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Abstract 

In recent years, innovative edible vegetal products, obtained by harvesting in the early 

stages of plant development, have emerged for their potential as sources of nutraceuticals. 

Phytosterols, which play important structural and regulatory roles in plant growth and 

membrane remodeling, are included among vegetable-related nutraceuticals due to their 

beneficial effects on human health. For this reason, the present study was focused on the 

use of RPLC-APCI-HRMS to assess, for the first time, the free sterol (FS) profiles of two 

edible Brassicaceae plants, namely kale (Brassica oleracea var. acephala) and broccoli raab 

(Brassica rapa subsp. sylvestris var. esculenta), harvested at the stages of microgreens, mi-

croleaves and baby leaves. A comparison with the respective adult forms, conventionally 

used as edible products upon cooking, was also performed. β-sitosterol was the prevailing 

FS in all products (>75%), followed by campesterol (8–15%) and isofucosterol (<3%). Total 

FS concentrations ranged between 13 and 23 mg/100 g fresh weight (FW) for juvenile 

products of the two plants under study, with the respective highest values being compa-

rable with those found in raw or cooked mature forms (24–26 mg/100 g FW). Interestingly, 

a more diversified FS profile was observed for juvenile products and an increase in major 

FS content was observed for microleaves of the two plants cultivated during the winter 

cycle (January–March), compared to those cultivated in the spring cycle (March–May). 

These results support the hypothesis that vegetables harvested at early developmental 

stages may represent promising ready-to-eat alternatives to Brassica plant adult forms, as 

well as sources of beneficial phytosterols. 

Keywords: free sterols; kale; broccoli raab; microgreens; microleaves; baby leaves;  

atmospheric pressure chemical ionization high-resolution mass spectrometry 

 

1. Introduction 

In recent years, edible plant products harvested at early developmental stages have 

gained increasing attention in the agri-food sector, not only because of their short cultiva-

tion cycle and reduced environmental footprint, but also because juvenile tissues often 
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display higher concentrations of health-related metabolites with respect to those of ma-

ture vegetables [1]. Among these products, microgreens, i.e., tender seedlings harvested 

7 to 21 days after sowing, once the cotyledons are expanded and the first true leaves have 

emerged, have been the major focus of research [2–9]. They are typically cultivated in pro-

tected or soilless systems that reduce water use and agrochemical inputs, and are there-

fore regarded as promising components of sustainable horticultural production [1,10–12]. 

Production-oriented studies have also examined nutrient solution management, use of 

low-potassium supply, agronomic biofortification, and the effects of irradiation by LED 

lights on microgreen composition and quality [13–24]. Baby leaves, defined by European 

Regulation 752/2014 as young leaves and petioles harvested up to the stage of the eighth 

true leaf [1], have also been investigated as nutritionally valuable alternatives to mature 

vegetables [25–29]. By contrast, the intermediate growth phase, here termed microleaf, 

corresponding to seedlings with fully expanded first true leaves, has received much less 

attention, despite its potential relevance for both plant physiology and product quality. 

This stage represents a critical transition period in plant development, during which seed-

lings shift from heterotrophic growth based on seed reserves to autotrophic growth sup-

ported by photosynthesis. It is also characterized by rapid leaf expansion and active cel-

lular membrane biogenesis, processes in which sterols, which represent the target mole-

cules of the present investigation, play essential structural and regulatory roles. 

Based on this background, the present study was designed to assess, for the first time, 

the profile and content of an important class of nutraceuticals, i.e., phytosterols, in micro-

greens, microleaves and baby leaves of two plants of the Brassicaceae family, namely kale 

(Brassica oleracea L. var. acephala) and broccoli raab (Brassica rapa L. subsp. sylvestris L. 

Janch. var. esculenta Hort.), whose adult forms are very popular among edible plants con-

sumed in Southern Italy and are well known for their richness in bioactive constituents 

such as polyphenols and glucosinolates [30–38]. In this case, attention was directed to 

phytosterols (PSs), not only because of their recognized benefits for human health, includ-

ing LDL-cholesterol-lowering effects and other health-promoting properties [39–41], but 

also because they are directly involved in plant growth processes that are especially dy-

namic during the transition from seedlings to mature edible tissues. 

PSs are key structural components of plant cell membranes, where they regulate per-

meability, fluidity and lipid bilayer organization, while also participating in signaling, 

membrane trafficking and plasmodesmata function [41–46]. Significantly for the present 

study, sterol metabolism is tightly connected with plant growth and development because 

sterols influence cell division, elongation and differentiation [43,46,47], and their relative 

abundance is known to respond to developmental cues and abiotic conditions, including 

temperature [46,48]. As evidenced in Figure 1, PSs are present in plants mainly as free 

sterols (FSs), although steryl esters (SEs), steryl glycosides (SGs) and acylated steryl gly-

cosides (ASGs) can also be found in vegetal tissues [41,43,49,50] and are increasingly rec-

ognized as functionally relevant metabolites, yet their analytical characterization requires 

careful hydrolysis strategies for conversion into the corresponding free forms [51,52]. 

Among PSs differing for the extent of methylation at C4 of the common cyclopenta[α]phe-

nanthrene tetracyclic structure, i.e., desmethyl-, 4α-methyl-, and 4,4-dimethylsterols 

[41,50,53], the latter are less abundant in plant tissues, since they serve mainly as precur-

sors of demethylated sterols [54]. Considering the position of C=C bond(s) on the steroidal 

B-ring, FSs are additionally classified as Δ5-, Δ7-, Δ5,7-, or Δ8-sterols, whereas stanols are 

fully saturated compounds [41,44,50]. Δ5-sterols, on which Figure 1 is focused (note that 

the IUPAC numbering of sterol carbon atoms [55] is adopted in the figure), include β-

sitosterol and campesterol, the most abundant FSs in plants, possessing a fully saturated 

side chain branched at C24 [39,43,50] through enzymatic ethylation or methylation 

[43,46,56,57]. Other common plant Δ5-sterols, such as brassicasterol and stigmasterol, in-
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clude a C=C double bond between C22 and C23 [41,43], whereas chalinasterol and isofu-

costerol are their respective positional isomers (Figure 1). The Δ7 isomer of isofucosterol, 

known as Δ7-avenasterol, is also found in plants. 

 

Figure 1. (Top Left) General trans-planar tetracyclic structure of Δ5-sterols, numbered according to 

IUPAC nomenclature. (Top Right) General structures of the R group linked to C3, determining 

sterol classification as free sterols (FSs), steryl esters (SEs), steryl glycosides (SGs) and acylated steryl 

glycosides (ASGs). (Bottom) Side chains, indicated as R1, of the most relevant plant FSs and of cho-

lesterol, considered in the present study along with the Δ7 analog of isofucosterol, i.e., Δ7 avenasterol. 

