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Over the past decades, a remarkable number of scientific studies supported the correlation between an adequate
dietary intake of phytosterols (PS) and the reduced risk of cardiovascular diseases. PS are known to inhibit the in-
testinal absorption of cholesterol, thus promoting the reduction of the low-density lipoproteins (LDL) amount in
the bloodstream. Despite the fact that a non-negligible atherogenicity was recognized to PS, thus requiring a
careful risk-benefits assessment for plant sterol supplementation, the potential role of PS as cholesterol-lowering
agents has been contributing to the spreading awareness of the health benefits associated with the consumption
of plant-based foods. In recent years, this has been fueling the market of innovative vegetable products, such as
microgreens. Surprisingly, the recent literature concerning microgreens exhibited the lack of studies focusing on
the characterization of PS. To fill this gap, a validated analytical method based on the hyphenation of gas chro-
matography and tandem mass spectrometry is proposed here for the quantitative analysis of the amount of eight
phytosterols, namely f-sitosterol, campesterol, stigmasterol, brassicasterol, isofucosterol, and cholesterol, lathos-
terol and lanosterol. The method was exploited for the characterization of the PS content in 10 microgreen crops,
i.e., chia, flax, soybean, sunflower, rapeseed, garden cress, catalogna chicory, endive, kale and broccoli raab. Fi-
nally, these results were compared to the PS content of mature forms of kale and broccoli raab. A remarkable
amount of PS was detected in chia, flax, rapeseed, garden cress, kale, and broccoli raab microgreens. 100 g (wet
weight) of these microgreen crops were found to contain from 20 to 30 mg of the investigated PS. Interestingly,
in the case of kale and broccoli raab microgreens, the overall PS content was higher than the one measured in the
edible parts of the corresponding mature forms. Additionally, a symmetric change of the PS inner profile was ob-
served between the two growth stages of the latter two crops. Here, the overall decrease of the PS sterol content
in the mature forms was associated with the increase of the relative amount of p-sitosterol and campesterol at the
expense of minor PS species, such as brassicasterol.

1. Introduction PS can be classified according to the methylation state of the C4

atom of the sterane backbone. Most PS are 4-desmethyl sterols, i.e., they

Phytosterols (PS) are a class of triterpenes that are biosynthetically
and structurally related to cholesterol [1,2]. PS account for most plant
sterols, while relatively small quantities of cholesterol are found in
plant tissues [2].

As all sterols, PS share the 5a-cholestan-3p-ol backbone shown in
Fig. S1 [3]. In addition, PS exhibit a distinctive alkylation (mainly eth-
ylation and methylation) of the C24 atom [1,4].
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do not exhibit any methyl group linked to C4 [5]. Conversely, 4o-
monomethylsterols and 4-dimethylsterols show one and two methyl
groups respectively. The latter are both metabolic intermediates in the
biosynthetic pathway leading to the 4-desmethyl sterols synthesis, and
generally have a low abundance in most plant tissues [6,7].

PS are unsaturated chemical compounds. The saturated equivalents
of phytosterols are known as phytostanols and are generally low-
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abundant in plant material [8]. Most 4-desmethyl sterols (e.g., p-
sitosterol, campesterol) exhibit a double bond located between C5 and
C6 and are commonly named A5 phytosterols. Some of these are char-
acterized by the presence of additional C=C bonds at the side chain
level (e.g., isofucosterol and brassicasterol) [6].

PS are not synthesized by the human body. Hence, the presence of
PS in human blood and tissues is strictly related to the consumption of
vegetable oils and plant-based foods [7-9]. PS exhibit poor intestinal
absorption and higher biliary elimination rates in respect to cholesterol
[9]. Nevertheless, the dietary intake of PS promotes the reduction of
LDL cholesterol in blood [10], that is recognized as a major modifiable
risk factor for cardiovascular diseases [11]. The health-promoting ef-
fects of PS were recognized by authoritative guidelines [7] and, among
others, by the European Food Safety Authority (EFSA) [12,13]. This led
to their extensive use in functional foods, supplements and pharmaceu-
tical products [14]. On the other hand, since phytosterols were found to
be per se atherogenic, several other authorities (e.g., the American Heart
Association and the National Institute for Health and Care) do not rec-
ommend the use of phytosterols and phytostanols as part of the choles-
terol-lowering strategy in patients with familial hypercholesterolemia
and increased risk of coronary heart disease [7]. Hence, the extended
use of phytosterols as supplements, or by means of functional foods, to
control the LDL-cholesterol levels should be supported by qualified
health professionals after the assessment of patient’s clinical character-
istics [12].

