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whereas with acid hydrolysis only 8 % of Δ7-stigmastenol 
was determined. The artifact of Δ7-stigmastenol coeluted 
with residual non-isomerized spinasterol, demonstrating 
the high risk of misinterpretation of compositional data 
obtained after acid hydrolysis. Therefore, the accurate com-
position of SG from foods containing sterols with a double 
bond at C-7 can only be obtained by enzymatic hydrolysis 
or by direct analysis of the intact SG.
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Introduction

Phytosterols are steroid alcohols structurally similar to 
cholesterol that occur at various concentrations and in 

Abstract  In this study, we present the difference in sterol 
composition of extracted steryl glycosides (SG) hydrolyzed 
by either enzymatic or acid hydrolysis. SG were analyzed 
from foods belonging to the plant families Cucurbitaceae 
(melon and pumpkin seeds) and Amaranthaceae (amaranth 
and beetroot), both of which are dominated by Δ7-sterols. 
Released sterols were quantified by gas chromatography 
with a flame ionization detector (GC-FID) and identified 
using gas chromatography/mass spectrometry (GC–MS). 
All Δ7-sterols identified (Δ7-stigmastenyl, spinasteryl, Δ7-
campesteryl, Δ7-avenasteryl, poriferasta-7,25-dienyl and 
poriferasta-7,22,25-trienyl glucoside) underwent isomeri-
zation under acidic conditions and high temperature. Ster-
ols with an ethylidene or methylidene side chain were 
found to form multiple artifacts. The artifact sterols coe-
luted with residues of incompletely isomerized Δ7-sterols, 
or Δ5-sterols if present, and could be identified as Δ8(14)-
sterols on the basis of relative retention time, and their MS 
spectra as trimethylsilyl (TMS) and acetate derivatives. 
For instance, SG from melon were composed of 66 % Δ7-
stigmastenol when enzymatic hydrolysis was performed, 
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different proportions in vascular plants. They mainly dif-
fer in the structure of the side chain with regards to length, 
degree of unsaturation, and stereochemistry, as well as in 
number and position of double bonds within the ring struc-
ture. Phytosterols not only comprises different species of 
free sterols (FS), but also conjugates, namely steryl esters 
(SE), steryl glycosides (SG) and acylated steryl glycosides 
(ASG). It is of high importance to know the sterol profile of 
foods, as different sterols can produce different spectra of 
bioactivities.

Health benefits have been attributed to FS and sterol 
conjugates from plants, when consumed regularly [1]. Most 
attention is given to their cholesterol-lowering activity. The 
intake of phytosterols through fortified foods and from a 
natural diet can decrease serum and low-density lipoprotein 
(LDL) cholesterol, thereby decreasing the risk of cardio-
vascular diseases [1–4]. Health claims about the ability of 
FS and their esters to reduce the risk of cardiovascular dis-
ease have been accepted by both the European Food Safety 
Authority (EFSA) and the US Food and Drug Administra-
tion (FDA) [5, 6]. Glycosylated sterols have been shown to 
reduce cholesterol absorption even though the glycosidic 
bond is not cleaved during digestion [7, 8]. Furthermore, 
health benefits, such as modulation of the immune system 
and reduction of prostate hyperplasia, have been attributed 
to SG [9–11].

Structure–activity relationships have been observed for 
sterols in general; thus, different sterol species can exert 
different degrees of biological activity. For instance, sito-
stanol appears to be more effective than sitosterol with 
regards to the hypocholesterolemic effect, which is based 
on the inhibitory action towards the absorption of choles-
terol [12]. Structural features of sterols also play an impor-
tant role in lipid biosynthesis and metabolism by specifi-
cally affecting enzyme activities, depending, for instance, 
on the degree of side chain unsaturation [13]. Hence, dif-
ferences in bioactivity based on structural differences can 
also be expected within the group of glycosylated sterols. 
Therefore, it is crucial not only to evaluate sterol contents 
of foods, but also to determine the single species composi-
tion (sterol profile) of FS, SE, ASG and SG.

The most common approach for total sterol quanti-
fication and identification of single sterol species com-
bines alkaline and acid hydrolysis prior to gas chroma-
tographic analysis (GC) in order to include all sterol 
conjugates [1, 14–16]. The exclusion of acid hydrolysis 
may lead to a severe underestimation of the total sterol 
content, because in certain foods the content of glyco-
sylated sterols can even exceed FS and SE content [17]. 
Alternatively, SG can be directly analyzed by GC as a tri-
methylsilyl ether of the intact compound, thereby avoiding 
acid-catalyzed isomerization [18–21]. As a drawback, this 
method depends on external calibration due to the lack of a 

suitable internal standard, and complete derivatization of all 
hydroxyl groups remains a critical step. Daily phytosterol 
intakes [2, 22] and total sterol contents of foods [14, 17, 
23–25], assessed by performing alkaline and acid hydroly-
sis, have focused on the quantification of the most abundant 
sterols in foods, such as sitosterol, campesterol, stigmas-
terol, and their stanols (all Δ5-sterols), with the amounts of 
the less abundant sterol species often not reported.

Under acidic conditions and at elevated temperature, 
some sterols undergo acid-catalyzed isomerization and arti-
fact sterols are produced [23, 26, 27]. As a result, the com-
position of sterols found after sample preparation does not 
reflect the correct sterol profile of the plant material. Δ5-
Avenasterol and its diastereomer, fucosterol, contain an eth-
ylidene-side chain that is particularly sensitive to isomeri-
zation due to the formation of a carbenium ion at low pH 
[26]. Evidence was also presented that Δ5-avenasteryl and 
Δ7-avenasteryl glycoside are even decomposed under acid 
conditions [27].