Several studies have investigated FSs in mature Brassica vegetables [58–65]; however, 

information on juvenile Brassica products is still scarce. To date, only one study has exam-

ined phytosterols in Brassica microgreens, using GC-MS/MS [66], while no work has sys-

tematically compared microgreens, microleaves, baby leaves and mature vegetables 

across developmental stages. This systematic study was thus performed for the first time 

in the present work, starting from an RPLC-APCI-HRMS method previously developed 

in our laboratory, enabling the detailed characterization of major plant sterols and the 

interpretation of their APCI-HRMS/MS fragmentation behavior [67]. We hypothesized 

that the free sterol composition undergoes systematic changes during early Brassica de-

velopment owing to the intense membrane remodeling associated with seedling growth. 

To test this hypothesis, the RPLC-APCI-HRMS method was first validated for quantitative 

application and then applied to quantify sterols in microgreens, microleaves, baby leaves 

and mature tissues. In this way, the study was also meant to address the question of 

whether juvenile Brassica products can realistically be considered alternatives to the cor-

responding adult forms as sources of free sterols. Moreover, the eventual effect of cultiva-

tion season was also tested in the case of microgreens and microleaves. 

2. Results and Discussion 

2.1. Identification of Sterols by RPLC-APCI(+)-HRMS and HRMS/MS Analysis 

In the first stage of the present study, a detailed assessment of FS profiles in the veg-

etal products of interest was undertaken, also considering minor compounds of the same 

class, that could contribute to stage-dependent differences in FS composition. The RPLC-

APCI(+)-HRMS method adopted for FS analysis provided a comprehensive profile of 

these compounds for all vegetal products considered in this study. As an example, single 
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or multiple extracted ion current (EIC) chromatograms corresponding to the monoiso-

topic m/z values of FS [M + H − H2O]+ ions detected in a kale microgreen extract are re-

ported in Figure 2, with labels indicating either free sterols, recognized through compari-

son of retention times and accurate m/z ratios of the respective ions with those of stand-

ards, or the respective steryl glycosides (SGs). Notably, [M + H − H2O]+ ions prevailed 

remarkably with respect to [M + H]+ ones for all the sterols under study in the adopted 

APCI conditions. 

 

Figure 2. Extracted ion current (EIC) chromatograms referring to monoisotopic m/z values for [M + 

H − H2O]+ ions of sterols identified in a kale microgreen extract after RPLC-APCI-HRMS analysis: 

(A) 369.3516, lathosterol and cholesterol; (B) 383.3672 and 397.3829, campesterol and β-sitosterol, 

respectively; (C) 381.3516, chalinasterol and brassicasterol; (D) 395.3672, Δ7-avenasterol, isofucos-

terol (Δ5-avenasterol) and stigmasterol. Labeled peaks correspond to FS identified using authentic 

standards; peaks at earlier retention times correspond to the related steryl glycosides (SG). Under-

lined retention times (campesterol, 37.1 min; β-sitosterol, 42.3 min) indicate peaks arising from in-

source fragmentation of the respective major sterol molecular ions. Non-underlined retention times 
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correspond to minor sterols tentatively identified using chromatographic and tandem mass spec-

trometric data (see text for details). 

In this case, lathosterol was successfully separated from cholesterol (Figure 2A), in 

accordance with the previously demonstrated ability of the developed RPLC gradient to 

resolve Δ7 from Δ5 sterols [67,68]. Although more characteristic of animal matrices, the 

presence of lathosterol and cholesterol is not unexpected, as these sterols have been pre-

viously detected in mature Brassica vegetables as well as in kale and broccoli raab micro-

greens, with cholesterol typically representing about 1% of the total sterol content in 

plants [44,64,66,69]. Besides those of campesterol and β-sitosterol, two further peaks were 

observed, at 12.3 and 15.0 min, in the multi-EIC trace corresponding to [M + H − H2O]+ 

ions with exact m/z values 383.3672 and 397.3829 (Figure 2B). They could be related to the 

corresponding SGs, that were co-extracted with their free counterparts but were eluted 

earlier due to the presence of the polar sugar moiety, which reduces the interaction with 

the C18 stationary phase. The SG protonated forms underwent the neutral loss of the 

sugar moiety during the APCI process, thus yielding the same ions observed for free ster-

ols, as confirmed also by their HCD-MS/MS spectra. Chalinasterol and brassicasterol were 

readily recognized in the EIC chromatogram obtained for m/z 381.3516, while peaks elut-

ing at 6.1 and 10.4 min corresponded to the respective SGs (Figure 2C). Additional weak 

chromatographic peaks detected after 37.1 and 42.3 min in the same EIC chromatogram 

were found to correspond to product ions resulting from the [M + H − H2O]+ ions of cam-

pesterol and β-sitosterol upon APCI-induced neutral losses of H2 and CH4, respectively. 

Finally, peaks corresponding to isomeric Δ7-avenasterol and isofucosterol (also known as 

Δ5-avenasterol), as well as the very weak peak related to stigmasterol, were readily recog-

nized in the EIC trace obtained for m/z 395.3672 (Figure 2D). The peak detected at 10.4 min 

in this chromatogram corresponded to the SG of isofucosterol, as demonstrated by the 

HCD-MS/MS spectrum of the corresponding standard. Notably, a perfect alignment was 

observed for peaks related to brassicasterol and isofucosterol SGs, by analogy with their 

free forms. The last peak in plot D, eluted after 42.3 min, was related to the product ion 

resulting from the [M + H − H2O]+ ion of β-sitosterol upon H2 loss in the APCI source. 

The detection of additional weak peaks in the EIC chromatograms corresponding to 

m/z values 381.3516 (24.9, 27.2 and 30.9 min) and 395.3672 (29.2 and 30.2 min) suggested 

the presence of additional sterols. The identification of these compounds was attempted 

by integrating chromatographic and mass spectrometric data with information available 

on sterols in the dedicated section of the LipidMaps database (www.lipidmaps.org). In 

fact, our previous studies on phytosterols and animal/fungal sterols demonstrated the ex-

istence of several diagnostic correlations between relative intensities of product ions de-

tected in HCD-MS/MS spectra and important structural features, including the number 

and position of double bonds on the B ring and the characteristics (unsaturation, branch-

ing) of the side chain [67,68]. APCI-HCD-MS/MS spectra were therefore carefully aver-

aged under peaks detected in the EIC chromatograms of Figure 2 that could not be iden-

tified through comparison with major sterol standards and are reported in Figure S1 of 

the Supplementary Material. They were subsequently employed, along with chromato-

graphic data and a comparison with the literature [69–73], to obtain structural information 

on minor sterols, as explained in detail in Section S1 and Figures S2 and S3 of the Supple-

mentary Materials. 

