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A B S T R A C T

Glucosinolates are widely consumed specialized metabolites predominantly found in the Brassicaceae family. 
Existing analytical methods typically target only specific subsets of glucosinolates and therefore lack the 
versatility required for comprehensive glucosinolate screening. Hence, there is a gap in analytical methods 
targeting glucosinolates that can detect any glucosinolate within a given matrix. In this study, targeted com
pound group‑specific multiple reaction monitoring (MRM) and parallel reaction monitoring (PRM) methods 
were developed and validated for comprehensive qualitative and quantitative profiling of glucosinolates. Among 
all glucosinolate group-specific fragment ions evaluated, five (m/z 96, 97, 241, 259, and 275) were selected for 
product ion optimization and method validation. Of the fifteen transitions selected for method validation, four 
were retained in the final MRM method based on sensitivity and selectivity. Additionally, the performances of the 
group-specific methods were compared against simultaneously created compound-specific MRM methods. 
Although the more traditional compound‑specific methods offered slightly improved sensitivity, they were 
limited to detect only individual glucosinolates. While detecting whole glucosinolate groups, the group‑specific 
MRM methods showed lowest limits of detection (LOD) ranging from 11.5 to 87.3 ng/mL, and the upper limits of 
quantitation (ULOQ) from 2.5 to 55 µg/mL. High‑resolution group-specific PRM methods enabled accurate 
glucosinolate characterization and yielded LODs for the best precursor ion m/z 259 between 44.1 and 473.6 ng/ 
mL, with ULOQs ranging from 8 to 50 µg/mL. Application of the methods demonstrated their capability to detect 
51 distinct glucosinolates across 19 plant species.

1. Introduction

Glucosinolates are a well-documented group of specialized metabo
lites produced predominantly by plants in the order Brassicales, espe
cially within the Brassicaceae family, including important crops such as 
cabbage (Brassica oleracea), rapeseed (Brassica napus), and mustard 
(Sinapis alba). They play essential roles in food chemistry and in plant 
defense through their hydrolysis products. In addition, glucosinolates 
and their degradation products have been associated with potential 
health-promoting properties, including anticancer, antimicrobial, and 
anti-inflammatory effects [1]. However, their abundance varies signifi
cantly between species and even among plant tissues. On average, they 
constitute approximately 1% of plant dry weight [2], although excep
tionally high levels, up to 25% of dry weight, have been reported in 
moringa tree (Moringa oleifera) [3]. To address this variability and 
enhance the potential health benefits of glucosinolates, breeding stra
tegies have been developed to increase the glucosinolate content in 

cultivars [4].
Structurally, glucosinolates share a common core structure consist

ing of a β-D-thioglucose moiety and a sulfonated oxime group, while 
their structural diversity arises from variable side chains. They can be 
classified into three major subgroups based on their amino acid pre
cursors and structural features: aliphatic, aromatic, and indole glucosi
nolates (Fig. 1). These subclasses originate from at least ten different 
amino acids. Specifically, indole glucosinolates are mainly derived from 
tryptophan, aromatic glucosinolates predominantly from phenylalanine 
or tyrosine, and aliphatic glucosinolates primarily from methionine, 
valine, leucine, or isoleucine [5,6]. The diversity of precursor amino 
acids and side group modifications contribute to the wide structural 
variability observed within this compound family. To date, over 130 
naturally occurring glucosinolates have been identified in plants [5,7,8].

Traditionally, glucosinolates have been analyzed by UV detection at 
wavelengths between 225 and 235 nm [9–12], although this approach is 
hindered by limited sensitivity and selectivity. The application of mass 
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spectrometry has significantly advanced glucosinolate analysis, with 
tandem mass spectrometry (MS/MS) becoming the standard for both 
qualitative and quantitative applications [13–20]. Their analyses can be 
conducted in either positive or negative ion mode, depending on 
whether glucosinolates are measured in their intact form or after 
desulfonation [14,21]. Although positive ionization has been applied 
successfully, the desulfonation process has been shown to be laborious 
and time-consuming [10,13,15,22–25]. Due to the complexity of the 
desulfonation process and the anionic nature of the sulfonate group 
(Fig. 2), negative ionization has become the preferred mode for gluco
sinolate detection [3,11,13–17,26–42]. In addition, several diagnostic 
fragments, including sulfuric acid and glucose 1-thiosulfate anions 
(Fig. 2), are exclusively observed in negative ion mode [14,15].

Negative ionization plays a central role in glucosinolate analysis, as 
shown by its widespread use in the literature, where hydrogen sulfate 
ion (m/z 97), along with its related fragments (Fig. 2A) are the most 
commonly employed product ions in MS analysis [14,17,26,30,31,37,
38,40,42,43]. However, despite their high abundance, these ions lack 
specificity to glucosinolates as they can also originate from other 
sulfate-containing compounds via cyclic syn-elimination [44]. There
fore to improve selectivity, glucosinolate-specific fragments such as m/z 
259 and 195 (Fig. 2B) have been utilized as product ions in 
compound-specific multiple reaction monitoring (MRM) assays [29,45]. 
Furthermore, glucosinolates have been shown to produce characteristic 
compound-specific fragments, including consistent neutral losses such 
as [M− 242− H]− (Fig. 2C) and [M− 196− H]− or [M− 193− H]− [7,14,
18]. These unique fragmentation patterns form the foundation for tar
geted detection strategies commonly implemented through MRM 
approaches.

MRM methods have become widely used in quantitative analyses due 
to their high sensitivity and reproducibility. Yet, existing MRM methods 
for glucosinolates rely on compound-specific approaches, limiting 
detection only to a subset of compounds [10,13,16,29–31,36,38,42,45]. 

To overcome this limitation of compound-specific methods, 
group-specific strategies have been employed to other specialized me
tabolites [46–49]. These approaches utilize characteristic fragment ions 
shared within structural classes or specific subsets enabling broader 
detection without compound-specific optimization. However, the 
low-resolution MRM limits its scope, prompting interest in 
high-resolution alternatives such as parallel reaction monitoring (PRM).

High-resolution MS/MS methodologies have introduced PRM as a 
powerful alternative to traditional MRM methods [50]. While PRM is 
widely used in proteomics, its application in plant metabolomics has 
gradually increased over the past decade [18,39,51–53]. Unlike MRM, 
PRM generates an MS/MS spectrum of all fragment ions for each pre
cursor ion, requiring careful validation of compound identification. 
However, by utilizing ubiquitous glucosinolate fragments such as m/z 
74.99, 96.96, and 259.01, accurate detection by PRM is possible [18]. 
Although PRM offers enhanced accuracy and structural confirmation, it 
has not yet been systematically applied to glucosinolate profiling, 
particularly with group-specific detection strategies.

In this study, we present novel group-specific UHPLC-MS/MS 
methods for the detection and quantitation of glucosinolates. The 
methods were developed for triple quadrupole MS (TQ-MS) and hybrid 
Q-Orbitrap-MS instruments, utilizing MRM and PRM methodologies, 
respectively. We describe the advantages and limitations of both ap
proaches: the high-speed but lower-resolution TQ-MS and the slower yet 
highly accurate Orbitrap system. Method validation was performed to 
ensure analytical robustness and the applicability of the methods was 
demonstrated using extracts of 19 plant species. These methods aim to 
overcome limitations of the compound-specific methods by employing 
ubiquitous glucosinolate fragments as precursor ions, enabling broader 
detection across the entire compound group. This strategy provides a 
rapid, sensitive, and robust framework for glucosinolate analysis while 
supporting the identification of previously uncharacterized compounds.

