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a  b  s  t  r  a  c  t

In  this  study,  a fully  automated  system  was  developed  for the  determination  of  more  than  300  differ-
ent  pesticides  from  various  food  commodities.  The  samples  were  extracted  with  acetonitrile  prior  to
the injection  into  the  two-dimensional  LC-system.  No  manual  clean-up  was  needed.  The  separation  of
analytes  and  matrix  compounds  was  carried  out  by  a  YMC-Pack  Diol  (2.1  mm  × 100  mm;  5 �m;  120 Å)
HILIC  column  in  the  first  dimension.  All analytes  eluted  within  one  small  fraction  at  the  beginning  of  the
run.  With  a packed  loop  interface  this  fraction  was  transferred  to  the  analytical  reversed  phase  separa-
tion  performed  on  an Agilent  Poroshell  120  EC-C18  (2.1  mm  ×  100  mm;  2.7 �m;  120 Å).  Some  very polar
ILIC
wo-dimensional liquid chromatography
D-LC
ood
ulti residue method

compounds  with  a stronger  retention  on the HILIC  column  were  measured  directly.  The  method  was
validated  for  over  300  pesticides  in  cucumber,  lemon,  wheat  flour,  rocket,  and black  tea. For  the  large
majority  of  the  analytes,  the recovery  was  between  70%  and  120%  and  the  relative  standard  deviation
was  clearly  under  20%.  The  limits  of detection  for  nearly  all the  compounds  were  at  least  at  0.01  mg/kg.
For  over  50%  of  the  analytes,  good  sensitivity  was observed  even  at 0.001  mg/kg.  In  spite  of  the  injection
of  a  pure  sample  extract,  the  method  showed  robust  results  even  with  dirty  matrices  like  hops  and  tea.
. Introduction

Pesticides are used intensively in modern agriculture. Due to
eing hazardous to human health and the environment, it is impor-
ant to control pesticide residues after their application to food. In
010, about 80% of the German population estimated the risk of
esticide residues in food as “high” or even “very high”. A major-

ty of 69% of those interviewed even supported more frequent and
ore intensive control [1].
In the past, various methods were developed to detect the

normous variety of analytes in very different commodities. The
imultaneous determination of more than 300 compounds dur-
ng one chromatographic run is common practice, nowadays [2].
ne of the most frequently used methods is the so-called QuECh-
RS method, an abbreviation which stands for quick, easy, cheap,
ffective, rugged, and safe [3,4]. In different versions, for fruit

nd vegetable this is probably the most frequently used method,
orldwide [5].  When it was developed, Anastassiades and Leho-

ay followed the trend of miniaturisation and speeding up for the
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analytical methods. Due to the needs of modern laboratories, the
reduction of solvent use and the decrease in the analysis time are
the main intentions of many sample preparation approaches in the
pesticide residue analytic procedure, up to now [6,7].

In principal, all important multi-residue methods contain the
same sample preparation steps. After homogenisation and the
extraction of the sample, a liquid–liquid partitioning separates the
polar compounds from the usually more nonpolar pesticides. In
the literature, many different ways have been described for this
partitioning. In the QuEChERS method this takes place by a salt mix
being added to the extract, which is subsequently followed by phase
separation [8].  A liquid–liquid partitioning on a solid supporting
material (ChemElut) was  used by Klein and Alder [9].  Also, classic
approaches with highly nonpolar organic solvents (acetone, ethyl-
acetate, cyclohexane) were used [10,11]. Mostly, the partitioning is
followed by further clean-up procedures. The aim is to remove the
matrix components still remaining in the organic extract. Different
procedures were developed e.g. solid phase extraction, dispersive
solid phase extraction, and size exclusion chromatography. These

are discussed by Zhang et al. [4] and Lambropoulou and Albanis
[12]. The impact of the different steps on the reduction of the matrix
components varies. In a previous study, we tested the single steps
of the QuEChERS method for their reduction of the matrix effects
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http://crossmark.dyndns.org/dialog/?doi=10.1016/j.chroma.2013.01.106&domain=pdf
mailto:stefan-kittlaus@gmx.de
dx.doi.org/10.1016/j.chroma.2013.01.106


atogr

w
o
c

q
d
s
c
a
a
d
v
a
i
l
f
B
d
e
c
t
a
g
t
l
o
i
a
m

r
[
d
e
o
a
s
d
m
d

c
H
k
t
v
u
o
t
b
p
p
m
p
o
p
m
b
a
t
o

h
e
b
L

S. Kittlaus et al. / J. Chrom

ith the permanent postcolumn infusion approach. The result was
nly a slight separation of the troublesome compounds during the
lean-up [13,14].

In the last decade, mass spectrometers, especially triple
uadrupole and time of flight, have become the most important
etectors for residue analytical applications [15,16]. Typically, the
eparation of the purified extracts is carried out by liquid and gas
hromatography. But, classical one-dimensional approaches do not
lways provide the resolving power and selectivity needed for the
nalysis of complex samples. One solution is the use of multi-
imensional chromatography. Different coupling techniques with
arious interface solutions have been developed. An overview of the
pplication of multi-dimensional chromatography in food analysis
s given by Herrero et al. [17]. The published pesticide residue ana-
ytical methods typically use two-dimensional gas chromatography
or the detection of pesticides in different kinds of food [18–35].
esides offering better resolving power and peak capacity, multi-
imensional chromatography is also capable of decreasing matrix
ffects as a result of the advanced separation of analytes and matrix
omponents. Fogy et al. used a two-dimensional LC approach 1980
o analyze 7 carbamates in fruit and vegetables [36]. In later studies,

