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Foreword 

In recent decades, in a social context increasingly influenced by health-conscious consumers, the 

concept of functional foods has gained significant importance. Functional foods are defined as foods 

containing bioactive ingredients that can support specific physiological functions beyond basic 

nutrition1. Their relevance arises as a response to certain lifestyles, including sedentary behaviours 

and the widespread consumption of highly processed foods, stimulating a growing interest in dietary 

strategies aimed at maintaining health and reducing chronic diseases. As a result, consumer demand 

has progressively shifted towards food products that are designed not only to provide nutrition, but 

also to actively contribute to long-term well-being. In this evolving nutritional landscape, functional 

foods have become a new paradigm, strengthening the link between diet and health through the 

targeted intake of bioactive compounds.

In this context, microgreens have emerged as a particularly promising category of functional foods. 

First introduced in California in the 1980s, they initially attracted attention for their intense flavours, 

vivid colours, and culinary versatility2,3. Their relevance soon extended beyond gastronomy, however, 

as scientific evidence demonstrated that microgreens often contain markedly higher concentrations 

of bioactive compounds than their mature counterparts, leading to their recognition as superfoods2,4–

6. Microgreens are defined as tender seedlings harvested between 7 and 21 days after germination, 

depending on the species, when the cotyledonary leaves are fully expanded and the first true leaves 

have emerged2,7,8. Their short production cycle is a key advantage, allowing rapid production and 

continuous availability for an increasing number of persons. From an agronomic point of view, the 

cultivation of microgreens takes place in soilless systems, such as hydroponics, and requires low 

water consumption and zero agrochemicals, in line with eco-sustainable agricultural practices2,9,10. In 

hydroponic growing systems, precise regulation of growing conditions is allowed, modulating the 

phytochemical composition of microgreens through targeted biofortification strategies11–13 or the use 
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of additional LED lights14–17. This flexibility allows the development of products with tailored 

nutraceutical profiles, potentially suitable for specific dietary needs. Additional benefits are related 

to post-harvest quality, as microgreens are typically marketed together with their growing medium 

and harvested immediately before consumption, minimizing degradation processes. In addition, their 

common consumption in raw form helps to preserve the thermolabile bioactive compounds, thus 

increasing their nutritional value6,18,19.

Along with microgreens, other innovative plant products, corresponding to slightly more advanced 

growth stages, but still not comparable to that of adult plants, like micro leaves and baby leaves, have 

been considered for their nutraceutical potential. Among them, micro leaves represent a completely 

new category of vegetables, that are harvested in an intermediate phenological phase between 

microgreens and baby leaves, in particular between the formation of the first and fifth true leaves, 

and which are grown following the same eco-friendly practices as microgreens. To date, micro leaves 

have not yet been characterized, and their phytochemical profile remains largely unknown. This lack 

of scientific evidence makes them particularly attractive for investigation, with the aim of evaluating 

their nutraceutical potential and therefore cataloguing them as functional foods. In contrast, baby 

leaves represent a more established category of fresh vegetables and are clearly defined by European 

Regulation No. 752/2014 as “young leaves and petioles of any product, harvested up to the stage of 

the eighth true leaf”. Baby leaves are generally cultivated in both soil-based and soilless systems 

under controlled environmental conditions; however, unlike microgreens and micro leaves, their 

production typically requires the use of agrochemicals to ensure yield stability and product quality2. 

Despite these differences in cultivation practices, baby leaves have been widely studied and are 

recognized as valuable alternatives to mature vegetables, often exhibiting comparable or even 

enhanced nutraceutical profiles, depending on the plant species and compound class considered20,21.

In this context, the present PhD thesis aims to characterize nutraceutical compounds in innovative 

plant products, including microgreens, micro leaves and baby leaves, all grown using hydroponics, 

with the purpose of enhancing their health-promoting properties and supporting their role in modern 
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and sustainable diets. Particular attention is paid to vegetables belonging to Brassicaceae, a botanical 

family widely recognized for its remarkable richness in bioactive compounds22–24. Brassica 

vegetables are well known to accumulate high levels of polyphenols and glucosinolates, secondary 

metabolites widely associated with antioxidant, anti-inflammatory and anticancer activities. These 

compounds play a key role in the health benefits traditionally attributed to cruciferous vegetables and 

make this family an ideal model for nutraceutical investigations12,25,26. In this PhD project, kale 

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

var. esculenta Hort.) were selected as representative species of the Brassicaceae. These vegetables 

are deeply rooted in the agri-food tradition of the Apulia region in Southern Italy, where this project 

was developed,  and represent an important component of the local diet. In addition to their nutritional 

relevance, they represent valuable genetic resources, whose characterization contributes to the 

conservation and enhancement of local agrobiodiversity. By focusing on these native varieties, this 

PhD project not only aims to clarify the nutraceutical potential of innovative plant products at 

different stages of development, but also to support the sustainable exploitation and protection of 

regional plant biodiversity, strengthening the link between food quality, human health and territorial 

identity.

To address the complexity associated with the characterization of nutraceuticals in complex matrices, 

including vegetal ones, omics sciences represent an effective and comprehensive analytical 

framework. Omics technologies encompass a set of complementary approaches, such as genomics, 

transcriptomics, proteomics, metabolomics and its related branches (lipidomics, glycomics and 

peptidomics), that allow an integrated characterization of food matrices from a biological and 

chemical point of view27. Among them, metabolomics plays a fundamental role also in food and plant 

research, giving the opportunity to obtain a profile of the small molecules potentially responsible for 

the nutritional, functional and bioactive properties of foods. Indeed, metabolomics is defined as the 

discipline dedicated to the qualitative and quantitative analysis of low molecular weight compounds 

(generally <1-2 kDa), including endogenous metabolites and exogenous compounds resulting from 
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environmental or technological factors28–30. Metabolomic studies can be performed using either 

targeted or untargeted strategies, each offering distinct yet complementary information. Targeted 

metabolomics focuses on the analysis of defined classes of metabolites and relies on selective 

extraction procedures and well-established analytical protocols, ensuring high confidence in 

compound identification and accurate quantification. In contrast, untargeted metabolomics aims to 

reveal the broadest possible spectrum of metabolites, including unknown compounds, thereby 

enabling a comprehensive exploration of the plant metabolome29. The combination of targeted and 

untargeted approaches is particularly valuable in vegetable characterization, as it allows both 

qualitative and quantitative evaluation of metabolites, with special emphasis on endogenous bioactive 

compounds. This strategy not only contributes to the valorisation of the nutraceutical profile of 

vegetables but also facilitates the identification of discriminant metabolic biomarkers associated with 

specific phenological stages, supporting a deeper understanding of plant development and quality 

traits.

The present PhD project was designed to develop a targeted metabolomics approach, exploiting the 

strong synergy between metabolomics and advanced analytical techniques, such as liquid 

chromatography combined with high-resolution mass spectrometry (LC-HRMS), in order to identify 

and quantify bioactive metabolites in innovative plant products and their corresponding mature forms. 

In particular, two main classes of nutraceutical compounds were investigated, namely phytosterols 

and carotenoids, along with tocopherols, all of which are widely recognized for their beneficial effects 

on human health. Phytosterols are known for their ability to modulate cholesterol metabolism and for 

their anti-inflammatory and antioxidant properties, while carotenoids and tocopherols play a central 

role in the regulation of oxidative stress, visual function and the prevention of chronic degenerative 

diseases. In this context, the present PhD thesis was concerned with the development of targeted 

metabolic approaches aimed at characterizing phytosterols and carotenoids from both a qualitative 

and quantitative point of view, with the dual purpose of demonstrating their overall nutraceutical 

potential and discriminating the plant products collected in different phenological phases. On this 



5

basis, the work is organized into four interconnected chapters, each addressing a distinct but 

complementary analytical objective within a unified research framework.

Chapter 1 is dedicated to the development of a reversed-phase liquid chromatography (RPLC) 

method for the separation of phytosterols, in particular free 4-desmethyl-sterols, followed by an in-

depth investigation on their fragmentation achieved using high/low resolution instrumentation with 

tandem (MS/MS) and/or sequential (MSn, with n ≥ 3) mass spectrometry capabilities and equipped 

with an atmospheric pressure chemical ionization (APCI) source for analyte ionization. From a 

chromatographic perspective, RPLC analyses demonstrated that phytosterol separation is 

predominantly governed by hydrophobic interactions between the sterol side chain and the adopted 

octadecyl stationary phase. Subtle differences in side chain length, degree of unsaturation and 

branching lead to distinct retention behaviors, allowing the resolution of closely related structural 

sterols and isomers under optimized conditions. Although tandem mass spectrometry (MS/MS) has 

long been recognized as a powerful analytical tool for sterol analysis, the interpretation of phytosterol 

MS/MS spectra has remained incomplete due to their inherent structural complexity. For this reason, 

a systematic clarification of phytosterol fragmentation pathways was achieved by a synergistic 

combination of low- and high-resolution multistage mass spectrometry (MS2–MS4), following the 

APCI process. The use of standard isotopically labeled sterols allowed the identification of low-level 

diagnostic ions produced from the side chain and revealed unexpected charge localization sites 

beyond the classical C3 position (to which the sterol OH group is linked), including the side chain 

itself and the C17 atom (according to the conventional atom numbering recommended by IUPAC). 

Overall, this chapter will provide a detailed and comprehensive framework for the interpretation of 

the MS/MS spectra of phytosterols, laying the groundwork for the subsequent reliable identification 

of minor and isomeric sterols in complex plant matrices.

The research described in Chapter 2 stemmed from the results of the study discussed in Chapter 1, 

aiming at the extension of the RPLC method and the Higher Collisional Energy Dissociation-High-

resolution tandem mass spectrometry (HCD-HRMS/MS) approach to animal and fungal sterols and 
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stanols. These compounds were intentionally selected because they have structures complementary 

to those of phytosterols. Their characteristics (e.g., the location of the unsaturation(s) on the steroid 

core and the nature of the side chain) expanded the explored scenario and provided further insights 

into the mechanisms of sterol fragmentation that cannot be fully captured by plant sterols alone. By 

systematically examining the HCD-MS/MS spectra of sterols and stanols, this chapter will describe 

additional diagnostic pathways of fragmentation that arise from both the steroid backbone and the 

side chain. The correlation between product-specific ions and well-defined structural motifs allowed 

the recognition of recurrent "cholesterol-like" and "stigmasterol-like" fragmentation behaviors. This 

resulted in a consistent and expandable database of product diagnostic ions and fragmentation rules, 

specifically designed to support the identification of sterols in complex matrices. Overall, the chapter 

will demonstrate how the combined analysis of phytosterols, animal and fungal sterols can contribute 

to the construction of a robust MS/MS database, aimed at the characterization of known and unknown 

sterols in complex matrices, even in the absence of analytical standards.

In Chapter 3 the concepts and methods developed in Chapters 1 and 2 will be applied to the 

acquisition of structural knowledge on free sterols detected in plant matrices and not corresponding 

to major species, easily recognizable through a comparison with standards. Afterwards, the 

identification and quantification of sterols in kale and broccoli raab harvested at different 

phenological stages, i.e., microgreens, micro leaves, baby leaves and adult vegetables will be 

described, following a discussion about the validation of the RPLC-APCI-MS method in real 

matrices. The outcome of multivariate statistical analysis of quantitative data, conducted by principal 

component analysis (PCA) and leading to a clear distinction of the different phenological stages based 

on their sterol profiles will be also discussed, as well as the impact of culinary processing on sterol 

composition, assessed by extending the quantitative analysis to mature vegetables subjected to two 

common cooking methods, namely boiling and steaming. 

In Chapter 4 the focus of the targeted metabolomics investigation will be shifted to carotenoids and 

α-tocopherol, further bioactive compounds central to both plant physiology and human nutrition. The 
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chapter will be devoted to the identification and quantification of these two metabolites in kale and 

broccoli raab collected at different phenological stages and will thus describe, in its first part, the 

development and validation of an RPLC-APCI-FTMS method for the complete quantification of α-

tocopherol and of a large panel of carotenoids, including several minor xanthophyll isomers. 

Particular emphasis was placed during this work on these minor isomers, which are often overlooked 

in routine analyses despite their contribution to the total carotenoid content and their potential 

relevance to the overall bioactivity of vegetables. The effect of cooking was also evaluated, revealing 

that heat treatments mainly target oxygenated carotenoids, with xanthophylls being more susceptible 

to degradation than carotenes. In parallel with the quantification, an in-depth qualitative investigation 

was conducted to improve the structural characterization of minor carotenoid isomers and will thus 

be the object of one of the chapter sections. In particular, chromatographic behavior and patterns 

related to in-source fragmentation were combined with UV-Vis spectroscopy, which provides 

information-rich fingerprints due to the inherent absorption properties of carotenoids. To overcome 

the inherent limitations of MS/MS in discriminating isomeric species, traveling-wave ion mobility 

spectrometry (TWIMS) and ion mobility spectrometry-tandem mass spectrometry (IMS–MS/MS) 

were also integrated into the analytical workflow. By introducing an additional separation dimension 

based on ion shape and collision cross section, ion mobility enabled the resolution of mobility-

resolved species. As discussed in the chapter, this approach highlighted the presence of distinct 

protomers and produced different MS/MS spectra for individual mobility peaks, greatly increasing 

structural confidence in carotenoid isomers assignment. Finally, multivariate statistical analyses, 

including PCA and hierarchical clustering, evidenced a clear distinction of phenological stages and 

plant species based on their carotenoids profile, underlining the importance of comprehensive 

metabolomic approaches for the evaluation of plant-derived nutraceuticals.

It is finally worth noting that most results described in Chapter 1, 2, 3 and 4 were produced in the 

laboratories of the SMART inter-department research center, located in the Chemistry Department of 

the University of Bari “Aldo Moro”, under the supervision of Prof. Ilario Losito. The ion mobility 
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experiments described in Chapter 4 were conducted in the laboratories of the Department of Plant 

and Environmental Science of the University of Copenhagen, under the supervision of Prof. Jan 

Christensen and Prof. Nikoline Nielsen, during a 3-months research stay. 

Microgreens, micro leaves, baby leaves and adult plants of kale and broccoli raab were provided by 

the research team coordinated by Prof. Pietro Santamaria of the Department of Soil, Plant and Food 

Science of the University of Bari "Aldo Moro".

A heartfelt recognition is addressed to all the people who have been part of this path and who, in 

different ways, have contributed to the realization of this doctoral thesis. Their support and 

collaboration have been invaluable over the years, allowing scientific and personal growth. Thank 

you.
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Chapter 1

Investigation on characteristic fragmentation routes of 

cholesterol and phytosterols based on liquid 

chromatography-APCI-multistage mass spectrometry of 

selected 4-desmethyl-sterols and their deuterium-labelled 

analogues

The following journal article was based on results illustrated in the present chapter:

V. Cinquepalmi, I. Losito, A. Castellaneta, C. D. Calvano, T.R.I. Cataldi, “APCI-multistage mass 
spectrometry following liquid chromatography for selected 4-desmethyl-sterols and their deuterium-
labelled analogues unveils characteristic fragmentation routes for cholesterol and phytosterols 
identification”, Rapid Communications in Mass Spectrometry, 39(13), e10039, doi:
https://doi.org/10.1002/rcm.10039.

https://doi.org/10.1002/rcm.10039
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1.1 Introduction

Phytosterols (PSs) are sterols occurring in plant cell membranes, particularly in raft domains1. These 

ordered and nanoscale regions, where PSs exhibit association with sphingolipids and proteins, play a 

role in key cellular processes such as plant growth and development, signal transduction in response 

to environmental stresses and cell-to-cell communication through plasmodesmata2,3. As shown in 

Figure 1, PSs share the tetracyclic structure of cyclopenta[α]phenanthrene, in which trans junctures 

connect the four rings (A, B, C and D), two methyl groups are located at C18 and C19 and a side 

chain (SC) is linked to C17, according to the atom numbering recommended by the International 

Union of Pure and Applied Chemistry (IUPAC)3-5. Among PSs, free sterols (FSs) are characterized 

by a hydroxyl group at C3 having β stereochemistry6, that can be either esterified by a free fatty acid, 

giving a steryl ester, or form a 1-O-β-glycosidic bond with a hexose, generating a steryl glycoside. If 

an acyl chain is bound to the C6’ of the sugar, acylated steryl glycosides are obtained7,8. FSs can be 

generally subdivided in 4-desmethyl, 4α-methyl and 4,4-dimethyl sterols, depending on the number 

of substituents at C49, although the latter two species, acting as precursors of 4-desmethyl sterols, are 

scarcely present in plant tissues10. Among 4-desmethyl-sterols, Δ5-, Δ7-, Δ5,7- and Δ8-sterols include 

one or two C=C bonds on the B ring (see Figure 1), distinguishing them from stanols, their saturated 

counterparts8. However, most of the over 250 PSs identified in nature so far11 are Δ5-4-desmethyl-

sterols, which differ from each other for their side chain (SC), as shown in Figure 1 for some of the 

most important FSs. 

Cholesterol, the simplest species among Δ5-sterols, characterized by an unsaturated and unbranched 

SC and representing the most abundant sterol in animal tissues, is also present, in low amounts, in 

plant cells1,12. As evidenced in Figure 1, the presence of a methyl or an ethyl group linked to C24 of 

cholesterol leads to the structures of campesterol and β-sitosterol, which are among the most abundant 

PSs11. The methylation reaction at C24 may generate both α and β epimers, while the introduction of 

an ethyl substituent preferentially produces α epimers4. Other relevant PSs are brassicasterol and 
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stigmasterol, corresponding to the unsaturated analogues of campesterol and β-sitosterol, 

respectively, both having a double bond on C22-C235,6 (see Figure 1). Modification of C24 may also 

introduce an ethylidene group, leading to isofucosterol, also known as Δ5-avenasterol, representing 

another non negligible PS, often accompanied by its positional isomer Δ7-avenasterol, having a C=C 

bond between C7 and C8 on ring B (see Figure 1).

. Left side) General chemical structure of Δ

. Δ

campesterol, brassicasterol, β

The structural variability of PSs poses a challenge for their qualitative/quantitative analysis in plant 

extracts, aiming at the assessment of their nutraceutical potential, since PSs have been reported to 

lower cholesterol levels and exert anti-obesity, anti-inflammatory and anti-cancer activities13–15.

Gas chromatography coupled with electron ionization mass spectrometry (GC-EI-MS) has long been 

the conventional method for sterol analysis, including PSs. In fact, major sterols can be separated 

effectively using low-medium polarity GC columns11,16–20, provided they are preliminarily 

derivatized to trimethylsilyl (TMS) ethers or steryl acetates to enhance volatility and ionization 

efficiency21,22. With the advent of soft Atmospheric Pressure Ionization (API) sources, suitable for 
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the coupling between liquid chromatography and mass spectrometry, reverse phase liquid 

chromatography (RPLC) based on C8 or C18 stationary phases has emerged as a powerful 

alternative1,23. This approach eliminates the risks of incomplete derivatization and thermal 

degradation related to GC conditions. Among API processes, Electrospray Ionization (ESI) is usually 

performed on sterols after chemical derivatizations, such as the generation of picolinic esters, aimed 

at boosting the ionization efficiency24–26. Proton and sodium adducts are usually produced by sterols 

under positive ESI conditions27,28. Atmospheric pressure chemical ionization (APCI) in positive mode 

has significantly increased sensitivity (up to two orders of magnitude), leading only to the protonation 

of the sterols OH group, followed by in- source loss of water to form [M+H-H2O]+ ions9,29,30. As a 

result, RPLC-APCI-MS has become a popular method for identifying FSs in food products, including 

plant-based ones, although their quantification is limited to species for which standards are 

available27,31–38. 

Actually, the occurrence of several FS isomers, some of which not corresponding to available 

standards, is common in complex matrices like plant extracts. Tandem mass spectrometry (MS/MS), 

successfully adopted so far for the analysis of other lipid compounds, like glycerophospholipids, 

glycerolipids and sulfolipids39–47, represents a promising approach to recognize structural features of 

sterols, even for species not matching available standards. However, to the best of our knowledge, 

only two studies have delved so far into a detailed characterization of MS/MS spectra obtained for 

FSs, which can be complex, due to the progressive fragmentation of their structures. Jiang et al.30 

used high resolution APCI-MS/MS relying on the so-called higher collisional energy dissociation 

(HCD) mode enabled by the Thermo Scientific Q-Exactive quadrupole-Orbitrap mass spectrometer 

(which actually corresponds to a typical collisionally-induced dissociation (CID) in terms of the ion 

energies involved) and APCI-MSn (with n = 2, 3) based on a quadrupole-linear ion trap mass 

spectrometer to reconstruct the fragmentation patterns of stigmasterol, brassicasterol, β-sitosterol and 

campesterol. Munger et al.48 compared CID-MS/MS spectra obtained for ESI-generated positive 

precursor ions of the aglycones of dietary steryl glycosides with those related to protonated and 
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dehydrated FS ions, which are isomeric with the aglycone ions. These studies highlighted product 

ions providing insights into the number and position of double bonds on the B ring of the sterol 

structure. Product ions related to neutral losses occurring from the side chain structure of sterols were 

also evidenced48, suggesting that a careful interpretation of the sterol complex fragmentation patterns 

might yield valuable structural information.

Starting from this background, a systematic evaluation of fragmentation patterns of specific 

phytosterol standards has been undertaken during this thesis work using APCI-tandem/sequential 

mass spectrometry (APCI-MSn, with n = 2-4). These experiments were performed under different 

mass resolution conditions. Cholesterol-d6 and stigmasterol-d5, isotopically labelled on the respective 

side chains, were also included among the analyzed species to clarify some of the fragmentation 

pathways. A detailed interpretation of the fragmentation patterns observed for FSs will be discussed 

in the present chapter, with a focus on the unexpected product ions arising from the sterol side chain. 

The latter suggested different possible locations of the positive charge of [M+H-H2O]+ ions of FSs. 

The differences observed for major Δ5-sterols, as well as between them and Δ7-avenasterol, will also 

be discussed, to provide general guidelines that might assist in identifying structural features of 

uncommon sterols, particularly when standards are unavailable. 

1.2 Materials and methods

1.2.1 Chemicals. LC grade acetonitrile (ACN), water (H2O) and formic acid (FA), used for RPLC 

separations, HPLC grade chloroform (CHCl3) and ethanol (EtOH), employed as solvents for stock 

solutions 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), 

brassicasterol (ergosta-5,22E-dien-3β-ol), β-sitosterol (stigmast-5-en-3β-ol), stigmasterol (stigmasta-

5,22E-dien-3β-ol), isofucosterol (24Z-ethylidene-cholest-5-en-3β-ol) and Δ7-avenasterol (24Z-

ethylidene-cholest-7-en-3β-ol) were acquired from Cayman Chemical (Ann Arbor, USA). Standard 
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stigmasterol-d5 (stigmasta-5,22E-dien-24',24',24'',24'',24''-d5-3β-ol) was purchased from Merck 

(Milan, Italy). The solutions required for the calibration of mass spectrometers under positive or 

negative polarity conditions were purchased from Thermo Scientific (Waltham, MA).

1.2.2 Standard solutions preparation. A stock solution of each standard (1 mg/mL) was prepared 

in an EtOH:CHCl3 mixture (2:1 v/v) and a diluted solution (30 μg/mL) was subsequently obtained in 

100% ACN. Moreover, through appropriate dilutions from stock solutions, a comprehensive mix of 

standards (10 μg/mL for each one) was prepared in 100% ACN. 

1.2.3   RPLC-APCI-MS instrumentation and operating conditions. Mixtures of standard sterols 

were analysed using an Ultimate 3000 HPLC system coupled with a Q Exactive high-resolution 

quadrupole-Orbitrap Fourier-transform mass spectrometer through an APCI interface (Thermo 

Fisher, West Palm Beach, CA). A C18 Ascentis Express HPLC column (150 ⨯ 2.1mm i.d., 2.7μm 

particle size) (Supelco, Bellefonte, PA) 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, were adopted for the separation 

of FSs: 0-40 min, linear increase of B from 90% to 100%; 40-50 min, isocratic at 100% B; 50-52 

min, linear decrease of B from 100% to 90%; 52−60 min, reconditioning at 90% B. 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 interface 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.; capillary temperature) 300 °C; 

S-lens RF Level) 55 a.u.; vaporizer temperature) 250°C. Full scan MS acquisitions in positive ion 

mode were obtained in a 250-500 m/z interval, working with a 140000 resolving power at m/z 200; 

the Automatic Gain Control (AGC) level was set at 1⨯106 and the maximum injection time was 100 

ms. HCD-FTMS/MS acquisitions were performed at a 35000 resolving power in a 50−500 m/z 

interval, selecting a 1.0 m/z isolation window for precursor ions and using normalized collisional 

energy (NCE) at a value of 30 units; the AGC level was set at 2⨯105 and maximum injection time 
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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 provided by the instrument 

manufacturer, thus obtaining a mass accuracy always better than 5 ppm. 

APCI-direct infusion analyses (APCI-DIA) of individual standards solutions (30 μg/mL) were 

performed using both the Q-Exactive spectrometer, under the same conditions described before, and 

a Velos Pro mass spectrometer, equipped with a two-stage linear ion trap (Thermo Fisher, West Palm 

Beach, CA). Specifically, APCI-DIA-HCD-FTMS/MS spectra were collected for specific sterols 

(vide infra) in the former case, whereas APCI-DIA-CID-MSn (n = 2,4) experiments were performed 

with the linear ion trap instrument, in order to elucidate major fragmentation patterns of all available 

FSs. The main operating parameters of the Velos Pro APCI interface and ion optics were set as 

follows: sheath gas flow rate) 40 a.u.; auxiliary gas flow rate) 10 a.u.; capillary temperature) 300 °C; 

S-lens RF Level) 60 a.u.; vaporizer temperature) 250°C. A 1.0 m/z isolation window for the precursor 

ion and a normalized collisional energy (NCE) of 40 units for MS/MS and 25 units for MS3/MS4 were 

adopted; the AGC level was set at 2⨯103 and the maximum injection time was 100 ms.

1.3 Results and discussion

1.3.1 RPLC-APCI(+)-FTMS analysis of standard sterols. As a first step of the present study 

RPLC-APCI(+)-FTMS was carried out on a mixture of standard sterols to explore the relationship 

between structure and retention time. Firstly, an isocratic separation based on 100% ACN containing 

0.1% FA was attempted. However, a complete overlap was observed for peaks of positional isomers 

isofucosterol (Δ5-avenasterol) and Δ7-avenasterol, which share the same side chain (see Figure 1). 

After several tests based on gradient elution, with water added to mobile phase as the second solvent, 

suitable chromatographic conditions were identified, as detailed in the experimental section, allowing 

an effective separation of the two avenasterols. Figure 2 shows multiple-Extracted Ion Current (EIC) 

chromatograms finally obtained for monoisotopic m/z ratios referred to the [M+H-H2O]+ ions 
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generated by APCI for standard sterols, grouped according to the characteristics of their side chain: 

A) not alkylated on C24; B) 24-methyl;  C) 24-ethylidene and 24-ethyl.

Figure 2. Detailed views of multiple-Extracted Ion Current (EIC) chromatograms referred to standard FSs 
considered in the present chapter, grouped according to their side chain (see Figure 1): A) cholesterol and its 
hexa-deuterated analogue, two FSs not alkylated on C24; B) 24-methyl-FSs; C) 24-ethyl- and 24-ethylidene-
FSs. The following exact m/z values, referred to monoisotopic [M+H-H2O]+ ions, were selected for ion current 
extraction: cholesterol - 369.3516, cholesterol-d6 - 375.3892, brassicasterol - 381.3516, campesterol - 
383.3672, stigmasterol, Δ7-avenasterol and isofucosterol (Δ5-avenasterol) - 395.3672, β-sitosterol - 397.3829, 
and penta-deuterated stigmasterol - 400.3987. 

The effect on the retention of deuteration of the two methyl groups linked to C25 in cholesterol-d6 

and of the ethyl group linked to C24 in stigmasterol-d5 can be easily inferred from Figure 2, since a 

decrease (0.5/0.4 min) in retention time with respect to the corresponding non-deuterated analogues 

was observed (see Figure 2, panels A and C, respectively). On the other hand, Figure 2 highlights 

the key role played by the sterol side chain in the interaction with the octadecylic stationary phase.
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Sterols with the same number and position of double bonds on the B-ring but different side chains 

showed a clear pattern in retention. Based on their C24 substituent, those with a saturated side chain 

were retained in the order: H < methyl < ethyl, corresponding to cholesterol < campesterol < β-

sitosterol (see Figure 2). A similar trend was observed for sterols including a double bond at C22-

C23, with brassicasterol (methylated on C24) being less retained than stigmasterol (ethylated on C24). 

The occurrence of a C=C bond in the side chain reduced the retention time compared to species with 

a saturated SC, as clearly inferred from the comparison between retention times of stigmasterol and 

-sitosterol in Figure 2C. This effect, consistent with that observed for fatty acids including one or 

more C=C bonds, when comparing their retention with the one of saturated fatty acids (see, for 

example, Ref. 49),  varied depending on the C=C bond's location, being more relevant when it was 

closer to the end of the chain. Indeed, Δ7-avenasterol and isofucosterol, having a C=C bond between 

C24 and C24’, exhibited a more relevant reduction in retention time (over 10 min) with respect to -

sitosterol than stigmasterol (4 min), whose C=C bond is located between C22 and C23 (see Figure 

2). The effect on retention exerted by the location of the C=C bond on ring B was more subtle. Indeed, 

Δ7-avenasterol was less retained than its positional isomer isofucosterol (Δ5-avenasterol), suggesting 

that the closer proximity to the side chain of the C=C bond between C7 and C8 reduced its interaction 

with the stationary phase. It is worth noting that an inversion in the respective retention times of the 

two isomeric avenasterols was observed by Jiang et al. using a C18 column and an isocratic elution 

based on ACN/methanol 99:1 (v/v), whereas the retention order of them, campesterol and -sitosterol 

was in accordance with the one observed during the present study30.

The chromatographic behaviour described so far suggests that relative retention might be one of the 

tools for the recognition of new isomeric sterols in complex matrices, especially to infer the 

characteristics of their side chain, by comparison with standards of known sterols. As shown in the 

following section, a careful interpretation of fragmentation pathways obtained by HCD-FTMS/MS 

and CID-MSn for standard sterols, including those deuterated on appropriate positions of the 
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molecular structure, provided valuable additional information, potentially useful for the identification 

of new phytosterols.

1.3.2 Fragmentation of Δ5-sterols with saturated and unbranched side chain: cholesterol and 

hexa-deuterated cholesterol. To understand the general fragmentation pattern of Δ5-sterols with a 

fully saturated side chain, a comparison was made between cholesterol (CHO) and its analogue 

deuterated on the two methyl groups linked to C25 (abbreviated as CHO-d6 in the following). The 

APCI (+)-HCD-FTMS/MS spectra acquired for the respective [M+H-H2O]+ ions (having exact m/z 

values: 369.3516 and 375.3892) are shown in Figure 3. For the sake of comparison, the APCI (+)-

HCD-FTMS/MS spectra obtained for all the other sterols considered in the present study, excepting 

stigmasterol and its penta-deuterated counterpart (vide infra), are grouped in Figure 4. The complex 

fragmentation pattern typically observed in tandem MS spectra of free sterols reported in previous 

studies30,48,50-52, leading to a characteristic distribution of product ion abundances, can be easily 

recognized in all spectra included in the two figures. Notably, a similar pattern has been systematically 

observed over more than four decades in sterol spectra obtained using electron ionization with high 

electron energy (70 eV)53. The comparison between spectra shown in Figures 3 and 4 reveals that 

sterols fragmentation produces apparently similar clusters of peaks, yet subtle variations in their 

relative abundances can be recognized by a deeper evaluation. To explore the correlation between 

structural features and specific abundance profiles, a systematic interpretation of those patterns based 

also on CID-MSn was undertaken in this thesis work, including MS3 analyses (like in the study by 

Jiang et al. 30) and, for the first time, also MS4 acquisitions. 

To facilitate the description of spectral features, peak signals related to product ions having the same 

number of carbon atoms but differing for the number of H or D atoms were grouped within a single 

cluster, identified by a capital letter. Moreover, m/z values referred to ions including D atoms were 

highlighted in red in Figure 3B. Experimental m/z values rounded off to the fourth decimal place, 
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molecular formulas inferred from them considering a maximum accuracy of 5 ppm, and relative 

intensities for peak signals detected in each cluster for CHO and CHO-d6 are reported in Table A1 of 

Appendix 1. Minor product ions, not labelled in Figure 3,  for the sake of clarity, are also included in 

the table.

Figure 3. APCI(+)-HCD-FTMS/MS spectra referred to [M+H-H2O]+ ions of cholesterol (plot A) and 
cholesterol completely deuterated on methyl groups linked to C24 (cholesterol-d6, plot B), having exact m/z 
369.3516 and 375.3892, respectively. Ions sharing the same number of C atoms but differing for the number 
of H and/or D atoms were grouped within a single cluster, indicated by a capital letter. In the MS/MS spectrum 
of cholesterol-d6 m/z values related to ions including six D atoms were reported in red. The NL numbers 
represent Normalization Levels (measured as counts/s) related to each spectrum. See text for details.

As emphasized by the red labels in Figure 3B, a 6-units shift in nominal m/z values was observed for 

several product ions when the precursor ion of CHO-d6 was fragmented. This shift, found in clusters 

A, B, N, O, P, Q, R, S and T, indicates the presence of the deuterated part of the side chain in the 

corresponding structure. A systematic comparison across clusters provided further insights into this 

finding. Two extreme cases were identified: peak signals whose nominal m/z values were univocally 

displaced by 6 units (see bold m/z values in Table A1), and those which did not change at all their 

m/z values (apart from fluctuations on the fourth decimal digit, due to instrumental precision, 
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occurring in m/z values underlined in Table A1) when CHO-d6 was fragmented. These results 

indicated which product ions included the side chain and which did not. For the remaining product 

ions, parallel mechanisms had to be considered. In these cases, both the m/z value already observed 

for not deuterated cholesterol and one or more new ones, suggesting the presence of 5 or 6 D atoms 

in the ion structure, were recognized in the FTMS/MS spectrum of CHO-d6. For example, the product 

ion detected at m/z 57.0708 in the MS/MS spectrum of CHO (cluster A), consistent with a molecular 

formula C4H9
+

 (exact m/z 57.0699), was observed as a very weak signal also in the MS/MS spectrum 

of CHO-d6 (see Table A1) but it was accompanied by a relatively stronger signal at m/z 63.1083, 

compatible with the formula C4H3D6
+ (exact m/z 63.1075). As shown on the right side of Scheme 1, 

this formula can be related to the structure of a hexa-deuterated tert-butyl carbocation, arising from a 

dissociation occurring on the side chain of CHO-d6. The corresponding ion for CHO is a conventional 

tert-butyl carbocation, having an exact m/z 57.0699, whose structure is also reported in Scheme 1.

