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A novel HPLC method was developed for detection of the Fusarium mycotoxin, moniliformin in whole
maize plants. The method is based on hydrophilic interaction chromatography (HILIC) on a ZIC
zwitterion column combined with diode array detection and negative electrospray mass spectrometry
(ESI--MS). Samples were extracted using acetonitrile–water (85:15), and the extracts were cleaned
up on strong anion exchange columns. By this procedure we obtained a recovery rate of 57–74%
moniliformin with a limit of detection at 48 ng/g and a limit of quantification at 96 ng/g using UV
detection at 229 nm, which is comparable to current methods used. Limit of detection and quantification
using ESI--MS detection was 1 and 12 ng/g, respectively. Screening of maize samples infected with
the moniliformin producing fungi F. avenaceum, F. tricinctum, or F. subglutinans detected moniliformin
levels of 1–12 ng/g in 15 of 28 samples using ESI--MS detection. To our knowledge this is the first
example of HILIC separation in mycotoxin analysis.
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INTRODUCTION

Moniliformin (Figure 1) is a frequently occurring mycotoxin
in cereals and maize world wide (1), and produced by several
Fusarium species including F. aVenaceum, F. proliferatum, F.
subglutinans, F. tricinctum and F. Verticillioides (2, 3). Monili-
formin has a weak cytotoxicity (4), but it has an acute toxicity
comparable to that of other Fusarium derived mycotoxins, such
as the type A trichothecenes diacetoxyscirpenol and T-2 toxin
(5). Currently, the level of moniliformin is not regulated in food
or feed in the EC, USA or any other country.

The mode of action of monilifomin has been linked to
inhibition of enzyme systems and glucogenesis (6). Monili-
formin has been suggested to be associated with Keshan disease,
a human myocardial impairment occurring in areas of China
with largeconsumptionofmoniliformincontaminatedmaize(7,8),
although others failed to link it to the disease (9). The symptoms
of Keshan disease are similar to those of animals suffering from
moniliformin contamination (10). Scandinavian studies have
shown that grains from Finland and Norway contain up to 0.81
mg/kg and 0.95 mg/kg moniliformin (11, 12), respectively.
Worldwide analysis of maize and grain samples have detected
moniliformin levels of 2 mg/kg in Austrian cereal grains (13)
and 3.2 mg/kg in Gambian and South African maize and maize
products (1). During the last four years there have been
numerous cases of ill thrift and health problems especially in
dairy cows in Denmark, which has been claimed to be caused
by mycotoxins in the maize silage used as feed. The problem

has been associated with both Penicillium metabolites (14, 15)
and/or Fusarium metabolites.

Surveys have shown that F. aVenaceum is one of the most
frequently observed species in Scandinavian cereal grains (12, 16).
We therefore hypothesized that moniliformin could be formed
in high levels in maize plants.

Determination of moniliformin is very different from other
mycotoxins since it is a small, highly polar, acidic molecule
with pKa value of 0.5 (17–19). Subsequently, it is thus not well
retained on reversed phase chromatography (RP), which is the
most powerful HPLC separation mode as it gives very sharp
peaks and is compatible with atmospheric pressure ionization
mass spectrometric (MS) techniques such as electrospray
ionisation (ESI). Positively charged ion-pairing reagent can be
added to increase retention (12, 20–22), also for MS
detection (11, 16). However it is our experience that such
ion-pair reagent will impair positive ionization on the
instrument for many weeks.

For some time we have used hydrophilic interaction chro-
matography (HILIC) for highly polar substances such as sugars
and small acids since it can be interfaced with atmospheric
pressure ionization-MS. However HILIC methods seem not to
have been used for mycotoxins, even though many mycotoxins
like nivalenol, patulin, moniliformin, 3-nitropropionic acid, and
terrestric acid are quite difficult to separate by RP chromatog-
raphy. The only HILIC-like method is that published for
cyclopiazonic acid that resembles a mixed ion-exchange–ion-
pair chromatographic method as the retention increased with
increasing buffer concentration (23). HILIC has previously been
used for detection of other highly polar compounds such as
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carbohydrates, glycopeptides, nucleic acids, and shellfish
toxins (24, 25).

Because we were unable to find any studies on the presence
of moniliformin in whole maize plant parts, it was decided to
develop a method for moniliformin for this. As a result of this
we present this HPLC-HILIC-UV method with the possibility
to combine with negative ESI-MS for the quantification of
moniliformin in maize plants. The method uses a zwitterion
stationary phase (ZIC-HILIC) column for analytical separation,
and this is to our knowledge this is the first report of a HILIC
method for a mycotoxin.

