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Despite the recent, successful efforts to detect mycotoxins, new methods are still required to achieve
higher sensitivity, more simplicity, higher speed, and higher accuracy at lower costs. This paper describes
the determination of ochratoxin A (OTA) using corona discharge ion mobility spectrometry (IMS) in the
licorice root. A quick screening and measuring method is proposed to be employed after cleaning up the

extracted OTA by immunoaffinity columns. The ion mobility spectrometer is used in the inverse mode
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to better differentiate the OTA peak from the neighboring ones. After optimization of the experimen-
tal conditions such as corona voltage, injection port temperature, and IMS cell temperature, a limit of
detection (LOD) of 0.010 ng is obtained. Furthermore, the calibration curve is found to be in the range of
0.01-1 ng with a correlation coefficient (R?) of 0.988. Licorice roots were analyzed for their OTA content to

demonstrate the capability of the proposed method in the quantitative detection of OTA in real samples.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mycotoxins are toxic products formed as secondary metabo-
lites by some fungal species that readily colonize and contaminate
both field and harvested crops with toxins [1,2]. Ochratoxins are a
group of mycotoxins produced by two genera of fungi: Penicillium
and Aspergillus. Ochratoxin A (OTA) is the most toxic member of
the group, which was first isolated from Aspergillus ochraceus Wilh.
[3] and has been classified as a nephrotoxic, hepatotoxic, terato-
genic, and immunotoxic compound. It is also reasonably predicted
to be a possible human carcinogen due to adequate evidence of car-
cinogenicity in experimental animals (group 2B) [4]. Its empirical
formula is C;oH130gNCl and its molecular weight is 403.82 g mol~!
[5]. Fig. 1 shows the OTA structure.

The fact that most mycotoxins are toxic at low concentrations
requires sensitive and reliable methods for quantitative detection.
Sampling and analysis are of critical importance since failure to
attain an agreeable verified analysis can lead to ineligible consign-
ments being accepted, or satisfactory loads being unnecessarily
rejected [6]. Several analytical techniques, which offer flexible anal-
ysis and, in some cases, yield satisfactory OTA detection, have been
discussed inareview by Turner et al. [7]. Many of these methods are
lab-based, but there seems to be no distinct technique that stands
out above the rest, even though analytical liquid chromatography
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commonly coupled with mass spectroscopy is likely to be admired.
Some manuscripts discuss (i) sample pretreatment methods such
as liquid-liquid extraction (LLE) [8], and solid phase extraction
(SPE) [9]; (ii) separation methods such as gas chromatography (GC)
[10], thin layer chromatography (TLC) [11], high performance lig-
uid chromatography (HPLC) [12,13], and capillary electrophoresis
(CE) [14]; and (iii) others such as ELISA [15] as reputed methods.
Almost all advantages, disadvantages and future prospects of these
methods have been discussed in Turner et al. [7].

Licorice (Glycyrrhiza glabra L., Leguminosae), a crop that can eas-
ily be contaminated with OTA, is a common dietary supplement
for its pharmaceutical properties, the most important ones being
that it can both act as an expectorant and raise the blood pres-
sure. It is used as an ingredient for herbal infusions in the form
of licorice root [16]. Licorice derivatives are largely consumed as
flavoring and sweetening agents in confectionery and other food
products, such as beverages and chewing gums [17-19]. Licorice
products are also used in cigarettes both as a flavor and a cas-
ing agent [18]. Although there is a lack of information on the OTA
contamination of certain minor food commodities such as licorice,
spices, and teas [20], there is COMMISSION REGULATION (EU) no.
105/2010 amending regulation (EC) no. 1881/2006 setting max-
imum levels for certain contaminants in foodstuffs. The following
maximum levels are proposed with regard to ochratoxin A: licorice
root 20 wg/kg and licorice extract 80 pg/kg [21].

A successful method for the detection and determination of OTA
in licorice and many other crops should be robust and sensitive
with a high degree of flexibility over a large range of compounds,
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Fig. 1. Chemical structure of OTA.

but which can be specific enough when required [7]. The technique
should also be easy to use, rapid, and portable, especially to suit
the conditions in processing plants where tons of quality approved
licorice root should be obtained from different suppliers and stored
for a relatively long period of time before processing.