The generation of these product ions provided a very important and, to the best of our knowledge, 

unprecedented evidence of the presence of multiple possible locations of positive charge on the 

structure of the [M+H-H2O]+ precursor ions, alternative to C3, which is usually proposed as the 

unique location of positive charge for those ions (see, for example, Refs. 30 and 48). As illustrated in 

Scheme 1, the presence of positive charge on C25, leading to a tertiary carbocation, is required to 

explain the generation of the ion with exact m/z 63.1075  when CHO-d6 is fragmented. By analogy, 

this feature also accounts for the generation of ions with exact m/z 71.0855 and 77.1232, when CHO 

and CHO-d6 are fragmented, respectively. A detailed representation of the processes hypothesised to 

explain the generation of these ions and of all the other major product ions with m/z lower than 100 

detected upon fragmentation of CHO and CHO-d6 is provided in Figure A1 of Appendix 1. In this 

case, as in most fragmentation process hypothesised to explain the generation of sterol product ions 

(vide infra), the proposed mechanism was a 1,3-H migration between two carbon atoms, with a bond 

breakage occurring between the second and the third atom involved in the migration and the 
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generation of a C=C bond between the first and the second atom, in accordance with a mechanism 

proposed in the literature for the charge remote fragmentation of long-chain functionalized alkanes 

and alkenes54.

Interestingly, as indicated in the upper-left part of Scheme 1, a product ion with exact m/z 57.0699 

might be generated also by CHO-d6 if the positive charge was located on the typical C3 position, 

Scheme 1. Fragmentation pathways hypothesised for cholesterol and cholesterol hexa-deuterated on methyl 
groups linked to C25 considering their [M+H-H2O]+ ions generated in the APCI source, with positive charge 
located: left side) on C3 (where the charge is originally located); right side) on one of the terminal carbon 
atoms of the side chain. Plain arrows indicate fragmentations observed in MS/MS spectra (under both HCD 
and CID conditions); dashed arrows indicate fragmentations observed in CID-MS3/MS4 spectra. Boxes include 
multiple product ions observed in a single MSn (n = 2-4) spectrum. Exact m/z ratios (rounded off to the fourth 
decimal place) are reported for all product ions.
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since it would result from the fragmentation of ring A. However, as shown in the fragmentation 

reaction reported at the top of Figure A1, this process would likely imply the release of a very strained 

neutral fragment. This might explain the appearance of a very weak peak signal at a m/z ratio 57.0708, 

consistent with the exact value 57.0699, in the MS/MS spectrum of CHO-d6 (see Table A1). 

Notably, other product ions detected in clusters A and B for CHO and CHO-d6 could only be explained 

by considering additional possible locations of the positive charge near the end of the cholesterol side 

chain, specifically at C24 and C26 atoms (see the right side of Scheme 1 and Figure A1), in addition 

to C25. The most plausible, though somewhat unusual, process leading to the displacement of the 

positive charge on positions like C24, C25 and C26 is a hydride transfer occurring from the carbon 

atom representing the new location of positive charge to C3, where the charge was initially located 

after the in-source loss of water from the protonated form of cholesterol. Notably, Bao et al.55 

previously proposed an intramolecular hydride transfer occurring upon collision-induced dissociation 

in the case of cyclopentenone oxylipins. On the other hand, hydride abstraction was reported to occur 

from hydrocarbon chains during positive ion APCI, leading to carbocations56. If occurring on sterols, 

this process would lead to [M-H]+ ions or, in case of subsequent in-source water loss, to [M-H-H2O]+ 

ions, yet none of them showed a significant intensity in APCI(+)-FTMS spectra of sterols in the 

present case, thus strengthening the hypothesis that the protonation of the OH group, followed by 

water loss and generation of a carbocation on C3 was the prevailing ionization process occurring in 

the APCI(+) source.

A systematic interpretation of the spectral profiles displayed in Figure 3 reveals that at least another 

possible location of positive charge on the structure of CHO and CHO-d6 [M+H-H2O]+ ions needs to 

be hypothesised to explain major product ions detected in MS/MS spectra. A key approach during 

this step of the investigation, expanding the use of MS3 already reported for some sterols by Jiang et 

al.30,  involved the acquisition of the MS3 spectrum for each major product ion detected in HCD-

FTMS/MS spectra shown in Figure 3 and of MS4 spectra for selected product ions detected in MS3
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 spectra. These MS3 and MS4 spectra were obtained under low energy collisional-induced dissociation 

(CID) conditions using a linear ion trap mass spectrometer, after verifying that each product ion 

detected in HCD-MS/MS spectra was also present in low energy CID-MS/MS ones. A set of 

genealogical trees, describing schematically the information inferred from MS3 and MS4 acquisitions 

performed during the present study on sterols, is included in Figure A2 of Appendix 1. 

As a result, solid arrows in Scheme 1 indicate transitions directly observed at the MS/MS stage, while 

dashed ones represent selected transitions observed at either the MS3 or the MS4 stage  that led to 

product ions detected also in MS/MS spectra (the complete representation of all transitions 

experimentally observed is available in Figure A2). Additionally, boxes reported in the schemes 

include all major product ions detected directly in a MS/MS (if preceded by a solid arrow) or MS3 (if 

preceded by a dashed arrow) spectrum, with the precursor being the ion preceding a specific box. For 

example, the product ions with exact m/z values 229.1951 and 215.1794 (belonging to clusters N and 

M, respectively) shown in a box on the left side of Scheme 1 were detected in the 375 > 257 >  MS3 

spectrum of CHO-d6 and also in the 369 > 257 > MS3 spectrum of CHO (see also the respective 

genealogical trees in Figure A2). In this case, the 375 > 313 > 243 >  MS4 spectrum clarified that the 

m/z 215.1794 ion could be generated from the 243 one (as indicated by the curved dashed arrow 

connecting the two ions in Scheme 1), whereas the m/z 229.1951 ion was directly generated from the 

precursor ion with exact m/z 257.2264 (see the genealogical trees for CHO-d6 in Figure A2). The 

remarkable amount of spectral information obtained through the adopted multistage MS approach 

required a complex and careful interpretation, yet it provided an unprecedented level of detail for 

cholesterol fragmentation, representing a crucial foundation for explaining the spectral differences 

observed for other sterols under study, considering their structural differences.

As shown on the left side of Scheme 1, the typical location hypothesised for the positive charge in 

the cholesterol [M+H-H2O]+ ion, i.e., C3 (where the original OH group is linked), was considered as 

a starting point for the interpretation of fragmentation pathways. This approach successfully 
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explained the formation of major product ions in clusters T (exact m/z 313.2890) and S (exact m/z 

299.2739) and a minor ion in cluster P (exact m/z 257.2264) through dissociations involving the CHO 

side chain, with the complete detachment of the deuterated portion, if present. A description of the 

specific processes hypothesised to explain the generation of those ions is provided in Figure A3 of  

Appendix 1.  However, these mechanisms could not account for the generation of product ions with 

m/z values systematically shifted by 6 units in the case of CHO-d6 (see Figure 3B), thus suggesting 

that further pathways had to be considered (vide infra). Notably, Scheme 1 reports plausible product 

ions originating from product ions T, S and P, all with the positive charge located on C3 and detected 

in MS3/MS4 spectra. The corresponding fragmentation processes, described in detail in Figure A3,  

involve the sequential opening and fragmentation of rings D, C and B of CHO, without the 

displacement of the original C5-C6 double bond. As emphasised in Figure A3, the proposed 

processes often involve the already mentioned 1,3-H migration with a C-C bond breakage and a C=C 

bond formation. Moreover, the subsequent generation of different structures of the same ion has often 

to be invoked to finally account for the formation of a specific product ion. Notably, the structure 

proposed for the product ion consistent with an exact m/z 147.1168 (cluster H), which is the base peak 

in the HCD-FTMS/MS spectra of CHO (see Figure 3), matches exactly with the ones proposed by 

Jiang et al. in the fragmentation scheme for stigmasterol30 and by Munger et al. 48, who identified that 

ion as a general diagnostic product ion for Δ5 sterols. The structure shown for that ion in Scheme 1 

and Figure A3 is also consistent with the detection of the most abundant product ion at nominal m/z 

149 reported by Igarashi et al.52 when fragmenting cholesterol including two 13C atoms at C3 and C4. 

An excellent agreement was also found with the results reported by Trosken et al.50 and Mo et al.57 

for the structure proposed in Scheme 1 and Figure A3 for another relevant product ion, the I one 

corresponding to an exact m/z 161.1325. Indeed, this structure corresponds to that of the product ion 

detected at nominal m/z 167 by those Authors when fragmenting cholesterol deuterated twice on C2 

and C4 and once on C3 and C6 50,57.  Notably, Trosken et al. detected further relevant product ions at
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 nominal m/z 81 and 95 for cholesterol deuterated on those carbon atoms50. However, no plausible 

mechanism could be found to produce ions with those m/z ratios assuming that the positive charge 

was on C3. This failure, along with the total lack of explanation for hexa-deuterated forms of ions T 

and S, and for major deuterated and non-deuterated ions belonging to clusters O, P, Q and R observed 

in the present study, strongly suggested that additional mechanisms, likely implying different charge 

locations with respect to those reported in Scheme 1, had to be hypothesised. 

The key for the individuation of a new charge location was provided by the ion detected at m/z 

81.0705 for both CHO and CHO-d6 (see Figure 3), thus certainly not including the terminal part of 

the side chain. A plausible mechanism leading to a product ion with an exact m/z ratio (81.0699) 

consistent with that value (within a 5 ppm accuracy) involves the generation of an allylic carbocation 

with the pentacyclic structure shown at the top and the bottom of Scheme 2. This process might 

involve a retro-cycloaddition occurring at ring C, previously proposed in the literature51, followed by 

the complete elimination of the side chain mediated by a 1,3-H transfer from C22 to C17 (see Figure 

A4). The mechanism suggests the location of positive charge on C17, a favourable position, since it 

corresponds to a tertiary carbocation, likely originated (like carbocations on the side chain 

commented before) through an intra-molecular hydride transfer, in this case occurring from C17 to 

the original location of positive charge, C3. As depicted in Scheme 2, the positive charge on C17 

enables a complete interpretation of the CHO and CHO-d6 fragmentation patterns, explaining the 

entire set of product ions labelled in the HCD-FTMS/MS spectra reported in Figure 3. A detailed 

representation of fragmentation steps leading to product ions reported in Scheme 2 is provided in 

Figures A5, A6 and A7 of Appendix 1.

Structures for ions T, S, R, Q, P and O, compatible with the 6 units shift in nominal m/z ratio observed 

for them when CHO-d6 was fragmented, could be found by considering the progressive fragmentation 

of rings A and B. As emphasized by one of the dashed arrows in Scheme 2 and in Figure A2, the m/z 

265.2797 ion, belonging to cluster P of deuterated cholesterol, was detected in the MS3 spectrum of 
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the m/z 293.3110 ion of cluster R, thus facilitating its structural interpretation. Similarly, a complete 

set of product ions, enclosed in rectangular boxes in Scheme 2, was observed in the respective MS3 

Scheme 2. Fragmentation pathways hypothesised for cholesterol and cholesterol hexa-deuterated on methyl 
groups linked to C25 considering their [M+H-H2O]+ ions generated in the APCI source, with positive charge 
located on C17. Plain arrows indicate fragmentations observed in MS/MS spectra (under both HCD and CID 
conditions); dashed arrows indicate fragmentations observed in CID-MS3/MS4 spectra. Boxes include multiple 
product ions observed in a single MSn (n = 3, 4) spectrum. Exact m/z ratios (rounded off to the fourth decimal 
place) are reported for all product ions.
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spectra of ions T, S, R and Q reported in the scheme. The MS4 spectra further highlighted the complex 

relationships existing between couples of product ions detected in those MS3 spectra. For the sake of 

clarity, dashed arrows were not included inside those boxes in the case of Scheme 2, but the respective 

transitions were carefully analysed to validate each structure shown in the scheme and are evidenced 

in the genealogical trees in Figure A2. Notably, a 28 Da neutral loss corresponding to the detachment 

of an ethylene molecule, was very common, whereas a 14 Da neutral loss, putatively corresponding 

to a methylene loss, was rarely observed, although appearing consistent with the frequent detection 

of 14 m/z units-spaced ions in MS3 spectra (see Figure A2). For instance, the m/z 215.1794 ion 

(cluster M) was never found in the fragmentation spectrum of the m/z 229.1951 one (cluster N) but 

exhibited a relevant signal in the spectrum of the precursor at m/z 243.2107 (cluster O). On the other 

hand, methylene losses were inevitably hypothesised to occur from ions with exact m/z 161.1325 and 

135.1168 since they were inferred from the corresponding MS3 spectra (see the second genealogical 

tree for the CHO-d6 precursor ion in Figure A2 and the fragmentation shown at the top-right side of 

Figure A6). The relationships found both upwards and downwards in the fragmentation cascades 

depicted in Schemes 1 and 2 and in Figure A2, were very useful to formulate consistent structural 

hypothesis for each product ion, usually considering ring openings and H intramolecular transfers as 

the possible mechanisms.

As shown in Scheme 2, the progressive fragmentation of the side chain of ions T, S, R and Q, with 

the immediate loss of the deuterated portion in the case of CHO-d6, was critical to explain the 6-unit 

shift in m/z ratios observed only for ions of clusters T to P in the MS/MS spectra reported in Figure 

3. Notably, among product ions generated in the case of CHO-d6, those with exact m/z 239.2640 and 

253.2797, belonging to clusters N and O, respectively, were not detected in any of the MS3 or MS4 

spectra discussed so far (see the genealogical trees for CHO-d6 in Figure A2). This absence suggested 

that they were generated directly from the [M+H-H2O]+ precursor ion of CHO-d6 and still included 

the six D atoms. Consequently, their formation likely implied the fragmentation or the complete loss
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of rings A and B, and possibly part of ring C, but did not involve the side chain, as depicted in the 

upper part of Scheme 2 and in the respective fragmentation processes in Figure A5. The 

corresponding non-deuterated ions, having exact m/z values 233.2269 and 247.2426, respectively, 

were formed and detected in the HCD-FTMS/MS spectrum when the [M+H-H2O]+ ion of CHO was 

fragmented. As highlighted in Scheme 2, all peak signals in the other clusters displayed identical m/z 

ratios for CHO and CHO-d6, excepting those in clusters A and B, for the reasons previously explained 

(see Scheme 1). 

The location of positive charge on C17 was also important to explain the generation of product ions 

with a relatively low m/z (< 150) among them. Indeed, the ion with exact m/z 123.1174 (corresponding 

to the major peak signal of cluster F, see Figure 3) was absent in all cholesterol-related MS3 spectra 

concerning ions T, S, R and Q but it was detected in the MS3 spectrum of the m/z 257.2264 ion (a 

minor ion of cluster P, not labelled in Figure 3). Therefore, it was assumed to be formed from the 

latter, as described in the top-right side of Figure A5. As shown in Scheme 2 and in Figure A5, the 

corresponding structure was compatible with the retainment of ring D and part of ring C, and the 

positive charge on C17 was a determining feature for its generation. This was also the case for the 

structure shown in the upper part of Scheme 2 for the m/z 109.1012 ion (cluster E), that can be 

considered complementary to the one proposed in Scheme 1. The positive charge on C17 was also 

important to provide an interpretation for  product ions with m/z 121.1012 and 81.0699, detected in 

clusters F and C, respectively. As shown in Scheme 2 and Figure A2, these ions were detected both 

in 375 > 203 >  and in 375 > 147  > MS3 spectra and in 375 > 293 > 203  and 375 > 293 > 147  MS4 

spectra, thus their direct precursors were ions with m/z ratios 203.1794 (cluster L) and 147.1168 

(cluster H) and possible mechanisms for the respective generation from those precursors are reported 

in Figures A6 and A7. This finding supported the hypothesized chemical structures for the two ions 

and confirmed the structure previously hypothesised for the m/z 81.0699 ion. It is worth noting that 

the mechanism previously hypothesised for the m/z 81.0699 ion, reported in Figure A4, remains 



32

plausible, as the intermediate product ion of the process, that would have a m/z 199.2327 for CHO-

d6 and 193.1956 for CHO (see Figure A1), was detected in the respective HCD-FTMS/MS spectra, 

although with very low intensity (they were not labelled with m/z ratios in Figure 3). This 

consideration can be extended to other product ions as well. As exemplified in Figure A8, the m/z 

215.1794 ion of cluster M might be explained also with a cycloelimination on ring D occurring 

directly on the [M+H-H2O]+ ions of both CHO and CHO-d6, assuming the typical positive charge 

location on C3. Although the final structure would be the same reported in Scheme 1, this pathway 

would not explain the relationship with the m/z 243.2107 ion, inferred from MS3 and MS4 spectra 

(see Figure A2). The potential occurrence of multiple pathways leading to certain product ions can 

be thus considered a typical feature of the complex fragmentation processes involving cholesterol and 

other sterols.

As discussed in detail in the following sections, the careful interpretation of these complex 

fragmentation pathways allowed for the explanation of subtle differences in the fragmentation 

profiles observed for typical plant sterols with slightly different structures, paving the way for 

identifying general structure-fragmentation relationships.

1.3.3. Fragmentation of Δ5-sterols with a methyl or ethyl group at C24: campesterol and β-

sitosterol. As evidenced in Figure 1, campesterol and -sitosterol, two of the most significant PSs, 

are closely related to CHO in terms of molecular structure, since they include the same steroidal 

backbone (with a C=C bond between C5 and C6) and a completely saturated side chain. The only 

structural difference lies in the presence of a methyl or ethyl group attached to C24, respectively. 

Therefore, the general similarity observed for APCI(+)-HCD-FTMS/MS spectra of CHO, 

campesterol and -sitosterol (see Figures 3 and 4), is not surprising. Specifically, the profiles of ion 

clusters D through M were nearly identical for the three sterols, with the m/z 147.1166 ion (cluster H, 

exact m/z 147.1168) consistently appearing as the base peak in the MS/MS spectrum. This similarity 
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Figure 4. APCI(+)-HCD-FTMS/MS spectra acquired for the [M+H-H2O]+ ions of the standard sterols 
considered during the present study along with cholesterol and stigmasterol. Peak signals referred to product 
ions sharing the same number of carbon atoms and differing for the number of H atoms were grouped within 
a single cluster, identified by a capital letter. The experimental m/z ratio obtained for the most abundant signal 
in each cluster is reported. The NL numbers represent Normalization Levels (measured as counts/s) related to 
each spectrum.
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is reasonable only if all product ions related to those clusters do not include the side chain, as proposed 

in Schemes 1 and 2. However, subtle but significant differences were recognized in other clusters. 

For instance, an increase was observed for the ion of cluster C with nominal m/z 85 in the case of -

sitosterol (it was not labelled in Figure 4 for clarity). As depicted in Scheme 3 and in Figure A9, this 

finding aligns with the generation of a tertiary carbocation, similar to the one at m/z 57.0699 depicted 

in the right side of Scheme 1 but modified by the presence of the ethyl moiety linked to C24 (exact 

m/z 85.1012). 

Scheme 3 further illustrates that when a methyl or ethyl group is attached to C24, the latter becomes 

another stable location for the positive charge on the side chain, like C25, as it corresponds to a 

tertiary carbocation. Accordingly, pathways leading to product ions with exact m/z 57.0699, 71.0855 

and 85.1012 can be easily hypothesised both for campesterol and -sitosterol by placing the positive 

charge on C24 or C25 (see Figure A9). As for product ions with a high m/z ratio, a significant 

difference in relative abundance was found for the ion of cluster N detected at m/z 233.2258 for CHO 

(see Figure 3), which was nearly undetectable for campesterol and -sitosterol (see Figure 4). This 

finding further supports the structure hypothesised for that ion in Scheme 2. Indeed, the 

methylation/ethylation of C24 would lead to a 14/28-unit shift in the nominal m/z ratio of this product 

ion in the case of campesterol and -sitosterol, explaining why signals at nominal m/z 247 (O) and 

261 (P) were observed in the corresponding MS/MS spectra (see Figures 4A and 4B). To maintain 

clarity, these two signals were not labelled with their m/z ratios in the figure. A similar reasoning 

applies to the m/z 247 ion (O) of CHO, which also includes the side chain (see Scheme 2) and was 

thus shifted to nominal m/z values of 261 for campesterol (cluster P, not labelled in Figure 4A) and 

275 in the case of -sitosterol (cluster Q, see Figure 4B). Despite exhibiting a low intensity, the latter 

signal can be considered a diagnostic product ion of -sitosterol among 5-sterols with a saturated 

side chain. 
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Another remarkable difference between the two sterols and CHO was found in cluster P, where the 

m/z 257 ion prevailed over the m/z 259 one, thus reversing the abundance ratio observed for CHO 

(see Figures 3 and 4A and 4B). As described in Scheme 1 and Figure A3, the m/z 257 ion (exact 

value 257.2264) might result from the complete elimination of the side chain from the CHO precursor 

ion having its charge on C3, through a 1,3 H migration already proposed by Munger et al.48. An 

alternative mechanism, illustrated in Figure A10, might explain why the resulting product ion was 

Scheme 3. Structures hypothesised for product ions detected in the HCD-FTMS/MS spectra of the [M+H-
H2O]+ ions of b-sitosterol, campesterol, isofucosterol (Δ5-avenasterol) and Δ7-avenasterol and recognized as 
relevant in the assessment of specific structural features of the four phytosterols. The location of positive 
charge required to explain the final structures is indicated for each (group of) product ion(s). See text for 
details.
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more abundant in the case of campesterol and -sitosterol. Specifically, a concerted process51, 

involving a six-members transition state with a 1,5-H transfer from C24 to C17 could be hypothesised. 

As shown in Figure A10, this process would lead to the detachment of a propene molecule and of an 

alkene with double substitution (by an isopropyl group and by a methyl or ethyl group) on one of the 

carbon atoms involved in the C=C bond (C24), rather than the single substitution observed on that 

atom in the case of CHO. 

As for other differences observed between cholesterol and campesterol/-sitosterol, the counterparts 

of CHO product ions belonging to clusters P, Q, R, S and T shown in Scheme 2 were detected in 

clusters Q/R, R/S, S/T, T/U and U/V, respectively, for campesterol/-sitosterol (see Figures 4A and 

4B), in accordance with the 14/28 Da shift occurring on the side chain of these sterols. Notably, as 

shown by the genealogical trees reported for cholesterol, campesterol and -sitosterol in Figure A2, 

the MS3 spectra obtained for the corresponding ions detected in the respective MS/MS spectra 

displayed the same set of product ions, thus emphasizing the similarity between them, apart from the 

side chain. These findings indirectly supported the structural hypotheses made in Scheme 2 for CHO 

product ions P, Q, R, S and T, which, as discussed before, are also consistent with the results obtained 

for CHO-d6. 

The comparison between MS/MS spectra of cholesterol, campesterol and -sitosterol highlights the 

critical role played by the positive charge location on C17 in the fragmentation pathways of the 

respective [M+H-H2O]+ ions. It suggests that product ions including the entire side chain, having m/z 

ratio values close to that of the precursor ion, may enable the distinction between the three sterols. 

Additionally, an increase in product ions detected at nominal m/z 85 (cluster C) and 275 (cluster Q) 

was observed for -sitosterol.

1.3.4. Fragmentation of Δ5-sterols with a double bond at C22-C23: stigmasterol/penta-

deuterated stigmasterol and brassicasterol. Both stigmasterol and brassicasterol, which are two 
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further significant plant sterols, possess a C=C bond between C22 and C23 along their side chain (see 

Figure 1). This feature is expected to influence their fragmentation patterns, thus potentially leading 

to differences with respect to sterols discussed so far in this study.  By analogy with cholesterol, 

isotopically labelled stigmasterol including five D atoms on the ethyl group linked to C24 was 

analyzed during this study to recognize product ions including the terminal part of the side chain. The 

APCI(+)-FTMS/MS spectra of [M+H-H2O]+ ions for stigmasterol and stigmasterol-d5 (having exact 

m/z values 395.3672 and 400.3986) are compared in Figure 5. Product ions clusters are labelled as 

in previous spectra, with m/z ratios referred to deuterated product ions reported in red. A detailed list 

of experimental m/z values, molecular formulas inferred from them, and relative abundances for all 

product ions detected in the two spectra is provided in Table A2 of Appendix 1, using the same code 

adopted in the case of Table A1 to mark m/z ratios.
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Comparing Figures 3 and 5 clearly reveals that product ions in clusters from D to I had the same m/z 

ratios for both cholesterol and stigmasterol, as well as their deuterated derivatives. This finding 

supports the structures proposed in Schemes 1 and/or 2 for those ions, as none of them involves the 

side chain, where CHO and stigmasterol differ between each other and each of them differs from its 

isotopically labelled counterpart. Conversely, differences between CHO and stigmasterol were 

observed for clusters A, B and C, thus confirming that they are directly related to the terminal part of 

the side chain (see Scheme 1). As illustrated in Scheme A1, which compares the structures proposed 

for relevant product ions of stigmasterol and stigmasterol-d5, and in Figure A11, where pathways 

hypothesised for their formation are reported, most product ions in those clusters can be explained by 

considering the positive charge on C24. Indeed, this position corresponds to a carbocation which is 

both tertiary and allylic in the case of stigmasterol. Interestingly, the same structure could be 

hypothesised for the m/z 69.0699 ion in the case of CHO and stigmasterol (see Schemes 1 and A1). 

In fact, this ion results from the loss of the ethyl chain linked to C24 (see Figure A11), where D atoms 

are located, and which is absent in the case of CHO. On the other hand, the m/z 83.0855 ion observed 

for stigmasterol can be explained by three possible structures, all corresponding to stable allylic (in 

one case also tertiary) carbocations. This interpretation may account for its role as the base peak in 

the HCD-FTMS/MS spectrum of stigmasterol (see Figure 5A) and highlights this ion as a distinctive 

marker for the presence of a C=C bond between C22 and C23 and of the ethyl moiety linked to C24. 

As evidenced in Scheme A1 and Figure A11, one of the structures proposed for the m/z 83.0855 ion 

was confirmed by the detection of its penta-deuterated counterpart at m/z 88.1169, while the other 

two were supported by the detection of a tetra-deuterated product ion at m/z 87.1106 and a tris-

deuterated product ion at m/z 86.1044, in the MS/MS spectrum of stigmasterol-d5 (see Figure 5B, 

where the peak signals of these ions, in cluster C, were not labelled with their m/z ratios for the sake 

of clarity). 
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It is worth noting that two previous studies reported the detection of a m/z 83 ion in EI-MS58 or 

MS/MS spectra59 of stigmasterol, both suggesting structures lacking the ethyl moiety linked to C24. 

However, the analysis of stigmasterol deuterated on that group suggests that a different pathway likely 

generates the ion, at least under conditions related to the so-called HCD mode. Moreover, as inferred 

from Figure 5B and Table A2, a non negligible peak signal was detected for stigmasterol-d5 at a m/z 

ratio consistent with the exact value 85.0950 (see Table A2), indicating the generation of a further 

product ion including four D atoms.  As illustrated at the bottom of Figure A11, the structure proposed 

for this ion would imply the original transfer of a deuteride (instead of a hydride) from C24’ to the 

original location of positive charge (C3), resulting in a positive charge on C24’. In principle, a further 

structure for the m/z 83.0855 ion (not reported in Scheme A1) would be possible for non-deuterated 

stigmasterol, according to the same pathway.

As mentioned before, comparing CHO and stigmasterol MS/MS spectra (see Figures 3 and 5) 

revealed significant differences in detected m/z ratios beginning from cluster J and extending to those 

with higher m/z ratios. These differences can mostly be explained considering product ions previously 

described for CHO in Scheme 2. Indeed, T, S, R, P ions and the m/z 247 ion of cluster O described in 

Scheme 2, all including the entire side chain, correspond, respectively, to the single ions detected in 

clusters V and U and to the minor ions in clusters T, R and Q (those having nominal m/z values 313, 

285 and 273) in the case of stigmasterol. The shifts of +26 units in nominal m/z ratios are due to the 

presence of the ethyl group on C24 and the C=C bond between C22 and C23 (see Scheme A1). As 

expected, the penta-deuterated counterparts of those five ions were detected in the MS/MS spectrum 

of stigmasterol-d5 (see red labelled m/z ratios in Figure 4B and the related structures in Scheme A1). 

As emphasized in Scheme A1, the positive charge of these ions is likely located on C24, as this is 

both a tertiary and an allylic carbon in the case of stigmasterol. However, charge remote 

fragmentations proposed to explain all the five product ions in the case of CHO (with the positive 

charge located on C17), involving rings A and/or B of the steroidal backbone, were confirmed (see 
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Schemes 2 and A1). A detailed representation of fragmentation processes hypothesised to explain the 

structures of stigmasterol and stigmasterol-d5 product ions reported in Scheme A1 and having m/z > 

100 and the positive charge on C24 or C17 is provided, respectively, in Figures A12 and A13 of 

Appendix 1.

Remarkably, none of the other relevant peak signals detected in clusters from J to T in the case of 

stigmasterol showed the 5-unit shift related to the deuteration of the ethyl group in the case of 

stigmasterol-d5, indicating the absence of that moiety in their structure. Among them, the m/z 311 ion 

of cluster T and the m/z 241 ion of cluster O represented the stigmasterol counterparts of the m/z 313 

and 243 ions proposed for CHO in Schemes 1 and 2, respectively, considering the presence of a C=C 

bond between C22 and C23 (see Scheme A1). Conversely, structures identical to those proposed for 

ions with nominal m/z 95, 109, 135, 147, 161 and 215 in the case of CHO could be hypothesised for 

stigmasterol (see Schemes 1, 2 and A1), as the portion of side chain differing between the two 

molecules was absent in their structure. 

A more complex evaluation was needed for the remaining product ions detected in the stigmasterol 

MS/MS spectrum and not showing the expected +5-unit shift when stigmasterol-d5 was fragmented. 

Firstly, 395 > 297 > and 400 > 297 >  CID-MS3 spectra were acquired by fragmenting the m/z 297 

ion (cluster S) originated by both stigmasterol and stigmasterol-d5 [M+H-H2O]+ ions. As evidenced 

in the genealogical trees reported for the m/z 400.4 ion and for the m/z 395.4 ion of stigmasterol in 

Figure A2, both spectra revealed the same features, i.e., a series of signals with 14-units spaced 

nominal m/z values from 269 to 135. As proposed in Figure A14, the m/z 297 ion (exact value 

297.2577) might be generated through a two-step gas phase process. The first step would involve a 

cycloelimination, enabled by the C=C bond between C22 and C23 in the stigmasterol side chain, with 

loss of propene; this would be followed by the loss of but-1-ene, eventually penta-deuterated. 

Additionally, if the positive charge was initially located on C17, as shown in Figure A14, a very 

stable tertiary/allylic carbocation would be finally formed, thus explaining the significant abundance 
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of the m/z 297 ion in the MS/MS spectrum of stigmasterol and of its stigmasterol counterpart (see 

Figure 5). Nonetheless, the same mechanism might occur considering the positive charge on C3, as 

shown in Figure A15, and the resulting ion, indicated as 297.2577 A in Scheme A1, would coincide 

with the m/z 297 ion proposed by Munger et al.48 as a typical feature of fragmentation for sterols with 

a C=C bond between C22-C23, although a different mechanism was hypothesised by those Authors. 

In the present study the 395 > 297 >  and 400 > 297 >  CID-MS3 spectra clarified that the entire set 

of stigmasterol product ions mentioned earlier was preferentially generated by the m/z 297 ion, as 

emphasized in the right side of Scheme A1. The detailed fragmentation processes hypothesised for 

those ions, showed in Figure A15, suggested that even a further structure (297.2577 B in Scheme 

A1) had to be considered for the m/z 297 ion with the positive charge on C3 to enable an easier 

interpretation of all the detected product ions. Notably, the m/z 255 ion (cluster P), indicated by 

Munger et al.48 as a characteristic product ion arising directly from the [M+H-H2O]+ ions of sterols 

having a C=C bond between C22-C23 and another one on the steroidal backbone, was included 

among them.

In the case of stigmasterol, a general agreement between structures hypothesised for product ions 

could be made, at least for the non-deuterated sterol, between the present study and the one by Jiang 

et al. 30, in which the quadrupole-Orbitrap mass spectrometer was also used. One of the relevant 

differences was the absence, in the fragmentation scheme proposed by those Authors, of product ions 

still keeping the side chain (i.e., ion of clusters from Q to V reported on the right side of Scheme A1), 

although peak signals potentially corresponding to some of them seemed to be present in the 

FTMS/MS spectrum reported in Ref. 30. On the other hand, product ions with m/z < 100 were not 

considered by the Authors, since 100 was the lowest m/z value explored in their spectrum. As 

discussed so far in this chapter, those low m/z product ions can be very important to clarify the 

structural characteristics of the side chain of sterols, thus they should be included in the acquired 

MS/MS spectra of sterols, if possible.
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Following stigmasterol, brassicasterol, that is another Δ5-sterol including a C=C bond between C22 

and C23 and differing from stigmasterol only for the presence of a methyl group, instead of an ethyl 

one, linked to C24, was examined. This structural similarity is evident in the APCI(+)-HCD-

FTMS/MS spectra of the respective [M+H-H2O]+ ions, reported in Figures 5A and 4C, at least for 

product ions that did not include the side chain portion where the structural difference occurs, namely 

all those corresponding to clusters from D to P and the m/z 297 one (cluster S, see Scheme A1). 

Among product ions with higher m/z ratios, brassicasterol ions with nominal m/z values 325 (U), 311 

(T) and 271 (Q) correspond, respectively, to ions V, U and R detected for stigmasterol (see Scheme 

A1).

The most notable differences between brassicasterol and stigmasterol spectra were observed for lower 

m/z product ions, particularly those of clusters B and C. Indeed, the prevailing product ion observed 

at nominal m/z 83 for stigmasterol (see Scheme A1) became the m/z 69 ion in the case of 

brassicasterol, due to the replacement of the ethyl group with methyl at C24. Accordingly, the m/z 69 

ion was the most abundant product ion detected for brassicasterol, making it a diagnostic feature to 

recognize the presence of a methyl group linked to C24 in conjunction with a double bond between 

C22 and C23.

