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Abstract Cyclopiazonic acid («-CPA) is a tremorgenic my-
cotoxin that is commonly produced by certain species of the
aspergilli, in particular Aspergillus flavus, which is more wide-
ly known for production of the aflatoxins. Despite the fact that
«-CPA may co-occur with aflatoxins, immunoassay-based
methods for monitoring for CPA have not been widely devel-
oped. We report the development and evaluation of several
monoclonal antibodies (mAbs) for o-CPA. Two mAbs in par-
ticular were very sensitive, with ICsps of 1.1 and 1 ng/mL
(clones 1418 and 1231, respectively). Tolerances to aqueous
methanol or acetonitrile were good, which permitted the devel-
opment of an antigen-immobilized competitive enzyme-linked
immunosorbent assay (CI-ELISA) for detection of CPA in
maize. Spiked or naturally contaminated maize, extracted with
aqueous methanol, was diluted with buffer for analysis. The
working range for the assay (IC, to ICg,) was from 5 to 28 pg/
kg. Recoveries from maize spiked over the range from 2 to
50 pg/kg averaged 88.6 + 12.6%. Twenty-eight samples of
maize were tested by both the CI-ELISA and a liquid
chromatography-fluorescence (LC-FLD) method. For the five
samples above the limits of quantitation of both methods, CI-
ELISA tended to overestimate CPA content, a difference that
we speculate may be due to related metabolites or perhaps
“masked” derivatives of CPA. The antibodies developed and
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the resulting CI-ELISA will be useful tools for further evalua-
tion of the prevalence of this mycotoxin in maize.
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Introduction

«-Cyclopiazonic acid (x-CPA) is an indole tetramic acid, with
a molecular weight of 336.38 (Fig. 1). The toxin was first
isolated by Holzapfel (1968) from Penicillium cyclopium
Westling cultured on maize (corn) meal. Since that time, many
species of Aspergillus and Penicillium have been found to
produce CPA (Domer 2002). These include some of the same
fungi that produce the aflatoxins (Trucksess et al. 1987; Goto
et al. 1996; Horn and Dorner 1999). Specifically, a high pro-
portion of Aspergillus flavus strains produce CPA (Horn and
Dorner 1999; Vinokurova et al. 2007), as do certain strains of
Aspergillus fumigatus and Aspergillus phoenicis (Vinokurova
etal. 2007). The toxin has been found as a natural contaminant
in cheeses, figs, corn, rice, peanuts, millet, and feeds (Lansden
and Davidson 1983; Rao and Husain 1985; Urano et al.
1992a; Burdock and Flamm 2000; Hayashi and Yoshizawa
2005; Heperkan et al. 2012). When fed to animals, x-CPA is
capable of causing symptoms such as weight loss, diarrhea,
pyrexia, dehydration, ataxia, immobility, and finally extensor
spasm at death (Richard and Payne 2003). Turkeys and
chickens can be affected by &-CPA (Miller et al. 2011), and
it has been speculated that x-CPA contributed to the original
outbreak of turkey X disease (Cole 1986). Toxicity of x-CPA
is believed to be derived from the disruption of calcium
homeostasis (Riley et al. 1995). The toxin is available
commercially as an inhibitor of the sarcoplasmic reticulum
Ca**-ATPase. An acceptable daily intake for humans was
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estimated at 10 pg/kg body weight/day (Burdock and Flamm
2000). Because of possible co-occurrence and potential for
synergistic toxicity with the aflatoxins, detection of CPA is
relevant to both animal and human health (Urano et al. 1992a).

