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Volatile sulfur compounds (VSCs) are not only important for their therapeutic 
potential but also significantly influence the flavor profiles of agricultural 
products. VSCs exhibit various chemical structures due to their stability and 
volatility, and they may form or be altered as a result of enzymatic and chemical 
reactions during storage and cooking. This study has focused on profiles of 
VSCs in 58 different vegetable samples by using HS-SPME-GC/MS technique 
and chemometric analyses. The validation was carried out using cabbage juice 
as a vegetable matrix for VSCs analysis, showing satisfactory repeatability (RSD 
8.07%  ~  9.45%), reproducibility (RSD 4.22%  ~  7.71%), accuracy and specificity. 
The established method was utilized on various vegetables, revealing that 21 
VSCs such as sulfides, disulfides, trisulfides, isothiocyanates, sulfhydryls, and 
thiophenes were successfully identified and quantified. These compounds were 
found in a range of vegetables including Allium species, Cruciferae, Capsicum 
species, green leafy vegetables, and mushrooms. In particular, isocyanate and 
allyl groups were abundant in Cruciferae and Allium vegetables, respectively. 
Cooking conditions were shown to reduce the levels of certain sulfur compounds 
such as dimethyl sulfide and dimethyl trisulfide in vegetables like broccoli and 
cabbage, suggesting that heat treatment can lead to the volatilization and 
reduction of these compounds. The present study provides reliable insights 
into the compositions of VSCs in various vegetables and examines the changes 
induced by different cooking methods.
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1 Introduction

Sulfur is essential for the synthesis of metabolites related with central roles in metabolic health 
and homeostasis (1). Dietary sulfur-containing compounds, are widely distributed in vegetable 
matrices such as Allium species and Cruciferae, contributing not only to various health effects 
such as antioxidant, anti-cancer, and anti-inflammatory properties but also to strong aromas and 
spicy flavors (1, 2). These are classified into non-volatile compounds (i.e., glucosinolates) and 
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volatile compounds (i.e., sulfides, isothiocyanates, sulfhydryls, and 
thiophenes). Glucosinolates are relatively stable compounds; however, 
plant cells containing them can be easily damaged, leading to the release 
of β-thioglucosidase or myrosinase enzymes during the cutting, mixing, 
chopping, and chewing of food, which produces volatile sulfur 
compounds (VSCs) (3, 4). VSCs might be the major form of sulfur-
containing secondary metabolites in vegetables due to enzymatic and 
chemical transformations during food processing, cooking and storage 
periods in vegetables, even though sulfur-containing compounds are 
classified into glucosinolates, sulfides, isothiocyanates, sulfhydryls, and 
thiophenes (5). Many studies have reported that VSCs possess beneficial 
effects such as anti-inflammatory, antioxidant, anti-cancer, cholesterol-
lowering, and improvement of atherosclerosis (6–9). Particularly, Allium 
vegetables, such as garlic, have been recommended as a nutritional 
supplement to prevent cardiovascular disease with a reduced risk and 
incidence of atherogenesis (10, 11). Consumption of Cruciferae 
vegetables (i.e., broccoli family) is also associated with a lower risk of 
several cancers and a reduction of systemic inflammation (12).

The major VCSs of Allium vegetables have been identified as allicin, 
diallyl trisulfide (DATS), diallyl disulfide (DADS), and S-allyl mercaptan 
(SAMC), which can be converted from the non-volatile precursor (i.e., 
alliin) by endogenous alliinase (13). In Cruciferae vegetables, the 
glucosinolate precursor is hydrolyzed by endogenous myrosinase, 
cleaving the β-thioglucose bond in glucosinolates, resulting in the 
formation of diverse isothiocyanates (ITCs) (14). These enzymatic 
reactions are inevitable during the chewing of vegetables as well as the 
culinary actions such as cutting, mixing, chopping, and heating (15, 16). 
Even though sulfur-containing amino acids (i.e., tripeptides and 
glutathione) are the predominant dietary forms of sulfur compounds, 
plant-derived sulfur-containing secondary metabolites, such as VSCs, 
might play important roles in antioxidant and anti-inflammatory 
pathways (17). Recent investigations have reported that these 
breakdown VSCs are responsible for several beneficial health effects (18, 
19), with their anticarcinogenic action being the best documented (20), 
in addition to their well-known contribution to the typical smell and 
flavor of Allium and Cruciferae vegetables (18, 21).