Among intrinsically functional foods, i.e., foods that naturally in-
clude compounds with beneficial effects for human health, microgreens
recently gained increasing popularity [15,16]. Here, the term “micro-
greens” refers to young and tender edible seedlings that are generally
harvested a few days after germination when the seed leaves are fully
expanded and still turgid [17,18]. Despite the extended research work
made so far on nutraceuticals provided by microgreens, poor attention
was dedicated to the characterization of PS in microgreen crops [15].
The analysis of the total PS content in food matrices is routinely per-
formed using gas chromatography (GC) coupled to flame ionization de-
tector (FID), after the derivatization of PS as trimethylsilyl (TMS) ethers
[19]. However, the analytical strategies based on GC-FID approaches
may suffer from the contribution of co-eluting interferents, due to the
low specificity of the detection method. Specificity can be increased
through the coupling of GC with mass spectrometry (MS). Higher speci-
ficity can be reached through the hyphenation of GC with tandem mass
spectrometry (MS/MS) strategies [20], as shown by previous studies on
the PS characterization in foods and human feces [21,22]. In both
cases, electron ionization (EI) was applied. Sample preparation is also a
crucial step in total PS analysis. Indeed, plant sterols can be present as
free (free sterols, FS) and in their conjugated forms, i.e., bound to both
fatty acids (sterol esters, SE) and sugars (sterol glycosides, SG, and acy-
lated sterol glycosides, ASG) [4,23,24]. In a restricted number of plants
(mainly cereals), plant sterols can be also found as esters of ferulic acid
(steryl ferulates) [24]. FS are mainly present in the plasma membrane,
where they play a functional role in the modulation of membrane fluid-
ity and permeability. SE are commonly present in much lower amounts
in plant cells, compared to FS [4]. SE are located intracellularly. Here
they act as a storage pool of sterols that are required for growth and de-
velopment stages and are involved in cell membrane homeostasis [24,
25]. SG and ASG usually represent a minor portion of the total sterol
content in plant tissues. They are believed to act as transport molecules
for lipid precursors in cell walls and to play a role in cellulose biosyn-
thesis [5]. Due to the complexity of the forms in which PS are present in
plant tissues, the chemical pre-treatment of the sample represents a key
step prior to GC-MS analysis. Alkaline hydrolysis (i.e., saponification) is
effective in the conversion of SE in FS, but not in the cleavage of the
ether bond in SG and ASG (ASG are just converted in SG). Hence, the
analytical approaches based on alkaline hydrolysis for the determina-
tion of total PS might lead to erroneous results especially in plants (e.g.,

Journal of Steroid Biochemistry and Molecular Biology xxx (xxxx) 106361

those belonging to the genus Solanum) that are rich in SG and ASG [5,
24]. The conversion of SG and ASG in FS can be triggered by acid hy-
drolysis. Nevertheless, such process is known to promote PS degrada-
tion and the formation of artifacts through isomerization processes
mainly at the expenses of isofucosterol and A7 phytosterols. For these
reasons, the enzymatic rather than the chemical hydrolysis is recom-
mended for the transformation of SG and ASG in FS [5]. It is worth not-
ing that soft ionization MS techniques (i.e., ESI, APCI, APPI, MALDI)
can play an important role in the characterization of intact SE and SG/
ASG [6].

The present study proposes a validated GC-EI-MS/MS method for
the quantitative analysis of 8 sterols after alkaline hydrolysis. In partic-
ular, p-sitosterol, campesterol, stigmasterol, brassicasterol, isofucos-
terol (also known as A5-avenasterol), cholesterol, lathosterol and lanos-
terol are included. The corresponding chemical structures are shown in
Fig. S2. A sterol profile was established for 10 different microgreen
crops, i.e., chia, flax, soybean, sunflower, rapeseed, garden cress, cata-
logna chicory, endive, kale and broccoli raab. For comparison, the
study was also extended to the mature forms of the latter two species.

2. Materials and methods
2.1. Chemicals

Methanol (LC-MS grade), hexane (GC-MS grade), orthophosphoric
acid (85% w/w), campesterol (24(R)-methylcholest-5-en-3p-ol), stig-
masterol (5,22-stigmastadien-3p-ol), cholesterol (cholest-5-en-3(-ol)
and lathosterol (5a-cholest-7-en-3f3-o0l) were purchased from Merck
(Darmstadt, Germany). f-sitosterol (24(R)-ethyl-cholest-5-en-34-ol),
isofucosterol ((24Z2)-Stigmasta-5,24(28)-dien-3f-0l) and lanosterol
(lanosta-8,24-dien-33-ol) were purchased from Avanti Polar Lipids (Al-
abaster, Alabama, USA). Brassicasterol was purchased from Tama
Chemicals CO. (Kawasaki City, Japan). p-sitosterol-d6 (D6-24(R)-
ethylcholest-5-en-3p-ol) and campesterol-d6 (D6-24(R)-methylcholest-
5-en-3p-ol) were purchased from Sugaris (Miinster, Germany). Isooc-
tane > 99% was purchased from Honeywell Specialty Chemicals GmbH
(Seelze, Germany). Chloroform (HPLC grade) and sodium hydroxide
were purchased from Carl Roth (Karlsruhe, Germany). Sodium chloride
was purchased from VWR GmbH (Darmstadt, Germany). The N-Methyl-
N-trimethylsilyl-trifluoracetamide (MSTFA) silylation agent was pur-
chased from Macherey-Nagel GmbH & Co. KG (Diiren, Germany).