Fig. 1. Example structures of glucosinolates, where 1, 2, and 6–9 are aliphatic glucosinolates, 16 and 20 are aromatic glucosinolates, and 23 is an indole gluco
sinolate. Corresponding compound numbers are listed in Table 1.
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2. Materials and methods

2.1. Chemicals and reagents

Acetonitrile (Fisher Chemical, Waltham, MA, USA), LC-MS grade 
formic acid (VWR, Radnor, PA, USA), and ultrapure water (Merck Mil
lipore Synergy UV instrument) were used in the UHPLC-MS analyses. 3 
mM aqueous HCl used for sample dissolution was prepared from 
analytical grade hydrochloric acid (34%, V/V) obtained from VWR 
(Radnor, PA, USA). All standards were purchased from Extrasynthese 
(Genay, Bourgogne, France) (Fig. 3 and Table 1).

2.2. Plant materials

Plant materials were collected from the Botanical Garden of the 
University of Turku (Ruissalo, Turku, Finland). The plant materials 
collected were leaves of Brassica juncea 'Bloody Mary', B. juncea 'Crimson 
Red', B. juncea, B. juncea 'Moutarde Rouge Métis', Brassica rapa, B. rapa 
'Tatsoi Red', B. rapa subsp. nipposinica, Brassica napus, Brassica nigra, 
Camelina sativa, Sinapis alba, Eruca sativa, Eruca vesicaria, Rhampho
spermum arvense, Arabis caucasica, Iberis pruitii, Crambe maritima, Draba 
hispanica, Raphanus sativus var. niger, and Lepidium sativum. The plant 
materials were frozen after collection and freeze-dried with Christ Beta 
2–8 LD plus (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode 
am Harz, Germany) overnight or until completely dry. The dried ma
terial was ground into a fine homogeneous powder using a ball-mill.

Matrix effects were evaluated using a plant extract mixture con
taining leaves of Vaccinium vitis-idaea, Geranium sylvaticum, Rubus cha
maemorus, Betula pubescens, Quercus robur, Rubus idaeus, and Pinus 
sylvestris, as well as flowers of Lysimachia vulgaris and Trifolium medium. 
Additionally, the methods were tested for selectivity and specificity 
measurements with a plant extract mixture containing leaf extracts of 
Filipendula ulmaria, Punica granatum, Geum urbanum, Terminalia chebula, 
Rosa spinosissima ‘Plena’, Lythrum salicaria, Rosa rugosa, and Salix phy
licifolia, together with needle extract of Pinus sylvestris.

2.3. Sample extraction and preparation

Freeze-dried and ground plant samples (20 mg) were weighed into 2 
mL Eppendorf tubes. 1400 µL acetone/water (80/20, V/V) was added to 
each tube, followed by vortexing briefly prior to overnight maceration at 
4 ◦C. After maceration, tubes were shaken for 3 h using a planar shaker, 
centrifuged, and supernatants were transferred to new 2 mL Eppendorf 
tubes. Supernatants were evaporated to remove acetone. Remaining 
extraction residue was re-extracted with an additional 1400 µL of 

acetone/water (80/20, V/V) as above and sample-specific supernatants 
were pooled. Pooled extracts were concentrated until all acetone was 
evaporated. Extracts were frozen and freeze-dried overnight. Dried 
residues were reconstituted in 1000 µL of 3 mM aq. HCl solution. Prior to 
UHPLC-DAD-MS analysis, samples were filtered through 0.20 µm poly
tetrafluoroethylene (PTFE) syringe filters.

Standards (1 mg) were weighed and dissolved in 3 mM aq. HCl so
lution. Effect of solvent on analyte responses was evaluated using 
UHPLC-DAD-TQ-MS, confirming that 3 mM aq. HCl solution did not 
influence analyte signals compared to ultrapure water.

2.4. UHPLC-DAD-ESI-TQ-MS

MRM methods were developed using a Waters Xevo® triple quad
rupole (TQ) mass spectrometer (Waters Corp., Milford, MA, USA) 
coupled to a Waters Acquity ultra-performance liquid chromatography 
(UPLC™) system (Waters Corp., Milford, MA, USA). The UPLC™ system 
consisted of a binary pump, column oven, diode array detector (DAD), 
and an autosampler equipped with a 5 µl loop injector. Chromatographic 
separation was performed using an Acquity UPLC® BEH C6-Phenyl 
column (2.1 × 100 mm, 1.7 µm particle size; Waters Corp., Wexford, 
Ireland). The flow rate was set to 0.500 mL/min. The gradient elution 
was performed using two mobile phases: acetonitrile (A) and 0.1% 
aqueous formic acid (B). The gradient was as follows: 0–0.5 min, 0.1% A; 
0.5–5.0 min, linear increase from 0.1% to 30% A; 5.0–6.0 min, linear 
increase from 30% to 35% A; 6.0–9.5 min, column washing and re- 
equilibration. Ultraviolet-Visible (UV–Vis) data were acquired in 
wavelength range of 190–500 nm. In addition to the gradient methods, 
2- and 3-min isocratic methods were used, employing 30% acetonitrile 
(A) as the mobile phase, for CV and CE optimizations. Analyses were 
performed either from 700 µL round-bottom 96-well plates or from 200 
µl glass inserts. The injection volume was 5 µL. In negative electrospray 
ionization mode (ESI− ), the full scan mass-to-charge (m/z) range was set 
to 50–1200 Da. The ionization was achieved with a capillary voltage of 
1.80 kV and a cone voltage of 30 V. The desolvation gas flow rate was set 
to 1000 l/h and the cone gas flow to 100 l/h, both using nitrogen. The 
ion source temperature was set to 150 ◦C, the desolvation gas temper
ature to 650 ◦C, and the ion guide voltage to 3.00 V. Argon was used as 
the collision gas. The column oven temperature was maintained at 40 ◦C 
and the sample manager at 20 ◦C.

2.5. UHPLC-DAD-HESI-Q-Orbitrap-MS

PRM methods were developed utilizing a high-resolution hybrid 
quadrupole-Orbitrap tandem mass spectrometer (Q Exactive™, Thermo 