 liquid chromatography in the first dimension was  coupled with a
as chromatograph [37–40].  The heart cut technique (collecting all
he analytes in one or few fractions) was used to transfer the ana-
ytes from the first to the second dimension. Therefore, the number
f the analytes was quite small. Cortes et al. and Riedveld and Quir-
jns analysed individual compounds with the multi-dimensional
pproach [37,38].  Hyotylainen et al. and Sanchez et al. developed
ethods for up to ten pesticides [39,40].
In 2001, Choi et al. analysed matrix effects in a pesticide

esidue analysis with the permanent postcolumn infusion approach
41,42]. Based on their results, they also supported the use of multi-
imensional liquid chromatography for the reduction of matrix
ffects in the environmental LC–MS/MS analysis. This was  carried
ut by Pascoe et al. [43]. They used a heart cut LC–LC method to
nalyse three pesticides in complex matrices. Every compound was
eparated in a single fraction before the analysis in the second
imension. To the best of our knowledge, a two-dimensional LC-
ulti-method for a higher number of pesticides has not yet been

eveloped.
The aim of this study was to use a HILIC column to replace the

lassical liquid–liquid extraction step during sample preparation.
ILIC is a separation technique using a polar stationary phase as
nown from normal phase (NP) chromatography. However, here,
he mobile phase is much more polar than in the NP-mode. The sol-
ents used in HILIC (water, acetonitrile) are similar to the solvents
sed in reversed phase chromatography. Yet the elution strength
f the solvents and the elution order of the analytes are inverse to
he RP mode [44,45].  Four main categories of HILIC columns can
e distinguished: unmodified silica gel, neutral phases, charged
hases, and zwitterionic phases. All of the materials have highly
olar functional groups. It is generally accepted that the water of the
obile phase is concentrated on the polar surface of the stationary

hase. The chromatographic separation is based on a partitioning
f the analytes between this water phase and the organic mobile
hase [44]. Various stationary phases are available from different
anufacturers. Partially, they differ significantly in their retention

ehaviour and selectivity. Good overviews are given by Jandera [46]
nd Guo and Gaiki [47]. One critical point in the development of
he method was to find the best-suited column for the separation
f analytes and matrix compounds.

The combination of HILIC and RP chromatography provides a

igh orthogonality and, hence, a good matrix separation is to be
xpected. Thus, the two  dimensions of the HILIC-RP method need to
e coupled by an appropriate interface to create a two-dimensional
C method for the determination of more than 300 pesticides in
. A 1283 (2013) 98– 109 99

fruit and vegetables. The fractions of the first dimension (HILIC)
usually have a high amount of organic solvent. Due to the high elu-
tion strength it is not possible to transfer these fractions directly
to the second dimension. The aim was to concentrate all analytes
within one fraction and to separate them from the matrix compo-
nents with the HILIC approach. Afterwards, the analytes need to be
trapped on a packed loop interface to change the solvent before the
analytical separation on a reversed phase column.

2. Materials and methods

2.1. Chemicals and reagents

Over 300 pesticides of different classes were analysed with the
two-dimensional method. All the substances were certified stan-
dards at residue analytical grade purchased from Dr.  Ehrenstorfer
(Germany) or Riedel de Haen (Germany). Individual stock solu-
tions in a concentration of 1 mg/mL  were prepared in acetonitrile
or methanol, depending on the solubility and stability of the pesti-
cides. Eight standard mixtures were prepared in acetonitrile with a
concentration of 10 �g/mL for the pesticides, each. These mixtures
were stored at −18 ◦C. The spiking mixture was always prepared
fresh by mixing the eight standard solutions and diluting them
with methanol. The final concentration of the mix  was  1 �g/mL.
For wheat flour, fenbendazol (5 �g/mL in acetonitrile) was used
as internal standard. Acetonitrile, methanol, and water were pur-
chased from Merck (Germany) in LC/MS grade. Ammonium formate
came from Biosolve (Netherlands). Formic acid was  purchased from
Sigma–Aldrich (Germany) in analytical grade.

2.2. Matrices and sample preparation

The analysed food commodities were cucumber (high water
content), lemon (high acid content), wheat flour (dry crops), and
black tea respectively rocket (difficult matrices) [48]. All the fruit
and vegetables were taken from our collection of residue-free rou-
tine samples. All the samples were homogenized or milled. For
cucumber, lemon and rocket 10 g were weighed in plastic tubes.
For wheat flour 5 g and for black tea 2 g were used. The samples
were spiked with appropriate volumes of the spiking mixtures
and afterwards shaken for equal distribution. The validated lev-
els were 0.001 mg/kg, 0.005 mg/kg, 0.01 mg/kg, 0.02 mg/kg and
0.05 mg/kg (only for black tea). Every level was  spiked five times.
For wheat flour, also 50 �L of the internal standard solution was
added. To adjust the amount of water for wheat flour and tea,
10 mL  water were added. The soaking time was  20 min. Depend-
ing on the volume of the spiking solution, acetonitrile was added
to a total volume of 10 mL.  All the samples were shaken for
20 min  with an overhead shaker. The extracts were centrifuged
for 5 min  at 3000 rpm (1740 rcf). For the measurement 500 �L of
the supernatant were filled into sample vials. No further clean-up
steps were carried out. To calculate the recovery, each matrix was
also extracted without the addition of the spiking mix. The blank
extracts were spiked after the sample preparation. The concentra-
tion corresponded to a quantitative extraction of all the analytes.

2.3. 2D-LC–MS/MS analysis

The experiments were performed on a 1200 HPLC system (Agi-
lent, Germany) consisting of a degasser (G1379B), two binary
pumps (G1312B), an autosampler (G1367D), and two  column oven
(G1316B). The system was coupled to an Agilent (USA) triple

quadrupole mass spectrometer 6460A with a jet stream ESI ion
source (G1958-65138). For the two-dimensional approach, the
HILIC and the RP column were connected with a packed loop
interface. The pneumatically 6-port valve and 10-port valve were
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Table 1
Phases of the two-dimensional method with elution conditions and valve positions.

