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bstract

A HPLC method with improved sensitivity for the determination of ochratoxins (OT) A, B and � in plasma and milk was developed. Plasma
nalysis involved a simple liquid–liquid extraction with chloroform; while for milk, an additional immunoaffinity clean-up step was necessary.

2
he method showed a good linearity (r > 0.999). The limit of quantification (LOQ) of OTA was 5 and 200 ng/l for milk and plasma, respectively.
verage recovery was 89% in both matrices, except for OT� in milk that was only 18% due to poor immunoaffinity binding. OT remained stable

n −20 ◦C stored samples; OTA concentration in plasma and milk did not change after 8 and 18 months of storage, respectively. The developed
ethod has been applied to contaminated plasma and milk samples obtained from dairy ewes fed with ochratoxin-contaminated feed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ochratoxins, a group of highly toxic metabolites produced
y some species of Aspergillus and Penicillium, are commonly
ound in food and feeds [1,2]. Ochratoxin A (OTA), the most
mportant toxin of this family, is nephrotoxic, hepatotoxic, ter-
togenic, and carcinogenic in animals. It was recently classified
y the International Agency of Research on Cancer (IARC) as a
lass 2B, possible human carcinogen. When ingested by rumi-
ants, OTA is mainly metabolized by rumen microorganisms
3,4] into a less toxic metabolite, ochratoxin � (OT�) [5–8].
T� is excreted in milk and then it might be used as marker
f OTA exposure. Fig. 1 shows the chemical structures of OTA,
TB and OT�.

Analysis of OTA typically involves solvent extraction and
lean-up by solid phase extraction (silice or immunoaffinity col-
mn, IAC), followed by HPLC-fluorescence detection (FD) or
PLC-mass spectrometry (MS). Although several HPLC meth-

ds have been described to analyze OTA in plasma [9–13] and
ilk [9,14–17], they have not been fully validated. Some of these

tudies did not evaluate the validity of the method in plasma
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11,16,18,19] or in milk [20], while other methods have only
eported some of the required validation parameters [9,21]. For
xample, there is scarce information concerning the stability of
TA and its major metabolite OT� in plasma and milk during

torage. For OTA, Valenta and Goll [22] reported no decrease
n toxin concentration in milk artificially contaminated after a
eriod up to 6 weeks. However, in surveys and experimental
tudies, it could be useful to store samples for longer periods
efore they are analyzed. It is therefore important to assess the
tability of the analyte during the period of storage. In addition,
or intake calculation, pharmacokinetic studies, and milk carry-
ver studies, a fully validated analytical method is necessary to
ield reliable results that can be satisfactory interpreted.

The purpose of this work was to develop a sensitive HPLC
ethod for the determination of ochratoxins in plasma and milk

ccording to the Washington Consensus Conference guidelines
n analytical methods validation [23].

. Experimental
.1. Preparation of standards and calibration curves

OTA, OTB and the internal standard (piroxicam) were pur-
hased from Sigma (France). OT� was produced according to

mailto:hboudra@clermont.inra.fr
dx.doi.org/10.1016/j.jchromb.2006.06.018
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ig. 1. Chemical structures of ochratoxins (a) and piroxicam (b) used as internal
tandard.

epnik et al. [13]. Briefly, 0.5 ml of 2 �g/l of OTA solution in
hosphate-buffered saline (PBS) (Sigma, France) adjusted to pH
.6 was mixed with 0.5 ml of carboxypeptidase (5000 units/ml,
igma, France) and incubated overnight at 37 ◦C. The comple-

ion of the reaction was checked by HPLC. The chromatogram
howed a single peak corresponding to OT�. Toxin-free plasma
nd milk samples were collected locally from healthy dairy
wes. Immunoaffinity column Ochraprep were obtained from
-Biopharm (Lyon, France). All other chemicals were of ana-

ytical grade.
Stock solutions of OTA in methanol and OTB and OT� in

thanol were diluted in the same solvent to obtain a concentration
f approximately 10 �g/l and calibrated spectrophotometrically
t 333, 318, and 335 nm, respectively. The molar absorption
oefficients (M−1 cm−1) of 6640 for OTA, 6900 for OTB, and
200 for OT� were used. Aliquots of 10 �g were transferred into
ml conical amber glass, evaporated to dryness at 45 ◦C under
stream of nitrogen, and stored at −20 ◦C. Internal standard