In general, the composition of FS is reflective of the 
composition of glycosylated sterols; however, this rela-
tionship cannot be concluded in presence of labile ster-
ols and if acid hydrolysis is employed. Plants from the 
families Cucurbitaceae and Amaranthaceae are domi-
nated by Δ7-sterols (Fig.  1) [23, 28–30]. In pumpkin 
seeds, Δ7-steryl glucosides have been identified on the 
basis of liquid chromatographic methods and nuclear 
magnetic resonance (NMR) [28, 31]. Some Δ7-sterols 
found in Cucurbitaceae have an additional unique struc-
tural feature: 24-ethyl sterols bearing a Δ25-double bond 
are composed of (24S)-epimers (as  e.g. in poriferasta-
7,25-dienol, Fig. 1e) [32, 33]. As demonstrated by Phil-
lips et al. 2005 [23], the analysis of pumpkin seed sterols 
showed that acid hydrolysis had a drastic impact on the 
resulting composition because several unknown artifact 
compounds were produced. In total sterol analysis, the 
authors showed that Δ7-stigmastenol was only found if 
acid hydrolysis was omitted [23]. Thus, acid lability of 
Δ7-sterols leading to isomerization or decomposition has 
been reported [23, 28], but has not yet been studied in 
detail due to the lack of alternative analytical procedures. 
Certain Δ7-sterols (e.g. Δ7-stigmastenol) occur in high 
proportion along with Δ5-sterols; for instance, in plants 
from Theaceae and in sunflower seeds (Asteraceae) [34, 
35],

As recently demonstrated, acid hydrolysis of SG can 
be replaced by enzymatic hydrolysis, which is a powerful 
tool to reveal correct sterol profiles of SG extracts from 
foods [36]. So far, enzymatic hydrolysis of SG has not been 
applied widely to foods from Δ7-sterol-dominated plant 
families. The accurate percentage composition of the SG 
fraction is not yet known, since it contains several poten-
tially acid sensitive sterols.
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Therefore, the aim of this study was to evaluate the 
impact of acid hydrolysis on SG from foods dominated by 
Δ7-sterols, based on comparison to enzymatically hydro-
lyzed SG fractions. Comparison of these two hydrolysis 
procedures allowed for the identification of labile sterols, 
and identification and structural elucidation of artifact 
peaks after acid hydrolysis. Moreover, the correct percent-
age composition of the SG fraction of the enzymatically 
treated samples was revealed.

Materials and Methods

Reagents

A commercially available SG mixture, denoted as SG 
standard in this study (total SG: >98  %, approx. 56  % 
sitosteryl glucoside, 25  % campesteryl glucoside, 18  % 
stigmasteryl glucoside, and 1  % ∆5-avenasteryl gluco-
side), was obtained from Matreya Inc. (Pleasant Gap, 
USA). Acetone (≥99.5  %), isopropanol (≥99.9  %), etha-
nol (≥99.8  %), diethyl ether (≥99.8  %), anhydrous pyri-
dine (≥99.8 %), cyclohexane (99.7 %), hydrochloric acid 
(HCl, 37 %), potassium hydroxide (KOH, pellets, ≥86 %), 
anhydrous sodium acetate (≥99.0 %), acetic acid (100 %), 
dihydrocholesterol (DHC, 5α-cholestan-3β-ol, ca. 95  %), 
trimethylchlorosilane (TMCA, GC grade), and N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA, GC grade) 
were purchased from Sigma (Buchs, Switzerland). Hexane 
(96  %) was obtained from Scharlau (Barcelona, Spain), 
acetic anhydride (p.a.) from Merck (Darmstadt, Germany), 
and dichloromethane (99.99  %) from Fisher Scientific 
(Loughborough, UK). All solutions were prepared with 

Milli-Q® purified water using a Merck Millipore purifi-
cation system. For the enzymatic hydrolysis of SG, Fruc-
tozyme® L (liquid mixture of exo- and endoinulinases from 
Aspergillus niger, EC 3.2.1.80 and EC 3.2.1.7, Novozymes 
A/S, Bagsvaerd, Denmark) was used, for which hydrolytic 
activity on SG has been evaluated elsewhere [36].

Sample Preparation—Lipid Extraction 
and Fractionation

All food samples were bought in local groceries stores 
and were prepared in triplicate (from one food product, 
three samples were prepared). The moisture content of 
food samples was determined in duplicate by the gravi-
metric method after drying at 104 °C overnight. The flesh 
of melon (Cucumis melo reticulatus, Galia) and beetroot 
without peel (Beta vulgaris) were first freeze-dried and 
then ground, whereas raw seeds from pumpkin (Cucurbita 
pepo) and grains from amaranth (Amaranthus caudatus) 
were directly ground to a fine powder using a Grindomix 
GM200 mill (Retsch, Haan, Germany). Two grams of each 
dry sample were subjected to accelerated extraction using 
acetone as solvent for lipid extraction (ASE 350 Dionex, 
Thermo Fisher Scientific, Reinach, Switzerland). Iso-
lates used for further enzymatic or acid hydrolysis were 
prepared separately. The acetone extracts were evapo-
rated to dryness under vacuum and redissolved in 2.5  ml 
hexane:isopropanol 95:5. Lipids were fractionated by solid 
phase extraction (SPE) using diol cartridges (GLScience, 
InertSep®, 500  mg, 3  ml), based on a protocol published 
previously [17]. The last elution with hexane:isopropanol, 
which eluted SG from the column, was collected, and 
this fraction was dried under vacuum and subjected to 

Fig. 1   a Molecular structure of Δ7-stigmastenyl glucoside 
[systematic name: (24R)-24-ethyl-5α-cholest-7-en-3β-yl-β-D-
glucopyranoside] and side chains of other Δ7-sterol glucosides (sys-
tematic name of free sterol); b spinasteryl glucoside [(22E,24S)-
24-ethyl-5α-cholesta-7,22-dien-3β-ol], c Δ7-avenasteryl glucoside 

[(24Z)-24-ethylidene-5α-cholest-7-en-3β-ol], d Δ7-campesteryl glu-
coside [(24R)-24-methyl-5α-cholest-7-en-3β-ol], e poriferasta-
7,25-dienyl glucoside [(24S)-24-ethyl-5α-cholesta-7,25-dien-3β-ol] 
and f: poriferasta-7,22,25-trienyl glucoside [(22E,24R)-24-ethyl-5α-
cholesta-7,22,25-trien-3β-ol]
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either acid or enzymatic hydrolysis. Furthermore, a pure 
SG standard solution was prepared at a concentration of 
0.21 mg/ml in hexane:isopropanol 80:20. Pure SG standard 
samples (200 µg) were directly subjected to acid or enzy-
matic hydrolysis (in triplicate).

