of the Nb-AP fusion
protein (Figure 1). The gel shown has a band at approximately

M

Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of expression of the fusion protein. Blots were
stained with SYPRO Ruby protein gel stain. Key: lane M, PageRuler
unstained protein ladder and spectrum multicolor broad-range protein
ladder. Lane 1: Whole-cell extract under noninduced conditions. Lane
2: Whole-cell extract under induced conditions. Lane 3: G8-Nluc
fusion protein.

35 kDa, as expected for the G8-Nluc fusion protein. Though
the yield of the fusion protein is lower than the parent
nanobody G8 and the parent nanoluciferase, we obtained
almost 5 mg of purified fusion protein from 1 L of culture.
Determination of Luminescence Activity of Fusion
Protein with Different CTZ Substrates. Coelenterazine
(CTZ) is the natural substrate for luciferase, and over a dozen
of CTZ analogs have been synthesized and are now available
commercially. These CTZ analogues can function as substrates
for Renilla and Guassia luciferase and have different bio-

luminescence properties.”> CTZ-h (2-deoxy derivative of
native coelenterazine) has a 2-fold higher initial light output
than native CTZ from Renilla sp. CTZ-400a is a CTZ
derivative that serves as a substrate for luciferase from Renilla
sp. and generates an emission peak centered around 400 nm.
Only a few studies screened the CTZ and its analogues as
substrate of nanoluciferase; we intended to seek the best
combination of CTZ analogues with nanoluciferase in this
study. Three CTZ analogues, including CTZ-native, CTZ-
400a, and CTZ-H, were chosen as substrates for nanoluciferase
to generate a luminescence signal. The order of the initial
luminescence intensity (RLU,,) for the purified nano-
luciferases was CTZ-H (2.3 X 10°) > CTZ-400a (1.5 X 10°)
> CTZ-native (2.5 X 10°) (Figure S2). The colenterazine-H
showed the strongest signal compared to two other analogues.
These results indicated that 2-deoxy substituent on the phenyl
group of coelenterazine significantly affects the catalytic
function of nanoluciferase because there was a 10-fold
improvement in signal intensity observed compared to CTZ-
native. A similar order obtained with colenterazine-1 for
reactions with G8-Nluc showed that CTZ-H is a good
substrate for both the nanoluciferase and its fused protein. In
addition, the cost of CTZ-H is almost the same as the common
CTZ-native, and significantly cheaper than the patented CTZ
analogue fuzimazine from Promega.

Next, the luminescent signals for the serial dilutions of G8-
Nluc with CTZ-H substrate were measured to determine the
sensitivity of G8-Nluc detection. The limit of detection (LOD)
for the enzyme catalytic activity in our study was defined as the
lowest amount of enzyme (with a certain amount of substrate
per well) that provided 2-fold higher signals than the blank
(substrate background signal). As shown in Figure 2, the
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Figure 2. Detection limit of fusion protein in bioluminescent format.
S is the reading in the presence of enzyme and N is that in the
absence of enzyme.

detection limit for G8-Nluc was as low as 50 fmol, at the same
level as that for the nanoluciferase. This result indicated that
G8-Nluc has similar catalytic activity to the original Nluc. For
comparison, detection sensitivities for alkaline phosphosphase
(AP) and horseradish peroxidase (HRP) were measured in
fluorescent and colorimetric formats, respectively. The
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sensitivity of G8-Nluc detection in bioluminescent format was
significantly higher compared to that for AP and HRP, the
LODs of which were 1000 and 10 000 fmol, respectively. Thus,
with use of well-matched CTZ-H substrate, G8-Nluc could be
detected at femtomole level, which is 20- and 200-fold more
sensitive than detection of AP with fluorescence readout and
HRP with colorimetric readout, respectively. This result shows
that Nluc is a very promising fusion partner for the
development of Nluc-Ab fusion proteins that could be
considered as ultrasensitive enzyme reagents for an immuno-
assay.