As a result, the following putative assignments were obtained for peaks detected in 

the EIC chromatogram at m/z 381.3516 (Figure 2C): (24.9 min) episterol (24-methylene-

cholest-7-en-3β-ol); (27.2 min) 24-methylcholesta-5,23E-dien-3β-ol; (30.9 min) 24-epibras-

sicasterol (also known as campesta-5,22E-dien-3β-ol or crinosterol). These assignments 

were obtained for minor peaks detected in the EIC chromatogram at m/z 395.3672 (Figure 
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2D): (29.2 min) 14-demethyl-lanosterol (also known as 4,4-dimethylzymosterol or 4,4-di-

methyl-5α-cholesta-8,24-dien-3β-ol); (30.2 min) Δ5,24-stigmastadienol. 

As a general comment on the sterols identified in kale microgreens, it is worth noting 

that chalinasterol was previously detected in vegetal matrices only in Cucurbitaceae plants 

[74–76]. To the best of our knowledge, episterol and 24-epibrassicasterol have never been 

identified in vegetables, whereas they were found in fungi and algae respectively [77,78]. 

Similarly, 14-demethyl-lanosterol is a free sterol typically found in fungi [79]. Δ5,24-stig-

mastadienol has been identified so far only in plants belonging to Graminaceae, Fabaceae, 

and Solanaceae families [80–82], but never in Brassicaceae. Therefore, the RPLC-APCI-

HRMS/MS approach adopted during this study enabled us to extend the knowledge on 

the sterol profile of these plants. As discussed in the following sections, similar profiles 

were observed among the different products of kale and broccoli raab on a qualitative 

level. However, interesting differences were observed from a quantitative point of view. 

2.2. Quantification of Sterols: Method Development and Validation 

As a first step towards the quantification of sterols in vegetal products, six-level ex-

ternal calibration was performed on the set of sterol standards considered in the present 

study. The analytical response was obtained from the EIC peak areas referring to [M + H 

− H2O]+ ions, normalized by the peak area of the [M + H − H2O]+ ion cholesterol-d6, added 

to each sample as the internal standard (IS) at a 10 μg/mL final concentration (see Section 

3). Notably, in this case cholesterol-d6 was added with the specific purpose of compensat-

ing for eventual instrumental response fluctuations, which are not uncommon in APCI-

MS instruments. In particular, EIC peak areas obtained for each of the target standard 

sterols were systematically normalized by the EIC peak areas obtained for cholesterol-d6, 

under the assumption that any instrumental response fluctuation would influence the re-

spective responses similarly. As evidenced in Table S1 (Supplementary Materials), re-

sponse linearity in the explored concentration ranges was consistently excellent and the 

limits of detection (LOD) and quantification (LOQ), calculated as 3 and 10 times the s/b 

ratio, respectively, where s is the standard deviation of the intercept and b is the slope of 

the calibration line [83], ranged, respectively, between 0.03 and 2 μg/mL (LOD) and be-

tween 0.11 and 7 μg/mL (LOQ). 

The matrix effect was subsequently evaluated by the standard addition method, since 

no blank matrix was available. Each standard sterol was added to extracts of microgreens, 

microleaves, baby leaves and mature forms of both kale and broccoli raab to reach the 

third and the sixth concentration level used for calibration (see Section 3). Three spiking 

replicates were considered in each case, and the matrix effect was calculated as the ratio 

between the IS-normalized EIC peak area obtained for each of the two levels spiked in the 

matrix, subtracted of the IS-normalized EIC peak area found in the unspiked matrix (thus 

reflecting the sterol content originally present in the matrix), and the IS-normalized EIC 

peak area obtained for the same concentration in solvent. Values between 90 and 110% 

were obtained for all sterols, indicating negligible matrix effects in all the matrices of in-

terest. Consequently, external calibrations curves could be reliably employed for sterol 

quantifications in real samples. For the five sterols described in the previous section for 

which standards were unavailable, quantification was based on calibration lines of struc-

turally similar sterols eluting at comparable retention times. Indeed, as discussed in our 

previous papers on the APCI-MS and MS/MS analysis of sterols, the similarity between 

sterol molecular structures is expected to lead to similar efficiencies for the generation of 

the corresponding [M + H − H2O]+ ions during the APCI process, being ionization efficien-

cies related to the probability of formation of specific sterol carbocations following proto-

nation and loss of water, in turn influenced by molecular structure [67,68]. Additionally, 

the initial transfer of H+ to the neutral sterol molecule during the APCI process is clearly 
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expected to be influenced by the composition of the mobile phase; thus, given a certain 

level of structural similarity, a similar ionization efficiency can be hypothesized if two 

sterols are also eluted at similar retention times from the C18 column. 

Based on these considerations, episterol and 24-methylcholesta-5,23-dien-3β-ol were 

quantified using the chalinasterol calibration line, since the former is the Δ7 equivalent of 

chalinasterol and the latter shares with chalinasterol the C=C bond between C5 and C6 

and the occurrence of a C=C bond along the side chain. Brassicasterol calibration was used 

also for its epimer 24-epi-brassicasterol, whereas 14-demethyl-lanosterol and Δ5,24-stig-

mastadienol were quantified using the calibration line of isofucosterol, since both those 

sterols share with isofucosterol the presence of a C=C bond close to the end of their side 

chain. 

The recovery of sterols from the vegetal matrices was estimated in triplicate using 

kale microgreens as a model matrix. Three successive extraction steps were performed in 

each case, with the resulting supernatants collected and evaporated under nitrogen flow, 

and the resulting residues dissolved into 500 μL of a CH3OH/CHCl3 solution (2:1 v/v). 

Before RPLC-APCI(+)-HRMS analysis, the solutions were diluted 1:5 (v/v) with acetoni-

trile and cholesterol-d6 was added as the internal standard (IS) at a 10 μg/mL final con-

centration. The IS-normalized EIC peak area of each sterol for each extraction step could 

thus be correlated to the extracted amount and expressed as the percentage of the total 

peak area obtained after three extraction steps. Average percentual recovery values ob-

tained after each extraction step, reported in Figure S4 (Supplementary Materials), 

showed that at least 95% of the sterol amount obtained after three consecutive extractions 

could be extracted already after the first two steps. Moreover, the variabilities of recover-

ies did not exceed 7% for the first extraction and 5% for the second one, confirming the 

reproducibility and reliability of the adopted extraction protocol. Accordingly, the pooled 

first and second extracts were used for real-sample analysis, as described in detail in Sec-

tion 3. 