2.2. Microgreen production

Microgreens were grown using seeds of chia (Salvia hispanica L.),
flax (Linum usitatissimum L.), soybean (Glycine max (L.) Merr.), sun-
flower (Helianthus annuus L.), rapeseed (Brassica napus L., cv.
PR44D06), garden cress (Lepidium sativum L., cv. Crescione dei Giar-
dini), kale (Brassica oleracea var. acephala, cv. Landrace), broccoli raab
(Brassica rapa L. subsp. sylvestris L. Janch. var. esculenta Hort., cv. No-
vantina), Catalogna chicory (Cichorium intybus L. subsp. intybus var. fo-
liosum, cv. Molfettese) and endive (Cichorium endivia L. var. latifolium).
Seeds of chia, flax and sunflower were purchased from Selex (Trezzano
sul Naviglio, Italy). Soybean seeds were purchased from Dupont-
Pioneer (Johnston, IA, USA). Seeds of rapeseed, garden cress and broc-
coli raab were purchased from Pioneer Hi-Bred Italia Sementi (Sissa,
Italy), and from local farms “Tesoro della Terra” (Andria, Italy) and
“Riccardo Larosa” (Andria, Italy), respectively. Seeds of Catalogna
chicory and endive were purchased from local farm “Sempreverde”
(Molfetta, Italy) and from Enza Zaden Italia (Tarquinia, Italy), respec-
tively. The mature forms of kale and broccoli raab were purchased from
a local producer. Once harvested, the plants were stored at — 20 °C
(24 h) prior to the lyophilization of the edible parts.

Microgreens production occurred in plastic trays by following the
guidelines suggested by Di Gioia, Santamaria and Renna [26,27]. The
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seeds were sown on a substrate consisting of a 50/50% mixture of white
and black peat (Brill 3 Special, purchased from Brill Substrates, Georgs-
dorf, Germany) contained in a 10 X 15 cm? plastic tray (height 4 cm)
having holes on the bottom to enable sub-irrigation after complete ger-
mination of seeds. Before sowing, the substrate was swelled with dis-
tilled water sprayed through a nebulizer. Different sowing densities, ex-
pressed in seeds/cm? units, were adopted, according to the average
weight of seeds (evaluated from the weight of 1000 seeds): 1 for sun-
flower, 2 for soybean, 3 for flax, rapeseed and garden cress, and 4 for
chia, kale, broccoli raab, Catalogna chicory and endive.

The sowing bed was subsequently irrigated with nebulized distilled
water and each tray was covered with a black polyethene film, to keep
internal humidity constant, and then transferred into a growth chamber
(Bertagnin, Imola, Italy), where it was kept at 20 °C and 70% of relative
humidity. Once the total germination was assessed, the black film was
re-moved. Each cultivation tray was transferred into a greenhouse,
where the seedlings were sub-irrigated daily using a half-strength
Hoagland solution [28]. The chemical composition of the latter is
shown in Table S1 (see Supplementary Material). Harvesting was car-
ried out once the appearance of the first true leaves was assessed. The
seedlings were cut just above the surface of the growing medium, stored
for two days at — 20 °C and then freeze-dried for four days in a ScanVac
CoolSafe 55-9 Pro-freeze-dryer (LaboGene ApS, Lynge, Denmark).

2.3. Plant tissue homogenization and sample preparation

The lyophilized plant material was weighted and transferred into a
tube (2 mL) for bead-beating applications. The tube was prefilled with
ceramic beads. An aliquot of plant material, typically ranging from
30 mg to 60 mg was dispersed in a suitable volume of methanol to
reach a concentration of 0.05 mg/uL. The mixture was subjected to tis-
sue homogenization using a Precellys 24 tissue homogenizer from
Bertin Instruments (Berlin, Germany). The homogenizer was operated
at 5000 rpm and two homogenization session were performed. Each
session consisted in two cycles of 15 s run time, and a 60 s break inter-
val between both cycles.

The sample preparation for GC-MS/MS analysis, including FS ex-
traction and derivatization steps, followed the work of Kunz and
Matysik [22]. In particular, 200 pL of homogenate were transferred
into 15 mL polypropylene screw cap tubes. Such amount was spiked
with 50 pL of a mixture of f-sitosterol and campesterol deuterated in-
ternal standards (p-sitosterol-d6 and campesterol-d6, 10 pug/mL both).
Subsequently, the basic hydrolysis, useful for the conversion of SE in
FS, was performed. To this purpose, the mixture was incubated at 60 °C
for 30 min, after the addition of 500 uL of a methanolic solution of
NaOH (1 M). Once cooled down, 700 uL of aqueous NaCl (1 M) were
added, and the excess of the base was neutralized through the addition
of 40 pL of an aqueous solution of orthophosphoric acid (50% w/w). FS
were extracted with 750 pL of isooctane by vortexing. A stable phase
separation was achieved by centrifugation for 10 min at 4000 rpm.
500 pL of the supernatant were withdrawn and transferred in amber
glass vials (2 mL). This procedure was repeated twice. The two super-
natants were pooled to a total volume of 1 mL. Thereafter the sample
was vacuum dried and subjected to FS silylation with MSTFA. To the
latter purpose, 50 uL of MSTFA were added to the dry residue and the
mixture was incubated at 60 °C for 60 min. After cooling, the sample
was diluted with 450 pL of hexane and subjected to GC-MS/MS analy-
sis.

