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Abstract

This study reports a novel analytical approach for the simultaneous determination of ethylene-thiourea (ETU) and propylene-
thiourea (PTU) in fruits and vegetables by (reverse phase) high-performance liquid chromatography (HPLC) coupled to
inductively coupled plasma-tandem mass spectrometry (ICP-QQQMS or ICP-MS/MS). A baseline separation of ETU and
PTU was achieved in less than 5 min. A robust method validation by using the accuracy profile approach was performed
by carrying out four measurement series in duplicate at six different levels over a timespan of 4 weeks (different days). The
recovery factors ranged from 87 to 101% for ETU and from 98 to 99% for PTU (depending on the spiking level). The coef-
ficient of variation in terms of repeatability (CV,) ranged from 1 to 4.7% for ETU and from 1.8 to 3.9% for PTU (depending
also on the analyte level) while the coefficient of variation in terms of intermediate reproducibility (CVy) ranged from 3.4
to 10% for ETU and from 1.8 to 10.8% for PTU. The limit of quantification was 0.022 mg kg~! (wet weight) for ETU and
0.010 mg kg~! (ww) for PTU. This novel approach was proved to be highly robust and suitable for the determination of ETU
and PTU in foodstuffs of vegetal origin.
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Introduction The intense industrial and agricultural activities of the

modern society have introduced a large number of toxic sub-

A better understanding of the humans’ contamination with
chemical hazards via food ingestion is important as food is
in most cases the predominant exposure pathway to such
health hazards [1, 2]. Nevertheless, this task is difficult to
achieve because the organic and the inorganic contaminants
are present at trace and ultra-trace levels in foodstuffs hence
requiring the development and validation of ultra-sensitive
analytical approaches for their determination.
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stances into the environment having an impact on the food
quality and ultimately on the human health. Many of such
chemicals have been used in agriculture as pesticides, fun-
gicides, etc. to enhance the productivity. This is the case of
dithiocarbamates (DTCs) which are one of the largely used
fungicides in agriculture as they are cost-effective against a
broad spectrum of fungi and plant diseases [3, 4]. Current
European and worldwide DTCs consumption figures are not
well documented, but between 25,000 and 35,000 tons of
DTCs were used per year both in the last two decades in
agriculture and industry [3, 5].

The main representatives of DTCs that are currently in
use worldwide are ziram, ferbam, thiram, maneb, zineb,
nabam, metiram, mancozeb, and propineb [4]. It is very
interesting to note that DTCs are highly unstable, and hence
they decompose in the environment but also in the foodstuffs
matrix, into ethylenethiourea (ETU) and propylene thiourea
(PTU) [4]. These degradation products of DTCs are very
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stable and are also worth monitoring both in the environment
and the food chain because of their toxicity [6, 7].

Depending on their carbon skeleton, DTCs can be catego-
rized into three distinct classes: dimethyl-dithiocarbamates
(DMDs), ethylenebis-dithiocarbamates (EBDs) and propyl-
enebis-dithiocarbamates (PBDs). With few exceptions, gen-
erally, DTCs are reported to be rather unstable both on the
surface of the fruits and vegetables where they are spayed as
well as in the commonly used extraction solvents [8]. Previ-
ous literature in the field refers to ETU and PTU as DTCs
metabolites or degradation products [9-11]. Therefore, ETU
is acknowledged to be generated through the EBDs degra-
dation, while PTU is reported to be a PBDs degradation
compound. Although for DTCs, specific maximum residue
levels (MRLs) are set by current European legislation, for
their degradation products such as ETU and PTU, no specific
MRLs are set since they are treated as a residue definition of
their parent compounds. However, a better understanding of
the formation, presence, and fate of ETU and PTU in food
might help for improving regulation for such compounds.
As a consequence, given that DTCs are among the most
commonly employed organic fungicides in current agricul-
tural practice, ETU and PTU monitoring in food products
potentially exposed to DTCs became important.