As a final step of method validation, response variabilities related either to between-

day instrumental fluctuations or to sampling of freeze-dried vegetal samples combined 

with extraction yield reproducibility were assessed as described in detail in Section S2 of 

the Supplementary Materials. In the former case, RSD values were found to be lower than 

6% (see Table S2 in the Supplementary Materials), thus confirming the efficacy of response 

normalization based on the isotopically labeled internal standard and the stability of ster-

ols in extracts over a typical analytical timescale (5 days). In the latter case, RSD was gen-

erally lower than 15%, being close to 20–21% only for brassicasterol and 24-epibrassicas-

terol (see Table S2). The relatively higher values found for the last two sterols are likely 

related to the intrinsic variability of their amounts between different individual plants, 

which could not be compensated even by pooling the lyophilized material obtained from 

several plants grown in a specific sub-section of the greenhouse, as described in detail in 

Section 3. As evidenced in the next section, brassicasterol and 24-epibrassicasterol were 

critical sterols, since their concentrations became so low, already at the level of micro-

leaves, to become undetectable in products different from microgreens among those con-

sidered for the present study. It is thus likely that a more pronounced variability occurred 

for the contents of these sterols in different individual plants already at the level of micro-

greens. 

2.3. RPLC-APCI-HRMS-Based Quantification of Free Sterols in Juvenile Products and Adult 

Forms of Kale and Broccoli Raab 

The first step of the quantitative assessment of FSs involved microgreens, micro-

leaves, baby leaves and mature forms of both kale and broccoli raab grown in the winter 

season (January–March), which represents the typical cultivation period for the mature 
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vegetables. This comparison was designed to test the hypothesis that juvenile products 

may already accumulate nutritionally relevant FS amounts and to verify if the develop-

mental stage affects not only their total content, but also their profile. A single aliquot of 

the pooled freeze-dried material obtained from microgreens/microleaves/baby leaves, ac-

cording to the case, harvested in each of the three specific sub-sections of the greenhouse 

inside which they were cultivated (see Section 3 for details), was subjected to sterol ex-

traction and the extract was subjected to RPLC-APCI-HRMS analysis. Each extract was 

analyzed once, considering the excellent reproducibility of the analytical response for the 

same extract discussed before. As explained in the previous section, quantification was 

performed using external calibration and average concentrations were expressed as mg 

per 100 g of fresh weight (FW), considering the water loss occurring during freeze-drying 

of a specific quantity of fresh product. The resulting data, expressed as 95% confidence 

intervals centered on means (n = 3), are reported in Table 1, in which the outcome of a one-

way ANOVA with a post hoc HSD Tukey test (p = 0.05) for the comparison between mul-

tiple means, referring to the different growth stages of the same plant, is reported using 

superscript. Stacked column graphs were generated from quantitative data reported in 

Table 1 to enable an easier comparison of the average total sterol contents of the four prod-

uct types for each Brassica plant and are reported in Figure 3, in which error bars represent 

the half-width of 95% confidence intervals (n = 3) and letters indicate the outcome of one-

way ANOVA with post hoc HSD Tukey test (p = 0.05). 

 

Figure 3. Stacked-column graphs illustrating the average total contents of free sterols (FS) found in 

microgreens, microleaves, baby leaves and adult forms of kale and broccoli raab (n = 3). Contents 

are expressed as mg/100 g fresh weight (FW). Error bars represent the 95% confidence intervals for 

the total sterol concentrations reported for each product. Letters indicate the outcome of one-way 

ANOVA with Tukey’s HSD post hoc test (p = 0.05). 

β-sitosterol clearly exhibited the highest content in all products examined in this 

work, accounting for 80–90% of the total sterol contents, regardless of the developmental 

stage. Its prevalence, and the role of campesterol as the second most concentrated sterol 

(again, in all developmental stages) is in accordance with the literature data on plant ster-

ols, including those reported for Brassicaceae plants [39,43,50,59,61,63,64,66]. Conversely, 

stigmasterol always exhibited concentrations even lower than LOD values; therefore, it is 

not included in Table 1. This outcome was surprising, since stigmasterol is generally con-

sidered the third most abundant free sterol in plants [39,43,50]. However, the same result 

was recently obtained for adult forms of both kale and broccoli raab after GC-MS analysis 
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[66]. Moreover, low stigmasterol amounts were also reported in the literature for several 

cruciferous vegetables [59,61,63–65]. Isofucosterol ranked as the third most concentrated 

sterol, independently on the developmental stage considered, whereas its positional iso-

mer, Δ7-avenasterol, was present at much lower concentrations (see Table 1). Not surpris-

ingly, cholesterol and chalinasterol, typically considered animal sterols, exhibited low 

concentrations, becoming lower than LOD values in the case of mature kale. Lathosterol 

was also detected but not quantifiable in any product examined, like most of the minor 

sterols putatively identified using chromatographic and MS/MS information (see Section 

2.1). The only exception among the latter was 24-epibrassicasterol, which, like its major 

epimer, brassicasterol, could be quantified only in microgreens of both plants, thus indi-

cating a sharp decrease in their abundance during plant growth. Remarkably, small 

amounts of brassicasterol have generally been reported for mature cruciferous plants 

[63,64,66]. Data reported in Table 1 also reveal a generally higher variability in the sterol 

content of mature kale and broccoli raab. The higher variability observed for mature kale 

and broccoli raab may reflect a greater variability in cultivation conditions across the field, 

potentially able to determine slight changes in individual sterol contents, but also a more 

pronounced heterogeneity across different parts of the adult plant [48,84,85]. More im-

portantly, however, quantitative data support the view that FS accumulation has some 

dependence on the growth stage in the two plants under study. 

Table 1. Concentrations of free sterols (mg/100 g fresh weight, FW) obtained by RPLC-APCI-HRMS 

analysis of extracts of microgreens, microleaves, baby leaves and mature plants of kale and broccoli 

raab. Data represent 95% confidence intervals for mean concentrations (n = 3). Superscript letters 

represent the outcome of one-way ANOVA with Tukey’s HSD post hoc test (p = 0.05), performed 

for each sterol across the different products, i.e., for the comparison between data reported in each 

row. 