There are a variety of technologies used to detect CPA,
including chromatographic and immunochemical methods.
Most chromatographic methods involve steps to extract and
isolate the toxin before the determinative step. Various com-
binations of acidified chloroform, chloroform/methanol, or
mixtures of non-chlorinated solvents such as aqueous metha-
nol or aqueous acetonitrile have been used to extract CPA
from commodities. The latter typically use an aqueous com-
ponent that is alkaline, in order to extract the toxin in the
ionized form, as opposed to the neutral form extractable with
acidified chloroform (Fig. 1). Whether the extraction is alka-
line or acidic has been based, in part, upon the downstream
cleanup. For example, silica solid-phase extraction (SPE) or
silica minicolumns have been paired with the use of acidified
chloroform (Goto et al. 1996; Norred et al. 1987). More re-
cently, methanol/water or acetonitrile/water (7 + 3 v/v) with
bicarbonate added has found more widespread use, likely be-
cause they avoid halogenated solvents (Urano et al. 1992b; Yu
and Chu 1998; Domer et al. 2001; Losito et al. 2002; Hayashi
and Yoshizawa 2005; Aresta et al. 2003). Once extracted and
isolated, samples are often submitted to a chromatographic
step such as thin-layer chromatography (TLC) or liquid chro-
matography (LC). Chromatographic methods for CPA were
reviewed by Dorner (2002) and include a variety of
normal- and reverse-phase techniques. LC coupled to var-
ious forms of mass spectrometry is commonly used to
detect mycotoxins, and CPA is no exception (Moldes-
Anaya et al. 2009). However, application of the technique
to CPA is not without its difficulties (Diaz et al. 2010).
Aside from mass spectrometry, LC methods for CPA have
typically relied upon detection of the absorbance of the
toxin in the ultraviolet (UV) range at circa 279 nm.
Several years ago, we noted that CPA, which is non-fluo-
rescent, could be rendered fluorescent upon photolysis
(Maragos 2009). The phenomenon has been used to de-
velop an LC-fluorescence detection (LC-FLD) method for
the simultaneous detection of aflatoxins and CPA in fun-
gal cultures (Soares et al. 2010).
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Fig. 1 «-Cyclopiazonic acid (CPA)
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While chromatographic methods for detecting CPA have
been widely reported, there have been far fewer reports de-
scribing immunochemical methods for this toxin. Several lab-
oratories have previously developed antibodies that recognize
CPA (Hahnau and Weiler 1991, 1993; Yu and Chu 1998).
Such antibodies have been applied in both enzyme-linked
immunosorbent assay (ELISA) and immunoaffinity column
(IAC) formats (Dorner et al. 2001; Hahnau and Weiler 1991;
Huang and Chu 1993; Hahnau and Weiler 1993; Yu and Chu
1998; Kononenko et al. 2012). Unfortunately, neither the CPA
antibodies nor the IAC are available commercially, so most
analysts must still resort to the more laborious isolation and
detection procedures.

The objective of this work was to develop novel monoclo-
nal antibodies that recognize o-CPA, so that they could be
applied to the detection of x-CPA in maize and, later, as com-
ponents of biosensors for multi-toxin detection. In the process
of doing so, we also decided to update some of the isolation,
cleanup, and detection procedures for x-CPA. For the latter,
we chose to use a mixture of alkaline methanol/water for ex-
traction, cleanup using strong anion exchange (SAX) SPE,
and detection of the fluorescence of CPA following photo-
chemical reaction (LC-FLD).

Materials and methods
Materials

Except where noted otherwise, deionized water (Nanopure II,
Thermo Scientific) was used in the preparation of all reagents.
N,N-Dimethylformamide (DMF) was ACS reagent grade. A-
CPA was obtained from two sources. The CPA used for chem-
ical reactions was previously prepared by Odette Shotwell
(USDA-ARS, Peoria, IL, USA) and had been stored for sev-
eral years at —20 °C (batch 13125-5-c). The CPA used as
analytical standard was produced by MP Biomedicals, LLC
(Solon, OH, USA). CPA stock solution was prepared at a
nominal concentration of 2 mg/mL by dissolving solid toxin
in LC-grade acetonitrile. The actual concentration of toxin
was determined by obtaining the UV spectrum of 1:200 dilu-
tions of the stock in methanol (Beckman, model DU640 spec-
trophotometer) and using the extinction coefficient of
20,417 at 284 nm (Holzapfel 1968; Nesheim and Stack
2001). The concentrated stock was used to prepare an inter-
mediate stock solution at 20 pg/mL in acetonitrile/water (4 + 1
v/v). For LC-FLD experiments, standards were prepared daily
over the range of 20 to 1000 ng/mL in 1% ammonium hy-
droxide. For immunoassays, fresh standards were prepared
daily over the range of 0.1 to 100 ng/mL. Several buffers were
used in the immunoassays. These included 10 mM phosphate-
buffered saline (PBS) (0.01 M sodium phosphate and 0.15 M
sodium chloride in water, adjusted to pH 7.2) or 0.1 M PBS
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(0.1 M sodium phosphate and 0.15 M sodium chloride in
water, pH 7.2). Citrate phosphate buffer (CPB) was composed
of 0.05 M sodium citrate and 0.1 M sodium phosphate, ad-
justed to pH 5.0. Chicken egg albumin (OVA) and polyvinyl
alcohol (PVA) were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). B-Lactoglobulin (BLG) was pur-
chased from MP Biomedicals. Bovine serum albumin (BSA)
was obtained from Fisher Scientific (Waltham, MA, USA).
All other chemicals were reagent grade or better and pur-
chased from major suppliers.