Despite the potential impact of VSCs in vegetables, previous 
studies have focused on the analysis of non-volatile sulfur containing 
compounds such as glucosinolates based on liquid chromatography 
system (22–24). In relation to the VSC analysis in food, major VSCs 
(i.e., dimethyl sulfide, dimethyl trisulfide, methional, hydrogen sulfide, 
etc.) were identified as potential odorants in cheddar cheese, wine, 
tropical fruits, and fragrant rice (25–28). There is still a lack of 
information about the compositions of VSCs in various vegetables and 
their cooking conditions. VSCs have been quantified in food using 
headspace solid-phase microextraction (HS-SPME) followed by gas 
chromatography (GC)-pulsed flame photometric detection (PFPD) 
(29, 30), GC-chemiluminescence detection (SCD) (28) and GC-mass 
spectrometry (MS) (26, 31). In VSC analysis, HS-SPME provides 
many advantages over conventional sample preparation techniques, 

including simplicity, speed, solvent-free extraction, and minimal 
sample manipulation (32). The application of MS detection enables 
both the acquisition of qualitative and quantitative information about 
the sample and the determination of the molar masses of the analytes 
(33). Therefore, HS-SPME-GC–MS can be a promising technique for 
the extraction of volatile compounds in foods, allowing for the rapid 
and convenient identification and quantification of volatile 
components without destruction (34, 35).

The aims of this study were to (1) validate the analytical method 
of VSCs in vegetable matrices using HS-SPME-GC/MS technique, (2) 
investigate the compositions of VSCs in various vegetables consumed 
in Korea and (3) characterize the profile of VSCs depending on the 
type of vegetables and cooking conditions.

2 Materials and methods

2.1 Chemicals

Volatile standards (dimethyl sulfide, allyl methyl sulfide, diallyl 
sulfide, dimethyl disulfide, diallyl disulfide, allyl methyl disulfide, allyl 
propyl disulfide, methyl propyl disulfide, dimethyl trisulfide, diallyl 
trisulfide, 2,5-dimethyl thiophene, allyl mercaptan, erucin, allyl 
isothiocyanate, phenethyl isothiocyanate, 3-methylthiopropyl 
isothiocyanate) were purchased from Sigma-Aldrich Co. (St. Louis, 
MO, United States). All other reagents were of analytical grade.

2.2 Samples

The samples used in this study were obtained from the Rural 
Development Administration (RDA, Republic of Korea) in 2023 and 
were promptly stored in a deep freezer until analysis. A total of 58 
different vegetables, including various types and their cooked forms, 
were analyzed. Sample information is as follows: Cruciferae vegetables 
include broccoli [raw, sample code (#) 1; blanched, # 2], broccoli stem 
(raw, # 3; blanched, # 4), kohlrabi (raw, # 5), Korean shepherd’s purse 
(Nangi) (raw, # 6; blanched, # 7), kale (raw, # 8), Korean spring 
cabbage (raw, # 9; blanched, # 10), and cabbage (raw, # 11; blanched, 
# 12; steamed, # 13). Allium vegetables include Korean wild chive (raw, 
# 14), garlic (raw, # 15), garlic clove (raw, # 16), garlic sprout (raw, # 
17), garlic root (raw, # 18), and green onion (raw, # 19; grilled, # 20; 
blanched, # 21). Capsicum species included yellow paprika (raw, # 22; 
stir-fried, # 23), red paprika (raw, # 24; stir-fried, # 25), orange paprika 
(raw, # 26; stir-fried, # 27), red bell pepper (raw, # 28; stir-fried, # 29), 
and green bell pepper (raw, # 30; stir-fried, # 31). Green leafy 
vegetables include red romaine butterhead lettuce (raw, # 32), green 
romaine butterhead lettuce (raw, # 33), red skirt lettuce leaf (raw, # 34), 
tree skirt lettuce leaf (raw, # 35), chicory (raw, # 36), pak choi (raw, # 
37; blanched, # 38), and gom-chwi (raw, # 39; blanched, # 40). 
Mushroom included enoki mushroom (raw, # 41; boiled, # 42; grilled, 
# 43), king oyster mushroom (raw, # 44; grilled, # 45; boiled, # 46), and 
shiitake mushroom (dried, # 47; boiled and dried, # 48; boiled, # 49; 
grilled, # 50; raw, # 51). Others include bracken (Gosari) (boiled and 
dried, # 52; boiled, dried and dried, # 53), burdock (raw, # 54; 
blanched, # 55; stir-fried, # 56), and curled mallows (raw, # 57; 
blanched, # 58). The detailed list of samples is indicated in 
Supplementary Tables S1.

Abbreviations: ANOVA, analysis of variance; GC–MS, gas chromatography–mass 

spectrometry; HS-SPME, headspace solid-phase microextraction; I3B, isothiocyanic 

acid, 3-butenyl ester; IS, internal standard; LOD, limit of detection; LOQ, limit of 

quantification; NIST, national institute of standards and technology; PCA, principal 

component analysis; RI, retention index; RSD, relative standard deviation; VSC, 

volatile sulfur compounds.
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The different cooking condition was shown in Table 1. The most 
common cooking methods used by the Korean population (i.e., 
blanching, boiling, steaming, stir-frying, and grilling) were applied (36). 
The effect of cooking on VSCs of five vegetables (broccoli, Korean 
shepherd’s purse, green onion, napa cabbage, and cabbage) chosen on 

the basis of their different morphological feature and VSC compositions. 
Cooking conditions were optimized by preliminary experiments carried 
out for each vegetable. For all cooking treatments, the minimum 
cooking time to reach a similar tenderness for an adequate palatability 
and taste, according to the Korean eating habits, was used.