Phase RP pump HILIC pump Valves

Time (min) Flow (mL/min) Composition Flow (mL/min) Composition 1 2

I 0–1.2 0.2 5% B 0.2 100% B Pos. 1 Pos. 1
II  1.2–2.0 (trapping of compounds) 2.0 100% A 0.2 100% B Pos. 2 Pos. 2
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LC–MS/MS system. A number of vendors offer HILIC columns with
III  2.0–4.0 (direct measurement of polar compounds) 0.0 

IV 4.0–30.0 (separation on RP, flushing of HILIC) 0.2 

rom Valco Vici (USA). They were controlled with the Agilent Mass
unter acquisition software.

For the chromatographic separation of the matrix compo-
ents and the analytes in the first dimension, a YMC-Pack Diol
2.1 mm  × 100 mm;  5 �m;  120 Å) was used. In the second dimen-
ion, the separation of the analytes was carried out with an
gilent Poroshell 120 EC-C18 (2.1 mm × 100 mm;  2.7 �m;  120 Å).
he trapping column in the packed loop interface was an Agilent
ORBAX SB-C8 (4.6 mm × 12.5 mm;  5 �m;  80 Å). An overview of all
he parts of the two-dimensional method and the valve switching
imes are given in Table 1 and Fig. 1. All the column temperatures
ere set at 30 ◦C. The injected volume was 5 �L.

The mobile phase of the first dimension consists of water (A)
nd acetonitrile/water (90:10) (B) containing 5 mM/L  ammonium
ormate and 0.1% acetic acid, each. The gradient started with 100%
. This was held for the first 2.5 min. Then, the amount of B was
ecreased to 50% linear within 5 min. This was held for 10 min.
fterwards solvent B was increased again to 100% within 2.5 min
nd held there for 10 min. The flow was 0.2 mL/min. The mobile
hase of the RP separation consisted of water (A) and methanol (B)
ontaining 5 mM/L ammonium formate and 0.1% acetic acid, each.
rom injection to 1.2 min, the RP column was conditioned with 5%
. From 1.2 min  to 2.0 min  (2.3 min  in the negative method), the RP
ump was used to add water in order to retain the analytes on the
rap. For this, the flow was increased to 2.0 mL/min, and the water
ontent (channel A) was increased to 100%. After the trapping, the
irect measurement of the polar compounds began. Therefore, the
ow of the RP pump was set to 0 mL/min. The RP separation started

t 4 min  with 5% B and increased the amount of B to 50% linear
ithin 0.5 min. Afterwards the amount of B was further increased

o 100% within 15.5 min. This was held for 5 min. Then solvent B

Fig. 1. System configuration (a) and gradients, flow rates, an
– 0.2 Gradient Pos. 1 Pos. 2
Gradient 0.2 Gradient Pos. 1 Pos. 1

was  decreased to 5% within 1 min  and held there for 4 min. This
way, the overall length of the methods was  30 min. The flow rate
of the RP separation was 0.2 mL/min. All the gradients, flow rates,
and switching times are shown in Fig. 1b.

The jet stream ion source parameters were: drying gas tem-
perature: 250 ◦C; drying gas flow: 7 mL/min, nebulizing pressure:
40 psi; sheath gas temperature: 375 ◦C; sheath gas flow: 12 L/min;
capillary voltage: 2500 V (positive and negative); nozzle voltage:
300 V (positive), 0 V (negative). The mass spectrometer, working
in the multiple reaction monitoring mode (MRM), detected the
two  most intensive transitions of each pesticide. Every analyte
was  measured in a small time range around its retention time
(dynamic MRM,  for retention time windows see Table A in the sup-
porting information). All the transitions are summarized in
Tables A and B of the supporting information. Positive and negative
transitions were measured in separate runs.

The method for the permanent postcolumn infusion and the for-
mulas for the calculation of the matrix effect profiles are described
elsewhere [13].

3. Results and discussion

3.1. Optimisation of the HILIC separation

The aim of the study was  to replace the classical clean-up
by a chromatographic approach. A HILIC separation was used to
remove the interfering matrix components in a two-dimensional
manifold chemical modifications. In the first step of the method
development we  tested different kinds of polar stationary phases
for their suitability. Due to the rather nonpolar character of the

d switching times (b) of the two-dimensional method.
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Table 2
Tested HILIC columns for the matrix separation in the first dimension.

Name, character Dimension, catalogue number

Agilent ZORBAX HILIC Plus 2.1 mm × 100 mm;  3.5 �m;  95 Å
Unmodified silica gel No.: 959793-901
Phenomenex LUNA 3u HILIC Diol 2.0 mm × 100 mm;  3 �m;  200 Å
Diol (cross-linked hydroxyl-groups

bounded on silica gel)
No.: 00D-4449-B0

YMC-Pack Diol 2.1 mm × 100 mm;  5 �m;  120 Å
Diol (1,2-dihydroxypropylgroups

bounded on silica gel)
No.: DL12S051002QT

YMC-Pack Polyamine II 2.1 mm × 100 mm;  5 �m;  120 Å
Amine (polymer with secondary and

tertiary amino-groups bounded on
silica gel)

No.: PB12S051002QT

TOSOH Bioscience TSKgel Amide-80 2.0 mm × 100 mm;  3 �m;  80 Å
Amid (carbamoyl-groups bounded on

silica gel)
No.: custom-made product

Nacalai tesque COSMOSIL HILIC 2.0 mm × 100 mm;  5 �m;  120 Å
Triazol (triazol-groups bounded on

silica gel)
No.: 08569-11

SeQuant ZIC-HILIC 2.1 mm × 100 mm;  3.5 �m;  100 Å
Sulfoalkylbetain (ammonium sulfonic

acid bounded on silica gel)
No.: 150441.0001

Macherey-Nagel NUCLEODUR HILIC 3.0 mm × 125 mm;  3.5 �m;  95 Å
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Sulfoalkylbetain (ammonium sulfonic
acid bounded on silica gel)

No.: 760531-30

esticides, the intention of the optimisation was to collect all the
nalytes in a small fraction at the start of the HILIC separation. At
he same time, matrix components were to remain on the column
o achieve a maximum cleaning effect.

