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A direct competitive chemiluminescent enzyme-linked immunosorbent assay (CL-ELISA) for the
determination of ochratoxin A (OTA) was developed using soybean peroxidase (SbP) in combination
with 3-(10'-phenothiazinyl)propane-1-sulfonate (SPTZ) and 4-morpholinopyridine (MORPH) as a
detection system. By varying the concentrations of the capture monoclonal anti-OTA antibody, a
conjugate of OTA with SbP, and the composition of blocking buffers, the conditions of the
immunoassay were optimized. Advantages of CL-ELISA were demonstrated by comparison with
ELISA with colorimetric detection (COL-ELISA). The values of IC4o, ICso, and working range
(IC20—1Cgp) for CL-ELISA and COL-ELISA were 0.01, 0.08, and 0.02—0.3 ng/mL and 0.08, 0.58,
and 0.17—2.2 ng/mL, respectively. The recovery values of CL-ELISA from three soybean spiked
samples with OTA concentrations of 0.07, 0.1, and 0.15 ng/mL ranged from 72 to 125%.
Determination of OTA in 21 various agricultural commodities showed that OTA in 8 examined
samples was not detected by COL-ELISA. Furthermore, it was found that in 4 of these 8 samples

the developed CL-ELISA determined OTA at levels from 0.96 to 4.64 ng/g.
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INTRODUCTION

Ochratoxin A (OTA) was originally described as a second-
ary metabolite of Aspergillus ochraceus (1) and later as one of
other Aspergillus and Penicillium species (2). It was found in a
wide variety of cereals (wheat, barley, maize, oat), dried
fruits, spices, coffee, fermented beverages (beer and wine),
and even milk (3—6). As itis spread among some agricultural
commodities and has potential health risks, mainly toward
humans, OTA has been classified by different international
and national organizations as a possible carcinogen (7), nephro-
toxic agent (8), and immunosuppressor (3). In 1997 the Interna-
tional Agency for Research on Cancer (IARC) classified OTA as
a class 2B carcinogen (9).

International and governmental organizations in many coun-
tries regulate the OTA content in food products. For example, the
European Commission has set limits of 10.0 ug/kg for OTA
contamination in dried nuts, 5.0 ug/kg in soluble coffee and
spices, raw cereal grains, and roasted coffee, 3.0 ug/kg in cereals
intended for human consumption, 2.0 ug/kg in wine and grape
juice, and 0.5 ug/kg in baby food and cereal-based food products
intended for young children (10, 11).
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To minimize the risk of human exposure by OTA and to
control the content of OTA in food and feed samples, various
analytical techniques have been developed. These include thin-
layer chromatography, high-performance liquid chromatogra-
phy, immunoassay, and their combinations. Liquid chromatog-
raphy with fluorescence detection was employed to detect OTA
because of its low limit of detection (LDL) (/12—14). Thin-layer
chromatography is still very popular in screening, despite its
lower performance and relatively high LDL values (15). Direct
competitive enzyme-linked immunosorbent assay (ELISA) is a
specific and highly sensitive assay (16, 17). Moreover, it allows the
analysis of a massive number of samples, may be automatized
easily, and does not require time-consuming procedures and
sophisticated equipment as chromatographic methods (8, 19).

Recently we have produced and characterized monoclonal
anti-OTA antibodies that allowed the development of an ELISA
with colorimetric detection (COL-ELISA) for OTA determina-
tion in food (/6). The ICs, for this immunoassay was 0.32 ng/mL.
Because upon the preparation of food samples the content of
OTA is decreased (/7) not more than in 40 times, we could
conclude that the developed immunochemical method allows
measuring regulatory concentrations of OTA in food. However,
some food samples showed a high matrix effect that led to
overestimation of the OTA concentration values and, hence,
limited the use of the COL-ELISA in practice.
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Figure 1. Chemical structure of ochratoxin A (OTA).

One of the approaches to prevent the matrix effect is an
additional dilution of analyte samples. In this case a more
sensitive immunoassay should be applied for its determination.
It is well-known that a replacement of reaction of chromogenic
substrates oxidation, used for the measurement of enzymatic
activity of peroxidase conjugates, with enhanced chemulimines-
cence reaction (ECR) may sharply decrease the LDL value of the
immunoassay (20—22). This fact is widely used in the production
of highly sensitive CL-ELISA Kkits.