1.3.5. Fragmentation of Δ5-sterols and Δ7-sterols with a double bond at C24-24': isofucosterol 

(5-avenasterol) and Δ7-avenasterol. As illustrated in Figure 1, isofucosterol (5-avenasterol)  and 

Δ7-avenasterol are isomeric sterols sharing an ethylidene group linked to C24 and differing only for 

the position of the double bond on ring B. These compounds were thus studied to evaluate if the 

different position of that C=C bond might influence sterol fragmentation pathways. The APCI(+)-

HCD-FTMS/MS spectra for the respective [M+H-H2O]+ ions (exact m/z 395.3672) are reported in 

Figure 4D and 4E. It is important to note that the presence of a C=C bond between carbon atoms C24 

and C24’ may favour the localization of positive charge on C25, C23 and C24’’, as these would all 
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be allylic carbocations. As shown in Scheme 3 and Figures A16 and A17, the positive charge on C23 

(corresponding to an allylic/secondary carbocation) and on C25 (an allylic/tertiary carbocation) 

enables an easy interpretation of product ions detected, respectively, at m/z 69.0708 and 83.0861 

(consistent with exact values 69.0699 and 83.0855) for the two sterols (see Figures 4D and 4E), when 

considering side chain dissociations. However, due to the significantly higher abundance of the m/z 

83.0861 ion in the case of Δ7-avenasterol, an alternative interpretation was searched for. As a result, 

the process shown in Figure A18 was proposed. Specifically, it involves the preliminary breakage of 

the C10-C9 bond, mediated by a 1,3 H transfer from C11 to C10 (and the formation of a C=C bond 

between C9 and C11), followed by the detachment from ring A of a pentacyclic secondary carbocation 

with an exact m/z 83.0855 and the release of a neutral molecule with an extended C=C bond 

conjugation. As inferred from Figure A18, this process requires the absence of a C=C bond between 

C5 and C6, thus explaining why it would be favoured in the case of Δ7-avenasterol. For the same 

reason, the process is expected to be hindered also in the case of stigmasterol, thus explaining why 

the m/z 83 peak signal was very low in the case of stigmasterol-d5 (see Figure AB). In this case, the 

specific structure of the m/z 83 ion proposed for stigmasterol was formed but including the deuterated 

portion of the molecule, thus leading to a set of product ions with nominal m/z values ranging from 

85 to 88 (see the upper-right side of Scheme A1).

Excepting a higher abundance of the m/z 95 ion in cluster D for Δ7-avenasterol, due to the possibility 

of direct generation from ring A (see the structure shown in Scheme 3 and the fragmentation reported 

in Figure A17), a similar internal abundance distribution was observed for product ions of clusters 

from D to G and cluster I in the case of isofucosterol and Δ7-avenasterol, with a good accordance also 

with the corresponding clusters observed for stigmasterol (see Figures 4 and 5A). This result is 

reasonable, as the three sterols share the same molecular formula (C29H48O), and aligns with the 

structures proposed for ions of those clusters in Schemes 1 and 2, referred to CHO but also valid for 

stigmasterol. The shift of the C=C bond from C5-C6 to C7-C8 would still make those structures 
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consistent with the experimental m/z ratios. However, this is not the case of the structure proposed 

for the important product ion with exact m/z 147.1168 (cluster H) discussed before. As evidenced in 

Scheme 3 and Figure A17, the presence of a C=C bond between C7 and C8 would favour the 

generation of a product ion with exact m/z 149.1325 in the case of Δ7-avenasterol, through a different 

mechanism involving a bond breakage between rings A/B and ring C. This hypothesis was 

experimentally confirmed, as the prevailing peak signal for cluster H was detected at m/z 149.1323 

in the case of Δ7-avenasterol (see Figure 4), making it a diagnostic product ion for the C=C bond 

location between C7 and C8. 

Characteristic differences in relative abundances were observed for further signal clusters when 

comparing isofucosterol, Δ7-avenasterol and stigmasterol, starting from cluster J. In the case of 

isofucosterol and Δ7-avenasterol a signal with a m/z ratio compatible with the exact value 175.1481 

was predominant, whereas a signal compatible with the exact m/z value 173.1324 showed the highest 

abundance for stigmasterol. As shown in Scheme 3, the structure proposed in Scheme 1 for the m/z 

175 ion, with the positive charge located on C3, would be valid for both isofucosterol and Δ7-

avenasterol. In contrast, the structure having an exact m/z ratio 173.1324 proposed for stigmasterol in 

Scheme A1 would necessarily require the presence of a C=C bond between C5 and C6. A higher 

abundance can thus be predicted for this product ion also in the case of isofucosterol, compared to 

Δ7-avenasterol, although it does not become more abundant than the m/z 175.1481 ion. This 

hypothesis was confirmed by the MS/MS spectra of the two compounds (see Figure 4). It is worth 

noting that an alternative structure was proposed for the m/z 175 ion in the case of CHO, with the 

positive charge located on C17 and involving the breakage of the C20-C22 bond (see Scheme 2). 

This structure is essential to explain the characteristic abundance of this product ion observed for 

sterols lacking a C=C bond between C22 and C23, namely CHO, campesterol, -sitosterol, 

isofucosterol and Δ7-avenasterol (see Figures 3 and 4), and its low abundance for sterols including 

that C=C bond, namely stigmasterol and brassicasterol (see Figures 4C and 5). The breakage of the 
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C20-C22 bond leading to the m/z 175 ion with positive charge on C17 requires a 1,3 H transfer from 

C23 to C20. This process is significantly more difficult if C23 is involved in a C=C bond, as in 

stigmasterol and brassicasterol.

While comparing further product ions obtained for isofucosterol and Δ7-avenasterol, an interesting 

inversion in abundance was observed for ions with nominal m/z values 187 and 189 in cluster K. As 

illustrated in Scheme 3, this finding can be explained by the easier generation of the m/z 187 ion in 

the case of isofucosterol since the C5-C6 double bond is already present and an additional C=C bond 

is formed between C8 and C14 during fragmentation (see Figure A16). Similar internal patterns were 

generally observed for clusters from L to V for the two species (see Figure 4), the only differences 

being an increased abundance of the m/z 215, 257 and 297 ions in the case of Δ7-avenasterol. This 

finding aligns with the structures reported for ions in those clusters in Schemes 1, 2 and A1, as the 

position of the C=C bond on ring B is not expected to affect their validity. On the other hand, the 

increased abundance of the three specific ions cited before suggests that the C=C bond between C7 

and C8 can positively influence their generation, due to the different molecular conformation induced 

by that position. More generally, this conformational effect might also explain the higher relative 

abundance of product ions with respect to the residual precursor ion observed for Δ7-avenasterol 

compared to isofucosterol (see Figure 4).

1.3.6. Correlation between specific product ions and structural features of 4-desmethyl sterols. 

The interpretation of fragmentation spectra for 4-desmethyl sterols discussed in the previous sections 

revealed subtle differences despite their general similarity. These differences might help in identifying 

the occurrence of specific structural features. This idea is highlighted by the comparison of relative 

intensities typically observed for all product ions related to the sterols considered during the present 

study, reported in Table A3 of Appendix 1. 
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Table 1 summarizes the most informative product ions, linking specific structural features to 

intensities relationships based on the fragmentation spectra. This table might be employed to assess 

structural features like the position of the double bond on ring B, the presence of a double bond on 

the side chain (either between C22 and C23 or on the branch linked to C24), and the occurrence of 

an alkyl group linked to C24, by carefully considering the intensity ratios existing between peak 

signals in specific clusters or, in some cases, the relative intensity in the entire spectrum. 

Table 1. Summary of correlations between specific structural features and intensity relationships for the most 
structurally informative product ions of 4-desmethyl-sterols, grouped according to clusters shown in Figures 3, 4 
and 5. The correlations are based on HCD-FTMS/MS and CID-MSn (n = 2-4) analyses of selected standards. Exact 
m/z values rounded to four decimal places are reported. Starred percentages correspond to relative intensities 
observed in the MS/MS spectrum.
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Combining this information with the precursor ion m/z ratio and the differences in m/z ratios observed 

between its peak signal and nearby signals in the MS/MS spectrum, reflecting neutral losses occurring 

on the side chain, might aid in identifying unknown plant sterols in vegetal samples.

1.4 Conclusions

The complex fragmentation patterns obtained for 4-desmethyl-sterols when subjected to positive ion 

tandem mass spectrometry were thoroughly analyzed using natural and isotopically labelled standard 

compounds. The study employed a complementary approach using accurate m/z values of MS/MS 

peak signals provided by a high-resolution mass spectrometer, insights gained from multistage mass 

spectrometry (MS3-MS4) using a linear ion trap, and comparisons of product ion m/z ratios between 

natural and isotopically labelled standards. The intricate nature of 4-desmethyl-sterols MS/MS 

spectra was found to arise from a combination of factors, the most relevant being the existence of 

multiple potential locations for the positive charge, which, to the best of our knowledge, was 

evidenced for the first time for sterols. This feature was likely caused by the occurrence of unique 

intramolecular hydride transfers, that displaced the positive charge of the original carbocation formed 

during the APCI process upon protonation of the OH group and subsequent loss of a water molecule, 

thus located on the carbon atom conventionally numbered as C3. In particular, indirect evidence was 

obtained for an alternative location of positive charge on carbons atoms conventionally labelled as 

C17, on the steroidal backbone, and C24/C25, on the side chain, due to their stabilization as tertiary 

carbocations. As a result, multiple fragmentation pathways were proposed to account for all detected 

product ions, with some ions possibly having several structures consistent with their m/z ratios. The 

investigation highlighted the important role played by low (< 100) m/z product ions, mainly arising 

from the side chain, and by product ions generated from the sterol [M+H-H2O]+ precursor ions 

through small neutral losses occurring from that chain, related to C-C bond breakages. Despite they 

had not received a specific attention in previous studies, those ions proved very useful to infer the 
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structural characteristics of the side chain (location of the C=C bond, nature of the substitution at 

C24). Indeed, significant correlations were found between the intensity ratios of selected product ions 

among them and the characteristics of the side chain. Other diagnostic correlations between intensity 

ratios and structural features were found for product ions whose generation was influenced by the 

position of C=C bond on ring B. These insights provided a starting basis for identifying unknown 

sterols in complex samples such as plant extracts. As described in the next chapter, the fragmentation 

of selected animal and fungal sterols was subsequently investigated to find diagnostic fragmentations 

related to further additional structural features potentially found also in phytosterols. 
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Appendix 1

Figure A1. Mechanisms hypothesised to explain the generation of low m/z (< 100) product ions shown in 
Scheme 1 from the [M+H-H2O]+ ions of cholesterol (CHO) and of cholesterol (CHO-d6) completely deuterated 
on the methyl groups linked to C25. For the sake of clarity, the transfer of H, with concurrent breakage of a C-
C bond and the formation of a new C=C bond is depicted explicitly only in the first process drawn in the 
scheme. Nonetheless, the C-C bond broken as a consequence of this process is highlighted in all fragmentation 
reactions using a transversal dashed line. Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A2. Genealogical trees constructed for sterol [M+H-H2O]+ ions to describe the information inferred 
from HCD-FTMS/MS and CID-MS3/MS4 acquisitions performed, respectively, using a quadrupole-Orbitrap 
and a linear ion trap mass spectrometer. The m/z ratio of the precursor ion involved in the HCD-FTMS/MS 
acquisition is reported on top of each tree and is then connected to boxes representing the m/z ratios and 
percentual relative intensities observed, in the HCD-FTMS/MS spectrum, for the resulting product ions that 
were subsequently subjected to CID-MS3 acquisitions (note that the same set of product ions was observed in 
HCD-FTMS/MS and in CID-MS/MS spectra of sterol [M+H-H2O]+ ions). Each of those boxes is then 
connected to a series of boxes describing m/z ratios and relative intensities observed for ions detected in CID-
MS3 spectra. Among the latter, boxes with m/z ratios and relative intensities written in blue colour represent 
precursor ions selected for subsequent CID-MS4 acquisitions. In this case, the set of m/z ratios of major peak 
signals detected in the MS4 spectrum was not explicitly indicated since it corresponded to the set inferred from 
the MS3 spectrum acquired on the same precursor ion and reported in one of the genealogical trees for the 
same sterol. Notes: 1) the m/z ratios of ions including D atoms in their structures are written in red character; 
2) the letter adopted to mark each product ion cluster in FTMS/MS spectra has been reported also for all ions 
inside the trees; 3) for the sake of consistency, all m/z ratios have been rounded to the first decimal place, in 
accordance with the precision level available with the linear ion trap mass spectrometer. The figure follows in 
the next seven pages.

Cholesterol-d6 (first part)
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Cholesterol-d6 (second part)
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Cholesterol

Note: in order to avoid redundancy, only MS3 and MS4 transitions characteristic of cholesterol [M+H-H2O]+ 
ions are represented in this scheme. Indeed, MS3 spectra obtained for ions of clusters O to G shown in the 
second genealogical tree of cholesterol-d6 [M+H-H2O]+ ions (see page 4) were practically identical to those 
obtained for the corresponding precursor ions generated from the  cholesterol [M+H-H2O]+ ions, since the 
precursor ions had the same structure in both cases.



60

Campesterol
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-sitosterol
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Stigmasterol-d5 (first part)
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Stigmasterol-d5 (second and third part)
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Stigmasterol
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Figure A3. Mechanisms hypothesised to explain the generation of product ions with m/z > 100 shown in Scheme 1 from 
the [M+H-H2O]+ precursors ions of cholesterol (CHO) and of cholesterol-d6 (CHO-d6). The C-C bonds broken during 
fragmentation steps are highlighted using a transversal dashed line, eventually coloured to relate the bond breakage to a 
specific process. Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A4. Mechanism potentially responsible for the formation of the product ion detected at m/z 81.0705 
directly from the [M+H-H2O]+ ion of cholesterol and cholesterol-d6. It involves a retro-cycloaddition at the C-
ring and the removal of the side chain through a 1,3-H transfer from C22 to C17, with breakage of the C17-
C20 bond and formation of a C=C bond between C20 and C22. Exact m/z ratios, rounded off to the fourth 
decimal place, are reported.
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Figure A5. Mechanisms hypothesised to explain the generation of product ions shown in the upper half of Scheme 
2 from the [M+H-H2O]+ precursors ions of cholesterol (CHO) and of cholesterol-d6 (CHO-d6). The C-C bonds 
broken during fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, rounded off 
to the fourth decimal place, are reported.
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Figure A6. Mechanisms hypothesised to explain the generation of product ions related to ions with m/z 
319.3266/313.2890 (upper part) and 305.3110/299.2739 (lower part) shown in Scheme 2, representing product 
ions of the [M+H-H2O]+ ions of cholesterol (CHO) and of cholesterol-d6 (CHO-d6). The C-C bonds broken 
during fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, rounded off to the 
fourth decimal place, are reported.
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Figure A7. Mechanisms hypothesised to explain the generation of product ions related to ions with m/z 
293.3110/287.2739 (upper part) and 279.2953/273.2582 (lower part) shown in Scheme 2, representing product 
ions of the [M+H-H2O]+ ions of cholesterol (CHO) and of cholesterol-d6 (CHO-d6). The C-C bonds broken 
during fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, rounded off to the 
fourth decimal place, are reported.
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Figure A8. Mechanism hypothesised for the generation of the product ion at m/z 215.1790 directly from the 
[M+H-H2O]+ ion of cholesterol or cholesterol-d6. The displayed process is a cycloelimination on ring D, 
leading also to the complete detachment of the side chain. Exact m/z ratios, rounded off to the fourth decimal 
place, are reported.
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Figure A9. Mechanisms hypothesised to explain the generation of product ions with m/z < 100 from [M+H-
H2O]+ ions of b-sitosterol and campesterol. The C-C bonds broken during fragmentation steps are highlighted 
using a transversal dashed line. Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A10. Alternative mechanism proposed for the generation of the product ion detected at m/z 257.2257 
in the APCI(+)-HCD-FTMS/MS spectra of the [M+H+-H2O]+ ions of campesterol (R = CH3) and b-sitosterol 
(R = CH2CH3). Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A11. Mechanisms hypothesised to explain the generation of low m/z (< 100) product ions shown in 
Scheme A1 from the [M+H-H2O]+ precursor ions of stigmasterol and of stigmasterol completely deuterated on 
the ethyl group linked to C24. The C-C bonds broken during fragmentation steps are highlighted using a 
transversal dashed line. Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A12. Mechanisms hypothesised to explain the generation from the [M+H-H2O]+ precursor ions of 
stigmasterol and stigmasterol-d5 of product ions with positive charge on C24 shown in Scheme A1 for clusters 
Q to V. The C-C bonds broken during fragmentation steps are highlighted using a transversal dashed line. Exact 
m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A13. Mechanisms hypothesised to explain the generation from the [M+H-H2O]+ precursor ions of 
stigmasterol and stigmasterol-d5 of product ions with positive charge on C17 shown in Scheme A1. The C-C 
bonds broken during fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, 
rounded off to the fourth decimal place, are reported.
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Figure A14. Fragmentation pathway proposed to explain the generation of a product ion with a m/z ratio 
consistent with the exact value 297.2577 upon fragmentation of the [M+H+-H2O]+ ions of 
stigmasterol/stigmasterol-d5. Note that the same pathway might be considered if the positive charge was 
located on C3 (see Figure A15). Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A15.  Mechanisms hypothesised to explain the generation from the [M+H-H2O]+ precursor ions of 
stigmasterol and stigmasterol-d5 of product ions with positive charge on C3 shown on the right side of Scheme 
A1. The C-C bonds broken during fragmentation steps are highlighted using a transversal dashed line. Exact 
m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A16.  Mechanisms hypothesised to explain the generation of specific product ions arising from the 
[M+H-H2O]+ precursor ions of isofucosterol and reported in Scheme 3. The C-C bonds broken during 
fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, rounded off to the fourth 
decimal place, are reported.
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Figure A17.  Mechanisms hypothesised to explain the generation of specific product ions arising from the 
[M+H-H2O]+ precursor ions of Δ7-avenasterol and reported in Scheme 3. The C-C bonds broken during 
fragmentation steps are highlighted using a transversal dashed line. Exact m/z ratios, rounded off to the fourth 
decimal place, are reported.
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Figure A18. Alterative fragmentation pathway proposed to explain the enhanced generation of a product ion with 
a m/z ratio consistent with the exact value 83.0855 upon fragmentation of the [M+H+-H2O]+ ion of Δ7-avenasterol. 
Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Scheme A1 Fragmentation pathways hypothesised for stigmasterol and stigmasterol penta-deuterated on the 
ethyl group linked to C24 considering their [M+H-H2O]+ ions generated in the APCI source as precursor ions, 
with the positive charge located on different possible sites. Plain arrows indicate fragmentations observed in 
MS/MS spectra (under both HCD and CID conditions); the dashed arrow indicate fragmentations observed in 
the 395 > 297 > CID-MS3 spectrum. Boxes include multiple product ions observed in a single MSn  (n = 2-3) 
spectrum. Exact m/z ratios (rounded off to the fourth decimal place) are reported for all product ions. Values 
between parentheses are referred to deuterated stigmasterol. Note that structures hypothesized for product ions 
belonging to clusters from D to I were not reported since they are identical to those proposed in Schemes 1 
and 2 for cholesterol. See text for details.



82



83



84



85



86

β Δ



87



88



89



90

Chapter 2

Study of diagnostic fragmentations of animal and fungal 

sterols/stanols obtained by APCI-tandem mass spectrometry 

to infer general rules for unknown free sterols identification

The following journal article was based on results illustrated in the present chapter:

V. Cinquepalmi, I. Losito, A. Castellaneta, C. D. Calvano, T.R.I. Cataldi, “Diagnostic Fragmentations 
of Animal and Fungal Sterols/Stanols Obtained by APCI–Tandem Mass Spectrometry: A Route 
Towards Unknown Free Sterol Identification”, Metabolites, 15(10), 674, doi: 
https://doi.org/10.3390/metabo15100674.
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2.1 Introduction

As discussed before for phytosterols, sterols play a crucial role in maintaining the structural integrity 

and regulating the fluidity and permeability of the lipid bilayer in eukaryotic plasma membranes1–4. 

From a general biosynthetic perspective, sterols originate from the isoprene pathway and are derived 

through the oxygenation and cyclisation of squalene1,5,6. These transformations yield the 

characteristic tetracyclic structure already discussed before for phytosterols, which imparts all sterols 

their amphipathic nature5,7,8. Also in non-vegetal sterols the four rings of the steroidal backbone, 

labelled A, B, C, and D (Figure 1), adopt an all-trans-anti configuration, resulting in a nearly planar 

molecular conformation3,8. The same atom numbering described before for phytosterols, based on 

IUPAC recommendations issued in 19899, is generally applied also to non-vegetal sterols, which, like 

vegetal ones, may possess none (4-desmethyl-sterols), one (4-methyl-sterols), or two (4,4-dimethyl-

sterols) methyl groups at C4. Additionally, a methyl group may be present at C14, as observed in 

lanosterol (Figure 1). Sterols are further classified based on the number and position of double bonds 

on the B ring, giving rise to Δ5-, Δ7-, Δ5,7-, and Δ8-sterols. Stanols, in contrast, are their fully saturated 

counterparts3,8.

As discussed before, the specific sterol and stanol profiles are strongly organism-dependent, as their 

biosynthesis follows phylum-specific pathways5. Consequently, if in plants sterol methyltransferases 

(SMTs) introduce characteristic alkyl branches at C24, producing major plant sterols, such as β-

sitosterol and campesterol10,11, both animal and fungal sterols are biosynthesized from a common 

precursor, lanosterol, which features a C=C double bond between C24 and C25 (Figure 1). From 

lanosterol, two parallel pathways diverge: the Bloch pathway, which leads to sterols such as 

desmosterol and zymosterol, that retain lanosterol's side chain but differ in B-ring unsaturation5,7 and 

the Kandutsch-Russell pathway, which gives rise to sterols with saturated, unbranched side chains, 

such as lathosterol, a Δ7 positional isomer of cholesterol5,6,12,13. Notably, both lathosterol and 

desmosterol serve as biosynthetic precursors to cholesterol, the most abundant sterol in animal cells2. 
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Figure 1. Molecular structures of the animal and fungal sterols whose analysis is described in this chapter, 
alongside cholesterol and the phytosterols stigmasterol and brassicasterol, which are included for comparative 
purposes (see text for additional details). Compounds are grouped based on the side chain (SC) structures. 
Atom numbering follows the IUPAC guidelines established in 1989. The stereochemical configurations at C20 
and C24 are indicated where relevant: R configuration at C20 for cholesterol and related sterols, and R 
configuration at C24 for brassicasterol and ergosterol.

Sterols discussed so far are critical to human health, and imbalances in their levels have been linked 

to disorders of the nervous and skeletal systems12. Among cholesterol metabolites, cholestanol and 

coprostanol are epimers with saturated B rings and differ only in the stereochemistry of the hydrogen 

at C5 (α or β, respectively; Figure 1), yielding either a planar or a bent A ring conformation. Both 

metabolites are produced from cholesterol in the digestive tract14–17, although cholestanol has also 
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been reported in higher plants18. Fungal sterols also originate from lanosterol. In fungi, zymosterol 

proceeds along a modified Bloch pathway involving several enzymatic transformations, ultimately 

producing ergosterol, a Δ5,7-sterol with a double bond between C22 and C23 and a methyl group at 

C24 in the R configuration (Figure 1)4,13. Ergosterol is the dominant sterol in fungal cells, including 

yeasts and molds, where it plays a role analogous to cholesterol in animal membranes, supporting 

membrane integrity and cell proliferation2,4,19. Among the sterols illustrated in Figure 1, chalinasterol 

is a Δ5-sterol containing a methylene group at C24. It is a positional isomer of brassicasterol and a 

biosynthetic precursor of campesterol, both of which are important plant sterols20. Also known as 24-

methylene-cholesterol or ostreasterol, chalinasterol is considered a "marine sterol" due to its initial 

identification in molluscs21 and subsequent detection in algae22–24, though it is also present in various 

vegetable oils25.

Like phytosterols, non-vegetal sterols pose a significant challenge in terms of analytical 

characterization, due to their structural diversity. Gas chromatography–mass spectrometry with 

electron ionization (GC- EI-MS) remains a standard technique also for  non-vegetal sterol analysis26–

31. As an alternative, reversed-phase liquid chromatography coupled with soft ionization mass 

spectrometry techniques such as electrospray ionization (ESI) or atmospheric pressure chemical 

ionization (APCI) has become increasingly popular32,33. APCI, especially in positive ion mode, has 

shown superior sensitivity for sterol analysis due to the predominant formation of [M+H–H2O]⁺ 

ions8,32,34,35 and avoids the risk of thermal degradation associated with GC.

Animal sterols and stanols are typically studied in biological matrices like plasma, serum, and feces31–

34,36–39, whereas ergosterol serves as a marker of fungal and mold contamination in samples such as 

soil and yeast40–42. Nevertheless, these sterols can also be found in plant-derived matrices and 

algae24,25,43–45. During chromatographic separation, complex traces with multiple peaks are frequently 

observed, suggesting the presence of isomeric sterols not corresponding to available standards. In 

such cases, even high-resolution mass spectrometry (HRMS) fails in providing useful information, 

and the use of tandem or multistage mass spectrometry (MS/MS or MSn) is required to achieve a 
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deeper structural insight. In recent years, novel approaches for sterol/stanol analysis based on MS/MS 

have been proposed in the literature, focusing on the all-ion fragmentation technique46, on fast 

chromatography47, or, very recently, on prior derivatization with 3-(chlorosulfonyl)benzoic acid, 

aiming at detecting sterols as negatively charged ions48.

As demonstrated in the previous chapter and in Ref 49 for phytosterols, the combination of high-

resolution tandem MS with low-resolution MSn (n = 2–4) on [M+H–H2O]⁺ ions generated by APCI 

can reveal diagnostic product ions, which in turn may enable the identification of key structural 

features, such as side chain unsaturation/branching and variations in the C=C bond location on the 

steroidal core. The study described in this chapter applies the same analytical strategy to a broader 

selection of animal and fungal sterols, exhibiting structural diversity beyond that of cholesterol and 

plant sterols. The resulting identification of new diagnostic fragment ions, linked to the presence or 

absence of C=C bonds on ring B and on the side chain and to specific methylation patterns in the 

steroidal backbone will be discussed in detail, culminating in a comprehensive summary of 

fragmentation behaviours that may facilitate the structural elucidation of novel sterols from animal, 

fungal, and plant sources.

2.2 Materials and Methods

2.2.1 Chemicals. LC-MS grade acetonitrile (ACN), water (H2O) and formic acid (FA), adopted for 

RPLC separations, and HPLC grade chloroform (CHCl3), ethanol (EtOH), methanol (MeOH) and 

hexane, employed as solvents for the preparation of sterol stock solutions and for the extraction of 

free sterols from commercial baker’s yeast were purchased from Merck (Milan, Italy). Standards of 

cholesterol (cholest-5-en-3β-ol, ≥ 95% purity), lathosterol (cholest-7-en-3β-ol, ≥ 95% purity), 

cholestanol (5α-cholestan-3β-ol, ≥ 95% purity), coprostanol (5β-cholestan-3β-ol, ≥ 95% purity), 

desmosterol (cholest-5,24-dien-3β-ol, ≥ 98% purity), lanosterol (lanosta-8,24-dien-3β-ol, ≥ 95% 

purity) and ergosterol (ergosta-5,7,22E-trien-3β-ol, ≥ 95% purity) were procured from Cayman 
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Chemical (Ann Arbor, MI, USA). Standards of zymosterol (5α-cholesta-8,24-dien-3β-ol, ≥ 99% 

purity) and chalinasterol (24-methylene-cholest-5-en-3β-ol, ≥ 99% purity) were purchased from 

Merck (Milan, Italy). Solutions for mass spectrometers calibration under positive or negative polarity 

conditions were acquired from Thermo Scientific (Waltham, MA, USA).

2.2.2. Standard solutions preparation. A stock solution of each standard sterol (1 mg/mL) was 

prepared in an ethanol/chloroform mixture (2:1 v/v) and a diluted solution (30 μg/mL) was 

subsequently obtained in 100% acetonitrile. A comprehensive mix of standards (10 μg/mL for each 

one) was obtained in 100% acetonitrile through appropriate mixing and dilution of the respective 

stock solutions.

2.2.3. Extraction of free sterols from baker’s yeast. Baker’s yeast, purchased in a local store, was 

selected as an example of sterol-containing complex matrix and was subjected to extraction of free 

sterols following the protocol reported in the study by Castellaneta et al.44, with appropriate 

modifications. In detail, 50 mg of baker’s yeast were weighed, 1 mL of MeOH was added and the 

obtained suspension was sonicated in a water bath for 15 min at 30 °C. Then, 3.5 mL of H2O and 3.75 

mL of hexane were added to extract free sterols. The mixture was vortexed for 2 min and centrifuged 

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

extraction was repeated to increase the recovery of free sterols. The two supernatants were then joined 

and dried under a gentle flow of nitrogen. The dry residue was then dissolved in 500 μL of a 

MeOH/CHCl3 solution (2:1 v/v) and diluted by a factor of 1:1 (v/v) with ACN before RPLC-APCI(+)-

FTMS analysis.

2.2.4. RPLC-APCI-MSn instrumentation and operating conditions. APCI-MSn (n = 1-3) analyses 

of sterols/stanols were performed, according to the case, with one of two platforms including an 



96

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

Fourier-transform mass spectrometer or with a Velos Pro linear ion trap mass spectrometer 

(ThermoFisher, West Palm Beach, CA, USA) through an APCI source. A C18 Ascentis Express HPLC 

column (150 ⨯ 2.1 mm i.d., particle size 2.7 μm) (Supelco, Bellefonte, PA, USA) was used for 

preliminary chromatographic tests aimed at assessing the possibility of separating isomeric sterols 

under either isocratic or binary elution gradient conditions similar to those adopted for cholesterol 

and phytosterols in the previous chapter and in Ref. 49. In the first case, 100% ACN with 0.1% (v/v) 

FA was used as a mobile phase, working at a flow rate of 0.200 mL/min for 40 minutes. In the second 

case, the following elution gradient based on H2O as phase A and ACN as phase B, both containing 

0.1% (v/v) of FA, was adopted for sterol separation: 0-40 min, linear increase of B from 90% to 

100%; 40-50 min, isocratic at 100% B; 50-52 min, linear decrease of B from 100% to 90%; 52−60 

min, isocratic at 90% B (column reconditioning). In both cases, the column temperature was 

maintained at 30°C and 5 μL sample volumes were injected. The parameters of the APCI interface 

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.; capillary temperature) 300 °C; S-lens RF Level) 55 a.u.; vaporizer 

temperature) 250°C. Full scan FTMS acquisitions in positive ion mode were obtained in a 250-500 

m/z interval, working with a 140000 resolving power at m/z 200; the Automatic Gain Control (AGC) 

level was set at 1⨯106 and maximum injection time was 100 ms. HCD-FTMS/MS acquisitions were 

performed by the Q-Exactive spectrometer at a 35000 resolving power, selecting precursor ions in a 

1.0 m/z units-wide isolation window, using a normalized collisional energy (NCE) of 30 units and 

acquiring the tandem mass spectrum in a 50−500 m/z interval; the AGC level was set at 2⨯105 and 

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 provided 

by the instrument manufacturer. As a result, a mass accuracy better than 5 ppm was achieved, with 

the exception of product ions obtained by HCD-FTMS/MS with m/z values lower than 100, for which 

an accuracy better than 16 ppm was, in any case, achieved (vide infra). 
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APCI-direct infusion analyses (APCI-DIA) of individual standards solutions (30 μg/mL) were 

performed using the Q Exactive spectrometer, under the same conditions described before, and, in 

specific cases, the Velos Pro mass spectrometer. Specifically, APCI-DIA-HCD-FTMS/MS spectra 

were acquired for each sterol (vide infra) using the Q Exactive spectrometer, whereas APCI-DIA-

collisionally induced dissociation (CID)-MS3 experiments were performed with the Velos Pro 

spectrometer on specific precursor ions previously detected in CID-MS/MS spectra obtained with the 

same spectrometer, in order to elucidate some fragmentation patterns observed under HCD-

FTMS/MS conditions. The main operating parameters of the Velos Pro APCI interface and ion optics 

were set as follows: sheath gas flow rate) 40 a.u.; auxiliary gas flow rate) 10 a.u.; capillary 

temperature) 300 °C; S-lens RF Level) 60 a.u.; vaporizer temperature) 250°C. A 1.0 m/z units-wide 

isolation window was adopted for the isolation of the precursor ion and a normalized collisional 

energy (NCE) of 25 units was selected for fragmentation in the case of CID-MS/MS and CID-MS3 

acquisitions performed using the linear ion trap spectrometer; the AGC level was set at 2⨯103 and 

the maximum injection time was 100 ms.

2.3 Results and Discussion

2.3.1. RPLC-APCI(+)-FTMS analysis of standard sterols/stanols: chromatographic 

considerations. Preliminary RPLC separations were conducted on the mixture of animal and fungal 

sterols and stanols of interest, with the addition of cholesterol, to assess their chromatographic 

behavior, particularly the resolution of isomeric species, and to gain a deeper insight into how sterol 

molecular structure influences retention. The findings complement results described for cholesterol 

and phytosterols in the previous chapter and in Ref. 49, based on the same chromatographic 

conditions. In that case, a binary gradient elution program using water and acetonitrile containing 

0.1% formic acid was developed to separate Δ7-avenasterol from its Δ5 counterpart, isofucosterol. 

Applying the same gradient program, along with an isocratic elution using 100% acetonitrile, to the 
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current sterol/stanol mixture produced the multiple-extracted ion current (EIC) chromatograms 

shown in Figure 2. These chromatograms were targeted at the exact monoisotopic m/z values of the 

sterol/stanol respective [M+H–H2O]⁺ ions. As expected, isocratic elution yielded a faster separation, 

due to the higher elution strength of the mobile phase. The elution order observed under isocratic 

conditions generally mirrored that of the gradient method, with a few notable exceptions.

Figure 2. Multiple-extracted ion current (EIC) chromatograms obtained from the RPLC-APCI(+)-FTMS 
analysis, performed using the Q Exactive mass spectrometer, of the standard sterols and stanols discussed in 
this chapter, along with cholesterol, based on: A) isocratic elution and B) linear gradient elution. Ion currents 
were extracted using the exact monoisotopic m/z values of the [M+H–H₂O]⁺ ions of the compounds: m/z 
367.3359 for desmosterol and zymosterol; m/z 379.3359 for ergosterol; m/z 381.3516 for chalinasterol (dashed 
line); m/z 369.3516 for cholesterol and lathosterol; m/z 409.3829 for lanosterol; and m/z 371.3672 for 
coprostanol and cholestanol. The chromatograms illustrate the retention profiles and resolution achieved for 
structurally related sterols and stanols under both elution conditions.

Stanols, which lack unsaturations, were consistently eluted as last and were well resolved under both 

conditions, highlighting the significant impact of the steroidal backbone stereochemistry on the 

retention behavior on C18 stationary phases. In particular, coprostanol, in which the β-configuration 

at C5 imposes a cis junction between the A and B rings, eluted earlier than cholestanol, for which the 
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canonical trans-planar structure is preserved17. This behavior is reminiscent of that observed, under 

RPLC conditions, with unsaturated fatty acids, where a cis C=C bond introduces a kink that weakens 

the interactions with the C18 chains of the stationary phase, resulting in earlier elution than the trans 

counterpart50. Lanosterol’s retention behavior further illustrates the complex role played by the 

backbone structure. Despite the polarity induced by the occurrence of a C=C bond between C24 and 

C25 (see Figure 1), a feature previously found to significantly impact retention49, lanosterol was 

consistently eluted after cholesterol, which has a saturated side chain. This result might be tentatively 

explained by the presence of two methyl groups at C4 in lanosterol, which form a localized 

hydrophobic domain near the hydroxyl group. This domain likely reduces the effect of OH polarity, 

enhancing the sterol affinity for the C18 phase. 