The tested columns are summarized in Table 2. If available,
ll columns were ordered in the same dimension. A representa-
ive pesticide mix  of 100 compounds in acetonitrile (MeCN) was
njected into all columns. The mobile phase was  water and MeCN.
he gradient started with 95% MeCN. This was  held for 2.5 min.
fter that isocratic time, the amount of MeCN was decreased to
0% within 20 min  and held there for 10 min. At the end of the test
ethod, the conditions were reconstituted to 95% MeCN within

.5 min  and held there for 4.5 min. The majority of the compounds
howed only low retention on the tested columns. About 80% of
he pesticides eluted in a small time window between one and
hree min. As a general rule, compounds with high polarity, small

olecular weight, and also tin organic compounds showed the
ost retention on all HILIC columns. Phenoxyalkan carboxylic acids
ere problematic. They adsorbed irreversibly on all the stationary
hases with amino groups (COSMOSIL HILIC, polyamine II). Gen-
rally, these columns showed a different behaviour than the other
nes.

To elute all the pesticides within a small time window, formic
cid was added to the mobile phase. The tested concentrations
ere 0.0025% (pH 4), 0.01% (pH 3) and 0.1% (pH 2). The results
ere different. On Luna HILIC Diol, Nucleodur HILIC, TSKgel Amide,

ic HILIC, COSMOSIL HILIC, and Polyamine II the test compounds
howed earlier retention times than without any additive. For
MC-Pack Diol and ZORBAX HILIC, a slightly increased retention
as observed with high amounts of acid. In a further experiment,

 mM/L  respectively 10 mM/L  ammonium formate was  also added
o the mobile phase. To dissolve the salt in MeCN, the solvent was
remixed with 5% water, and the gradient was  adjusted. On most
olumns, the retention time window was significantly decreased by
he addition of the formate. Especially on ZORBAX HILIC, YMC-Pack
iol, TSKgel Amide, and Luna HILIC Diol, the problematic com-
ounds showed less retention. For COSMOSIL HILIC and Polyamine
I, no effect was observed. Spiroxamine and propamocarb showed
ore retention and strong peak tailing on Zic HILIC and Nucleodur
ILIC, with high amounts of salt. The differences between 5 mM/L
nd 10 mM/L  on all columns were only small. The results with
. A 1283 (2013) 98– 109 101

5  mM/L  were slightly better. In general, the decreased retention
times led to narrower peaks and a better peak shape. The small-
est retention time window was  obtained with 0.1% formic acid
and 5 mM/L  ammonium formate. The best results were observed
for the two tested diol phases (Luna HILIC Diol, YMC-Pack Diol).
The detailed results for all columns can be found online in the
supporting information. The separation of more than 300 analytes
on the YMC-Pack Diol in the final method is presented later in the
top of Fig. 3.

In the previous experiments only the analytes were contem-
plated. However, the aim of the development of the method was
to optimize a HILIC based chromatographic method for the sepa-
ration of analytes from interfering matrix components. Therefore,
the behaviour of the matrix components on the chosen columns
should also be taken into account. For this purpose, acetonitrile
extracts of cucumber, lemon, wheat flour, walnut, and rocket were
prepared analogously to the first step of the QuEChERS method
[49]. A clean-up did not take place. Onto the two  diol columns 5 �L
of the crude extracts were injected and analysed with the gradi-
ent described above. To obtain a visual impression of the matrix
effects caused by coeluting matrix components, the detection was
carried out with the postcolumn infusion approach. This technique
allowed the visualisation of all interfering compounds in matrix
effect profiles [13].

On both columns, a number of matrix components were
retained considerably longer than the analytes. Especially for wheat
flour and rocket, a good separation was  observed. The late-eluting
matrix compounds are substances with high polarity. In a clas-
sic method such as QuEChERS, they are removed by partitioning
between the organic and the water phase. Due to the lack of
charged functional groups on the surface of the diol columns, these
materials have a separation mechanism very similar to the classic
liquid–liquid partitioning between water and acetonitrile. How-
ever, the chromatographic approach can lead to a significantly
better separation due to the opportunity of an exact adjustment
of the switching time.

The results on the tested diol columns were quite similar. The
LUNA HILIC showed a smaller retention time window for the ana-
lytes. Yet also the matrix components showed less retention than
on the YMC-Pack Diol. For the separation of analytes and matrix
compound the YMC-Pack Diol was most suitable. The resulting
matrix effect profiles for the tested commodities are shown in
Fig. 2. Any deviations from 0% indicate matrix effects in that area
of the chromatogram. The vertical line indicates the end of the
retention time window of the analytes. In all commodities, strong
matrix effects were observed at retention times higher than the
retention time of the last eluting analyte. With appropriate column-
switching, it is possible to separate all the matrix components from
the target pesticides eluting at these later retention times.

Also, the retention times of the analytes were tested in the
presence of the matrix components. For the tested pesticides, no
negative influence of the matrix was  observed in the various com-
modities.

In the last step, the column dimension and the gradient were
observed. So far, all the experiments had been carried out with a
column of 100 mm  length. Now, the 150 mm version of the YMC-
Pack Diol was  tested to improve the matrix separation. On this
column the retention time windows of the analytes was  increased
to 8 min. A comparison with the resulting matrix effect profiles
showed no improvement of the matrix separation. For the final
method, the 100 mm column was chosen. Also, modifications of
the HILIC gradient were not suitable for increasing the matrix sep-

aration. Therefore, the gradient used up to now was also chosen for
the final method. The only difference from this was that the water
gain to 50% was raised for a better flushing of the column after the
transfer of the analytes to the interface.
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Fig. 2. Matrix effect profiles of different raw extracts after separation on the YMC-
P
t
a
t

3
s

3

a

Table 3
Tested columns for the packed loop interface.