Acid Hydrolysis of SG

Following SPE, acid hydrolysis was performed based on the 
protocol published by Nyström et al. [17] with minor modifi-
cations. In short, the residues were redissolved in 2 ml etha-
nol and 1 ml of full fat milk was added, mimicking the food 
matrix. Acid hydrolysis was performed with 6  M HCl at 
85 °C for 30 min. One ml of the internal standard (IS) solu-
tion (DHC, 0.016  mg/ml in ethanol) was added after acid 
hydrolysis but prior to extraction, in order to ensure compa-
rability to the enzymatic hydrolysis procedure. For extract-
ing released FS, 10 ml hexane-diethyl ether and 4.5 ml Milli-
Q water were added and upper layer was collected. In order 
to remove residual saponifiable compounds originating from 
the milk that would impact GC analysis, alkaline hydroly-
sis was performed in 4 ml ethanol and 0.25 ml oversaturated 
KOH solution, as in [17]. The residues after evaporation 
were redissolved in 0.7 ml dichloromethane. For the deter-
mination of FS recovery, the pure SG standard (200 µg, in 
triplicate) was also subjected to the procedure above. Under 
the same conditions, an experiment using the SG standard 
but without addition of milk was performed.

Enzymatic Hydrolysis of SG

The protocol for enzymatic hydrolysis is based on Münger 
and Nyström [36]. Both the residues remaining after SPE 
and pure SG standard mixture (for determination of FS 
recovery) were redissolved in 500  µl ethanol and 2.8  ml 
0.1 M sodium acetate buffer (pH 4.5). After mixing, 200 µl 
Fructozyme® L was added, and the incubation was per-
formed at 40 °C in a shaking incubator for 18 h. Prior to 
the extraction, 1 ml of the IS solution (DHC, 0.016 mg/ml 
DHC in ethanol) was added to samples. The released FS 
were extracted by the addition of 10  ml hexane-diethyl 
ether and 7  ml Milli-Q water. Samples were mixed well, 
and if necessary, phase separation was enhanced by centrif-
ugation. The top layer was collected, dried under vacuum, 
redissolved in 0.7 ml dichloromethane and transferred to a 
small glass vial.

Trimethylsilyl (TMS) Derivatization and Gas 
Chromatography with a Flame Ionization Detector 
(GC‑FID) Analysis

All hydrolyzed samples underwent derivatization in order 
to produce trimethylsilyl (TMS) derivatives of the released 

FS. Therefore, the dichloromethane solutions were dried 
under nitrogen stream at 50  °C and redissolved in 100 µl 
pyridine. TMS-derivatization was performed as in Nyström 
et  al. [17]. After derivatization and drying, 200 µl hexane 
was added. Samples with high sterol concentration were 
further diluted ten times before analysis by gas chroma-
tography with a flame ionization detector (GC-FID). GC 
analysis was based on the method in Nyström et  al. [17] 
using a Trace GC 2000 gas chromatograph (ThermoQuest, 
CE Instruments) equipped with an autosampler, on col-
umn injector, RTX-5 fused-silica capillary column (diphe-
nyl and dimethyl polysiloxane [5:95]; 60 m, 0.32 mm id, 
0.1 mm film, Restek Corp., Bellefonte, PA, USA) and an 
FI detector. The quantification of the single sterol species 
as FS was based on the IS. The total SG amount/g DM was 
calculated based on the FS, quantified, and transformed by 
using a theoretical conversion factor of 1.39 (corresponds 
to molecular proportion of glucosylated sitosterol to free 
sitosterol).

Acetate Derivatisation

As more literature on GC–MS spectra is available for ster-
ols as acetate derivatives than as TMS derivatives, acetate 
derivatisation was also applied on previously unidentified 
sterols for structural elucidation. After the evaporation of 
the solvents of the FS fractions under nitrogen at 50  °C, 
100  µl acetic anhydride and 100  µl pyridine were added. 
Samples were acylated at 60 °C for 30 min. Samples were 
dried again and redissolved in 200 µl heptane and subjected 
to GC–MS analysis as described below.

GC–MS Analysis of TMS and Acetate Derivatives

One sample per food and hydrolysis procedure was ana-
lyzed for TMS derivatives and certain selected sam-
ples were analyzed for acetate derivatives by GC–MS 
on a Hewlett-Packard 6890 GC (Wilmington, PA, USA) 
equipped with an Agilent 5973 MS (Palo Alto, CA, USA). 
An S/SL injector was used; the injection volume varied 
from 0.2 to 1  µl. MSD interface temperature was 280  °C 
and ion source temperature was 230  °C; electron impact 
ionization was performed at 70 eV.

UPLC‑QTOF/MS Analysis

As a complementary method for the identification of SG, 
of which the FS coelute in the GC method (spinasterol, 
poriferasta-7,22,25-trienol and sitosterol), non-hydrolyzed 
purified SG fractions from the foods of interest were ana-
lyzed by UPLC-QTOF/MS. Based on the different mass-
to-charge ratio (m/z) of poriferasta-7,22,25-trienyl, spin-
asteryl and sitosteryl glucoside, their relative proportion 
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to each other was determined. Analyses were performed 
based on the method published in Oppliger et  al. [37]. In 
short, separation of SG was performed using a methanol/
water gradient on a reverse phase UPLC column (BEH 
C18, Waters, Milford, USA) in a ACQUITY Ultra-perfor-
mance LC (UPLC) system (Waters, Milford, USA) inter-
faced to a QTOF-MS system (Synapt G2, Waters, Milford, 
USA). The detection of sodiated SG ions [SG + Na]+ was 
performed in positive electrospray ionization mode. The 
complete results are in the supplementary material.