Simultaneously, it was shown that soybean peroxidase (SbP),
even in the absence of any enhancers, may effectively oxidize
luminol, forming a long-term chemiluminescent signal (23). In
examples of CL-ELISAs for the determination of mouse IgG and
sulfamethoxypyridazine (24, 25) it was demonstrated that the use
of SbP as an enzyme label has clear advantages in comparison
with HRP. Recently we found that 3-(10'-phenothiazinyl)pro-
pane-1-sulfonate (SPTZ) in combination with 4-morpholinopyr-
idine (MORPH) is a potent enhancer for SbP (26). Their addition
to luminol solution allowed a sharp increase in the detectability of
SbPin ECR. To the best our knowledge, the SbP/SPTZ/MORPH
system is the most sensitive of chemiluminescent detection
systems based on luminol oxidation by peroxidases so far.
Therefore, the use of SbP opens good possibilities to increase
CL-ELISA sensitivity.

In this paper we describe the development of an ultrasensitive
direct competitive CL-ELISA for the determination of OTA
using the SbP/SPTZ/MORPH detection system. Also, the devel-
oped assay was applied for the determination of OTA in some
commercially available food products. Comparison of results of
OTA measurement in food samples performed by both chemilu-
minescent and colorimetric ELISAs clearly demonstrated the
advantages of practical application of SbP-based CL-ELISA.

MATERIALS AND METHODS

Materials. OTA (Figure 1) was purchased from Sigma (St. Louis,
MO). A standard solution of OTA at 1 ug/mL in toluene/acetic acid (99:1)
was prepared and assayed according to the Association of Official
Analytical Chemists (AOAC) method (27). SbP (RZ 1.5) was also
purchased from Sigma and used without further purification. Horseradish
peroxidase (HRP) (RZ 3.0.) was from Boehringer Mannheim Biochem-
icals (Indianapolis, IN). The monoclonal antibodies specific to OTA (anti-
OTA-mAb) were produced according to the method of Liu et al. (/6).

SPTZ was prepared as described in ref 28. Luminol, bovine serum
albumin (BSA), gelatin, ammonium biocarbonate, Tween-20, dimethyl-
formamide, 1,1’-carbonyldiimidazole, 1-ethyl-3-(3'-dimethylaminopropyl)-
carbodiimide, and N-hydroxysuccinimide were obtained from Sigma;
MORPH was from Aldrich (Milwaukee, WI); Tris and H,O, (30%) were
from J. T.Baker (Phillipsburg, NJ). 3,3',5,5 - Tetramethylbenzidine (TMB)
solution was obtained from Neogen Corp. (Lexington, KY). Ammonium
sulfate, absolute ethanol, and methanol were obtained from Merck
(Darmstadt, Germany). Black polystyrene plates and F-16 strips (high
protein binding) were obtained from Nunc (Roskilde, Demark).

Conjugation of OTA with Peroxidases. (a) Conjugation of OTA to
HRP (OTA—HRP) was achieved by using a 1,1’-carbonyldiimidazole
method (/7). Briefly, 0.2 mg of OTA in 0.05 mL of acetone was mixed with
0.4 mg of 1,1'-carbonyldiimidazole, and then a HRP solution (0.8 mg of HRP
in 0.3mL of 0.1 M, pH 9.6, carbonate buffer) was added. After being stirred at
room temperature for 2 h, the mixture was dialyzed against 10 mM phosphate
buffer with 0.15 M NaCl, pH 7.5 (PBS) for 72 h and then lyophilized.
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(b) The conjugate of OTA to SbP (OTA—SbP) was prepared as follows:
0.4 mg of OTA in 40 uL of dimethylformamide was mixed with 0.4 mg of
1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide and 0.3 mg of N-hydro-
xysuccinimide and incubated for 2 h at room temperature. Then 0.8 mg of
SbP in 0.24 mL of 0.1 M carbonate buffer, pH 9.5, was added drop by drop.
After being stirred at room temperature for 2 h, the mixture was dialyzed
against PBS overnight. The OTA—SbP conjugate was stored at 4 °C.

Determination of OTA by COL-ELISA. One hundred microliters
of monoclonal anti-OTA antibody (dilution 1:10000) was coated into each
well of transparent F-16 strips. After incubation at 4 °C overnight and
washing with 0.05% of Tween-20 in PBS (PBST) four times, 100 uL of
0.1% of BSA in PBS was added into each well, and the plate was incubated
at 37 °C for 30 min. Then the plate was washed again with PBST four
times, and OTA standard (0.05 mL/well in PBS) concentrations from 0.01
to 100 ng/mL or samples were added simultaneously with the OTA—HRP
conjugate (1:10000 in PBS, 0.05 mL/well) and incubated at 37 °C for 1 h.
The plate was washed four times with PBST, and 0.1 mL of TMB substrate
solution was added. After incubation at room temperature in the dark for
10 min, the reaction was terminated by adding 0.1 mL of I N HCI. In each
plate well the absorbance at 450 nm was determined in the ELISA reader
(Menlo Park, CA), using the absorbance at 650 nm in the same wells as
background value. Each experiment represents the mean of duplicates.