Maize samples

Samples of control (no detectable CPA at 30 ug/kg, as deter-
mined by LC-FLD) and naturally contaminated maize were
obtained from a variety of sources. Control maize was pur-
chased from a local health food store (Peoria, IL, USA) as
maize meal (ground whole maize). For spiking and recovery
studies, o-CPA was added to ground maize prior to extraction
and analysis by either LC-FLD or CI-ELISA. Sufficient -
CPA stock solution in acetonitrile was used to spike 25-g
aliquots of control maize to levels of 2, 5, 10, 20, 50, 100,
200, 400, 1000, 2000, and 4000 pg/kg. The CI-ELISA meth-
od was more sensitive than the LC-FLD method and was used
to test samples spiked over the range of 2 to 50 pg/kg. For
ELISA tests, five samples were spiked at each level. The LC-
FLD method was used to test samples spiked over the range of
100 to 4000 pg/kg. For LC-FLD tests, four samples were
spiked at each level. Naturally contaminated samples were
obtained by either selecting from the corresponding author’s
supply of retained samples previously tested for aflatoxin con-
tamination (21 samples) or by purchasing reference maize
meal with established aflatoxin levels (7 samples). The latter
were obtained from Trilogy Laboratories (Washington, MO,
USA). Selection of the aflatoxin-contaminated reference ma-
terials was done with the intention of increasing the chances of
observing CPA contamination, as both groups of toxins may
be produced by certain aspergilli. The data set should, there-
fore, not be considered as representative of US maize.

LC-FLD of maize samples for CPA

After exposure to strong UV light in a photoreactor under
certain conditions, «-CPA will yield fluorescent products that
can be measured by LC-FLD (Maragos 2009, Soares et al.
2010). For LC-FLD experiments, «-CPA was extracted with
aqueous methanol and isolated from maize using strong anion
exchange solid-phase extraction (SAX SPE). Ground maize
(25 g) was extracted with 100 mL of a 7 + 3 (v/v) mixture of
methanol and 0.1 M aqueous sodium hydroxide by blending
for 3 min. The solution was centrifuged at 3000xg for 10 min
at 20 °C. Six milliliters of the supernatant was diluted with
18 mL water and applied to a conditioned 1-g SAX SPE

column (Mega Bond Elut SAX, Agilent Technologies, Santa
Clara, USA) at a flow rate of approximately 1 drop/s. The
column was washed successively with 6 mL each of aqueous
solutions of acetonitrile/water in the proportions of 1 + 9, 1 +
2,and 1 + 1. The «-CPA was eluted with 6.3 mL of 1% (v/v)
trifluoroacetic acid in acetonitrile. Ammonium hydroxide
(0.7 mL of a 1-M solution in acetonitrile) was added to the
eluate and mixed. One milliliter of the mixture was filtered
through a 0.2-um PVDF filter into an autosampler vial for
analysis. The purified extract was evaluated by LC-FLD. The
column was an Atlantis HILIC Silica 3 um, 4.6 x 150 mm
(Waters Corporation, Milford, MA, USA), maintained at
30 °C. The LC system was a Dionex Ultimate 3000 with
Chromeleon 7 software (Dionex Corporation, Sunnyvale,
CA, USA). The mobile phase was an isocratic mixture of
93% acetonitrile and 7% 0.1 M aqueous ammonium acetate,
at a flow rate of 1 mL/min. Injection volume was 100 puL. A
photochemical reactor (model UVE, LCTech, GmBH, Dorfen,
Germany) was placed in-line between the column and the fluo-
rescence detector. The reactor contained a 1-mL loop through
which the LC eluant was exposed to a 254-nm lamp (LCTech,
model UVC). Excitation was at 380 nm and emission was at
462 nm. LC run times were 20 min, with «-CPA eluting be-
tween 6.13 and 6.17 min. Calibration curves were constructed
over the range of 20 to 1000 ng/mL. The CPA content was
estimated from calibration curves prepared each day. The sum-
mary calibration curve is provided in the supplementary mate-
rials (Fig. S1), R* = 0.99999958.