The first critical resolution challenge, moving from longer to shorter retention times, was the 

separation of cholesterol from its isomer lathosterol. These sterols differ only in the position of a 

single double bond on the B ring (Figure 1). Like Δ5/Δ7-avenasterols49, these isomers could not be 

separated under isocratic conditions. However, gradient elution (see Figure 2B) allowed lathosterol 

(a Δ7 sterol, thus having its C=C bond closer to the side chain) to elute earlier than cholesterol (a Δ5 

sterol). This trend agrees with previous findings by McDonald et al.37 and Honda et al.33,34, suggesting 

that a slow, gradient-based increase in acetonitrile content is more effective in separating sterols based 

on double bond position within the steroidal backbone. Unexpectedly, however, isocratic elution 

outperformed gradient elution in resolving the remaining four sterols under study. As shown in Figure 

2A, ergosterol and chalinasterol were consistently eluted before the cholesterol/lathosterol pair, as 

expected due to the presence of a side chain double bond. On the other hand, the complex interplay 

between the different position of this C=C bond and the different level of unsaturation on ring B, 

being ergosterol a Δ5,7 sterol and chalinasterol a Δ5 one (see Figure 1), resulted in a very similar 

retention for the two compounds. Surprisingly, isocratic elution slightly improved their resolution, 

due to the 0.1 min increase in the retention time difference, compared to gradient elution (Figure 2A). 

This outcome is emphasized by values of resolution and selectivity evaluated for all the species’ 
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couples under both chromatographic setups, which have been summarized in Table A1 of Appendix 

2. In any case, the distinct m/z values, due to ergosterol’s additional double bond compared to 

chalinasterol, allowed a clear identification of the two compounds via the respective EIC 

chromatograms. Further support for the influence of the side chain C=C bond position on retention 

was obtained when comparing chalinasterol with brassicasterol, which shares the same backbone and 

was analyzed during our previous investigation49. Chalinasterol, including a C=C bond between C24 

and C24' (Figure 1), eluted far earlier than brassicasterol, whose double bond is closer to the 

backbone (between C22 and C23). Indeed, under the same gradient conditions, brassicasterol showed 

a retention time of 31.7 min49, over 6.7 min longer than chalinasterol. 

An advantage for isocratic elution was observed also with isomeric species desmosterol and 

zymosterol (Figure 2). Both sterols feature a C=C bond between C24 and C25, significantly reducing 

their retention compared to all others, including lanosterol, which shares their side chain but has 

additional methylations at C4 and C14. The two sterols could be slightly separated only under 

isocratic conditions, which would thus be crucial for identifying them in real samples, given the 

identical m/z value for the respective ions. Interestingly, desmosterol (the Δ5 isomer) eluted before 

zymosterol (the Δ8 isomer), in contrast to trends observed under gradient elution conditions for Δ5/Δ7 

couples, like the two avenasterols49 and cholesterol/lathosterol. One possible explanation for this 

finding likely lies in the accessibility of the C8–C9 double bond in zymosterol, which may be 

hindered by nearby axial methyl groups on C18 and C19. This steric hindrance could reduce the 

interaction with the C18 stationary phase, lessening the retention decrease typically associated with 

double bonds near the side chain. Notably, McDonald et al.37 and Honda et al.34 achieved 

desmosterol–zymosterol separation using RPLC with a water/methanol-based mobile phase but failed 

to separate cholesterol from lathosterol. In contrast, Skubic et al.31 achieved excellent separation of 

animal sterols, including Δ7 and Δ8 isomers, using two pentafluorophenyl columns in series and a 

methanol–isopropanol mobile phase, observing shorter retention for Δ7 and Δ8 isomers relative to Δ5 

analogues. 
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Taken together with previous findings on cholesterol and major phytosterols obtained under the same 

chromatographic conditions49, these results indicate that relationships between retention time and 

structural features exist for several sterols. The side chain composition seems to be the most 

influential structural feature in terms of retention, at least on a C18 stationary phase. However, even 

the number and position of C=C double bonds on the steroidal backbone and the methylation of 

specific positions on the latter appear to play a role. This explains why the chromatographic behavior 

of some critical couples of sterols appears to depend significantly on specific experimental conditions, 

including not just mobile phase composition or stationary phase type but, in some cases, even the 

column brand, maybe due to differences in the coverage of support packing particles by octadecyl 

moieties. A detailed modelling of the sterol/stanol chromatographic behavior might provide a deeper 

explanation for the findings reported in this section. Nonetheless, given a certain set of 

chromatographic conditions, retention time comparisons with known standards might support 

structural inferences for novel sterols detected in real matrices. Moreover, the combined use of 

isocratic and gradient elution can be considered particularly effective in distinguishing positional 

isomers, representing the initial step towards the identification of unknown sterols. As shown in the 

following sections, fragmentation patterns obtained by HCD-FTMS/MS analysis of standard sterols 

and stanols offered extensive structure-specific information. When combined with chromatographic 

data, this information might be very helpful for a comprehensive characterization of sterols in 

complex samples.

2.3.2. Fragmentation of Δ7- Sterols with Saturated and Unbranched Side Chain: Lathosterol. In 

our study on cholesterol and major phytosterols, diagnostic product ions arising from their side chains 

were evidenced by comparison with the results of the RPLC-APCI(+)-FTMS/MS analysis of 

isotopically labelled cholesterol and stigmasterol standards (see the previous chapter and Ref. 49). 

These product ions were best explained by assuming alternative locations of the positive charge 
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initially formed at the C3 position, following water loss from protonated sterols during APCI. The 

positive charge migration was attributed to intramolecular hydride transfers towards C3 occurring in 

the gas phase, especially from carbons like C25, C17, or C24 (when alkyl-substituted), which better 

stabilize the positive charge49. Starting from this background, APCI(+)-HCD-FTMS/MS spectra were 

systematically acquired also for the animal/fungal sterols/stanols considered in this chapter, using the 

same NCE value adopted for cholesterol and phytosterols, i.e. 30. The spectra were first acquired 

under DIA conditions and their intensity profiles were subsequently confirmed by those resulting 

from spectral averaging under the sterol/stanol chromatographic peaks detected upon RPLC-

APCI(+)-HCD-FTMS/MS analysis of standard mixtures, performed using linear gradient elution for 

all sterols/stanols but desmosterol and zymosterol, since the latter could be at least partially separated 

only under isocratic conditions (see Figure 2A). In this case the RPLC-APCI(+)-HCD-FTMS/MS 

spectra for the two sterols were obtained by careful spectral averaging in retention time intervals in 

which the chromatographic peaks overlap was minimal.

Notably, preliminary DIA-APCI(+)-HCD-FTMS/MS acquisitions were performed on all 

sterols/stanols considering also other NCE values, namely 10, 50 and 70. As evidenced in Figures 

A1-A3 in the Appendix 2, at NCE = 10 the fragmentation yield was very low, as expected. 

Fragmentation was much more effective in generating low m/z product ions when 50 and 70 were 

adopted as NCE values, thus reducing important information related to higher m/z ions. Consequently, 

the NCE = 30 value, the same previously adopted on cholesterol and phytosterols, emerged as the 

one leading to the best distribution of spectral intensity among product ions clusters, including those 

at higher m/z values, thus potentially providing the maximum amount of structural information.

The fragmentation pattern of lathosterol, the Δ7 analogue of cholesterol, was examined firstly among 

those of the animal and fungal sterols investigated. The APCI(+)-HCD-FTMS/MS spectrum at NCE 

= 30 of its [M+H–H2O]⁺ ion (exact m/z for M+0 isotopologue: 369.3516) is shown in Figure 3A. 

Product ions with the same carbon count but differing in hydrogen content were grouped into clusters 

(denoted by capital letters). Table A1 in the Appendix 2 lists all product ions detected for lathosterol 



103

(and for all the other analyzed sterols/stanols), including those corresponding to unlabelled peak 

signals in Figure 3A. For each ion the experimental m/z value (rounded to four decimal places), the 

corresponding molecular formula, inferred considering the best mass accuracy among those related 

to possible molecular formulas (usually not exceeding 5 ppm, with the exception of m/z values lower 

than 96, for which an accuracy up to 16 ppm was considered), and the relative intensity, for each 

sterol, expressed as mean  standard deviation calculated from three independent replicates, are 

reported in the table. 

While the HCD-MS/MS spectra of lathosterol and cholesterol (see Figure 3A in the previous chapter 

for the latter) were broadly similar, some notable differences emerged. A prominent peak at m/z 

69.0708 (consistent with an exact m/z 69.0699), attributed to a side chain-derived fragment (Panel 1, 

Scheme 1), was observed for lathosterol. This feature matched that observed for cluster B in Δ7-

avenasterol (see Figure 4E in the previous chapter) and points to an alternative structure consistent 

with that m/z value, originating from ring A (Panel 2, Scheme 1), possible only if no C=C bond is 

located between C5 and C6. This makes the higher abundance of the m/z 69.0699 ion in cluster B a 

feature of Δ7-sterols and, as discussed later in this chapter, also of sterols with no C=C bond on ring 

B. Actually, the presence of an unsaturation on the side chain, like in the case of desmosterol, can 

determine the formation of an alternative product ion with the same m/z ratio, thus increasing the 

corresponding peak signal (vide infra). Similarly to the m/z 69.0699 ion, the m/z 83.0861 one (exact 

m/z 83.0855), 
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Figure 3. APCI(+)-HCD-FTMS/MS spectra obtained using the Q Exactive mass spectrometer for the [M+H–
H2O]⁺ ions of selected sterols and stanols analyzed in this chapter. Peak signals referred to product ions sharing 
the same number of carbon atoms but differing for the number of H atoms are grouped into clusters, each 
labelled with a capital letter. For each cluster, the experimental m/z value of the most abundant ion is usually 
indicated. The reported spectra were obtained through direct infusion analysis and confirmed by those resulting 
from spectral averaging under the respective peaks detected in RPLC-APCI(+)-HCD-FTMS/MS 
chromatograms (see text for details). HCD-FTMS/MS spectra were obtained at NCE = 30, with the HCD cell 
filled with nitrogen.
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slightly prevailing in cluster C for both lathosterol (Figure 3A) and Δ7-avenasterol (see Figure 4E in 

the previous chapter), can also arise from ring A via cleavage of the C5–C10 and C4–C5 bonds, again 

requiring the absence of a C=C bond between C5 and C6. Notably, alternative side-chain-derived 

structures were proposed for the two ions for Δ7-avenasterol, yet their formation involved the 

presence of an ethylidene group at C24 (see Scheme 3 in the previous chapter), a feature that is not 

present in lathosterol. Another shared feature between lathosterol and Δ7-avenasterol is the prominent 

m/z 95.0859 ion (exact m/z 95.0855) in cluster D. As evidenced in Panel 3 of Scheme 1, one of its 

possible structures is related to ring D (with the positive charge on C17) and is expected to be common 

to different sterols. However, an alternative structure involving ring A (Panel 2, Scheme 1) may also 

be formed in the case of Δ7-sterols via a retro-Diels–Alder reaction (see Figure A4), enabled by the 

presence of a C=C bond between C7 and C8. Clusters E–J displayed similar relative ion intensities 

for both cholesterol and lathosterol, with the exception of the m/z 149.1323 (exact m/z 149.1325) ion 

in cluster H, which was more abundant in Δ7-sterols, as confirmed in the previous chaptter and in 

Ref. 49 and by Munger et al.51. Its most likely structure is reported in Panel 4 of Scheme 1. From 

clusters I to T, fragmentation profiles remained highly comparable between lathosterol and 

cholesterol, validating the previously proposed structures for the respective product ions49. The latter 

may arise either from neutral losses on the side chain, shared by both sterols, or from ring cleavages 

unaffected by the position of the double bond (see Panels 5 and 6, Scheme 1). The only significant 

exception in cluster similarity was the prevalence of the m/z 301.2880 ion (exact m/z 301.2890) in 

cluster S, in place of the m/z 299.2733 ion observed for cholesterol. As previously discussed49, 

multiple structures can account for this ion. The one resulting from a breakage of the side chain, with 

the positive charge on C3 (see Scheme 1 in the previous chapter) seems to be less relevant in the case 

of lathosterol. On the other hand, the alternative structure, having the positive charge on C17 and 

keeping the entire side chain (see Scheme 2 in Ref. 49), is able to explain the detection of the m/z 

301.2890 in the case of lathosterol considering only a C=C bond between C7 and C8. This is clarified 

by the structure reported in Panel 6 of Scheme 1 for this ion in the case of Δ7 sterols.



106

Scheme 1. Proposed structures for product ions generated from the [M+H–H2O]⁺ ions of lathosterol, 
cholestanol, and coprostanol under HCD-MS/MS conditions. For the sake of simplicity, epimeric differences 
at C5 in stanols are not depicted. Exact m/z values are indicated for each ion. Unless otherwise noted, dashed-
line double bonds are present only in lathosterol (∆7-sterol). See text for details.

2.3.3. Fragmentation of stanols with saturated and unbranched side chains: coprostanol and 

cholestanol. The APCI(+)-HCD-FTMS/MS spectra of the [M+H-H2O]+ ions of cholestanol and 

coprostanol (exact m/z 371.3672) are presented in Figures 3B and 3C, respectively. As expected, the 

fragmentation profiles of these two epimeric sterols were virtually identical but the extent of 

fragmentation was more extensive than that of cholesterol, their mono-unsaturated analogue, under 

equivalent collisional energy conditions. Clusters A to G included product ions with m/z values 
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identical to those observed for cholesterol. This finding confirmed the structures previously proposed 

for them considering cholesterol49, that are illustrated in Panels 1 and 3 of Scheme 1. Indeed, none 

of them include the C5=C6 double bond, which is the only structural difference between cholesterol 

and the two stanols. However, an important distinction was noted, since the ion at m/z 95.0859 (cluster 

D, exact m/z 95.0855) appeared with greater intensity in the case of stanols. As evidenced in Figure 

A5, the same structure reported for the m/z 95.0855 ion in the case of lathosterol (see Panel 2 in 

Scheme 1 and Figure A1), with the positive charge on C3, can be formed in the case of stanols 

through a retro-cycloaddition on ring B. This route complements the one previously proposed to 

account for that product ion in the case of cholesterol49, with the positive charge located at C17 (see 

the structure reported in Panel 3, Scheme 1). The combined contributions of both pathways likely 

explain the enhanced signal intensity for the m/z 95.0855 ion in stanols. Additionally, as seen for 

lathosterol, alternative structures for ions at m/z 69.0699 and 83.0855 shown in Panel 2 of Scheme 1 

are feasible in stanols, due to the absence of a C5=C6 double bond, which would otherwise hinder 

such fragmentation.

The saturated nature of ring B in cholestanol and coprostanol was reflected in the m/z ratios found for 

ions in clusters H and I, compatible with exact values 149.1325 and 163.1481, respectively. Indeed, 

as evidenced in Panel 4 of Scheme 1, the structures proposed for those ions (consistent also with 

those reported by Munger et al.51) only included one C=C bond between C8 and C9, arising from the 

fragmentation process, but lacked the additional C=C bond at C5-C6 of cholesterol or at C7-C8 of 

Δ7-sterols. For clusters J to T, most stanol product ions demonstrated a consistent +2 shift in nominal 

m/z values compared to the corresponding cholesterol ions. The structures shown in Panels 5 and 6 

of Scheme 1, which feature a positive charge at either C3 or C17, account for this shift as a result of 

saturation of the C5-C6 bond. This observation supports the structures previously proposed for 

cholesterol49. One notable exception to the +2 m/z shift was observed in cluster K, since the dominant 

product ion for stanols remained at a m/z value consistent with the exact value 189.1638, as for 

cholesterol. This indicates the formation of a second double bond along with the C11=C12 bond 
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generated by ring C fragmentation. In lathosterol, this double bond is initially placed between C7 and 

C8, whereas in stanols it is proposed to be formed between C8 and C14 via a 1,3-hydrogen shift (see 

the structure in Panel 5 of Scheme 1). This hypothesis was confirmed by the detection of a weak peak 

signal at nominal m/z 187 in cluster K for lathosterol (see Figure 3A) and for cholesterol and Δ5/Δ7 

phytosterols49, since it would be consistent with the generation of the C8-C14 double bond, along 

with the one between C11 and C12, during fragmentation, and with the presence of the original double 

bond between C5-C6 or C7-C8. As expected, no such ion was detected for stanols (Figures 3B and 

3C), which lack the necessary original C=C bond in ring B. A similar scenario was observed in cluster 

L, whose principal product ion was found at a m/z ratio consistent with the exact value 203.1794. As 

evidenced by the structure reported in Panel 5 of Scheme 1, this ion was likely generated through the 

formation of a C14=C15 double bond during fragmentation. This bond accounts for the -2 m/z units 

shift like the ring B double bonds characteristic of cholesterol and ∆7-sterols. The same process was 

likely responsible for the detection of a further product ion at nominal m/z 201 in cluster L both for 

lathosterol (see Figure 3A) and for cholesterol and Δ5/Δ7 phytosterols49. A third exception to the +2 

m/z shift expected between lathosterol/cholesterol and stanols product ions was observed in cluster 

O, where the dominant stanol product ion appeared at m/z 247.2413 (exact m/z 247.2420), 

representing a +4 shift with respect to the lathosterol/cholesterol counterparts. As illustrated in Panel 

5 of Scheme 1, this shift correlates with the absence of a C=C bond in ring B and reflects a modified 

fragmentation mechanism, ultimately keeping a single bond between C13 and C14.

It is finally worth noting that the distribution of relative intensities observed within most peak clusters 

detected in the HCD-FTMS/MS spectra of cholestanol and coprostanol [M+H–H2O]⁺ ions is coherent 

with that found for the respective clusters in MS/MS spectra acquired by Munger et al.51 for the same 

sterols using electrospray ionization and a quadrupole-time of flight mass spectrometer. This finding, 

which was confirmed also for other sterols common between the two studies, suggests that the 

structure-fragmentation correlations inferred during the present investigation might be extended also 
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to MS/MS spectra obtained under conditions different from those of HCD, provided they ensure an 

extensive fragmentation, including both the side chain and the steroidal core.

2.3.4. Fragmentation of Δ5- and Δ8-sterols with a double bond at C24-C25: desmosterol, 

zymosterol and lanosterol. Desmosterol, zymosterol, and lanosterol were considered in this chapter 

as representative sterols featuring a C=C bond between C24 and C25. The APCI(+)-HCD-FTMS/MS 

spectrum of desmosterol (Figure 3D) was compared with that of cholesterol49 to elucidate spectral 

features specific to Δ5-sterols carrying a C=C bond at C24–C25. Among low m/z product ions, only 

one was detected in cluster A, at m/z 57.0708 (exact value: 57.0699). Due to the occurrence of the 

C=C bond at C24–C25, this ion cannot correspond to the t-butyl carbocation with the charge on C25 

inferred by fragmentation of hexa-deuterated cholesterol49. Rather, its occurrence in desmosterol 

supports the alternative structure previously proposed for deuterated cholesterol49, corresponding to 

an n-butyl carbocation with the charge on C3, detached from ring A (see Scheme 2). In cluster B, the 

dominant ion at m/z 69.0708 (compatible with an exact value 69.0699) reflects the presence of the 

C24–C25 unsaturation. This facilitates its generation as an allylic carbocation via cleavage of the 

C22–C23 bond, mediated by a 1,3-H transfer from C20 to C23 (Figure 6A), with positive charge 

located on C26 or C27 (Scheme 2, Panel 1). Desmosterol product ions detected in clusters C to O 

align with structures previously assigned to cholesterol, as detailed in Scheme 2 (Panels 1 and 2). For 

clusters P to T, product ions were interpreted either by considering cholesterol-related product ion 

with positive charge on C17 including the additional C=C bond at C24–C25 (Scheme 3, Panel 1) or 

by alternative structures, corresponding to those previously proposed for stigmasterol49, featuring the 

positive charge on C3 and arising form partial side-chain loss (Scheme 3, Panel 2). Notably, like for 

cholestanol and coprostanol, the HCD-FTMS/MS spectrum of desmosterol was in excellent 
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Scheme 2. Proposed structures for major product ions detected in clusters A to O and A to P found in the APCI-
HCD-MS/MS spectra of [M+H–H2O]+ ions of desmosterol/zymosterol and lanosterol, respectively. Exact m/z 
values are reported for all ions with four decimal places. The m/z values referring to common product ions for 
desmosterol and zymosterol are reported with plain character, without further specifications. The m/z values 
referring to product ions of lanosterol are reported with bold character, excepting those for product ions of 
clusters A, B and the non -cyclic product ion of cluster C, which are common to the three sterols. See text for 
details.
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accordance, in terms of within-cluster intensity distribution, with the one obtained by Munger et al.51 

using a Q-ToF mass spectrometer51. 

The APCI(+)-HCD-FTMS/MS spectrum of zymosterol ([M+H-H2O]+ precursor with exact m/z 

367.3359; Figure 3E) was generally similar to that of desmosterol in terms of internal abundance 

profiles of clusters, with exceptions in clusters F, H, and I. In cluster F, the main ion became the one 

at m/z 121.1012, instead of the desmosterol's prevalent ion at m/z 123.1168. Mechanisms of formation 

proposed for the two ions in the case of cholesterol and phytosterols49 could be extended also to 

desmosterol, leading to structures including rings C and D and with positive charge on C17 shown in 

Panel 1 of Scheme 2. However, those processes were hindered by the presence of a C=C bond 

between C8 and C9 in the case of zymosterol, thus a specific mechanism had to be hypothesized (see 

Figure A7) to explain the generation of the m/z 121.1012 ion from this sterol, with the proposed 

structure shown in Panel 2 of Scheme 2. As evidenced in Figure A7, the process likely involved the 

generation, as intermediate, of an ion with exact m/z 149.1325, corresponding to the leading product 

ion detected at m/z 149.1323 in cluster H for zymosterol (see Figure 3E). A novel mechanism (see 

Figure A8) was also necessary to explain the generation of the ion detected at m/z 163.1479 (exact 

m/z 163.1481) in cluster I of zymosterol, leading to the structure reported in Panel 2 of Scheme 2. In 

fact, the mechanisms proposed in the previous chapter and in ours and Munger’s papers49,51 could not 

be applied to product ions prevailing in clusters H and I, since none of the sterols involved in the two 

studies was a Δ8 sterol, like zymosterol, and the presence of a C=C bond between C8 and C9 would 

have made those processes impossible.

Notably, despite an m/z 135.1167 ion dominated in cluster G for both zymosterol and desmosterol, a 

different structural interpretation was required for the two sterols. Structures previously proposed 

considering cholesterol (with positive charge either on C3 or on C17)49 were consistent with the 

structure of desmosterol (see Panels 1 and 2 in Scheme 2) but incompatible with that of zymosterol, 

due to the presence of the C8=C9 bond. Consequently, a new structure was proposed for the product 

ion in the case of zymosterol, including rings C and D and with the positive charge on C17 (see Panel 
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1 of Scheme 2). Prevailing ions in clusters J to O for both sterols could be interpreted considering 

structures already proposed in the case of cholesterol49 but, obviously, including the C=C bond on 

ring B between C5 and C6 for desmosterol and between C8 and C9 for zymosterol (Scheme 2, Panel 

2). Finally, prevailing ions in clusters P to T for zymosterol could not be explained considering 

cholesterol-like structures, like those proposed for desmosterol (Scheme 3, Panel 1), due to the 

presence of the C8=C9 bond. On the other hand, stigmasterol-like structures (Scheme 3, Panel 2), 

previously proposed as alternatives for desmosterol ions of clusters N to T, could be extended also to 

zymosterol, simply considering the different location of the C=C bond in ring B.

Among Δ8-sterols considered in this study, lanosterol was chosen for its unique structural 

characteristics, related to the additional methylations on C4 (two methyl groups) and C14 (Figure 1). 

Not surprisingly, a distinct abundance profile was observed in its APCI(+)-HCD-MS/MS spectrum 

(Figure 4A). Despite this, lanosterol shared spectral features with zymosterol through cluster J, 

including identical m/z values for dominant ions. Prevailing ion in clusters A and B were assigned the 

same structures proposed for desmosterol and zymosterol (Scheme 2), as they arise from parts of 

molecular structure shared by the three sterols. Notably, the structure proposed for the m/z 69.0699 

ion in Scheme 2 was the same hypothesised by Feng et al.42 when studying the fragmentation of 

lanosterol, even though the transfer of positive charge from C3 to C26 (or C27), that is fundamental 

to generate that product ion, was not discussed in their paper.

As for cluster C, the prevailing ion could not be assigned the pentacyclic structure proposed before 

in this chapter for desmosterol and zymosterol (Scheme 2, Panel 1, exact m/z 81.0699), due to the 

methylation at C14. Instead, the conjugated allylic carbocation with positive charge at C26 (Scheme 

2, Panel 1), formed via a 1,3-H transfer from C23 to C20 and cleavage of the C20–C22 bond, could 

be easily assigned also to lanosterol. As apparent from Panel 1 of Scheme 2, prevailing product ions 

in clusters from D to H of lanosterol could be nicely explained considering structures proposed for 

ions in clusters from C to G for desmosterol/zymosterol (and, previously, for cholesterol and 
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phytosterols49), all with the positive charge located on C17, just by keeping into account the mass 

shift induced by the methylation of C14. This finding provides a strong further confirmation of the 

Figure 4. APCI(+)-HCD-FTMS/MS spectra obtained using the Q Exactive mass spectrometer for the [M+H–
H2O]⁺ ions of selected sterols analyzed in this chapter: A) lanosterol; B) ergosterol; C) chalinasterol. Peak 
signals referred to product ions sharing the same number of carbon atoms but differing for the number of H 
atoms are grouped into clusters, each labelled with a capital letter. For each cluster, the experimental m/z value 
of the most abundant ion is usually indicated. The reported spectra were obtained through direct infusion 
analysis and confirmed by those resulting from spectral averaging under the respective peaks detected in 
RPLC-APCI(+)-HCD-FTMS/MS chromatograms (see text for details). HCD-FTMS/MS spectra were 
obtained at NCE = 30, with the HCD cell filled with nitrogen.
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structures previously proposed for ions of clusters C to G in sterols non methylated on C14. However, 

a further interpretation of the prevailing ion in cluster H for lanosterol (exact m/z 149.1325) could be 

found by considering the structure previously discussed for the major ion in cluster F of zymosterol 

(exact m/z 121.1012) and the double methylation on C4 (see Panel 2 of Scheme 2 and Figure A7). 

The potential existence of at least two routes for the generation of the m/z 149.1325 ion might be 

responsible for the remarkable intensity shown by its peak signal in the HCD-FTMS/MS spectrum of 

lanosterol (see Figure 4A), an almost unique feature in the MS/MS spectra of the sterols considered 

in this chapter.

A second striking feature of lanosterol's spectrum was the prominent m/z 191.1797 ion in cluster K. 

Interestingly, Mo et al.52 observed the same ion in the APCI(+)-CID-MS/MS spectrum of 

cycloartenol, which is perfectly isobaric with lanosterol, featuring two methyl groups on C4, missing 

the C=C bond between C8 and C9 and having a methylene bridge between C10 and C19 

(corresponding to the methyl group at C19 in lanosterol). Based on the structural hypothesis proposed 

by Mo et al.52, the prevailing ion in cluster K for lanosterol would correspond to the m/z 163.1481 

ion of zymosterol with two methyl groups linked to C4, resulting in an exact m/z value 191.1794 

(Scheme 2, Panel 2). However, the CID-MS3 analysis of this product ion of lanosterol, performed 

during this study using the Velos Pro linear ion trap mass spectrometer, revealed the generation of 

product ions identical to those found for the corresponding ion of cholesterol (nominal m/z 163, 149, 

135, 121, 109, 95), thus suggesting a possible alternative origin. A further structure was thus proposed 

(Scheme 2, Panel 2), involving an initial ethylene loss from the C4 dimethyl groups mediated by 

hydrogen migrations (Figure A9). This process could be fundamental to explain the formation of ions 

prevailing in clusters I and J of lanosterol (respective exact m/z 163.1481 and 175.1481), which would 

correspond to those reported for zymosterol in Panel 2 of Scheme 2. In fact, no other plausible route 

could be hypothesized for the generation of those product ions, considering the double methylation 

at C4. However, as evidenced in Scheme 2, plausible structures for product ions prevailing in clusters 

from L to P in the case of lanosterol could be obtained considering those proposed for clusters from 
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J to N of zymosterol, respectively, and taking into account the presence of two methyl groups on C4. 

This finding emphasizes that the eventual preliminary loss of those methyl groups cannot be 

generalized to the entire population of lanosterol precursor ions. Finally, as emphasized in Panel 3 of 

Scheme 3, specific structures had to be hypothesized for product ions belonging to clusters from Q 

to V detected in the HCD-FTMS/MS spectrum of lanosterol, all of which exhibiting weak peak 

signals (see Figure 4A). They arose from fragmentations involving the side chain and then ring D, 

resembling those observed for cholesterol49.

Scheme 3. Proposed structures for major product ions detected in clusters N to T and Q to V found in the 
APCI-HCD-MS/MS spectra of [M+H–H2O]+ ions of desmosterol/zymosterol and lanosterol, respectively. 
Exact m/z values are reported for all ions with four decimal places. For structures reported in Panel 2, that are 
common to desmosterol and zymosterol, the double bond inside ring B is meant to be present only in the 
respective correct position (C5-C6 and C8-C9, respectively). See text for details.
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2.3.5. Fragmentation of Δ5,7-sterols with a double bond at C22-C23: ergosterol. Ergosterol was 

selected in this study as a representative of Δ5,7-sterols. As shown in Figure 1, it features a double 

bond between C22 and C23 and a methyl group at C24, similarly to brassicasterol. The APCI(+)-

HCD-FTMS/MS spectrum of the [M+H–H2O]⁺ ion of ergosterol (exact m/z 379.3359), reported in 

Figure 4B, was dominated by the peak of cluster B at m/z 69.0708. This value is consistent with the 

exact value 69.0699, corresponding to a recurring product ion observed for sterols under HCD 

conditions (see also Ref. 49), and thus discussed also in previous sections of this chapter. As 

demonstrated in the previous chpater, considering stigmasterol pentadeuterated on its side chain and 

brassicasterol, this ion originates from the sterol side chain and is particularly prominent when a 

methyl (or ethyl) group is present at C24. In such configurations, C24 is both tertiary and allylic, 

facilitating positive charge stabilization. A plausible mechanism for its formation in the case of 

ergosterol involves a 1,3-hydrogen shift from C26 (or C27) to C24, followed by cleavage of the C23–

C24 bond. This generates a stable allylic carbocation, shown on the left in Panel 1 of Scheme 4. 

Alternatively, if positive charge is located on the tertiary carbon atom C25, a 1,3-H shift from C24' 

to C23 can yield another stable allylic/tertiary carbocation (Scheme 4, Panel 1). These processes can 

explain the high abundance of the m/z 69.0699 ion in ergosterol’s MS/MS spectrum.

The second most abundant product ion of ergosterol was detected in cluster C and its m/z value was 

consistent with the exact value 83.0855. Several structures could be proposed for this ion in the case 

of stigmasterol49; however, none of them is suitable to explain the ergosterol product ion, since this 

sterol has a methyl group, not an ethyl one, linked to C24. After evaluating multiple hypotheses, the 

structure depicted in Panel 1 of Scheme 4 emerged as the most likely. It assumes initial charge 

localization on C24 and involves two bond cleavages, between C24–C25 and C17–C20, facilitated 

by 1,3-H migrations (see Figure A10). This pathway results in a secondary/allylic carbocation. 

Furthermore, the dominant ion in cluster F (m/z 125.1325) likely serves as a precursor to the m/z 

83.0855 ion, retaining the isopropyl moiety at the end of the side chain (Figure A7).
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Scheme 4. Proposed structures for product ions generated from the [M+H–H2O]⁺ ion of ergosterol (exact m/z 
379.3359) under HCD-MS/MS conditions. Exact m/z values rounded to four decimal places are indicated for 
each ion. See text for details.

As shown in Figure 4B and corroborated by the intensity values reported in Table A1, all other 

product ions detected in the HCD-MS/MS spectrum of ergosterol fall below the 10% relative intensity 

threshold. This result suggests that the presence of conjugated double bonds in the B-ring reduces 

fragmentation along the steroidal backbone in favor of side-chain fragmentations, at least when a 

relatively high collisional energy is available, like under HCD conditions. Nevertheless, structures 

similar to those previously proposed for cholesterol49, all bearing the positive charge on C17, could 

be hypothesised for product ions including rings C and/or D that were detected in clusters C, D, E 

and G, either as leading or as secondary ions (Panel 2, Scheme 3). On the other hands, novel structural 

hypotheses were required for the dominant product ions detected in clusters E (m/z 107.0858) and G 
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(m/z 133.1010) for ergosterol. As illustrated in Panel 3 of Scheme 4, the presence of a double bond 

between C7 and C8 makes C9 an allylic and tertiary carbon atom, i.e., a viable site for positive charge 

localization. A fragmentation involving partial cleavage of ring C and elimination of the left side of 

ring A as 1,3-butadiene may thus account for the formation of B-ring related ions with exact m/z 

values 107.0855 and 133.1012 (see panel 3 of Scheme 4), consistent with experimental ones. 

Additionally, a secondary ion in cluster F (exact m/z 121.1012) may also arise from this mechanism 

(Scheme 4, Panel 3).  Product ions observed in clusters H, I, and P for ergosterol (consistent with 

exact m/z values 145.1012, 159.1168, and 253.1951, respectively) had been previously characterized 

by Munger et al.51 as typical ergosterol product ions with positive charge retention at the original 

ionization site (C3). The same structures were thus depicted in Panel 4 of Scheme 4. Finally, it was 

possible to propose plausible structures for the dominant ions in all remaining clusters in ergosterol’s 

MS/MS spectrum, also displayed in Panel 4 of Scheme 3. These ions appear to result from progressive 

side-chain detachment and subsequent fragmentation of ring D, with the charge consistently residing 

at C3.

2.3.6. Fragmentation of Δ5-sterols with a double bond at C24–C24′ (methylene group at C24): 

chalinasterol. The final sterol examined in this study was chalinasterol, an isomer of brassicasterol. 

Chalinasterol is characterized by a methylene group at C24, i.e., a C=C double bond between C24 

and C24′, whose influence on the fragmentation pattern was specifically investigated. As shown in 

Figure 4C, the APCI(+)-HCD-MS/MS spectrum of the [M+H–H2O]⁺ ion of chalinasterol (exact m/z 

381.3516) reveals a dominant peak in cluster B, consistent with the recurring exact m/z value 69.0699. 

Figure A11 emphasizes that this ion can be readily formed if the positive charge is initially localized 

on C25, a carbon that is both tertiary and allylic in the case of chalinasterol. The formation process 

involves a typical 1,3-hydrogen migration, accompanied by cleavage of the C23–C24 bond.
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For clusters C to F, the dominant ions correspond to structures proposed in the previous chapter and 

in Ref. 49 for cholesterol but also reported for stanols and lathosterol in this chapter (see Panel 3 of 

Scheme 1). These structures are appropriate here because they do not involve the side chain, where 

the unique structural feature of chalinasterol is located. Similarly, product ions dominating clusters G 

to O of chalinasterol can be explained using the same structures proposed for cholesterol and 

desmosterol (see Panel 2 of Scheme 2), since the side chain is not involved and the position of the 

C=C bond in ring B is identical.