Determination of OTA by CL-ELISA. CL-ELISA for the determi-
nation of OTA was carried out using 96-well black polystyrene plates
(MaxiSorb, Nunc). The capture antibodies were coated by adding 100 uL
of the solution of the monoclonal anti-OTA antibody in the PBS to each
plate well and incubated at 4 °C overnight. The plate was then washed by
PBST four times and blocked by adding 100 uL of PBS containing 0.1%
casein, gelatin, or BSA for 30 min at 37 °C. The plate was washed four
times with PBST. Subsequently, 50 uL of the OTA standard in PBS
concentrations from 0.01 to 100 ng/mL or samples simultaneously with
50 uL of the OTA—SbP conjugate (1:5000 in PBS) were added and
incubated at 37 °C for 1 h. After washing of the plate as described above,
100 uL of freshly prepared substrate solution were added to each well and
stirred. Chemiluminescence intensity was monitored at room temperature
on a luminescence reader (FlexStation 3, Molecular Devices). Each
experiment represents the mean of duplicates.

The substrate solution for chemiluminescence detection of SbP activity
optimized previously (26) was prepared by adding 90 uL of 100 mM
luminol dissolved in 2 M NaOH, 120 uL of 100 mM SPTZ dissolved in
DMSO, 120 uL of 100 mM MORPH dissolved in DMSO, and 0.8 uL of § M
hydrogen peroxide solution to 11.67 mL of 50 mM Tris-HCI buffer, pH 8.3.

Data Analysis. Standards and samples were run in triplicates, and the
mean values were processed. Standard curves were obtained by plotting
the light intensity against the logarithm of the analyte concentration and
fitted to a four-parameter logistic equation using the Origin 7.5 software
(OriginLab Corp.):

Y = [(4=D)/(1+(x/C)")]+D

A is the asymptotic maximum (intensity in the absence of an analyte, 7,,,.,),
Bis the curve slope at the inflection point, C'is the x value at the inflection
point, and D is the asymptotic minimum (background signal).

Using the obtained calibration curves the values of a detection limit
(ICyp) and ICs, as well as working range (IC,,—1Cgg), maximum CL
intensity (Amayx), and ratio A4,.,/ICso were calculated.

Preparation of Real Food Samples. Twenty-one food samples
purchased from stores in Taiwan were evaluated to determine the OTA
levels. The preparation of the samples was performed in accordance with a
protocol described in ref /7. Briefly, each sample (10 g) was homogenized
with 100 mL of extraction solvent (methanol/water 1:1, v/v) and incubated
for 2 h with shaking (200 rpm) at 37 °C. After centrifugation at 14000g for
10 min, the extract was passed through a 0.45 um syringe filter. The
obtained extract was diluted 2 times with PBS and then directly subjected
to ELISA.

RESULTS AND DISCUSSION

Optimization of OTA CL-ELISA. Previously the conditions of
direct competitive COL-ELISA for OTA determination were
optimized by us (/7). Because the plates used for CL-ELISA and
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Table 1. Determination of the Optimal Concentrations of Coating Antibody (Anti-OTA-mAb) and Conjugate OTA—SbP in CL-ELISA?