IMS, which is basically a gas-phase ion separation technique,
has achieved wide acceptance in many applications for detecting
contaminants due to its excellent sensitivity and quick operation.
A full description of the technique is provided in several books and
review articles [22,23]. Low detection limit, fast response, simplic-
ity, portability, and relatively low cost are its main advantages. The
technique is similar to time of flight mass spectrometry except
that it runs under atmospheric pressure. An extensive range of
compounds such as explosives [24], narcotics [25], drugs of abuse
[26], herbicides [27], pesticides [28], and aflatoxin B [29] have been
detected by IMS. The ionization scheme in IMS is based on protona-
tion of compounds. Due to its chemical structure, OTA is expected
to be easily protonated in IMS. Hence, IMS could be a potentially
excellent technique for OTA determination.

The objective of the present study is to evaluate the perfor-
mance of IMS in the determination of ochratoxin A in licorice roots.
Measurements were carried out in the inverse operation mode to
enhance the separation power of ion mobility spectrometry [30].
This novel method was developed in our lab in which, rather than
generating an ion packet, a dip was created in the ion beam, hence
increased resolution by up to 60% as compared to the conventional
linear mode.

2. Experimental
2.1. Ion mobility spectrometer

Fig. 2 shows the schematic diagram of the ion mobility spec-
trometer used in this study. It was constructed in our laboratory
at Isfahan University of Technology. The IMS cell, consisting of the
ionization and drift regions, was housed in a thermostatic oven
where the temperature could be adjusted from room tempera-
ture to 200°C. The ionization region consisted of five aluminum
rings 0.95 cm thick, 20 mm ID and 55 mm OD. The drift tube also
consisted of 11 similar aluminum rings 36 mm ID. Thin Teflon insu-
lators were inserted between the rings. Each ring was connected to
the adjacent one via a 5 M2 resistor to create a potential gradient.
A voltage of 7kV was applied over the entire cell to create a drift
field of 437.5V/cm. The instrument was equipped with a needle-
to-plane corona discharge ionization source described by Tabrizchi
et al. [31]. The needle voltage was independently adjustable. In all
the experiments, the needle potential was kept constant to create
a stable and steady corona.

A Bradbury-Nielsen type gate [32] was mounted between the
ionizationregion and the drift tube. The gate consisted of two sets of
parallel wires mounted on a ceramic frame in a plane perpendicular
to the moving direction of ions. When an adequate potential was
applied to the wires, the electric field created between the wires

Table 1

The optimized experimental conditions for OTA determination.
Parameter Setting
Length of drift tube 11cm
Drift field 437.5Vcem™!
Drift voltage 7000V
Corona voltage 2300V
Flow of drift gas (N;) 700 mLmin~!
Flow of carrier gas (N3) 300 mLmin~!
Injection port temperature 260°C
IMS cell temperature 200°C

prevented ion penetration; hence, the gate was closed. Conversely,
the gate opened when the potential was removed. A lab-made pulse
generator was used to apply a pulsed voltage to the shutter grid.
The gate was usually closed except for a short period of time when
an ion packet was to be injected into the drift region. However, the
pulse generator was designed to have the inverse option for the
pulse; therefore, the gate was normally kept open except for the
short time when it was closed. In this way, a dip was created in the
continuous current of ions within the drift region. The dip moved
at the same velocity as the ion packet, and the detector read an
inverse peak at a drift time similar to that of conventional linear
mode of operation. This new technique, named inverse ion mobil-
ity spectrometry, was recently invented in our lab to enhance IMS
resolution [30]. Except for the optimization, all the measurements
including the calibration curve were obtained in the inverse mode.

An analog to digital A/D converter (PicoScope, UK) was used
and the digitized signal was averaged over a number of scans. The
resulting ion mobility spectrum was then displayed on the monitor.
Nitrogen gas, after passing through a 13 x molecular sieve (Fluka),
was passed through the cell at 300 and 700 mLmin~! as the car-
rier and drift gases, respectively. The spectrometer was operated
in the positive mode. Table 1 presents the optimized experimental
conditions for obtaining ion mobility spectra of OTA.