TABLE 1 Cooking conditions of various vegetables.

# Vegetable Cooking 
method

Volume of water Cooking time Preparation After 
cooking

2 Broccoli Blanching 10-fold the sample 30 s – 30 min at RT

4 Broccoli stem Blanching 10-fold the sample 30 s – 30 min at RT

7
Korean shepherd’s 

purse
Blanching 10-fold the sample 1 min – –

10 Korean spring cabbage Blanching 10-fold the sample 30 s – 30 min at RT

12

Cabbage

Blanching 10-fold the sample 1 min
Cut into eighths, blanch, and 

then remove the core
30 min at RT

13 Steaming steamer rack is not submerged 10 min
Cut into quarters, steam, and 

then remove the core
30 min at RT

20
Green onion

Grilling –
Stem 8 min,

Leaf 3 min
– 30 min at RT

21 Blanching 10-fold the sample 50 s – 30 min at RT

23 Yellow paprika Stir-frying – 4 min 30 s – 30 min at RT

25 Red paprika Stir-frying – 4 min 30 s – 30 min at RT

27 Orange paprika Stir-frying – 4 min 30 s – 30 min at RT

29 Red bell pepper Stir-frying – 4 min 30 s – 30 min at RT

30 Green bell pepper Stir-frying – 4 min 30 s – 30 min at RT

38 Pak choi Blanching 10-fold the sample 30 s – 30 min at RT

40 Gom-chwi Blanching 10-fold the sample 30 s – 30 min at RT

42 Curled mallows Blanching 10-fold the sample 3 min – 30 min at RT

44

Enoki mushroom

Boiling 5 L 1 min 30s

Cut into 0.5 cm thickness, divide 

into 500 g portions

(mix 2 products in a 1:1 ratio)

–

45 Grilling – 6 min

Cut into 0.5 cm thickness, divide 

into 500 g portions

(mix 2 products in a 1:1 ratio)

–

46

King oyster mushroom

Grilling – 6 min

Cut into 0.5 cm thickness, divide 

into 500 g portions

(mix 2 products in a 1:1 ratio)

–

47 Boiling 5 L 1 min 30s

Cut into 0.5 cm thickness, divide 

into 500 g portions

(mix 2 products in a 1:1 ratio)

–

49

Shiitake mushroom

Drying 1.4 L 5 min – –

50
Boiling and 

drying
1Soaking; 5 L, Boiling; 1.4 L

Soaking;2 h, boiled; 

5 min
Separate the cap and stem –

51 Boiling – 2 min 30 s – –

52 Grilling – 6 min Separate the cap and stem –

54
Bracken

Boiling 31.1-fold the sample 2 h – 30 min at RT

55 Drying 10-fold the sample - – –

57
Burdock

Blanching 10-fold the sample 3 min – –

58 Stir-frying – 6 min – 30 min at RT

*RT, room temperature.
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Organic cabbage juices containing 45% cabbage extracts, 5% 
fructo-oligosaccharide, and 50% distilled water were purchased from 
local market to validate the analytical method of VSCs in vegetable 
matrix. The cabbage juices were thoroughly mixed and aliquoted 
before being stored at −80°C until analysis.

2.3 Analysis of VSCs by HS-SMPE/GC–MS

Preliminary experiments were performed to determine the 
analytical features, including the type and coating of the SPME fiber 
and the column. Two SPME fibers coated with carboxyl/
polydimethylsiloxane (CAR/PDMS) and divinylbenzene (DVB)/
CAR/PDMS (50/30 μm, Supelco, Bellefonte, PA, United States) were 
tested with three capillary columns (30 m × 0.25 mm i.d., 0.25 μm film 
thickness; Agilent, Santa Clara, CA, United  States): HP-FFAP, 
HP-5MS, and DB-WAX for the analysis of VSCs in cabbage drink. The 
abundance of the peaks after extraction with the DVB/CAR/PDMS 
fiber and the DB-WAX column was slightly higher than under other 
conditions (Supplementary Figure S1). Therefore, DVB/CAR/PDMS 
fiber and DB-WAS column were chosen for VSC analysis of 
other vegetables.