Data Evaluation

Chromatographic peaks in the GC-FID method were 
included in the integration if they appeared in each of the 
three chromatograms (triplicate samples) and were con-
firmed to be a sterol compound by GC–MS. The sterol 
peaks were evaluated on the basis of the relative retention 
time (RRT) to the IS in the GC-FID method after com-
parison of GC–MS and GC-FID chromatograms and iden-
tification of the peaks. The GC mass spectra were edited 
with OriginPro 8.5, and sterol relevant peaks were labeled. 
GC–MS spectra were evaluated based on mass-to-charge 
ratio (m/z) of the molecular ion and characteristic fragment 
ions. Identification of sterols was based on characteristic 
fragmentation patterns either from TMS or acetate deriva-
tives [38], and on comparison to published spectral data 
on TMS-derivatives [23, 39, 40]. Poriferasta-7,25-dienol 
was identified based on the published GC–MS spectrum 
of stigmasta-7,25-dienol [40], and the fact that it is found 
as (24S)-epimer in Cucurbitaceae [31]. Sterols assigned 
as artifacts were compounds that only appeared after acid 
hydrolysis, and therefore,  were formed during sample 
preparation.

Statistical analyses were performed using SPSS Statis-
tics 17.0 for Windows (SPSS Inc, Chicago, USA). Inde-
pendent samples t test was performed on triplicates (confi-
dence interval = 95 %).

Results

Impact of Hydrolysis Procedure on Quantification 
and Sterol Profiles of SG

When comparing acid and enzymatic hydrolysis, the recov-
ery of FS after the hydrolysis of the pure SG mixture con-
sisting of Δ5-steryl glucosides (200  µg) was substantially 
different. Complete hydrolysis would release 144 µg total 
FS. However, the acid hydrolysis procedure applied in this 
study, also including alkaline hydrolysis in order to remove 
saponifiable compounds originating from the addition 
of milk, resulted in a FS recovery of only 26.2 ±  5.1 %. 

However, enzymatic hydrolysis resulted in a recovery rate 
of 83.1 ± 13.4 %. In an additional experiment using acid 
hydrolysis but without the addition of milk, the recovery 
rate was increased to 44.1  ±  0.3  % when compared to 
samples with the addition of milk. However, degradation 
products of the Δ5-sterols were most likely formed at these 
conditions, demonstrated by three newly eluting peaks 
detected in the GC-FID chromatogram (see supplementary 
data Figure 1).

The total SG amounts of four foods dominated by Δ7-
sterols were compared by acid and enzymatic hydrolysis 
(Table 1). Similar to the Δ5-steryl glucoside standard mix-
ture, substantially lower values were observed after acid 
hydrolysis as compared to enzymatic hydrolysis. These 
amounts were up to 76 % lower, e.g., in case of total SG 
extracted from beetroot. In order to determine sterol com-
position of the SG fraction, we further focused on the pro-
portion of single sterol species, rather than on content of 
single sterol species due to the evident dependency of the 
total SG content on the hydrolysis procedure.

The two different hydrolysis procedures had a drastic 
impact on the sterol species formed and detected by GC-
FID for the foods rich in Δ7-sterols (Fig.  2). Differences 
were found not only in sterol species, but also in numbers 
of sterols detected and peak sizes (in relation to IS), show-
ing that resulting sterol profiles were not identical after acid 
and enzymatic hydrolysis. The most drastic difference was 
found for pumpkin seeds: the SG fraction consisted of a 
much higher number of sterols after acid hydrolysis than 
when mild enzymatic hydrolysis was performed.

Sterol Composition of SG of Selected Foods 
from Cucurbitaceae and Amaranthaceae after Enzymatic 
and Acid Hydrolysis

SG extracted from melon were used as an example to eluci-
date the origin of artifact sterols and the detection of labile 
SG. As shown by the overlay of the GC-chromatograms 
of melon SG hydrolyzed with either enzyme or acid, the 

Table 1   Total steryl glycoside (SG) amount of lipid extracts from 
melon, pumpkin seeds, amaranth and beetroot when analyzed after 
enzymatic or acid hydrolysis (percentage difference compared to 
enzymatic hydrolysis in parentheses)

Dry matter 
(g/100 g)

Total SG amount (µg/g DM)

Enzymatic 
hydrolysis

Acid hydrolysis

Melon 9.7 83.3 ± 16.2 29.6 ± 2.3 (64 %)

Pumpkin seeds 95.3 123.6 ± 19.0 74.9 ± 11.1 (40 %)

Amaranth 88.8 102.8 ± 22.7 31.5 ± 7.5 (69 %)

Beetroot 13.7 128.3 ± 0.6 30.8 ± 2.2 (76 %)
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Fig. 2   GC-FID chromatograms of free sterols (FS) after a enzy-
matic hydrolysis and b acid hydrolysis of SG from melon (i), pump-
kin seeds (ii), amaranth (iii) and beetroot (iv). Same peak numbers 
indicate sterols with same relative retention time  (RRT) to internal 
standard (IS); different letters indicate different identity of sterols; 
peaks labeled with an asterisk (*) derive exclusively from artifact 
sterols or contain artifact sterol. Chol cholesterol derived from sam-
ple preparation. 1 Artifact of poriferasta-7,22,25-trienol; 2 artifact of 
poriferasta-7,22,25-trienol; 3a campesterol; 3b campesterol + artifact 
of Δ7-campesterol; 3c artifact of Δ7-campesterol; 4a stigmasterol; 

4b stigmasterol +  artifact of spinasterol; 4c artifact of spinasterol; 
5 unidentified sterol m/z 486; 6 unidentified sterol m/z 484; 7 Δ7-
campesterol; 8 unidentified sterol m/z 484; 9 unidentified sterol m/z 
486, 10 unidentified sterol m/z 484; 11a spinasterol (+  sitosterol); 
11b spinasterol + poriferasta-7,22,25-trienol; 11c spinasterol + arti-
fact of Δ7-stigmastenol; 11d spinasterol, poriferasta-7,22,25-trie-
nol + artifact of Δ7-stigmastenol; 12 unidentified stanol m/z 488; 13 
unidentified sterol m/z 486; 14 artifact of poriferasta-7,22,25-trienol; 
15 poriferasta-7,25-dienol; 16 Δ7-stigmastenol; 17 Δ7-avenasterol
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peak at RRT 1.25 did not reveal identical mass spectra after 
enzymatic and acid hydrolysis (Fig. 3b, f). After enzymatic 
hydrolysis, the sterol was identified as spinasterol (m/z 
484), but after acid hydrolysis the molecular ion was m/z 
486; an isomer of Δ7-stigmastenol. The sterols that only 
appeared after acid hydrolysis were eluting prior to their 
original sterols (Fig. 3d, e). Their mass spectra showed that 
the molecular ion was m/z 472 (RRT 1.12) and m/z 484 
(RRT 1.16) corresponding to the m/z of Δ7-campesterol 
and spinasterol, respectively, thus being their artifact 
sterols.