Compound 

Kale 

Micro- 

Greens 

Micro- 

Leaves 

Baby 

Leaves 

Mature 

Plants 

β-sitosterol 18 ± 2 ab 18 ± 2 ab 13 ± 2 b 23 ± 6 a 

Campesterol 3.4 ± 0.3 a 2.6 ± 0.3 b 1.7 ± 0.3 c 2.6 ± 0.5 b 

Isofucosterol 0.51 ± 0.15 a 0.33 ± 0.05 b 0.30 ± 0.05 b 0.16 ± 0.05 c 

Brassicasterol 0.42 ± 0.18 <LOD <LOD <LOD 

Cholesterol 0.27 ± 0.04 a 0.044 ± 0.016 b 0.052 ± 0.011 b <LOD 

Chalinasterol 0.20 ± 0.05 a 0.122 ± 0.007 b 0.11 ± 0.03 b <LOD 

24-epibrassicasterol 0.19 ± 0.11 <LOD <LOD <LOD 

Δ7-avenasterol 0.14 ± 0.03 a 0.11 ± 0.03 a 0.13 ± 0.03 a 0.15 ± 0.05 a 

  

Compound 

Broccoli raab 

Micro- 

Greens 

Micro 

Leaves 

Baby 

Leaves 

Mature 

Plants 

β-sitosterol 10.3 ± 1.1 b 18 ± 4 ab 13 ± 5 ab 21 ± 9 a 

Campesterol 1.61 ± 0.16 a 2.0 ± 0.2 a 1.7 ± 0.5 a 2.1 ± 0.6 a 

Isofucosterol 0.42 ± 0.05 b 0.8 ± 0.2 a 0.51 ± 0.18 b 0.4 ± 0.2 b 

Brassicasterol 0.36 ± 0.07 <LOD <LOD <LOD 

Cholesterol 0.21 ± 0.02 b 0.30 ± 0.09 b 0.21 ± 0.09 b 0.6 ± 0.3 a 

Chalinasterol 0.115 ± 0.016 b 0.23 ± 0.06 a 0.23 ± 0.07 a 0.17 ± 0.07 ab 

24-epibrassicasterol 0.09 ± 0.02 <LOD <LOD <LOD 

Δ7-avenasterol 0.062 ± 0.009 a 0.10 ± 0.03 a 0.11 ± 0.04 a 0.12 ± 0.08 a 
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Based on current knowledge of sterol biosynthetic pathways [43,68,86], the data de-

scribed so far suggest that a certain degree of sterol profile remodeling accompanies Bras-

sica plant development. In particular, the occurrence of brassicasterol and 24-epibrassicas-

terol only in microgreens, together with the progressive predominance of β-sitosterol in 

mature plants, is consistent with a developmental regulation of late sterol biosynthetic 

steps, including the progressive inhibition or the under-expression of enzymes involved 

in C22 desaturation (which converts β-sitosterol into stigmasterol and campesterol into 

brassicasterol and 24-epibrassicasterol). Although the present results do not prove a spe-

cific enzymatic mechanism, they support the broader interpretation that sterol metabo-

lism is actively reshaped during the transition from seedlings to mature edible plants. 

To emphasize differences in terms of sterol profile observed among different prod-

ucts of the same plant, FS quantitative data were used, after autoscaling, as input variables 

for principal component Analysis (PCA). The resulting scores and loading plots are 

shown in Figure 4, in which 95% confidence regions for the four product types are also 

depicted. As a result, kale microgreens and mature form samples were well separated in 

the score plot, with a higher relevance of Δ7-avenasterol and β-sitosterol in the former ones 

and of brassicasterol and 24-epibrassicasterol in the latter. Microleaf and baby leaf sam-

ples occupied intermediate positions and were co-clustered in the PCA score plot due to 

the greater similarity in terms of sterol profile. Mature forms were clearly distinguished 

from microgreens in the case of broccoli raab as well, with the higher incidence of brassi-

casterol and 24-epibrassicasterol being confirmed in microgreens. Taken together, the 

PCA results reinforce the idea that developmental stage leaves a compositional imprint 

on FS profiles. The higher incidence of brassicasterol and 24-epibrassicasterol in micro-

greens of both kale and broccoli raab may reflect a greater requirement for membrane 

fluidity (enhanced by their trans C=C bond at C22, which weakens van der Waals interac-

tions with membrane lipid hydrocarbon chains) in rapidly growing tissues [41]. On the 

other hand, the higher prevalence of β-sitosterol in mature forms is consistent with its 

recognized role in maintaining cell rigidity and membrane integrity [41,43,47]. Notably, 

the higher cholesterol incidence emphasized by PCA in mature broccoli raab may also 

deserve further attention in light of the involvement of this sterol in abiotic stress re-

sponses and as a precursor of other bioactive metabolites [48–50]. 

To assess whether the developmental effect described above was robust to changes 

in cultivation conditions, the sterol content was also evaluated for microgreens and mi-

croleaves of kale and broccoli raab cultivated and harvested during a spring cycle (March–

May). 

The resulting average concentrations, expressed as mg per 100 g FW and accompa-

nied by the respective 95% confidence intervals (n = 3), are reported in Figure S5 (Supple-

mentary Materials) and directly compared with those obtained for the same products dur-

ing the winter cycle. Winter-grown microleaves showed significantly higher concentra-

tions of β-sitosterol and campesterol than the corresponding spring-grown products for 

both plant species. Isofucosterol, cholesterol, chalinasterol and Δ7-avenasterol were also 

statistically more abundant in broccoli raab microleaves cultivated in winter, compared 

to the respective spring counterparts. The only notable exception to these trends concern-

ing microleaves was the statistically lower concentration of Δ7-avenasterol in kale micro-

leaves cultivated in spring (see Figure S5). 
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Figure 4. Scores and loading plots obtained for the first two principal components (PC1 and PC2) 

following PCA of sterol quantitative data for kale (plots (A) and (B)) and broccoli raab (plots (C) 

and (D)) microgreens, microleaves, baby leaves and adult plants. 

Notably, microgreens and microleaves were cultivated without applying artificial 

heating to the greenhouse; thus, an increasing trend in temperature certainly occurred 

from the winter to the spring cycle, as clearly evidenced in Figure S6, which reports aver-

age, maximum and minimum daily temperature values recorded inside the greenhouse 

during the two cultivation cycles. The average daily temperature generally ranged be-

tween 5 and 10 °C during the winter cycle and between 10 and 20 °C during the spring 

one. 

So far, several studies have been dedicated to assessing the effect of temperature on 

the accumulation of sterols in plants and an increase in the sterol content has been gener-

ally observed upon exposure to low temperatures and interpreted with the hypothesis 

that colder conditions stimulate sterol accumulation as part of membrane acclimation re-
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sponses [46,48]. In particular, β-sitosterol and campesterol, i.e., sterols with saturated side 

chains alkylated on C24, were found to be more concentrated in Triticum aestivum exposed 

to a 4 °C temperature for increasing times [46]. The higher content in these two major 

sterols observed in our case for both kale and broccoli raab microleaves cultivated during 

the winter cycle is consistent with those observations. Moreover, our data suggest that the 

different sterol accumulation between the winter and the spring cycle is related to the 

developmental stage, since it was generally not observed for microgreens (see Figure S5). 