olution (IS; 100 �g/ml) was prepared monthly in 0.01 M of
aOH, and stored at 4 ◦C during the validation period.
For plasma determination, calibration curves were prepared

ith pooled plasma by adding 100 �l of different solutions in
5% methanol to obtain six different concentrations ranging
rom 0.1 to 10 �g/l. A hundred �l of the IS was added to all
alibration and quality control samples (QCS).

For the analysis of milk samples, standard curves were pre-
ared in 60% methanol to obtain working solutions of: 0.25, 0.5,
, 5, 10 and 20 �g/l OTA and OT�. The concentration of OT is
alculated by using the following formula:

M × Vd
oncentration (ng/L) =
V × Vi

here M is the mass (ng) injected into the HPLC system, Vd is
he volume (0.2 ml) used to dissolve the dried extract, V is the

2

p
t
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olume of milk (10 ml) taken for analysis, and Vi is the volume
0.05 ml) injected into the HPLC system.

.2. Chromatographic conditions

The HPLC system consisted of an AS3000 pump (Thermo
innigan, France), an automatic sampler (Spectra-physics,
rance) equipped with a 100 �l loop, and a fluorescence detec-

or (FL-3000, Thermo Finnigan, France). The photomultiplier
oltage was set at 1000 V and 800 V for milk and plasma anal-
sis, respectively. Separation of mycotoxins was performed
t room temperature on a Nucleodur C18 Gravity column
125.0 mm × 4.6 mm, 5 �m, Macherey Nagel, France), using a
radient solvent system (solvent A = 10 ml/l of acetic acid and
olvent B = methanol). The solvent program was as follows: the
nitial percentage of solvent B was 30%, which was raised to
0% in 10 min, then to 90% in 2 min, lowered to 30% in 2 min
nd held at 10% at a flow rate of 1 ml/min. The mobile phases
ere daily degassed by passing through a 0.45 �m nylon filter
embrane. The column effluent was monitored at 274 nm exci-

ation and 440 nm emission. Acquisition and calculations were
ade using Thermoquest software (Thermo Finnigan Spectra
ystem, France).

.3. Sample extraction

.3.1. Milk samples
To a tube containing 10 ml of milk, it was added 5 ml of

hosphoric acid–saline solution (33.7 ml of H3PO4 and 18 g of
aCl in 1 l of distilled water) and 10 ml of chloroform. The

ubes were mixed in a horizontal shaker for 15 min at 40 rpm,
nd then centrifuged at 2500 × g for 10 min. The top aqueous
ayer was removed by aspiration. Four ml of PBS, pH 7.6, were
dded to the organic layer, the mixture was vortexed for 1 min,
entrifuged at 2500 × g for 10 min and the top aqueous layer
as transferred into a clean glass tube. The PBS extraction
as repeated once. The recovered aqueous layers were pooled

nd loaded onto a IAC, which was allowed to drain and was
hen blow dried. OT were eluted with 3 ml of methanol. The
xtract was then evaporated at 45 ◦C under a stream of N2.
he dried residue was redissolved in 0.2 ml of 60% methanol
y incubation in an ultrasonic bath for 3 min and 50 �l of this
olution were injected into the HPLC system. The IAC were
mmediately washed after use with 20 ml of PBS, pH 7.4, and
tored at +4 ◦C in 0.02% (w/v) sodium azide in PBS to pre-
ent mold and bacterial growth. The IAC treated in that way
ould be reused more than three times without any notice-
ble loss in binding properties. The performance of IAC to
ind OT was tested on every batch of columns using different
oncentrations of OT, alone or in combination, in PBS solu-
ion. Elution and analysis of OT were carried out as described
bove.
.3.2. Plasma samples
To a tube containing 2 ml of plasma, it was added 10 ml of

