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ABSTRACT: In this study, a robust analytical method based on high performance liquid chromatography coupled to 

inductively coupled plasma - tandem mass spectrometry (HPLC-ICP-MS/MS) was developed and validated for the simultaneous 

determination of ethylene thiourea (ETU) and propylene thiourea (PTU) in fruits and sulfur-rich vegetables such as plums, apricots, 

cherries broccoli and Brussels sprouts. Sample preparation was based on a Quick Polar Pesticides (QuPPe) extraction using methanol, 

followed by an anion-exchange solid-phase extraction (SPE) cleanup to efficiently remove sulfur-containing matrix interferences 

released during homogenization. Method validation was carried out according to the accuracy profile approach (NF V03-110) across 

five levels (10-400 µg L⁻¹) for each of the 

matrices mentioned above. The method showed 

satisfactory trueness, repeatability, and 

intermediate precision for both analytes, with 

limits of quantification of 10 µg L⁻¹ for both ETU 

and PTU in all matrices. The proposed method 

demonstrates strong robustness and versatility for 

the determination of ETU and PTU in 

challenging sulfur-rich plant matrices and 

provides a promising ICP-MS/MS-based 

alternative for the quantification of sulfur-

containing organic contaminants in food.  

INTRODUCTION  

A comprehensive understanding of how chemical contaminants 

affect human health has become increasingly critical, as oral intake 

via food consumption is a major pathway for human exposure to 

chemical contaminants1,2. Achieving this understanding remains 

challenging, mainly because it requires robust analytical methods 

capable of detecting and quantifying an extensive range of organic 

and inorganic compounds occurring at trace or ultra-trace 

concentrations in diverse environmental, food, and biological 

matrices3,4. 

Modern agricultural and industrial activities have released 

many contaminants into the environment, ultimately influencing 

food quality and posing risks to human health. Some types of 

contaminants are unintentionally released, whereas other such as 

pesticides and fungicides, are intentionally applied to crops to 

enhance yield and protect against pathogens5,6. Among these, 

dithiocarbamates (DTCs) represent one of the most extensively 

used classes of fungicides due to their broad-spectrum efficacy and 

relatively low cost. Although current global consumption data 

remain limited, a 2026 market analysis reports that global 

production of dithiocarbamate fungicides reached approximately 

150,000 metric tons in 20237. This figure reflects industrial‑scale 

manufacturing and aligns with the characterization of DTCs as one 

of the most widely used fungicide classes worldwide. 

DTCs are typically classified into four major groups based on 

Pr
e-
pr
oo
f

http://dx.doi.org/10.46770/AS.2022.235


 

https://www.at-spectrosc.com/as/article/pdf/20260017 XXX                Atom. Spectrosc. 2026, 47(X), XXX–XXX. 

their chemical structure: (i) Methyl-dithiocarbamates (MDTCs), 

including metam sodium, (ii) ethylenebisdithiocarbamates 

(EBDs), including mancozeb, maneb, and zineb; 

dimethyldithiocarbamates (DMDs), such as ferbam, thiram, and 

ziram; and propylenebisdithiocarbamates (PBDs), represented by 

propineb8-10. It is worth to note that due to the complexity of the 

class and the physico-chemical properties, dithiocarbamates are 

usually quantified indirectly via carbon disulphide (CS2)11, which 

is present in all DTCs. 

A defining feature of DTCs is their pronounced instability under 

environmental and food-processing conditions, as well as in many 

common extraction solvents. Their degradation leads to the 

formation of stable sulfur containing compounds, primarily 

ethylenethiourea (ETU) and propylenethiourea (PTU), derived 

mainly from EBDs and PBDs. Knowing their persistence and 

documented toxicity, these degradation products also require 

monitoring throughout the environment and the food chain 

respectively8,9. 

Although maximum residue levels (MRLs) for DTCs are 

established under European regulations11 (MRLs ranging from 

0.05 to 5.0 mg kg-1, depending on the sample type), no specific 

MRLs currently exist for ETU or PTU, despite their clear 

association with DTCs degradation. Consequently, given the 

widespread agricultural use of DTCs, routine monitoring of ETU 

and PTU in potentially exposed food products has become 

increasingly important. 