Preparation of CPA-protein conjugates

Conjugates of -CPA with two proteins were prepared. A CPA-
ovalbumin (CPA-OVA) conjugate was used for immunization
of animals, while a CPA-3-lactoglobulin (CPA-BLG) conjugate
was used as an immobilized antigen for competitive ELISA. A-
CPA, which does not contain a free carboxylate, was reacted
with O-carboxymethoxylamine according to procedures de-
scribed previously (Chu et al. 1977; Hahnau and Weiler 1991).
The product of the reaction, CPA-carboxymethyloxime (CPA-
CMO), was extracted into ethyl acetate, dried by vacuum evap-
oration, reconstituted with acetone, and examined qualitatively
by LC-mass spectrometry (LC-MS). The LC system was com-
prised of a model AS3000 autosampler, model P4000 pump
(both Thermo Scientific, Waltham, MA, USA), and a Synergi
Polar-RP analytical column, 4 ., 80 A, and 15 cm by 3.00 mm
(Phenomenex, Torrance, CA, USA, part number OOF-4336-
YO). The volume injected was 100 pL. A binary grade of sol-
vent mixture “A” (methanol/acetonitrile/2-propanol, 10 + 5 + 1,
v/viv) and “B” (2% acetic acid in water, v/v) was applied at a rate
of 0.5 mL/min. The gradient began with 65% A, with a linear
increase to 100% A over 15 min, followed by a return to 65% A
and re-equilibration (minimum of 10 min) before the next injec-
tion. The MS used was a model LQQ (Thermo Fisher Scientific,
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Waltham, MA, USA) equipped with an electrospray ionization
source and operated in negative ionization mode (—ESI).
Samples were sprayed using a voltage of 4.58 kV. Optimized
parameters of the system were inlet capillary voltage —38 V, tube
lens voltage —35 'V, and capillary temperature 175 °C. All anal-
yses were conducted with a mass scan range of 150-2000 Da.
The major product (CPA-CMO) eluted at 4.95 min and was
observed under these conditions as a mixture of the monomer,
dimer, and trimer (m/z = 408.1, 816.8, and 1225.5, respectively;
see Supplemental Materials (Fig. S2)). The free carboxylate
group of CPA-CMO was reacted with the primary amines of
either OVA or BLG using the mixed anhydride reaction de-
scribed previously for making similar conjugates (Maragos
2015). Briefly, 28 mg of CPA-CMO in 0.31 mL of N,N-
dimethylformamide was reacted with 0.025 mL of triethylamine
and 0.025 mL of isobutylchloroformate for 15 min before
mixing with 2 mL (30 mg) of ovalbumin. Following the addition
of 0.1 mL of 0.1 M sodium hydroxide, the reaction was allowed
to proceed for 16 h at 4 °C. The conjugates were dialyzed
extensively against 0.1 M PBS, then diluted to 2 mg/mL with
PBS and freeze-dried. The dried conjugates were sent to Envigo
(Madison, WI, USA) for immunization of mice and collection of
antisera.

Immunization of animals and isolation of mAb-producing
clones

All animal procedures reported herein were approved by the
Institutional Animal Care and Use Committee of Envigo.
Work was performed under protocol 421-09—Rodent
Immunization for Antibody Production (initial review
December 20135, first annual review December 2016, second
annual review scheduled for December 2017) in accordance
with guidelines established by the National Institutes of
Health-Office of Laboratory Animal Welfare. Ten female
Balb/C mice were initially immunized by injection of
100 pg CPA-OVA per animal using the same procedures as
described previously for production of paxilline antibodies
(Maragos 2015). A competitive indirect (CI) ELISA was de-
veloped and used for screening of mouse sera and culture
supernatants for the presence of antibodies. Each hybridoma
culture supernatant solution was tested in single replicates at a
minimum of three dilutions, and positive cultures were re-
assayed. For screening assays, 0.1 mL of CPA-BLG (1 ng/
mL in 0.05 M sodium phosphate buffer, pH 7) was added to
wells of polystyrene microtiter plates and allowed to attach
overnight at 4 °C. After washing the coated plate twice with
0.32 mL Tween-PBS (0.02% v/v Tween-20 in 0.01 M PBS,
pH 7), 0.32 mL of PVA-PBS (1% w/v PVA in 0.01 M PBS)
was added and allowed to incubate at ambient temperature for
2 h. During this incubation, test solutions were prepared. The
test solutions consisted of 0.1 mL of toxin standard solution
(or PBS control) mixed with 0.1 mL of serum (or culture fluid)
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diluted in BSA-PBS (1% w/v BSA in 0.01 M PBS) in the
wells of a polypropylene microwell plate (Corning Inc.,
Corning, NY, USA). The wells of the polystyrene (CPA-
BSA immobilized) plate were washed twice with Tween-
PBS, and 0.1 mL of test solution was transferred into each
well. After incubation at ambient temperature for 30 min,
the plate was washed three times and 0.1 mL of goat
antimouse peroxidase conjugate (diluted 1:2000 in BSA-
PBS) was added. The plate was incubated for 30 min at am-
bient temperature then washed four times before addition of
0.1 mL of the o-phenylenediamine (OPD) substrate. The OPD
solution was prepared by combining 0.02 mL of 30% H,O,
and 20 mg OPD in 50 mL of citrate-phosphate buffer (0.05 M
citrate, 0.1 M phosphate, pH 5.0). After 5 min at ambient
temperature, the reaction was stopped by the addition of
0.1 mL of 1 N hydrochloric acid. Color development was
determined by measuring the absorbance at 490 nm using a
Synergy Neo microplate reader (Bio-Tek, Winooski, VT,
USA).