The fresh vegetables were ground using mortar and pestle under 
liquid nitrogen. 2–3 g of ground vegetable samples were placed into 
a 20 mL headspace vial containing internal standard (ethyl methyl 
sulfide 4.16 μg/mL) and 3–4 mL of distilled water, and thermostatic 
autosampler tray at 45°C for 10 min before HS-SPME. Headspace 
volatiles were captured on SPME fiber coated with DVB/CAR/
PDMS for 40 min, and thermally desorbed at 250°C for 10 min in 
the GC injector port (split ratio; 10:1). GC–MS (Agilent 
8890A/5977B MSD Series, Agilent Technologies, Santa, Clara, CA, 
United States) system was operated with the full scan mode (m/z 
35–550). The interface was kept at 230°C and the ionization mode 
was electron impact (70 eV). The volatiles were separated on a 
DB-WAX capillary. The GC oven temperature program was as 
follows: start at 35°C for 2 min, 35–45°C at a rate of 2°C/min, then 
45–130°C at a rate of 5°C/min, and finally hold at 225°C at a rate of 
10°C/min for 5 min. Helium gas was used as carrier gas with a 
constant flow rate of 1.5 mL/min. The transfer line temperature was 
kept at 250°C. Identification of VSCs was carried out by comparison 
of the volatile sample mass spectra authentic chemicals and NIST 
library (ver.20). A series of n-alkane (C7-C30) standards was 
employed to determine the linear retention index (RI) of each 
compound. The quantification of VSCs was based on the calibration 
curves. The quantification of VSCs was performed with calibration 
curve of pure standard. When the authentic standards were not 
available, tentative identifications were based on the NIST library 
and a comparison of RI in the literature. The tentative quantification 
of each compound in the samples was calculated by determining 
the ratio between the area of the analyte and that of the 
internal standard.

2.4 Method validation

The method validation was conducted in terms of linearity of 
standard calibration curves, sensitivity (limit of detection, LOD and 
limit of quantification, LOQ), and precision (inter-day and intra-day). 

For the standard calibration curves, the different authentic standards 
with internal standard were added into a 20 mL-vial containing 6 mL 
of distilled water. The linearity was obtained by calibration curves 
constructed with peak area ratios of analyte to internal standard 
against nominal analyte concentration using different analyte 
concentrations shown in Table 2. Limit of detection (LOD, the analyte 
concentration for signal/noise = 3) and quantification (LOQ, the 
analytes concentration for signal/noise = 10) were determined. The 
precision was evaluated using cabbage drink, which contained the 
major VSCs such as dimethyl sulfide, dimethyl disulfide, and dimethyl 
trisulfide, predominantly found in the vegetables used in this study. 
Cabbage juice (5 mL) was combined with 1 mL of distilled water into 
a 20 mL headspace vial containing internal standard (ethyl methyl 
sulfide 4.16 μg/mL). Three replicate analyses were performed on the 
same day (intra-day assay) and three consecutive days (inter-day assay).

2.5 Statistical analysis

All experimental data were analyzed by the one-way analysis of 
variance (ANOVA) followed by the Tukey’s honestly significant 
difference (Tukey’s HSD) test using GraphPad 8 (United States). 
Variables with p-value <0.05 (from ANOVA) were considered as 
potential markers which could discriminate different groups. Data 
were analyzed using Principal Component Analysis (PCA) applied to 
the data matrix using the XLSTAT 2018 system software (Addinsoft, 
United States). A heat map was generated using MetaboAnalyst 6.0.1

3 Results and discussion

3.1 Method validation

The SPME provides several analytical advantages such as 
simplicity, speed, solvent-free extraction, and minimal sample 
manipulation, compared to conventional extraction methods like 
liquid–liquid extraction (LLE), solvent-assisted flavor evaporation 
(SAFE), and simultaneous distillation extraction (SDE). The 
elimination of solvents is necessary for LLE, SAFE, and SDE (37). 
Several studies have used SPME to develop and validate methods for 
the quantification of VSCs in various food matrices, such as cheese 
(38) wine (39), and milk (40). Therefore, this study established a 
comprehensive analysis using HS-SPME-GC–MS for extracting VSCs 
in different vegetables, enabling the rapid and convenient identification 
and quantification of VSCs without causing any destruction.

The HS-SPME/GC–MS method was validated in terms of LOD, 
LOQ, linearity, and precision for VSC analysis of different vegetables 
(Table 2). All peaks for VSCs in the chromatograms were completely 
separated from peaks for other constituents (Figure 1). Dimethyl 
sulfide, dimethyl disulfide, and dimethyl trisulfide in the cabbage 
drink were identified by comparing the retention times and mass 
spectra of the samples with those of the authentic standards 
(Supplementary Figure S2). The calibration curves for dimethyl 
sulfide, dimethyl disulfide, and dimethyl trisulfide exhibited 

1 www.metaboanalyst.ca
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excellent linearity with the coefficient of determination (r2) values 
higher than 0.99 across the concentration ranges of analytes, 
indicating a strong linear relationship between concentration and 
the GC–MS signal. The obtained LODs ranged between 0.008 and 
0.028 μg/mL for dimethyl sulfide and dimethyl trisulfide, 
respectively. The obtained LOQs ranged between 0.02 and 0.085 μg/
mL for dimethyl sulfide and dimethyl trisulfide, respectively. The 
LOD and LOQ were low enough to quantify the VSCs in real 
samples. The relative standard deviation (RSD) of the analytes were 
all between 4.22 and 9.45%, which were within the control range and 
demonstrated the high reproducibility of the method. Thus, the 
developed method was able to analyze the VSCs that came from 

different types of vegetables and their cooking conditions. The 
calibration curves for other VSCs found in various vegetables 
showed good linearity, with r2 values higher than 0.95 across the 
concentration ranges of analytes. The summary of validation results 
is shown in Table 3.