MATERIALS AND METHODS

Chemicals. All chemicals and standards were purchased from Sigma-
Aldrich (St. Louis, MO). Solvents were gradient grade and other
chemicals analytical grade. Water was purified with a Milli-Q system
(Millipore, Bedford, MA).

Moniliformin was purchased as the sodium salt and a 73 µg/mL
stock solution of moniliformin in acetonitrile (MeCN)–water (85:15)
was made and stored at -20 °C. Purity was confirmed by HPLC-UV-
MS using ESI- and ESI+ (26).

Identification of Viable Fusaria in the Maize Plant Parts.
Chopped maize samples, 28 in all, were collected at harvest from
different farms across Denmark. Four or five pieces of maize (5–10
mm × 10–30 mm) were placed on 10 Czapek-Dox iprodion dichloran
agar (CzID) (27) plates per sample. The agar plates were incubated
for 7 days at 25 °C below alternating black light and cool white light
tubes (12 h on / 12 h off). The emerged Fusarium colonies were visually
grouped. Colonies representing the different groups were isolated on
potato dextrose agar (PDA) with 7 days incubation at 25 °C in darkness.
For morphological identification the isolates were grown on PDA, yeast
extract sucrose agar (YES) and Spezieller nährstoffarmer agar (SNA)
with filter paper. Preparation of PDA, YES, and SNA has been
described elsewhere (28). The isolated Fusarium cultures were identified
morphologically (28).

Chemical Analyses. Sample Preparation and Extraction. Chopped
maize plant pieces (5–10 mm × 10–30 mm) from a Fusarium-free
sample also shown to be moniliformin-free by HPLC-MS were spiked
in three replicas with 50 µL of pure solvent, or 0.96; 1.92; 5.72; or
11.5 µg moniliformin/mL to obtain spiked moniliformin levels of 0,
48, 96, 288, and 576 ng/g for HPLC-UV determination. The experi-
ments were performed on three different days to establish day to day
variation.

For HPLC-MS analysis spiked samples were prepared in the same
way in levels of 3, 6, 12, and 24, 48, and 96 ng/g. Spiked maize samples
were incubated at room temperature 30 min prior to extraction, allowing
moniliformin to enter plant material. Spiked maize pieces, 4 g, were
placed in four 5 mL cryo tubes together with 3 mL MeCN-water (85:
15) and approximately 10 3 mm stainless steel balls. The maize pieces
were then homogenized using a mini-bead beater (Biospec Products
Inc.; Bartlesville, OK) for 1 min. The four 1 g subsamples were pooled
in a 50 mL tube together with an additional 28 mL of MeCN-water
(85:15). The mashed maize samples were extracted on a rotary shaker
at 120 rpm for 30 min and filtered though Whatman no. 1 filters
(Brentford, UK). Extracts, 20 mL equivalent to 2 g maize sample, were
evaporated to dryness under a stream of nitrogen and dissolved in 2
mL methanol.

Moniliformin Detection of Naturally Contaminated Maize Samples.
Chopped pieces of maize from the 28 samples used in the Fusarium
analysis were analyzed for moniliformin contamination. Ten g maize
sample were ground and extracted with 160 mL MeCN–water (85:15). A

subsample, 32 mL (equivalent to 2 g maize sample), of the filtered extract
was evaporated to dryness and dissolved in 2 mL methanol.

Solid Phase Extraction Clean Up. The SPE clean up was performed
with Strata SAX strong anion exchange (500 mg) columns (Phenom-
enex, Torrance, CA), which were placed in a vacuum manifold. The
clean up procedure was adapted from Filek and Lindner (13) with minor
adjustments, as we excluded a water washing step due to loss of
moniliformin from the column. The columns were sequentially activated
with 2 mL methanol, 2 mL water, and 2 mL 0.1 M HCl. The dissolved
maize extracts were then added to the SAX columns and allowed to
percolate through by gravity. The cartridge was sequentially washed
with 2 mL methanol–water (50:50) and 2 mL 0.1 M HCl. Moniliformin
was eluted with 2 mL 1.0 M HCl, which was evaporated under a stream
of nitrogen. The dried moniliformin fraction was dissolved in 100 µL
MeCN–water (85:15) and transferred to a HPLC vial.