2.4. GC-MS/MS instrumentation and operating conditions
Sample analysis was performed on a TQ8050 triple-quadrupole GC-

MS/MS instrument equipped with a multifunctional autosampler AOC-
6000, an SH Rxi-5Sil MS column (30 m, 0.25 mm, 0.25 um) (all Shi-
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madzu Deutschland GmbH, Miinchen, Germany) and a multi-mode in-
let system OPTIC 4 (GL Sciences, Eindhoven, Netherlands).

The separation of trimethylsilyl derivatives was achieved by adopt-
ing the method proposed by Kunz and Matysik [22]. Particularly, the
following oven temperature program was adopted: 200 °C for 1.0 min,
50 °C/min-290 °C, 5 °C/min-295 °C, 10 °C/min-320 °C, where the tem-
perature was kept for 2.7 min. Helium was selected as carrier gas with a
constant flow of 1.2 mL/min and a 1 uL volume of sample was injected
in splitless mode.

The EI ion source was held at 280 °C and operated at 70 eV electron
energy. The solvent delay was set for the first 6 min. All compounds of
interest were monitored in the multiple reaction monitoring (MRM)
mode. The responses of each compound were normalized to the closest
eluting deuterated internal standard. Specifically, the responses of cho-
lesterol, brassicasterol, lathosterol, campesterol and stigmasterol were
normalized to campesterol-d6, while the responses of p-sitosterol,
lanosterol and isofucosterol were normalized in respect to p-sitosterol-
d6 internal standard.

2.5. Calibration solutions and calibration lines

The calibration lines were built by monitoring the instrumental re-
sponse of seven calibration levels prepared from a methanol/chloro-
form (1:1 v/v) standard solution mix containing cholesterol (20 pg/
mlL), brassicasterol (40 pg/mL), lathosterol (2 pg/mL), campesterol
(100 pg/mL), stigmasterol (60 pug/mL), p-sitosterol (300 ug/mL), lanos-
terol (4 pg/mL) and isofucosterol (60 ng/mL). The level 0O, i.e., the “sol-
vent blank calibration level”, was obtained by spiking 200 uL of pure
methanol with 50 pL of a mixture containing the two deuterated inter-
nal standard, namely f-sitosterol-d6 and campesterol-d6, both at a con-
centration of 10 pg/mL. Calibration levels from 1 to 5 were prepared by
diluting the standard mix using the following dilution factors, respec-
tively: 1:200, 1:40, 1:20, 1:4 and 1:2. Level 6 corresponded to the stan-
dard mix itself. 200 pL of each calibration solution were spiked with the
mixture of the two deuterated internal standards (as stated for level 0)
and subjected to the sample preparation procedure (including the basic
hydrolysis and the extraction and derivatization steps) described in
Section 2.3, prior to the GC-MS/MS analysis. For each sterol, the cali-
bration lines were built using a simple linear regression model by evalu-
ating the normalized instrumental response (see Section 2.4) as a func-
tion of the sterol amount (pg/mL). For all sterols, the calibration line
exhibited a coefficient of determination (R2) always higher than 0.996.

3. Results and discussion
3.1. Method development

As can be inferred from Fig. 1, the GC method offers a rapid and effi-
cient separation of sterol TMS derivatives. Notably, the retention time
of lanosterol was close to the one observed for p-sitosterol and isofucos-
terol and a substantial overlap was observed between the peaks of
lanosterol and isofucosterol. However, the lack of chromatographic res-
olution was easily tackled through the selection of MS/MS transitions
that were highly specific for each of the co-eluting species. For all
sterols, high specificity was confirmed by the agreement between quan-
tifier/qualifier ratio observed for calibrator and sample.

Table 1 shows the MS/MS transitions selected for all the sterol TMS
derivatives. Those for cholesterol, lathosterol and lanosterol were al-
ready proposed by Kunz and Matysik [22]. On the other hand, slight
modifications of the method were introduced for stigmasterol, campes-
terol, sitosterol and the deuterated standards of the latter two species.

Quantifier and qualifier ion transitions for brassicasterol and isofu-
costerol were identified using the Shimadzu MRM optimization tool. To
such purpose, several product ion spectra were acquired at different
collision energies. For both isofucosterol and brassicasterol, the precur-
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Fig. 1. GC-EI-MS/MS total ion current chromatograms referring to the sterol standard mix (A) represented by the calibration level 4 (see Section 2.5), and the flax
microgreen sample (B). Each colored signal emerges from the sum of peak areas related to the quantifier and qualifier ion transitions that were selected for each

sterol species. Signals of deuterated internal standards are not shown.

Table 1

MS/MS transitions and collision energies (CE) selected for sterol trimethylsi-
lyl derivatives. For each species, the retention time (t ) is shown in the form
of mean + standard deviation. These t_ data refer to gas chromatography
separations performed in four different days on the standard mix correspond-
ing to the fourth calibration level (see Section 2.5). The nominal m/z ratios of
the M+ molecular ions are also reported.