ETU and PTU are usually determined using high performance 

liquid chromatography (HPLC) coupled to organic (molecular) 

based mass spectrometry (MS or MS/MS) techniques10,12-16. 

Taking into account that both DTCs and their degradation 

products contain a sulfur moiety, they can be detected selectively 

using inorganic mass spectrometry, specifically inductively 

coupled plasma - tandem mass spectrometry (ICP-MS/MS) as the 

triple quadrupole settings allow the detection of certain non-metal 

elements such as sulfur17-23. Because the ICP provides 

substantially higher ionization energy than electrospray 

ionization-MS/MS, matrix effects are significantly diminished, 

establishing ICP-MS/MS as a more robust alternative to traditional 

organic MS/MS approaches22. 

In a previous work, we developed an HPLC–ICP-MS/MS 

method for the determination of ETU and PTU in tomato, grape, 

and strawberry matrices. This included a surface extraction 

procedure and comprehensive method validation, yielding 

satisfactory performance characteristics and low limits of 

quantification10. 

In this study we extend the previous approach by validating a 

new method applied to more challenging matrices, such as plums, 

apricots, cherries broccoli and Brussels sprouts. Broccoli and 

Brussels sprouts were selected because they belong to the 

Brassicaceae family, which is characterized by a naturally high 

sulfur content due to the presence of sulfur-containing compounds 

such as glucosinolates. These matrices therefore represent 

challenging samples for sulfur-specific detection methods and are 

relevant targets for monitoring residues of sulfur-containing 

pesticides and their metabolites. Plum, apricot, and cherry were 

selected as representative stone fruits that are commonly 

consumed and routinely included in pesticide residue monitoring 

programs. Together, these commodities provide a diverse set of 

high-sulfur plant matrices with different compositions, allowing us 

to evaluate the robustness, selectivity, and applicability of the 

proposed method under realistic analytical conditions encountered 

in routine food safety laboratories. Furthermore, these crops are 

among agricultural commodities for which dithiocarbamate 

fungicides may be used, making ETU and PTU monitoring 

particularly relevant from a food safety perspective. 

Furthermore, instead of surface extraction, a homogenization 

step to enhance extraction robustness was performed. These 

changes introduced increased matrix interferences, necessitating 

an additional purification procedure to remove unwanted matrix 

components. The method was subsequently validated based on the 

analysis of two cabbage and three fruit matrices (plum, apricot, 

and cherry) using the accuracy-profile methodology, and 

performance criteria, including limits of quantification (LOQ), 

accuracy, repeatability, and intermediate precision, were 

thoroughly evaluated. 

EXPERIMENTAL 

Instrumentation. An ICP-MS/MS Agilent 8900 (Agilent 

Technologies, Courtaboeuf, France) was coupled online to an 

HPLC system (Bio-Inert InfinityLab 1260 I, Agilent Technologies) 

for the detection of ETU and PTU. Chromatographic separation 

was performed using an Aqua C18 reversed-phase column (3 µm, 

125 Å, 150 × 2 mm; Phenomenex, France). Chromatographic data 

were collected in Time-Resolved Analysis (TRA) mode using the 

MassHunter software package. The optimized operating 

parameters for the HPLC-ICP-MS/MS are summarized in Table 1. 

Reagents and standards. Analytical-grade reagents and ultrapure 

water (18.2 MΩ·cm, Milli-Q™ system, Merck Millipore, Saint-

Quentin-en-Yvelines, France) were used for all experiments. ETU 

(99.9%) and PTU (99%) standards were obtained from LGC 

Standards (Molsheim, France). Stock solutions of each compound 

(1.0 g L⁻¹) were prepared in HPLC-grade methanol (Sigma-

Aldrich, Saint-Quentin-Fallavier, France) and stored at -20 °C for 

one month maximum. Working solutions were freshly prepared 

on the day of analysis by diluting the stocks with 20% (v/v) methanol. 
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Table 1. Optimum operating conditions for the simultaneous determination 

of ETU and PTU in foodstuffs of vegetal origin by HPLC-ICP-MS/MS 

ICP-MS/MS 
Nebuliser Quartz concentric (Micromist) 400 µL min-1 

Spray chamber Scott-type double-pass water cooled 

RF power 1500 W 

Reflected power < 10 W 

Plasma gas flow 15 L min-1
 

Nebulizer gas flow 0.95-1.00 L min-1 

Auxiliary gas flow ~ 0.99 L min-1 

Acquisition mode MS/MS 

Reaction gas / flow Oxygen (O2) at 30% 

Isotopes and m/z 
monitored:  