When hydrolyzed enzymatically, five major sterols in 
the SG fraction of melon were identified (Table  2), with 
the highest proportion being identified as Δ7-stigmastenol 
(66.0 %), followed by spinasterol (25.3 %). LC–MS analy-
sis of the SG fraction also showed that poriferasta-7,22,25-
trienyl glucoside occurred in melon, coeluting with spi-
nasterol as FS during our GC method. Thus, the peak 
at RRT 1.25 was not pure spinasterol, but also contained 
poriferasta-7,22,25-trienol (~24 %), as is known for Cucur-
bitaceae. On the other hand, there is no sterol known that 
would coelute with Δ7-stigmastenol (RRT 1.35). Further-
more, the occurrence of Δ7-campesterol could be con-
firmed by GC–MS, which had a RRT of 1.21 in the GC-
FID method and was 3.4 % of total SG. Δ7-avenasterol was 
found at a percentage of 2.0 %.

After acid hydrolysis, the sterol with RRT 1.25, assigned 
as an artifact originating from Δ7-stigmastenol, was most 
dominant (Table 2). Furthermore, the sterols with RRT 1.12 
and RRT 1.16, assigned as the artifacts of Δ7-campesterol 
and of Δ7-stigmastenol, respectively, occurred only in the 
acid treated samples. We confirmed that these were not 
Δ5-sterols due to the absence of an intense m/z 129 ion 
(characteristic to Δ5-sterols) and the presence of m/z 255. 
In detail, the acid hydrolyzed SG fraction was highest in 
the artifact of Δ7-stigmastenol (62.8  %), followed by the 
sterol with RRT 1.16 (artifact of spinasterol, 21.3  %), 
which almost corresponded to the original percentage of 
these sterols when enzymatic hydrolysis was performed. 
After acid hydrolysis, Δ7-stigmastenol was not completely 
isomerized; 7.9 % of the original amount was found, which 
represents 87  % less than the Δ7-stigmastenol observed 
following enzymatic hydrolysis. Alternatively, the per-
centage of poriferasta-7,25-dienol was almost the same as 
after enzymatic hydrolysis (3.3 %), and the artifact of Δ7-
campesterol was 3.3 %. The peak of Δ7-avenasterol did not 
occur after acid hydrolysis, and its artifact must have coe-
luted with other sterols, but could not be identified by MS 
due to low abundance.

The analysis of the second Cucurbitaceae sample, 
pumpkin seeds (Table 2), showed that the SG fraction was 
dominated by spinasterol and poriferasta-7,22,25-trienol, 
both of which coeluted at RRT 1.25. LC–MS analysis 

showed that around 55  % of the peak consisted of porif-
erasta-7,22,25-trienol, thus being the most abundant sterol 
in the SG fraction of pumpkin seeds. In GC–MS, porif-
erasta-7,22,25-trienol eluted slightly earlier than spinas-
terol, but they were not baseline separated. The fragment 
ion with m/z 343 confirmed that both sterols contained a 
double bond at C-22. Based on the integration of the peak 
of these coeluting sterols, the percentage of spinasterol/
poriferasta-7,22,25-trienol was 63.6  %. As in melon SG, 
poriferasta-7,25-dienol (23.0  %), Δ7-avenasterol (7.8  %) 
and Δ7-stigmastenol (5.2 %) were found. However, the per-
centage of Δ7-stigmastenol was significantly lower than in 
melon and Δ7-campesterol was not detected.

Again, the composition of the SG fraction was com-
pletely different when acid hydrolysis was performed on 
pumpkin seeds SG, as shown by the drastic increase of 
number of peaks in the chromatogram. Only one peak was 
identical to the one from the enzymatically treated samples: 
poriferasta-7,25-dienol accounted for almost one quarter of 
the total SG. After acid hydrolysis, the peak of coeluting 
spinasterol/poriferasta-7,22,25-trienol, previously observed 
with enzymatic hydrolysis, now contained m/z 486 (artifact 
of Δ7-stigmastenol) in addition to m/z 484 (spinasterol), but 
m/z 482 (poriferasta-7,22,25-trienol) could not be detected. 
Thus, spinasterol was not completely isomerized to another 
species and porifersta-7,22,25-trienol (m/z 482) seemed to 
undergo isomerization to other sterol species as three new 
peaks appeared after acid hydrolysis at RRT 1.06, 1.07 and 
RRT 1.29, all with the dominant ion m/z 482. Moreover, 
two additional, almost coeluting artifact peaks appeared at 
RRT 1.21 and RRT 1.22 (peak 8 and 10 in Fig.  2); both 
were characterized by m/z 484 and are possible artifacts 
from poriferasta-7,25-dienol.

In contrast to the two Cucurbitaceae samples, Δ5-sterols 
were identified in the two Amaranthaceae samples, which 
were characterized by an intense m/z 129 in the mass 
spectrum (Fig.  4a). However, the SG fraction extracted 
from amaranth seeds and enzymatically hydrolyzed was 
clearly dominated by spinasterol (73.7 %), followed by Δ7-
stigmastenol at a proportion of 11.9 % (Table 3). The other 
sterols occurred in minor proportions: Δ7-campesterol 
(3.5 %), Δ7-avenasterol (2.1 %), Δ5-campesterol (1.4 %), 
and Δ5-stigmasterol (0.9 %), along with three unidentifed 
sterols (peak 5, 6 and 12 in Fig. 2).