Species t Quantifier CE 1t CE 20d Qualifier CE
(molecular ion (min) ion (V) Qualifier (V) ion transition (V)
m/z) transition ion (m/2)
(m/2) transition
(m/2)
Cholesterol 6.8898 + 0JBRU0 > 145320 458.00 > 143@0 368.00 > 353.400
(m/z 458)
Brassicasterol  7.105 = 0.(B8D.00 > 255180 380.00 > 69.28 365.00 > 69.1025
(m/z 470)
Lathosterol 7.2255 + 048800 > 2131@0 458.00 > 22900 443.00 > 353.06
(m/z 458)
Campesterol- 7.436 = 0.B8B.00 > 166120 478.00 > 38%20 478.00 > 373.245
dé
(m/z 478)
Campesterol 7.464 = 0.00922.00 > 382540 472.00 > 367.30 382.00 > 367.000
(m/z 472)
Stigmasterol 7.598 = 0.(B¥31.00 > 255800 484.00 > 39400 484.00 > 379.400
(m/z 484)

p-Sitosterol-d6  7.951 + 0.083R.00 > 164130 492.00 > 38200 477.00 > 387.46
(m/z 492)

p-Sitosterol 7.987 + 0.06886.00 > 381260 471.00 > 38540 396.00 > 255.000

(m/z 486)

Lanosterol 8.017 = 0.068B.00 > 393600 498.00 > 182D0 498.00 > 393.00
(m/z 498)

Isofucosterol 8.076 = 0.(885.00 > 296530 386.00 > 281.30 296.00 > 281.300
(m/z 484)

sor ions were accurately selected after the analysis of the corresponding
EI-MS spectra. The latter are shown in Fig. 2. [M-CHs],
[M — (H;C);SiOH]**, [M — CH; — (H;C);SiOH]", along with the ion gen-
erated from the 129 Da neutral loss are typical fragments that are com-
monly encountered in the EI-MS spectra of A5 sterols in the high m/z
spectral region [29]. These signals (detected at m/z 455, 380, 365 and

341, respectively), along with that of the molecular ion (m/z 470), are
clearly distinguishable in the EI-MS spectrum of brassicasterol (see Fig.
2A).

Particularly, signals corresponding to [M — (H; C)3SiOH]+’ (m/z 380)
and [M — CH; — (H3C)3SiOH]+ (m/z 365) product ions were selected for
the identification of the quantifier and qualifier ion transitions. How-
ever, a different fragmentation pattern, along with the absence of the
molecular ion signal (expected at m/z 484) characterized the EI-MS
spectrum of the isofucosterol TMS derivative (see Fig. 2B). Indeed, the
methyl and trimethylsilanol neutral losses, along with their combina-
tion, and the loss of 129 Da, occurred from the m/z 386 ion. The latter
was tentatively identified as the result of a pericyclic rearrangement
(retro-ene reaction) as shown in Fig. 3. This fragmentation mechanism
has been previously proposed by Miinger et al. [30] for sterols having
an additional C-C double bond involving the C(24) and C(241) atoms.
For the isofucosterol TMS derivative, the m/z 386 ion and the corre-
sponding trimethyl silanol neutral loss (m/z 296) were selected as pre-
cursor ions for the identification of both the quantifier and qualifier ion
transitions.

For both the brassicasterol and isofucosterol, the precursor ion spec-
tra were acquired at 7 different collision energies (V), namely 5, 10, 15,
20, 25, 10 and 35. To such purpose, appropriate amounts of brassicast-
erol and isofucosterol were dissolved in methanol/chloroform 1:1 (v/v)
to a final concentration of 100 ug/mL for each sterol. Thence, the mix-
ture was vacuum dried. The dry residue was subjected to silylation us-
ing MSTFA following the same reaction conditions described in Section
2.3.

3.2. Method validation

All microgreens showed a highly heterogeneous distribution in
terms of absolute amount of each sterol (see Section 3.3). Hence, a mix-
ture of homogenates of five different microgreen species was assumed
to be more representative for all plant materials. Specifically, the fol-
lowing microgreen species were selected: flax (high amount of choles-
terol and stigmasterol), soybean (high amount of lathosterol), sun-
flower (high content of lanosterol), rapeseed (high content of sitosterol,
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Fig. 2. EI-MS spectra of the trimethylsilyl derivatives of (A) brassicasterol (m/z 470) and (B) isofucosterol (m/z 484).

— 1+
L]

— -+

ad

Fig. 3. Putative mechanism proposed for the formation of the m/z 386 ion from the molecular ion of the isofucosterol trimethylsilyl derivative.

campesterol and brassicasterol), and garden cress (high amount of iso-
fucosterol). This model matrix (M1) was employed for the validation of
the GC-MS/MS method. Particularly, M1 was obtained by mixing 40 uL
of flax, soybean, sunflower, rapeseed and garden cress methanol ho-
mogenates. The model matrix was diluted to the same overall volume
(200 pL) using 1:2 (M2) and 1:10 (M3) dilution factors. M1, M2 and M3
samples were subjected to the sample preparation procedure described
in Section 2.3. Specifically, 5 homogenization and mix preparation/ex-
traction/derivatization replicates were produced for each dilution level
for the intra-day precision evaluation. Inter-day precision was esti-
mated over 4 days using one homogenization and mix preparation/ex-
traction/ derivatization replicate for each dilution level. The results are
shown in Table 2.