32S → 32S16O (m/z = 48); 34S → 34S16O (m/z = 

50) 

HPLC 

Column 
Reversed phase (C18): Aqua® 3µm × 125 

Å×150 mm × 2 mm 

Injection volume  15 µL 

Column temperature  20 °C (room temperature) 

Mobile phase  MeOH 5% (v/v) 

Mobile phase flow rate  0.30 mL min-1 

Elution type isocratic 

High-purity argon (99.9995%) for ICP-MS and oxygen 

(99.9995%) used as collision/reaction gas, were supplied by Linde 

Gas (Montereau-Fault-Yonne, France). A multi-element tuning 

standard solution (10 mg L⁻¹ from Agilent) was employed to 

prepare a tuning mixture containing Li, Y, Tl, Co, and Ce at 1.0 ng 

mL⁻¹ to span a broad mass range, including sulfur. For the 

instrumental internal quality control of total sulfur measurements, 

the certified reference material SPS-SW2 Batch 132 (Spectrapure 

Standards, Oslo, Norway), designed for elemental analysis in 

surface waters, was analyzed daily. Anionic exchange solid phase 

extraction (AE-SPE) cartridges (Maxi-Clean SAX, 600 mg; 

S*pure, purchased from AIT, Cormeilles-en-Parisis, France) were 

used for sample purification. Cartridges were conditioned with 10 

mL of ultrapure water, followed by a 30-min equilibration step 

with 1 mL of water before use. Anionic cartridges were reused 

after reconditioning with 10 mL of 1.5 M ammonium acetate. 

Ammonium acetate (>99%) was purchased from VWR (Rosny-

sous-Bois, France).  

C18 SPE cartridges (Bond Elut C18; Agilent Technologies) 

were conditioned sequentially with 5 mL of methanol (100%) and 

5 mL of ultrapure water. All SPE procedures were performed 

using an SPE vacuum chamber. 

The HPLC system and analytical column were cleaned weekly. 

The cleaning procedure consisted of a 5-min flush with ultrapure 

water, followed by a 1-h flush with 200 mM HCl in 80% 

acetonitrile, a 1-h rinse with ultrapure water, and a final 30-min 

equilibration with the mobile phase. 

Analytical procedures. Fruits and vegetables were previously 

and stored at −20 °C. For each matrix, 0.2 g was weighed and 

spiked with 200 µL of an ETU-PTU mixture at 5 different 

concentrations: 10, 20, 40, 100 and 400 g L-1. Spiked samples 

were allowed to equilibrate for 30 min. 

Extraction was carried out following the QuPPe protocol. 

Briefly, 10 mL of methanol 100% were added to each spiked 

sample, followed by agitation of the blend during 10 min. Samples 

were then centrifuged at 4000 rpm for 10 min. The resulting 

supernatant was filtered sequentially through 5 µm and 0.45 µm 

filters and subsequently diluted fivefold. 

Extracts were further purified using an anionic SPE cartridge. 

Prior to use, the cartridges were conditioned with 10 mL of water; 

an additional 1.0 mL of water was then left in the cartridge for 30 

min. A 3.0 mL aliquot of each extract was loaded onto the SPE 

cartridge, and the purified eluate was transferred into an HPLC 

injection vial. Before analysis by HPLC-ICP-MS, the extracts 

were diluted 5-fold with ultra-pure water to decrease the 

concentration of methanol (at 20%, v/v) hence avoiding plasma 

instability. For each purification, a control sample was processed 

in parallel under identical flow and chamber conditions. Finally, 

the calibration range was prepared prior to each experiment in in 

the same solvent as the sample extracts final composition (MeOH 

at 20% (v/v)). 