After acid hydrolysis the SG fraction of amaranth was 
highest in the sterol, which coeluted with Δ5-stigmasterol 
and contained the artifact of spinasterol (60.5 %) (Table 3; 
Fig. 4b). The spinasterol peak observed after acid hydroly-
sis was dramatically smaller (25.9 %), as was that for Δ7-
stigmastenol (3.8 %). The peak of the sterol that was iden-
tified as Δ5-campesterol was larger after acid hydrolysis 
(4.8  %), indicating a coeluting artifact sterol, which was 
confirmed by the MS spectrum.
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Fig. 3   GC-FID chromatogram 
overlay and GC mass spectra 
for the most abundant sterols 
(as TMS derivatives) after 
enzymatic hydrolysis (a–c) 
and after acid hydrolysis (d–f) 
of steryl glycoside (SG) from 
melon; a relative retention 
time to internal standard (RRT) 
1.21, Δ7-campesterol; b RRT 
1.25, spinasterol; c RRT 1.35, 
Δ7-stigmastenol; d RRT 1.12, 
artifact of Δ7-campesterol; e 
RRT 1.16, artifact of spinasterol 
and f RRT 1.25, artifact of Δ7-
stigmastenol
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The SG fraction from beetroot was a complex mixture of 
at least 11 sterols, with some of them coeluting (Table 3). 
After enzymatic hydrolysis, the highest percentage was 
found for Δ7-stigmastenol (51.7  %). Unlike in the other 
food samples, sitosterol was the dominant species in the 
peak at RRT 1.25, where it was coeluting with spinasterol 
(confirmed by UPLC-QTOF/MS, see supplementary mate-
rial); together they made up 33.7 %. As with amaranth, two 
Δ5-sterols were found: Δ5-stigmasterol (3.2  %) and Δ5-
campesterol (0.9  %). Other sterols were Δ7-campesterol 
(2.4  %), poriferasta-7,25-dienol (1.1  %), Δ7-avenasterol, 
and three unidentified sterols (peak 6, 9 and 13 in Fig. 2). 
After acid hydrolysis, the proportion of the former sitos-
terol/spinasterol peak was remarkably larger at 63.9  %, 
due to the coelution of Δ7-stigmastenol artifact. Simultane-
ously, the remaining non-isomerized Δ7-stigmastenol was 

smaller at 8.1 %. A larger peak was observed for the RRT 
1.16 consisting not only of Δ5-stigmasterol but also of the 
artifact from spinasterol (18.0 %).

Identification of Artifact Sterols

Several different artifact sterols can be formed from Δ7-
sterols after the formation of tertiary carbenium ions 
(Fig. 5). In this study, the identification of the artifact peaks 
was based on GC–MS spectra from TMS and acetate deriv-
atives. The comparison to MS spectra of the original ster-
ols resulted in valuable information in addition to the RRT, 
which was crucial for reliable identification.

Substantial differences in the GC-spectra of the artifact 
sterols and their original Δ7-sterols were observed. As a 
TMS derivative, Δ7-stigmastenol yielded m/z 255 as a base 

Table 2   Sterol composition [%] of steryl glycosides (SG) from 
melon and pumpkin seeds after acid and enzymatic hydrolysis and 
relative retention time to internal standard (RRT) of released free ster-

ols (FS) as TMS derivatives; sterol numbering (No.) is based on order 
of appearance and is as used in Fig. 2

*  Poriferasta-7,22,25-trienol coelutes with spinasterol in GC-FID method and presence has been confirmed by UPLC-QTOF/MS (see supple-
mentary material)

Sterol (artifact sterol) [%] No. RRT Melon Pumpkin seeds

Acid Enzymatic Acid Enzymatic

(Artifact of poriferasta-7,22,25-trienol) 1 1.06 7.4 ± 1.8

(Artifact of poriferasta-7,22,25-trienol) 2 1.07 5.0 ± 0.6

(Artifact of Δ7-campesterol) 3c 1.12 3.3 ± 1.5

(Artifact of spinasterol) 4c 1.16 21.3 ± 0.5 33.9 ± 0.6

(Artifact with m/z 484) 8 1.21 8.3 ± 0.3

Δ7-Campesterol 7 3.4 ± 0.3

(Artifact with m/z 484) 10 1.22 6.2 ± 0.8

Spinasterol + poriferasta-7,22,25-trienol* (+ sitosterol) 11b 1.25 25.3 ± 0.7 63.6 ± 2.6

(Artifact of Δ7-stigmastenol) + spinasterol  
+ poriferasta-7,22,25-trienol (+ sitosterol)

11d 62.8 ± 3.7 14.7 ± 1.3

(Artifact of poriferasta-7,22,25-trienol) 14 1.29 1.8 ± 0.7

Poriferasta-7,25-dienol 15 1.33 4.4 ± 0.4 3.3 ± 0.6 22.7 ± 0.1 23.0 ± 0.4

Δ7-Stigmastenol 16 1.35 7.9 ± 2.9 66.0 ± 0.1 5.2 ± 0.5

Δ7-Avenasterol 17 1.38 2.0 ± 0.4 7.8 ± 2.0

Fig. 4   GC mass spectra of 
TMS-derivatives of the sterol 
at relative retention time to 
internal standard (RRT) 1.16; a 
after enzymatic hydrolysis (Δ5-
stigmasterol) and b after acid 
hydrolysis (Δ5-stigmasterol and 
dominating, coeluting isomeric 
sterol, artifact of spinasterol) of 
SG from amaranth
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peak (M-SC-ROH, facile loss of side chain and functional 
group is indicative for Δ7-sterols), and an intense molec-
ular ion characteristic for Δ7-sterols (Fig.  3, spectrum c). 
The mass spectrum of the artifact sterol was different with 
regards to the appearance of m/z 345 (M-SC) (Fig. 3, spec-
trum f). The GC–MS spectrum of spinasterol was charac-
terized by intense m/z 255 and 343 (M-SC, indicative for 
unsaturated SC in Δ7-sterols) (Fig. 3, spectrum b). Its arti-
fact sterol yielded m/z 344, higher than m/z 343 (Fig.  3, 
spectrum e). Δ7-campesterol yielded m/z 255 as a charac-
teristic peak and an intense molecular ion (Fig. 3, spectrum 
a). For its artifact sterol, an additional ion with m/z 345 
(M-SC) was formed (Fig. 3, spectrum d).