3.2 Compositions of VSCs in different types 
of vegetables

The validated HS-SPME/GC–MS method was conducted to 
analyze the composition of VSCs in different vegetable groups and the 

TABLE 2 Validation parameters of HS-SPME/GC–MS method for volatile sulfur compounds.

No. Compounds Calibration 
equations

Linear 
range 

(μg/mL)

LOD 
(μg/
mL)a

LOQ 
(μg/
mL)b

Correlation 
coefficient 

(r2)

Intermediate 
precision, RSD 

(%)

Repeatability, 
RSD (%)

1 Dimethyl sulfide y = 0.0701x-0.054 0.259–16.6 0.028 0.085 0.9911 7.14 9.37

2 Dimethyl disulfide y = 0.627x-0.0508 0.032–1.0375 0.008 0.026 0.9985 4.22 9.45

3 Dimethyl trisulfide y = 2.2394x-0.0038 0.016–2.075 0.008 0.02 0.9975 7.71 8.07

aThe limits of detection of the method. bThe limits of quantitation of the method.

FIGURE 1

Chromatogram of volatile sulfur compounds.
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cooked vegetables. The result showed that 21 VSCs, including 3 
sulfides, 6 disulfides, 3 trisulfides, 3 thiophenes, 4 isothiocyanate, 1 
sulfhydryls, and 1 sulfur-containing cyclic compound were identified 
and quantified in Allium species, Cruciferae, Capsicum species, green 
leafy vegetables, and mushrooms (Supplementary Table S2 and 
Figure 2A).

Although 21 VSCs have been reported in various foods, the 
compositions of VSCs in different vegetables and their cooking 
conditions were reported exclusively in this study. Particularly, VSCs 
in Nangi, Bomdong, Gosari, and burdock were analyzed for the first 
time. Dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide, and 
allyl isothiocyanate were identified in Nangi (#6), whereas allyl 
isothiocyanate diminished during blanching. Bomdong had relatively 
high levels of isothiocyanates, such as allyl isothiocyanate and 
3-butenyl isothiocyanate, which were previously identified in Brassica 
juncea (raya) seeds (41). Dried shiitake mushrooms (#47) contained 
a diverse range of VSCs, such as dimethyl disulfide, dimethyl trisulfide, 
2,4,5-trithiahexane, and 1,2,4-trithiolane. Notably, 2,4,5-trithiahexane 
and 1,2,4-trithiolane were only found in dried shiitake mushrooms. 
The content of cyclic sulfur compounds increased during heating, 
with a significant elevation of 1,2,4-trithiolane after treating shiitake 
mushrooms at 70°C compared to the fresh ones (42). Dried 
mushrooms are generally produced using a hot-air drying machine, 
and the dried shiitake mushrooms used in this study might have been 
affected by the high-temperature heat treatment of the 
air-drying process.

Cruciferae and Allium vegetables had relatively higher amount of 
VSCs compared to other vegetables. The VSCs of Cruciferae vegetables 
are abundant in sulfides (i.e., dimethyl sulfide, dimethyl disulfide, and 
dimethyl trisulfide) and isothiocyanates (i.e., allyl isothiocyanate, 
3-methylthiopropyl isothiocyanate, erucin, and 3-butenyl 
isothiocyanate). Raw kohlrabi (#5) had the highest level of VSCs, 
which were mainly composed of dimethyl sulfide 
(2.97 ± 0.47 mg/100 g), dimethyl disulfide (7.05 ± 0.07 mg/100 g), 
dimethyl trisulfide (11.14 ± 1.32 mg/100 g), erucin 

(1.48 ± 0.35 mg/100 g), and 3-methylthiopropyl isothiocyanate 
(0.68 ± 0.12 mg/100 g). Raw cabbage (# 11) contained dimethyl sulfide, 
dimethyl trisulfide, allyl isothiocyanate, 5-methylthiophetanonitrile, 
and 3-butenyl isothiocyanate. However, erucin was produced by 
blanching and steaming. Allium vegetables contained high levels of 
allyl groups (i.e., allyl methyl allyl methyl sulfide, diallyl sulfide, allyl 
propyl disulfide, allyl mercaptan etc.) and 2,4-dimethyl thiophene. 
Allyl methyl sulfide, which alleviates hyperglycemia-mediated hepatic 
oxidative stress and inflammation, was found only in raw garlic (#15) 
(43). Korean wild chive was mainly composed of disulfides such as 
dimethyl disulfide (0.7 ± 0.20 mg/100 g), allyl methyl disulfide 
(1.78 ± 0.08 mg/100 g), and dimethyl trisulfide (6.05 ± 0.06 mg/100 g).