Two mice having sera with antibodies reactive to «-CPA
were sacrificed and aseptically splenectomized at Envigo.
Splenocytes were chemically fused with Balb/C non-
immunoglobulin-secreting (NS-1) myeloma cells using poly-
ethylene glycol. Fused cells were plated in HAT selection
media. After 11 days, HAT-resistant cultures were isolated
and screened for anti-CPA activity by CI-ELISA. The two
fusions yielded a total of 12 positive cultures. From these, five
cultures were subsequently cloned, expanded, and frozen. The
cultures were designated 1-1.2.9 (herein “11297), 1-2.3.1
(herein “12317), 1-4.1.8 (herein “1418”), 2-1.2.4.1 (herein
“21241”), and 2-8.1.3.13.21.9 (herein “281313219”). With
this nomenclature, the first digit describes the fusion and the
second digit describes the hybridoma cell line derived from
that fusion. These four cell lines were expanded to produce
ascites fluid in mice using established procedures
(Hoogenraad et al. 1983). The ascites fluid was partially pu-
rified by ammonium sulfate precipitation using procedures
described previously (Maragos and McCormick 2000), then
lyophilized. The protein content of each of the preparations
was determined using the BCA Protein Assay according to the
protocols provided by the manufacturer (Thermo Fisher).

Effects of methanol and acetonitrile on two CPA mAbs

To determine the effects of solvents, mAbs 1418 and 1231
were evaluated using standards prepared in mixtures of
0.01 M PBS and solvent. Standards were prepared in either
methanol (10 to 50% by volume) or acetonitrile (5 to 30% by
volume) over the range of 0.05 to 100 ng/mL. Because the
standards were added to an equal volume of antibody solution
during the assay, the effective concentration of solvent was
one half of the concentration in which the standard was pre-
pared. For comparison, each ELISA plate contained two rows
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of standards in PBS. All data were normalized to the color
development of controls lacking added o-CPA (Eq. 1).

(B/B0) x 100% (1)

where B represents the color from the test sample and BO
represents the color from the CPA-free control. The trans-
formed data were fit using a four-parameter logistic dose-
response equation (TableCurve, Systat Software, Inc., San
Jose, CA, USA). Fitted curves were used to determine the
concentration required for 50% inhibition (ICsgs). The ICs0s
were used to estimate the response of standards in solvent
relative to standards in PBS using Eq. 2.

relative response in solvent

= (ICspin PBS)/(ICspin solvent solution) x 100%.(2)

CI-ELISA of maize samples

Maize samples (25 g) were mixed with 5 g of sodium chloride
and 125 mL of methanol/water (4 + 1 v/v). The mixture was
shaken for 2 h at ambient temperature then filtered (Whatman
2V, Maidstone, England). The filtrate was diluted 1 + 3 (v/v)
with 10 mM PBS. For quantification, this 1:4 dilution was di-
Iuted an additional 10-, 40-, and 100-fold (overall dilutions,
1:40, 1:160, and 1:400) using 1:4 diluted extract from control
maize. Diluted extracts were tested by CI-ELISA, data were
transformed using Eq. 1, and the «-CPA content was determined
relative to standards prepared in extract from control maize.