Name Dimension, catalogue number

Agilent ZORBAX SB-C18 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-920

Agilent ZORBAX SB-C8 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-915

Agilent ZORBAX SB-C3 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-922

Agilent ZORBAX SB-Aq 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-933

Agilent ZORBAX SB-CN 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-916

Agilent ZORBAX Bonus-RP 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-928
ack Diol HILIC column. Deviations from 0% indicate matrix effects in that area of
he  chromatogram. The vertical line marks the elution time of the latest eluting
nalyte. Matrix components on the right side of this line can be removed in the
wo-dimensional method.

.2. Development of the packed loop interface and the analytical
eparation
.2.1. Interface
To transfer the analytes from the first to the second dimension,

n appropriate interface was needed. The aim was to use a packed
Agilent ZORBAX XDB-CN 4.6 mm × 12.5 mm;  5 �m; 80 Å
No.: 820950-935

loop interface to collect all the analytes which eluted in the first
small fraction of the HILIC separation. Due to the nonpolar character
of the second dimension, reversed phase material should also be
used for the interface. The high amount of acetonitrile in the first
part of the HILIC separation was problematic for the retention of
the analytes on this trap column. To increase the polarity and, thus,
to increase the affinity of the nonpolar analytes to the stationary
phase of the trap, water must be added to the HILIC eluate. The aim
of the optimisation was  to trap as many analytes as possible in the
interface.

Different materials were tested. They are summarized in Table 3.
All tested columns were precolumns of the ZORBAX-series from
Agilent in the same dimension. To achieve a moderate flow within
the trap, an inner diameter of 4.6 mm was chosen. The length was
always 12.5 mm.  Classic reversed phase materials such as C18 and
C8, but also more polar silica gel modifications, were tested. To
achieve an appropriate trapping of the polar analytes, most trap
columns were not endcapped (SB-series from Agilent). The tested
cyanopropyl columns differed in their endcappings (SB without,
XDB double). According to the vendor’s specifications, the SB-Aq
and Bonus-RP should be exceedingly suited for the retention of
polar analytes.

The trap columns were directly connected to the end of the
selected HILIC column and tested for their ability to retain the ana-
lytes. Via a T-piece between the HILIC and the trap column, water
with 0.1% HCOOH and 5 mmol/L NH4HCOO was added.

The cyanopropyl columns (SB-CN, XDB-CN) were unsuitable for
the packed loop interface. Only about 70% of the analytes were
retained on these materials. Also, the retention of many test com-
pounds on the Bonus-RP column was too low. The alkyl-modified
silica columns SB-C18, SB-C8, SB-C3 and SB-Aq showed good per-
formance. About 85% of the analytes showed strong retention on
these materials. Especially small and very polar compounds with
a stronger HILIC retention such as methamidophos or propamo-
carb were problematic. These compounds eluted later from the first
dimension column than the majority of analytes. Furthermore, it
was  not possible to collect them on the trap column.

For all trap columns, different amounts of water were tested.
The flow rate of the water addition was  between 1.0 mL/min and
5.0 mL/min. Together with the water in the mobile phase of the
HILIC separation, the concentration was  thus between 85% and
96.5%. The results verified the further findings. SB-C18, SB-C8,
SB-C3 and SB-Aq showed the best behaviour. At high flow rates,
the higher polarity of the mobile phase was connected with an
increased flow rate within the trap. So a better retention of the

polar analytes was not observed at rates over 2.0 mL/min. At flow
rates lower than 1.5 mL/min, the retention of some of the analytes
was  significantly decreased. The SB-C8 showed the best behaviour
and the smallest dependence on the water flow rate. In addition
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Table 4
Tested reversed phase columns for the analytical separation in the second
dimension.

Name Dimension, catalogue number

Agilent ZORBAX Eclipse Plus-C18 2.1 mm × 100 mm;  3.5 �m;  95 Å
No.: 959793-902

Phenomenex LUNA 3u C18(2) 2.0 mm × 100 mm;  3 �m; 100 Å
No.: 00D-4251-B0

Restek Ultra Aqueous C18 2.1 mm × 100 mm;  3 �m; 100 Å
No.: 9178312

Agilent Poroshell 120 EC-C18a 2.1 mm × 100 mm;  2.7 �m;  120 Å
No.: 695775-902

Phenomenex Kinetex 2u C18a 2.1 mm × 100 mm;  2.6 �m;  100 Å
S. Kittlaus et al. / J. Chrom

o these experiments, a 50 mm SB-C8 column was  also tested to
ncrease the retention of the polar analytes. This was  successful in
ome cases, but the lack of focussing of these compounds on the trap
olumn and the high column volume led to bad peak shapes and
igh dead times later in the second dimension separation. Exper-

ments without HCOOH or NH4HCOO in the added water showed
lightly worse results. Finally, the SB-C8 with 12.5 mm length was
hosen for the interface.