A specific point of interest for chalinasterol is cluster P, where the ion at m/z 255.2107 slightly 

predominates. This represents a unique feature among the sterols analyzed in this study. In 

desmosterol, cluster P is dominated by an ion at m/z 257.2264, whose proposed structure is shown in 

Panel 3 of Scheme 2. However, due to differences in the side chain, this structure cannot explain the 

m/z 255.2107 ion observed for chalinasterol. One plausible structure for this ion could be obtained, 

in principle, considering the positive charge on C3 and a 1,3-hydrogen migration between C16 and 

C20, leading to cleavage of the C17–C20 bond and formation of a new C=C bond between C16 and 

C17. Mechanistically, this process should be feasible in all sterols considered so far. However, as 

evidenced in Figures 3 and 4, and also in the previous chapter and in Ref. 49, this ion was not detected 

in other sterols, suggesting that the pathway described above is not generally favored. An alternative, 

more efficient route to generate the m/z 255.2107 ion when a C=C bond is located inside the side 

chain of sterols was suggested by Munger et al.51. These Authors proposed that for sterols with a C=C 

bond at C24–C24′, such as chalinasterol (referred to in their work as 24-methylene-cholesterol), the 

m/z 255.2107 ion may arise from a retro-ene reaction. The presence of the C=C bond at C24–C24′ is 

essential for this reaction to proceed. Notably, this retro-ene process leads also to the formation of an 

intermediate product ion, which corresponds to the dominant peak observed in cluster S for 

chalinasterol (see Figure 4C). The structure of this ion is identical to that reported with the m/z label 

297.2577 A in Panel 2 of Scheme 3, consistent with a stigmasterol-like product ion.
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The structures proposed in the same panel for clusters Q to T, based on a B-ring double bond between 

C5 and C6, can be easily extended to chalinasterol. An additional noteworthy ion was detected for 

this sterol in cluster R, with a m/z value consistent with the exact one 283.2420. This product ion is 

expected to resemble the one assigned to cluster R in Panel 2 of Scheme 3 (m/z 285.2577), with the 

addition of a C=C bond between C20 and C21. 

2.3.7. Identification of sterols in baker’s yeast based on chromatographic and tandem MS data. 

To corroborate the robustness of HCD-MS/MS data obtained for standard sterol/stanols and thus 

verify the possibility of identifying these compounds in a real matrix through a combination of 

chromatographic and tandem mass spectrometric information, a sterol extract obtained from 

commercial baker’s yeast was subjected to RPLC-APCI(+)-FTMS and FTMS/MS analysis under the 

same conditions adopted in this chapter for standards. In particular, gradient elution was employed in 

a first step. FTMS spectra averaged under all peaks detected in the resulting Total Ion Current 

chromatogram were considered to evaluate the eventual presence of sterols/stanols, based on the 

detection of the m/z values of their [M+H-H2O]+ ions. As a result, m/z ratios consistent with exact 

values 367.3359, 379.3359 and 409.3829 emerged and the corresponding multi-EIC trace was 

generated (see Figure 5A).

The comparison of retention times of peaks detected in the multi-EIC trace with those previously 

found, under linear gradient conditions, for animal/fungal standard sterols (see Figure 2B) indicated 

the occurrence of zymosterol (tR = 21.9 min), ergosterol (tR = 25.1 min) and lanosterol (tR = 34.4 

min). Actually, since standard zymosterol and desmosterol were found to be co-eluting under linear 

gradient conditions, an additional analysis of the baker’s yeast extract was performed under isocratic 

conditions, like those related to Figure 2A, ensuring separation between the two sterols. As a result,  

the presence of desmosterol in the extract was excluded. This outcome was also confirmed by the 
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Figure 5. A) Multiple-extracted ion current (EIC) chromatogram obtained from the RPLC-APCI(+)-FTMS 
analysis, performed under linear gradient conditions and using the Q Exactive mass spectrometer, of the sterol 
extract of baker’s yeast. C-E) HCD-FTMS/MS spectra averaged under peaks detected, respectively, at 21.2, 
21.9, 25.1 and 34.4 min in the chromatographic trace shown in panel A. The peaks were assigned, respectively, 
to 5-a-cholesta-7,24-dien-3-b-ol (the D7-analogue of zymosterol), zymosterol, ergosterol and lanosterol. See 
text for details.
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comparison of the APCI-FTMS/MS spectrum averaged under the peak eluting at 21.9 min, shown in 

Figure 5C, with the one obtained for standard zymosterol (Figure 3E).

An excellent agreement was obtained, thus further excluding the occurrence of desmosterol, which, 

if present, would have led to an alteration of the spectral profile, due to the interference caused by its 

product ions. A very good agreement was also found between APCI-FTMS/MS spectra averaged 

under peaks eluting at 25.1 and 34.4 min (Figures 5D and 5E, respectively) and those obtained for 

standard ergosterol and lanosterol (Figures 4B and 4A), respectively, thus confirming the 

identification based on retention time alignment. 

The results discussed so far in this section highlight that the chromatographic and MS/MS information 

related to standard sterols/stanols can represent a solid base for their identification even in real 

complex matrices. Indeed, the possibility that other compounds co-extracted with sterols/stanols and 

almost isobaric with them are also co-eluted with them, thus leading to co-isolation and fragmentation 

of the respective ions, with a potential interference on the typical sterol/stanol MS/MS spectral 

profiles, is unlikely. Moreover, even if these unlikely circumstances occur, the MS/MS spectral profile 

of sterols/stanols is so characteristic, provided enough collisional energy is available, that at least a 

part of it would reasonably be not affected by the interference due to a co-eluted, isobaric non 

sterolic/stanolic compound, thus still providing useful information.

Interestingly, the multi-EIC chromatogram obtained for the baker’s yeast extract evidenced the 

presence of a weak peak eluting just before the one related to zymosterol (tR  = 21.2 min) and not 

corresponding to any of the standards considered in this chapter and in the previous one. The 

evaluation of the corresponding FTMS spectrum clearly showed that it was related to a sterol [M+H-

H2O]+ ion with the same m/z value as zymosterol. The corresponding APCI-HCD-FTMS/MS 

spectrum, reported in Figure 5B, was then considered to infer information on its structural features. 

First, a good agreement with the intra-cluster profiles of zymosterol MS/MS spectrum was obtained 

for clusters J through T, those related to the characteristics of the side chain, thus suggesting that the 

unknown compound included a side chain with a C=C bond between C24 and C25. As for the 
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steroidal backbone, key information was inferred from clusters C, D and H. in which product ions 

consistent with exact m/z 83.0855, 95.0855 and 149.1325 exhibited relevant intensities. As discussed 

before, and as further evidenced in the next section of this chapter and in Table 1, these spectral 

features are all coherent with the occurrence of a C=C bond between C7 and C8. Based on these 

considerations, the unknown sterol was tentatively assigned as the Δ7 analogue of zymosterol, 

nominally 5-alpha-cholesta-7,24-dien-3-b-ol, which is known to be a biosynthetic precursor of 

ergosterol53. As discussed before, the latter was clearly detected in the baker’s yeast extract, being a 

typical fungal sterol. Notably, chromatographic information was consistent with the tentative 

identification of the unknown sterol as the Δ7 analogue of zymosterol. Indeed, it was eluted slightly 

before zymosterol under linear gradient conditions, which also means that it would have been eluted 

slightly before desmosterol, its Δ5 analogue, if this sterol had been present, being zymosterol and 

desmosterol co-eluting under those conditions. In other words, the presumed Δ7 analogue of 

zymosterol/desmosterol exhibited a slightly lower retention time compared to its Δ5 counterpart. This 

finding is in accordance with the relative retention under linear gradient conditions of lathosterol and 

cholesterol (Δ7 vs Δ5), evidenced in this chapter, and the one of Δ7 and Δ5 avenasterols, discusses in 

the previous chapter. The procedure described for the identification of the ergosterol precursor in the 

baker’s yeast extract emphasizes how important the evaluation of MS/MS data on sterols/stanols can 

be, especially if integrated with chromatographic information, when compounds not corresponding 

to major sterols/stanols, whose standards might be unavailable, emerge from the analysis of real 

complex matrices.

2.3.8. Correlation Between Specific Product Ions and Structural Features of Major Animal, 

Fungal and Vegetal Sterols. As highlighted in Figure 1, the principal animal and fungal sterols differ 

structurally in several respects. These include variations in the composition and branching of the side 

chain, the number and positional isomerism of C=C double bonds along the steroidal backbone, and 
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the presence of additional methyl groups, such as those at C4 and C14 in the case of lanosterol. The 

systematic evaluation of their MS/MS spectral profiles, as presented in the preceding sections, 

revealed clear correlations between these molecular features and the fragmentation pathways. These 

correlations are consistent with patterns previously identified for cholesterol and the major plant 

sterols49, where relative intensities of diagnostic product ions were shown to reflect specific structural 

characteristics.

To consolidate these findings, a summary of the structure-product ion correlations inferred after 

carefully evaluating the HCD-MS/MS spectra obtained both for animal/fungal sterol considered in 

the present study and for cholesterol and phytosterols considered in the previous chapter and in Ref. 

49 is reported in Table 1. The correlations are evidenced following the increasing order of product 

ions m/z values, thus spanning clusters B through T; cluster A is not included, as its ions are not 

structurally informative. It is worth noting that the indications reported in Table 1 are those that were 

found to be consistent between animal, fungal and plant sterols/stanols when considering compounds 

with the c23ructural characteristics. In the last four columns the table also reports an indication of the 

most likely origin of a specific product ion, i.e., if it is expected to be formed at the level of the side 

chain or the steroidal backbone (in the case of lighter ions) and, from cluster H on, if its structure can 

be assimilated to the one of a product ion with the same m/z generated from cholesterol or 

stigmasterol. Table 1 might be employed as a practical tool for interpreting the MS/MS spectra of 

unknown sterols that do not match with available standards but may be present in various animal, 

fungal or vegetal matrices. In particular, the relative intensities of ions within each cluster can offer 

valuable information about the number and position of unsaturations, the structure of the side chain, 

and the occurrence of specific methylations or branching patterns.



125

Table 1.  Summary of the possible correlations between structural features of sterols and stanols, namely C=C 
bond(s) position(s) and side chain type, and intensity relationships between product ions belonging to specific 
signal clusters detected in the HCD-FTMS/MS spectra (acquired at NCE = 30) of [M+H-H2O]+ ions of standard 
animal/vegetal/fungal sterols and stanols discussed in the present chapter and in Ref. 49. The tentative 
assignment of a product ion to a specific portion of the sterol/stanol molecule or the similarity with the 
corresponding product ion previously detected in the case of cholesterol or stigmasterol49 are evidenced in the 
last four columns. Exact m/z values, rounded to four decimal places, are reported for each ion. The name 
“stanol” in the table is referred to stanols with the same side chain as cholesterol.

Cluster
Exact

m/z values

Intensity

relationships

Type of product ion and related structural features

Side chain-

related ion

A/B or C/D

rings ion

Cholesterol-

like ion

Stigmasterol-

like ion

B
69.0699 69.0699  >>  

71.0855
Δ24(24'), Δ24(25)

Δ22(23), Δ5,22(23)

Δ7

and stanols

71.0855 71.0855  >  69.0699 Δ5  with saturated 
SC

C

81.0699 81.0699  >  83.0855

Δ5  with 
saturated SC

Δ24(24'), Δ24(25),  
and stanols

83.0855
83.0855  >  81.0699

Δ22(23) alkylated

at C24

83.0855  >  50% Δ7

D 95.0855 95.0855  >  80% Δ7 and stanols

F

121.1012 121.1012  >  
123.1168

Δ5,22(23), Δ5 

and Δ7 with 
ethylene 

group at C24, 
and Δ8,24(25)

123.1168 123.1168  >  
121.1012

Δ5 and Δ7 with 
saturated SC, 

stanols,

Δ5,24(25),  Δ5  

with 
methylene 

group at C24

125.1325 125.1325  >  
123.1168

Δ5,7,22(23)

methylated at C24
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G 133.1012 133.1012  >  
135.1168 Δ5,7

H

145.1012 145.1012  >  
147.1168 Δ5,7

147.1168 147.1168  >>  
149.1325 Δ5

149.1325 149.1325  >>  
147.1168

Δ7, Δ8 and 
stanols

I

159.1168 159.1168  >  
161.1325 Δ5,7

161.1325 161.1325  >>  
163.1481 Δ5 and Δ7

163.1481 163.1481  >  
161.1325 Δ8 and stanols

J

173.1324 173.1324  >  
175.1481 Δ,22(23)

175.1481 175.1481  >>  
173.1324

Δ24(24'), Δ24(25) 

and sterols with 
saturated SC

177.1638 177.1638  >  
175.1481 stanols

K

185.1325 185.1325  >  
187.1481 Δ5,7,,22(23)

187.1481 187.1481  >  
189.1638 Δ,22(23)

189.1638 189.1638  >  
187.1481

Δ24(25), sterols 
with saturated 
SC and stanols

191.1794 191.1794  >>  
189.1638

4,4-dimethyl-
Δ8,24(25)

L

199.1481 199.1481  >  
201.1638 Δ5,7,,22(23)

201.1638 201.1638  >  
203.1794 Δ22(23)

203.1794 203.1794  ≥  
205.1951

4,4-dimethyl-
Δ8,24(25)

M 213.1638 213.1638  >  
215.1790 Δ5,7



127

217.1951 217.1951  >  
215.1790

4,4-dimethyl-Δ8 
and stanols

N

227.1794 227.1794  >  
229.1946 Δ22(23)

229.1946 229.1946  >  
227.1794

Δ5 and Δ7 with 
saturated SC,

Δ24(24') and 
Δ24(25)

231.2107 231.2107  >  
229.1946

4,4-dimethyl-
Δ8,24(25)  and 

stanols

O

239.1794 239.1794  >  
241.1951 Δ5,7,22(23)

241.1951 241.1951  >  
243.2107

Δ22(23) and 
Δ24(24') with 

ethylene group 
at C24

243.2107 243.2107  >  
241.1951

sterols with 
saturated SC, 

stanols, Δ24(24') 

with methylene 
group at C24 

and Δ24(25)

247.2420 247.2420  >  
243.2107 stanols

P

253.1951 253.1951  >  
255.2103 Δ5,7,22(23)

255.2103 255.2103  ≥  
257.2269

Δ22(23) and 
Δ24(24') with 

ethylene group 
at C24

257.2269 257.2269  >  
259.2426

sterols with 
saturated SC 
alkylated at 
C24, Δ7 with 

saturated  
unbranched SC

Δ24(25)

259.2426 259.2426  >  
257.2269

Δ5  with 
saturated 

unbranched SC

261.2577 261.2577  >  
259.2426 stanols
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R

281.2264 281.2264  >  
283.2420 Δ5,7,22(23)

283.2420 283.2420  >  
285.2577

Δ22(23) and 
Δ24(24')

285.2577 285.2577  >  
283.2420 Δ24(25)

287.2733 287.2733  >  
283.2420

sterols with

saturated SC

289.2890 289.2890  >  
287.2733 stanols

S

295.2420 295.2420  >  
297.2577 Δ5,7,22(23)

297.2577 297.2577  >  
299.2739

Δ24(24') and 
Δ24(25)

299.2733 299.2739  >  
297.2577

Δ5-with 
saturated and 

unbranched SC.

4,4-dimethyl-
Δ8,24(25)

301.2890 301.2890  >  
299.2733 Δ7-and stanols

T

309.2577 309.2577  >  
311.2733 Δ5,7,22(23)

311.2733 311.2733  >  
313.2890

Δ5,22(23), Δ5,24(24') 

and Δ24(25)

315.3046 315.3046  >  
313.2890

Δ5 with ethyl 
group at C24, 

stanols

As an additional step to emphasize the consistency of structure-fragmentation correlations reported 

in Table 1 for sterols/stanols of different origin, MS/MS data obtained for compounds considered in 

this and in the previous chapter and in Ref. 49 were subjected to a processing based on well-known 

chemometrical unsupervised approaches, namely Hierarchical Cluster Analysis (HCA) and Principal 

Components Analysis (PCA). At this aim, besides sterols/stanols considered in this study, standard 

cholesterol and phytosterols considered in Ref. 49 were subjected to DIA-APCI(+)-HCD-FTMS/MS 



129

analysis in triplicate, under the same experimental conditions. The relative intensities of product ions 

inferred from each spectrum were then stored in a dataset and HCA and PCA were performed 

considering each compound as a statistical object and each product ion as a variable, labelled with 

the corresponding nominal m/z ratio. The relative intensity obtained for each product ion in each 

spectrum was considered as its value as an input variable for HCA and PCA. The values were 

preliminarily autoscaled, then HCA and PCA were performed using the Metaboanalyst 6.0 software, 

freely accessible on the Internet (https://www.metaboanalyst.ca/). In the case of HCA, Euclidean 

distances and the Ward agglomeration algorithm were employed for clustering. The outcome of HCA, 

consisting of a double dendrogram (horizontal for objects, vertical for variables) and the 

corresponding heatmap, is reported in Figure 6. The outcome of PCA, represented by the scores and 

loadings plots, is reported in Figure A12 of the Appendix 2. 

First, the already discussed reproducibility of MS/MS spectral relative intensities can be inferred by 

the proximity of symbols corresponding to the three replicates for each compound in the PCA scores 

plot and by the generally excellent clustering of replicates for a specific sterol/stanol observed in the 

HCA dendrogram, the only exception occurring for the two stanols, due to the remarkable similarity 

of their MS/MS spectra. Moreover, as emphasized by labels added to the horizontal dendrogram in 

Figure 6, HCA on MS/MS relative intensities data was able to create clusters and sub-clusters clearly 

related to structural features. Indeed, sterols/stanols were clearly separated in the two major clusters, 

based on the nature of the side chain, i.e., saturated vs unsaturated. The cluster of compounds with a 

saturated side chain was then sub-clustered according to the saturation (stanols) or unsaturation (Δ5 

and Δ7 sterols) of the steroidal backbone. On the other hand, the major cluster of sterols with an 

unsaturated side chain was nicely sub-clustered according to the position and the number of C=C 

bonds on the steroidal backbone. Indeed, ergosterol represented a single sub-cluster, due to its unique 

double unsaturation on the backbone among the studied compounds, determining a peculiar profile 

of product ions, clearly visible in the HCA heatmap. Δ7-avenasterol was also separated as a single 

cluster, whereas the two Δ8 sterols (zymosterol and lanosterol) were surprisingly grouped together 
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despite the additional triple methylation characterizing lanosterol. This outcome suggests that the 

identical position of the C=C bond on the steroidal backbone and the identity of the side chains was 

more important in determining the fragmentation pathways of the two sterols than those methylations. 

Finally, all Δ5 sterols with unsaturated side chain were sub-clustered together in the dendrogram (see 

Figure 6), then their sub-cluster was further split in two groups, reflecting the position of the C=C 

bond on the side chain, namely, the proximity of that bond to the steroidal backbone, thus indicating 

how refined can be the influence of structural features on the profile of MS/MS spectra.

The interesting information arising from HCA was confirmed by PCA. Indeed, as emphasized in 

Figure A12, all compounds including a saturated side chain were grouped in the lower left quadrant 

of the scores plot, with scores referring to stanols being very close, as expected, although symbols 

corresponding to the respective replicated samples were not mixed like in the case of HCA. On the 

other hand, sterols with C=C bonds on the side chain were located at positive values of PC2 and then, 

once again, separated according to the position of the unsaturation on the steroidal backbone. Finally, 

as observed in the HCA dendrogram, ergosterol and D7-avenasterol were located in characteristic 

positions of the plot, due to their very specific structural features. 

The outcomes of HCA and PCA on HCD-MS/MS data strengthen the concept that an extensive 

fragmentation of sterol/stanol [M+H-H2O]+ ions, achievable by a careful tuning of the collisional 

energy, according to the available tandem MS instrumentation, can provide a remarkable amount of 

information and open interesting perspectives for the recognition of the structural features of novel 

or poorly characterized sterols in complex matrices, including vegetal ones.



131

Figure 6. Double dendrogram (horizontal for objects, vertical for variables) with heatmap obtained from the 
Hierarchical Cluster Analysis of relative intensities data referred to product ions detected in APCI(+)-HCD-
FTMS/MS spectra of animal/fungal sterols/stanol analyzed in the present study and cholesterol and 
phytosterols considered in Ref. 49. Each compound was analyzed in triplicate; thus, three small squares are 
referred to each compound at the base of the object dendrogram. Major structural characteristics related to 
groups or single compounds, namely the saturation or unsaturation of the side chain and the absence (stanols) 
or presence of C=C bonds (D) on the steroidal backbone and on the side chain are evidenced in the object 
dendrogram. Numbers reported at the end of variables rows represent the nominal m/z ratios of the 
corresponding product ions, that were used as variables for HCA.
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2.4 Conclusions

Tandem mass spectrometry under HCD conditions, applied to [M+H–H2O]⁺ ions generated via APCI, 

proved highly effective for characterizing representative animal and fungal sterols, as previously 

shown for cholesterol and major plant sterols. Despite the inherent spectral complexity, marked by 

the detection of recurring fragment clusters, a systematic interpretation was enabled by considering 

alternative locations of the positive charge with respect to the original position (C3), in particular 

allylic or tertiary carbocations. This allowed for the proposal of plausible structures for major product 

ions and revealed consistent correlations between their relative abundances and specific structural 

features, including the position of C=C bonds, side chain alkylation, and additional methylations (like 

those occurring in lanosterol). These fragmentation trends closely mirrored those previously observed 

for cholesterol and plant sterols. This consistency was confirmed by the chemometric processing, 

through HCA and PCA, of MS/MS spectral data obtained for the entire ensemble of compounds, 

including them and the animal/fungal sterol/stanols considered in this chapter. Indeed, chemometrics 

outcomes emphasized the similarity in fragmentation behaviour in the presence of common structural 

features, apart from the origin of the compounds under study. Finally, the application of RPLC-

APCI(+)-HCD-FTMS/MS analysis to the sterol extract of baker’s yeast, selected as an example of 

complex matrix, confirmed the power of MS/MS data, along with chromatographic outcomes, in 

terms of recognition of novel sterols isomeric with known ones, with a Δ7 analogue of zymosterol 

being identified along with the latter and other well-known fungal sterols.

Overall, the study described in this chapter offers a comprehensive framework for interpreting 

MS/MS spectra of diverse free sterols/stanols, paving the way for the structural elucidation of novel 

compounds of those classes in complex matrices.
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Appendix 2

Figure A1. APCI(+)-HCD-FTMS/MS spectra obtained using the Q Exactive mass spectrometer for the [M+H–
H2O]⁺ ions of sterols and stanols analyzed in this study considering a Normalized Collisional Energy (NCE) 
value equal to 10. Peak signals referred to product ions sharing the same number of carbon atoms but differing 
for the number of H atoms were grouped into clusters, each labelled with a capital letter. For the sake of clarity, 
the experimental m/z value of only one ion (usually the most abundant) is reported for each cluster.
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Figure A2. APCI(+)-HCD-FTMS/MS spectra obtained using the Q Exactive mass spectrometer for the [M+H–
H2O]⁺ ions of sterols and stanols analyzed in this study considering a NCE value equal to 50. Peak signals 
referred to product ions sharing the same number of carbon atoms but differing for the number of H atoms 
were grouped into clusters, each labelled with a capital letter. For the sake of clarity, the experimental m/z 
value of only one ion (usually the most abundant) is reported for each cluster.
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Figure A3. APCI(+)-HCD-FTMS/MS spectra obtained using the Q Exactive mass spectrometer for the [M+H–
H2O]⁺ ions of sterols and stanols analyzed in this study considering a NCE value equal to 70. Peak signals 
referred to product ions sharing the same number of carbon atoms but differing for the number of H atoms 
were grouped into clusters, each labelled with a capital letter. For the sake of clarity, the experimental m/z 
value of only one ion (usually the most abundant) is reported for each cluster.
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Figure A4. Proposed mechanism for the gas-phase formation of an A-ring-derived product ion, detected in 
cluster D, from the [M+H-H2O]+ ion of a generic Δ⁷-sterol. The process involves a retro-Diels–Alder reaction 
initiated from a structure bearing the positive charge localised at C3. The exact m/z value, rounded to four 
decimal places, is reported for the product ion.

Figure A5. Proposed mechanism for the gas-phase formation of a product ion detected in cluster D and having 
an exact m/z 95.0855 from the [M+H−H2O]⁺ ion of a generic stanol. The process involves a retro-cycloaddition 
on ring B, initiated from a structure bearing the positive charge on C3. The exact m/z value, rounded to four 
decimal places, is reported for the product ion.
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Figure A6. Proposed mechanism for the gas-phase formation of a product ion detected in cluster B in the 
APCI(+)-HCD-FTMS/MS spectra of the [M+H−H2O]⁺ ions of desmosterol and zymosterol (R = R′ = R″ = H; 
C=C bond at C5–C6 and C8–C9, respectively) and lanosterol (R = R′ = R″ = CH3; C=C bond at C8–C9). Exact 
m/z ratios are reported to four decimal places.
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Figure A7. Proposed mechanism for the gas-phase formation of product ions with exact m/z values 
149.1325/177.1638 and 121.1012/149.1325, corresponding to those observed in the APCI(+)-HCD-FTMS/MS 
spectra of the [M+H−H2O]⁺ ions of zymosterol/lanosterol. Exact m/z ratios are reported with four decimal 
places.
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Figure A8. Proposed mechanism for the gas-phase formation of a product ion detected in cluster I in the 
APCI(+)-HCD-FTMS/MS spectrum of the [M+H−H2O]⁺ ion of zymosterol. Exact m/z ratios are reported to 
four decimal places.
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Figure A9. Mechanism tentatively proposed to explain the gas-phase neutral loss of ethylene from the 
[M+H−H2O]⁺ ion of lanosterol, resulting in the replacement of the methyl groups at C4 with hydrogen atoms. 
Exact m/z ratios are reported to four decimal places.

MS/MS spectrum of the [M+H−H O]⁺ ion of ergosterol. Exact 
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Figure A11. Proposed mechanism for the gas-phase formation of the product ion detected in cluster B in the 
APCI-HCD-MS/MS spectrum of the [M+H−H2O]⁺ ion of chalinasterol. The process involves a 1,3-H 
transfer from C22 to C24. Exact m/z ratios, rounded off to the fourth decimal place, are reported.
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Figure A12. Scores and loading plots obtained from the Principal Component Analysis of relative intensities 
data referred to product ions detected in APCI(+)-HCD-FTMS/MS spectra of animal/fungal sterols/stanol 
analyzed in the present study and cholesterol and phytosterols considered in Ref. 49. Each compound was 
analyzed in triplicate; thus, three symbols are referred to each compound in the scores plot. Major structural 
characteristics related to groups or single compounds, namely the saturation or unsaturation of the side chain 
and the occurrence of C=C bonds (D) on the steroidal backbone and on the side chain are evidenced. In the 
loadings plot each point represents the tip of the vector corresponding to a variable, i.e., to a specific product 
ion, labelled by its nominal m/z ratio.
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Table A1. Summary of chromatographic resolution and selectivity values evaluated for couples of close 
sterol/stanol peaks after the RPLC-APCI(+)-FTMS analysis of their standard mixture performed under 
isocratic or linear gradient conditions (see chromatograms reported in Figure 2).

–
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FTMS/MS spectra of the [M+H−H O]⁺ ions of sterols/stanols 


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Chapter 3

Comparative quantitative study of free sterols in kale and 

broccoli raab across growth stages and processing 

conditions using RPLC-APCI-FTMS
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3.1 Introduction

As mentioned in the foreword, innovative edible plant products harvested at early developmental 

stages, compared with their commonly consumed mature counterparts, have gained increasing 

attention in the agri-food market. This growing interest arises both from their eco-sustainable 

cultivation practices and from their frequently higher content of bioactive compounds compared to 

mature vegetables1. Among these products, microgreens, i.e., tender seedlings harvested 7 to 21 days 

after sowing, once the cotyledonary leaves are expanded and the first true leaves have emerged, have 

been the major focus of research2-9. Microgreens are typically cultivated through soilless systems, 

such as hydroponics, which minimise water consumption and eliminate the need for agrochemicals, 

offering a sustainable alternative to conventional agriculture1-10-12. Extensive studies have explored 

various aspects of their production, including nutrient solution management, LED-based light 

irradiation, and biofortification strategies designed to meet specific nutritional needs2,13-24. Similarly, 

baby leaves, defined by European Regulation 752/2014 as “young leaves and petioles of any product, 

harvested up to the stage of the eighth true leaf”1, have been investigated as additional sources of 

nutraceutical compounds, often in comparison with microgreens and mature plants25-29.

Building on this background, the study described in the present chapter extends the comparative 

evaluation of the nutraceutical profiles of these innovative vegetal products to include the so-called 

micro leaves, harvested during the developmental stage characterized by the emergence of the first 

five true leaves. The research focused on kale (Brassica oleracea L. var. acephala) and broccoli raab 

(Brassica rapa L. subsp. sylvestris L. Janch. var. esculenta Hort.), both belonging to the Brassicaceae 

family, plants well known for their richness in bioactive compounds such as polyphenols and 

glucosinolates30-38.

To further assess their nutraceutical potential, attention was directed toward free sterols (FSs), owing 

to their recognized biological activity, leading to anti-inflammatory, anticancer, antidiabetic, and anti-
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obesity properties, and to the capacity of reducing serum LDL cholesterol levels, thus contributing to 

the prevention of diseases such as atherosclerosis39-41.

As discussed in the first chapter, PSs are key structural components of vegetal cells membranes, where 

they regulate permeability, fluidity, and lipid bilayer integrity, while also participating in essential 

processes like signal transduction, membrane trafficking, and cell-to-cell communication through 

plasmodesmata 41-46. They play crucial roles in plant growth and development by influencing cell 

division, elongation, and differentiation43,46,47. More than 250 PSs have been identified to date41,48. 

As emphasized in Figure 1, beside free sterols described previously, phytosterols include further 

compounds arising from reactions occurring on the hydroxyl group at C3. Indeed, this group can be 

esterified by a fatty acid to form steryl esters (SEs) or bound through a 1-O-β-glycosidic linkage to a 

hexose, generating steryl glycosides (SGs) or acylated steryl glycosides (ASGs), the latter containing 

a fatty acyl chain esterifying the hydroxyl group at the C6′ position of the sugar41,43,49,50. Given this 

structural diversity, analytical investigations often target total FSs obtained after basic hydrolysis, 

which converts SEs and ASGs into the corresponding free forms. In contrast, acid hydrolysis, though 

capable of breaking glycosidic bonds, thus promoting the conversion of SGs to FSs, is generally 

avoided because it may induce artifacts such as the generation of isomerization products51,52.

As mentioned in the first chapter, sterol structural diversity further arises from methylation at the C4 

position, leading to three major types: desmethyl-, 4α-methyl-, and 4,4-dimethylsterols41,50,53, yet, as 

4,4-dimethylsterols serve mainly as precursors of demethylated sterols, they are less abundant in plant 

tissues54. FSs are additionally classified as Δ⁵-, Δ⁷-, Δ⁵,⁷-, or Δ⁸-sterols, based on the position of double 

bond(s) within the steroidal B-ring, or as stanols when fully saturated41,44,50. As illustrated in Figure 

1 for Δ⁵-sterols (so called according to the IUPAC numbering of atoms in steroids55), the side chain 

structure provides additional variability. In particular, β-sitosterol and campesterol, the most abundant 

FSs in plants, possess a fully saturated side chain branched at C2439,43,50. Alkylation at this position, 

catalysed by sterol methyltransferase (SMT), generates both α- and β-methylated epimers, with a 

preference for α-ethylated forms43,46,56,57. Other common sterols, such as brassicasterol and 
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

stigmasterol, include a C=C double bond between C22 and C2341,43, whereas chalinasterol and 

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

known as Δ⁷-avenasterol, is also found in plants, although it is not represented in Figure 1. Several 

studies have investigated FSs in mature Brassica vegetables58-65; however, to date, only one report 

has specifically addressed their characterization in microgreens, using gas chromatography–tandem 

mass spectrometry (GC–MS/MS)66. Consequently, the RPLC-APCI-FTMS method described in the 

first chapter and in Ref. 67 was validated and systematically applied to the quantification of typical 

plant free sterols, along with cholesterol and its Δ⁷ analogue, lathosterol, in microgreens, micro leaves, 

baby leaves, and mature forms of kale and broccoli raab. Additional sterols, potentially corresponding 

to previously unreported isomers, were also observed in some samples at very low concentrations and 

tentatively identified through the evaluation of their chromatographic behaviour and MS/MS spectral 

pattern. Finally, the influence on sterol content of cultivation season for microgreens and micro 

leaves, and of cooking procedures (steaming and boiling) for mature forms was evaluated.
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3.2 Materials and methods

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

mobile phase preparation, HPLC grade chloroform (CHCl3) and ethanol (EtOH), used as solvents for 

stock solutions, HPLC grade methanol (MeOH), 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), isofucosterol (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 spectrometer 

under positive or negative polarity conditions were bought from Thermo Scientific (Waltham, MA, 

USA).

riety ‘Cima di rapa novantina’ (broccoli raab); 

, local variety ‘Cavolo riccio’ (kale). High quality seeds, with 95% 
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ordinates: 41°03′N 16°53′E), in the period from January to March 2023 (winter 

3.2.4 Sample extraction. Total FSs were extracted from freeze-dried microgreens, micro leaves, baby 

leaves, and mature 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 were weighed and 1 mL of MeOH 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, comprising both the ones originally present in the sample and those released through 
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saponification, 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 supernatants were 

then dried under a gentle stream of nitrogen at room temperature. The dry residue was reconstituted 

in 500 μL of a MeOH/CHCl3 solution (2:1 v/v). Prior to RPLC-APCI(+)-FTMS analysis, the extract 

was diluted 1:5 (v/v) with ACN and cholesterol-d6 was added as internal standard at a 10 μg/mL 

concentration.

3.2.5 Standard solutions for calibrations. Stock solutions of each standard (1 mg/mL) were 

prepared in an EtOH:CHCl3 solution (2:1 v/v). Calibration curves were constructed for β-sitosterol, 

campesterol, brassicasterol, chalinasterol, isofucosterol, Δ7-avenasterol, stigmasterol, cholesterol and 

lathosterol to quantify FSs 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 mg/mL for β-sitosterol; 0.1, 1, 5, 15, 25, and 50 mg/mL for campesterol; 

0.01, 0.1, 0.5, 1, 5 and 10 mg/mL for brassicasterol, chalinasterol, isofucosterol and Δ7-avenasterol; 

0.001, 0.01, 0.05, 0.1, 1, 5 mg/mL for stigmasterol, cholesterol and lathosterol. 