RESULTS AND DISCUSSION 

Instrumental optimization. This study extends the methodology 

developed in a previous work10, in which ETU and PTU were 

determined in three different matrices: tomatoes, grapes and 

strawberries, following a surface extraction procedure. 

Specifically, the chromatographic separation was performed using 

a mobile phase containing MeOH at 5% (v/v), and the ICP-

MS/MS detection conditions were optimized using an O₂ flow rate 

of 30%. As previously demonstrated, O₂ was employed as the 

reaction gas in ICP-MS/MS to promote the oxidation of sulfur 

(³²S+ → ³²S¹⁶O+), in order to minimize spectral interferences during 

ETU and PTU determination. 

Sample clean-up by solid phase extraction (SPE). All food 

samples were initially grounded prior to spiking. This sample 

preparation step led to the release of a high number of sulfur-

containing species, which interfered with the detection of the 

target analytes. Therefore, a purification step was required. Sulfate 

(SO₄²⁻) and sulfite (SO₃²⁻) were selected as representative 

potentially interfering sulfur-containing species because they are 

among the most abundant inorganic sulfur species found in 

vegetable matrices. Moreover, most sulfur-containing species 

naturally occurring in fruits and vegetables are expected to be 

present in anionic form under the extraction conditions used in this  
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Fig. 1 Chromatograms obtained for the HPLC-ICP-MS/MS analysis of 

broccoli samples spiked at 500 g L-1, obtained without purification (blue) 

and after purification using an AE-SPE (orange colour); (a) shows the full 

chromatogram, while (b) presents a magnified view highlighting the target 

analytes. 

Table 2. Recovery factors obtained for the determination of ETU and 

PTU by HPLC-ICP-MS/MS in Brussels sprouts and plums depending on 

the methanol content in the extraction solvent 

Brussels sprouts ETU PTU 

MeOH 5% (v/v) 43% 61% 

MeOH 100% 97% 102% 

Plums ETU PTU 

MeOH 5% (v/v) 36% 46% 

MeOH 100% 90% 86% 

study. For this reason, anion-exchange SPE cartridges were 

employed during sample purification to selectively retain these 

species. 

Figure 1 presents the chromatograms obtained before and after 

the purification step for a broccoli sample spiked with ETU and 

PTU at 500 g L-1 (each species). 

Under the chromatographic conditions applied, sulfate, sulfite, 

and other retained ionic species elute in the void volume (see Fig. 

1a). Consequently, they are chromatographically separated from 

the target analytes and do not interfere with their detection. 

The AE-SPE effectively removed a significant proportion of 

interfering compounds and enabled the detection of ETU and PTU 

at retention times of 2.4 min and 4.0 min, respectively. However, 

initial recoveries were unsatisfactory (< 30%), being also highly 

dependent on the matrix. To investigate this issue, a control sample 

corresponding to a calibration point for both ETU and PTU at 100 

g L-1 was subjected to the same purification procedure, using the 

same chamber, and flow rate. Recoveries below 100% were also 

observed for this control, indicating partial retention of ETU and 

PTU by the SPE cartridge. Consequently, a control standard of 

ETU & PTU (100 g L-1) was included and analzed in each 

purification batch to correct for analyte losses. After correction, all 

recoveries were satisfactory, from now on all recoveries presented 

in this study are corrected recoveries. 

Extraction optimization. The QuPPe protocol conventionally 

employs MeOH 100% as the extraction solvent. However, direct 

injection of organic solvents in ICP-MS can lead to plasma 

instability and instrument shutdown. To address this limitation, an 

adapted QuPPe protocol using 5% MeOH was first evaluated, 

which was also consistent with the surface extraction protocol 

applied in a previous study 10. Briefly, samples were spiked, 

allowed to equilibrate for 30 min, extracted with MeOH 5% (v/v), 

and subsequently purified by AE-SPE. 

In parallel, extractions using MeOH 100% were performed. To 

ensure compatibility with ICP-MS analysis, the extracts were 

diluted fivefold prior to SPE purification, resulting in a final 

MeOH content of 20% (v/v), in addition to the dilution introduced 

by the mobile phase. 