Results and discussion

Ten mice were immunized with CPA-OVA and sera were eval-
uated by competitive indirect ELISA (CI-ELISA). All ten
antisera bound to immobilized CPA-BLG and showed a re-
sponse to free CPA. The two mice with the highest titers were
selected for splenocyte fusions, and a total of 12 CPA-
responsive cultures were obtained. From these, five antibody-
producing monoclonal cell lines were isolated. These were des-
ignated 1129 (isotype IgM,), 1231 (isotype IgG,), 1418
(isotype 1gGy ), 21241 (isotype IgG, ), and 281313219 (isotype
IgGopy). Preliminary experiments (data not shown) indicated
that 1129 no longer bound to CPA-BLG and that clones 1231
and 1418 were more sensitive toward o-CPA than were clones
21241 and 281313219. To determine which of these would be
best suited for further method development, both mAbs were
evaluated for their tolerance to methanol and acetonitrile. Data
on the effects of each solvent on the CI-ELISAs for CPA are
listed in Table 1. During these experiments, it was noted that, at
high acetonitrile levels (30—50%), there was a difference in color
development that seemed to depend upon the timing of when the

standards were added to the plate. At equal acetonitrile levels,
standards that were added to the plate earlier gave better results
(lower ICs() than standards added to the plate later. This was
attributed to the evaporation of acetonitrile from the wells during
preparation of the plates. This, combined with the sharp decrease
in relative response at 30% acetonitrile or 50% methanol
(Table 1), put a limit on the solvent concentration that could
be used effectively. For mAb 1418, excellent responses were
seen with methanol at up to 20% or acetonitrile up to 10%. At
30% methanol, or 20% acetonitrile, the ICsos were roughly dou-
bled relative to those in PBS. For mAb 1231, excellent re-
sponses were seen with methanol at up to 20% or with acetoni-
trile at up to 5%. At 30% methanol, or 10% acetonitrile, the
ICs0s were roughly doubled relative to «-CPA in PBS. Thus,
mADb 1232 appeared to be more sensitive to acetonitrile than did
mADb 1418. However, for either mAb, 20% methanol was
shown to give acceptable results.

As noted previously, the mAbs reported here are not the
first antibodies developed against «-CPA. Hahnau and Weiler
(1991) prepared two CPA-BSA conjugates, one synthesized
using an O-carboxymethyloxime (CMO) and another using
the Mannich reaction. Polyclonal antibodies (pAb) were pro-
duced in rabbits and used to develop an assay with an ICs, of
0.6 pmol/assay. Reported in the same manner, the ICsos for
our mAbs 1418 and 1231 were 0.16 and 0.15 pmol/assay,
respectively. Hahnau and Weiler used the ELISA, which was
a competitive direct format, to measure CPA production from
fungal cultures. Recoveries from agar medium averaged 99%
over the range from 42 to 420 ng/mL, with an LOD of 20 ng/
mL. Solvent tolerance was not reported. A later publication
from the same authors described the development of mAb
from mice immunized with CPA-BSA and a CPA-keyhole
limpet hemocyanin (KLH) conjugate (Hahnau and Weiler
1993). The assay reportedly could measure from 7 to 300 ng
of CPA, with a midpoint of 50 ng, which equates to a concen-
tration of 250 ng/mL, significantly poorer than the results with
their rabbit pAb or the results reported here (Table 1). Another
group, at the University of Wisconsin-Madison, also produced
several mouse mAb (Huang and Chu 1993). Four of the mAb
were used to produce assays. The ICsgs observed ranged from
0.014 to 0.17 ng/mL, making them more sensitive than the
mAbs reported here. One of the clones (SC8D1) was used to
develop a CD-ELISA for CPA in corn, mixed feed, and pea-
nuts (Yu and Chu 1998). Interestingly, while increasing meth-
anol concentration caused the standard curves to “flatten,” the
ICsq of the assay remained constant. It was reported that an
effective standard curve was obtained even in the presence of
30% methanol. So, while the assays reported by Yu and Chu
and those reported here both exhibit similar tolerance to meth-
anol, the mechanism by which methanol is affecting the as-
says may be different. Based on solvent tolerance, mAb 1418
was selected for further development for a CI-ELISA to use
with corn samples.
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Table 1 Effects of solvents upon

ELISAs using two a-CPA mAbs Antibody

Solvent

Relative M
response (%)°

Solvent ICsp (ng/mL)"

concentration (%)*

mADb 1418 PBS
Methanol

Acetonitrile

mADb 1231 PBS
Methanol

Acetonitrile

0 1.1+0.3 100 22
10 1.5+0.1 71 4
20 0.8+£0.1 129 4
30 1.8+0.2 58 4
50 30+£03 36 4
5 12+£0.2 86 4
10 12+0.1 91 4
20 1.9+0.2 57 4
30 8.8+4.1 12 16
0 1.0+0.3 100 14
10 1.0 +0.1 101 4
20 14+0.2 71 4
30 23+0.2 42 4
50 16.7+4.2 6 4
5 12+£02 83 4
10 19+0.3 52 4
20 51+£1.8 19 4
30 N.A. N.A.