The major VSCs of raw garlic samples, including garlic (# 15), garlic 
clove (# 16), garlic sprout (# 17), and garlic root (# 18), were diallyl sulfide 
(1.55 ± 0.01 ~ 2.27 ± 0.03 mg/100 g), diallyl disulfide (15.47 ± 1.18 ~ 21.24 ±  
1.32 mg/100 g), allyl propyl disulfide (0.50 ± 0.00 ~ 1.98 ± 0.12 mg/100 g), 
allyl trisulfide (14.56 ± 0.07 ~ 52.67 ± 3.36 mg/100 g), and allyl mercaptan 
(3.46 ± 0.31 ~ 20.69 ± 6.54 mg/100 g). Diallyl sulfide and diallyl disulfide 
have therapeutic effects on inflammatory bowel disease, which induce the 
decrease of IP-10, IL-6, hydrogen sulfide, and nitric oxide, as well as in the 
expression of STAT-1 observed in intestinal cells stimulated with IFN-γ 
(44). Raw green onion (#19) contained only dipropyl disulfide, dipropyl 
trisulfide, and 2,4-dimethyl thiophene, which are partially responsible for 
its bioactivity (45). A previous study also reported that the major volatile 
in onion headspace has been reported to be dipropyl disulfide, followed 
by other mono- and disulfides, thiols, and thiophenes (46). Erucin, a 
promising anti-carcinogenic agent identified in rocket salad and arugula 
(Eruca sativa), was found only in raw kohlrabi (#5), blanched cabbage 
(#12), and steamed cabbage (#13) in this study (47, 48).

Even though ultra-volatile and highly reactive compounds such 
as hydrogen sulfide (H2S), methyl mercaptan (MeSH), and ethyl 
mercaptan (EtSH) can be found in Brassica and Allium species (49, 
50) the methods employed in our study were not designed for their 
quantification. The concentrations of these compounds can vary 
significantly based on variety and growing conditions, and they may 

TABLE 3 Calibration equations, linear range and correlation coefficient of volatile sulfur compounds in HS-SPME/GC–MS method.

No. Compounds Calibration equations Linear range (μg/mL) Correlation coefficient

1 Allyl isothiocyanate y = 2.133x + 1.516 0.18–35 0.9753

2 Allyl methyl disulfide y = 1.690x + 0.200 0.04–31 0.9886

3 Dimethyl disulfide y = 0.496x + 0.104 0.01–7.98 0.9919

4 Dimethyl sulfide y = 0.070x-0.054 0.004–1.1 0.9911

5 Dimethyl trisulfide y = 1.674x + 0.302 0.003–26.61 0.9936

6 Erucin y = 0.663x + 0.645 0.03–5 0.9495

7 Allyl mercaptan y = 0.151x + 0.137 0.013–27.7 0.9769

8 Diallyl sulfide y = 2.075x + 0.010 0.002–27.7 0.9822

9 Allyl methyl sulfide y = 0.564x-0.057 0.013–27.7 0.9848

10 Allyl propyl disulfide y = 5.333x-0.376 0.003–27.7 0.9927

11 Diallyl disulfide y = 4.951x + 0.096 0.003–27.7 0.9971

12 Diallyl trisulfide y = 0.763x-0.742 0.027–27.7 0.9492

13 Dipropyl disulfide y = 0.358x + 0.062 0.004–0.5186 0.9923

14 Dipropyl trisulfide y = 0.266×0.006 0.004–0.5186 0.9545

15 3-methylthiopropyl isothiocyanate y = 1.814x-0.386 0.064–8.3 0.9971
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be present in very low quantities. Our study focused on profiling 
dimethyl sulfides, isothiocyanates, and allyl compounds.

Collectively, the present study demonstrated that the levels of 
dietary VSCs vary depending on the type of vegetable and the cooking 
conditions. Notably, isocyanates were abundant in Cruciferae, while 
allyl groups and propyl sulfides were prevalent in garlic and green 
onion, respectively. Most cooked vegetables contained lower levels of 
VSCs compared to their fresh counterparts, except for erucin in 
cooked cabbage. The diverse compositions of VSCs may not only 
contribute to the distinct flavors of each vegetable but also influence 
their different health benefits.