Fig. 2. Glucosinolate fragmentation illustrated with gluconapin, where A shows the fragmentation of hydrogen sulfate and its fragments, B shows thioglucose and 
sulfate structure along with their fragments, and C shows the compound-specific fragment M− thioglucose− sulfur trioxide ([M− 242− H]− ).
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Fisher Scientific GmbH, Bremen, Germany) coupled to a UPLC™ system 
(Waters Corp., Milford, MA, USA). The UPLC™ system consisted of a 
binary pump, column oven, diode array detector (DAD), and an auto
sampler equipped with a 5 µl loop injector. Two lengths of analytical 
columns were used: Acquity UPLC® BEH C6-phenyl column (Waters 
Corp., Wexford, Ireland) with dimensions of 2.1 × 30 mm and 2.1 × 100 
mm, both with a particle size of 1.7 µm. A flow rate of 0.500 mL/min was 
used for the 100 mm column and 0.650 mL/min for the 30 mm column. 
The gradient for 100 mm column is described in Section 2.4. and the 
gradient for 30 mm column was as follows: 0–0.1 min, 1% A; 0.1–3.8 
min, linear increase from 1% to 33% A; 3.8–5.0 min, column washing 
and re-equilibration. UV–Vis data were acquired in wavelength range of 
190–500 nm. Sample injections (5 µL) were performed from either 700 
µL round-bottom 96-well plates or from 200 µl glass inserts. Mass 
spectrometric data were acquired using negative ion mode with heated 
electrospray ionization (HESI− ). Full scan/dd-MS2 (TopN) method was 
employed, where the full scan data were collected over a m/z range of 
50–750 Da with a resolution of 70,000. In addition to full scan 

acquisition, a data dependent MS2 (dd-MS2) method was employed for 
the three most intense ions, which were selected for fragmentation at 
three different normalized collision energies (NCE) (30, 50, and 80 eV). 
The resolution for TopN data acquisition was set to 17,500. The group- 
specific PRM method was also performed at a resolution of 17,500. In 
the HESI source, the capillary temperature was set to 380 ◦C. The sheath 
gas flow rate was set to 60 units and the auxiliary gas flow rate to 20 
units. Both gases were nitrogen. The spray voltage was 3.80 kV and the 
auxiliary gas heater temperature was 300 ◦C. The column oven was 
maintained at 40 ◦C and the sample manager at 20 ◦C.

2.6. Method development and validation

MRM methods cone voltages (CV) and collision energies (CE) were 
optimized using 100 µg/mL standard solutions. Optimization was based 
on peak height or peak area using MassLynx software (version V4.2 
SCN982, Waters). CVs were evaluated at six voltages from 20 to 120 V in 
20 V increments and CEs across nine energy levels, ranging from 10 to 

Fig. 3. Compounds utilized in the study. Corresponding compound numbers are listed in Table 1.

V. Fock et al.                                                                                                                                                                                                                                    Journal of Chromatography A 1775 (2026) 466913 

4 



50 eV in 5 eV increments. Additionally, further CE testing was per
formed using MRM methods with collision energies ranging ±10 eV 
around the optimized value, in 5 eV increments within 10–40 eV range. 
For the PRM methods, collision-induced dissociations (CID) and 
normalized collision energies (NCEs) were optimized using 16–20 µg/ 
mL standard solutions. CIDs were evaluated at six energy levels (0–100 
eV, 20 eV increments) and NCEs between 20 and 120 eV (20 eV in
crements). Optimizations were carried out in Xcalibur Qual Browser 
software (version 4.1.31.9, Thermo Fisher Scientific) based on peak 
height intensity.

The MRM and PRM methods were validated using 11 calibration 
points between 193 pg/mL and 100 µg/mL. Validation included limits of 
detection (LOD), limits of quantification (LOQ), and upper limits of 
quantitation (ULOQ). LOD and LOQ were calculated using equations 3.3 
× σ/S and 10 × σ/S, respectively, where σ represents the standard error 
of y-intercept and S the slope of the calibration curve [54]. These values 
were calculated from the linear range using the LINEST function in 
Microsoft Excel (version 1808). The ULOQ was determined by visual 
inspection and evaluation of heteroscedasticity [54–56]. Repeatability 
was evaluated with ten replicate injections: 1 µg/mL for the TQ-MS and 
2 µg/mL for the HR-MS. Precision was expressed as relative standard 
deviation (RSD). In dilution series and repeatability tests, standard 
compounds 2, 4, 5, 11, 15, and 23 (Table 1) at 20 µg/mL were used as 
quality control samples. Matrix effect were calculated using equation 
ME (%) = B/A × 100, where A represent the peak area of analyte in pure 
solution sample and B the peak area of analyte in matrix-spiked sample 
[57]. Matrix effects were evaluated in high-concentration range, i.e., the 
four highest measurement points (~8–100 µg/mL), and in 
medium-concentration range, the fifth highest measurement point (~ 3 
µg/mL). Matrix effect and repeatability measurements were used to 
evaluate the reliability of the quantitative performance. Accuracy and 
robustness assessments were not included.

3. Results and discussion

3.1. Characterization of glucosinolates

Glucosinolate analysis started by finding the most suitable ionization 
mode. Based on UHPLC-MS measurements, negative ionization provided 
higher signal intensity and produced distinctively characteristic frag
ment ions compared to positive ionization. This observation aligns with 
previous reports where intact glucosinolates have been analyzed 

predominantly in negative ion mode [3,11,13–18,22,26–31,40–42]. In 
ESI− , the mass spectra displayed the deprotonated molecule [M− H]−

without adduct formation and showed abundant group-specific frag
ments at m/z 275, 259, 241, 97, 96, 80, and 75 (Fig. 1) [14,29]. 
Conversely, positive ionization did not yield the protonated molecule 
ion [M+H]+ or any related adducts for all compounds. Although 
[M+H]+ was often absent, the adduct [M− 242+H]+, i.e., loss of sulfur 
trioxide and thioglucose, was consistently observed at a CV of 20 V [11].

Moreover, utilizing negative ionization enabled the accurate char
acterization of glucosinolates, even for isobaric compounds (Fig. 4). For 
example, 4-methoxyglucobrassicin and neoglucobrassicin were distin
guished not only by retention time but also by the fragment ion m/z 446 
[M− CH3O− H]− which is absent in the 4-methoxyglucobrassicin spec
trum (Fig. 4A) [11,17,29]. Similarly, although pairs such as gluconas
turtiin/glucoiberin (mass difference 78 ppm), 
glucoberteroin/glucoraphenin (84 ppm), and glucolimnanthin/glu
cocheirolin (75 ppm) differ in exact mass, they also produce distinct 
fragments, allowing differentiation even with low-resolution MS 
(Fig. 4). Notably, glucolimnanthin and glucocheirolin exhibited differ
ences only in ion ratios and in the low abundance m/z 420 fragment ion 
(Fig. 4D). The only isobaric compound pair that could be distinguished 
solely by retention time and not by MS were epiprogoitrin and progoi
trin (S- and R-isomers, respectively).

On the other hand, UV-spectroscopic detection has also been applied 
for the detection of glucosinolates [9–12]. However, due to weak 
chromophores [58], their UV signals are often overlapped by other 
compounds in the matrix, limiting their applicability in many matrices. 
Interestingly, UV spectral data obtained from pure standard solutions 
revealed distinguishable patterns among glucosinolate subclasses, 
allowing for their differentiation (Fig. S1). Aliphatic glucosinolates 
typically exhibit a maximum absorbance in the range of 225–230 nm, 
occasionally accompanied by an additional band near the wavelength 
range 190–195 nm. Aromatic glucosinolates typically exhibit a 
maximum around 190–200 nm, and depending on the substituent, 
additional absorption bands may appear between 220 and 230 nm and 
270–280 nm, as observed in compounds such as glucomoringin, gluco
limnanthin, and sinalbin, which contain either a hydroxyl group or an 
ether linkage in the benzene ring. In contrast, aromatic glucosinolates 
with only a benzyl side group, such as gluconasturtiin and gluco
tropaeolin, display a maximum near 195 nm, followed by a gradual 
decrease in absorbance toward wavelength 250 nm. Indole glucosino
lates, on the other hand, exhibit a maximum around 220–225 nm and a 

Table 1 
Compounds used in the study and their corresponding numbers, subgroups, side groups, trivial names, and molecular masses (Da).