hosphoric acid–saline solution and 8 ml of chloroform. The
ubes were mixed in a horizontal shaker for 15 min at 40 rpm, and
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to maintain a clean chromatogram for the plasma samples. In
contrast, OT concentration in milk is several folds lower than
that of plasma and the IAC purification step was used to elim-
inate interfering substances and increased the sensitivity of the
H. Boudra, D.P. Morgavi / J. C

hen centrifuged at 2500 × g for 10 min. The upper aqueous layer
as removed by aspiration, and the organic layer was evaporated

o dryness at 45 ◦C under a stream of N2. The dried residue
as redissolved in 0.2 ml of 60% methanol by incubation in an
ltrasonic bath for 3 min and 50 �l of this solution was injected
nto the HPLC system.

.4. Confirmation of OTA and OTα by methyl formation

The presence of OTA and OT� in biological samples was con-
rmed by formation of methyl derivatives. Briefly, the remaining
150 �l) of the milk and plasma extracts were evaporated to dry-
ess and redissolved in a solution of 2.5 ml of methanol and
.1 ml of concentrated hydrochloride acid. The mixture was
ncubated overnight at room temperature, evaporated, and the
esidue was dissolved in 150 �l of 60% methanolic solution
efore injecting 50 �l into the HPLC apparatus.

.5. Validation procedure

For each matrix, the linearity, precision, accuracy, as well as
he recovery and stability of OTA, OTB and OT� was checked.
his validation was performed by analyzing replicate sets of
CS of known concentrations. The QCS were prepared at the
eginning of the validation, aliquoted, and stored at −20 ◦C until
nalysis.

.5.1. Linearity and variability of methods
The limit of quantification (LOQ) was determined by the

ddition of decreasing amounts of ochratoxins to OT-free plasma
nd milk samples. The intra- and inter-run variability of the
ethod in term of precision and accuracy was performed by

nalyzing replicate sets of QCS.

.5.2. Recovery and stability
The stability of OT in plasma and milk following storage at

20 ◦C was tested. QCS of each matrix were prepared at the
eginning of the study by spiking pooled plasma and raw milk
amples with the three ochratoxins at different levels. The sam-
les were analyzed before and after different storage times. In
ddition to long-term storage, the 24 h-stability of QCS reconsti-
uted extract was also investigated. The 24 h-stability was tested
ecause due to sample processing constrains it may be conve-
ient to extract samples 1 day before analysis. Recovery was
etermined by comparing the peak areas of QCS extracts spiked
ith known amounts of analyte to those of the same amount of
ure OT in the 60% methanol.

.6. OTA and OTα concentration profiles in contaminated
lasma and milk

Blood and milk samples were collected from three dairy
wes after feeding with ochratoxin-contaminated feed. Animals

ere cared for in accordance with the guidelines for animal

esearch of the French Ministry of Agriculture. Blood samples
ere obtained by jugular venipuncture and collected into sterile
eparinized glass tubes at 0, 1, 2, 3, 6, 9, 12, 24, 30, 36, 48, 72, 96,

F
(
r
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20, 150, and 168 h after administration. The plasma was imme-
iately separated by centrifugation at 3500 × g for 15 min and
tored at −20 ◦C until analysis. Milk samples were taken daily
uring 8 days after administration. Sodium azide (1.5 �g/ml)
as added as a preservative and samples were stored at −20 ◦C
ntil analysis.

. Results and discussion

.1. Specificity and linearity of the method

The chromatographic conditions were optimized using
lasma and milk samples from six healthy dairy ewes that were
ndividually analyzed. Fig. 2 shows representative HPLC chro-