Corrected recoveries of ETU and PTU in plums and Brussels 

sprouts are summarized in Table 2. The use of MeOH 100% as the 

extraction solvent resulted in consistently higher recoveries 

compared with 5% MeOH. Based on these results, MeOH 100% 

was selected as the extraction solvent for subsequent analyses. 

Method validation by means of the accuracy profile approach. 

Method validation was performed following the accuracy profile 

strategy described in the French standard NF V03-11024. More 

details can also be found in previous publications25-27. This 

approach simultaneously integrates the evaluation of systematic 

error (trueness) and random error, including repeatability and 

intermediate precision, across multiple concentration levels of the 

analytes in different matrices, thereby defining the method’s 

validity domain. Trueness can be assessed either by comparison 

with certified reference materials (CRM) or, when such materials 

are unavailable, as in the present study, by means of the recovery 

factors from the analysis of spiked samples. 

We acknowledge that validation through recovery studies 

cannot fully exclude residual systematic bias, as spiked analytes 

may not exactly reproduce the behavior of naturally incurred 

(a)

(b)
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compounds, particularly in complex sulfur-rich matrices where 

matrix effects may occur. This also highlights the importance of 

the present study in advancing the analytical knowledge available 

for the determination of ETU and PTU in such sulfur-rich matrices, 

thereby contributing to future method intercomparison and 

harmonization efforts. 

The validation was performed through four experimental series, 

each conducted in independent duplicates, using five real-life fruit 

and vegetable matrices spiked at different five concentration levels. 

The independent replicate refers to independent sample per 

concentration level and per matrix undergoing the whole sample 

preparation procedure. The experiments were carried out over four 

days distributed across several weeks. 

Level 1 consisted an apricot extract spiked at 10 g L-1, level 2 

of Brussels sprouts sample spiked at 20 g L-1, level 3 of cherries 

at 40 g L-1, level 4 of plums at 100 g L-1, and level 5 of broccoli 

at 400 g L-1. 

The acceptability limit (λ) was defined as 30% for both ETU 

and PTU, whereas the tolerance limits (β-expectation interval) 

were established at 80-120% for these analytes. The validated 

concentration range extended from 10 to 400 µg L⁻¹ (10, 20, 40, 

100, and 400 µg L⁻¹, respectively) for both ETU and PTU. The 

method development performance criteria are summarized in 

Table 3. 

Figure 2a shows the accuracy profile obtained for ETU. The 

recoveries observed at the different concentration levels were 

generally close to 80%, with values of 82% at level 1, 88% at level 

2, 73% at level 3, 87% at level 4, and 73% at level 5. In accordance 

with the recommendations of the new French standard NF V03-

11024, a correction factor was applied to adjust the accuracy profile, 

as a systematic under-recovery was observed across all levels. The 

corrected accuracy profile is presented in Fig. 2b. 

It is worth emphasizing that the correction factor applied to 

compensate for ETU/PTU losses during the anion-exchange SPE 

step was determined on a daily basis from replicate recovery 

experiments performed within each analytical sequence. 

Consequently, its day-to-day variability was inherently included in 

the evaluation of the method's intermediate reproducibility and 

was therefore integrated into the overall method performance and 

uncertainty estimation through the accuracy profile approach. 

Indeed, for simplicity, a single standard deviation was used for this 

purpose. However, its applicability to the analysis of spiked 

samples at different concentration levels, as performed during the 

construction of the accuracy profile, was found to be highly 

satisfactory. After correction, the recoveries reached 98%, 106%, 

87%, 104%, and 88% for levels 1 to 5, respectively. Based on this 

profile, the accuracy of the method for ETU was validated over the 

entire validity range, allowing a limit of quantification (LOQ) of  

Table 3. Analytical performance characteristics of the HPLC-ICP-

MS/MS method for the simultaneous determination of ETU and PTU in 

foodstuffs of vegetal origin 

Parameter Value/Range 

Linear range (µg L-1) 10−1000 

Linearity (R) ETU: 0.998 (*) 

MeOH 5% (v/v) PTU: 0.997 (*) 

Calibration equation 
ETU: y=5337x – 42989 (*) 

PTU:  y=4571x – 36074 (*) 

Recovery factor (%) ETU: 87-106; PTU: 91-102 

Spiking levels (µg L-1) 10 - 400 (5 different levels) 