The levels of organic contaminants such as DTCs, ETU,
and PTU are currently determined using organic-based
(molecular) mass spectrometry techniques (MS or MS/
MS) coupled to high-performance liquid chromatography
(HPLC) [9-13]. It is interesting to note that due to the sul-
phur (S) moiety in their structure, they can also be deter-
mined using inorganic-based MS techniques such as induc-
tively coupled plasma-mass spectrometry (ICP-MS) coupled
to HPLC. Actually, with the development of the triple quad-
rupole (or tandem) ICP-MS techniques (ICP-QQQMS or
ICP-MS/MS), nonmetals such as S, which is known to be
highly interfered by oxygen-based species (e.g., '°0'°0 on
325 and '°0"%0 & 7070 on **S) can be accurately detected
[14-18]. It is also worth noting that [CP-MS/MS is more
robust over the organic MS/MS techniques for the detection
of organic molecules containing heteroatoms (e.g., S, Se,
P) due to the high energy of the ICP over the conventional
electrospray ionization-MS/MS hence ensuring less severe
matrix effects [19]. Another major advantage of ICP-MS/MS
for the determination of organic contaminants is the possibil-
ity to apply the isotope dilution (ID) approach, which is one
of the most powerful and accurate methods for the deter-
mination of chemical amounts in all types of matrices [20].

This work reports the development and the validation of a
novel method for accurate, selective, and robust determina-
tion of ETU and PTU in fruits and vegetables by using the
HPLC-ICP-MS/MS. To our knowledge, this is the first time
that an inorganic MS approach is employed for the simultane-
ous determination of ETU and PTU in foodstuffs. The method
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was validated using the accuracy profile methodology, which
is one of the most robust approaches for this purpose. In this
respect, the performance criteria in terms of limits of quantifi-
cation (LOQ), accuracy, repeatability, and intermediate preci-
sion were assessed. The method was successfully applied to
the analysis of a selection of real-life foodstuffs (fruits and
vegetables) hence proving its full capacity to be applied to
routine determination of ETU and PTU.

Material and methods
Instrumentation

An Agilent ICP-QQQMS 8900 (Agilent Technologies, Courta-
boeuf, France) (referred here as ICP-MS/MS) was employed for the
online detection of ETU and PTU after their separation by HPLC
(Bio inert Infinity lab 1260 I, Agilent Technologies) using an Aqua
C, reverse phase (RP) column (3 pmx 125 Ax150 mmx2 mm
purchased from Phenomenex, France).

The chromatographic signals were acquired in the time-
resolved analysis (TRA) mode of the ICP-MS/MS software
(MassHunter). The optimum analytical conditions for the
HPLC-ICP-MS/MS method are provided in Table 1.

Reagents and standards

Analytical reagent grade pure chemicals and ultrapure water
(18.2 MQ cm) (Millipore Milli-Q™, Merck Millipore, Saint
Quentin en Yvelines, France) were used throughout the study.

The standards of ETU (99.9%) and PTU (99%) were
purchased from LGC Standards (Molsheim, France).
(NH,),S0O,-10H,0 (normapur), which was employed as a
source of inorganic sulphur (SO,%), was purchased from
VWR (Fontenay-sous-Bois, France).

Stock solutions (250 mg L1 of ETU and PTU were pre-
pared in methanol (MeOH) of HPLC grade from Sigma-
Aldrich (Saint-Quentin-Fallavier, France) and stored
at—20 °C during 1-month maximum. Working standard
solutions were prepared the day of experiments by subse-
quent dilutions of the stock solution using 5% (v/v) MeOH.

Ultrapure grade (99.9995%) argon and helium (collision
gas) employed for ICP-MS/MS were supplied by Linde Gas
(Montereau-Fault-Yonne, France).

A tuning multi-element solution (10 mg L™!, Agilent) was
used to prepare a tuning solution containing lithium (Li), yttrium
(Y), thallium (T1), cobalt (Co), and cerium (Ce) at 1.0 ng mL™!
covering a wide range of the mass spectrum, including S.