Number Subgroup Side group Trivial name Molecular mass (Da)

1 Aliphatic but-3-enyl Gluconapin 373.4
2 Aliphatic (Rs)-4-(methylsulfinyl)butyl Glucoraphanin 437.5
3 Aliphatic ethyl Glucolepidiin 347.4
4 Aliphatic (Rs)-9-(methylsulfinyl)nonyl Glucoarabin 507.6
5 Aliphatic pent-4-enyl Glucobrassicanapin 387.4
6 Aliphatic 5-(methylthio)pentyl Glucoberteroin 435.5
7 Aliphatic (S)-2‑hydroxy‑but-3-enyl Epiprogoitrin 389.4
8 Aliphatic 3-(methylsulfonyl)propyl Glucocheirolin 439.5
9 Aliphatic (Rs)-3-(methylsulfinyl)propyl Glucoiberin 423.5
10 Aliphatic (R)-2‑hydroxy‑but-3-enyl Progoitrin 389.4
11 Aliphatic (Rs)-10-(methylsulfinyl)decyl Glucocamelinin 521.7
12 Aliphatic (Rs)-4-(methylsulfinyl)but‑3-enyl Glucoraphenin 435.5
13 Aliphatic 4-(methylthio)butyl Glucoerucin 421.5
14 Aliphatic prop-2-enyl/allyl Sinigrin 359.4
15 Aliphatic (Rs)-11-(methylsulfinyl)undecyl Homoglucocamelinin 535.7
16 Aromatic 4-(α-L-rhamnopyranosyloxy)benzyl Glucomoringin 571.6
17 Aromatic 3-methoxybenzyl Glucolimnanthin 439.5
18 Aromatic phenethyl/2-phenylethyl Gluconasturtiin 423.5
19 Aromatic benzyl Glucotropaeolin 409.4
20 Aromatic 4-hydroxybenzyl Sinalbin 425.4
21 Indole 4-methoxyindol-3-ylmethyl 4-Methoxyglucobrassicin 478.5
22 Indole 1-methoxyindol-3-ylmethyl Neoglucobrassicin 478.5
23 Indole indol-3-ylmethyl Glucobrassicin 448.5
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secondary, less intense absorption band within the 260–300 nm region.
Most of the glucosinolates could also be differentiated based on 

retention times. The retention times ranged from 0.85 to 5.04 min 
(Table 2) under the gradient described in Section 2.4. Aliphatic gluco
sinolates showed the shortest and longest retention times, reflecting 
increased hydrophobicity with longer side chains. Indole glucosinolates 
eluted between 3.23 and 4.45 min, with glucobrassicin exhibiting the 
shortest retention time due to its ether linkage. Aromatic glucosinolates 
eluted between 1.82 and 3.65 min, with sinalbin (hydroxyl group) 
showing the shortest retention time and gluconasturtiin (phenethyl side 
chain) the longest (Fig. 3, Table 2).

3.2. MRM method development

Multiple reaction monitoring (MRM) methods were developed on 
Waters Xevo triple quadrupole mass spectrometer for both group- 
specific and compound-specific analyses. The compound-specific 
methods were developed to evaluate the performance of the group- 
specific methods in comparison with the conventional compound- 
specific approaches. For the group-specific approach, fragment ions 
m/z 275, 259, 241, 97, and 96 (Fig. 1), as well as m/z 80 and 75, were 
initially selected as precursor ions. For compound-specific methods, the 
most abundant ion, which in all cases was the deprotonated molecular 
ion, was chosen as the precursor (Table S1).

Group-specific cone voltage (CV) optimization revealed only minor 
differences among the compounds (Fig. S2). For example, gluconapin, 

Fig. 4. Differences between 4-methoxyglucobrassicin (upper) and neoglucobrassicin (lower) (A), gluconasturtiin (upper) and glucoiberin (lower) (B), glucoberteroin 
(upper) and glucoraphenin (lower) (C), and glucolimnanthin (upper) and glucocheirolin (lower) (D) in TQ-MS full scan spectra.
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glucolepidiin, glucobrassicanapin, epiprogoitrin, glucoiberin, progoi
trin, and sinigrin exhibited maximum responses at CVs of 40 V for m/z 
275 and 259, respectively, while their responses at 60 V still exceeded 
80% of the maximal response. These compounds were among the 
smallest in molecular weight (Table 2), except for glucoiberin. For m/z 
97, only one compound deviated from the optimum CV of 60 V, yet still 
achieved 97% response at 60 V. For m/z 96, most compounds exhibited 
optimal CVs between 60 and 80 V, except for homoglucocamelinin and 
glucomoringin, the highest molecular weight compounds (Table 1), 
which still showed high abundance at 80 V. For m/z 80, a CV of 110 V 
was selected, as the highest signals were observed between 100 and 120 
V, and a CV of 65 V was initially selected for m/z 75 based on the 
optimization curve (Fig. S2).

Collision energy (CE) optimization was done for m/z 241 and 259 
with 10 product ions, 11 for m/z 275, and two for m/z 96 and 97. For the 
latter two, only m/z 80 and 64 were available. However, the m/z 64 
product ion transitions were removed due to low abundance. Similarly, 
although the m/z 75 and 80 precursor ions showed high abundance in 
the CV optimization they were excluded after CE measurements 
revealed insufficient response for their product ions. In addition, several 
product ions for m/z 241, 259, and 275 precursors were excluded after 
initial MRM tests due to insufficient signal intensity. The remaining 
transitions (Table 3 and Fig. S3) were selected for validation measure
ments based on initial results indicating sensitivity and selectivity to 
glucosinolates. For compound-specific MRM, 5–10 product ions were 
tested for each precursor ion. Ultimately, ions exhibiting both high 
abundance and selectivity were selected, including m/z 97, 259, and 
neutral-loss fragments such as [M− 242− H]− , [M− 258− H]− , or 
[M− 336− H]− ions (Table S1).

If small discrepancies were observed between optimized CVs 
(Fig. S2) or CEs (Fig. S3), different energy combinations were evaluated 
in the MRM method, and the energy settings yielding the highest signal 
intensity were selected. For instance, although m/z 259 and 275 had 
optimal CVs of 40 and 60 V, respectively, a compromise CV of 55 V 
yielded the highest overall response. Similarly, m/z 96 was finalized at 
75 V after comparative testing.

It was noted that the qualitative/quantitative area ratios for pre
cursor ion m/z 259 transitions did not stay constant throughout all 
compounds, where a qual/quan of 75 ± 23% standard deviation (SD) 
was observed. This indicated that the formation of m/z 139 and 97 is 

influenced by structure-dependent fragmentation, where structural 
features affect the fragmentation, resulting in different ion abundances. 
Phenomenon of inconsistency in the abundance of m/z 259 precursor 
ion has previously been reported by Rochfort et al. [20]. Therefore, the 
qual/quan ratios were grouped according to glucosinolate subgroups, 
side chain features, and molecular weight, allowing further comparison 
of structural properties to ion responses.