2.4. Quantification of Free Sterols in Adult Plants of Kale and Broccoli Raab Subjected to  

Steaming or Boiling in Water 

As mentioned earlier, mature forms of kale and broccoli raab need to be cooked be-

fore consumption, which raises concerns that part of the sterol content present in raw tis-

sues might be lost through thermal degradation. To evaluate the extent of this effect, ma-

ture plants of both kale and broccoli raab were subjected to two common cooking proce-

dures, i.e., steaming and boiling in water, with three replicates considered for each condi-

tion (see details in Section S4 in the Supplementary Materials). After cooking, samples 

were freeze-dried prior to sterol extraction and RPLC-APCI-HRMS analysis, following the 

same analytical workflow adopted for raw plants. Stacked-column plots of the resulting 

concentrations for single sterols, expressed as mg per 100 g FW (in this case referring to 

the weight of cooked samples before freeze-drying), along with 95% confidence intervals 

for total sterol concentrations, are reported in Figure 5, where they are also compared with 

data referring to raw mature forms already shown before. Concentrations found for single 

sterols detected in cooked samples are also reported in tabular form in Table S3 (Supple-

mentary Materials). Data on brassicasterol and its epimer were excluded, as their concen-

trations consistently fell below the LOD in cooked samples, in agreement with observa-

tions made on raw forms. 

Figure 5. Stacked-column graphs showing free sterol contents in raw, steamed and boiled mature 

forms of kale and broccoli raab. Concentrations are expressed as mg per 100 g fresh weight (FW) 

and represent mean values obtained from five samples for raw forms (same data already shown in 

Figure 3) and from three samples for each cooked vegetable. Error bars indicate the 95% confidence 

intervals for the total sterol concentrations reported for each product. Note that, in the case of cooked 

vegetables, 100 g FW are referring to the vegetable after cooking. 
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As shown in Figure 5 and Table S3, the two cooking methods generally produced 

comparable results in terms of final total sterol concentrations in the two plants; in partic-

ular, the decrease or increase in total content observed, respectively, for boiled kale and 

broccoli raab were not great enough to be statistically significant (Figure 5). As for single 

sterols, Tables 1 and S3 indicate that statistically comparable amounts were generally ob-

served considering raw, steamed and boiled samples, the only notable exception being 

that of chalinasterol, which was progressively increased when going from raw to steamed 

and then to boiled broccoli raab samples, as shown also by the stacked column corre-

sponding to boiled broccoli raab in Figure 5. This outcome might be explained with the 

severe texture modification induced by boiling in the case of broccoli raab, likely enabling 

the extraction of chalinasterol from portions of vegetal tissue from which the extraction 

was hindered in the case of the raw product. Notably, boiling is the more common cooking 

method adopted for the preparation of broccoli raab-based traditional dishes (e.g., Orec-

chiette e cime di rapa) in Southern Italy, where boiled vegetables represent a relevant com-

ponent of the Mediterranean Diet [87]. If the results obtained for juvenile Brassica products 

are integrated with those obtained from raw or cooked mature kale and broccoli raab, a 

consistent picture emerges. Data indicate that some juvenile products reach FS concentra-

tions close to those of mature tissues while retaining a more diversified sterol profile. This 

finding is directly relevant to the working hypothesis of the present study, namely that 

kale and broccoli raab in early developmental stages can already represent nutritionally 

meaningful sources of FSs. 

In the case of kale, microgreens and microleaves contained sterol amounts compara-

ble to those of cooked mature forms, with the added benefit of a more diversified profile 

(Figure 3). In broccoli raab, microleaves exhibited the highest total FS concentration 

among the juvenile products and values only slightly lower than those of cooked mature 

plants. Therefore, despite their different culinary uses, since they have to be considered 

ready-to-eat products, juvenile Brassica plants can be considered interesting vegetables 

also in terms of FS supply. The consumption of 100 g of kale microgreens or broccoli raab 

microleaves would provide approximately 20–25 mg of total FSs. Not surprisingly, these 

amounts are lower than total FS amounts typically found in 100 g of vegetal oils, that are 

usually at least one order of magnitude higher [39]. On the other hand, they are compara-

ble, or even higher than those reported in the literature for several mature fresh vegeta-

bles, including cabbage, lettuce, and cauliflower [39]. Considering the advantages associ-

ated with the cultivation of juvenile products in terms of sustainability, kale and broccoli 

raab microgreens and microleaves can thus be regarded as plausible alternatives to the 

respective adult forms and also to other mature vegetables. Notably, 100 g of kale micro-

greens or broccoli raab microleaves would be able to provide about 10% of the average 

daily sterol intake estimated for a non-vegetarian diet [41]. This kind of estimate might 

also contribute to the development of a Nutritional Quality Score for innovative Brassica-

ceae products, by analogy with recent attempts made to integrate compositional markers 

into broader quality scores for certain Asteraceae products [88]. On the other hand, if the 

intake of sterols/stanols that has been reported to be able to significantly reduce choles-

terol absorption from the gut (by at least 30%) or plasma LDL cholesterol levels (by at least 

8–10%), i.e., 1.6–2 g/day [89] is considered, it is clear that, like most conventional vegeta-

bles, non-mature Brassicaceae products can represent just one of the components of a diet 

including vegetables and fruits, to be complemented with richer sources of FSs like vege-

tal oils. 

Apart from these dietary considerations, quantitative data obtained for FSs on the 

products of interest for the present study support the concept that the developmental 

stage is an important determinant of sterol accumulation in Brassica plant edible tissues 
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and should therefore be considered when assessing the nutritional value of these 

products. 

3. Materials and Methods 

3.1. Chemicals 

LC-MS-grade acetonitrile (ACN), water (H2O) and formic acid (FA), employed for 

mobile phase preparation, HPLC-grade chloroform (CHCl3) and ethanol (CH2CH3OH), 

used as solvents for stock solutions, and HPLC-grade methanol (CH3OH), hexane, sodium 

hydroxide (NaOH), orthophosphoric acid (H3PO4) (85% w/w) and sodium chloride (NaCl) 

used for sterol extraction from Brassica vegetables, were purchased from Merck (Milan, 

Italy). Standards of cholesterol-d6 (cholest-5-en-26,26,26,27,27,27-d6-3β-ol), cholesterol 

(cholest-5-en-3β-ol), campesterol (campest-5-en-3β-ol), β-sitosterol (stigmast-5-en-3β-ol), 

brassicasterol (ergosta-5,22E-dien-3β-ol), stigmasterol (stigmasta-5,22E-dien-3β-ol), isofu-

costerol (24Z-ethylidene-cholest-5-en-3β-ol) and Δ7-avenasterol (24Z-ethylidene-cholest-

7-en-3β-ol) were acquired from Cayman Chemical (Ann Arbor, MI, USA). Standards of 

lathosterol (cholest-7-en-3β-ol) and chalinasterol (24-methylene-cholest-5-en-3β-ol) were 

purchased from Merck (Milan, Italy). Specific solutions for the calibration of mass spec-

trometer under positive or negative polarity conditions were bought from Thermo Scien-

tific (Waltham, MA, USA). 