The artifact peaks of Δ7-campesterol, spinasterol, and 
Δ7-stigmastenol were also analyzed by GC–MS as ace-
tate derivatives. In the three spectra (Fig. 6), M+ appeared 
and m/z 255 (M-SC) was predominant. Also, m/z 229 
(M-SC-ROH-26) was formed from these three artifact ster-
ols. Other typical ions were m/z 315 and 382 for the Δ7-
campesterol artifact, m/z 314 (M-ROH) for the spinasterol 
artifact, and m/z 315 (M-ROH) and 441 (M–Me) for the 
Δ7-stigmastenol artifact.

As TMS and acetate derivatives, the artifacts of the Δ7-
sterols were eluting at the same RRT as their corresponding 
Δ5-sterol variants. For instance, the spinasterol artifact as 
an acetate derivative had a RRT 1.18, which was identical 
to the RRT of Δ5-stigmasterol standard as an acetate deriv-
ative. As mentioned above, the SG fraction from amaranth 

contained Δ5-stigmasterol and Δ5-campesterol, which 
were masked by their isomeric artifacts from Δ7-sterols 
after acid hydrolysis was performed.

Discussion

The recovery of FS after the hydrolysis of the standard 
mixture consisting of Δ5-sterols was significantly affected 
by the choice of the hydrolysis procedure. In the case of 
acid hydrolysis with the addition of milk in order to mimic 
food matrix, the values were extremely low, suggesting 
either insufficient hydrolysis or impaired extractability. 
On the other hand, if the milk addition was omitted, higher 
recovery could be achieved, but simultaneously degrada-
tion products were detected as three new peaks occurred in 
the GC-FID chromatogram (supplementary data Figure 1). 
Sterols might not only be sensitive towards isomerization 
at low pH and high temperature, but released FS may also 
undergo dehydration reactions under highly acidic condi-
tions. A decomposition of 80  % was previously demon-
strated on FS from oats, even though the acid hydrolysis 
performed included the potentially protective food matrix 
[41]. Acid-catalyzed dehydration of free sterols resulting in 
3,5-diene has been demonstrated for Δ5-sterols [42]. The 
possibility of thermoxidation due to presence of C=C dou-
ble bonds which was characterized by different susceptibil-
ity of Δ5- and Δ7-sterols has also been suggested [43]. The 

Table 3   Sterol composition [%] of steryl glycosides (SG) from ama-
ranth and beetroot after acid and enzymatic hydrolysis and relative 
retention time to internal standard (RRT) of released free sterols as 

TMS derivatives; sterol numbering (No.) is based on order of appear-
ance and used in Fig. 2

*  Beetroot contained remarkable amount of sitosteryl glucoside (confirmed by UPLC-QTOF/MS, see supplementary material)
†  Or possibly stigmasta-23(24)-dienol

Sterol (artifact sterol) [%] No. RRT Amaranth Beetroot

Acid Enzymatic Acid Enzymatic

Δ5-Campesterol 3a 1.12 1.4 ± 0.2 0.9 ± 0.1

(Artifact of Δ7-campesterol) + Δ5-campesterol 3b 4.8 ± 0.2 3.3 ± 0.2

Δ5-Stigmasterol 4a 1.16 0.9 ± 0.4 3.2 ± 0.5

(Artifact from spinasterol) + Δ5-stigmasterol 4b 60.5 ± 5.2 18.0 ± 1.4

Unknown sterol with m/z 486 5 1.18 2.1 ± 0.2 2.1 ± 0.6

Unknown sterol with m/z 484 6 1.20 3.2 ± 0.5 0.8 ± 0.1

Δ7-Campesterol 7 1.21 3.5 ± 0.6 2.4 ± 0.2

Unknown sterol with m/z 486 9 1.22 5.7 ± 1.4 3.6 ± 0.3

Spinasterol (+ sitosterol)* 11a 1.25 73.7 ± 1.7 33.7 ± 0.4

(Artifact of Δ7-stigmastenol) + spinasterol (+ sitosterol) 11c 25.9 ± 2.5 63.9 ± 0.3

Stanol with m/z 488 (sitostanol) 12 1.26 2.0 ± 2.0 1.2 ± 0.3 0.5 ± 0.1

Unknown sterol with m/z 486 13 1.28 2.2 ± 0.2

Poriferasta-7,25-dienol† 15 1.33 1.1 ± 0.2 1.1 ± 0.3

Δ7-Stigmastenol 16 1.35 3.8 ± 1.9 11.9 ± 1.7 8.1 ± 0.5 51.2 ± 0.2

Δ7-Avenasterol 17 1.38 2.1 ± 0.4 0.5 ± 0.1
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Fig. 5   Tertiary carbenium ions (intermediates) and possible isomerization products (artifacts) of Δ7-sterols formed under acidic conditions; 
encircled sterols were identified in this study (Δ8(14)-sterols), R glycosidic residue as steryl glycoside or H as free sterol
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results of the current study point out that it is highly dif-
ficult to perform acid hydrolysis achieving full conversion 
of SG into FS, as it is a balance between sufficient hydrol-
ysis and avoiding sterol degradation. These data demon-
strate again the importance of an alternative procedure; 
for instance, enzymatic hydrolysis, which provided much 
higher recovery and, in addition, avoided isomerization.

The hydrolysis of SG extracted from foods dominated 
by Δ7-sterols showed that these are highly labile sterols, 
which has also been demonstrated by other studies [17, 23, 
27, 28]. For instance, Phillips et  al. [23] showed that Δ7-
stigmastenol only appeared if sterols from pumpkin seeds 
were not subjected to acid hydrolysis. They published 
the GC–MS spectrum of a sterol with m/z 484 that only 
appeared after acid hydrolysis, and which had an identical 
retention time as Δ5-stigmasterol; however, the identity of 
this sterol was not assessed. No further analyses determin-
ing the correct percentage of those sterols could be per-
formed, due to the lack of mild hydrolysis [23]. In an ear-
lier work by our laboratory, the artifact sterols of Δ7-sterols 
(one coeluting with stigmasterol and one coeluting with 
spinasterol) were tentatively assigned as Δ8-sterols based 
on GC–MS data, but the isomerization pathway could 
not yet be determined [17]. In the present study, based on 
data gathered after enzymatic hydrolysis, we were able to 
identify the highly labile sterols, namely spinasterol, Δ7-
stigmastenol, Δ7-campesterol and poriferasta-7,22,25-
trienol, and we were able to assign and characterize their 
artifact peaks generated in the acid hydrolysis. We showed 
that Δ7-stigmastenol was highly sensitive to isomeriza-
tion. Therefore, not only are sterols with an alkene side 
chain susceptible to isomerization, but isomerization also 
occurs at other places in the molecule. In this case, the dou-
ble bond at C-7 must be highly prone to forming a carbe-
nium ion at low pH, resulting in the formation of isomer 
species. Resulting isomers of Δ7-stigmastenol would either 
be Δ8(9)-stigmastenol or Δ8(14)-stigmastenol (Fig. 5). How-
ever, no diagnostic fragment ions exist for Δ8-sterols, when 
compared to Δ7-sterols as TMS-derivatives. Δ8-Sterols 