Analysis revealed that separating glucosinolates to subgroups 
correlated with distinct qual/quan ratios. Aromatic glucosinolates 
showed a qual/quan ratio of 59 ± 5% SD, while indole glucosinolates 
had a qual/quan of 81 ± 5% SD (Table 3). In contrast, aliphatic gluco
sinolates displayed greater variability, with an overall qual/quan ratio 
of 79 ± 27% SD. To better understand this variation, aliphatic com
pounds were further categorized based on their side chain structures 
into three subcategories. The first group included the four lowest mo
lecular weight compounds, glucolepidiin, sinigrin, gluconapin, and 
glucobrassicanapin, all containing alkyl or alkenyl side chains. These 
compounds exhibited a consistent qual/quan ratio of 47 ± 2% SD. The 

Table 2 
Molecular formulas, retention times (RT), m/z values ([M − H]− ), calculated and measured exact masses, mass errors (ppm), and double bond equivalents (DBE) for 
glucosinolate standards analyzed by UHPLC-DAD-HESI-Q-Orbitrap-MS.

Trivial name Molecular formula RT 
(min)

m/z 
[M − H]−

Exact mass (calculated) Exact mass (measured) Error (ppm) DBE

Gluconapin C11H19NO9S2 2.03 372.04246 373.05013 373.04974 − 1.037 3
Glucoraphanin C12H23NO10S3 1.32 436.04109 437.04842 437.04837 − 0.094 2
Glucolepidiin C9H17NO9S2 0.85 346.02698 347.03448 347.03426 − 0.623 2
Glucoarabin C17H33NO10S3 3.89 506.11887 507.12667 507.12615 − 1.011 2
Glucobrassicanapin C12H21NO9S2 2.71 386.05825 387.06578 387.06553 − 0.637 3
Glucoberteroin C13H25NO9S3 3.65 434.06152 435.06915 435.06880 − 0.799 2
Epiprogoitrin C11H19NO10S2 1.15 388.03779 389.04504 389.04507 0.076 3
Glucocheirolin C11H21NO11S3 1.05 438.02023 439.02768 439.02751 − 0.378 2
Glucoiberin C11H21NO10S3 0.85 422.02538 423.03277 423.03266 − 0.240 2
Progoitrin C11H19NO10S2 1.05 388.03760 389.04504 389.04488 − 0.413 3
Glucocamelinin C18H35NO10S3 4.46 520.13464 521.14232 521.14192 − 0.753 2
Glucoraphenin C12H21NO10S3 1.35 434.02515 435.03277 435.03243 − 0.763 3
Glucoerucin C12H23NO9S3 2.97 420.04615 421.05350 421.05343 − 0.158 2
Sinigrin C10H17NO9S2 1.20 358.02731 359.03448 359.03459 0.319 3
Homoglucocamelinin C19H37NO10S3 5.04 534.15082 535.15797 535.15810 0.259 2
Glucomoringin C20H29NO14S2 2.14 570.09520 571.10295 571.10248 − 0.823 7
Glucolimnanthin C15H21NO10S2 3.24 438.05310 439.06069 439.06038 − 0.709 6
Gluconasturtiin C15H21NO9S2 3.65 422.05863 423.06578 423.06591 0.318 6
Glucotropaeolin C14H19NO9S2 2.89 408.04290 409.05013 409.05018 0.133 6
Sinalbin C14H19NO10S2 1.82 424.03770 425.04504 425.04498 − 0.142 6
4-Methoxyglucobrassicin C17H22N2O10S2 3.81 477.06400 478.07159 478.07128 − 0.649 8
Neoglucobrassicin C17H22N2O10S2 4.45 477.06404 478.07159 478.07132 − 0.565 8
Glucobrassicin C16H20N2O9S2 3.23 447.05331 448.06103 448.06059 − 0.973 8

Table 3 
Selected group-specific MRM precursor and product ions with optimized cone 
voltages (CVs), collision energies (CEs), and qualitative/quantitative (qual/ 
quan) transition ratios.

Precursor 
ion (m/z)

Cone 
voltage 

(V)

Product 
ion (m/z)

Collision 
energy (eV)

Subgroup qual/ 
quan 

(area, %)*

95.9 75 79.9 15 ​ ​
96.9 60 79.9 15 ​ ​
259.0 55 96.9 20 ​ ​

139.0 20 Aliphatic1 47 ± 2
Aliphatic2 112 ± 15
Aliphatic3 75 ± 9
Aromatic 59 ± 5

Indole 81 ± 5

* = Ratio of qualitative to quantitative areas (qual/quan), along with their 
mean ± standard deviation. 

Bolded product ion indicates the selected quantitative ion.
1 = Alkyl/alkenyl.
2 = Short-chain methylsulfinyl/methylsulfonyl.
3
= Long-chain methylsulfinyl/hydroxyalkenyl/methylthio.
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second group comprised compounds with short methylsulfinyl or 
methylsulfonyl chains, such as glucoraphanin, glucoiberin, glucocheir
olin, and glucoraphenin, which showed a qual/quan ratio of 112 ± 15% 
SD. The third group consisted of compounds with methylthio, hydrox
yalkenyl, or long-chain methylsulfinyl side chains, yielding a qual/quan 
ratio of 75 ± 9% SD (Table 3 and Fig. S5).

3.3. PRM method development

Group-specific parallel reaction monitoring (PRM) methods and 
compound-specific extracted ion chromatogram (EIC) methods were 
developed using a Thermo Fisher Scientific high-resolution hybrid Q- 
Orbitrap mass spectrometer. Similarly, for PRM, the compound-specific 
approach was developed to evaluate the performance of the group- 
specific methods relative to the compound-specific approach. Seven 
precursor ions (m/z 74.99101, 79.95737, 95.95228, 96.96011, 
241.00237, 259.01293, and 274.99009) were initially selected for CID 
optimization, where fragments m/z 241, 259, and 275 showed no major 
compound-specific differences, with the highest responses observed at 
40 eV (Fig. S4). For the EIC methods highest abundance ions, which 
were the deprotonated molecules in all cases, were selected for CID 
optimizations, where all compounds exhibited highest intensity at 0 eV.

Although PRM does not require normalized collision energy (NCE) 
optimization, it was performed to enhance the abundance of charac
teristic product ions. For m/z 241, the target fragments were m/z 79.96 
and 96.96 (Fig. S6), for m/z 259 fragments at m/z 96.96 and 138.97 
(Fig. S7), and for m/z 275 fragments at m/z 74.99 and 96.96 (Fig. S8). 
Because PRM allows simultaneous application of multiple collision en
ergies, there was no need to select a single NCE suitable to all product 
ions. Therefore, after testing various NCE combinations three energies 
(20, 40, and 80 eV) were selected as they provided the most compre
hensive spectral information with the highest abundances. The chosen 
settings also produced additional diagnostic ions, such as m/z 101.03, 
168.98, and 198.99, enhancing the reliability of the identification. The 
lower molecular weight precursor ions, m/z 75, 80, 96, and 97, were 
excluded from further optimization due to insufficient fragmentation 
and lower selectivity toward glucosinolates. Also, various NCE combi
nations were tested to EIC methods, from which a combination of 30, 50, 

and 80 eV was selected to all methods.

3.4. Method validation

3.4.1. LOD, LOQ, and ULOQ
An 11-point dilution series was prepared between 100 µg/mL – 193 

pg/mL to evaluate the LOD, LOQ, and ULOQ. The dilution series was 
made in two ways: one pure solution and one matrix-spiked. This 
approach also allowed assessment of matrix effects to LOD, LOQ, and 
ULOQ results. The LOD and LOQ were calculated based on the formulas 
shown in Section 2.6. Calibration curve linearity was evaluated by visual 
inspection and heteroscedasticity. Additionally, all the calibration 
curves that met linearity criteria exhibited a coefficient of determination 
(R2) greater than 0.995. Glucoerucin showed substantially higher LOD 
and LOQ values, which could not be fully explained but were likely 
associated with solubility or stability limitations. Hence, glucoerucin 
was excluded from the method validation as the results were deemed 
unreliable.