In conventional GC-EI-MS approaches, no matrix effect is typically
observed for analyte ionization process. Indeed, the energy of the ioniz-
ing electron beam (70 eV) is sufficiently high to assume the competition
for ionization among co-eluting analytes to be negligible [31]. How-
ever, the presence of the matrix can still affect the GC-MS signal. This
can be caused by the different interactions between the analytes and
the active surfaces (free silanol groups) of the glass liner and the sta-
tionary phase, when the analyte molecules are dissolved in pure solvent
rather than in the matrix [32]. Nonetheless, the use of appropriate ana-
lytical internal standards can help to compensate the matrix effect [31].

In the case of microgreen samples, a “blank matrix” (i.e., a matrix con-
taining all the phytochemicals except for the PS of interest) was not
available for the proper evaluation of the matrix effect for all the inves-
tigated PS. Therefore, the influence of the matrix on signal intensity and
retention time was investigated only for the deuterated campesterol
and B-sitosterol. On one hand, the retention time (t ) and the GC-
MS/MS peak area observed for campesterol-d6 and f-sitosterol-d6 in
the calibration levels (see Section 2.5) were considered representative
for the pure solvent. On the other hand, the t, and peak area values
measured for the same spiked amount of the two deuterated standards
in 200 pL of pooled model matrix (M1) were assumed to be representa-
tive for the possible presence of matrix effects. Five replicates of the
spiked M1 were prepared and subjected to the sample preparation de-
scribed in Section 2.3, along with the calibration levels. All the samples
were processed in the same day. Fig. S4 (see Supplementary Material)
displays the 95% confidence intervals for the difference of means for
both t_ and the analytical response (peak area). In all cases, the 0 value
was included in the calculated confidence intervals, thus indicating that
the matrix effect on the two investigated parameters was not statisti-
cally significant.

Since the matrix effect was found to be negligible, we decided to cal-
culate the limit of quantification (LOQ) for each of the 8 sterols of inter-
est without performing any matrix-spiking experiments. To such pur-
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Table 2
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Results of the intra and inter-day precision evaluation for three dilution degrees (M1, M2 and M3) of the model matrix, corresponding to a mix of microgreen ho-
mogenates. Coefficient of variation (CV) values higher than 15% for intra-day and 20% for the inter-day experiments are highlighted in red. The limit of quantifi-

cation (LOQ) is also shown for each sterol.

Intra-day precision

Inter-day precision

Mean

Mean amount cv amount LOQ
(n=5) %) (n=4) CV (%) [ng/mL]
[ug/mL] [we/mL]
M1 2.517 8 2.882 6
Cholesterol M2 1.316 10 1.381 7 0.5
M3 0.267 21 0.311 17
Ml 3.193 10 3.578 11
Brassicasterol M2 1.662 8 1.736 22 1.9
M3 0.146 31 0.395 80
Ml 0.087 5 0.099 14
Lathosterol M2 0.052 12 0.056 13 0.04
M3 0.018 0.019 37
Ml 18.842 20.125 7
Campesterol M2 10.386 9.835 11 4
M3 1.404 18 2.023 31
M1 11.003 11.265 9
Stigmasterol M2 5.984 9 5.697 16 4
M3 0.949 12 1.253 39
Ml 57.112 3 63.167 10
p-Sitosterol M2 34.440 10 34.073 12 17
M3 4.330 15 5.026 45
Ml 0.393 5 0.410 9
Lanosterol M2 0.218 16 0.218 22 0.19
M3 0.045 10 0.047 60
M1 8.035 4 9.564
Isofucosterol M2 5.031 16 4.876 1.9
M3 1.174 10 1.370 30

pose, we referred to an adaptation of the LOQ quantification method
that has already been exploited in previous literature studies [33,34].
In particular, the LOQ (pg/mL) values were calculated from the follow-
ing regression model, by setting a 20% value of the coefficient of varia-
tion (CV). The mathematical expression used for the calculation of the
LOQ is also shown hereafter.

CV (%) =aext - LOQ = (%)4

The values of the @ and b parameters were estimated after the curve
fitting of the experimental data referring to the inter-day essay data.
Specifically, the CV(%) and the average pg/mL (x) concentration were
calculated, for each sterol, from the four replicates (day 1, day 2, day 3
and day 4) produced for each of the three dilution steps of the model
matrix, i.e.,, M1, M2 and M3. The data points and the corresponding fit-
ting curves are shown in Fig. S3 (see Supplementary Material), while
the calculated LOQ values are shown in Table 2.