also show strong molecular ion and predominant m/z 255, 
both of which were found in the mass spectra of the arti-
fact peaks. Differentiation of Δ8-sterols from Δ7-sterols 
can only be performed by comparison of their retention 
times [38]. The identified artifact peaks eluted earlier than 
their assigned original sterols. For example, in the case of 
amaranth, we showed that the isomers of the Δ7-sterols that 
were formed had identical retention times as their respec-
tive Δ5-sterols. Gerst et al. [44] showed that Δ8(14)-sterols 
coelute with their Δ5-sterols as acetate and as TMS deriva-
tives, most likely suggesting that Δ7-sterols are transformed 
into Δ8(14)-sterols under acidic conditions. Transforma-
tion of Δ7-sterols into Δ8(14)-sterols has been observed 
upon bleaching during oil refining [45]. Thus, the artifact 
peaks of spinasterol, Δ7-stigmastenol, Δ7-campesterol, 
and poriferasta-7,22,25-trienol observed in this study were 
stigmasta-8(14),22-dienol, Δ8(14)-stigmastenol, Δ8(14)-
campesterol, and poriferasta-8(14),22,25-trienol, respec-
tively. As TMS derivatives, difference in the mass spectrum 
of the artifact sterol was in the appearance of the ion, which 
is caused by the loss of the side chain that is only yielded 
for Δ7-sterols if a double bond at C-22 is present. There-
fore, the artifact sterols are more prone to the loss of their 
side chain than their Δ7-sterols. As acetate derivatives, and 
the spectra were characterized by the dominant appearance 
of m/z 229 (M-SC-ROH-26), which has been shown to be a 
characteristic m/z for Δ8(14)-sterols [46].

After the protonation of C-8 under acidic conditions 
leading to the production of a tertiary carbenium ion 
(Fig.  5), it is thermodynamically more favorable that Δ8-
sterols are formed than Δ7-sterols, due to the formation 
of a tetra-substituted double bond after deprotonation. 
However, why Δ8(14)-sterols are more likely to be pro-
duced cannot be easily explained in this context. In the 
case of Δ7-avenasteryl, poriferasta-7,25-dienyl, and porif-
erasta-7,22,25-dienyl glycoside, even multiple artifact ster-
ols could possibly be formed due to the presence of two 
sites for protonation. Those artifact sterols with a tetra-sub-
stituted double bond in side chain (Δ24(25)) and those with 

Fig. 6   GC-MS spectra of acetate derivatives of a Δ8(14)-campesterol (artifact of Δ7-campesterol, amaranth), b stigmasta-8(14),22-dienol (arti-
fact of spinasterol, melon), and c Δ8(14)-stigmastenol (artifact of Δ7-stigmastenol, melon), detected only after acid hydrolysis
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tetra-substituted double bonds in the ring system (Δ8(14) 
and Δ8(9)) would most likely be favored due to stability 
reasons. These multiple artifact sterols explain why GC 
chromatograms are more substantially different after acid 
hydrolysis than after enzymatic hydrolysis if high amounts 
of, for example, poriferasta-7,22,25-trienyl or poriferasta-
7,25-dienyl glycoside are present, as was observed with 
pumpkin seeds.

Due to the fact that isomerized sterol species coe-
luted with other sterols and based on the observation that 
labile sterols did not fully isomerize to other species, acid 
hydrolysis is not an appropriate method for the determina-
tion of sterols in SG fractions from Δ7-sterols dominated 
foods. Similarly, if Δ7-sterols coexist with Δ5-sterols, as 
for instance was found in the two Amaranthaceae samples, 
the proportion of the Δ5-sterols also cannot be precisely 
determined. Therefore, only enzymatic hydrolysis is a reli-
able tool to determine accurate composition of SG extracts 
from a broad range of foods if the cleavage of the glyco-
sidic bond is required. So far, sterols in plant foods rich 
in spinasterol and Δ7-stigmastenol have not been accu-
rately analyzed since the artifact sterol of Δ7-stigmastenol 
coelutes with spinasterol, and it has been included in the 
amount of spinasterol. Also, acid hydrolysis has caused 
a drastic underestimation of Δ7-stigmastenol; so far, 
the occurrence of Δ7-stigmastenol as the most abundant 
sterol of the SG fraction of melon and beetroot has been 
overlooked.

The importance of the correct determination of Δ7-
sterol of plants is also demonstrated by the prominent 
role of pumpkin seed oil in the treatment of benign pros-
tate hyperplasia [31]. Furthermore, it has been shown 
that spinasteryl glucoside can be used as a potential 
anti-inflammatory agent and protects fibroblast cells 
from adverse effects of UV radiation [47, 48], which 
emphasizes the therapeutic use of certain SG species for 
which potential sources have to be identified. Enzymatic 
hydrolysis allows improved sample preparation for the 
analysis of sterols in a broad range of plant materials due 
to the preservation of labile sterols and avoidance of arti-
fact formation, as well as enabling the analysis of sterol 
profiles consisting of less abundant SG. Furthermore, 
it allows proper determination of daily intakes of total 
sterols and of specific sterol species, which are not only 
based on sitosterol, campesterol, stigmasterol, and their 
stanols, but also include Δ7-sterols, which are dominant 
in plants such as from the family of Cucurbitaceae and 
Amaranthaceae, and which are important components of 
diets worldwide.
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