Several other SPE cartridges were also tested including Oasis MAX
(strong anion-RP phase, Waters Milford, MA), but it was not possible
to elute moniliformin from it using HCl, NaH2PO4 or NH4OH.
Moniliformin could, however, be eluted with ion-pair modifiers
including tetrabutyl ammonium hydroxide and tetra methyl ammonium
hydroxide. Because these ion-pair modifiers are not volatile we
abandoned the use of Oasis MAX columns in our SPE clean up. We
also tested Strata NH2 (Phenomenex) columns from which we were
able to elute moniliformin with HCl, NaH2PO4 or ammonium hydroxide.
Moniliformin did not show stable recoveries from this column and was
therefore abandoned. Strata-X-AW (weak anion exchanger-RP phase)
columns were also tested but did not give cleaner extracts than the
SAX columns.

HPLC-UV. The HPLC analyses were performed on an Agilent
(Torrance, CA) 1100 HPLC system controlled by Chemstation v 1.01
B. The system was equipped with a diode array detector (DAD)
containing a 6-mm flow-cell collecting approximately two UV/vis
spectra per second from 190 to 900 nm with a bandwidth of 4 nm.
Moniliformin was detected and quantified at 229 ( 2 nm and confirmed
by the full UV spectrum, after background subtraction. Samples of 3
µL were injected.

Separation was made on a 150 × 4.6 mm i.d., 3.5 µm ZIC HILIC
(SeQuant, Umeå, Sweden) column using flow of 0.5 mL/min and a
linear gradient system of MeCN-water system starting at 5% water
increasing this to 15% water in 15 min, then increasing flow to 1 mL/
min and the water to 50% in 1 min keeping this for 4 min, then reverting
to 5% water in 1 min and keeping this for 2 min and then decreasing
the flow to 0.5 mL/min. The water was buffered with 100 mM
ammonium formate (pH 6.4).

HPLC-MS Confirmation. For confirmation of positive samples as
well as to increase sensitivity, selected samples were also analysed by
HPLC coupled to high resolution mass spectrometry. This was done
on a Micromass HPLCT orthogonal time of flight mass spectrometer
(Micromass Manchester, UK) equipped with a Z-spray ESI source and
a LockSpray probe (29). The HPLC system was the same as described
above. Two gradient systems were used: same as for HPLC-UV; and a
faster gradient system, starting with 12% 100 mM formic acid increasing
this to 30% in 6 min and then increased to 50% in 1 min, maintaining
this for 3 min, and then reverting to the start conditions in 5 min.
Samples were analyzed in negative electrospray mode as described
previously (26) except that the desolvation flow was 650 L/hr (nitrogen
99.9%) and that only one scan function was used with a potential
difference of 17 V between the cones (skimmers). The [M–H]- ion at
m/z 96.9926 was used for detection using an interval of m/z
96.9726–96.9946 (mass -0.02 amu to +0.002 amu, due to dead time
correction of the MCP detector) (29).

Statistical Assessment. The relative standard deviations of spiked
and pure samples quantified with HPLC-UV and HPLC-MS were
determined using a linear calibration form.

RESULTS AND DISCUSSION

SPE. SAX columns have previously been applied successfully
inSPEcleanupprocedures frommaizeandcerealgrains (1,13,21).
With this column we were able to elute moniliformin with HCl

Figure 1. Structure of moniliformin.
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and NaH2PO4 but not with NH4OH. Because phosphate is not
volatile we chose to use HCl as our elution reagent in our final
protocol.

The present SPE clean up protocol was based on that of Filek
and Lindner (13) who reported a consistent recovery of
moniliformin in cereal grain samples of 70%. Likewise, from
the maize samples spiked to contain moniliformin levels of 48,
96, 288, and 576 ng/g, moniliformin was recovered in a
concentration independent manner ranging from 57 to 74% in
our experiments indicating that the clean up procedure can be
applied to the more complex maize matrix. No differences were
observed in recovery rate between the three days, indicating a
stable recovery.

HPLC-UV. The detection limit by HPLC-UV was ap-
proximately 48 ng/g (s/n > 5 at 229 nm, and full UV spectrum
confirmation possible after background subtraction) and the
quantification limit 96 ng/g (standard deviation from all three
rounds of triplicate validation <20% at this level). This is
comparable to currently used HPLC-UV methods, in which the
quantification limit ranged from 20 to 120 ng/g (12, 20, 30).

When using a linear calibration R2 was determined from the
0.994, 0.991, and 0.965 in spiked extracts from the three
validation rounds (four levels in triplicate), 0.999 on the pure
standards. For complete separation of moniliformin from UV
interfering maize compound, a long run time of 15 min was
used in HPLC-UV analysis. With this method moniliformin had
a consistent retention time of 9.6–9.7 min in an area with little
inference from maize compounds (Figure 2).