2.2. Other apparatus and reagents

The IKA ULTRA-TURRAX® T 25 digital was used for homogeniz-
ing the samples. A laboratory centrifuge (SiGMA 6K15) was used to
separate soluble from insoluble materials. Immunoaffinity columns
(Puri-Fast® OTA IAC) were also purchased from Libios Co., France.

Reagents for sodium bicarbonate pH 8.1 (0.13 M) and phosphate
buffer saline (PBS) pH 7.4 (20 mM) were prepared using pure mate-
rials from Merck, Germany.

Methanol was chosen as the solvent because it possesses a much
lower proton affinity than the analyte. This allows the ionization
of the analyte in the presence of large amounts of the solvent. It
generates a very short-lived peak close to the reactant ion peak
(RIP) which has no interference with that of OTA. Analysis of OTA
revealed that the use of methanol as an extraction solvent for OTA
offers such advantages as high recoveries and lower costs while it
is more environmental friendly as well [33,34]. Ochratoxin A stan-
dard was purchased from Sigma (St. Louis, MO) and stock solutions
(0.01 mg mL-')were prepared in methanol (99.5% (v/v), Merck) and
stored at —21°C.

2.3. Samples

A total of 6 kg licorice root was supplied by Rishmac Co. from
Beiza region, Fars Province, Iran, and delivered by road in less than
8 h to the Food Microbiology Laboratory at Isfahan University of
Technology where it was prepared for analysis.
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Fig. 2. The schematic diagram of the ion mobility spectrometer.

2.4. Ochratoxin A extraction and purification

OTA extraction was carried out when needed according to the
method described by Herrera et al. [16]. Briefly, 3g of ground
licorice root powder was added to a mixture of 30 mL sodium
bicarbonate 0.13 M and methanol (9:1, v/v) which was then homog-
enized in an Ultrat-turrax homogenizer for 2 min. The extract
was then centrifuged at 3500 rpm (radius 15 mm) for 15 min. The
supernatant (10 mL) was purified using an immunoaffinity col-
umn pre-washed by 10mL PBS (pH 7.4). The purified extract was
then eluted slowly (one drop per second.) through the column.
The OTA trapped in the column was recovered using 10mL of
methanol/acetic acid (98:2, v/v) used as the solvent. To concentrate
the recovered OTA, the solvent was completely evaporated under
a gentle stream of dry nitrogen at 30°C, and the remaining sample
was re-dissolved in 1 mL methanol. Finally, aliquots of 10 wL were
injected into the ion mobility spectrometry for analysis.

3. Results and discussion
3.1. Ion mobility spectrum

The ion mobility spectrum of OTA at 200°C is given in Fig. 3.
At high concentrations (100 ng OTA) the spectrum contains several
broad peaks from 6 to 12 ms. Although precise assignment of the
peaks needs a mass spectrometer coupled to the IMS, it could be

speculated that, due to the high molecular weight, the last peak
of around 11.44 ms originated from the protonated OTA, the rest
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Fig. 3. lon mobility spectrum of OTA at 200°C.

being its fragments. It has been shown that OTA starts decompo-
sition at around 100 °C with a relatively long life [35]. It should be
mentioned that peaks of even low OTA concentrations remain sta-
ble for a relatively long time in the IMS spectrum. For example, the
spectrum shown in Fig. 3 for 100 ng OTA was recorded one hour
after the injection had been made. The half-life for OTA decompo-
sition is reported to be 12 min at 200 °C under dry conditions [35].
Thus, 3% of the original OTA, equivalent to 3 ng, was still observed
after one hour. Such low amounts of OTA are detectable by this
technique in Fig. 3, the component peaks of OTA are observable for
a still lower amount of 0.2 ng.