The group-specific MRM methods demonstrated good sensitivity 
(Fig. 5). Of all the group-specific MRM methods, the lowest LODs were 
obtained with transitions m/z 95.9 > 79.9 and 96.9 > 79.9 (Fig. S9), 
with LODs ranging from 11.5 to 196.0 ng/mL and 16.4–156.3 ng/mL, 
respectively. The lowest LOD was observed for homoglucocamelinin 
with m/z 95.9 > 79.9 transition. However, the m/z 95.9 > 79.9 and 96.9 
> 79.9 transitions lack selectivity for glucosinolates, requiring the se
lection of additional precursor ions. Hence, multiple transitions derived 
from precursor ions m/z 241, 259, and 275 were evaluated during 
method validations, but only two transition were ultimately selected to 
the final method. The additional transitions were rejected due to their 
poor detection limits, linear ranges, and/or overall analytical perfor
mance during method validation. The selected transitions were m/z 
259.0 > 96.9 and 259.0 > 139.0, which exhibited LODs between 
40.2–558.2 ng/mL and 18.1–230.3 ng/mL, respectively (Figs. 5 and 
S9A). ULOQ values varied by precursor ion, where the values for m/z 
95.9 > 79.9 and 96.9 > 79.9 varied between 2.5–9.2 µg/mL, i.e., the 
fourth and fifth highest measurement points. The m/z 259.0 > 96.9 and 
259.0 > 139.0 transitions exhibited ULOQ between 2.5 and 55 µg/mL 
(Fig. S9C).

Fig. 5. Mean limits of detection (LODs) for group‑specific MRM (A) and PRM (B) methods. Error bars indicate the lowest and highest LOD values obtained across 
all compounds.
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Compound-specific MRM methods exhibited slightly lower LOD and 
LOQ values than group-specific methods (Fig.s S9 and S11). Each 
method included three transitions: m/z 96.9 as the quantitative ion and 
m/z 259.0 plus a characteristic neutral-loss ion for qualitative confir
mation (Table S1). The LODs for the quantitative transitions ranged 
between 2.5 and 46.8 ng/mL, with the lowest LOD observed for glu
coraphanin. The qualitative transitions LODs ranged from 8.9 to 139.0 
ng/mL (Fig. S11A). ULOQs for compound-specific methods ranged from 
0.7 to 25 µg/mL (Fig. S11C).

Matrix effects were evident in spiked samples, where LOD and LOQ 
values were generally higher. For example, the LODs for the m/z 96.9 >
79.9 transition varied substantially between individual compounds, 
ranging from 0.67-fold to 74-fold in matrix-spiked samples compared to 
pure solution sample, where compounds such as glucoraphanin, gluco
lepidiin, and epiprogoitrin showed similar or lower LODs in matrix- 
spiked samples (Fig. S10). For precursor ion m/z 259, the matrix effect 
was less pronounced, with LODs varying from 0.27-fold to 12-fold in 
matrix-spiked samples, confirming minimal impact on method perfor
mance in most cases. Compound-specific MRMs also exhibited higher 
LODs in matrix-spiked samples, except for sinigrin, which showed a 
slightly lower LOD in matrix-spiked sample (Figs. S11–S12). ULOQs in 
matrix-spiked samples were occasionally one or two points higher, 
partially explaining the increased calculated LOD and LOQ values. 
Additionally, some transitions did not exhibit linearity for certain 
compounds in matrix-spiked samples (Figs. S10E and S12E). Gluco
berteroin also exhibited ULOQ around 100 µg/mL, which meant that the 
ULOQ may extend beyond the highest measured point; however, cali
bration points were restricted to 100 µg/mL due to the lack of necessity 
to measure higher concentrations.

Group-specific PRM methods produced results comparable to group- 
specific MRM. The lowest LODs were observed for m/z 259 with results 
ranging from 44.1 to 473.6 ng/mL, while m/z 275 LODs ranged from 
40.3 to 917.2 ng/mL (Figs. 5 and S13). For these precursor ions the 
ULOQs ranged between 8 and 51 µg/mL. Compound-specific EIC 
methods demonstrated the highest overall sensitivity, with calculated 
LODs ranging from 14.8 to 336.0 ng/mL and ULOQs between 8 and 25 
µg/mL (Fig. S15). However, visual inspection of the chromatograms 
suggested even better sensitivity, with LODs corresponding to the first 
through third lowest measurement points (0.2–7.3 ng/mL). This 
discrepancy indicates that the LOD/LOQ calculation methods used for 
MRM and PRM is not fully applicable to EIC methods.

The impact of matrix effects on LODs, LOQs, and ULOQs was more 
pronounced for PRM than for MRM methods (Figs. S10 and S14). For 
example, the LODs for precursor ion m/z 259 changed by 0.72-fold to 
34-fold. Similarly, ULOQ values for m/z 259 increased by one or two 
calibration points, and for m/z 275, approximately half of the com
pounds failed to exhibit a linear range. Additionally, many compounds 
exhibited a ULOQ near 100 µg/mL indicating that the true ULOQ may 
likely extend beyond that point. In the case of glucoraphenin with m/z 
275 precursor, matrix interference was so severe that LOD, LOQ, and 
ULOQ could not be determined (Fig. S16). This was attributed to co- 
elution of gallic acid (m/z 169) with glucoraphenin in the matrix- 
spiked plant extract, indicating that precursor ion m/z 275 is less suit
able for complex matrices. The compound-specific EIC methods showed 
a similar trend, with calculated LOD varying by a factor of 0.27 to 38 
(Fig. S16) in matrix-spiked samples compared to pure solution samples. 
However, for the majority of compounds, LOD and LOQ values in 
matrix-spiked samples remained consistent with those obtained from 
pure solution sample, indicating that EIC methods were largely unaf
fected by matrix interference from the plant extract mixture. The ULOQs 
either remained unchanged or showed minor increases.

Visual inspection of LODs generally aligned with calculated values, 
with only minor discrepancies. The largest differences occurred when 
ULOQs were very high, which inflated calculated LODs relative to those 
observed visually. This was particularly evident in transitions where 
high ULOQs coincided with transitions that otherwise produced low 

LODs. In most cases, however, calculated LODs closely matched visual 
estimates, confirming the suitability of the applied formulas, except for 
EIC methods. For instance, when the visually determined LOD corre
sponded to the sixth calibration point, the calculated LOD typically fell 
between the sixth and seventh point or closely approximated the sixth.