.2.2. Design of the 2D-LC system
The previous results showed the possibility to separate a large

umber of pesticides from the matrix components on a polar HILIC
olumn and to collect the fraction of these analytes on a reversed
hase trap column. In the last step of the two-dimensional method
he trapped pesticides were to be eluted to an analytical column
ith subsequent mass spectrometric detection. Problems occurred
ith small polar compounds. To also detect these analytes, the final
ethod was divided into 4 phases. This principle is shown in Fig. 3.
Within phase I, the starting conditions for both dimensions were

djusted. About 1 min  after injection, phase II started. The majority
f the compounds eluted from the HILIC. After the addition of water,
hese compounds were trapped on the packed loop interface. More
olar matrix components were still on the HILIC at this time. Due
o the separation of the analytes and the matrix components, phase
I is one of the most important parts of the method. In phase III, the

ater addition was stopped. The trapped pesticides remained in
he interface column without any flow. The small and polar com-
ounds with more retention on the HILIC were eluted directly to
he mass spectrometer without separation in the second dimen-
ion. After the elution of the last pesticide from the HILIC, phase IV
tarted. The flow over the trap column was inverted. The trapped
esticides were eluted to the RP column in the second dimension by
n increasing methanol gradient. During the entire second dimen-
ion separation the mobile phase flowed through the trap column.
o the interface was completely purged. The matrix components
ith a retention on the HILIC were flushed to waste in phase IV by

n increased polarity of the mobile phase.

.2.3. Valve switching times
The aim of the valve switching time optimisation was to achieve

 maximized separation of the analytes and the matrix components.
et also the retention of the polar analytes on the HILIC and the
rap column had to be considered. The first pesticides eluted after
.2 min  from the HILIC. This was the starting time for the water
ddition (phase II). Valve 1 was switched to trap the analytes on
he interface. The valve switching time between phase II and phase
II was especially important. In phase II, all the analytes with a low
etention on the HILIC and a high affinity to the trap column were
ollected in the interface. Phase III was to determine more polar
ompounds directly after the HILIC elution. An early switching time
ould lead to a better separation of the analytes and the matrix

omponents. However, more of the analytes would be measured
n phase III without a separation in the second dimension. The aim

as to trap as many analytes as possible in the interface. In phase
II, only some very polar compounds with no affinity to the trap
olumn were to be measured.

In a first experiment, switching times from 1.8 min  to 4.0 min
ere tested. The majority of compounds were detectable after

eparation on the RP column with all the switching times. With
ate switching times, actually all the analytes can be trapped.
et some polar compounds broke through the trap column when
hase II (trapping period) was too long. So the time needed to

e shortened until there was no longer any breakthrough to be
bserved. Early switching times and the following determination
f the polar compounds in phase III (direct determination) led to
ifferent effects. Due to the low retention on the SB-C8 interface,
No.: 00D-4462-AN

a Columns with fused core particles.

pymetrozine and spiroxamine showed significantly more intensive
signals with direct detection after the HILIC separation. Triclopyr,
fenoprop, quizalfop, and 2.4-D retained strongly on the HILIC col-
umn, but also on the nonpolar trap. However, significantly better
peaks were observed in phase IV after refocusing on the trap. Prob-
lems occurred at late switching times with some of the compounds
which were unable to bind to the trap column material. Due to
the high flow rate within the trap and the long trapping period,
e.g. methamidophos and acephat broke through the trap. Instead
of the direct connection of the end of the trap column to the mass
spectrometer in the final configuration, a sensitive determination
of the breakthrough was  not possible. Fig. 4 shows the influence of
the different switching times for aldicarb-sulfoxid.

A further question was  the influence of the matrix on the direct
determination of the polar compounds. Cucumber, lemon, rocket,
and black tea extracts were spiked with the pesticide test mix  in
a concentration of 10 ng/mL. The matrix extracts were analysed at
different switching times. The peaks after the direct measurement
in phase III were compared with the peaks after the RP separation
and the peaks in pure solvent, respectively. The majority of the
critical compounds showed good signals in the direct determina-
tion even in the presence of the matrix. Even in black tea, adequate
results were obtained at this low concentration level. But, when-
ever possible, a transfer of the analytes to the second dimension
was  to be preferred.

For the final determination of the optimal switching times, all
300 compounds were spiked in acetonitrile/water (v/v 50:50) to
consider the influence of the water in the raw sample extracts.
The optimal switching time between phase II and III was found
at 2.0 min  (2.3 min  for the negative method).

Acephat, methamidophos, and pymetrozine were defined as
marker compounds. These pesticides eluted from the HILIC column
close to the switching time. Acephat and methamidophos showed
only a low retention on the trap column. Hence, the switching time
was  set close to their retention times to transfer them to the second
dimension. Pymetrozine was  the first compound to be measured
directly in phase III.

3.2.4. Second dimension separation
At last, also the second dimension was optimized. Different

reversed phase columns were tested. They are summarized in
Table 4. Due to the mass spectrometric detection, small flow rates
and, thus, small inner column diameters (2.1 mm)  were used. For
the comparison, all the columns were tested with 100 mm length.
The pump pressure was limited to 600 bar. Therefore, only particles
larger than 2 �m could be used. Besides, three classic C18 modified

silica gel columns as well two  fused core materials were tested.

For the majority of the compounds, no significant differences
were observed between the columns. Variations were found for the
retention times but not the peak shape or the signal intensity. The
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Fig. 3. Principle of the
used core materials showed the best performance regarding peak
hape and separation. Especially the Agilent Poroshell showed nar-
ow and well separated peaks and, thus, even the best sensitivity.
ven fenbutatin oxide and cyhexatin did not tail like on the other
dimensional method.
tested columns. Therefore, the Agilent Poroshell was chosen for the
second dimension separation.

At last, also the mobile phase of the reversed phase separation
was  improved. Different combinations of water with methanol and
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Fig. 4. Influence of the valve switching time on the elution of 

cetonitrile with different concentrations of formic acid and ammo-
ium formate were tested. The best results were obtained for water
nd methanol with 0.1% HCOOH and 5 mM/L  NH4HCOO, each. In
he final two-dimensional method the water channel of the second
imension pump was also used for the addition of water during the
rapping of the analytes in the interface. Here, the addition of 0.1%
COOH and 5 mM/L  NH4HCOO to the water also showed the best

esults. For an optimal separation and distribution of the analytes,
he gradient was also optimized.