The ion mobility spectrum of OTA at lower concentrations
contains only the fragment peak at 6.18 ms. An example is demon-
strated in Fig. 3 (the upper trace) for 0.2 ng OTA in 10 p.L methanol.
The narrow peak at 6.18 ms has the longest life time among all
the fragments. Therefore, it was chosen as an indicator of OTA and
its height was integrated over the acquisition time and taken as
the response of the IMS to the analyte. Other peaks appearing at
higher concentrations were neglected since in contaminated food
products, OTA concentration does not normally exceed this range
[36].

Although the narrow peak appears near the reactant ion peak, in
aregion where also lie the drift times of many other compounds, its
long life time is an excellent indicator for discriminating between
OTA and other compounds. On the other hand, the production peak
in IMS in most cases disappears in less than one minute depending
on OTA concentration. Therefore, integration of the peak over along
acquisition time minimizes interference from other compounds,
even though their peak may appear in the same region as the OTA
peak does. In addition, the long life of the peak generates a large
signal since the signal is recorded as the volume under the OTA peak
in the two dimensions of drift time and acquisition time, which
results in a low detection limit. In conclusion, the long life time of
OTA is a great advantage not only for discriminating OTA peak but
also for detecting this hazardous mycotoxin at trace levels.

3.2. Optimization

The ion mobility spectra of OTA were obtained under the opti-
mized experimental conditions given in Table 1.

The injection port temperature was optimized by evaluating
the signal intensity for 0.2 ng OTA at different temperatures. The
optimized injection temperature varies with the structure of the
compound, its stability, and its melting point. In the case of OTA,
when temperature goes up, the signal intensity increases as shown
in Fig. 4. This could be due to the increased decomposition rate of
OTA at higher temperatures. The highest possible temperature (i.e.
260°C) was chosen for the injection port. Such a high temperature
is quite appropriate for quick evaporation of the methanol solvent
as well.
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Fig. 4. The effect of injection temperature on the intensity of OTA peak.

Similarly, the best temperature for the IMS cell was found to be
the highest available value, i.e. 200 °C. This is high enough to pre-
vent solvent condensation inside the cell. It also helps dehydration
of ions, resulting in a better resolution [37]. At lower temperatures,
the memory effect was a real challenge. In addition, the high tem-
perature of the cell temperature prevented long memory effects.

3.3. The inverse mode

As described earlier, the OTA peak appears in a region where
those of most other compounds do. It was noticed in real sample
analysis that the OTA peak was partially masked by a nearby broad
peak due to unknown substances present in the licorice root. This
is shown in Fig. 5 (the upper trace). The small OTA peak was sur-
rounded by background peaks and, therefore, its integration proved
difficult. It has been previously shown that resolution consider-

Conventional
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Fig. 5. A single run ion mobility spectrum of the extracted OTA in conventional
linear and inverse mode.
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Fig. 6. Time evolution of the OTA peak for 0.2 ng OTA as well as that of the back-
ground. The area between the two curves was chosen for the signal.

ably increases in the inverse mode [30]. Hence, the technique was
applied in order to better differentiate between the OTA peak and
its busy surrounding. The result is shown in Fig. 5 (the lower trace),
where the inverse spectrum is compared with the conventional lin-
ear one. Clearly, the OTA peak in the inverse mode is more clearly
recognized from its surrounding peaks. The reason for the better
resolution in the inverse mode is believed to be the absence of space
charges within the dips [38]. As the ion density in our instrument
is high, the space charge is an important cause of broadening in
the conventional linear mode [38]. In the inverse mode, dips travel
through a bath of ions and ion density inside the dip is lower than
that on either side of the dip. Hence, the space charge is in favor of
narrowing the dip. For consistency in the results obtained, not only
was the calibration curve prepared in the inverse mode but also all
the measurements were performed in the same mode.

3.4. Time evolution

In practice, when 10 L of blank methanol was injected into the
port, the corona discharge was shortly disturbed. This was evident
by a quick change in the baseline of the spectrum that was then
quickly stabilized. When the solvent contained a small amount of
OTA, after the baseline had been disturbed and restabilized again,
the OTA peak rose to its maximum level when it began to decay
at an exponential rate. This trend is shown in Fig. 6 where the
background trend is also shown. The large peak at the beginning
reflects the disturbance in the background. The background signal
was obtained from the integration of the same window as that used
for the analyte peak in its neighborhood.