Optimization of the Luminescence Assay Buffer.
Luciferase is able to generate a glow-type luminescent signal
by catalyzing the oxidation of specific substrates like luciferins
and CTZ, with the concurrent emission of a photon. However,
the signal half-life can decrease significantly, likely because of
rapid depletion of substrate. Meanwhile, a substrate like CTZ
is unstable in a weakly basic aqueous solution, which is the
optimal pH value for many biological experiments. Thus,
variation of the luminescence signal between the first sample
and the last sample may become apparent when a large
number of samples is processed sequentially. Many strategies
were applied to address this problem, such as measurement of
many samples simultaneously by using an injection-based
reader to reduce the variation of luminescence.* Alternatively,
some luciferase variants have been constructed whose
luminescence half-life is stable over several minutes, although
the specific activity of these variants is significantly lower.’* In
contrast to those complex solutions, a simple approach to
achieve stable luminescent signal consists of adding detergent
to lysis buffer when extracting the Gaussia luciferase from the
cell.’* Many commercial lysis buffers containing detergents
have been developed for the detection of luminescence directly
in mammalian cells, but the high cost of these buffers prohibits
their use for immunoassay where large volumes of
luminescence assay buffer is needed. In addition, suitability
of these commercial luminescence assay buffers for nano-
luciferase and CTZ-H combination is unknown. Therefore, we
decided to develop an efficient luminescence assay buffer that
enhances the half-life of the bioluminescence signal. Therefore,
we prepared 10 mM PBS buffers containing various amounts
of Triton X-100, Tergitol NP-10, BSA, and EDTA:Na, as
additives. Next, a luminescence signal from reactions of G8-
Nluc with CTZ-H substrate in each of these substrate buffers
was recorded in 60 s intervals for more than 1200 s. When
compared to blank PBS buffer (Figure 3), the surfactant
additives like Triton X-100 and Tergitol NP-10 depressed the
luminescence intensity slightly, but they both dramatically
retarded the decay of luminescence. Surprisingly, BSA and
EDTANa, increased the maximum intensity of the lumines-
cence signal by 2- and 4-fold, respectively, while having no
effect on the signal half-life. To improve the signal intensity
and the half-life of luminescence, the concentrations of Triton
X-100, BSA, and EDTA-Na, were optimized for the final buffer
formulations. This luminescence assay buffer (pH 8.0, 10 mM
PBS containing 1% Tergitol NP-10, 0.25 mg/mL BSA, and 8.8
mM EDTA-Na,) has great compatibility with the combination
of nanoluciferase and CTX-H substrate and performs
significantly better than commercial Glo-lysis and Passive
lysis buffers, purchased from Promega (Figure 4). The present
formulation of luminescence assay buffer shows great promise
with comparable high luminescence intensity and more than
20 min halflife, which permits its application in high-
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Figure 3. Kinetic analysis of substrate buffer mixed with different
components.
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Figure 4. Comparison of the half-life of laboratory-prepared substrate
buffer with commercial substrate buffers.

throughput immunoassays based on nanoluciferase and its
fusions.

Binding Capacity of Fusion Protein Compared to the
Parent Nanobody. The G8-Nluc fusion protein could serve
as a dual functional reagent in an immunoassay, not only for
antigen binding but also the reporter reagent for signal
amplification. Thus, the binding properties of the fusion
protein is a key feature to guarantee the sensitivity of a
bioluminescent ELISA. To evaluate the sensitivity of the G8-
Nluc and the parent G8 nanobody, classic two-step ELISAs
were performed. Anti-6X His tag HRP-conjugated antibody
was used as a secondary antibody to recognize the His tag at
the C-terminus of both recombinant proteins. As shown in
Figure 5, the binding between G8 or G8-Nluc with the coating
antigen could be inhibited by AFB,. The ICs for both ELISAs
are comparable, with 8.14 ng/mL for G8 and 10.43 ng/mL for
G8-Nlug, respectively. This result indicated that the developed
G8-Nluc fusion protein maintains the binding properties of the
parent G8 nanobody. In this study, the spacer between the
nanobody and nanoluciferase was the flexible linker from the
upper hinge of the nanobody’s C terminus (Table S1). This
result indicated that the developed G8-Nluc fusion was
designed properly, where the two parts of the fusion protein
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Figure S. Standard curve of fusion protein and parent nanobody in
two-step ELISA.

were separated by a spacer and their natural protein
conformations were maintained.