3.4.2. Repeatability
Repeatability of the MRM methods was assessed at 1 µg/mL using ten 

replicate injections. The group-specific MRM methods showed mean 
relative standard deviations (RSDs) of 8.8% for m/z 96, 7.2% for m/z 97, 
and 9.8% for m/z 259 (Figs. 6 and S17A). Results for individual com
pounds were generally consistent with these averages, ranging from 
3.9% to 18.6% for m/z 96, 2.8–11.3% for m/z 97, and 5.4–16.3% for m/z 
259. In some cases, elevated RSDs were attributed to the repeatability’s 
concentration being near the LOQ values, where greater variability is 
expected. For compound-specific MRM, the RSDs varied between 
0.7–4.4% for quantitative transitions and 1.2–10.6% and 1.1–8.9% for 
the first and second qualitative transitions, respectively. Additionally, to 
compare the repeatability of MRMs, UV detection at 230 nm was 
measured at 230 nm, which showed a mean RSD of 2.6%, with results 
ranging from 1.3% to 4.1% (Fig. S17B). Overall, the results showed that 
the selected group- and compound-specific methods demonstrated good 
repeatability.

Repeatability of PRM and EIC methods was evaluated at 2 µg/mL 
with ten replicate injections. A slightly higher concentration was 
selected for the high-resolution instrument due to observation that our 
DAD coupled with the HR-MS produced approximately 25% lower signal 
intensity compared to our eλ DAD coupled with the TQ-MS system. The 
EIC methods yielded an average RSD of 2.5%, with results ranging from 
1.2% to 8.2%, where areas the PRM methods exhibited mean RSD of 
2.3% for m/z 259 and 2.7% for m/z 275 (Figs. 6 and S18). The precision 
values for individual compounds varied between 1.0% and 10.9% for 
precursor m/z 259 and between 1.0% and 10.3% for precursor m/z 275. 
UV detection at 230 nm averaged 2.7% precision, excluding six com
pounds that could not be detected due to the lower sensitivity of the 
DAD coupled to the HR-MS (Fig. S18). The highest PRM RSD was 
observed for sinigrin (7.6–10.9% depending on precursor ion), whereas 
its UV response RSD was only 1.0%. The elevated RSD was attributed to 
a single outlier that fell 2.5–2.7 SD below the mean, possibly caused by 
transient ionization instability. Still, these results confirm that both 
group- and compound-specific methods using PRM and EIC approaches 
exhibit high repeatability under the tested conditions.

3.4.3. Matrix effect
Matrix effects were calculated from high-concentration range as the 

average response ratio of the four highest calibration points (approxi
mately 8–100 µg/mL) and from medium-concentration range, i.e., from 
the fifth highest measurement point approximately at 3 µg/mL. The 
standards were added to the plant extract mixture post-extraction. The 
plant species selected for the matrix effect assessments were chosen to 
represent complex glucosinolate-free plant matrices. The selection was 
based on published information and prior knowledge of these species' 
chemical diversity [59]. This was further verified through comprehen
sive full scan MS and UV analyses of the samples.

Group-specific MRM methods showed signal suppression and 
enhancement in matrix-spiked samples. In the high-concentration range, 
matrix effects ranged from 73% to 120% for m/z 96, 73–117% for m/z 
97, and 58–104% for m/z 259 (Fig. 6 and Table S2). In the medium- 
concentration range, variability increased, with matrix effects span
ning 68–140% (m/z 96), 74–174% (m/z 97), and 47–126% (m/z 259) 
(Fig. 6 and Table S3). For glucoberteroin, matrix effects were calculated 
as an average of the three highest measurement points, i.e., approxi
mately 25–100 µg/mL, due strong interference below this range, likely 
caused by co-eluting compounds such as caffeic acid, ellagitannin, and 
galloyl glucose derivatives.

Compound-specific MRM methods showed matrix effects ranging 
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from 66% to 107%, 49–109%, and 62–108% in high-concentration 
range for quantitative, first qualitative, and second qualitative transi
tions, respectively (Table S4). Medium-concentration range results 
again exhibited slightly increased variability, where matrix effects var
ied between 53% and 133% for quantitative transitions, 39% to 129% 
for first qualitative transitions, and 47% to 130% for second qualitative 
transitions (Table S5). Notably, matrix effects for glucoberteroin could 
not be determined in the medium-concentration range due to signal 
interference. Also, 4-methoxyglucobrassicin exhibited strong signal 
suppression likely due to co-elution with quinic acid (m/z 353, caffeoyl 
quinic acid), ellagitannin (m/z 935, casuarictin), and flavonol de
rivatives (m/z 609, quercetin rutinoside), identified via internal spectral 
library.

Group-specific PRM methods displayed greater ion suppression, 
where matrix effects ranged from 44% to 103% for m/z 259 and 
32–123% for m/z 275 in high-concentration range, and in medium- 
concentration range from 34% to 146% for m/z 259 and 67–112% for 
m/z 275 (Fig. 6 and Tables S6–S7). Glucoberteroin again exhibited 
significant interference from false positives. Therefore, its matrix effect 
at the high-concentration range was calculated over 25–100 µg/mL 
rather than 8–100 µg/mL. Additionally, false positives with m/z 275 
severely impacted detection in the medium-concentration range, espe
cially for early-eluting compounds like glucoraphenin, which co-eluted 
close to a false positive peak at 1.2 min, obscuring the analyte signal 
beyond the second highest calibration point. Consequently, matrix ef
fects for m/z 275 were calculated using only the top three calibration 
points. Compound-specific EIC methods demonstrated lower matrix ef
fects compared to PRM methods, ranging between 65% and 113% in 
high-concentration range and 67% to 122% in medium-concentration 
range (Tables S6–S7).

As expected, ion suppression and enhancement were observed in 
matrix-spiked samples, with suppression largely attributed to co-eluting 
compounds. Although PRM methods exhibited greater variability, both 
PRM and MRM approaches remained suitable for plant matrices, with 
average matrix effects above 75% for m/z 259 and around 100% or 
slightly higher for m/z 96 and 97 across both concentration ranges. 
While a 20% signal reduction is generally considered acceptable, some 

transitions exhibited significantly stronger suppression, indicating pro
nounced matrix interference. To mitigate matrix effects, sample clean- 
up or changing chromatographic conditions could help reduce co- 
eluting compounds [60]. Additionally, the use of internal standards 
[61] and/or sample dilution [62] could further correct for matrix effects 
and enhance quantification accuracy. However, matrix effects are also 
compound- and matrix-dependent and may be less pronounced in real 
samples where target compounds are naturally present. This was evident 
in method application, where PRM methods precursor m/z 275 showed 
less false positives in glucosinolate containing plant extracts compared 
to the matrix-spiked sample.

3.4.4. Selectivity and specificity
Selectivity and specificity were evaluated using glucosinolate-free 

extracts from various plant species (Section 2.2) to identify potential 
false positives. Group-specific MRM methods incorporated multiple 
transitions, enabling verification through transition ratios (Table 3 and 
Fig. S5) [46]. For PRM, precursor ions were required to produce char
acteristic product ions for confirmation (Figs. S6–S8). This approach 
ensured that any non-glucosinolate compounds could be identified by 
deviations in transition ratios or absence of diagnostic fragments.