3.3. Quantitative characterization of sterols in microgreen and mature plant
material

Table 3 shows the results of the GC-MS/MS analysis of the total
(free and esterified) sterols in flax, chia, soybean, sunflower, rape-
seed, garden cress, kale, broccoli raab, catalogna chicory and endive
microgreens and in the mature forms of kale and broccoli raab. The
same data are displayed as cumulative stacked bar charts in Fig. 4,
both in terms of absolute (mg/kg dry weight, Fig. 4A) and percent
amounts (Fig. 4B). The latter reflects the inner sterol profile of each
plant material. Fig. 5 offers an alternative and more intuitive graphi-
cal representation of the data in Table 3. Although more than 250
plant sterol species have been proposed in literature [4,5,20], the
overall amount (free and esterified forms) of the eight sterol species
that were selected for the present study, is consistent with the total
sterol content that is averagely expected in plants, ie., 1-3 mg/g dry
weight [23] (see Fig. 4A). p-sitosterol, campesterol and stigmasterol
are recognized as the most abundant sterols in plants [2,4,10]. Their
free forms are known to contribute to membrane fluidity and perme-
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Table 3
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Total amount of 8 sterols determined in 10 microgreen and 2 mature (“macro”) plant material. The values are expressed as mg per kg of plant material dry
weight (DW). Two significant digits are adopted. All the entries labeled with (*) were quantified below the limit of quantification (LOQ). Only one significant
digit is reported for the latter values. The < LOD symbol was introduced when the sterol amount was below the limit of detection.

Species Total Sterols
[mg/kg DW]
Chia Flax Soybean  Sunflower Rapeseed Garden Kale Macro Broccoli Macro Broccoli Catalogna Endive
cress Kale Raab Raab Chicory
Cholesterol < LOD 19 x 1.4 x10 <LOD 29 x10 3.8x10 38x10 2* 4.3 x 10 3.3 x 10 < LOD < LOD
102
Brassicasterol < LOD 3x10* < LOD < LOD 3.3 x < LOD 9.2 x10 <LOD 2.3 x 102 < LOD < LOD < LOD
102
Lathosterol < LOD 1.9 3.4 0.1* 2.0 1.8 0.7 * < LOD 3.1 0.7 * < LOD < LOD
Campesterol 2.0 x 5.5 x 5x10* 1.0 x 102 8.2 x 2.7 x 102 6.2 % 2.7 x 102 6.0 x 102 3.7 x 102 1.7 x 102 1.7 x
102 102 102 102 102
Stigmasterol 1.6 x 4.2 x 2.6 x 3.3 x10%2 6% 5x10* 2x10* < LOD 4 < LOD 2.0 x 102 4.7 x
102 102 102 102
P-sitosterol 2.0 x 6.5 X 5.7 X 1.2 x 103 1.8 x 1.2 x 103 1.4 % 1.1 x 103 1.6 x 103 1.3 x 103 9.0 x 102 7.3 X
103 102 102 103 103 102
Lanosterol 4.4 11 x10 2* 22x10 4% 4.5 2% 0.5* 4.8 1* 2% 4.3
Isofucosterol 1.2 X 3.0 x 50x10 7.0x10 1.4 x 4.0 x 102 6.1 x10 1x10* 1.1 x 102 3x10* 3.2 x 102 2.8 X
102 102 102 102

ability. Particularly, the major effect on membrane ordering was at-
tributed to campesterol, followed by p-sitosterol [25]. In both cases,
however, the membrane-packing efficiency was found to be lower
than cholesterol [4]. This seems to be related to the size of the alkyl
branching at C24 (see Figs. S1 and S2). In the case of stigmasterol,
the ordering effect in the plasma membrane is further reduced by the
presence of an additional carbon-carbon double bond (see Fig. S2);
the latter lowers the flexibility of the side chain [25]. Among the in-
vestigated plant materials, the amount of p-sitosterol and campesterol
covered more than the 50% of the total sterol amount. Particularly,
both these PS accounted for almost the totality of the sterol content
in the mature forms of kale and broccoli raab (see Fig. 4). As can be
intuitively deduced from Fig. 5, p-sitosterol was the most abundant
sterol in many of the plant materials that we investigated. This is con-
sistent with the sterol content that was observed for many vegetable
and edible oils, as reviewed by Piironen et al. [25] and Poudel et al.
[35]. p-sitosterol was also reported to be the most abundant sterol in
the model plant Arabidopsis thaliana [4]. However, as recently sur-
veyed by Poudel et al. [35], the relative amount of the major PS (e.g.
fB-sitosterol, campesterol and stigmasterol) in fresh vegetables is heav-
ily depending on crop type. For example, campesterol was observed
to be the most abundant phytosterol in sweet potatoes and bamboo
shoots, ie., those vegetables that showed the highest PS content
among those reviewed by the authors.