Performance of BLEIA Using the Fusion Protein in
One-Step Format. As shown above, the G8-Nluc is a dual
functional reagent, which contains a recognition domain that
can bind the antigen and a reporter domain which generates
the luminescent signal. We next evaluated the usefulness of this
dual functional reagent for the detection of AFB,. Therefore, a
one-step direct-competitive bioluminescent enzyme immuno-
assay (BLEIA) was developed. Optimal concentrations of G8-
Nluc and the coating antigen were determined by using
checkerboard titration. Because of the high intensity of our
luminescent system (the combination of G8-Nluc with CTZ-H
in the luminescent assay buffer generated in house), the
concentration of immunoreagents could be dramatically
reduced compared to that of a classical two-step ELISA. G8-
Nluc at 0.5 ug/mL and AFB,—BSA at 1 pg/mL were optimal
based on the two performance parameters: the ICy, and the
maximum relative bioluminescence intensity (RLU,,,).
Because other assay parameters such as pH, ionic strength,
and organic solvent could also influence immunoreactions,
these parameters were optimized to increase the sensitivity of
the assay. The BLEIA for detection of AFB, was carried out in
different conditions, including five different pH values of PBS,
four different ionic strengths, and six different concentrations
of methanol (Figure S6). The lowest ICs, and the highest
RLU,,,, were obtained at 50 mM PBS, pH 6.0, and 10%
methanol. Under the optimized conditions, a standard curve
was established for one-step BLEIA (Figure 6). The standard
curve had a good correlation coefficient of 0.997 and a limit of
detection of 0.05 ng/mL. The assay had an ICy, of 0.41 ng/mL
with a linear range of 0.10—1.64 ng/mL. The ICy, of the
BLEIA based on the G8-Nluc fusion protein was almost 20
times lower than that of the classical two-step ELISA based on
that of the parent nanobody (IC;, = 8.14 ng/mL), the
performance of BLEIA was also better than that of our
previous AFB, assay based on G8-Akaline phosphatase
fusion.'” The specificity of the G8-Nluc fusion protein was
studied with five mycotoxin analogues (Table 1). The cross-
reactivity was calculated using the following formula: [(ICs, of
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Figure 6. Standard curve of one-step BLEIA for detection of
AflatoxinB,. Each point was tested in triplicate.

Table 1. Cross-Reactivity of G8-Nluc to Aflatoxin-Related
Mycotoxins in One-Step BLEIA

Analyte Chemical structure Cross-reactivity (%)
Aflatoxin B 100
Deoxynivalenol 0.31
OH O CH,
O

Zearalenone 0.38

HO’ |

0

©\Oj:°"o OH o

Ochratoxin A N)K@é 0.33
L 'CHy
o i COONCOOH OH OH
Fumonison B 0.37
OH NH;

AFB,)/(IC, of tested mycotoxin)] X 100%. As shown in
Table 2, no cross-reactivity was observed for any of the

Table 2. Detection of the Cereal Spiked with Aflatoxin and
the Real Sample®

sample AFB,; recovery

matrix spiked mean =+ SD (ug/kg) (%) CV (%)

corn S 5.70 + 0.54 113 9.47
10 9.61 + 0.37 106 3.85
20 19.51 + 0.50 98 2.56

wheat N 5.32 £ 038 106 7.14
10 8.73 £ 0.72 107 8.25
20 18.19 + 0.81 91 4.00

“Each assay was performed in triplicate.
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mycotoxins tested, consistent with the cross-reactivity pattern
for the parent nanobody.'” This result indicated that the G8-
Nluc fusion preserved the recognition features of the parent
nanobody. Negligible cross-reactivity with other mycotoxins
demonstrated that the BLEIA based on the novel fusion
protein had good selectivity and could effectively and reliably
detect AFB,.