3.2.6 LC-MS instrumentation and operating conditions. Calibration solutions and plant samples 

extracts were analysed 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). FSs separation was achieved using a C18 Ascentis Express HPLC column 

(150 ⨯ 2.1mm i.d., 2.7μm particle size) (Supelco, Bellefonte, PA) 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 of B from 90% to 100%; 40-50 min, isocratic at 100% B; 50-52 min, linear 

decrease of B from 100% to 90%; 52−60 min, reconditioning at 90% B. Flow rate was set at 0.250 

mL/min and column temperature was kept at 30°C; 5 μL sample volumes were injected. The 
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parameters of the APCI interface 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 current) 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 (140000 at m/z 200); the 

Automatic Gain Control (AGC) level for the orbital trap filling was set at 1⨯106 and the maximum 

injection time was 100 ms. HCD-FTMS/MS acquisitions were performed at a 35000 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.

3.3 Results and discussion

3.3.1 Identification of sterols by RPLC-APCI(+)-FTMS and FTMS/MS analysis. The developed 

RPLC-APCI(+)-FTMS method provided a comprehensive profile of FSs for all the vegetal products 

of interest. As an example, single or multiple Extracted Ion Current (EIC) chromatograms 

corresponding to monoisotopic m/z values of FS [M+H–H2O]+ ions detected in the kale microgreens 

extract are reported in Figure 2, with labels indicating either sterols recognized through comparison 

with standards or the respective steryl glycosides (SG). 

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 sterols67,68. 

Although more characteristic of animal cells, the presence of lathosterol and cholesterol is not 

unexpected, as these sterols have been previously detected in mature Brassica vegetables as well as 
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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: 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, isofucosterol (Δ5-avenasterol) and stigmasterol. Labelled peaks correspond to FSs 
identified using authentic standards; peaks at earlier retention times correspond to the related SGs. Underlined 
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 correspond to 
sterols tentatively identified based on combined chromatographic and mass spectrometric data (see text for 
details).

in kale and broccoli raab microgreens64,66; moreover, cholesterol typically represents about 1% of the 

total PSs content44,69. Besides those of campesterol and β-sitosterol, two further peaks were observed, 
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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 eluting earlier due to the presence of the polar sugar moiety, 

that 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 sterols, as confirmed also by their HCD-MS/MS spectra (data not shown). Chalinasterol and 

brassicasterol were readily recognized in the EIC chromatogram obtained for m/z 381.3516, while 

peaks eluting 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 were found to correspond to product ions 

resulting from the [M+H–H2O]+ ions of campesterol and b-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 recognized 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 actually 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 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).

The investigations on phytosterols and animal/fungal sterols described in the first two chapters of this 

thesis and in Refs 67 and 68 demonstrated the existence of several diagnostic correlations between 

relative intensities of product ions detected in HCD-MS/MS spectra and important structural features, 
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including the number and position of double bonds on the B ring and the characteristics (unsaturation, 

branching) of the side chain. APCI-HCD-MS/MS spectra were therefore carefully averaged under 

peaks detected in the EIC chromatograms of Figure 2 that could not be identified through comparison 

with major sterol standards; the resulting spectra are presented in Figure 3. By analogy with the 

approach adopted in the first two chpaters, signals of ions sharing the same number of carbon atoms 

and differing only in hydrogen content were grouped within a single cluster, designated by a capital 

letter. 

The species corresponding to an exact m/z 381.3516 and eluting after 24.9 min exhibited a 0.8 min 

shift towards lower retention times compared to chalinasterol. By analogy with the chromatographic 

behaviour of sterol pairs lathosterol/cholesterol and D7-avenasterol/isofucosterol, this feature 

suggested that it might correspond to the Δ7 analogue of chalinasterol. This hypothesis was supported 

by the corresponding HCD-MS/MS spectrum (Figure 3A). Indeed, the high intensity observed in the 

respective clusters for product ions detected at m/z 69.0708 (cluster B), 149.1323 (cluster H), 

161.1321 (cluster I) and 297.2568 (cluster S) was consistent with the typical fragmentative behaviour 

of D7-sterols67,68,70. Moreover, the intensity profiles of clusters J-R and T-U, which are diagnostic for 

the position of the C=C double bond on the side chain67,68, matched those found in the HCD-MS/MS 

spectrum of chalinasterol68, thereby confirming its location between C24 and C24’. Notably, a D7 

analogue of chalinasterol, known as episterol (24-methylene-cholest-7-en-3β-ol), emerged from the 

search in the LipidMaps database.

The HCD-MS/MS spectrum obtained for the sterol generating an m/z 381.3516 ion in the APCI source 

and eluting after 27.2 min (Figure 2C) is shown in Figure 3B. Considering the effect of the side 

chain C=C bond on the retention on the C18 stationary phase, evidenced before in this thesis for 

sterols, the elution of this sterol between chalinasterol and brassicasterol, which include a C=C bond 

between C24 and C24’ and between C22 and C23, respectively, suggested the presence of a C=C 

bond between C23 and C24. The structure of 24-methylcholesta-5,23E-dien-3β-ol, reported in the 

LipidMaps database, is consistent with this hypothesis. The relevant intensity of product ions at 
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Figure 3. APCI(+)-HCD-FTMS/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, B and C) 
and 395.3672 (plots D and E) upon RPLC-APCI-FTMS 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 reported.
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m/z 147.1166 and 161.1321 in the respective clusters (H and I) of the HCD-MS/MS spectrum (Figure 

3B) supported the presence of a C=C bond between C5 and C6 on ring B67,68. Additionally, the slight 

predominance of the m/z 83.0861 ion over the one at m/z 81.0705 in cluster C was consistent with the 

occurrence of a fragmentation pathway ultimately leading to an allylic carbocation (exact m/z 

83.0855) and favoured by the presence of a C=C bond between C23 and C24, as depicted in Figure 

A1 of Appendix 3.

The last chromatographic peak observed in the EIC trace for m/z 381.3516 and not identifiable 

through comparison with standards was eluted after 30.9 min, i.e., close to that of brassicasterol 

(Figure 2C). This behaviour suggested a strong structural similarity with the latter at the level of side 

chain; thus, the sterol was tentatively identified as the α epimer of brassicasterol, which is listed in 

the LipidMaps database as campesta-5,22E-dien-3β-ol, also known as 24-epibrassicasterol or 

crinosterol. The hypothesis was confirmed by the remarkable similarity observed between the HCD-

MS/MS spectrum of the unknown sterol (Figure 3C) and that obtained for brassicasterol (see Figure 

4 in Chapter 1). Notably, nearly identical HCD-MS/MS spectra were obtained also for the epimeric 

stanols cholestanol and coprostanol. Furthermore, previous studies indicated that  epimers of sterols 

are eluted before the corresponding  epimers on a C18 stationary phase71–73. 

Turning to the EIC chromatogram obtained for m/z 395.3672 (Figure 2D), two peaks not 

corresponding to any of the available sterol standards were considered for a tentative identification. 

The peak eluting at 29.2 min exhibited the HCD-MS/MS spectrum shown in Figure 3D. Diagnostic 

ions identified for 4,4-dimethyl-Δ8-sterols considering lanosterol as a model (see Chapter 2), such as 

those prevailing in clusters H, I, K, M and N, at m/z 149.1323, 163.1475, 191.1797, 217.1954 and 

231.2110, respectively, were clearly detected. In contrast to lanosterol, no peak signal at m/z 339.3052 

(i.e., in cluster V), which would correspond to the carbocation of a 8 steroidal backbone methylated 

twice on C4 and once on C14, was observed for the unknown sterol. Regarding the side chain of the 

unknown sterol, product ions prevailing in clusters J-S indicated the presence of a C=C bond between 
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C24 and C25, based on previously described fragmentation trends. By combining the information 

retrieved from the HCD-MS/MS spectrum with a search on the LipidMaps database, based on the m/z 

value found of its [M+H-H2O]+ ion, the sterol eluting at 29.2 min was tentatively identified as 14-

demethyl-lanosterol, also known as 4,4-dimethylzymosterol or 4,4-dimethyl-5α-cholesta-8,24-dien-

3β-ol. This assignment was also supported chromatographically: comparison with retention times 

previously observed under identical conditions for zymosterol and lanosterol indicated that 14-

demethyl-lanosterol is eluted between these sterols. This finding reflects the retention order Δ8-sterol 

< 4,4-dimethyl-Δ8-sterol < 4,4,14-trimethyl-Δ8-sterol, which is consistent with the increased 

hydrophobicity resulting from additional methylations on the steroidal backbone. 

The final unidentified peak in the EIC chromatogram for m/z 395.3672 was eluted at 30.2 min (Figure 

2D). The corresponding HCD-MS/MS spectrum (Figure 3E) exhibited prevailing product ions in 

clusters H and I at m/z 147.1166 and 161.1321, respectively, a feature previously recognized for 5-

sterols (see Chapters 1 and 2 and Refs 67-70). A key for identifying the side chain was provided by 

the prevailing ion in cluster T, at m/z 313.2880. This feature was not consistent with the side chain 

structure of stigmasterol and isofucosterol, including an ethyl moiety linked to C24 and a C=C bond 

(in the former case located within that moiety), although the m/z value of the precursor ion and the 

detection of prevailing product ions at m/z 325.2890 and 339.3046 in clusters U and V, respectively, 

were consistent with them. Δ5,24-stigmastadienol, which includes an ethyl moiety at C24 and a C=C 

bond between C24 and C25 was therefore considered as a possible assignment for the unknown sterol. 

This hypothesis was confirmed by the clear predominance of the m/z 255.2107 ion in cluster P (Figure 

3E), a feature differing from those previously found for other sterols in this cluster. As illustrated in 

Figure A2, the concurrent presence of an ethyl moiety at C24 and a C=C bond between C24 and C25 

can facilitate a specific fragmentation pathway leading to a product ion with exact m/z 255.2107, 

involving a 1,5 H-transfer from C16 to C23.

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

chalinasterol has been previously detected in vegetal matrices only in Cucurbitaceae plants74–76 and, 
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to the best of our knowledge, episterol and 24-epibrassicasterol, sterols found in fungi and algae 

respectively77,78, have never been identified in vegetables. Similarly, while 14-demethyl-lanosterol is 

a free sterol typically found in fungi79, Δ5,24-stigmastadienol has been identified so far only in plants 

belonging to Graminaceae80, Fabaceae81 and Solanaceae82 families, but never in Brassicaceae. 

Therefore, the RPLC-APCI-FTMS/MS approach adopted during this thesis work enabled 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.

3.3.2 Quantification of sterols: method development and validation. As a first step towards the 

quantification of sterols in vegetal products, six-levels external calibration was performed on the set 

of sterol standards considered in the present study. The analytical response was obtained from the 

EIC peak areas, normalized by the peak area of the internal standard (cholesterol-d6). As evidenced 

in Table 1,  response 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 intercept and b is the slope of calibration line83, 

ranged between 0.03 and 2 g/mL (LOD) and between 0.11 and 7 g/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, micro leaves, baby leaves 

and mature forms of both kale and broccoli raab to reach the third and the sixth calibration level. 

Three spiking replicates were considered in each case, and the matrix effect was calculated according 

to this equation:  ݊ܽ݁ݎܽ ݇ܽ݁݌ ݀݁ݖ݈݅ܽ݉ݎ݋௟௘௩௘௟ 6 (௢௥ 3) ௠௔௧௥௜௫ −    ௟௘௩௘௟ 6 (௢௥ 3) ௦௢௟௩௘௡௧ܽ݁ݎܽ ݇ܽ݁݌ ݀݁ݖ݈݅ܽ݉ݎ݋௟௘௩௘௟ 0 ௠௔௧௥௜௫݊ܽ݁ݎܽ ݇ܽ݁݌ ݀݁ݖ݈݅ܽ݉ݎ݋݊ 
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Table 1. Summary data concerning 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.

(μg/mL) (μg/mL) (μg/mL)
β

Δ

Here, the normalized peak area referred to level 0 in the matrix correspond to the response obtained 

for the non-spiked extract, reflecting the sterol originally present in the sample. Values between 90 

and 110% were obtained for all sterols, indicating negligible matrix effects were in all the matrices 

of interest. 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 structurally similar sterols eluting at comparable 

retention times, thus under similar mobile phase conditions, assuming comparable ionization 

efficiencies and sensitivities. Specifically, episterol and 24-methylcholesta-5,23-dien-3β-ol were 

quantified using the chalinasterol calibration line; brassicasterol’s calibration was used for 24-epi-

brassicasterol, and 14-demethyl-lanosterol and Δ5,24-stigmastadienol were quantified using that of 

isofucosterol.

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 MeOH/CHCl3 solution (2:1 v/v). Before RPLC-APCI(+)-FTMS analysis, the solutions 

were diluted 1:5 (v/v) with ACN and cholesterol-d6 was added as the internal standard (IS) at a 10 
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μg/mL final concentration. The IS-normalized EIC peak area of each sterol for each extraction step 

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

obtained after three extraction steps. Average percentual recovery values obtained after each 

extraction step, reported in Figure A3, 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 recoveries 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 the Materials and 

Methods section.

–
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β

Δ

3.3.3 RPLC-APCI-FTMS-based quantification of free sterols in microgreens, micro leaves, 

baby leaves and adult plants of kale and broccoli raab cultivated in the winter growing cycle. 

In a first step, free sterols were quantified in microgreens, micro leaves, baby leaves, and mature 

forms of both kale and broccoli raab grown in the winter season (January–March), as this represents 

the typical cultivation period for mature forms. Five aliquots of freeze-dried material were separately 

sampled for each product type and subjected to sterol extraction followed by RPLC-APCI-FTMS 

analysis. Quantification was performed for each extract using external calibration as described in the 

previous section, and average concentrations were expressed as mg per 100 g of fresh weight (FW), 

accounting for water loss during freeze-drying of a specific quantity of fresh product. The resulting 
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data, expressed as 95% confidence intervals centered on means, are reported in Table 3 and visualized 

as bar graphs in Figure A4 in the appendix to this chapter. Stacked bar graphs were generated from 

these data to compare total sterol content in the four product types for each Brassica plant (Figure 

4). Error bars in the figure represent the half-width of 95% confidence intervals centred on average 

total contents, calculated through error propagation from those referring to average contents of 

individual sterols.

Table 3. Concentrations of free sterols (mg/100 g fresh weight, FW) obtained by RPLC-APCI-FTMS analysis 
of extracts of microgreens, micro leaves, baby leaves and mature plants of kale and broccoli raab. Data 
represent 95% confidence intervals for mean concentrations (n = 5).

β

Δ

In accordance with literature data on plant sterols39,43,50, including those for Brassicaceae 

plants39,59,61,63,64,66, β-sitosterol, followed by campesterol, exhibited the highest content in all products 

examined in this thesis work. As mentioned before, only 24-epibrassicasterol could be quantified, at 

least in microgreens, among sterols identified through chromatographic and MS/MS information. 

Despite being generally considered the third most abundant free sterol in plants39,43,50, stigmasterol 

always exhibited concentrations lower than LOD, therefore it is not included in Table 3. Notably, the 

same result was recently obtained for adult forms of both kale and broccoli raab by Castellaneta et 

al.66, and low stigmasterol amounts were also reported in the literature for several cruciferous 

vegetables59,61,63–65. Isofucosterol ranked as the third most concentrated sterol, whereas its positional 

isomer, 7-avenasterol, was present at much lower concentrations. Unsurprisingly, cholesterol and 

chalinasterol, typically considered animal sterols, exhibited low concentrations, even falling below 
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LOD values in the case of mature kale. Lathosterol was also detected but not quantifiable in any 

product examined. 

Specific considerations apply to brassicasterol and its epimer 24-epibrassicasterol, which could be 

quantified only in microgreens of both plants, thus indicating a sharp decrease in their abundance 

during plant growth. Remarkably, small amounts of brassicasterol have generally been reported for 

mature cruciferous plants63,64,66.

Figure 4. Stacked-bar graphs illustrating the concentrations of free sterols (FSs) found in different growth 
stages of kale and broccoli raab. Concentrations are expressed in mg/100g of fresh weight (FW). Error bars, 
calculated by uncertainty propagation, represent the 95% confidence intervals for the total sterol concentrations 
reported for each product.

Data reported in Table 3 also reveal a generally higher variability in the sterol content of mature kale 

and broccoli raab, clearly emphasized by error bars in Figure A4. This result may reflect a greater 

variability in cultivation conditions (e.g., soil type, climatic conditions, insect activity) when 

cultivation is conducted in the field, considering that changes in sterol contents allow plants to adapt 

to environmental stress conditions84. It may also depend on the intrinsic variation of the sterol content 

across different parts of mature forms, since all the edible parts of both plants (including small 

inflorescences in the case of broccoli raab) were subjected to freeze-drying and sterol extraction. 

Notably, Lu et al.85 evidenced significant differences in the sterol content of bamboo shoots 
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depending on the plant parts and the harvest season. Roche et al.86 found a remarkable increase in 

total sterol concentration in sunflower when seed formation occurred under higher temperatures.

Based on the results described so far and on the knowledge available on sterol biosynthetic 

pathways43,68,87, it could be hypothesized that the C22-desaturase enzyme, which converts β-sitosterol 

into stigmasterol and campesterol in brassicasterol and 24-epibrassicasterol, is progressively inhibited 

in kale and broccoli raab during growth. Moreover, the Δ24-reductase enzyme, which catalyses the 

conversion of isofucosterol to β-sitosterol and of chalinasterol to campesterol, appears to exhibit 

higher activity in mature kale products.

From a nutraceutical perspective, data reported in Figure 4 suggest that microgreens and mature 

forms contain similar total free sterol contents, although microgreens exhibit greater diversification 

in their profile. In contrast, total sterol content is progressively decreased in microleaves and baby 

leaves. As for broccoli raab, micro leaves can be considered comparable to mature forms in terms of 

total content and diversification, whereas microgreens and baby leaves include lower total sterol 

amounts. Importantly, data reported in Table 3 and Figure 4 refer to raw products; however, mature 

kale and broccoli raab are typically cooked before consumption and this may have an impact on the 

actual sterol content available to consumers (vide infra).

To emphasize differences in terms of sterol profile observed among different products of the same 

plant, quantitative data were used, after autoscaling, as input variables for principal component 

Analysis (PCA). The resulting scores and loading plots are shown in Figure 5, in which 95% 

confidence regions for the four product types are also depicted. In the case of kale products (Figures 

5A and 5B) PC1, accounting for 82.4% of variance, clearly separated the most distant phenological 

stages, i.e., mature forms, strongly associated with Δ7-avenasterol and β-sitosterol, and microgreens, 

characterized by a higher incidence of all the other 5-sterols. Micro and baby leaves occupied 

intermediate positions and co-clustered due to their greater similarity, although micro leaves sub-

clustered more tightly. As evidenced in Figure 5C, representing the score plot for PC1 and PC2 

referred to broccoli raab, mature forms were clearly distinguished from microgreens, although 
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separation occurred along PC2. The loadings plot (Figure 5D) emphasizes the similarity with kale in 

terms of higher incidence of brassicasterol and 24-epibrassicasterol in microgreen. A notable 

difference, however, is the substantially higher cholesterol concentration in mature broccoli raab 

compared to all other products, including microgreens. As for kale, micro leaves and baby leaves 

samples clustered together in the PCA score plot, with a similarly tight sub-clustering of microleaves 

samples. 

Figure 5. 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, micro 
leaves, baby leaves and adult plants.
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The higher incidence of brassicasterol and 24-epibrassicasterol in microgreens of both kale and 

broccoli raab may suggest an increased fluidity of their cell membranes. Indeed, the two sterols 

include a trans C=C bond at C22, like stigmasterol, and this structural feature has been reported to 

weaken van der Waals interactions with membrane lipids hydrocarbon chains, resulting in more fluid 

membranes41. Conversely, β-sitosterol, which is essential for maintaining cell rigidity and 

permeability41,43,47, is more abundant in mature forms, consistently with the need for greater tissue 

strength. The higher cholesterol incidence in mature broccoli raab deserves further investigation, as 

cholesterol not only plays a critical role in abiotic stress response84 but also act as a precursor of other 

bioactive substances like steroidal alkaloids and saponins50.

3.3.4 Effect of cultivation season on the FS content in microgreens and micro leaves. The 

potential influence of the cultivation season on sterol content was evaluated in this study for 

microgreens and micro leaves of kale and broccoli raab, by also including products grown and 

harvested during spring. The 95% confidence intervals of sterol concentrations (n = 3), expressed in 

mg per 100 g of FW, obtained from RPLC-APCI-FTMS analyses are reported in Table 4. Values 

significantly different (p < 0.05, t-test) from those measured in products grown and harvested in 

winter are highlighted in bold in the table. A direct visual comparison with the corresponding winter 

data is provided in Figure A6.

As shown in Table 4, no significant seasonal variation was observed for kale and broccoli raab 

microgreens, except for a slight decrease in cholesterol and a modest increase in chalinasterol. In 

contrast, the micro leaves of both species exhibited a significant reduction in the two predominant 

sterols, β-sitosterol and campesterol. In the case of broccoli raab, these decreases extended to nearly 

all detected sterols, showing a generalized statistically significant reduction in total sterol content. As 

also observed for winter-grown micro leaves, brassicasterol and 24-epi-brassicasterol remained below 

their respective LOD values. Since all the analysed products were cultivated without artificial heating, 

the higher abundance of free sterols in micro leaves grown during winter might reflect a physiological 
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response to low-temperature exposure, a process known as cold acclimation, previously reported to 

increase the levels of unsaturated fatty acids and sterols, particularly 24-ethyl-sterols46,84. Indeed, as 

shown in Figure A6, reporting average, maximum and minimum daily values recorded inside the 

greenhouse during the two cultivation cycles, the average daily temperature generally ranged between 

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

Table 4. Free sterol contents (mg/100 g FW) found in microgreens (MG) and micro leaves (ML) of kale and 
broccoli raab cultivated during the spring cycle. 95% confidence intervals centred on mean concentrations (n = 
3) are reported. Bold values indicate concentrations significantly different from those of the same product types 
grown in the winter season.

β Δ

The adaptive effect to temperature appears to be considerably less pronounced in microgreens, thus 

suggesting that the winter cultivation of kale and broccoli raab microgreens and micro leaves, besides 

aligning with the natural growth season of their mature counterparts, may be advantageous in terms 

of free sterol content.

3.3.5 Quantification of FSs 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 are typically 

consumed after cooking, raising concerns that part of the sterol content present in raw tissues might 

be lost through thermal degradation. To evaluate the extent of this effect, mature plants of both species 

were subjected to two common cooking procedures, steaming and boiling in water, with three 

replicates considered for each condition (see Section A2 in the appendix). After cooking, samples 

were freeze-dried prior to sterol extraction and RPLC-APCI-FTMS analysis, following the same 
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analytical workflow adopted for raw plants. Stacked-bar plots of the resulting average 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 6, where they are also compared with data referring to raw mature forms (total 

sterol concentrations of cooked samples are also reported in tabular form in Table A1). Data on 

brassicasterol and its epimer were excluded, as their concentrations consistently fell below the LOD 

in cooked samples, in agreement with observations made on raw forms.

As inferred from Table A1, the two cooking methods generally produced comparable results in terms 

of final concentrations of single/total sterols in the two plants. In both cases, similar total FS 

concentrations were observed for raw and steamed samples, whereas a modest, statistically non-

significant decrease or increase was observed for boiled kale and broccoli raab, respectively (Figure 

6). Although unexpected, the increase observed in boiled broccoli raab aligns with findings reported 

for boiled forms of other cruciferous vegetables with similarly leathery tissues, such as broccoli and 

cabbage59,62 and might be explained with a facilitated release of small additional amounts of sterols 

in the extraction solvent from less accessible membrane domains when boiled vegetables are 

considered. 

 
Figure 6. Stacked bar 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 of fresh weight (FW) and represent mean 
values obtained from three replicates. Error bars, derived by uncertainty propagation, indicate 95% confidence 
intervals for the total sterol concentrations reported for each product.
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Notably, boiling is the more common cooking method adopted for the preparation of broccoli raab - 

based traditional dishes (e.g., Orecchiette e cime di rapa) in Southern Italy, where boiled vegetables 

represent a relevant component of the Mediterranean Diet88.

Integrating the results obtained for microgreens, micro leaves and baby leaves (in particular, those 

cultivated in the winter cycle) with data collected for raw and cooked mature kale and broccoli raab, 

some general considerations can be drawn regarding the potential of those innovative Brassicaceae 

products as dietary sources of free sterols. In the case of kale, microgreens and micro leaves contained 

sterol amounts comparable to those of cooked mature forms, with the added benefit of a more 

diversified FS profile (see Figure 4). In broccoli raab, micro leaves exhibited the highest total FS 

concentration among the innovative products, only slightly lower than that of cooked mature plants. 

Therefore, despite their different culinary use, since they are ready-to-eat vegetables, those innovative 

products can be regarded as valuable sources of bioactive sterols. The consumption of 100 g of kale 

microgreens or broccoli raab micro leaves, e.g., as a salad or fresh side dish, would supply 

approximately 20–25 mg of total FSs, corresponding to about 10% of the average daily intake 

estimated for a non-vegetarian diet89. The quantitative results obtained for free sterols could thus also 

contribute to the development of a Nutritional Quality Score for Brassicaceae innovative products, 

accounting for the relative dietary contribution of both macronutrients and micronutrients, including 

phytosterols, by analogy with an approach recently applied to certain Asteraceae products90.

Considering both the nutritional aspects and the environmental advantages associated with their more 

sustainable cultivation, kale and broccoli raab innovative products, particularly microgreens and 

micro leaves, represent a promising alternative to their mature counterparts.

3.4 Conclusions 
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Appendix 3

Section A1. Details on the cultivation of kale and broccoli raab microgreens, micro leaves and 

baby leaves . Plants were grown in plastic trays (microgreens) or pots (micro leaves and baby leaves) 

filled with a peat-based commercial growing media (Brill® 3 Special). The seeds were uniformly 

broadcasted on the surface of the growing media using a seeding density of 4 seeds/cm2 for 

microgreens, 0.076 seeds/cm2 for micro leaves and 0.038 seeds/cm2 for baby leaves. During the first 

4 days, trays and pots were covered with plastic film for seed germination. On day five, the seedlings 

were exposed to light inside the greenhouse. Trays and pots were irrigated every day using rainwater 

until the germination was complete. In both cycles, after germination, trays and pots were fertigated 

with a half-strength Hoagland nutrient solution with two interventions per day. For microgreens, 

plants were harvested at the first true-leaf stage. In the first cultivation cycle, broccoli raab and kale 

microgreens were harvested 18 and 25 days after sowing, respectively; in the second cycle they were 

harvested 16 and 18 days after sowing, respectively. For micro leaves, plants were harvested at the 

4–5 true-leaf stage; in the first cycle broccoli raab and kale were harvested 36 and 44 days after 

sowing, respectively; in the second cycle harvests occurred at 29 and 30 days after sowing, 

respectively. Baby leaves were grown only during the winter cycle and harvested at the 7-8 true leaf 

stage, corresponding to 49 and 58 days after sowing for broccoli raab and kale, respectively.

Section A2. Details on the cultivation and cooking of mature forms of kale and broccoli raab. 

Kale and broccoli raab plants were cultivated until they reached the mature form using first an N-

based fertilizer, to promote the development and strengthening, and then with a K-based fertilizer, to 

promote fruiting, while the irrigation was carried out every other day with about 10 L of water. After 

harvest, plants were washed with tap water, blotted dry with paper towels and cut to obtain edible 

portions. In particular, plants for each genotype were mixed, with 1350 g being taken and divided up 
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into three portions (450 g for each application). One portion was retained raw, while the others were 

cooked in two different ways. In the first case (boiling) vegetables were boiled in a steel pot with 

distilled water (99 ± 1 ◦C) at a sample weight/water volume ratio of 1:7 for 5 min. The boiled samples 

were drained off and rapidly cooled on ice. In the second case (steaming) vegetables were placed on 

a tray in a steam cooker (VC 101 630, Tefal, Milan, Italy), covered with a lid and cooked with water 

vapour (99 ± 1 ◦C) under atmospheric pressure for 10 min. Cooking conditions were determined with 

a preliminary experiment. Three treatment series for each application (about 150 g of vegetable) were 

prepared in order to provide independent replicates for each cooking method and for the uncooked 

samples.
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Figure A1. 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-FTMS/MS spectrum of the sterol eluting 
at 27.2 min in the EIC chromatogram obtained for  m/z 381.3516 upon RPLC-APCI(+)-FTMS 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 details). Exact monoisotopic m/z ratios, rounded off to 
the fourth decimal place, are reported.

Figure A2. 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-FTMS/MS spectrum of the sterol eluting 
at 30.2 min in the EIC chromatogram obtained for m/z 395.3672 upon RPLC-APCI(+)-FTMS 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.
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Figure A3: Stacked-bar graph reporting the average cumulative percentual recovery (n = 3) of main sterols 
detected in kale microgreens evaluated after each of three successive extraction steps. 
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Figure A4: Bar graphs showing average concentrations of specific free sterols in winter-cultivated kale (green 
bars) and broccoli raab (blue bars) at different growth stages: microgreens, micro leaves, baby leaves and adult 
plants. Values are expressed as mg per 100 g fresh weight (FW), with error bars representing 95% confidence 
intervals (n = 5 biological replicates per product type).

β

Δ



197

        

        

        

        
Figure A5: Bar graphs showing average free sterol concentrations (mg/100g FW) in microgreens and micro 
leaves of kale and broccoli raab grown in winter (blue bars) and spring (green bars). Error bars represent 95% 
confidence intervals (n = 5 biological replicates).
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Figure A6. Average, minimum and maximum temperatures recorded inside the greenhouse during the two 
growing cycles (winter: January 9-March 9, 2023; spring: March 21-May 9, 2023) adopted for the cultivation 
of microgreens and micro leaves of kale and broccoli raab.

Table A1. Free sterol contents (mg/100 g FW) of mature kale and broccoli raab after steaming or boiling in 
water. Values represent 95% confidence intervals centred on means (n = 3).

β Δ

winter spring
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Chapter 4

Quantification of carotenoids and α-tocopherol in innovative 

and conventional Brassica vegetables by RPLC-APCI-

FTMS 
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4.1. Introduction

Carotenoids and α-tocopherol stand out among secondary vegetal metabolites for their essential role 

in plant physiology and, when introduced through diet, also in human health1–3. Carotenoids are 

liposoluble compounds synthesized by photosynthetic organisms, mainly plants, where they 

accumulate in different cellular compartments according to their function. In the chromoplasts of non-

photosynthetic tissues, carotenoids impart colour that attracts pollinating insects. Additionally, they 

assist photosynthesis in the chloroplasts of photosynthetic tissues by acting as light collectors while, 

under conditions of excess energy, they activate the xanthophyll cycle and act as photoprotectors, 

inhibiting the formation of singlet oxygen and thus preserving lipids and membrane proteins from 

oxidative damage2,4–7. Like carotenoids, α-tocopherol is biosynthesized by eukaryotic organisms, 

essentially plants, and it is found in the membrane and plastoglobuli of chloroplasts. Inside plants, α-

tocopherol regulates membrane fluidity and permeability, similarly to cholesterol in animal cells, and 

also exerts a powerful antioxidant action by protecting lipids from peroxidation caused by reactive 

oxygen species (ROS), modulating their accumulation3,8,9. 

From a chemical point of view, carotenoids are tetraterpenoids arising from the condensation of eight 

isoprene units, which constitute their all-trans conjugated acyclic backbone4,10,11. This structure is 

modified by several enzymatic processes such as cyclization at one or both ends, hydrogenation, 

dehydrogenation, chain modifications, isomerization and oxidation10,11. In cyclic carotenoids, the 

polyene chain is provided with end groups (e.g., β, ε, ψ, γ, φ, χ, κ) that modulate the conjugation 

length and, consequently, their antioxidant activity, as well as their spectroscopic and chemical 

properties1,12. In fact, through the extended conjugate system of π electrons, carotenoids are able to 

scavenge ROS, including singlet oxygen and peroxyl radicals13–16; the polyenic chain ensures the 

characteristic absorption in the visible region but, contextually, makes carotenoids prone to 

degradation reactions2,4,10. According to their elemental composition, carotenoids are divided into 

carotenes, i.e. hydrocarbon compounds, and xanthophylls, which contain oxygenated functional 
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groups, including hydroxyl, epoxy and carbonyl ones, that modulate their polarity as well as their role 

in plant cell membranes2,13,17. 

The structures of the most relevant plant carotenoids including cyclic moieties, in terms of abundance 

and bioactivity, are reported in Figure 1. β-carotene, whose carbon atoms are numbered in the figure 

according to International Union of Pure and Applied Chemistry (IUPAC) rules11, includes a central 

polyenic chain and two β-end groups. β-carotene is the predominant carotenoid in coloured fruits and 

vegetables and, due its 11 conjugated C=C double bonds, exhibits a strong antioxidant activity16,18 . 

Figure 1. Chemical structures of the most representative carotenoids occurring in plants. β-Carotene, taken as 
a model compound for the carotene subclass, was numbered according to IUPAC recommendations, 
highlighting the characteristic conjugated polyenic chain and the two β end-groups. Representative 
xanthophylls are also illustrated, including isomeric β-cryptoxanthin, zeaxanthin and lutein (the latter 
characterized by the presence of an ε end-group), as well as the epoxy xanthophylls antheraxanthin, 
violaxanthin and 9-cis-neoxanthin.
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The corresponding hydroxylated xanthophylls are β-cryptoxanthin and zeaxanthin, which share the 

same polyene chain and include an -OH group on one or both β-end groups, respectively. Lutein, one 

of the most important isomers of zeaxanthin, is characterized by the presence of a β- and an ε-end 

group, the latter partially interrupting conjugation. Lutein represents 50% of total carotenoids in 

chloroplasts and it is the most abundant carotenoid in leaves and green vegetables6,10. Epoxy 

xanthophylls include antheraxanthin and violaxanthin which, along with zeaxanthin, are involved in 

the xanthophyll cycle4,19. Finally, 9-cis-neoxanthin is an hydroxyl-epoxy xanthophyll, also known as 

photosynthetic xanthophyll, since it plays a fundamental role to transfer energy to chlorophyll in 

reaction center6,20.

α-tocopherol is an amphipathic molecule belonging to the group of isoprenoid chromanols and 

consisting of the hydrophilic chromanol ring and a liposoluble phytyl side chain3. Figure 2 illustrates 

the prevailing form of α-tocopherol in nature, also numbered according to IUPAC rules21. It is 

characterized by a 2R,4'R,8'R stereochemistry and is also called d-α-tocopherol or RRR-α-

tocopherol3,22.

Figure 2. Chemical structure of α-tocopherol, numbered according to IUPAC rules, in the configuration 
2R,4'R,8'R corresponding to the most abundant form in nature, i.e. RRR-α-tocopherol. The chromanol ring and 
phytyl side chain were highlighted.