atograms of extracts from ewe’s plasma before and after a
ingle oral administration of 30 and 1.8 �g/kg b.w. of OTA and
TB, respectively. Fig. 3 shows similar HPLC chromatograms
f extracts from ewe’s milk samples. The chromatographic con-
itions were the same for both matrices. The IS and the 3 OT
OT�, OTB and OTA) peaks were well separated with reten-
ion times of 6.0, 6.7, 10.0, and 12.7 min, respectively. No
ndogenous co-eluting peaks interfering with OT and IS were
etected in all tested plasma and milk samples. As expected,
iquid–liquid extraction without IAC purification for the plasma
amples resulted in less clean chromatograms than the IAC-
reated milk samples. However, the IAC purification of plasma
amples was considered unnecessary because the method was
ensitive enough to follow OT concentrations up to 3 days after
single oral administration during pharmacokinetics studies.
ashing the HPLC column daily with pure methanol helped
ig. 2. Typical HPLC chromatogramms of an extract from ewe’s plasma before
a), and after (b) oral administration of 30 and 1.8 �g/kg b.w. of OTA and OTB,
espectively.
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ig. 3. Typical HPLC chromatograms of an extract from ewe’s milk before (a),
nd (b) after oral administration of 30 and 1.8 �g/kg b.w. of OTA and OTB,
espectively.
ethod. Piroxicam, a non steroidal anti-inflammatory, was sat-
sfactory used as an internal standard for the determination of
T in plasma. Other authors have used OTB as internal standard

or OTA determination [24]. However, OTB can also be present
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able 1
erformance criteria of the method for determination of ochratoxins in plasma

chratoxins (a) Concentration (ng/l)

TA

5
10

100

TB
200
100

T�
100

1000

TA

5
10

100
200

TB 100

T�
100

1000

TA
10

100

a): Ochratoxin A (OTA), Ochratoxin B (OTB), Ochratoxin � (OT�). (b): n = 3, exce
atogr. B 843 (2006) 295–301

n contaminated feeds, a condition that limits its utilization in
urveys and natural intoxication cases.

Excellent linearity (r2 > 0.999, n = 5) was observed for both
atrices. The LOQ was calculated by using a signal-to-noise

atio of 3:1 and it was defined as the lowest concentration mea-
ured with satisfactory accuracy and precision. LOQ in plasma
as estimated as 200, 500, and 200 ng/l for OTA, OTB, and OT�,

espectively. In milk, the LOQ of OTA was 5 ng/l. OTB and OT�
ere not quantified in milk, because of the low expected con-

entration in field intoxications of the former, and due to the
ow recovery by the IAC purification step of the latter (shown
elow).

.2. Recovery and stability of OT

Performance criteria of the method for plasma and milk are
iven in Tables 1 and 2, respectively. For plasma, the mean
ecovery of OTA, OTB and OT� at the tested concentration aver-
ged 97.0 ± 4.4%, 96 ± 5.8%, and 89.5 ± 5.3%, respectively.
he recovery of the IS, at the concentration used, was less
fficient but still acceptable (74.9 ± 2.9%). For milk, the mean
ecovery of OTA and OTB was also good, it averaged 89.4 ± 8.5
nd 115 ± 10%, respectively. However, the recovery of OT� in

ilk was very low (19.8 ± 5.7%). This low recovery was due

o inefficient binding by the IAC, result that was confirmed by
sing pure OT� in PBS solution (Table 3). The lower OT� bind-
ng to the IAC could be due to the lack of phenyalanine group

Performance criteria (mean ± SD, n = 3)

Precision and accuracy

Precision (%) Accuracy (%)

11.5 9.7
12.2 −10.7

9.4 −16.4

10.6 −18.3
9.0 5.5

22.4 −82.0
35.0 −81.0

Recovery

109.7 ± 12.6
86.3 ± 7.9
83.2 ± 8.7
78.6 ± 5.0

115.7 ± 10.0

18.0 ± 3.8
21.5 ± 7.6

Stability

After 5 months After 18 months

8.4 ± 0.1 11.2 ± 3.2
88.2 ± 4.4 82.4 ± 5.9

pt for precision and accuracy of OTA determination where n = 9.
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Table 2
Performance criteria of the method for determination of ochratoxins in milk

Ochratoxin (a) Concentration (ng/l) Performance criteria (mean ± SD) (b)

Precision and accuracy

Precision (%) Accuracy (%)