Matrix Effect and Validation. Matrix effect is a crucial
factor to be considered in an immunoassay because it can
interfere with the reaction between the antigen and antibody
by quenching or enhancing readouts. To reduce the matrix
effect, the extraction solution and method can be optimized.
To apply the one-step BLEIA for sample analysis, the matrix
effect was evaluated with wheat and corn in representative
cereal samples. Aflatoxin B, is insoluble in water and is easily
soluble in oil, fatty acid esters, and various organic solvents
including chloroform, methanol, ethanol, and similar organic
reagents. Water is miscible with methanol and is the most
common extraction solvent used in aflatoxin analysis. To
maximize the recovery rate, we extracted the cereal sample
using 80% methanol in water. To reduce the solvent effect
against the immune reaction, dilution of the resulting sample
solution was necessary before loading the sample in the plate.
Additionally, fat and protein are added to the methanol—water
extraction solution, which can affect the immune reaction.
Dilution of the sample with BLEIA assay buffer is the most
common method to reduce or eliminate the matrix effect. To
apply the one-step BLEIA for sample analysis, the standard
inhibition curves generated in BLEIA assay buffer (10%
methanol, 1X PBS, MeOH—PBS) were compared to those
using diluted AFB,-free grain (corn and oat) extracts. As the
sample extract was serially diluted, the OD,,,, and IC, of the
curve were varied as shown in Figures S7 and S8. When the
extracts of corn and wheat were diluted eight times, it
produced a sufficient standard curve and the matrix effect was
minimized. The developed BLEIA had an LOD of 0.84 and
2.64 ug/kg in wheat and corn and a linear detection range of
1.68—89.28 and 1.93—41.32 ug/kg in wheat and corn for
AFB,, respectively. These results meet EU regulatory require-
ments for AFB, in cereals (S pg/kg). This result indicated that
the sample extract could be analyzed directly by diluting 8-fold
without losing sensitivity.

The accuracy and reliability of the developed one-step
BLIEA for detecting AFB, were evaluated by analysis of spiked
wheat and corn samples, confirmed to be free of aflatoxin by
LC-MS. Wheat and corn were spiked with three different
concentrations of Aflatoxin B, (S, 10, and 20 ng/g). After
extraction with methanol and subsequent dilution, the samples
were analyzed by one-step BLEIA. As shown in Table 2, the
average recovery rate for AFB, measured by the one-step
BLEIA ranged from 91% to 113%. In addition, five wheat and
five corn samples collected from the local supermarket were
analyzed with one-step BLEIA and LC-MS/MS. As shown in
Table 3, 10 samples were positive and the concentration of
aflatoxin in these cereal samples ranged from 3 to 8 ug/kg.
AFB, was undetectable in most wheat samples, but one sample
was contaminated at a level exceeding MRL (S ug/kg).
However, most of the corn samples contained AFB;, though
the contamination levels in three of them were less than the
MRL. The results obtained from one-step BLEIA and LC-MS
were in good agreement with each other, indicating the
accuracy and reliability of the developed one-step BLEIA.
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Table 3. Detection of the Cereal Purchased from the
Supermarket

one-step BLEIA (n = 3)“ HPLC-MS/MS (n = 3)“

samples  no. (ug/kg) (ug/kg)

corn Cl 5.94 + 0.29 6.50 + 0.34
C2 ND” ND
C3 3.11 + 0.0S 3.50 + 0.46
C4 3.93 + 0.19 4.60 + 0.34
Cs 3.51 + 0.94 3.80 + 0.35

wheat W1 6.15 + 0.53 7.17 £ 0.30
w2 ND ND
w3 ND ND
W4 ND ND
W5 ND ND

“Each assay was carried out in triplicate on the same day. “Not

detectable.

In this study, a sensitive and reliable dc-BLEIA based on a
novel G8-Nluc fusion protein for detecting Aflatoxin B, in
cereal samples was successfully developed. The nanoluciferase
was an excellent fusion partner compared to akaline phostase
and GFP; the fusion protein remained small in size and easily
expressed in E. coli. In our study, G8-Nluc fusion had both
nanobody binding capacity and luciferase catalytic activity. This
dual-functional reagent was used to develop a one-step
ultrasensitive BLEIA successfully. The high sensitivity due to
bioluminescent format compensated for the loss of sensitivity
during the dilution of samples after extraction. In addition, the
one-step procedure shortened the assay time within 2 h from
sample dilution to data analysis. These results indicated that
the nanobody/nanoluciferase fusion can be considered as an
attractive and powerful reagent for an immunoassay, and the
one-step BLEIA can be a simple and rapid analytical tool for
quantification of the pollutants in commercial foods.
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