α-tocopherol is the most widespread and bioactive form in nature3,8 among several tocopherols and 

tocotrienols representing the vitamers of vitamin E. Its antioxidant properties are related to the methyl 

groups linked to the chromanol ring, which make the hydrogen atom in the hydroxyl group bound to 

C6 prone to transfer to the peroxyl radicals8,9.
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Beyond their physiological functions in plants, carotenoids and α-tocopherol are commonly 

recognized for their beneficial effects on human health15, with protective roles against oxidative 

stress-related pathologies, including certain cancers, metabolic disorders, and cardiovascular and 

neurodegenerative diseases 3,22,23. Moreover, β-carotene, α-carotene and β-cryptoxanthin show a 

strong provitamin A activity, acting as precursors of retinol, thus preventing diseases such as cataracts 

and age-related macular degeneration15,24. Eye health is also related to lutein and zeaxanthin, which 

accumulate physiologically in the macula of the human retina, contributing to visual performance and 

photoprotection25,26. α-tocopherol is the most bioactive form of vitamin E in mammals due to its 

selective retention in the body through the action of a specific hepatic α-tocopherol transfer protein 

(α-TTP)9,22. α-tocopherol is an essential compound for preserving the immunity system and its 

deficiency is associated with neurologic and muscle damage8,22. 

Since humans, as well as animals, are unable to synthesize carotenoids and α-tocopherol, the intake 

of these bioactive metabolites can occur only through diet, especially if it is rich in vegetables3,5. In 

recent years, the research in the field of vegetal food products has shown a growing interest in 

vegetables harvested in the early stages of growth, like the so-called microgreens and baby leaves, 

demonstrating that they can often be richer in bioactive substances than the corresponding mature 

forms27–29. In this context, the present study aims to quantify carotenoids and α-tocopherol in early 

growth stage vegetables and, for comparison, in adult forms of kale (Brassica oleracea L. var. 

acephala) and broccoli raab (Brassica rapa L. subsp. sylvestris L. Janch. var. esculenta Hort.), two 

plants of the Brassicaceae family, whose members has been already studied as sources of bioactive 

compounds30,31. In particular, microgreens, micro leaves and baby leaves, i.e., products harvested at 

phenological stages marked by the formation of an increasing number of true leaves, were 

investigated27,32. These innovative vegetables are typically grown in hydroponic systems, that require 

a lower water and agrochemical consumption than conventional agriculture27,33 and enable a precise 

control of the composition of nutritional solutions, also facilitating specific biofortifications27,28,34,35. 

In addition, the use of supplemental LED lighting during cultivation can be exploited to increase the 
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accumulation of bioactive compounds, including carotenoids and α-tocopherol36–38. These innovative 

products can be marketed together with their growing medium, allowing harvesting immediately 

before consumption, which minimizes the enzymatic degradation associated with cutting. Moreover, 

they can be eaten without prior cooking, thus preserving thermolabile bioactive compounds27,35,39.

In the literature, several studies have being dedicated to the analysis of carotenoids and α-tocopherol 

in Brassica microgreens, baby leaves and adult forms, but focusing mainly on the main carotenoids 

(e.g. β-carotene, lutein, zeaxanthin, violaxanthin)32,40–48, and thus neglecting the contribution of minor 

isomeric species, which can be relevant in terms of total carotenoid content and discrimination 

between growth stages. The present study aims to fill this gap through the development and validation 

of a quantitative method based on reversed phase liquid chromatography coupled to Fourier transform 

mass spectrometry with atmospheric pressure chemical ionization source (RPLC-APCI-FTMS). 

Specifically, a ternary gradient elution was developed employing a C18 stationary phase which, 

compared to the C30 phase often used for the separation of carotenoids, enabled shorter analysis times 

while ensuring a suitable separation of xanthophylls, the most abundant class of carotenoids in green 

leafy matrices. APCI was selected for its better ionization efficiency compared to electrospray 

ionization (ESI), based on the predominant generation of [M+H]+ or [M+H-H2O]+ ions, minimizing 

signal dispersion on additional ionic species, such as the radical cation [M]·+ 17,49, and providing 

characteristic in-source fragmentation patterns, that were very useful to relate minor isomeric 

carotenoids to the respective major counterparts. Contextually to the quantitative approach, a 

comprehensive qualitative investigation was undertaken to elucidate the structure of the carotenoid 

isomers detected in plant samples. To this end, UV-Vis absorption spectroscopy was employed as one 

of the detection approaches, as, due to the intrinsic absorption properties of carotenoids, it can provide 

information-rich fingerprints for carotenoid recognition10,50. In addition, due to the inability of tandem 

mass spectrometry (MS/MS) to discriminate between carotenoid isomers51,52, travelling wave ion 

mobility spectrometry-mass spectrometry (TWIM-MS) and ion mobility spectrometry-tandem mass 

spectrometry (IMS-MS/MS) analyses were integrated into the analytical workflow. By allowing gas-
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phase separation of ions based on their size, shape and three-dimensional conformation, ion mobility 

spectrometry (IMS) provides a supplementary and independent dimension of separation beyond m/z 

ratio, defined by drift time and collision cross section (CCS). When coupled with MS/MS, this 

approach enables the selective fragmentation of mobility-resolved species, thereby facilitating a more 

accurate structural elucidation of isomeric carotenoids. Overall, the combined use of UV-Vis 

spectroscopy, TWIMS-MS and IMS-MS/MS provided useful structural information on several 

xanthophyll isomers, which is fundamental, given the close relationship existing between the 

molecular structure of carotenoids and their bioactivity16,53. Moreover, the inclusion of minor isomers 

strengthened the quantitative analysis, enabling a deeper comparison of the carotenoid profiles across 

different phenological stages and ultimately supporting a more robust assessment of their nutritional 

relevance in Brassica vegetables. 

4.2. Materials and methods

4.2.1 Chemicals. LC-MS grade isopropanol (i-PrOH), acetonitrile (ACN), water (H2O) and formic 

acid (FA), employed for mobile phase preparation, along with HPLC grade hexane, GC grade acetone 

and ethanol (EtOH), used for the preparation of stock solutions and/or for the extraction of 

carotenoids from vegetal matrices, and butylhydroxytoluene (BHT), adopted as antioxidant agent, 

were acquired from Merck (Milan, Italy). Standards of β-carotene, zeaxanthin and lutein were bought 

from Cayman Chemical (Ann Arbor, MI, USA). Standards of β-cryptoxanthin, 9-cis-antheraxanthin, 

violaxanthin, 9-cis-neoxanthin, (±)-α-tocopherol and vitamin K2 were purchased from Merck (Milan, 

Italy). Poly-DL-alanine, employed to build a collision cross section calibration curve, was bought 

from Merck (Milan, Italy). Solutions for the calibration of the Q Exactive mass spectrometer under 

positive or negative polarity conditions were purchased from Thermo Scientific (Waltham, MA, 

USA). Leucine-Enkephalin, used as lock mass solution for the Synapt G2-S HDMS mass 

spectrometer, was acquired from WatersTM (Milford, MA, USA).
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analysis of carotenoids and α

variety ‘Cima di rapa novantina’ (broccol

‘Cavolo riccio’ (kale). High quality seeds, with 95% germination at a constant temperature of 20 °C, 

ordinates: 41°03′N 16°53′E; Southern Italy), to obtain their 

stages, they were stored at −20 °C to preserve carotenoids and α

18 °C until carotenoids and α
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The extraction of carotenoids and α

flow. Afterwards, the dry residue was redissolved in 500 μL of EtOH and the resulting solution was 

1000 μg/mL solution were added to reach a 10 μg/mL concentration of vitamin K2, to be 

and α

curves were then obtained for β carotene, β

α

25, 50 and 100 mg/mL for β carotene, violaxanthin and α

for lutein; 0.1, 0.5, 1, 2.5, 5 and 10 mg/mL for β
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Beach, CA, USA). Carotenoids and α⨯ 2.1 mm i.d., 2.7 μm parti

and column temperature was kept at 35°C; 5 μL sample vo

discharge current) 5 μA; capillary temperature) 300 °C; S

⨯
μL/min flow rate, calibration solutions for positive or negative polarity acquisitions; a mass accuracy 
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kept at 35°C; 5 μL sample volumes were injected. The parameters of the ESI interface were set as 

enkephalin solution (2 ng/μL), used as lock mass 

), was infused in the mass spectrometer at a 15 μL/min flow rate. The parameters for 

35; Helium exit) −5; Bias) 3; Exit) 0; Transfer DC: Entrance) 3; Exit) 3; 
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O (50:50 v/v) for 3 min at a flow rate of 10 μL/min. The acquired data were 

™

4.3. Results and discussion

4.3.1 Identification of carotenoids and α-tocopherol by RPLC-DAD-APCI(+)-FTMS analysis. 

Extracted Ion Current (EIC) chromatograms related to the monoisotopic m/z values of specific 

carotenoids and α-tocopherol [M+H]+ (plot A, C, D and E) ions, and of lutein [M+H-H2O]+ ion (plot 

B), obtained after the RPLC-APCI(+)-FTMS analysis of the kale microgreen extract are shown in 

Figure 3 as an example of the separation achieved using the elution program developed during this 

study. The combination of the C18 stationary phase with a ternary elution gradient, in which the 

elution strength of the mobile phase was finely modulated, enabled the separation of carotenoids 

based on subtle differences in polarity, degree of oxygenation and geometric configuration, leading 

to the distinct detection of 28 compounds of interest, including α-tocopherol, the main carotenoids 

and a wide array of other isomeric carotenoids. As inferred from plot A, referred to [M+H]+ ions with 

monoisotopic m/z 601.4251, the initial (15 min) isocratic stage based on 85% ACN and 15% H2O 

allowed the separation of 9-cis-neoxanthin and violaxanthin, which, as confirmed by the 

corresponding standards, eluted after 3.4 minutes and 4.4 minutes, and of 10 further species isomeric 

with them.

In detail, 9-cis-neoxanthin eluted earlier than its isomer violaxanthin due to its higher overall polarity, 

which arises from the presence of three hydroxy groups, one epoxy moiety, an allene functionality 

and also by the cis configuration of the C=C double bond at C9 (see Figure 1), which induces a kink 
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Figure 3. Extracted ion current (EIC) chromatograms obtained by RPLC-APCI(+)-FTMS analysis of a kale 
microgreens extract for selected carotenoids and α-tocopherol. Plot A shows the EIC at m/z 601.4251, 
corresponding to the [M+H]⁺ ions of 9-cis-neoxanthin, violaxanthin and their isomers. Plot B reports the EIC 
at m/z 551.4247, assigned to the [M+H–H2O]⁺ ion of lutein. Plot C displays the EIC for [M+H]⁺ ion at m/z 
431.3884 of α-tocopherol. Plot D shows the EIC at m/z 553.4404, corresponding to the [M+H]⁺ ion of β-
cryptoxanthin and its isomers. Plot E reports the EIC for [M+H]⁺ ion at m/z 537.4455 of β-carotene. Peaks 
labelled with compound names correspond to analytes identified using authentic standards, whereas numbered 
peaks indicate carotenoid isomers tentatively assigned based on the combined chromatographic retention and 
high-resolution mass spectrometric data (see text for details).
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in the polyene chain, potentially reducing the hydrophobic interaction with the C18 chains of the 

stationary phase. On the other hand, violaxanthin bears one hydroxy group and one epoxy moiety on 

each end group and displays an all-trans polyene chain, features that are expected to reduce polarity 

and thus increase the retention on the C18 stationary phase. As illustrated in plot B, referred to its 

[M+H-H2O]+ ion (monoisotopic m/z 551.4247), lutein, which is characterized by just two OH groups, 

one on each end group, elutes even later (10.4 min), as confirmed by the corresponding standard, and 

its peak is followed by those of two minor isomeric species (peaks labelled as 11 and 12), eluting at 

15.9 and 18.3 min, respectively. It is worth noting that zeaxanthin and 9-cis-antheraxanthin, whose 

analytical standards were analysed distinctly under the same chromatographic conditions, were not 

detected in any of the broccoli raab and kale samples investigated. 

As expected, α-tocopherol, β-cryptoxanthin and a group of potential isomers (corresponding to peaks 

labelled as 13 to 22 in Figure 3), as well as β-carotene, i.e., less oxygenated or fully aliphatic 

compounds, were eluted at longer retention times from the C18 stationary phase, owing to the 

increased elution strength of the mobile phase provided by isopropanol. Specifically, α-tocopherol, 

which likely interacts with the C18 stationary phase mainly through its phytyl side chain54, eluted at 

28.3 min, as confirmed by the corresponding standard (see plot C). Further vitamers belonging to 

vitamin E group, including β-tocopherol, γ-tocopherol, δ-tocopherol and the corresponding 

tocotrienols, were searched for but not found in the examined samples, as they are typical of seeds3,8. 

Peaks related to β-cryptoxanthin (28.6 min) and to ten further isomeric species can be distinguished 

in plot D of Figure 3, where the EIC chromatogram of the [M+H]+ ion with monoisotopic m/z 

553.4404 is reported. It should be noted that β-cryptoxanthin and α-tocopherol showed comparable 

retention on the C18 stationary phase, likely due to a comparable balance between their hydrophobic 

and polar moieties. In β-cryptoxanthin, retention is likely governed by the β-end group lacking the 

OH group, whereas in α-tocopherol it is expected to be predominantly driven by the aliphatic chain, 

as reported before. This hydrophobic contribution is, however, partially compensated by the 

chromanol ring, whose oxygenated functionalities and aromatic system increase polarity, resulting in 
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an overall interaction strength comparable to that of the polyene chain. Despite the lack of 

chromatographic separation, peaks related to the two compounds could be distinctly recognized, and 

then integrated, in the respective EIC traces, i.e., by exploiting the separation in the m/z domain. 

As shown in plot E of Figure 3, referred to the [M+H]+ ion with monoisotopic m/z 537.4455, β-

carotene was the last carotenoid eluted from the C18 column, at 47.3 min, due to its very low polarity. 

Notably, evidence for its partial oxidation in the APCI source was provided by the peak observed at 

the same retention time in plot D, whose m/z value is consistent with the β-carotene molecular 

structure modified by the presence of an O atom. Therefore, RPLC-APCI(+)-FTMS analysis 

indicated β-carotene as the only carotene detected, and this result was confirmed for all the analyzed 

vegetal products, thus highlighting that green leafy vegetables exhibit a more complex xanthophyll 

profile compared to that of carotenes. 

three wavelengths of maximum absorption (λ

of maximum absorption, that reflects the extent of the π
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Very interesting indications were inferred from the score plot and the loading plot related to the first 

two principal components obtained by PCA, reported in Figure 4. Firstly, points related to standards 

were very close, if not coinciding, with those related to the respective major carotenoids found in the 

kale microgreens extract. This finding indicates that the recognition of such compounds in the real 

sample was confirmed both by the alignment of retention times and by the strict similarity of in-

source fragmentation patterns obtained for the corresponding standards. It also emphasizes indirectly 

the reproducibility of those patterns, which could be clearly assessed also when considering APCI(+)-

FTMS spectra obtained for the same carotenoids in the other products of interest (data not shown). 

Additionally, the PCA score plot, in synergy with chromatographic information displayed in Figure 

3, clearly indicated that unknown isomeric species clustered nicely with four specifics major 

xanthophylls, i.e., violaxanthin, 9-cis-neoxanthin, lutein and b-cryptoxanthin, thus suggesting the 

occurrence of structural similarities with them. Based on this finding, objects related to unknown 

isomers were marked in the PCA scoreplot (and in the last column of Table A1) with a label vx, nx,
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Figure 4. Scores and loading plots obtained for the first two principal components (PC1 and PC2) from the 
PCA performed on the relative intensity values of the [M+H]+ and [M+H-nH2O]+  ions related to the in-source 
fragmentation pattern of carotenoids detected in the kale microgreens extract and, if available, of the 
corresponding standards.

lt or cr, respectively, followed by a progressive number reflecting their increased retention in the C18 

column. 

In detail, scores obtained for the PC1, accounting for 48% of total variance, clearly separated seven 

violaxanthin-related isomers (vx1-vx7, corresponding to peaks from 4 to 10 in Figure 3) from two 

lutein-related ones (lt1, lt2, corresponding to peaks 11 and 12 in Figure 3). On the other hand, isomers 

putatively related to b-cryptoxanthin (cr3-cr10, peaks 15-22) and 9-cis-neoxanthin (nx1-nx3, peaks 

1-3) were very well separated along PC2 (accounting for 34.2% of total variance). As a result, four 

clusters of objects could be easily recognized in the PCA score plot. The loading plot shown in Figure 

4 explains how in-source fragmentation patterns led to this neat discrimination between groups of 

major xanthophylls and their putative isomeric species. Indeed, xanthophylls including two or more 

oxygen atoms, characterized by negative values of PC2, were generally characterized by a not 

surprising higher relevance of product ions resulting from water losses in the APCI(+)-FTMS 

spectrum. More specifically, 9-cis-neoxanthin and its putative isomers nx1-nx3 exhibited intense peak 
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signals for product ions [M+H-H2O]+ and [M+H-2H2O]+ (see Table A1), with the former ion 

representing even the base peak in the case of nx3. The relevance of this ion is likely attributable to 

the formation of an allylic carbocation at C5', i.e., the carbon atom adjacent to the allene moiety (see 

Figure 1), upon H2O loss through a charge-driven fragmentation (CDF) following the protonation of 

the OH group linked to C5'. In this case, the subsequent loss as water of the OH group linked to C3’, 

along with a H atom linked to C4’, would turn C5’ into a very stable bis-allylic carbocation, thus 

explaining why the second loss of water was also relevant in the case of 9-cis-neoxanthin. Since this 

behaviour was observed also for its putative isomers (nx1-nx3), it can be hypothesized that they likely 

share with 9-cis-neoxanthin an end group including two OH groups and an allene moiety. Given the 

lower retention times observed for nx1-nx2 compared to 9-cis-neoxanthin (see Figure 3 and Table 

A1), those compounds might be isomers of this xanthophyll including either a cis double bond shifted 

toward the central region of the polyene chain or even two cis double bonds on the latter. As 

mentioned before, such structural features are expected to induce a more curved molecular 

conformation, thus reducing hydrophobic interactions with the C18 stationary phase and resulting in 

shorter retention times. To confirm this hypothesis, the UV-Vis data reported in Table 1 were 

considered. Both nx1 and nx2 displayed hypsochromic shifts with respect to 9-cis-neoxanthin, whose 

assignment was unequivocally confirmed using the reference standard. Moreover, the corresponding 

DB/DII ratios were indicative of di-Z neoxanthin isomers, as their values closely matched those 

reported for di-Z violaxanthin isomers in the studies of Molnar et al.57 and Meléndez-Martínez et 

al.58. In particular, considering that the most thermodynamically stable cis geometries are 9-Z, 13-Z 

and 15-Z, and their combinations for di-Z, and taking into account the observed retention time and 

DB/DII ratios, nx1 and nx2 were tentatively assigned to 9,15-di-Z-neoxanthin and 9,13-di-Z-

neoxanthin, respectively, whose structures are reported in Figure 5.

As for nx3, its retention time is very similar to that of 9-cis-neoxanthin, yet it is characterized by a 

high intensity of the [M+H-H2O]+ ion, which in fact represents the base peak of the APCI(+)-FTMS 

spectrum (see Table A1). These results suggest that the right end group of 9-cis-neoxanthin, as 
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displayed in Figure 1, is shared also with the nx3 isomer but do not clarify how the nx3 structure 

differs from that of its major counterpart. The spectral features observed after UV-Vis measurements, 

in particular the lack of the cis peak (see Table 1), suggested that no cis C=C bond is present on the 

nx3 molecular structure. Notably, the all-trans form of neoxanthin would be consistent with this 

observation, yet it should be eluted after 9-cis-neoxanthin  from the C18 chain, but this was not the 

case. For this reason, nx3 might correspond to all-trans-neochrome and specifically, given the 

observed retention time, to (8R)-neochrome50,51,59.  In this carotenoid, besides the geometry change 

from cis to trans of the C=C bond C9-C10 along the chain, the epoxydic moiety occurring in one of 

the end group of 9-cis-neoxanthin is turned into a furanoid moiety, with the former epoxydic O atom 

being linked to C8 and a C=C bond shifting from the C5-C6 to the C6-C7 position (see Figure 5). 
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This modification of the end group might lead to a lower retention on the C18 stationary phase, thus 

compensating for the higher interaction with the latter arising from the all-trans polyenic chain and 

ultimately leading to a slightly lower retention time compared to 9-cis-neoxanthin.

Figure 5. Chemical structures tentatively assigned to minor carotenoid isomers detected upon RPLC-APCI(+)-
FTMS analysis of extracts of kale and broccoli raab innovative products and mature forms. General structures 
are shown for luteoxanthin and auroxanthin, for which the occurrence of different stereoisomers was 
hypothesized. See text and Table 1 for details.
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Notably, both nx1-nx3 and 9-cis-neoxanthin shared relatively high intensities also for peak signals in 

the APCI(+)-FTMS spectrum related to three or four total water losses (see Table A1). Based on the 

structures of 9-cis-neoxanthin and on those hypothesised for isomers nx1 and nx2, these losses must 

inevitably involve both the OH groups and the epoxide moiety located on the end groups (see Figure 

1). In particular, the protonation of the epoxydic oxygen and the subsequent opening of the epoxide 

ring would lead to the transformation of either C6 or C5 into a carbocation, with the former being 

favoured, since it would be an allylic and tertiary carbocation. The subsequent b-elimination of water, 

with detachment of the OH group linked to C5 and a H atom from C4, would turn the latter into a 

stable bis-allylic carbocation. This mechanism, joined with the one previously described for the first 

water loss, suggests that different structures might be related to [M+H-H2O]+ ions for 9-cis-

neoxanthin and isomers nx1-nx2. In the specific case, the three further water losses would clearly 

involve the remaining three OH groups or the two OH groups and the epoxide group, according to 

the case, whose loss would generate conjugated C=C bonds in both cases. As for the nx3 isomer, its 

putative assignment as 8R-neochrome is consistent with the observation of up to four in-source water 

losses. In this case, one of the structures potentially corresponding to the [M+H]+ ion would arise 

from the initial protonation of the furanoid O atom, followed by the breakage of its bond with the C8 

atom and thus the turning of the latter into a very stable bis-allylic carbocation, also susceptible to 

resonance of the positive charge on the polyenic chain. The subsequent loss of water, with detachment 

of the OH group located on C5 and a H atom linked to C4 would lead to a further extension of this 

resonance. This feature might explain the characteristic abundance observed for the [M+H-H2O]+ ion 

in the APCI spectrum of isomer nx3 (see Table A1). Although APCI-MS and UV-Vis measurements 

provided interesting structural information on isomers nx1-nx3, IMS data were also collected from 

them to confirm the hypothesized structures and will be described in detail in the next paragraph. 

Lutein and compounds 11 and 12, named as lt1 and lt2, respectively, after PCA was performed (see 

Figure 4 and Table A1), were associated with a very relevant intensity for the [M+H-H2O]+ ion, 

representing the base peak of the APCI(+)-FTMS spectrum, whereas the peak related to two water 
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losses was quite weak (see Table A1).  In the case of lutein, the first water loss is expected to occur 

after protonation of the OH group located on the ε-end group, via a CDF process leading to the 

formation of a stable allylic carbocation, whereas the second water loss can reasonably occur, on the 

other end group, only as a charge-remote fragmentation (CRF), finally leading to a C=C bond 

between C3 and C4.  Indeed, a CDF process on that end group would imply the protonation of the 

OH group linked to C3 (see Figure 1), but the subsequent water loss would lead to a relatively less 

stable secondary carbocation. Obviously, no other water loss could be observed for lutein (see Table 

A1), due to the lack of other oxygenated moieties. As evidenced in Table A1, the fragmentative 

behaviour of lt1 and lt2 isomers was almost identical to that of their major counterpart, thus 

suggesting the occurrence of two oxygenated moieties able to lead to water loss. On the other hand, 

they eluted 5.5 min and 7.9 min after lutein, respectively, indicating a relevant increase in 

hydrophobicity. This finding would suggest that lt1 and lt2 might bear both oxygenated groups on the 

same end group, thus making the other end group much more hydrophobic and able to interact more 

strongly with the C18 stationary phase. When UV-Vis data were collected (see Table 1) and then 

compared with literature data, it was noted that the λabs and peak shape of lt1 and lt2 absorption 

spectra, both lacking the cis peak, as lutein, closely matched those reported for all-trans carotenoids 

b-cryptoxanthin-5,6-epoxide and 2-hydroxy-β-carotene-5,6-epoxide, respectively (see Figure 5). 

These compounds  are characterized by the presence of an epoxide group between C5 and C6, while 

differing in the position of the OH group located on the same end group, e.g. C3 and C2, respectively. 

In this context, the very high relative intensity of the [M+H-H2O]+ ion observed in APCI(+)-FTMS 

spectra for isomers lt1 and lt2 can be rationalized by assuming that the opening of the epoxy ring after 

the initial protonation of the corresponding O atom leads to the generation of an allylic/tertiary 

carbocation on C6, subsequently further stabilized by the loss of water, with generation of a C=C 

bond between C4 and C5, since this makes it a bis-allylic carbocation. 

As for violaxanthin and its putative vx3-vx7 isomers, in-source water losses were much less relevant 

compared to 9-cis-neoxanthin and nx1-nx3, with a systematic decrease of intensity for all [M+H-
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nH2O]+ ions (see Table A1). This finding emphasizes that the observed in-source fragmentation 

pattern is influenced not just by the number but also by the nature of oxygenated moieties. Indeed, 

violaxanthin, bearing only 2 free OH groups, may undergo, at most, a single dehydration via a CDF 

process, reasonably consisting in the protonation of one of the epoxydic O atoms with opening of the 

epoxide ring and generation of an allylic carbocation on C6 or, equivalently, on C6’. After this 

process, other water losses can occur only through CRF processes, with the one involving the other 

epoxide ring being quite complex (since a preliminary opening of the epoxide ring, not triggered by 

protonation, is required). At a closer look, isomeric species vx1, vx2 and vx4 exhibited an in-source 

fragmentation pattern more similar to the one of violaxanthin (see Table A1) than vx3 and vx5-vx7 

isomers. Nonetheless, all these compounds were more retained on the C18 stationary phase than their 

major counterpart. This behaviour might be explained by the replacement of one or both epoxidic 

groups with the already described furanoid moiety, in which the former epoxydic oxygen is linked to 

C8 (or C8’), generating a 5-terms cycle, and a C=C bond is located between C6 and C7 (or C6’ and 

C7’). As mentioned before, the furanoid moiety is characterized by a lower polarity than the epoxydic 

group, thus its presence would lead to a retention time increase. According to the UV-Vis data 

obtained for violaxanthin isomers (see Table 1) and based on a comparison with the literature50,51, 

vx1 and vx2 might correspond to two stereoisomers of luteoxanthin (see Figure 5), i.e. the 5’,8’-

furanoid isomer of violaxanthin. Considering their retention times, vx1 and vx2 were tentatively 

assigned to (8′S)-luteoxanthin and (8′R)-luteoxanthin, respectively, reflecting differences in the 

spatial orientation of the furan moiety with respect to the free -OH group located on the same end 

group. 

A UV-Vis absorption spectrum similar to that of vx1 and vx2 was observed for vx4 and vx6 which, 

however, displayed a DIII/DII ratio typical of carotenoids bearing 11 conjugated C=C double bonds in 

their structure. In the absence of a match with the literature, these isomers could be just named as 

“luteoxanthin like”. Isomers vx3, vx5 and vx7 exhibited an absorption spectrum that, considering the 

λabs and peak shape, was ascribable to different possible stereoisomers of auroxanthin50,51, i.e. the 5,8-
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5',8'-furanoid isomers of violaxanthin (see Figure 5). Based on chromatographic retention and 

considering the spatial arrangement of the furanoid moieties relative to the free -OH group, the 

isomers vx3, vx5, and vx7 were tentatively assigned to (8S,8′S)-auroxanthin, (8R,8′S)-auroxanthin, 

and (8R,8′R)-auroxanthin, respectively. Since tandem MS was unable to distinguish isomers with 

epoxy and furanoid moieties51, further information was collected on violaxanthin-related isomers 

using IMS-MS/MS, as described in the next paragraph.

The final important finding inferred from the PCA loading plot, clearly shown in Figure 4, was that 

β-cryptoxanthin and its putative isomers were grouped together with β-carotene, being all 

characterized by the prevalence of the [M+H]+ ion in their APCI(+)-FTMS spectra. On the other hand, 

β-cryptoxanthin and its putative isomers underwent also a water loss, which was obviously impossible 

in the case of β-carotene, that lacks oxygenated groups. The detection of β-carotene as protonated 

form suggests that a H+ ion can be efficiently captured by one of its C=C bonds, leading to the 

generation of an allylic carbocation that is subsequently stabilized by resonance along part of the 

polyene chain. Notably, the interaction with the APCI plasma was reported to promote the π-electrons 

of the carotenoid polyene chain to excited electronic states, leading to an increase of the proton 

affinity of the molecule with respect to the ground state and thus allowing efficient proton transfer 

reactions also in the case of carotenes60. A similar process might occur also in the case of β-

cryptoxanthin and its putative isomers, as an alternative to the protonation of the OH group, that 

would lead to the generation of a less stable secondary carbocation upon water loss. In this case, the 

protonation on the polyene chain would subsequently lead to a loss of water as a CRF process, with 

the generation of a C=C bond between C3 and C4 atoms being the most likely outcome, since it would 

imply an extension of the C=C bonds conjugation. Notably, the significantly lower intensity of the 

[M+H-H2O]+ ion in APCI(+)-FTMS spectra of isomers cr8-cr10 (see Table A1), compared to cr1-cr7 

isomers and b-cryptoxanthin, might be related to a particular location of the double bond on the 

oxygenated end group, not enabling an extension of conjugation after water loss or to the occurrence 

of an oxygenated moiety less prone to water loss. Unfortunately, with the exception of cr10, UV-Vis 
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data were not available for b-cryptoxanthin-related isomers, due to the low abundance of these species 

and to the co-elution with pheophytins and chlorophylls in the same chromatographic region, whose 

absorbance in the UV-Vis region prevailed, as also observed in the case of b-cryptoxanthin itself. On 

the other hand, the absorption spectrum of the cr10 isomer (see Table 1) agreed with that of 

citroxanthin50, an isomer of β-cryptoxanthin including a furanoid moiety inside one end group but 

missing the OH group (see Figure 5). Notably, this feature is consistent with the very low abundance 

of the [M+H-H2O]+ ion in the APCI(+)-FTMS spectrum of isomer cr10 (see Table A1). 

It is worth emphasizing that the possibility of protonation on the polyene chain, as an alternative to 

the one occurring on the end-groups, cannot be ruled out, at least in principle, also in the case of 

xanthophylls including more than a single oxygenated moiety. This aspect will be discussed in detail 

in the next paragraph of this chapter. In any case, apart from some differences in their quantitative 

profile, minor carotenoids discussed in this paragraph were detected in all other products, both of kale 

and of broccoli raab, considered during this study.

4.3.2 RPLC-ESI-TWIMS-MS and IMS-MS/MS analysis of carotenoid isomers. To the best of 

our knowledge, only a few studies have been involved so far in the characterization of carotenoids by 

IMS, eventually coupled to MS and/or MS/MS. The reported results suggest that a single m/z value 

ion detected in the MS spectrum corresponding to the chromatographic peak of a carotenoid is often 

associated with multiple mobility peaks. The latter has been usually assigned either to the cis isomers 

of all-trans carotenoids, generated by isomerization reactions occurring in atmospheric pressure 

ionization (API) sources52,61,62 or to isomeric compounds not separated by chromatography63. In this 

case, if the IMS-MS/MS combination is available, the acquisition of specific MS/MS spectra is 

possible for isobaric ions displaying different mobilities, potentially providing useful structural 

information. In light of these considerations, Brassica plant extracts were analyzed during this thesis 

work using also RPLC-ESI followed by TWIMS-MS or IMS-MS/MS combined detections, aiming 

at obtaining further structural information on minor isomeric carotenoids. Figure 6 shows the RPLC- 
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Figure 6. Panel A) EIC chromatogram and two-dimensional “drift time versus retention time” plot obtained 
for the [M+H]+ ion at m/z 601.4251 relating to 9-cis-neoxanthin, violaxanthin and their isomers after the RPLC-
ESI(+)-TWIMS analysis of a kale microgreens extract. The following panels show EIC chromatograms and 
“two-dimensional drift time versus retention time plots” referred to the ions [M+H-H2O]+ (B), [M+H−2H2O]+ 

(C) and [M+H−3H2O]+ (D) generated in the source for each isomer considered. See text for details.
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ESI(+) EIC chromatograms, obtained after the analysis of a kale microgreens extract, related to the 

[M+H]+ (plot A), [M+H−H2O]+ (plot B), [M+H−2H2O]+ (plot C) and [M+H−3H2O]+ (plot D) ions of 

9-cis-neoxanthin, violaxanthin and their isomers, generated by protonation followed by subsequent 

dehydration reactions in the ESI source, the same processes occurring in the APCI source. 

The ion mobility profile of each of these species was reported, under the corresponding EIC 

chromatogram, as a two-dimensional plot correlating the drift time measured using TWIMS with the 

RPLC retention time. As inferred from Figure 6, each ionic species usually corresponded to at least 

two different mobilities, suggesting the presence of multiple gas-phase conformers. For each 

compound, the drift times and the collision cross section (TWCCSN2) values of the most abundant 

conformers, calculated by extrapolation using a poly-DL-alanine calibration curve, were summarized 

in Table A2, along with CCS values reported in the literature (CCStheor.), if available, and the 

difference, , observed between the experimental and the reported CCS values, measured as a 

percentage of the latter. Note that, in the case of minor isomers, the reported CCS values were 

obtained considering the putative identifications based on UV-Vis spectroscopy.

For the [M+H]+ ions of 9-cis-neoxanthin, its isomers (nx1–nx3), and violaxanthin, the most intense 

conformers were characterized by longer drift times, comprised between 8.11 and 8.31 ms, and, 

consequently, larger CCS values. In contrast, the most abundant conformers of the [M+H]+ ions of 

violaxanthin isomers (vx1–vx7) displayed shorter drift times (5.64 - 5.89 ms) and lower CCS values. 