HPLC-MS. With MS detection we could detect moniliformin
below 1 ng/g from spiked maize samples; however, limit of
quantification was 12 ng/g (<20% standard deviation on lowest
point). Moniliformin could be recovered from the samples
spiked with 12–96 ng/g (four levels in triplicate) in a linear
manner and a R2 of 0.933. With the fast HILIC gradient program
the retention time was 5 min with a runtime to 12 min. This
could not be reduced as it was necessary to elute with 50%
100 mM formic acid to elute stronger retained compounds than
moniliformin to avoid build up of contaminants on the column.

Since no qualifier ion was observed using in-source frag-
mentation, the mass accuracy was vital for specificity, which
was demonstrated in two extracts where a peak partly coeluting
at 9.55 min at m/z 96.56 was detected (moniliformin [M-H]-

96.9926 amu) when using a wide ion range; however, when
using a narrow ion trace of m/z -0.02 to +0.002 this was not
observed.

HILIC is not as sensitive as RP when using UV detection
due to the broader peaks. However, when using HILIC-MS,
the higher concentration of organic solvent at the point of elution
gives a significantly better spray and thus compensates for the
wider peaks compared to HPLC-RP-MS. This effect will
probably vary between instruments. On our Micromass Z-spray
source (Mark II) the same column in a 2 mm i.d. format tested
at flows of 0.1–0.2 mL/min yielded far poorer sensitivity than
the 4.6 mm i.d. column with a flow of 0.5 mL/min. Moniliformin
showed very strong ionization, actually so strong that the TIC
trace was lowered during peak elution (Figure 3E) in the high
concentration samples indicating that it may not be very
susceptible to ion-suppression. This was further supported by
the same recovery rate obtained by ESI-MS and UV detection.
However, the ESI tip became quite dirty during the run and
had to be cleaned every 2 days, mainly due to the high flow
rate of solvent into the source.

A 100 × 2 mm i.d., 3 µm polyhydroxyethyl aspartamide
column was also tested for HILIC-MS, and from pure standards
it did give better detection limits due to sharper peaks and lower
buffer concentration needed for elution of moniliformin. How-
ever when analyzing real samples numerous impurities coeluted
with moniliformin and obscured its detection even at the highest
calibration levels.

Naturally Contaminated Samples. One or more Fusarium
species could be isolated from all of the 28 examined maize
samples. The predominant species were F. aVenaceum and F.
graminearum, which both were present in 13 samples (Table
1). F. culmorum and F. equiseti were also frequently isolated,
occurring in 12 and 10 samples, respectively. Two isolates of
F. tricinctum and three isolates of F. subglutinans, which are
known moniliformin producers, were also identified.

On one hand, moniliformin could not be detected in any
of the samples by HPLC-UV indicating that the contamina-
tion levels were below 48 ng/g. The samples were therefore
analyzed by HPLC-MS and moniliformin was successfully
detected in 15 out 28 samples; however, they were all below
level of quantification. Moniliformin was detected in 11 of
the 16 samples which contained F. aVenaceum, F. subglu-
tinans, and/or F. tricinctum, whereas it was only detected in
4 of the 12 samples without a potential moniliformin
producing species. This indicates that the moniliformin
producing fungi are unevenly distributed in the maize plant
as the mycological examination of the randomly selected
chopped maize pieces did not detect potential moniliformin

Figure 2. Chromatograms of maize sample spike with 288 ng/g moniliformin (top) and moniliformin free natural sample (bottom). Confirmation spectrum
of moniliformin in the spiked sample is inserted.
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producers. On the other hand, in most cases moniliformin-
producing species were detected in moniliformin containing
samples.

The low and presumable nontoxic levels quantities of
moniliformin observed in the examined maize samples are due
to the examination of maize pieces derived from the entire plant,
whereas the high moniliformin levels in maize reported from
other studies are mainly based on maize kernels. We examined
moniliformin in samples derived from whole maize plants
because maize in Denmark is primarily used as silage. Con-
tamination studies of moniliformin solely in maize kernel is
therefore not relevant for Danish grown maize.

This is to our knowledge the first report of HIILC based
detection of a mycotoxin. Using this method we were able to
for the first time to quantify moniliformin in samples derived
from entire maize plants. With this method we are able to screen
samples for moniliformin contamination above 48 ng/g using
HPLC-UV detection or use HPLC-MS to detect moniliformin
down to below 1 ng/g.
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