3.3 Profile of VSCs in different vegetable 
groups

Heatmap analysis was applied to illustrate the different 
compositions of VSCs across the various vegetable groups (Figure 2B). 
Most vegetables contained sulfide derivatives. Cruciferae and Allium 

vegetables had higher concentrations of VSCs, while Capsicum 
species, green leafy vegetables, and mushrooms had comparatively 
lower VSC content. Cruciferae and Allium vegetables had relatively 
higher amounts of VSCs compared to other vegetables. The largest 
group of Cruciferae -released VSCs was isothiocyanates, mainly 
composed of allyl isothiocyanate, 3-methylthiopropyl isothiocyanate, 
and 3-butenyl isothiocyanate. Erucin was found only in cooked 
cabbages. Among the VSCs, allyl groups (i.e., allyl methyl sulfide, 
diallyl sulfide, allyl propyl disulfide, allyl mercaptan, etc.) and 
2,4-dimethyl thiophene were significantly abundant in Allium 
vegetables. The distinct VSC patterns in Cruciferae and Allium 
vegetables are responsible for their strong flavors and aromas, which 
are often mellowed by cooking processes (51). Raw Shiitake 
mushrooms have relatively higher amounts of disulfides, such as 
dimethyl disulfide, dimethyl sulfide, 2,4,5-trithiahexane, and cyclic 
sulfurs (i.e., 1,2,4-trithiolane) compared to other mushrooms, as 
reported in previous studies. The major volatile sulfur compounds, 
2,4,5-trithiahexane and 1,2,4-trithiolane, significantly contribute to 
the complex aroma of Shiitake mushrooms, which varies depending 

FIGURE 2

Relative contents (A) and heatmap (B) of volatile sulfur compounds in different vegetable groups.
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on the cooking conditions (52). Green leafy vegetables, bracken, and 
burdock are more abundant in dimethyl disulfide, a metabolite 
produced during various biological processes in plants (53).

The PCA was performed using the VSC profiling data of different 
vegetables to reveal the sample clustering pattern, provide an overview 
of the trends, and determine putative outliers. As depicted in 
Supplementary Figure S3, the PCA score plot revealed that differences 
between vegetables were generally unclear, except for one Shiitake 
mushroom sample and several Allium vegetable samples. The first two 
principal components (PCs) accounted for 42% of the total variance 
[PC1 (x-axis) = 23.42% and PC2 (y-axis) = 18.53%]. In the absence of 
distinctive VSCs among the vegetables, most samples contained 
sulfides such as dimethyl sulfide and dimethyl disulfide, resulting in 
ambiguous VSC patterns and complicating the classification process. 
Therefore, PCA was separately conducted for Cruciferae and Allium 
vegetables, which not only exhibited distinctive VSCs but also had 
relatively higher amounts of these compounds. Figure 3A showed 
distinct clustering patterns among the Cruciferae vegetables. The first 
two PCs accounted for 58.76% of the total variance (PC1 = 35.10% and 
PC2 = 23.66%). Broccoli stem (# 3), Kohlrabi (# 5), and blenched 
broccoli (# 2) were positioned on the positive side of the PC 1 axis, 
while the other vegetables were on the negative side. Among the 
samples positively placed on the PC 1, kohlrabi was significantly 
associated with erucin, 3-methylthiopropyl isothiocyanate, dimethyl 
disulfide and dimethyl trisulfide. Korean spring cabbage (# 9) was 
negatively placed on both PC 1 and PC 2 and was significantly related 
to 4-ethyl-5-methylthiazole and 3-butenyl isothiocyanate. Cabbage (# 
11) was located on the positive value of PC 1 axis and the negative 
value of PC 2 axis, which was linked to allyl isothiocyanate. The 
potential role of Cruciferae vegetables in cancer chemoprevention is 
attributed to the bioactivity of their glucosinolate hydrolysis products, 
namely isothiocyanates, which are suggested to protect against 
common cancer types such as lung, prostate, breast, and colon 
cancers (54).

As shown in Figure 3B, the first two components of the PCA 
accounted for 75.66% of the total VSCs within samples: PC1 and PC2 
explained 46.89 and 28.77% of the total variation, respectively. Garlics 
(# 15, 16, 17, and 18) were located on the positive values of the PC 1 

axis, whereas the other vegetables were on the negative values. Garlics 
were significantly associated with allyl groups such as diallyl sulfide, 
diallyl disulfide, diallyl trisulfide, allyl methyl sulfide, allyl propyl 
disulfide, and allyl mercaptan. In garlics, these allyl compounds, which 
contribute to the pungent flavor and odor of garlic, are decomposed 
from allicin (55). The antioxidant activities of garlics can be attributed 
to these allyl compounds (56) (ref.), which also influence therapeutic 
effects, including anti-inflammatory, anti-obesity, and cancer 
prevention potentials (57, 58). Green onions (# 19, 20, and 21) were 
negatively placed on both PC 1 and PC 2 and was significantly 
associated with 2,4-dimethyl thiophene, dipropyl trisulfide, and 
dipropyl disulfide. Korean wild chive (# 14) was located on the positive 
value of PC 1 axis and the negative value of PC 2 axis, which was 
related to dimethyl disulfide, dimethyl trisulfide, and allyl 
methyl disulfide.