For total S determination internal quality control, the
CRM SPS-SW2 Batch 132 for measurement of elements
in surface waters (Spectrapure Standards, Oslo, Norway)
was analyzed daily.
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Table 1 Optimum operating

.. - . ICP-MS/MS
conditions for the simultaneous
determination of ETU, PTU, Nebulizer
and SO, in foodstuffs of Spray chamber
vegetal origin by HPLC- RE power
ICP-MS/MS

Reflected power

Plasma gas flow

Nebulizer gas flow

Auxiliary gas flow

Acquisition mode

Reaction gas/flow

Isotopes and m/z monitored
HPLC

Column

Injection volume
Column temperature
Mobile phase

Mobile phase flow rate
Elution type

Quartz concentric (Micromist) 400 uL. min~!

Scott-type double-pass water cooled

1500 W

<10W

15 L min™!

0.95-1.00 L min~!

0.99 L min~!

MS/MS

Oxygen at 30%

328 32810 (m/z 48); 3*S — 34S1%0 (m/z 50)

Reversed phase C 18: Aqua®
3umx 125 Ax 150 mm X2 mm

10 uL

=20 °C (room temperature)
5% (viv) MeOH

0.25 mL min™"

Isocratic

Analytical procedures

Portions of 50 g of sample were accurately weighted (+0.01 g)
and fortified with standard mixtures containing ETU and PTU,
at six different concentration levels. For each batch of samples,
both reagent blanks and unfortified real-life fruit and vegeta-
ble samples were also included in the analysis being similarly
processed as the fortified samples. The samples fully immersed
in the extraction solvent were kept at room temperature for
30 min with manual shaking after each 5 min. The extracts
were afterwards transferred in a 50-mL polypropylene tube,
filtered by 0.22-um PTFE syringe filters, and further trans-
ferred into an HPLC injection vial.

The calibration standard solutions were prepared in the
same solvent as the sample extracts final composition.

The extracts were injected into the HPLC-ICP-MS/MS
operated in optimized conditions given in Table 1 and the
quantification for ETU and PTU was performed for the transi-
tions acquired during analysis [32]S — [48]SO and [34]S — [50]
SO using the external calibration approach. All results are
expressed in mg kg™! of wet weight (ww).

Results and discussion

Extraction

This study aimed on establishing the conditions to deter-
mine ETU and PTU as target analytes from fruits and

vegetable samples as potentially degradation products
generated by DTCs low stability, and therefore the extrac-
tion procedure applied for ETU and PTU determination
was derived from conditions employed for DTCs extrac-
tion from fruit and vegetable samples [8]. DTCs are non-
systemic fungicides, so their residues remain mostly on
the surfaces of fruits and vegetables. Beside reported
problems associated with their solubility, another specific
aspect which influenced the extraction conditions in rela-
tion to DTCs low stability is the presence of plant matrix.
Especially when coming into contact with acidic plant
juices, DTCs rapidly degrade, since free dithiocarbamic
acids are unstable and will decompose into carbon disul-
phide (CS,) and the respective amine, basically reversing
the synthesis. There was therefore reported that homog-
enizing plant samples in order to effectively extract DTCs
by the use of common organic solvents, as is standard pro-
cedure in pesticide-residue analyses, cannot be applied in
this particular case [21-24].

As a consequence, a surface extraction procedure using
50 mL of 5% MeOH in MilliQ water (v/v) as extraction sol-
vent was applied on whole fruit or vegetable samples such
as strawberries, grapes, or cherry-tomatoes, as mentioned
in the section above.