anti-OTA antibody dilution OTA—SbP conjugate dilution IC+o, ng/mL ICs0, Ng/mL |Cop—ICgo, Ng/mL Amax Anaxd1Cso
1:5000 1:5000 0.25 0.81 0.46—2.0 12450 15400
1:10000 0.3 0.83 04-2.0 6060 7300
1:20000 0.25 0.68 0.35—1.4 2960 4350
1:10000 1:5000 0.13 0.55 02—14 8600 15650
1:10000 0.15 0.45 02—-1.0 4500 9990
1:20000 0.1 0.24 0.14—0.4 2570 10700
1:20000 1:2500 0.013 0.2 0.04—1.0 5200 24900
1:5000 0.01 0.12 0.025—0.47 3570 29750
1:10000 0.01 0.08 0.024—0.36 1930 24200
1:40000 1:1250 0.7 1.0 0.8—1.0 1650 1700
1:2500 0.35 0.7 0.5—-1.0 700 1000
1:5000 0.006 0.06 0.02—0.2 500 8700
4CL-ELISA was carried out using PBS with 0.1% BSA as a blocking buffer.
Table 2. Analytical Parameters of CL-ELISA for OTA Determination by Using 120 1
Different Blocking Buffers
blocking buffer IC10, Ng/mL ICs0, ng/mL IC—ICgq, Ng/ML 100=
PBS 0.05 0.17 0.08—0.4 80
0.1% casein in PBS 0.01 0.08 0.02—0.3
0.1% gelatin in PBS 0.03 0.19 0.05—0.6 ® g0
0.1% BSA in PBS 0.01 0.12 0.025—0.47 el
oy
()]
) 404
Table 3. Effect of Composition of Blocking Buffers on Recovery from Soybean 20
Samples Containing Different OTA Concentrations by CL-ELISA )
spiked concentration recovered concentration 0
blocking buffer of OTA, ng/mL of OTA, ng/mL recovery, % i
Ty ML | MR AL | Ty AL AR |
PBS 0.07 0.156 293 1E-3 0.01 0.1 1 10 100
0.1 02 200 [OTA], ng/ml
0.15 0.33 220
Figure 2. Calibration curves for determination of OTA by CL-ELISA (A)
0.1% casein in PBS 0.07 0.05 72 and by COL-ELISA (B).
0.1 0.1 100
0.15 0.187 125 Additional dilution of the antibody made all analytical param-
. o eters of the assay worse.
01% gelatin in PBS 8?7 gg? ;‘:’g Fixing the antibody dilution (1:20000), we used OTA—SbP
’ ' conjugates in three dilutions: 1:2500, 1:5000, and 1:10000. In the
0.15 1.01 673 .
first case the lowest value of the working range (0.04 ng/mL) and
0.1% BSA in PBS 0.07 017 243 detection limit Va!ue (0.013ng/mL) Were.hig.her than the analogue
04 0.27 270 parameters obtained for two other dilutions. In the case of
0.15 0.49 327 OTA—SbP dilutions of 1:5000 and 1:10000 the lowest values of

COL-ELISA had different absorption properties, we first esti-
mated favorable conditions for performance of OTA CL-ELISA.
By varying the concentrations of anti-OTA antibody (capture
antibody) and conjugate of SbP and OTA, a set of calibration
curves was produced. All curves had a form of typical calibration
curve obtained in performance of direct competitive ELISA. The
values of 1Cyy, 1Csy, working range (IC,,—ICg), the highest
analytical signal (A4 ax), and the ratio of 4.« to ICsq (Amax/ICs0)
were selected as the parameters used for estimation of the assay
efficiency.

As seen in Table 1, with an increase of dilution of anti-OTA
antibody from 1:5000 to 1:20000, the values of IC;y and 1Cs,
decreased significantly. In turn, the working range was shifted in
the area of lower concentrations of OTA. At that time, A,
decreased, but remained acceptable for the ELISA. The highest
Amax/ICso ratio was obtained at the antibody dilution of 1:20000.

the working range and detection limit values were identical, but
we had higher values of 4,,,, and A,,,,/ICsq for the dilution of
1:5000. Therefore, the solutions of anti-OTA antibody and
OTA—SbP conjugate with dilutions of 1:20000 and 1:5000,
respectively, were selected as the optimal ones for CL-ELISA.
Choice of Blocking Buffer. To prevent nonspecific adsorption
of enzyme conjugates on the well surface, inert proteins may be
introduced to assay solution as blocking agents. In this work the
effect of the presence of BSA, gelatin, and casein in blocking buffer
on the analytical parameters of CL-ELISA was analyzed (Table 2).
The obtained results demonstrated that at the determination of
OTA dissolved in PBS the addition of the blocking proteins
decreased the IC; and ICs, values (in the case of casein and BSA)
and the lowest value of the working range. Therefore, the use of
blocking proteins improved the detectability of OTA in CL-ELISA.
Matrix Effect. The matrix effect is a phenomenon well-known
to bioanalysts. It appears at replacement of aqueous or buffer
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Table 4. Content of Ochratoxin in Food Samples Measured by Colorimetric and Chemiluminescent ELISAs

COL-ELISA

CL-ELISA

concentration of OTA

conten

t of OTA concentration of OTA in content of OTA in food

no. food sample in extract, ng/mL + SD in food sample, ng/g = SD extract, ng/mL + SD sample, ng/g & SD
1 roasted coffee 1.34+0.14 53.6+56