OTA
500 9.6 1.1

2000 2.9 −1.7

OT�
1500 7.3 1.7
4000 5.9 −6.5

OTB
1500 6.2 10.1
4000 3.4 −2.0

Recovery

OTA
500 99.4 ± 4.3

1000 96.9 ± 6.0
2500 94.7 ± 2.8

OTB
500 94.4 ± 8.2

1000 98.6 ± 6.5
2500 95.0 ± 2.8

OT�
1000 82.7 ± 6.1
2500 89.8 ± 5.3

IS 74.9 ± 2.9

Stability

After 1 month After 8 months

OTA

500 553.2 ± 45.4
1000 1134.6 ± 61.1
2500 2680.9 ± 90.2 2565.5 ± 264.6

OTB
1000 1281.4 ± 65.2
2500 2655.5 ± 332.8

OT�
1000 1332.0 ± 157.2
2500 2779.0 ± 179.7

(a): Ochratoxin A (OTA), Ochratoxin B (OTB), Ochratoxin � (OT�). (b): n = 3, except for precision and accuracy of OTA determination where n = 9.

Table 3
Efficiency of immunoaffinity columns (IAC) to bind ochratoxin A, B, and �

Matrix Ochratoxins Quantity used (ng) Bound to IAC (%) (mean ± SD)

Phosphate-buffered saline
OTA + OT� n = 2 0.5 OTA 95.3 ± 2.9

OT� 0.0 ± 0.0

n = 2 5 OTA 95.3 ± 2.9
OT� 21.9 ± 19.0

OTA + OTB + OT� n = 3 0.5 OTA 103.9 ± 3.3
OTB 80.4 ± 4.8
OT� 0.0 ± 0.0

n = 3 5 OTA 89.8 ± 2.3
OTB 79.0 ± 8.5
OT� 6.5 ± 0.6

n = 3 50 OTA 84.2 ± 4.0
OTB 75.7 ± 1.9
OT� 6.8 ± 1.5

Milk
OT� n = 3 1 18.0 ± 3.8

n = 4 10 21.5 ± 7.6
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Fig. 4. Concentration-time profile of ochratoxin A and � in plasma after oral
administration of contaminated feed. Values are the mean ± standard errors of
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hree dairy ewes that received 30 and 1.8 �g/kg b.w. of OTA and OTB, respec-
ively.

n the OT� structure compared to OTA and OTB. Variability
f the method expressed in terms of intra- and inter-run pre-
ision and accuracy was less than 18% (Tables 1 and 2). OTA
as stable in plasma and milk samples after 8 and 18 months
f storage at −20 ◦C (Tables 1 and 2), and also in reconstituted
xtracts in 60% methanol over a 24 h period at +4 ◦C (data not
hown).

.3. Pharmacokinetic profiles

The OTA and OT� profiles in plasma and milk of dairy ewes
ollowing oral OT administration are given in Figs. 4 and 5,
espectively. The plasma concentrations of OTA and OT�
ncreased progressively to reach a maximal concentration (Cmax)
t 6 h after administration. The Cmax observed was 17362 ± 476
nd 9201 ± 1689 ng/l (mean ± SD, n = 3) for OTA and OT�,
espectively. The concentration of OTA in milk peaked 1 day

fter administration. As OT� binds poorly to the IAC, the con-
entration in milk was corrected using the recovery rate of 19.8%
Table 3). The OT� concentration corrected in that way was at
ts peak about 7.5 times higher than OTA. A similar OTA:OT�

ig. 5. Concentration-time profile of ochratoxin A and � in milk after oral
dministration of contaminated feed. Values are the mean ± standard errors of
hree dairy ewes that received 30 and 1.8 �g/kg b.w. of OTA and OTB, respec-
ively.
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[
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atio in milk was reported in cow by Ribelin et al. [19]. There-
ore, OT� can be considered as a more sensitive marker of OTA
xposition than the parent mycotoxin. However, a better purifi-
ation method should be developed, since the IAC used was not
dequate to purify OT�.

. Conclusion

A validated HPLC method with improved specificity and sen-
itivity compared to previously published methods was devel-
ped for quantification of OT in plasma and milk. Results from
inetic studies indicated that the sensitivity, accuracy, and preci-
ion are adequate to monitor OTA and OT� in plasma and milk
ollowing administration of contaminated feed at levels that can
e found in nature. Unfortunately, the IAC used in this study
ere not adequate to purify OT�, and this compound can be
nderestimated in biological samples.
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