Optimization of the HPLC separation

In this study, both the baseline separation of ETU and PTU
and their separation of inorganic sulphur (sulphate) which

@ Springer



434

Bendhiab I. et al.

are commonly present in fruits and vegetables were consid-
ered. In this respect, the HPLC separation was optimized
using a mixture of ETU, PTU, and inorganic sulphur as
SO,*". In order to improve the HPLC separation, MeOH
concentration in mobile phase was also optimized by testing
out different concentrations, from 2% of MeOH (v/v) to 7%
of MeOH (v/v). The analysis was carried out in duplicate.
Figure 1 shows the chromatograms obtained for the sepa-
ration of ETU, PTU, and SO42_ using different MeOH con-
centrations in the mobile phase. Satisfactory baseline separa-
tion was achieved in all cases within~5 min. To choose the
optimum MeOH concentration, the retention time for each
peak (fR), the peak intensities, and the intensity per noise
ratio (S/N) were considered. These parameters are reported
in Table 2. The best S/N for both ETU and PTU while analy-
sis of ETU and PTU standard mixture at 50 ug L™! was
obtained when using 5% of MeOH (v/v) with 3.2 +0.03 for
ETU and 2.4 +0.03 for PTU and for 6% of MeOH (v/v) with
3.3+0.09 for ETU and 2.7 +0.17 for PTU. However, the use
of concentrations of MeOH above 5% (v/v) led to a decrease
of the species intensity (e.g., 7% MeOH, v/v) but caused also

Fig. 1 Chromatograms obtained
for the determination of a mix-
ture of ETU, PTU, and SO,*~
standards by HPLC-ICP-MS/
MS using different composi-
tions of the mobile phase in

100000

90000

80000

70000

a plasma instability. Thus, a mobile phase consisting of 5%
(v/v) of MeOH was chosen for further experiments.

Optimization of the ICP-MS/MS detection in mass
shift mode

In this study, O, was used as reaction gas to oxidize the
sulphur (*2S —328'°0) to avoid spectral interferences from
160160, 1“N'80, and ’N'°OH species as well as BCa, BTy,
or *°Ar'?C. Gas flow rate of O, was optimized since it could
have an impact on the global sensitivity. For this purpose,
five levels were tested out from 10 to 50% by analysis of a
standard mixture at 50 pg L~" in duplicate. As can be seen in
Fig. 2, 30% of O, is the optimum to obtain the best intensi-
ties for both ETU and PTU.

Method validation by means of the accuracy profile
approach

The method was validated using the approach of the accu-
racy profile according to the NF V03-110 (French) standard

terms of MeOH level, such o
as 2% (v/v)—light blue, 3% % 60000
(v/v)—orange, 4% (v/v)—gray, =
5% (vIv)—yellow, 6% (v/v)— g 50000
blue, and 7% (v/v)—green L 40000
[
30000
20000
10000
0
0 50 100 150 200 250 300 350 400
Time (s)
——2% MeOH 3% MeOH 4% MeOH 5% MeOH 6% MeOH ——7% MeOH
Table 2 Retention times, peak MeOH frery (Min)  fppry (min)  Igpy Tpry SNgry SNy
intensity, and signal/noise ratio concentration
(n=2) obtained by HPLC- (VIv)
ICP-MS/MS while optimizing
the MeOH concentration of the 7 3.0 52 111,163+386  84,651+£962 2.5+0.06 1.9+0.02
mobile phase 3% 2.9 438 110,954 +1564  80,049+4385 2.6+0.11 1.9+0.00
4% 2.7 4.4 105,588 +4694  70,997+5930 3.0+0.10 2.0+0.15
5% 2.6 4.1 88,731+1806 66,424+1694 3.2+0.03 2.4+0.03
6% 2.5 3.8 71,685+3122  57,848+4692 33+0.09 2.7+0.17
7% 2.5 3.6 51,773+996  41,945+1925 29+0.03 23+0.13
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Fig.2 Intensities of ETU and
PTU peaks obtained for the

50000

analysis of ETU and PTU 45000
standard mixture by HPLC-ICP- & 40000
MS/MS and optimization of the 0
O 35000

0, gas flow rate used for the =
oxidation of 2 to m/z=48 in £ 30000
mass shift mode (the error bars & 25000
represent the standard deviation, £ 20000
n=2)

15000 +

10000

[25]. Basically, the accuracy profile is an expression of the
systematic error (trueness) and the random error (repeat-
ability and intermediate precision) for a series of analyte’s
level determination in various matrices and within a range
of concentrations called validity domain [26]. The trueness
is expressed either through the bias in case of the analysis
of certified reference materials (CRM) or by means of the
spike recovery factor if CRM are not available (the case of
our study). More details about this approach can be found
in previous publications [27-29].