3.5. Calibration curve

The calibration curve was obtained by calculating the area
between the two curves in Fig. 6 for 300 s starting from the injec-
tion time. A similar procedure was used for different concentrations
and for the analysis of real samples. For each concentration,a 10 pL
standard solution was injected into the injection port. As depicted
in Fig. 7, the calibration curve is almost linear over 0.01-1 ng OTA.
Hence, a two orders of magnitude dynamic range was achieved.
The practical detection limit, LOD, was obtained to be about 10 pg
based on a signal to noise ratio of 3:1. This is comparable with those
reported for other qualified techniques [15,16].
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Fig. 7. The calibration curve for OTA determination.

3.6. Analysis of real samples

Licorice root was chosen as the real sample. It was divided into
two halves, one sent to an accredited lab, Gesellschaft fiir Bioana-
lytik Hamburg, Germany (GBA), and one was used for extraction
using the procedure described in the experimental part above.
10 pL of the extracted OTA was then injected into the IMS. The
ion mobility spectrum shown in Fig. 8 (the upper trace) contains a
large peak at 10.78 ms which chemically masks the OTA peak. This
peak could belong to glycyrrhizic acid present in the licorice root
in grate abundance [39].

In order to extract OTA more selectively, the immunoaffinity
column was used. For this purpose, the ion mobility spectrum of
the extracted OTA after cleaning up using immunoaffinity columns
is given in Fig. 8 (the lower trace). All unwanted peaks were elimi-
nated while the OTA peak was distinctly present.

The recovery was determined at three levels (20, 50, and
100 ng/g) in triplicates by spiking blank licorice sample with OTA.
The recoveries resulted in 111, 109, and 111%, respectively, with
about 1% relative standard deviation (RSD%).

The amount of OTA in the real sample corresponding to Fig. 8
was calculated to be 88 4 6 pg/g equivalent to 8.8 & 0.6 ng/g licorice
root after recovery corrections were affected. This was very close
to the value (8.5 ng/g) reported by GBA Lab, Germany, for a similar
sample. To verify the results, a similar procedure was used for a

Before clean up

After clean up

OTA
RIP
0 2 4 6 8 10 12 14
Time(ms)

Fig. 8. Spectra of extracted OTA in licorice root before and after cleaning up by IAC.

second fresh sample of licorice root and the OTA content was found
to be 0.6 +0.1 ng/g, which is comparable to 0.5 ng/g reported by
GBA Lab.

4. Conclusion

This study demonstrates the capability of positive corona
discharge inverse ion mobility spectrometry for quantitative deter-
mination of OTA in licorice root as a real sample. This novel
approach yields an acceptable detection limit, a good accuracy,
and an appropriate recovery level. The detection limit obtained by
this technique is comparable to that reported by others. However,
the other methods are generally expensive and time-consuming.
Fast response, low cost, simplicity, and portability of the IMS can
make the method competitive among the techniques used to detect
and determine ochratoxin A in crops like licorice root that are sus-
ceptible to contamination by fungi. The nature of licorice product
makes this technique a potentially vital part of their quality con-
trol. Licorice root is normally stocked in extraction plant in large
quantities for long storage times (even up to one year) before they
are processed. For such plants which are typically cultivated and
used in less developed countries, it is much easier to control their
contamination by an easy-to-use and inexpensive technique such
as inverse IMS.

The new method is valid for screening purposes and reliable if
the extractis subjected to a previous immunoaffinity cleanup. How-
ever, it is simple enough to be applied in countries of origin known
to be the major producer of licorice products. Due to complexity of
the current available techniques, only a few laboratories, mainly in
Europe and North America, are known to carry out such analysis.
Hence, it usually takes a few weeks for a sample to be sent to the
credible lab and analyzed. Considering these facts, the application
of IMS in measuring OTA could be regarded as a rather faster, more
available method.
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