N.A. Not applicable. Data could no longer be reliably fit to the assigned curve

#Volume percentage of the solvent used to prepare the standards
° Average ICs( £ 1 standard deviation for o-CPA
“Response of «-CPA in indicated solution relative to response in PBS (Eq. 2)

4 Number of ELISA plates used to determine the summary statistics listed

Recovery of CPA from spiked maize

The CPA content of spiked maize was determined by two tech-
niques: LC-FLD and CI-ELISA. For LC-FLD experiments, the
maize was extracted with alkaline methanol/water and the CPA
was isolated by SAX-SPE. Purified extracts were subjected to
LC, and the eluate was passed through a photoreactor to gen-
erate fluorescent products for detection. The limit of detection
(LOD), defined as a signal to noise ratio of 5, was estimated to
be 30 pg/kg. The limit of quantification (LOQ), defined as a
signal to noise ratio of 15, was estimated to be 100 pg/kg. The
LC-FLD calibration curve could be fit to a simple line with
R* =0.99954, but the fit was much better to a polynomial line
(R* = 0.99999958, Fig. S1). This suggested that the develop-
ment of the fluorescent response may be pseudolinear. Based
upon this, it was established that samples above 4500 pg/kg
should be diluted so that they might remain within the optimal
range for detection. To determine recoveries, maize was spiked
over the range from 100 to 4000 pg/kg, which was close to the
quantitative range of the method (Table 2). Results demonstrat-
ed adequate recoveries over this range, with an average recov-
ery of 83.3% and an RSD of 5.9% (n = 24).

The CPA content of spiked maize was also estimated by
CI-ELISA using mAb 1418 with standards prepared in control
maize matrix. The ICsq was 0.58 ng/mL, which was lower
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than the 1Cso for CPA in PBS (Fig. 2). The working range
was defined by the concentrations between the 1C,q (the
LOQ, 0.24 ng/mL) and the I1Cg( (1.39 ng/mL). When sample
extraction and dilution are accounted for, these correspond to
an ICso of 12 pg/kg and a working range of 5 to 28 pg/kg. For
spiking and recovery studies, the spiking levels ranged from 2
to 50 pg/kg. Where necessary, sample extracts were diluted
with control extract to keep the responses within the working
range. We decided to use diluted control extract, rather than
20% methanol-PBS, because the matrix itself exhibited an
effect upon the assay. As depicted in Fig. 2, the ELISA was

Table 2  Recovery of a-CPA from spiked maize by LC-FLD

Spiking level (ng/kg) Percentage recovery RSD N
100 89.9+42 4.7 4
200 81.8+8.3 10.1 4
400 83.1£2.0 24 4
1000 833+14 1.7 4
2000 787+1.9 24 4
4000 83.1+1.5 1.8 4
Overall 83.3+49 59 24

RSD relative standard deviation, expressed as a percentage

*Number of replicate spiked samples
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Fig. 2 Calibration curves for x-CPA in maize matrix (white circles) and
20% methanol-PBS (blue circles). Data are the average + 1 standard
deviation of six replicate plates in matrix or four replicate plates in
methanol-PBS. A sample containing 20 pg/kg CPA and diluted as
described in the text would contain the equivalent of 1 ng/mL CPA

actually more sensitive in diluted matrix (containing 20%
methanol) than in 20% methanol-PBS. From the error esti-
mates in Fig. 2, it is apparent that this enhancement would
have been significant enough to affect quantification.

Recoveries from individual samples ranged from 70 to
116%. When averaged by concentration, recoveries ranged
from 81.6 to 102.4%. The overall average (all recoveries, all
levels) was 88.6%, with an RSD of 14.3% (Table 3). In the
study by Yu and Chu (1998), detection limits in corn, mixed
feed, and peanuts were reported to be 100, 300, and 600 pg/
kg, respectively. Recoveries from CPA added to these matri-
ces over the range from 50 to 5000 pg/kg averaged 97.6, 92,
and 93%, respectively. Compared to the earlier work in maize,
the CI-ELISA reported here had slightly lower recoveries but
was of significantly better sensitivity. The recoveries, while
lower than the previous work, remain adequate for measuring
CPA in maize. Because of the steep dose-response curve
(Fig. 2), the working range for the assay was relatively narrow
(i.e., 5 to 28 pg/kg). This made quantification less convenient
because, to ensure that responses fell within the working
range, samples typically needed to be analyzed at multiple
dilutions. The steepness of the dose-response curve suggests
that mAb 1418 would be an excellent candidate for use in a
qualitative (positive/negative) format, where such a response
could be very beneficial.