A preliminary step before the method validation by
using the accuracy profile approach is the estimation of the
method’s limits of quantification (LOQs), as generally the
first level of the validity domain is the estimated LOQ or
12 LOQ. For this purpose, a number of 21 reagent blanks
were analyzed during 3 different days to estimate the LOQ
(10 x standard deviation of the blank). LOQ values were
6.0 ug L™! for ETU and 10.1 pug L' for PTU, which cor-
responds to 0.006 mg kg! for ETU and 0.010 mg kg™! for
PTU, taking into account the sample mass (50 g) and the
extract volume (50 mL). A chromatogram obtained for the

Fig.3 Chromatogram obtained
for the analysis of a sample of

tomatoes spiked with ETU and 90000
PTU at 20 pg.L"!

Intensity (CPS)

nnnnn

—ETU

PTU

20 30 40 50
0O, gas flow rate(%)

analysis of a sample of tomatoes spiked with ETU and PTU
at 20 ug.L"! is shown in Fig. 3.

The accuracy profile was constructed by carrying out
four measurement series in duplicate on different days over
a timespan of 4 weeks using various genuine (non-spiked)
and spiked real-life fruits matrices, such as tomatoes (levels
1 and 2), grapes (levels 3 and 4), and strawberries (levels 5
and 6). It is worth to note that the levels of ETU and PTU in
the non-spiked samples were < LOQ in all cases.

The acceptability interval (1) was set at 25% for ETU and
PTU, while the tolerance interval (f-expectation interval)
was set at 75-125% for ETU and PTU. The validity domain
was set between 10 and 400 (10, 20, 50, 100, 200, and 400)
ug L™! for both ETU and PTU while the linear range com-
prised between 10 and 1000 pg L! (10, 25, 50, 75, 100, 250,
500, and 1000). The parameters characterizing the method
development are listed in Table 3.

The accuracy profiles obtained for the validation of the
determination of ETU and PTU by HPLC-ICP-MS/MS
are shown in Fig. 4a and Fig. 4b, respectively. Each spik-
ing level was tested for all matrices included in this study,
namely tomatoes, grapes, and strawberries, and therefore

@ Springer



436

Bendhiab I. et al.

Table 3 Analytical performance characteristics of the HPLC-ICP-
MS/MS method for the simultaneous determination of ETU and PTU
determination in foodstuffs of vegetal origin

Parameter Value/range

10-1000

0.9999-1.0000

ETU: 87-101; PTU: 98-99

<2%

10-400 (6 different levels)
Aqueous MeOH 5% (v/v)

Surface extraction, 30 min

Method limits of quantification ETU: 0.022 mgkg™; PTU: 0.01 mgkg!

Linear range (ug L™")
Linearity (R%

Recovery factor (%)

Method precision (RSD, %)
Spiking levels, pg L™!
Extraction solvent

Extraction procedure and time

the estimated method LOQ for each compound was not
assessed separately for each tested matrix.

As can be seen in Fig. 4a, LOQ assessed for ETU deter-
mination using the accuracy profile, which corresponds

to the intersection of the acceptability (1) and the toler-
ance limits (8), was 21.4 pg L™!, which corresponds to
0.022 mg kg~! (ww) taking into account 50 g of sample
and 50 mL of the final extract. The accuracy for PTU was
validated for the entire validity domain intended for vali-
dation, which means a LOQ of 10.0 pg L™!, corresponding
to 0.010 mg kg~! (ww). The PTU LOQ value corresponds
to the minimum set levels for pesticides in such matrices
by the current EU regulations [30, 31].

The spike recovery ranged from 87% (lowest level)
to 101% (highest level) for ETU and from 98% (lowest
level) to 99% (highest level) for PTU. The ETU and PTU
levels measured in both reagent blanks and in the unforti-
fied real-life fruit and vegetable samples were below the
method LOQs. These very satisfactory recovery factors
indicate the method applicability for the analysis of real
samples.