3.2. Plant Samples Production 

Microgreens, microleaves and baby leaves were cultivated in winter, from January 9 

to March 9, 2023, using a hydroponic system in a greenhouse located at the University of 

Bari Aldo Moro (41°06′ N, 16°52′ E; Southern Italy). Additionally, microgreens and micro-

leaves were cultivated during a spring cycle, from 21 March to 9 May 2023. Notably, win-

ter and spring were selected because they represent the typical cultivation periods for 

Brassica crops under greenhouse conditions in the Mediterranean area. In both cases, the 

cultivation was conducted in an unheated greenhouse under natural light conditions. 

Consequently, plants were exposed to the natural seasonal variation in temperature and 

photoperiod. Temperature trends recorded throughout the experimental period are re-

ported in Supplementary Figure S6. As for the photoperiod, values for the time intervals 

involved in the two cultivation cycles in 2023 at the location in which the greenhouse was 

placed were obtained from an online database (www.timeanddate.com) showing an in-

crease from 9 h 24 min (9 January 2023) to 11 h 37 min (9 March 2023) during the winter 

cycle, and from 12 h 10 min (21 March 2023) to 14 h 16 min (9 May 2023) during the spring 

one. It is worth noting that light intensity was not continuously monitored during the 

experiment. 

Two different genotypes of Brassicaceae were grown: Brassica rapa L. subsp. sylvestris 

L. Janch. var. esculenta Hort, local variety ‘Cima di rapa novantina’ (broccoli raab); Brassica 

oleracea L. var. acephala, local variety ‘Cavolo riccio’ (kale). High-quality seeds, with 95% 

germination at a constant temperature of 20 °C, were adopted. The experiment was ar-

ranged as a split-plot design, where the plant stage (microgreens, microleaves, and baby 

leaves) was assigned to the main plots and the species (kale and broccoli raab) to the sub-

plots. Trays (for microgreens) and pots (for microleaves and baby leaves) for the two spe-

cies were arranged inside the greenhouse so that they were located in three different sub-

sections of the greenhouse. Each sub-section was considered a biological replicate, to ac-

count for eventual variabilities related to the different position inside the greenhouse. At 

the moment of harvesting, plant material was collected from trays or pots located in each 

sub-section and transferred to the laboratory for sample preparation (see Section 3.3.). 
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Specific further details on microgreen, microleaf and baby leaf cultivation are reported in 

Section S3 of the Supplementary Material. 

The same genotypes of kale and broccoli raab were also grown in an open field in 

Valenzano (41°03′ N 16°53′ E, Southern Italy) from January to March 2023 (winter cycle) 

to obtain their mature counterparts. In this case, plants were also subjected to cooking by 

either steaming or boiling. Details on cultivation and cooking procedures are reported in 

Section S4 of the Supplementary Material. 

3.3. Sample Preparation 

Upon collection at the appropriate growth stages, as described in Section 3.2, all plant 

material was immediately transferred to the laboratory and frozen at −20 °C. After four 

days, the material was freeze-dried in a ScanVac CoolSafe 55-9 Pro freeze dryer (Labo-

Gene ApS, Lynge, Denmark) for five days. In particular, a total of 600 microgreens, 10 

microleaves and 5 baby leaves, collected for each of the two plant species and related to 

each of the three greenhouse sub-sections described before, were subjected to lyophiliza-

tion. In the case of mature vegetables, the material corresponding to three distinct 150 g 

aliquots of raw kale or broccoli raab, including stems, leaves and inflorescences, was sub-

jected to separate lyophilization. Three aliquots of the same amount were also considered 

for the two plants subjected to steaming or boiling (see details in Section S4). In all cases, 

the lyophilized material was manually ground and pooled to obtain one composite sam-

ple for each greenhouse sub-section or each 150 g aliquot of raw or cooked mature plant, 

according to the case, and was then transferred to an individual Falcon tube for storage 

before extraction and LC-MS analysis. Notably, the lyophilized material associated with 

a single microgreen, microleaf or baby leaf would have been too limited to enable a relia-

ble extraction and quantification of sterols, thus a pooling of that material, based on each 

sub-section of the greenhouse from which it came from, was chosen as the best experi-

mental approach. Each Falcon tube containing lyophilized material was stored at −18 °C 

until FS extraction and analysis were performed, with a single aliquot of material being 

sampled from each Falcon and subjected to extraction. This last step occurred no later than 

three days after the transfer of lyophilized material into the Falcon tube, in order to mini-

mize any risk of sterol degradation upon storage. 

3.4. Sterol Extraction 

FSs were extracted from freeze-dried microgreens, microleaves, baby leaves, and ma-

ture forms of kale and broccoli raab following the protocol reported by Castellaneta et al. 

[66], after some modifications. Specifically, the freeze-dried plant samples were further 

crushed with a mortar, then 50 mg of powder was weighed and 1 mL of CH3OH was 

added; the resulting suspension was sonicated in a water bath for 15 min at 30 °C. To 

release FSs from sterol SEs and ASGs, basic hydrolysis was performed by adding 2.5 mL 

of a solution of NaOH in MeOH (1 M) and incubating for 30 min at 60 °C. After cooling to 

room temperature, the excess base was neutralized by adding 3.5 mL of NaCl in H2O (1 

M) and 200 μL of aqueous H3PO4 solution (50% v/v). The extraction of total FSs, compris-

ing both the ones originally present in the sample and those released through saponifica-

tion, was then carried out by adding 3.75 mL of hexane and centrifuging the mixture at 

5000 rpm for 10 min. After complete phase separation, the supernatant was collected, and 

the extraction was repeated twice to ensure maximum recovery of FSs. The combined su-

pernatants were then dried under a gentle stream of nitrogen at room temperature. The 

dry residue was reconstituted in 500 μL of a CH3OH/CHCl3 solution (2:1 v/v). Prior to 

RPLC-APCI(+)-HRMS analysis, the extract was diluted 1:5 (v/v) with ACN and choles-

terol-d6 was added as the internal standard at a 10 μg/mL concentration. 
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3.5. Calibration of FS Analytical Response 

Stock solutions of each FS standard (1 mg/mL) were prepared in an 

CH2CH3OH:CHCl3 solution (2:1 v/v). Calibration was then performed for β-sitosterol, 

campesterol, brassicasterol, chalinasterol, isofucosterol, Δ7-avenasterol, stigmasterol, cho-

lesterol and lathosterol to quantify these sterols in plant samples. Six calibration levels 

were prepared for each sterol by appropriate dilution in ACN, with values depending on 

the concentrations expected in real samples: 0.1, 1, 5, 25, 50 and 100 μg/mL for β-sitosterol; 

0.1, 1, 5, 15, 25, and 50 μg/mL for campesterol; 0.01, 0.1, 0.5, 1, 5 and 10 μg/mL for brassi-

casterol, chalinasterol, isofucosterol and Δ7-avenasterol; and 0.001, 0.01, 0.05, 0.1, 1, 5 

μg/mL for stigmasterol, cholesterol and lathosterol. 