Conversely, the impact of stigmasterol on the PS profile was highly
variable among the investigated crops. Particularly, a very little
amount of stigmasterol was observed in Brassica microgreen species
(ie., rapeseed, garden cress, kale and broccoli raab), while no stigmas-
terol was detected in mature kale and broccoli raab. Results for rape-
seed microgreens are consistent with literature data referring to rape-
seed oil, where only traces of stigmasterol were detected [36]. It is also
worth noting that the percentage of p-sitosterol (57%), campesterol
(26%) and brassicasterol (10%) is in accordance with reports about
rapeseed oil by Phillips et al. [14,36]. The reliability of data compari-
son is supported by the fact that the authors estimated the amount of
free and esterified PS focusing on the same major sterols (i.e., p-
sitosterol, campesterol, stigmasterol, isofucosterol, brassicasterol and
cholesterol) with the addition of minor plant stanol species, namely
campestanol and sitostanol. The latter produced a very little impact on
the sterol profile of rapeseed oil,.

Brassica microgreens, except for garden cress, exhibited the highest
amount of brassicasterol. Indeed, such plant sterol is known to be char-
acteristic of Brassica crops [37]. On the other hand, no brassicasterol
was found in mature kale and broccoli raab, while it was detected in

flax microgreen. Particularly, flax exhibited the most uniformly distrib-
uted sterol profile, along with the highest cholesterol levels in respect to
the other investigated plant materials.

As previously mentioned, stigmasterol is known to be one of the
most common PS in many plant tissues. In the present case, stigmasterol
levels were found to be higher than campesterol in soybean, sunflower
and endive microgreens. This result is consistent with other literature
data referring to soybean sprouts [38] and mature endive varieties
[39]. Isofucosterol was also dominant in endive and catalogna chicory
microgreen. Significant amount of isofucosterol were also detected in
flax and garden cress crops. As for lathosterol and lanosterol, both were
detected in very low amount in all the investigated microgreen and ma-
ture plant materials. Along with cholesterol, lathosterol was found to
play a role in the biosynthesis of phytoecdysteroids (i.e., phytohor-
mones involved in plant defense) [6]. Lanosterol represents the univer-
sal precursor for cholesterol in both animals and fungi. Conversely, lim-
ited information is available about the role of lanosterol in plant sterol
biosynthesis. Indeed, cycloartenol is recognized as the main PS precur-
sor. Notably, the sunflower microgreen showed the highest amount of
lanosterol.

4. Conclusions

The total amount (including free and esterified forms) of eight
sterols (B-sitosterol, campesterol, stigmasterol, brassicasterol, isofucos-
terol, cholesterol, lanosterol and lathosterol) was characterized in 10
microgreen species, ie., chia, flax, soybean, sunflower, rapeseed, gar-
den cress, kale, broccoli raab, catalogna chicory and endive. The study
was also extended to the mature forms of kale and broccoli raab. The
quantitative analysis of sterols was performed using a validated GC-EI-
MS/MS method.

Among the investigated plant materials, chia, rapeseed and broccoli
raab microgreens showed the highest sterol content, corresponding to
250-300 mg per 100 g of dry weight. According to literature a daily in-
take of 300-400 mg of phytosterols is capable of producing a 5% reduc-
tion of the intestinal cholesterol absorption [8,12]. Assuming that wa-
ter is averagely responsible for the 90% of plant wet weight, however, a
100 g portion of these microgreens would only provide one tenth of the
aforementioned amount. As far as we know, there are no literature
studies focusing on which plant sterol is more effective in determining
the reduction of the intestinal absorption of cholesterol. p-sitosterol was
found to be the most abundant sterol in all microgreen crops under
study, followed by campesterol and stigmasterol. Stigmasterol levels
were higher than campesterol in soybean, sunflower, catalogna chicory
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Fig. 4. Stacked bar charts showing the absolute (A) and percent (B) amount of 8 sterols in 10 microgreen and 2 mature (“macro”) plant samples.

and endive microgreens. Conversely, very low amounts of stigmasterol campesterol in both the Asteraceae (i.e., catalogna chicory and endive)
characterized the overall sterol content of Brassica microgreens. The and garden cress microgreens. Among all the investigated plant materi-
latter showed the highest amount of brassicasterol, except for garden als, flax exhibited the highest amount in cholesterol and the most

cress. On the other hand, the content of isofucosterol was higher than equally distributed sterol profile.
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Fig. 5. Bubbleplot providing an intuitive graphical representation of the data
enclosed in Table 3 (see main text). Here, the dimension of each bubble is pro-
portional to the sterol amount detected in the corresponding plant material.
For a more reliable quantitative interpretation of the graph, the figure shows
the maximum value observed for each sterol concentration (mg/kg, dry
weight) among the investigated plant material. These values are shown under
the corresponding circle in the plot.

The discrepancies observed between the micro and macro forms of
kale and broccoli raab represent another relevant outcome of the study
described in this paper. Indeed, both mature forms exhibited a lower to-
tal sterol amount, compared to the respective microgreens. Interest-
ingly, this was mainly due to the reduction of the campesterol content,
along with the remarkable decrease of the levels of both brassicasterol
and isofucosterol in mature kale and broccoli raab.

Generally, our results suggest that phytosterols might represent im-
portant compounds with potential nutraceutical properties provided in
a non-negligible amount by microgreens. The described analytical ap-
proach could be advantageously applied in the future to evaluate if spe-
cific conditions for microgreen cultivation would be able to further in-
crease the vegetal sterols content.
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