For ETU, the coefficient of variation in terms of repeat-
ability (CV,) ranged from 1 to 4.7%, while the coefficient of

Fig.4 Accuracy profiles 140%
obtained for the determina- .
tion of ETU (a) and PTU (b) 130% - 1+2
in fruits and vegetablesby | —T———————-—-———-———-—————————— =
HPLC-ICP-MS/MS (#=85% in 120% 1
both cases while 1=25%) at six
levels: Li (i=1-6) in pg L~ (in - 110% 1
the extract solution): L1 (toma- s Ls L6
toes): 10; L2 (tomatoes): 20; g 100% ©
L3 (grapes): 50; L4 (grapes): § 5 150 2% = 30 3% 400
100; L5 (strawberries): 200; g 0% Concentration (ug L)
L6 (strawberries): 400. Note: .,
14 A =upper acceptance limit 80% 1
and 1 —A=Ilower acceptance .-l [
limit; + f: upper tolerance ’ 1-2
limit; — f: lower tolerance limit
60% -
50% -
(a)
130% -
e e e e e e
120% -
110% -
g Loa
2 100% |+ = A s . ) ) "
@ 50 100 150 200 250 300 350 400
=) L1
5 00% Concentration (ug L)
o
80% |
| 1.
70% - !
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intermediate precision (CVy) varied from 3.4% (highest level)
to 10% (for the second level which was validated). Similarly,
for PTU, CV, ranged from 1.8% (highest level) to 3.9% (lowest
level) and CVy, from 1.8% (highest level) to 10.8% (lowest level).
It can be noted that both the repeatability and the intermediate
precision are slightly better for PTU compared to ETU.

The measurement expanded uncertainty (U) was calcu-
lated based on the maximum CVy (%) value (=2 10% for ETU
and 2 11% for PTU) and as it is known to be the most signifi-
cant source of combined uncertainty (Eq. 1) [27]:

X CVp

U=kx ——xC (D)
100 X y/n

where

k=2 (p=95%)

C, measured concentration (mg kg~"; and
N, number of independent measurement replicates.

It must be noted that CVy, assessed based on the accuracy
profile takes into account the intra- and inter-series vari-
ability [27].

These results are better or similar compared with studies
using LC-MS/MS for ETU and PTU analysis in foodstuff.
In fact, recoveries were reported from 64.9 to 89.8% for
ETU and 70-127% for PTU; RSD repeatability from 3.8 to
9.9% for ETU and 5.13-33.8% for PTU; and RSD reproduc-
ibility from 7.25 to 14% for ETU and 12.7-36.2% for PTU
[12]. Other studies reported 71-121% for ETU recoveries
and < 20% in RSD repeatability [9] and 73 to 104% for ETU
recoveries in water [10].

In another study, HPLC/diode array detection was used
for ETU and PTU detection in strawberries and apples.
Recoveries from 70.7 to 88.2% were obtained with 8.1% and
10.7% for repeatability and reproducibility RSDs respec-
tively for ETU, while recoveries from 75 to 94.1% were
obtained with 9.4% and 13.9% for repeatability and repro-
ducibility RSDs respectively for PTU [11].

Conclusion

A rapid, robust, and accurate method for the determination
of ETU and PTU in fruits and vegetables by HPLC-ICP-
MS/MS was optimized and validated. Both ETU and PTU
species were baseline separated in less than 5 min using a
C18 reverse phase HPLC column.

The method was validated by means of the accu-
racy profile approach under conditions of intermediate

reproducibility and excellent analytical parameters were
obtained.

The novel analytical methodology reported in this work
deals for the first time with the analysis of ETU and PTU
from fruits and vegetables by liquid chromatography and
inorganic tandem mass spectrometry for their detection.
This opens the possibilities to apply alternative techniques
and further extends the method capabilities for the deter-
mination of organic contaminants in foodstuffs.
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