We tested 28 samples of maize by CI-ELISA and LC-FLD.
The sample set was biased to contain samples known to be
contaminated with AFB;, under the assumption this might
increase the chances for observing naturally occurring CPA.
Of the 28 samples, 11 were above the LOQ of the CI-ELISA
and 5 were above the (higher) LOQ of the LC-FLD method
(Table 4). Six of the samples (numbers 2, 3, 5, 9, 11, and 21)
were detected as positive by ELISA but negative by LC-FLD,

which was not surprising, given the substantially lower LOQ
of the ELISA method. Of the six, four were below the LOQ of
the LC-FLD method and two (numbers 9 and 21) were slightly
above it yet were not detected by LC-FLD. Five of the samples
(numbers 1, 14, 20, 25, and 27) were above the LOQ of both
methods. For four of these samples, the ELISA gave a higher
result than the LC-FLD method. Therefore, it appears that the
CI-ELISA based upon mAb 1418 tends to overestimate o~
CPA in naturally contaminated maize. In the study of Yu and
Chu (1998), a competitive direct (CD)-ELISA was compared
to an LC-UV method for 13 samples naturally contaminated
with aflatoxins, yielding an » value of 0.79 and a regression
slope of 0.62. They also observed that the ELISA results were
considerably higher than results with their LC method. A sim-
ilar overestimation has been observed with immunoassays for
other mycotoxins, such as the fumonisins, and deoxynivalenol
(Zachariasova et al. 2014; Righetti et al. 2017). In certain cases,
this has been hypothesized to result from the cross-reactivity of
related fungal secondary metabolites with the antibody. Such
metabolites might include precursors in the biosynthetic path-
way, modified derivatives, or plant metabolites of the toxins
(i.e., the “masked” mycotoxins) (Righetti et al. 2017). Because
such metabolites of CPA have not been identified, their contri-
bution to the overestimation observed here remains specula-
tive. The qualitative agreement between results observed with
the ELISA and the LC-FLD was good. The better sensitivity of
the ELISA and its ease of use relative to LC-FLD suggest that
this may make a good screening method for o-CPA in maize.

Conclusions

Several mAbs were developed that bind to «-CPA, and two
were isolated with excellent sensitivity toward «x-CPA, with
ICsos near 1 ng/mL. Of these, clone 1418 was used to develop
a sensitive CI-ELISA for use with maize. The assay demon-
strated good solvent tolerance, with up to 20% methanol or
10% acetonitrile having minimal impact upon sensitivity. The
ELISA based upon this mAb was used to measure x-CPA
over the range of 5 to 28 pg/kg, with good recoveries from

Table 3  Recovery of a-CPA from spiked maize by CI-ELISA

Spiking level (ng/kg) Percentage recovery RSD N
86.0+11.4 133 5
89.6 = 16.6 18.6 5
10 83.6+3.3 39 5
20 1024 +13.7 13.4 5
50 81.6+3.2 39 5
Overall 88.6 £12.6 14.3 25

RSD relative standard deviation, expressed as a percentage

*Number of replicate spiked samples
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Table 4  Analysis of «-CPA by LC-FLD and CI-ELISA

Sample no. CPA found by

LC-FLD (pg/kg)* CI-ELISA (ug/kg)*
1 187 433
2 - 11.6
3 (68) 81.7
4 _ _
5 - 11.8
6 _ _
7 _ _
8 _ _
9 - 130
10 - -
11 - 8.1
12 - -
13 - -
14 1001 1596
15 - -
16 - -
17 - -
18 - -
19 - -
20 1052 1237
21 - 116
22 - -
23 - -
24 - (4.8)
25 257 235
26 - -
27 275 521
28 - -

Values in parentheses indicate samples where CPA was detected below
the LOQ

— Sample contained less than 100 pug/kg (LC-FLD) or 5 pug/kg (CI-
ELISA)

? Data have been corrected for average recoveries of 83.3% (LC-FLD) or
88.6% (CI-ELISA)

spiked maize. Screening of a set of 28 maize samples revealed
a good qualitative relationship between the ELISA results and
those by LC-FLD, with the ELISA more likely to overesti-
mate CPA content than the LC-FLD method. The quantitative
range of the ELISA was narrow. While this may be a disad-
vantage when attempting to use this mAb in quantitative as-
says, it may be a significant advantage for a screening assay
where a rapid transition between a “negative” and a “positive”
threshold is desired. This combined with the good solvent
tolerance of clones 1231 and 1418 suggests that these antibod-
ies may also find use in formats such as lateral flow tests or
immunoaffinity columns.
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