2 instant coffee 0.38 +0.02 1524+0.8

3 com 0.395+0.015 15.8+0.6

4 corn 0.26 £0.02 104+0.8

5 Job’s tears 0.34 £ 0.05 13.6+2.0

6 black grape 0.3940.00 15.6 £0.0

7 yellow rice 0.455 4-0.065 182426

8 rice in husk 0.24 +0.03 96412

9 white rice 0.535+0.005 214402

10 yellow rice 0.91+£0.08 36.4+£3.2

11 black rice 0.925 4+ 0.001 37.0+0.1

12 red rice 1.025 +0.025 41.0+1.0

13 rice in husk 0.20 +0.02 8.04+0.7

14 unroasted coffee 0 0 0 0

15 unroasted coffee 0 0 0.024 4 0.004 0.96 +0.16
16 instant coffee 0 0 0.084 & 0.046 3.36+1.84
17 oat 0 0 0 0

18 corn 0 0 0 0

19 red kidney beans 0 0 0.116 4 0.024 4.64+0.96
20 black raisins 0 0 0.105 £ 0.005 42+0.2
21 rice in husk for birds 0 0 0 0

solutions of a measuring analyte with extracts of real samples
containing the same analyte. The presence of various substances
in real samples often results in an overestimation of analyte
concentration. The matrix effect in the CL-ELISA was studied
for OTA spiked in soybean extract (dilution 1:2). To prevent the
matrix effect we used blocking buffers with different proteins. As
seen in Table 3, by using PBS as blocking buffer, the analytical
recovery from OTA samples was in the range of 200—223%. Also,
the addition of proteins such as gelatin and BSA to PBS made the
recovery values worse. Contrary to these proteins, the introduction
of casein in PBS showed good recovery values (72—125%). Thus,
the use of casein as a component of blocking buffer led to the
improvement of the detectability of OTA in CL-ELISA and
simultaneously the prevention of matrix effect of real samples.

Comparison of COL-ELISA and CL-ELISA. At the favorable
conditions the analytical parameters of CL-ELISA and COL-
ELISA developed for OTA determination were compared. It
should be noted that the experimental conditions for COL-
ELISA determined previously (/7) and CL-ELISA are not iden-
tical. Therefore, COL-ELISA was performed using the anti-OTA
antibody with dilution of 1:10000 and OTA—HRP conjugate
with dilution of 1:10000. To compare the two ELISA formats,
the magnitudes of signals obtained in each immunoassay were
expressed in percentage terms. As seen in Figure 2, the curve for
CL-ELISA is in an area of lower concentrations than that for
COL-ELISA. The values of IC](), IC50, and IC20_1C30 for CL-
ELISA and COL-ELISA were 0.01, 0.08, and 0.02—0.3 ng/mL
and 0.08, 0.58, and 0.17—2.2 ng/mL, respectively. Thus, the
obtained results demonstrated that the replacement of COL-
ELISA for the determination of OTA with CL-ELISA signifi-
cantly improved the analytical parameters of the assay.

Analysis of Real Samples with CL-ELISA and COL-ELISA.
ELISA was used to measure the content of OTA in 21 samples of
food purchased from Taiwan. All samples were divided into two
groups. The first group included 13 food samples. The content of
OTA in these foods was too high and easily measured by COL-
ELISA (samples 1—13 in Table 4).

The other eight food samples belong to the second group.
Using COL-ELISA the OTA content in these food samples could

not be detected (samples 14—21 in Table 4). Thus, we were faced
with a dilemma: either the food samples of the second group did
not really contain OTA or the detection limit of COL-ELISA was
too low to detect this analyte in these samples. To determine the
answer, we applied the ultrasensitive CL-ELISA developed in this
work to determine the OTA content in the food samples of group
2. Our results demonstrated that in samples 14, 17, 18, and 21 the
presence of OTA was found neither by COL-ELISA nor by CL-
ELISA, whereas in samples 15, 16, 19, and 20 OTA was present
and its content in these samples was measured by CL-ELISA
(Table 4).

In this work we have developed an ultrasensitive direct
competitive CL-ELISA for the determination of OTA. The high
sensitivity was achieved by using a chemiluminescent method of
measurement of peroxidase activity and application of an ultra-
sensitive detection system based on SbP, luminol, SPTZ, and
MORPH. The improved sensitivity of CL-ELISA revealed a
higher number of food samples contaminated by OTA, which
could not be detected by COL-ELISA.

ABBREVIATIONS USED

OTA, ochratoxin A; SbP, soybean peroxidase; HRP, horse-
radish peroxidase; ELISA, enzyme-linked immunosorbent assay;
CL, chemiluminescence; SPTZ, 3-(10'-phenothiazinyl)propane-
1-sulfonate; MORPH, 4-morpholinopyridine; BSA, bovine serum
albumin; ECR, enhanced chemuliminescence reaction.
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