.3. Selection of an internal standard for matrices with high
mounts of carbohydrates

The aim of the method development was to inject the raw sam-
le extracts without any clean-up. For matrices with high amounts
f carbohydrates (e.g. raisins) a phase separation between water
nd acetonitrile was observed after the extraction. Also, wheat flour
howed a slight partitioning, especially at low temperatures. For
early all the compounds, spiking experiments prior to the vali-
ation showed in wheat flour 20–30% higher recoveries than in
he other tested matrices. For these matrices with high amounts of
arbohydrates an internal standard was needed to compensate the
nrichment of the nonpolar analytes in the organic layer. Ideally, an
nternal standard shows the same behaviour as the analytes. Seven

eterinary drugs and drug metabolites were tested. Just as pesti-
ides, these drugs are small and nonpolar organic molecules. The
ested compounds are summarized in Table 5.

able 5
ested veterinary drugs for use as internal standard.

Compound Sum formula Molecular weight (g/mol)

Brillant green C27H34N2O4S 482.64
Clenbuterol C12H18Cl2N2O 277.19
Dimetridazol C5H7N3O2 141.13
Fenbendazol C15H13N3O2S 299.35
Furazolidon C8H7N3O5 225.16
Ipronidazol C7H11N3O2 169.18
Leucomalachit green C23H26N2 330.47
rb-sulfoxid. The vertical line marks the tested switching time.

The best results for the recovery compensation were obtained
with fenbendazol, ipronidazol, and furazolidon. After the correction
of the recoveries with clenbuterol, the amount of the pesticides
with recoveries under 70% was slightly increased. With dimetri-
dazol and brilliant green, some pesticides still showed recoveries
higher than 120%. Leucomalachit green showed a completely dif-
ferent partitioning behaviour than the analytes. This metabolite
remained nearly completely in the water phase and was  not suited
for use as an internal standard.

For a final decision, fenbendazol, ipronidazol, and furazolidon
were spiked again to wheat flour. As in the method validation, the
analytes were spiked with 0.001 mg/kg, 0.005 mg/kg, 0.010 mg/kg,
and 0.020 mg/kg. In all the concentrations, the correction with fura-
zolidon showed the best recoveries for the analytes. Due to its good
peak shape and sensitivity, furazolidon was  selected as internal
standard for matrices with high amounts of carbohydrates.

3.4. Method validation for over 300 compounds

To test the performance of the two-dimensional method, a vali-
dation was  carried out for over 300 compounds. Fig. 3 shows
the chromatogram of these compounds measured with the final
method in the bottom. Recovery rate, relative standard deviation,
sensitivity, and linearity were determined according to the SANCO
document [48]. Five different matrices were spiked to check the
ability for different kinds of food. Cucumber (high water content),
lemon (high acid content), wheat flour (high amounts of starch),
rocket, and black tea (both difficult to analyze) were tested. All
matrices were obtained from the local market and were checked
for pesticide residues before the validation experiments. The spik-
ing was carried out at four concentration levels (0.001 mg/kg,
0.005 mg/kg, 0.010 mg/kg, 0.020 mg/kg). Due to the low sample
weight, black tea was additionally spiked with 0.050 mg/kg. To
determine the relative standard deviations, all the levels were pre-
pared five times. Spiking was  always carried out before the addition

of water and the extraction of the samples with 10 mL  acetoni-
trile. After shaking for 30 min  in an overhead shaker, the samples
were centrifuged for 5 min  at 3000 rpm (1740 rcf). An aliquot of the
supernatant was  filled into a sample vial and injected into the 2DLC
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Fig. 5. Recoveries of more than 300 compounds in different matrice

ystem. For the determination of the recovery, blank extracts were
piked after sample preparation.

The detailed results for all the analytes are shown in the
upporting information. Tables C and D show the ability of the
eveloped method to analyze more than 300 pesticides in vari-
us matrices. For the majority of the compounds, recoveries in the
cceptable range between 70% and 120% were observed [48]. In
ucumber, 99% of the analytes showed recoveries in this range. For
emon 98%, rocket 96%, wheat flour 94%, and black tea 93% of the
ompounds showed acceptable recoveries. Fig. 5 summarizes the
esults for the 0.01 mg/kg level. The majority of the analytes showed
ecoveries between 90% and 110%. Therefore, only slight deviations
rom the optimum of 100% were observed.
In lemon and rocket, low recoveries were detected for benfu-
acarb and carbofuran. Only small amounts of fenbutatin oxide
ere recovered in all the sample extracts, except lemon. Further

xperiments showed that a quantitative extraction of fenbutatin
01 mg/kg. The box marks the accepted range from 70% to 120% [48].

oxide was  only possible at low pH-values. In wheat flour, some
compounds showed recoveries below 70%. For bifenazat and pyri-
dat, recoveries below 60% were detected. Values over 130% were
only observed for fenthion-sulfoxid in wheat flour and for 2,4,5-T
in wheat flour and lemon.

The relative standard deviations were calculated for every
compound on the basis of 5 replicates at each calibration level.
According to the SANCO document, values up to 20% are accept-
able. Fig. 6 and Tables E and F in the supporting information show
the results for all the matrices. Similar to the recovery results,
the relative standard deviations were in the acceptable range for
the majority of the compounds. For cucumber 99% of the ana-
lytes showed values below 20%. For lemon 98%, for wheat flour

and rocket 95%, and for black tea 88% of the compounds were in
the acceptable range. The best precision was observed for cucum-
ber and wheat flour. About 90% of the analytes showed relative
standard deviations below 10% at the 0.01 mg/kg level in these
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ig. 6. Relative standard deviations of more than 300 compounds in different matri-
es  at 0.01 mg/kg. The box marks the accepted range up to maximally 20% [48].

ommodities. For cucumber, this was caused by the low number of
atrix components in the sample extract. The low standard devia-

ions for wheat flour were observed due to using furazolidon as an
nternal standard.