As inferred from Table A2 and from the 2D plots relating to the [M+H−nH2O]+ ions, a systematic 

trend emerged, with increasing dehydration degrees being associated with progressively shorter drift 

times and correspondingly smaller CCS values for the main conformers. This behaviour is consistent 

with a gradual contraction of the ion structure in the gas phase, plausibly driven by the sequential loss 

of hydroxyl and/or epoxy or furanoid functionalities. Notably, the mobility peak related to the lower 

drift time became progressively prevailing when extensively dehydrated ions, i.e.,  [M+H−3H2O]+ 

and [M+H−4H2O]+  ions were considered (see the lower panels in Figure 6). Considering that 
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oxygenated moieties, from which water losses occur, represent the most plausible protonation sites 

for xanthophylls, this finding suggests that the multiple mobility features detected for the protonated 

and partially dehydrated ions are not primarily attributable to geometric isomerism, as previously 

proposed in the literature, but rather to the presence of protomers, i.e. species differing in the site of 

protonation. Upon complete loss of oxygenated moieties, the number of available protonation sites is 

drastically reduced, effectively “freezing” the charge at a single location, likely corresponding to a 

stabilized carbocation, as discussed before. In turn, this process results in the observation of almost a 

unique mobility species. Notably, if an isomerization reaction occurring in the source was responsible 

for the multiple mobility, it would involve the polyene chain and additional mobility peaks would be 

expected also for highly dehydrated ions, such as [M+H−2H2O]+ of violaxanthin and [M+H−3H2O]+ 

of 9-cis-neoxanthin and its isomers. The role of protomers in determining the multiple mobility is 

particularly plausible for the [M+H]+ and [M+H−H2O]+ ions, which still retain several hydroxyl and 

or epoxy/furanoid groups, in addition to the polyene chain, all potentially involved in proton transfer 

reactions. Nonetheless, the role played by protonation occurring on the polyene chain cannot be 

considered marginal in determining multiple mobilities, for the reasons discussed before.

The hypothesis of protomerism is further supported by the presence in the literature of very similar 

CCS values for cis/trans carotenoid isomers and by the fact that, at least for lipids, ion mobility 

spectrometers with resolving power greater than 250 are required to discriminate geometric chain 

isomers64. Finally, the presence of protomers has already been documented for other classes of 

metabolites65–68, and their presence in carotenoids, in particular in xanthophylls, where charge 

delocalization could involve both the polyene chain and the oxygenated groups, appears plausible.

The association of multiple mobility peaks to protomers of the same ion is unequivocally 

demonstrated by the IMS-MS/MS spectra of the individual conformers of the [M+H]+ ion of 

violaxanthin (m/z 601.4251), reported in Figure A1. The precursor ion was retained, together with 

the sequential dehydration products corresponding to [M+H−H2O]+ and [M+H−2H2O]+ ions, having 

m/z values 583.4139 and 565.4179, respectively, in the MS/MS spectrum of the protomer 
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characterized by a drift time of 5.6 ms (plot A). The peak signal detected at m/z 491.3540, 

corresponding to a [M+H−H2O−92]+ ion, was also observed in the spectrum and it is diagnostic of a 

toluene loss occurring from the polyene chain. The base peak, at m/z 221.1551, corresponds to the 

product ion arising from the cleavage of the C10-C11 bond and is diagnostic of an end group bearing 

both hydroxyl and epoxy functional groups, while the ion at m/z 165.0939 results from the cleavage 

of the bond between C8 and C9 and is diagnostic of a dehydrated end group bearing an epoxide 

moiety69,70. This fragmentation pattern indicates that, for this protomer, the positive charge is 

localized and stabilized on one the oxygenated functions of the molecule, probably on the O of one 

the epoxide groups, corroborating the hypotheses discussed in the previous paragraph of this chapter. 

Conversely, the IMS-MS/MS spectrum of the protomer characterized by a drift time of 8.1 ms (see 

plot B in Figure A1) exhibited a complete depletion of the precursor ion and an extensive 

fragmentation of the polyene chain. The ions produced at m/z 119.0875, 133.1026, 145.1019, 

159.1189 and 171.1163 correspond to aliphatic fragments resulting from the sequential breaking of 

the polyene chain69,71. This fragmentation pattern unambiguously demonstrates that, in this protomer, 

the positive charge is delocalized along the polyene chain. According to the study by Konovalov and 

Kispert72, the most stable protonation sites in β-carotene and canthaxanthin are located at C7, C5 and 

C11. Notably, the authors demonstrated that, even in the presence of electronegative O atoms, 

protonation along the polyene chain remains competitive, as it enables extensive charge 

delocalization. This result suggests that for the protomers of the [M+H]+ ions of 9-cis-neoxanthin, its 

isomers (nx1–nx3) and violaxanthin displaying a drift time of 8 ms protonation on at least one of 

those C atoms of the polyene chain is favoured over that of oxygenated functions, leading to the 

formation of the most stable conformer.  In contrast, for luteoxanthin and auroxanthin isomers, both 

the C5 and C7 positions are involved in the furanoid moiety and, consequently, protonation at the 

oxygen atom represents the most plausible charge localization site, thus protomers with a short drift 

time prevail (see Table A2). 
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The findings discussed so far indicate that when the positive charge is localized along the polyene 

backbone the resulting ion adopts a more extended, quasi-linear conformation, reflected in larger CCS 

values. Conversely, when protonation occurs at the oxygenated end groups, charge localization 

induces structural folding of the gas phase ion, accounting for the smaller CCS values observed. On 

the basis of these considerations, a structural interpretation of the CCS values reported in Table A2 

was hypothesised. For the [M+H]+ ion of 9-cis-neoxanthin, its isomers nx1–nx3 and violaxanthin, 

which are expected to preferentially localize the positive charge along the polyene chain, a clear 

relationship between geometry and ion mobility is observed. Specifically, CCS values decrease as the 

number of cis double bonds increases and as these are progressively positioned next to the centre of 

the polyene backbone. A peculiar trend is evident for the nx3 isomer, putatively identified as (8R)-

neochrome. Although this compound formally exhibits an all-trans configuration, both C5 and C7 

are involved in epoxide and furanoid rings, leaving C11 as the most plausible protonation site along 

the polyene chain. Charge localization in a more central region of the polyene chain likely induces a 

partial bending of the ion structure, resulting in a reduced CCS (see Table A2). In contrast, the CCS 

values of the [M+H]+ ions of luteoxanthin and auroxanthin epimers, expected to preferentially 

accommodate the positive charge on an O atom, do not provide clear discrimination among several 

species. Slightly higher CCS values were observed for the isomers previously classified as 

“luteoxanthin-like”; however, these differences are insufficient for a reliable compound assignment 

based exclusively on ion mobility. More diagnostic information was provided by the dehydrated 

species. For the [M+H−H2O]+ ion of 9-cis-neoxanthin, its isomers and violaxanthin, dehydration is 

expected to shift charge localization toward the end groups. In this case, higher CCS values are 

associated with the all-trans structures, namely neochrome and violaxanthin, reflecting a more 

extended and linear gas-phase ion geometry. This interpretation remains consistent for higher-order 

dehydrated species [M+H−nH2O]+, when detected. The [M+H−H2O]+ ions of luteoxanthin epimers 

and of the “luteoxanthin-like” isomers display CCS values lower than those of violaxanthin and 

comparable to those of the di-Z isomers of 9-cis-neoxanthin. This behaviour suggests that the 
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presence of furanoid functionalities promotes a more compact ion structure, yielding a degree of 

conformational contraction comparable to that induced by multiple cis double bonds along the 

polyene chain. Finally, Table A2 shows that CCS data are not available in current online databases 

for several carotenoid species detected during the present study. Consequently, many CCS values 

reported here represent reference data that expand the ion mobility characterization of carotenoids. 

Once the nature of multiple mobility peaks was clarified, IMS-MS/MS on protomers related to 

different carotenoid isomers was further evaluated in terms of its ability to provide an unambiguous 

identification, a challenge that cannot be achieved with conventional MS/MS alone. To this aim, 

Figure A2 reports the IMS-MS/MS spectra of the protomers characterized by drift times close to 5 

ms for the [M+H]+ ions (m/z 601.4251) of violaxanthin (plot A), luteoxanthin (plot B), and 

auroxanthin (plot C). In all cases, the precursor ion was partially preserved and the already discussed 

product ion having nominal m/z 221 was observed as the base peak in the spectrum. In the case of 

luteoxanthin, a distinctive product ion was clearly detected at m/z 352.2406; as reported in literature, 

this fragment retains the end group and originates from the cleavage of the polyene chain between 

C12 and C1369,70. The same fragment ion was also observed in the IMS-MS/MS spectra of the 

violaxanthin and auroxanthin protomers, although with lower intensity, particularly for violaxanthin. 

Although the IMS-MS/MS spectra of violaxanthin and auroxanthin appear approximately similar, a 

relevant discriminating feature is provided by the ion at m/z 287.1989, which results from cleavage 

between C14 and C15 and retains the hydroxylated end group together with the epoxide ring70. This 

fragment is clearly detected in the violaxanthin IMS-MS/MS spectrum and, although with reduced 

intensity, in that of luteoxanthin, whereas it is absent in the auroxanthin spectrum. This behaviour can 

be reasonably related to the steric hindrance imposed by the furanoid ring in auroxanthin, which likely 

hinders the formation or stabilization of this fragment ion.

Taken together, the TWIMS and IMS-MS/MS results discussed in this section confirm that the 

combination of ion mobility-based separation with selective fragmentation of individual protomers 

provides a level of structural information that is significantly higher than that afforded by MS/MS 
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alone. This integrated approach enables both the discrimination of species protonated at different sites 

and the differentiation of closely related structural isomers, thereby proving particularly effective for 

the selective identification of carotenoids in complex matrices while reducing interpretative 

ambiguity.

Once a structural assignment was given to most of minor carotenoids detected in the vegetal products 

of interest in this study, combining the multi-dimensional information provided by RPLC along with 

FTMS, UV-Vis, and IMS-MS and MS/MS detections, the development of a quantitative method for 

major and minor carotenoids and for α-tocopherol in those products was undertaken. As described in 

detail in the next paragraph, due to the unavailability of standards for minor carotenoids, the latter 

were quantified in real samples considering the calibrations obtained for major counterparts related 

to them after the processing of in-source fragmentation patterns processing by PCA. Indeed, this 

approach was considered as the one leading to the most reliable quantitative results.

4.3.3 Development and validation of a quantitative method for carotenoids. As a first step of the 

quantitative method development, calibrations were performed on α-tocopherol and main carotenoids 

considering standard solutions prepared in pure solvent, with six concentration levels involved in 

each case, covering the ranges indicated in the second column of Table 2. The peak area resulting 

from the EIC chromatogram for each compound, normalised by the peak area of the IS (vitamin K2), 

was adopted as a measure of analytical response and a linear model was adopted for calibration. The 

resulting coefficients of determination (R2), limit of detection (LOD) and limit of quantification 

(LOQ) are also reported in Table 2. 
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Table 2. Concentration range, coefficient of determination (R2 ), LOD and LOQ values related to the linear 
calibration of MS responses for major carotenoids and α-tocopherol dissolved in pure solvent.

range (μg/mL) (μg/mL) (μg/mL)
β

β

α

In this case LOD and LOQ values were calculated as 3×s/b and 10×s/b, respectively, where s is the 

standard deviation of intercept and b is the slope of calibration line. As evidenced by the table, an 

excellent linearity was always achieved in the explored concentration intervals and LOQ values 

ranging between 0.4 and 4 mg/mL were calculated. 

On the other hand, considering the intrinsic complexity expected for the extracts obtained from the 

vegetal matrices of interest, posing the risk of co-elution between the target analytes and matrix 

components, with a consequent potential competition for ionization, the matrix effect was evaluated. 

In this case the standard addition method represents the only possible approach to estimate matrix 

effect, since no kale or broccoli raab product free of the compounds of interest was available. The 

extracts obtained for microgreens, baby leaves and mature forms of both kale and broccoli raab were 

thus considered as model matrices, whereas micro leaves were excluded, due to their similarity with 

microgreens (vide infra). Extracts were divided into three aliquots, one of which left as such (level 0) 

and the other two being spiked with a carotenoid or α-tocopherol either at level 3 or at level 6 of the 

calibration line, so that a medium and a high concentration in the extract could be explored. The entire 

procedure, including subsequent RPLC-APCI(+)-FTMS analysis, was performed in triplicate in each 

case.

After the analysis, the matrix effect was calculated, for both explored levels, according to this 

equation:  
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௟௘௩௘௟ 6 (௢௥ 3) ௠௔௧௥௜௫݈ ܣ −    ௟௘௩௘௟ 6 (௢௥ 3) ௦௢௟௩௘௡௧ ܣ௟௘௩௘௟ 0 ௠௔௧௥௜௫ ܣ 
in which A values represent EIC peak areas normalized to that of the IS, obtained in the spiked or the 

as such matrix or in pure solvent, according to the case. The results obtained for each growth stage of 

kale and broccoli raab were comparable between the two plant species and, consequently, the mean 

values, reported in Table 3, were considered for an evaluation.

Table 3. Matrix effects estimated for of α-tocopherol and major carotenoids in the extracts of three different 
vegetal matrices of interest for this study: microgreen, baby leaf and mature plant, based on the standard 
addition method. Values reported represent averages obtained for a specific growth stage for kale and broccoli 
raab, since the obtained values were similar for the two plants.

α β β

In the case of α-tocopherol, β-carotene and β-cryptoxanthin, values comprised between 100 and 120% 

were found, suggesting that for these analytes the matrix effect can be considered negligible. 

Therefore, the calibration lines constructed in pure solvent were used to quantify these substances in 

plant samples. On the other hand, the most oxygenated xanthophylls, such as lutein, violaxanthin and 

9-cis-neoxanthin, suffered from a severe matrix effect. An inspection of APCI(+)-FTMS spectra 

averaged under the respective chromatographic peaks showed that the effect was likely caused by the 

co-elution of diacylglycerols (DAGs), which were co-extracted and then competed for ionization. 

Based on this result, the quantification of lutein, violaxanthin and 9-cis-neoxanthin in vegetal extracts 

was performed using the calibration lines obtained in pure solvent but applying an appropriate 

correction for the observed matrix effect. As clearly observed in Table 3, matrix effects were 

generally similar, for a specific carotenoid, in the case of microgreens and baby leaves. This outcome 

indirectly confirmed that they were similar also between microgreens and the intermediate growth 

stage between them and baby leaves, i.e., micro leaves.
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As mentioned before, the quantification of minor isomeric species detected in APCI(+)-FTMS 

chromatograms was based on the calibration of major species with which they were grouped after the 

PCA processing of in-source fragmentation data. In the case of putative -cryptoxanthin isomers, the 

calibration for this xanthophyll was considered, despite the similarity observed also with b-carotene 

in terms of [M+H]+ ion prevalence in APCI(+)-FTMS spectra, since they certainly include an 

oxygenated moiety, like -cryptoxanthin, and this can influence the ionization yield.

As a further step of the method validation procedure, the estimation of the recovery of main 

carotenoids and α-tocopherol from plant matrices was carried out in triplicate adopting kale 

microgreens as a model matrix. For each replicate, six successive extraction steps were carried out 

on the same aliquot of lyophilized vegetal matrix and the single supernatants obtained from each step 

were subjected to the procedure described in the Materials and Methods section before RPLC-

APCI(+)-FTMS analysis. The EIC peak areas of main carotenoids and α-tocopherol, normalized to 

the IS area, were used to relate signal intensity to the extracted amounts and were expressed as a 

percentage of the cumulative peak area obtained after six consecutive extraction steps. The mean 

percentage recoveries achieved in each extraction step are reported in Figure A3 in the Appendix. As 

shown in the figure, for all compounds but violaxanthin the amount extracted in the sixth step was 

very low or even negligible, thus suggesting that almost the entire content of each compound in the 

extracted vegetal sample was recovered. Starting from this assumption, four consecutive extraction 

steps were able to extract at least 90% of the total amount of those compounds, thus justifying the 

choice of pooling the supernatants obtained after four extraction steps on the same aliquot of vegetal 

sample. The only exception to the described scenario was represented by violaxanthin, for which even 

the sixth extraction step seemed not to be definitive, and, additionally, the first four steps accounted 

for about 75% of the amount obtained after six steps. In the literature violaxanthin has been reported 

to be associated with light-harvesting complexes (LHCs) proteins through a peripheral and weak 

binding site, ensuring ready availability for xanthophyll cycle activation19,20. The peripheral location 
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of this binding site, which is partially shielded, compared to those of lutein and 9-cis-neoxanthin, 

might hinder the access to solvents and thus limit the efficiency of violaxanthin extraction. In order 

to account for this specific behaviour, the measured amounts of violaxanthin in the different real 

samples were adjusted by applying a correction factor. It is worth noting that the variations observed 

in recovery percentages for a specific extraction step between the three replicated experiments were 

always very limited (usually below 5%), thus indicating that the extraction reproducibility was good.

Another partially unexpected finding, clearly inferred from data shown in Figure A3 and common to 

all the involved compounds, was the estimation of a higher extracted amount after the second step, 

compared to the first one. A possible explanation for this result was obtained after observing that the 

volume of supernatant retrieved after the second extraction step was greater than that obtained after 

the first step. This discrepancy could be explained only considering the trapping of a relevant amount 

of the solvent added during the first extraction step by the lyophilized samples, likely due to the 

imbibition of the dry vegetal tissues. The trapped solvent likely dissolved a part of the sample a-

tocopherol/carotenoid content, yet it could not be recovered after centrifugation. That portion of the 

total content of each analyte could be recovered only after adding the second extraction solvent 

aliquot, once the vegetal tissue had been swelled by the solvent, thus leading to a higher amount 

extracted after the second step. The result of the sequential extraction experiment described so far 

emphasizes the importance of considering very carefully the extractability of target compounds from 

complex matrices like lyophilized vegetables.
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day response variability for the same extract evaluated for α

α
β

β
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analytes during storage. As shown in the table, they kept below 12% for α tocopherol, β

neoxanthin, β

4.3.4 RPLC-APCI(+)-FTMS quantification of carotenoids and α-tocopherol in microgreens, 

micro leaves, baby leaves and adult plants of broccoli raab and kale. The amounts of the main 

carotenoids and their isomers, as well as α-tocopherol, were determined in microgreens, micro leaves, 

baby leaves and mature plants of both kale and broccoli raab. For each available lot of freeze-dried 

vegetable five independent aliquots were sampled and processed separately, according to the 

extraction protocol, then each extract was analyzed by RPLC-APCI(+)-FTMS. As discussed before, 

quantification was carried out using solvent calibration curves for α-tocopherol, β-carotene, and for 

β-cryptoxanthin and related isomers, whereas matrix calibration curves were adopted for lutein, 

violaxanthin and 9-cis-neoxanthin and for the respective related isomers. Mean concentration values 

were calculated and expressed in mg for 100 g of fresh weight (FW), after a correction for the water 

loss occurring during freeze-drying. These values and the corresponding 95% confidence intervals 

were reported in Table 5 and displayed as column charts with error bars in Figure A4. The 

concentrations reported for the isomers related to violaxanthin, 9-cis-neoxanthin and β-cryptoxanthin 
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represent the sums of the mean concentrations obtained for the single isomers in each group. This 

approach was adopted to provide a representative estimate of their overall contribution to the total 

carotenoid content, reflecting their abundance and nutritional relevance in the examined matrices.

Table 5. Concentrations of carotenoids and α-tocopherol expressed as mg/100g of fresh weight (FW) obtained 
by RPLC-APCI-FTMS analysis of extracts of microgreens, micro leaves, baby leaves and mature plants of 
broccoli raab and kale. Data represent 95% confidence intervals for mean concentrations (n = 5). Half-widths 
of confidence intervals are expressed with one significant figure, unless the first significant figure is equal to 
1 (in this case the subsequent significant figure is also reported).

β

β
β

α

Figure 7 reports stacked-column graphs comparing the overall contents of carotenoids and α-

tocopherol across the four different growth stages of Broccoli raab and Kale. Error bars in the figure 

represent the half-widths of 95% confidence intervals centred on average total contents, calculated 

through error propagation from those referring to average contents of individual analytes.

β

kale showed an accumulation of both β
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Figure 7. Stacked-column graphs illustrating the concentrations of free sterols (FSs) found in different growth 
stages of kale and broccoli raab. Concentrations are expressed in mg/100g of fresh weight (FW). Error bars, 
calculated by uncertainty propagation, represent the  half-width of 95% confidence intervals for the total sterol 
concentrations reported for each product.

carotenoids. β

). Finally, α
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PCA performed on carotenoids and α



240

ones, confirming the changes in the carotenoids and α

content of violaxanthin and of the β

characterized by higher contributions of α tocopherol and of several β

including cr7, cr9 and cr10. Micro leaves were preferentially associated with lutein, β

of β

adult plants were preferentially associated with α tocopherol, β

related isomers, violaxanthin and its isomers vx1 and vx2, and the β

ether with several β

overlapping clusters in the score plot and were distinguished by β

To further corroborate the patterns highlighted by PCA, a hierarchical cluster analysis (HCA) was 

performed on the same quantitative dataset, and the results are displayed as a heatmap with double 
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dendrogram in Figure 9. The analysis reveals a clear organization of samples according to both 

species and developmental stage, confirming a growth-dependent modulation of carotenoids and α-

tocopherol contents. The horizontal dendrogram, referring to samples shows a primary separation 

between adult plants and early developmental stages for both broccoli raab and kale, in agreement 

with the discrimination observed along PC1 in the PCA score plot. Within the early growth stage 

cluster, kale microgreens were clearly distinguished from micro leaves and baby leaves, which were 

clustered together, reflecting intermediate compositional profiles. In the case of broccoli raab 

microgreens and micro leaves were grouped at a higher level of similarity compared to baby leaves.

Figure 9. Double dendrogram (horizontal for objects and vertical for variables) with heatmap obtained from 
the Hierarchical Cluster Analysis of carotenoids and α-tocopherols quantitative data found in microgreens, 
micro leaves, baby leaves and adult plants of both broccoli raab and kale (five samples for each product type). 
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The vertical dendrogram obtained by HCA, referring to variables, is characterized by two main 

cluster, the first including β-carotene, violaxanthin, 9-cis-neoxanthin, β-cryptoxanthin and α-

tocopherol, along with some minor isomers, with most of these compounds being particularly 

expressed in mature plants, and the second including only lutein as a major carotenoid, accompanied 

by several minor isomers related to violaxanthin and β-cryptoxanthin, mainly associated with younger 

plants. Overall, HCA reinforced the PCA findings by highlighting coherent groupings of samples and 

metabolites and emphasized that minor carotenoid isomers, despite their limited abundance, can 

contribute substantially to the discrimination of growth stages. The results of chemometrics further 

demonstrated that early developmental stages in broccoli raab and kale are characterized by a higher 

structural diversity of xanthophylls, while plant maturation is associated with the accumulation of 

major carotenoids, e.g. β-carotene and violaxanthin, and α-tocopherol.

4.3.5 Quantification of carotenoids and α-tocopherol in steamed and boiled broccoli raab and 

kale adult plants.  The last step of this thesis work dealt with the quantification of carotenoids and 

α-tocopherol, compounds known to be prone to thermal degradation, in cooked mature forms of 

broccoli raab and kale. While early growth stage vegetables are typically consumed raw, mature leafy 

vegetables are generally subjected to cooking prior to consumption and this processing might lead to 

a decrease in the content of carotenoids. To evaluate potential cooking-induced changes in both the 

qualitative and quantitative profile of carotenoids and α-tocopherol, five samples of both mature 

broccoli raab and kale were processed using two common domestic cooking methods, namely 

steaming and boiling. After being appropriately drained and cooled, cooked samples were freeze-

dried and stored at -18° before proceeding to extraction and the RPLC-APCI-FTMS analysis, in 

accordance with the procedures described in the Material and Methods section. As for non-cooked 

samples, drained and cooled cooked ones were weighed before and after freeze-drying, so that the 

amount of water still included in the vegetal tissues after cooking could be measured. Once RPLC-

APCI-FTMS analysis was performed and quantification in cooked samples extracts was completed, 
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the estimate of water amount enabled the calculation of carotenoids and α-tocopherol contents 

expressed as mg per 100 g of FW, where FW is referred to the drained cooked product, i.e., the product 

ready to be eaten.

Mean values and 95% confidence intervals inferred for carotenoids and α-tocopherol in boiled and 

steamed broccoli raab and kale mature plants were reported in Table A3 of the Appendix and 

displayed as stacked-column plots in Figure 10. In both cases, data previously obtained for raw 

mature plants were also reported, to facilitate the comparison. For data consistency, the concentrations 

inferred for the detected isomers related to violaxanthin, 9-cis-neoxanthin and β-cryptoxanthin were 

expressed as cumulative values, calculated as the sum of the single isomers contributions. Error bars 

reported in Figure 10 correspond to 95% confidence intervals for total concentrations, calculated 

through uncertainty propagation from those inferred for single analytes or analyte groups (in the case 

of minor carotenoids).

As inferred from Figure 10, a severe reduction in the total carotenoid and α-tocopherol content was 

observed upon cooking for mature kale plants, mainly related to a decrease in β-carotene, violaxanthin 

and related isomers and 9-cis-neoxanthin (see Table A3), whereas lutein was unaffected by the 

cooking process. The thermal degradation was less severe in the case of broccoli raab, with only 

violaxanthin being remarkably affected, as evidenced in Table A3 (note that violaxanthin-related 

isomers displayed concentrations below LOD both for raw and for cooked samples in this case).

These findings suggest that highly oxygenated xanthophylls are more susceptible to thermal 

degradation, whereas no significant variations were detected for β-cryptoxanthin, a mono-oxygenated 

carotenoid. The results are consistent with those found in other studied dealing with the cooking of 

adult broccoli and kale samples52–54. 

As for α-tocopherol, its content decreased in cooked mature kale samples, while an increase was 

surprisingly observed in cooked broccoli raab (see Table A3). This behaviour resembles the one 

previously discussed in this thesis for phytosterols analysed in the same plant matrices, suggesting 
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Figure 10. Stacked column graphs displayng carotenoids and α-tocopherol contents in raw, boiled and steamed 
mature plants of broccoli raab and kale. Concentrations, expressed as mg per 100 g of fresh weight (FW), 
represent mean values (n=5) and the corresponding error bars, derived by uncertainty propagation, indicate 
95% confidence intervals. 

that the cooking  process may differentially affect tissue integrity, eventually facilitating the extraction 

of some metabolites.

Starting from quantitative data previously obtained for early growth stage products and those obtained 

for cooked adult plants, some considerations can be made about the possible role of these products as 

sources of carotenoids and α-tocopherol in the daily diet. In the case of broccoli raab early growth 

stage products, a total content always greater than 20 mg per 100 g FW was estimated, clearly 

exceeding the one inferred for the cooked mature counterparts (see Figures 7 and 10). Conversely, 

even if cooking determined a remarkable decrease, down to ca. 30 mg/100 g FW, kale adult plants 

kept a slight advantage over early growth stage products, whose overall content did not exceed 20 

mg/100 g FW. Apart from these general quantitative comparisons, microgreens, micro leaves and 

baby leaves of both plants were characterized by a more pronounced diversification in the carotenoids 

profile.



245

Based on these findings, early growth stage products obtained for the two Brassica plants confirmed 

their role as convenient, ready-to-eat alternatives to the conventional mature counterparts also from 

the point of view of carotenoids and -tocopherol.

4.4 Conclusions

In this chapter, a comprehensive qualitative and quantitative evaluation of carotenoids and α-

tocopherol in broccoli raab and kale at different developmental stages could be achieved by 

combining RPLC chromatographic separation with multidimensional detection and multivariate data 

analysis. 

The developed RPLC-APCI(+)-FTMS approach enabled an efficient separation of main carotenoids 

and of several minor isomers by using a conventional C18 stationary phase and a ternary gradient, 

ensuring adequate resolution of xanthophylls while maintaining robustness and repeatability and 

limiting the occurrence of matrix effects to a few target analytes, despite the complexity of vegetal 

extracts. The APCI source, favouring the formation of [M+H]+ and [M+H–nH2O]+ ions, provided 

informative in-source fragmentation patterns, with differences in dehydration processes reflecting the 

number and type of oxygenated groups and enabling a correlation between major and minor isomeric 

carotenoids. On the other hand, more detailed structural information on the latter could be obtained 

only by a combination of data resulting from detection by UV-Vis spectroscopy and TWIMS-MS and 

MS/MS, which led to hypothesize putative identifications for several 9-cis-neoxanthin, violaxanthin, 

lutein and β-cryptoxanthin-related isomers, whose contribution is rarely addressed in quantitative 

studies on carotenoids.

From a quantitative perspective, the use of matrix calibration (standard addition) strategies proved 

crucial to account for the pronounced matrix effects observed on some carotenoids, ensuring a reliable 

determination for all target analytes across the investigated compounds. In this context, the 

cumulative expression of the contents of 9-cis-neoxanthin, violaxanthin and β-cryptoxanthin-related 

minor isomers was essential to obtain a comprehensive representation of their abundance. The results 
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of quantitative analysis clearly indicated that microgreens, micro leaves and baby leaves of broccoli 

raab and kale can represent a relevant source of carotenoids and α-tocopherol, with overall contents 

close, if not higher, to those found in the mature counterparts after cooking processes, that were found 

to determine a significant degradation of highly oxygenated xanthophylls.

Finally, multivariate analyses (PCA and HCA) confirmed that the carotenoid composition is strongly 

modulated by plant species and developmental stage, revealing that minor xanthophyll isomers play 

a non-negligible role in differentiating samples. 

Overall, the study described in this chapter underlines the importance of comprehensive carotenoid 

profiling, including minor isomeric forms, for an accurate assessment of the nutritional quality of 

Brassica vegetables and supports the relevance of both early growth stage products and mature leafy 

greens in the daily diet.
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bar graph reporting the average cumulative percentual recovery (n = 3) of α
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Concluding remarks

This thesis work started with the main goal of achieving a deeper insight into the profile of important 

vegetal nutraceuticals, like phytosterols, carotenoids and α-tocopherol, in innovative products of two 

plants of the Brassicaceae family, kale and broccoli raab, whose adult forms have both gastronomical 

and economical relevance in Southern Italy. The achievement of this goal led to important results 

both from a methodological point of view and in terms of new knowledge on the nutraceutical 

potential of vegetal products like microgreens, micro leaves and baby leaves, as well as on the 

relationship between them and their adult counterparts.

As for the methodological advancements, this work showed that, although targeted metabolomics 

based on state-of-the-art mass spectrometry techniques has progressively achieved very important 

results also when applied to vegetal matrices, there is still room for significant improvements in terms 

of fundamental knowledge on plant metabolites. Indeed, the careful development of elution programs 

to be used with conventional reversed phase liquid chromatography columns led to emphasize, both 

for phytosterols and for carotenoids, the presence of several compounds in addition to major ones, 

that could be easily recognized through the comparison with commercial standards. 

The tentative identification of minor metabolites belonging to the two classes represented a very hard 

challenge but, at the same time, provided the opportunity to push liquid chromatography-mass 

spectrometry towards new limits. In the case of phytosterols, the systematic interpretation of the 

complex MS/MS fragmentation patterns obtained for protonated/dehydrated ions resulting from 

APCI ionization of selected standards, including both vegetal sterols and animal/fungal sterols, led to 

unveil very interesting trends in fragmentation processes, enabling the establishment of several 

diagnostic correlations with specific structural features. The interpretation of fragmentation patterns, 

only partially considered so far in the literature, was greatly enhanced by the application of MS/MS 

also to standards of major sterols isotopically labelled not on the steroidal ring, as occurred in previous 
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studies, but on specific positions of the respective side chains. Indeed, characteristic product ions 

certainly related to this part of the molecular structure were evidenced and, notably, their generation 

clearly implied the occurrence of a very characteristic and rare process during the fragmentation of 

sterol positive ions, i.e., the intra-molecular transfer of hydride ions, opening the way to the relocation 

of the original positive charge on other positions of the molecular structure, favoured by the greater 

stability of the resulting carbocations.

In the case of carotenoids, the complexity of the profile emerging from the coupling of RPLC with 

APCI-HRMS required an even stronger effort in terms of structural interpretation, since the 

occurrence of a remarkable number of minor compounds, isomeric with major xanthophylls, was 

evidenced upon the analysis of innovative and conventional forms of the two plants under study. To 

add further difficulty to this scenario, MS/MS was unable, by itself, to provide definitive information 

on the minor carotenoids structures, as the respective fragmentation patterns were generally very 

similar. In this case only a multi-dimensional detection approach, including not only HRMS but also 

UV-Vis spectroscopy and ion mobility spectrometry, as such or coupled with MS/MS, led to useful 

information on at least part of the minor compounds. In fact, characteristic in-source fragmentation 

patterns, related to sequential water molecules losses, were observed in their HRMS spectra and 

enabled a nice association between them and major carotenoids using chemometrics. In a subsequent 

step, spectral features evidenced in UV-Vis spectra enabled the inference of the number and position 

of C=C bonds in the molecular structures, leading to the first tentative identifications. Finally, MS/MS 

spectra obtained for isomeric ions resulting from the same carotenoid and preliminarily separated in 

a travelling wave ion mobility cell, due to differences in collision cross sections, helped in confirming 

the structural hypotheses by considering that specific product ions could be generated only if the 

positive charge of the precursor ions was located on certain positions. In turn, this observation led to 

hypothesise that the multiple mobilities observed for [M-nH2O]+ ions of carotenoids during IMS 

analyses could be related to protomers, rather than conformers or, even more unlikely, to geometric 
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isomers. This is, per se, a very important achievement in terms of fundamental knowledge for the 

IMS-MS analysis of carotenoids. 

Once detailed qualitative profiles were obtained both for phytosterols and carotenoids, the respective 

quantification could be performed in all the vegetal products of interest. In this case, great care was 

preliminarily posed in maximising the yield related to the adopted extraction protocols and in 

evaluating the occurrence of matrix effects, that are often overlooked in targeted vegetal 

metabolomics, despite the complexity of matrices. Moreover, the variability related to the sampling 

of lots of freeze-dried vegetal products, that had to be produced by pooling the material resulting from 

single young plants, in the case of innovative products, was carefully evaluated.

Both for phytosterols and for carotenoids quantitative data indicated microgreens, micro leaves and/or 

baby leaves of kale and broccoli raab as potential alternatives to the respective adult counterparts, 

since one or more of them contained total amounts of the two types of metabolites comparable to 

those occurring in adult forms. In this case the comparison was performed not only versus raw adult 

forms, as often made in the literature when nutraceuticals are evaluated in innovative vegetal 

products, but also considering adult plants preliminarily subjected to cooking, through boiling or 

steaming, since these processes have to be adopted to make those plants edible. As a result, while 

cooking did not determine a decrease in the total phytosterol content, the carotenoid content was 

slightly altered for broccoli raab and significantly affected by both cooking approaches in the case of 

kale, with a reduction to almost 50% with respect to the raw adult form of this plant.

Besides the advantage of consumption without preliminary cooking, microgreens, micro leaves and 

baby leaves of both kale and broccoli raab exhibited a more diversified profile both for phytosterols 

and carotenoids. This characteristic, that led to an interesting discrimination between them and adult 

forms when chemometrics (PCA and HCA) was performed on quantitative data, opens important 

perspectives for the future evaluation of the nutraceutical potential of these products. This is 

particularly relevant in the case of carotenoids, since, when considered cumulatively, minor isomers 
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exhibited a remarkable contribution to the total content, whereas they were sometimes totally absent 

in mature forms.

The outcomes of this thesis work thus strengthen the hypothesis that innovative products like 

microgreens, micro leaves and baby leaves, originally considered almost as a culinary oddness, but 

subsequently, and currently, evaluated as fresh vegetables suitable for cultivation and consumption in 

space stations/colonies, can become a healthy and sustainable complement, as ready-to-eat products, 

of conventional vegetables in the human diet for the future.