Overall, the group-specific MRM methods exhibited only a few false 
positives, most of which were low in intensity, typically corresponding 
to signal levels near the LOD or LOQ values. A consistent signal at ~0.65 
min for the transition m/z 96.9 > 79.9 was observed in both plant 
extract mixtures and independent of concentration and was attributed to 
an instrument artifact. Since no glucosinolates elute at this retention 
time, this did not affect detection. Additionally, low-level false positives 
were observed for m/z 96.9 > 79.9 and 95.9 > 79.9 at the same retention 
time, but these did not coincide with either m/z 259 transitions. 
Furthermore, a few low intensity false positives were noted for transition 
m/z 96.9 > 79.9. One high-abundance false positive was observed for m/ 
z 259.0 > 96.9, with the highest abundance ions being m/z 371, 477, 
599, 285, and 991, and UV spectrum suggesting a flavonol derivative 
[63]. Importantly, no compound triggered false positives across all 
transitions in the selected MRM methods, confirming their effectiveness 
in plant matrices. Compound-specific MRM methods did not produce 

Fig. 6. Mean repeatability (A, D) and matrix effects at high (B, E) and medium (C, F) concentration ranges for group-specific MRM (A–C) and PRM (D–E) methods. 
Error bars represent the standard deviation. In panel F, m/z 275 includes only 5 compounds, and for m/z 259 two compounds lacked sufficient signal for matrix effect 
calculation.
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false positives, as expected, due to their high selectivity and specificity, 
primarily resulting from narrow retention time windows but also from 
the use of higher molecular weight precursor ions compared to 
group-specific methods.

PRM methods exhibited more frequent false positives, especially for 
the m/z 275 precursor ion. It was noted that the false positives of pre
cursor m/z 275, mostly at early retention times, were likely contributed 
to elevated LOD, LOQ, and ULOQ values in matrix-spiked samples 
(Fig. S15). However, these product ion spectra differed from those of 
authentic glucosinolates. In contrast, precursor m/z 259 showed only a 
few false positives, none matching glucosinolate fragmentation patterns. 
Compound-specific EIC methods did not exhibit false positive signals 
within their defined retention time windows. Overall, while isolated 
precursor ions produced false positives, no single compound triggered 
false positives for both m/z 259 and 275, nor did any show characteristic 
product ions for m/z 259 (Fig. S7), confirming the selectivity and suit
ability of the group-specific PRM methods for plant matrices.

3.5. Application of the methods

Beyond selectivity testing, the methods were applied to 20 plant 
species with a high likelihood of containing glucosinolates, primarily 
from the Brassicaceae family. Glucosinolates were detected in 19 spe
cies, with the exception of Camelina sativa leaves, consistent with liter
ature indicating their presence being confined to seeds [16,43]. 
Group-specific methods proved their effectiveness in rapid screening, 
while compound-specific methods demonstrated slightly better 
sensitivity.

A total of 324 glucosinolates were detected, corresponding to 51 
distinct compounds identified based on literature and MS/MS frag
mentation patterns (Table S8). Several additional compounds were also 
observed, likely aliphatic glucosinolates, but could not be fully charac
terized. Structural confirmation was supported by TopN analyses and 
diagnostic fragment verification. Identified compounds were 

categorized into four identification (ID) levels based on the framework 
proposed by Sumner et al. [64]. Level 1 indicates the highest confidence 
in compound characterization, while level 4 reflects the lowest. To be 
classified as level 1, a compound required supporting data, such as ac
curate mass measurements combined with MS/MS spectra or a match in 
both retention time and mass spectra with in-house reference standards. 
In cases where such data were not available but the compound had been 
previously reported in the literature, it was assigned to ID level 2.

The number of glucosinolates varied significantly between species, 
ranging from 27 found in Arabis caucasica to only two in Draba hispanica, 
the latter detectable only by compound-specific MRM and EIC due to 
low abundance (Table S8). Isomeric compounds, e.g., 10-(methyl
sulfonyl)decyl glucosinolate, were identified in Arabis caucasica, 
showing similar fragmentation patterns and positive signals across all 
methods but differing in retention time. The methods also revealed the 
presence of previously characterized glucosinolates in new species, 
including 11-(methylsulfonyl)decyl glucosinolate in Brassica nigra and 
n-heptyl glucosinolate in Brassica napus. Moreover, two glucoarabin 
isomers were found in Arabis caucasica, corresponding to probable side 
chain branching of the structure. These results underscore the utility of 
group-specific methods in expanding the phytochemical diversity of 
glucosinolates across plant species.

While many species exhibited similarities in glucosinolate contents, 
particularly within the same genus, both qualitative and quantitative 
differences were evident. Even cultivars of Brassica juncea and Brassica 
rapa displayed distinct chromatographic fingerprints with the group- 
specific methods (Fig. 7). For instance, sinigrin, eluting at 1.15 min, 
was only detected in Brassica rapa with the group-specific methods 
(Fig. 7A), although compound-specific methods detected it across all 
Brassica rapa cultivars. Similar differences were observed in Brassica 
juncea, where gluconapin eluting around 2 min showed higher abun
dance in the ‘Bloody Mary’ cultivar compared to other cultivars 
(Fig. 7B).

Minor differences between MRM and PRM methods were also 

Fig. 7. Group-specific MRM chromatographic fingerprints of m/z 95.9 > 79.9 transition across cultivars of Brassica rapa (A) and Brassica juncea (B).
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apparent (Fig. 8), with MRM enabling rapid detection via selective 
transitions, and PRM enabling accurate characterization. Although PRM 
methods showed higher LOD and LOQ values during method validation, 
the precursor ions m/z 259 and 275 performed well across all samples, 
approaching the sensitivity levels of MRM methods based on visual 
assessment. Minor sensitivity differences between MRM and PRM were 
evident through the m/z 96 and 97 transitions, which were the only 
group-specific methods capable of detecting otherwise undetectable 
low-abundance compounds. Importantly, PRM methods did not produce 
false positives, especially with the m/z 275 precursor ion, showing high 
specificity in these plant extracts.

4. Conclusions

This study presents two complementary strategies for developing 
targeted, group-specific MS/MS methods for glucosinolates. These ap
proaches can be adapted to other MS/MS platforms, enabling rapid 
screening of entire compound classes or specific subgroups. The selected 
methods achieved robust detection and quantification of glucosinolates 
with good linearity, reasonable matrix interference, and most of all high 
selectivity. While high-resolution PRM offers superior mass accuracy, it 
is limited by slower acquisition speed. Therefore, MRM remains the 
preferred tool for routine screening and quantification, with PRM 
serving as a confirmatory method for accurate mass verification and 
fragmentation spectrum. Despite variability in the group-specific MRM 
qual/quan ratios of m/z 259 transitions, its strong sensitivity, high 
selectivity, and ability to distinguish glucosinolate subgroups supported 
its inclusion. The group-specific MRM methods combine low detection 
limits via m/z 96 and 97 with selectivity and specificity through m/z 259 
precursor ion.

For PRM, only one method could be parallel with full scan MS in 
quantitative purposes due to Orbitrap’s scan speed limitations. Hence, 
two PRM workflows were established: (i) a quantitative method utilizing 
m/z 259 with full scan MS and (ii) a qualitative method combining two 
PRM methods (m/z 259 and 275) alongside full scan MS. Although the 
precursor m/z 275 showed strong matrix effects and limited selectivity 
to glucosinolates, it can be used as a confirming ion enhancing detection 
reliability; however, the m/z 259 should remain as the primary ion. The 
inclusion of m/z 275 alongside m/z 259 proved beneficial during 
method application, contributing to improved robustness and faster 
detection.

Overall, this work demonstrates that group-specific MS/MS methods 
offer significant potential for rapid and selective analysis of structurally 
related compounds without sacrificing method performance. As char
acteristic fragments for many compound classes are well documented, 
broader adoption of such strategies could accelerate the characterization 
of chemical diversity in plants and other complex matrices.
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