Extraction solvent MeOH 100% (v/v) 

* The statistical parameters associated with the external calibration are 

reported as mean values derived from calibration curves constructed from 

the analysis of each calibration standard in duplicate on four separate days. 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Accuracy profiles obtained for the determination of ETU without 

AE-SPE clean-up (a) and when applying AE-SPE clean-up (b) by HPLC-

ICP-MS/MS at five levels (of spiking) in five matrices: apricot (10 µg L-1), 

Brussel sprouts (20 µg L-1), cherries (40 µg L-1), plums (100 µg L-1) and 

broccoli (400 µg L-1) (β = 80% and λ=30%). Note: 1+λ=upper acceptance 

limit and 1–λ=lower acceptance limit; +β: upper tolerance limit; -β: lower 

tolerance limit. 

10 g L-1 to be established. It is worth to note that within this 

approach, the LOQ is defined as the lowest validated 

concentration and corresponds to the concentration at which the β-

expectation tolerance intervals intersect the predefined 

acceptability limits. Importantly, the accuracy profile was 

constructed from analyses of spiked food samples rather than 

standard solutions. Consequently, the resulting LOQs inherently 

account for matrix-related effects, including extraction recovery, 

matrix-induced signal variations, and overall method performance 
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in the tested food matrix. Therefore, the reported LOQs reflect 

method-specific quantification capabilities under matrix 

conditions and are more representative of practical analytical 

performance than solution-based limits alone. Nevertheless, we 

acknowledge that matrix effects may vary among different food 

categories. A comprehensive assessment of matrix-dependent 

performance across a wider range of food matrices was beyond the 

scope of the present study, which primarily focused on method 

development and validation. 

The coefficient of variation under repeatability conditions (CVr) 

ranged from 4.3% to 12.9%, while the coefficient of variation for 

intermediate precision (CVR) varied from 6% to 12.9%. 

Figure 3 illustrates the accuracy profiles obtained before 

correction (Fig. 3a) and after correction (Fig. 3b). As also observed 

for ETU, the method was validated across the entire validity range 

for PTU, leading to the establishment of a LOQ of 10 g L-1. 

The coefficient of variation under repeatability conditions (CVr) 

ranged from 2.6% to 16.1%, while the coefficient of intermediate 

precision (CVR) varied between 9.0% and 16.1%. 

It is worth to highlight that the correction factor applied to 

compensate for ETU/PTU losses during the anion-exchange SPE 

step was determined on a daily basis from replicate recovery 

experiments performed within each analytical sequence. 

Consequently, its day-to-day variability was inherently included 

in the evaluation of the method intermediate reproducibility and 

therefore integrated into the overall method performance and 

uncertainty estimation through the accuracy profile approach. We 

nevertheless acknowledge that the assumption of comparable 

analyte losses across matrices and concentration levels may 

represent a limitation of the approach. In the present study, the 

correction strategy was evaluated on several representative sulfur-

rich matrices and over the investigated concentration range, for 

which comparable recovery behavior was observed. However, 

matrix-dependent variations cannot be fully excluded, particularly 

for naturally incurred samples presenting different 

physicochemical characteristics. 

When comparing these results with those from the previous 

study10, in which the validation was performed on fruit matrices 

(strawberries, tomatoes, and grapes) using a surface extraction 

approach, comparable performance is observed. In that study, the 

LOQ for ETU was 21.4 µg/L, with CVr values ranging from 1% 

to 4.7% and CVR values from 3.4% to 19.5%. For PTU, the LOQ 

was 10 µg/L, while CVr ranged from 1.8% to 3.9% and CVR from 

1.8% to 10.8%. A comparison of the performance characteristics 

of both methods is presented in Table 4.  

Overall, the newly developed method demonstrates similar or 

even improved analytical performance, despite the increased 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Accuracy profiles obtained for the determination of PTU without 

AE-SPE clean-up (a) and when applying AE-SPE clean-up (b) by HPLC-

ICP-MS/MS at five levels (of spiking) in five matrices: apricot (10 µg L-1), 

Brussel sprouts (20 µg L-1), cherries (40 µg L-1), plums (100 µg L-1) and 

broccoli (400 µg L-1) (β = 80% and λ=30%). Note: 1+λ=upper acceptance 

limit and 1–λ=lower acceptance limit; +β: upper tolerance limit; -β: lower 

tolerance limit. 