According to the SANCO document, the limit of quantification
s defined as the lowest validated level meeting the performance
riteria for recovery (70–120%) and relative standard deviation
≤20%) [48]. The results for the tested matrices are shown in Fig. 7
nd Tables G and H of the supporting information. For the major-
ty of the compounds, the LOQ was the lowest validated level
.001 mg/kg. For cucumber, all the analytes showed an LOQ of at

east 0.01 mg/kg. For black tea, higher LOQs were expected because
f its five times lower initial weight. Yet also in this difficult matrix,
9% of the analytes showed an LOQ of 0.01 mg/kg, or even lower.

The linearity was tested by the calculation of the residu-
ls [48]. To have enough data points for the calibration curve,
his was only carried out for compounds with at least four
etectable concentration levels. Detailed results are shown in the

ables I and J of the supporting information. For all the contem-
lated analytes, good linearity was observed. Residuals above the
ccepted 20% were only detected for carbofuran-3-hydroxy and
enhexamid.
Fig. 7. Limits of quantification for more than 300 compounds in different matrices.

3.5. Robustness of the method

inally we wanted to test the robustness of the developed method
during routine analysis. Due to the missing clean-up and, thus, the
high matrix load, one important question concerned the long-time
performance of the HILIC column. To check this, raw acetonitrile
extracts of 10 g rocket, 2 g black tea, and 2 g hops were prepared
and spiked with all the analytes in a concentration of 10 ng/ml. Five
microliters of each of these extracts were injected 100 times into
the two-dimensional system. The signal intensities of the spiked
compounds were measured. The overall runtime was about one
week. The results for some representative compounds are shown
in Fig. 8. Instead of the high matrix load and the long time period, no
significant changes regarding signal intensity were observed. The
method showed high robustness and reproducibility. Deviations
in signal intensity were only detected between the different com-
modities caused by the different matrix effects. Moreover, also the
peak shape and the separation of the polar analytes on the HILIC

column were checked before and after the high matrix load. No
deviations in the retention times were detected for the analytes
or the matrix components, respectively. In conclusion, no negative
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ig. 8. Long time study with difficult matrices to check the robustness of the meth
0.01  mg/kg). In each case, 100 runs were performed with rocket, black tea, and hop

ffects regarding the robustness of the two-dimensional method
ere detected during this long-time experiment. Even during the
hole method development no change of the HILIC column was
eeded.

To also ensure the functionality of the method after a change
f the first dimension column, six new columns from two  different
atches were ordered and tested for their separation behaviour.
n the experiments, all the columns showed similar behaviour
egarding the analytes and the matrix components. For routine
nalysis, a test mix  of five pesticides was composed for the adjust-
ent of the switching times and the method check-up. The chosen

ompounds and their functions are shown in Table 6.
Finally, we wanted to test the method for routine purposes. For

his we analysed the spiked mandarin homogenate of the EURL-
ROFICIENCY TEST-FV-13 from 2011. Raw extracts with 10 mL
cetonitrile were prepared and injected after centrifugation with-
ut any further clean-up. In a first step the spiked pesticides were
dentified and roughly quantified by external matrix-matched cal-
bration. In the second step the exact quantification was  done by
tandard addition. The whole analysis time was less than one day.

All LC-amenable compounds in the spiked mandarin
omogenate were found after the first injection. No false nega-
ive results were observed. All pesticides showed good z-scores.
or 14 pesticides we detected z-scores between −2 and +2. For

 compounds values between +2 and +3 were observed. Most

ompounds showed slightly higher z-scores than the participating
aboratories. For the LC-results the overall classification in case of

 real participation would be the highest category (“good”).

able 6
est compounds for method check-up.

Compound Function in the test mix

Etofenprox First compound in HILIC separation;
very late retention time in RP separation

Methamidophos, acephat Last compounds to trap on the interface; switching
of valve 1 directly after the elution of these
compounds from the HILIC;
early retention time in RP separation

Pymetrozine First compound for direct measurement of HILIC
eluate (phase III); switching of valve 1 directly
before elution of pymetrozine

Cyromazine Last compound for direct measurement (phase III);
start of second dimension separation (phase IV)
after the elution of cyromazine from HILIC
e figure shows the stability of the signal intensities for representative compounds
total run time was about one week.

4. Conclusion

For the first time a two-dimensional LC–MS/MS method was
developed for the determination of more than 300 pesticides in
fruit and vegetables. The homogenized samples are extracted with
10 mL  acetonitrile. In contrast to the established methods, no fur-
ther clean-up is necessary. Matrix components and analytes are
separated in the first dimension by a YMC-Pack Diol HILIC column.
The majority of the analytes elutes within a small fraction at the
beginning of the HILIC separation. At this time, most of the matrix
compounds are still retained on the HILIC column. The analytes are
trapped on a small reversed phase column to change the solvent
prior to the RP separation in the second dimension. Very polar ana-
lytes with a high retention on the HILIC can be determined directly
without any trapping or RP separation. In the end, the trapped
compounds are flushed back to the second dimension RP column.
The analytes are separated by gradient elution and detected with a
triple quadrupole mass spectrometer working in the MRM  mode.

Over 300 compounds can be measured with the developed two-
dimensional approach. The method is validated in representative
fruit and vegetables. The large majority of the compounds shows
recoveries and relative standard deviations within the accepted
ranges of the SANCO document [48]. In cucumber and lemon, all the
detectable compounds have limits of quantification of 0.01 mg/kg,
or even below. For wheat flour, rocket, and black tea, only a few of
the compounds showed an LOQ above this value. In all the matrices,
the majority of the analytes can be quantified at 0.001 mg/kg. The
method showed true, accurate and robust results even with diffi-
cult matrices. With these findings we can conclude that our method
fits the purpose.
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