These findings highlight the unique VSC compositions in specific 
vegetables, offering valuable insights into their distinct biochemical 
profiles and potential health benefits depending on the type 
of vegetable.

3.4 Changes in VSCs in vegetables 
depending on different cooking conditions

Vegetables are often consumed raw, but they also frequently 
undergo heat treatment in commercial processing plants and 
household kitchens before consumption (59). Cooking vegetables can 
alter the composition of VSCs, thereby influencing their 
nutritional quality.

The present examined how cooking affects the VSCs in different 
vegetables. Figure 4 illustrates the differences in VSC compositions 
in broccoli, shepherd’s purse, cabbage, and napa cabbage under 
various cooking conditions. Most VSCs decreased after blanching, 
steaming, and grilling, except for dimethyl sulfide in Korean 
shepherd’s purse and erucin in cabbage. Previous studies have 
demonstrated that the volatile compounds in vegetables are affected 
by thermal degradation (60). Raw Allium vegetables contain higher 
amounts of disulfides, mainly diallyl disulfide and allyl 

FIGURE 3

Principal component analysis of volatile sulfur compounds in Cruciferae (A) and Allium (B) vegetables.
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(E)-1-propenyl disulfide, compared to cooked samples (61, 62). In 
this study, blanched broccoli showed reduced contents of dimethyl 
trisulfide and 3-butenyl isothiocyanate, although dimethyl sulfide 
and dimethyl disulfide remained stable during cooking. In Korean 
shepherd’s purse, the content of dimethyl sulfide was higher in the 
blanched sample than in the raw sample, while dimethyl disulfide, 
dimethyl trisulfide, and allyl isothiocyanate were destroyed after 
blanching. The contents of dipropyl disulfide, dipropyl trisulfide, and 
2,4-dimethyl thiophene were significantly reduced in blanched and 
grilled green onions. Cooked napa cabbage showed a decrease in all 
VSCs detected in the raw sample. Major VSCs in napa cabbage were 
not detected after cooking. Changes in VSCs in cabbage were diverse 
after cooking. In particular, dimethyl disulfide, dimethyl trisulfide, 
and 4-(methylthio)butyl cyanide were destroyed after blanching and 
steaming. However, the content of erucin was enhanced in blanched 
and steamed cabbage, compared to raw cabbage. Blanching also 
caused an increase in the 3-butenyl isothiocyanate content. In the 
cooked cabbage, isothiocyanate such as erucin and 3-butenyl 
isothiocyanate might be generated from the thermal decomposition 
of glucosinolates such as glucoraphanin. Even though isothiocyanates 
in Cruciferae vegetables are typically produced through the primary 
hydrolytic pathway of glucosinolates catalyzed by myrosinase, the 

high temperatures and extended processing times used in cooking 
can inactivate this enzyme (63). These founding suggest that most of 
cooked vegetables were lower contents of VSCs than that of their 
fresh counterparts, but it depends on the type of vegetables 
and compounds.

In conclusion, this study investigated the profile of VSCs in 
different vegetable groups and the impact of various cooking methods 
using HS-SPME/GC–MS combined with multivariate chemometric 
analysis. The analytical method of VSCs was validated with vegetable 
matrices using HS-SPME-GC/MS technique. The primary objective 
of this study was to profile the overall volatile sulfur compounds 
(VSCs) present in different vegetable matrices. Within this scope, the 
method provided valuable preliminary insights. Future research 
should focus on employing labeled isotopic standards for the absolute 
quantification of major VSCs to enhance accuracy and reliability. This 
approach will address the limitations of the current method and 
provide more definitive data on the concentration of VSCs in 
vegetable samples. The compositions of VSCs varied across a range 
of vegetables, including Allium species, Cruciferae vegetables, 
Capsicum species, green leafy vegetables, and mushrooms. Notably, 
isothiocyanate and allyl groups were abundant in Cruciferae and 
Allium vegetables, respectively. In cooked vegetables, a reduction in 

FIGURE 4

Profile of volatile sulfur compounds in vegetables according to different cooking methods. Data were compared using Tukey HSD or T-test. In broccoli 
and Korean shepherd’s purse, *p  <  0.05 represent significant difference of raw and blanched group. In green onion, napa cabbage and cabbage, 
different letters indicate a significant difference between groups at the p  <  0.05.
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dimethyl sulfide and dimethyl trisulfide was observed, suggesting 
that heat treatment can lead to the volatilization and reduction of 
these compounds. Several isothiocyanates in cabbage, such as erucin 
and 3-butenyl isothiocyanate, increased with cooking, likely due to 
the thermal decomposition of glucosinolates. The cooking method 
plays a critical role in modulating the presence and concentration of 
VSCs in vegetables, with implications for potential health benefits. 
Future dietary recommendations and culinary practices should 
consider the influence of cooking methods on the nutritional quality 
of vegetables to optimize the intake of beneficial sulfur-
containing compounds.
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