Table 4. Comparison of analytical performance characteristics of the 

methods for the simultaneous determination of ETU and PTU in foodstuffs 

of vegetal origin by HPLC-ICP-MS/MS by surface extraction a and QuPPe 

extraction.b 

Parameter Surface Extraction QuPPe extraction  

Matrix 
Tomatoes; Strawberries; 

Grapes 

Apricot Plums 

Cherries Broccoli 

Brussel Sprouts 

Recovery 

factor (%) 
ETU: 87 – 101; PTU: 98-99 

ETU: 87-106; PTU: 

91-102 

CVr 

ETU: 1% to 4.7%; PTU: 

1.8% to 3.9% 

ETU: 4.3% to 

12.9%; PTU: 2.6% 

to 16.1% 

CVR 

ETU: 3.4% to 19.5%; PTU: 

1.8% to 10.8% 

ETU: 6% to 12.9%; 

PTU:  9% to 16.1% 

LOQ (µg L-1) ETU: 21.4 ; PTU: 10 ETU and PTU: 10 

a Bendhiab et al., 2024 10; b : this work. 

complexity of the matrices analyzed. In particular, the sulfur-

rich nature of the matrices and the extraction procedure resulted in 

a higher level of sulfur-based interferences. Furthermore, this 
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method was successfully validated not only for cabbages (sulfur-

rich matrices) but also for fruit matrices such as apricots, cherries, 

and plums. This broader validation across diverse matrices 

indicates that the method is suitable for application to a wide range 

of fruits and vegetables. 

A limitation of ICP-MS/MS-based heteroatom speciation 

analysis is the identification of unknown species, particularly 

when dealing with complex biomolecules such as heteroatom-

containing proteins for which analytical standards are unavailable. 

While ICP-MS/MS provides highly sensitive and selective 

element-specific detection, it generally does not provide sufficient 

structural information for unequivocal species identification. In 

such cases, complementary molecular mass spectrometric 

techniques, such as HPLC coupled to electrospray ionization 

tandem mass spectrometry (HPLC-ESI-MS/MS), are required to 

obtain structural information and confirm species identity, as 

previously reported by other authors21. 

CONCLUSION 

In this study, a robust analytical method was successfully 

developed and validated for the determination of ethylenethiourea 

(ETU) and propylenethiourea (PTU) in a variety of plant-derived 

matrices using HPLC-ICP-MS/MS. The primary objective of the 

present work was the development and validation of an analytical 

method for the determination of ETU and PTU in complex sulfur-

rich fruit and vegetable matrices, rather than the monitoring of 

real-world contamination levels.  

The method demonstrated reliable performance for both sulfur-

rich matrices, such as cabbages (broccoli and Brussels sprouts), 

and fruit matrices (cherries, plums, and apricots). A novel 

extraction and purification procedure based on anion-exchange 

solid-phase extraction was developed and validated, providing 

efficient clean-up despite the high sulfur content and associated 

matrix interferences. 

The results indicate that this approach offers good accuracy, 

precision, and sensitivity across a broad range of matrices, 

suggesting that it can be easily extended to other vegetal matrices. 

Furthermore, the successful application of ICP-MS/MS detection 

highlights the potential of this analytical technique for the 

determination of organic contaminants containing other 

heteroatoms, such as Cl, Br, I, P, etc. 

The study was mainly based on spiked samples, which allowed 

controlled evaluation of extraction efficiency, matrix effects, 

precision, and trueness over the targeted concentration range. The 

matrices used for method development and validation were 

nevertheless representative of routinely consumed fruits and 

vegetables. In addition, no ETU or PTU concentrations above the 

method quantification limits were measured in the samples used 

during method development and validation. This point has now 

been clarified in the revised manuscript. 

Finally, this work opens also new perspectives for the 

development of selective and sensitive ICP-MS-based methods 

for the determination of ETU and PTU in challenging food 

matrices using truly species-specific isotope dilution ICP-MS 

provided the availability of ETU and PTU spikes. 
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