3.6. RPLC-APCI-HRMS Instrumentation and Operating Conditions 

Calibration solutions and plant sample extracts were analyzed using an Ultimate 

3000 HPLC system coupled with a Q-Exactive high-resolution quadrupole-Orbitrap mass 

spectrometer through an APCI interface (Thermo Fisher, West Palm Beach, CA, USA). The 

RPLC separation of free sterols was achieved using a C18 Ascentis Express HPLC column 

(150 mm length × 2.1 mm i.d., 2.7 μm particle size) (Supelco, Bellefonte, PA, USA) and the 

following multistep binary elution gradient, based on H2O as phase A and ACN as phase 

B, both containing 0.1% (v/v) FA: 0–40 min, linear increase in B from 90% to 100%; 40–50 

min, isocratic at 100% B; 50–52 min, linear decrease in B from 100% to 90%; 52−60 min, 

reconditioning at 90% B. The flow rate was set at 0.250 mL/min and column temperature 

was kept at 30 °C; 5 μL sample volumes were injected. The parameters of the APCI inter-

face and of the ion optics of the Q-Exactive spectrometer were set as follows: sheath gas 

flow rate 40 a.u.; auxiliary gas flow rate 10 a.u.; sweep gas flow rate 5 a.u.; discharge cur-

rent 5μA; capillary temperature 250 °C; S-lens RF Level 55 a.u.; vaporizer temperature 300 

°C. Full MS acquisitions in positive ion mode were performed in a 250–500 m/z interval at 

the maximum resolving power of the mass spectrometer (140,000 at m/z 200); the Auto-

matic Gain Control (AGC) level for the orbital trap filling was set at 1 × 106 and the maxi-

mum injection time was 100 ms. HCD-HRMS/MS acquisitions were performed at a 35,000 

resolving power in a 50−500 m/z interval, using a normalized collisional energy (NCE) of 

30 units, and selecting a 1.0 m/z isolation window for precursor ions; the AGC level was 

set at 2 × 105 and the maximum injection time was 100 ms. The spectrometer was calibrated 

every two days by infusing, at a 30 μL/min flow rate, calibration solutions for positive or 

negative polarity acquisitions, thus obtaining a mass accuracy always better than 5 ppm. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/molecules31142553/s1, Section S1: Inference of structural in-

formation on minor free sterols detected in the extracts of kale and broccoli raab products; Section 

S2: Evaluation of analytical response variabilities related to instrumental fluctuations or to sampling 

of freeze-dried vegetal samples combined with extraction yield reproducibility; Section S3: Details 

on the cultivation of kale and broccoli raab microgreens, microleaves and baby leaves; Section S4: 

Details on the cultivation and cooking of mature forms of kale and broccoli raab; Table S1: Summary 

of data concerning the external calibration of standard sterols: Concentration range, calibration line 

equation and coefficient of determination (R2 ). The LOD and LOQ values (μg/mL) were determined 

as 3 and 10 times the ratio of the calibration intercept standard deviation to the slope, respectively; 

Table S2: Percent relative standard deviation (RSD) values related to the sampling-extraction varia-

bility and the analytical response variability evaluated for standard sterols and for 24-epibrassicas-

terol in kale microgreens. Sampling-extraction variability was estimated from the extraction and 

LC-MS analysis of five separate aliquots sampled from the same batch of lyophilized material (cor-

responding to a specific sub-section of the greenhouse in which kale microgreens were cultivated) 

processed on the same day. The analytical response variability was assessed by repeating the LC-
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MS analysis of a single extract three times on alternate days within a week, with the extract being 

stored at −18°C between the analyses; Table S3: Free sterol contents (mg/100 g FW) of mature kale 

and broccoli raab after steaming or boiling in water. Values represent 95% confidence intervals cen-

tred on means (n = 3); Figure S1: APCI(+)-HCD-HRMS/MS spectra acquired for the [M + H − H2O]+ 

ions of sterols whose peaks were detected at specific retention times in the EIC traces referred to 

exact m/z values 381.3516 (plots (A–C)) and 395.3672 (plots (D,E)) upon RPLC-APCI-HRMS analysis 

of a kale microgreens extract (see Figure 2). Peak signals of product ions sharing the same number 

of carbon atoms but differing in hydrogen atom count were grouped into clusters, each identified 

by a capital letter. The experimental m/z value of the most intense signal within each cluster is re-

ported; Figure S2: Proposed fragmentation mechanism for the generation of a product ion with exact 

m/z 83.0855, consistent with one of the peak signals detected in the APCI(+)-HCD-HRMS/MS spec-

trum of the sterol eluting at 27.2 min in the EIC chromatogram obtained for m/z 381.3516 upon 

RPLC-APCI(+)-HRMS analysis of a kale microgreen extract (Figure 2C). The sterol was tentatively 

identified as 24-methylcholesta-5,23E-dien-3β-ol, based on its MS/MS profile (see main text for de-

tails). Exact monoisotopic m/z ratios, rounded off to the fourth decimal place, are reported; Figure 

S3: Proposed fragmentation mechanism for the generation of a product ion with exact m/z 255.2107, 

consistent with one of the peak signals detected in the APCI(+)-HCD-HRMS/MS spectrum of the 

sterol eluting at 30.2 min in the EIC chromatogram obtained for m/z 395.3672 upon RPLC-APCI(+)-

HRMS analysis of a kale microgreen extract (Figure 2D). The sterol was tentatively identified as 

Δ5,24-stigmastadienol, based on its MS/MS spectrum. Exact monoisotopic m/z ratios, rounded off to 

the fourth decimal place, are reported; Figure S4: Stacked-bar graph reporting the average cumula-

tive percentual recovery (n = 3) of main sterols detected in kale microgreens evaluated after each of 

three successive extraction steps; Figure S5: Column graphs showing average free sterol concentra-

tions (mg/100 g FW) found in microgreens and microleaves of kale and broccoli raab grown in win-

ter (blue bars) and spring (green bars). Error bars represent 95% confidence intervals (n = 3 for each 

product type). Asterisks indicate statistically significant differences between the two seasons (p < 

0.05); Figure S6: Average, minimum and maximum temperatures recorded inside the greenhouse 

during the two growing cycles (winter: 9 January–9 March 2023; spring: 21 March–9 May 2023) 

adopted for the cultivation of microgreens and microleaves of kale and broccoli raab. 
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